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Preface

This project on control of early age cracking is part of the Danish Road
Directorate’s research programme, High Performance Concrete - The Contractor’s
Technology, abbreviated to HETEK.

In this programme high performance concrete is defined as concrete with a service
life in excess.of 100 years in an aggressive environment.

The research programme includes investigations concerning the contractor’s design
of high performance concrete and execution of the concrete work with reference to
the required service life of 100 years.

The total HETEK research programme is divided into segments parts with the
following topics:

- chloride penetration

- frost resistance

- control of early-age cracking

- curing (evaporation protection)
- trial casting

- repair of defects.

The Danish Road Directorate invited tenders for this research programme which is
mainly financed by the Danish Ministry for Commerce and Industry - The
Commision of Research and Development Contracts.

The present report refers to the part of the HETEK project which deals with control
of early age cracking.

For durability reasons reinforced structural members should be well protected
against penetration of water, chloride etc. This means that cracks should be avoided
or at least the crack-width limited. Formation of cracks can take place already
during the hardening process. An evaluation of the risk of crack formation involves
a stress analysis. In stress analysis of hardening concrete structures, the load
consists of the autogenous deformation and the differences in thermal strains that
arise from the heat of hydration. The mechanical properties also change during the
hardening process. If a stress analysis shows high stresses compared to the tensile
strength there is a high risk of crack formation.

The purpose of this project is to investigate these effects and to prepare a guideline
regarding Control of Early Age Cracking.




The project was carried out by a consortium consisting of:
Danish Concrete Institute represented by:

Hgjgaard & Schultz A/S
Monberg & Thorsen A/S
RAMBOLL

COWI

and
Danish Technological Institute, represented by the Concrete Centre
and

Technical University of Denmark, represented by the Department of Strucutral
Engineering and Materials.

Two external consultants, professor Per Freiesleben Hansen and manager Jens
Frandsen, are connected with the consortium.

The present report on Shrinkage of mortar and concrete has been carried out at the
Technical University of Denmark. Chapter 2, 3 and 4 of this report is mainly based
on Ole Mejlhede Jensen'.
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Introduction

In order to avoid durability problems in reinforced concrete structures it is
necessary to limit the formation of cracks during the hardening period. Cracks can
of course be caused by external loads, settlements, etc., but there is also a risk of
crack formation during the hardening process. The main cause of cracks in this
period is thermal strain arising from the heat development of the concrete. Thermal
strains have traditionally been limited by requiring the contractor to plan the
concrete work so that large temperature differences between different parts of the
structure do not arise.

Strains arising from shrinkage play a secondary but significant part in the concretes
normally used in Denmark. The shrinkage can be divided into two parts: shrinkage
arising from evaporation and autogenous shrinkage. The strains arising from
autogenous shrinkage cannot be influenced by the contractor except through the
choice of concrete mix design, but shrinkage arising from evaporation can be
acoided by making an appropriate evaporation protection.

The present report deals with strains originating from autogenous shrinkage.
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Terminology

The terminology associated with the field of cement technology that this report
deals with is not well established. Different terms are used for the same phenome-
non and different phenomena are described by the same term. This confusion of
nomenclature exists in several languages. As an example the unrestrained bulk
deformation of sealed cement paste at a constant temperature has been called:
chemical shrinkage'?, bulk chemical shrinkage’, chemical volume change®', self-
desiccation shrinkage®?, autogenous deformation®, autogenous shrinkage”,
autogenous volume change®', endogenous shrinkage'*® and indigenous shrinkage'.
The terms used in this report are described as follows:

Chemical shrinkage: Internal volume reduction associated with the hydration of
Portland cement, i.e. the volume of the hydrates is less than the volume of the
oxides and water reacted.

In a closed isothermal system chemical shrinkage may cause a lowering of the
chemical potential of the pore water, either by formation of menisci or by changing
the equilibrium state of the adsorbed pore water. In either case this will affect the
internal relative humidity (RH) and cause a dimensional change of the system. On
this basis the following terminology is defined for an unrestrained hardening cement
paste system, cf. Figure 1:

Autogenous deformation: Bulk deformation of a closed isothermal cement paste
system.

Self-desiccation shrinkage: Bulk shrinkage of a closed isothermal cement paste
system caused by chemical shrinkage.

Autogenous RH-change: Change of the internal relative humidity in a closed
isothermal cement paste system.

Self-desiccation: Lowering of the internal relative humidity in a closed isothermal
cement paste system caused by chemical shrinkage.

The internal relative humidity in a cement paste is the relative humidity with which
the pore water is in equilibrium. The internal relative humidity is thus an indicator
of the activity of the pore water.

Autogenous deformation and autogenous RH-change are active in open cement
paste systems as well. In that case the autogenous phenomena are merely superpo-
sed and modified by the external influence.




Autogenous phenomena Non-autogenous phenomena

xpansion due
tosalts

{H-change dueto
issolved salts

Figure 1. Graphic representation of the applied terminology. Self-desiccation and
self-desiccation shrinkage are proper subsets of autogenous RH-change and
autogenous deformation respectively.
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Theory

3.1 Self-desiccation and self-desiccation
shrinkage

Self-desiccation and self-desiccation shrinkage are caused by chemical shrinkage
accompanying the cement hydration. It is well-known that the hydration products
formed by Portland cement hydration occupy less space than the reacting water and
cement. After setting this phenomenon, chemical shrinkage, results in inner gas-
filled cavities if the cement paste is kept sealed. As hydration proceeds, smaller and
smaller pores will successively be emptied. Through the formation of menisci, this
process leads to a decrease of the relative humidity within the pores, i.e. self-
desiccation, and due to tensile stresses in the pore water the cement paste shrinks -
i.e. self-desiccation shrinkage.

In this way chemical shrinkage simultaneously leads to self-desiccation and self-
desiccation shrinkage; that means self-desiccation shrinkage should not be regarded
as a result of self-desiccation. The self-desiccation and self-desiccation shrinkage
produced by the chemical shrinkage closely resemble the desiccation and desicca-
tion shrinkage that result from loss of water to the surroundings.

The above description of self-desiccation and self-desiccation shrinkage is supported
experimentally by Buil®® and Hua et al."®. Figure 2 illustrates the described

consequences of cement hydration:

0 Reduction of the amount of pore water due to chemical binding in the hydration
products

o Growth of the solid phase and refinement of the pore structure
o Formation of gas-filled voids due to chemical shrinkage

o Reduction of the radius of curvature of the menisci.



Figure 2. Simplified illustration of a cross-section in a self-desiccating cement paste.
Left: low degree of hydration. Right: high degree of hydration. The phases shown
are: solid (dark grey), pore water (light grey) and gas-filled voids.



3.2 Autogenous RH-change

3.2.1 Self-desiccation according to Powers’ model

Based on several years research, a model for the phase distribution in hardening
Portland cement paste was presented by Powers and Brownyard in 1948, The
model has since been modified and reanalysed, mainly by Powers, and is therefore
called Powers’ model.

A central feature of Powers’ description is the division of evaporable water into gel-
water and capillary water. Gel-water is a water phase that is adsorbed on the surface
of solids. Capillary water is found in the larger voids and in the capillary pores
beyond the range of the surface forces of the gel solid. As the capillary water is
freely available for cement hydration it is also called free water.

The degree of binding of water can be given by the RH at which it is in equili-
brium. In Powers’ original model, described in PCA Bulletin 22%, it is stated that
gel-water is in equilibrium at RH from 0 to 100%. Capillary water is in equilibrium
at RH 45-100%.

The relative amounts of the two types of water in the cement paste as a function of
RH are shown by the sorption isotherm in Figure 3.

u

—Capillary water

/ Gel water

0 45 100 RH(2/4)

Figure 3. Schematic sorption isotherm for cement paste: Water content as a function
of RH. In Powers’ original model, gel-water is in equilibrium at RH = 0-100% and
capillary water at RH = 45-100%.

In order to calculate self-desiccation Powers revised his model**?.



The argument is as follows, cf. Figure 3: RH-changes close to 100% will mainly
affect the capillary water and only slightly affect the gel-water. Correspondingly,
RH-changes in the interval 0 to approx. 80% will mainly affect the amount of gel-
water.

The simplification of the original description is shown in Figure 4: Gel-water is in
equilibrium at 0-100% RH and capillary water at 100% RH. This model is known
as "Powers’ simplified model".

u

apillary water

Gel water

)

0 100 RH(o/4)

Figure 4. In Powers’ simplified model gel-water is in equilibrium at RH = 0-100%
and capillary water at RH = 100%. The capillary water is thus represented by the
vertical part of the curve at 100% RH, and the gel-water by the amount of water
below 100% RH.

The distinction between capillary water and gel water is abitrary, and the terminolo-
gy may conflict with normal use of terms such as "capillary water" and "free
water". Other interpretations of the concepts gel- and capillary water can be found
in the literature®®, but they will not be discussed here.

The unique feature of Powers’ model is that it quantifies the hydration process, and
thereby makes it possible to calculate the self-desiccation.

According to Powers’ simplified model, the capillary water is in equilibrium at
100% RH. A cement paste that hydrates in a closed system will therefore have an
RH of 100% as long as capillary water is present.

When the capillary water has been used up, self-desiccation begins; the cement then
begins to react with the more firmly bound gel-water, which is in equilibrium at RH
<100% - the RH is lowered. There is a concomitant reduction in the speed of the
reaction®.
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The following formulas describe the phase distribution in a hardening cement paste
according to Powers’ model:

Vc.w:_@% -1.4- (1 _w/_cw:g.?).a (capillary water) )
Vg-w:(). 6- <1 _Txﬁ)'a (gel water) )
Vp =0.2- (1 _m%).a (gas-filled voids) 3)
Vee =(1 -t )(1-a) (cement) @)
%-521'6'@_;}?%/5.7)'“ (gel solid) (5)

For a given wi/c, it is thus possible to calculate the volumetric relations as a
function of the degree of hydration c.

When the w/c is lowered, there will be an increased consumption of capillary water.
At a certain w/c, the capillary water will just suffice for complete hydration.

The w/c at which the cement will use all the capillary water for complete hydration
is determined by V., = 0 for o = 1; the capillary water is used up at a degree of
hydration of 1. If this condition is combined with (1), the w/c is found to be =0.45.

The resulting diagram can be divided into two cases: The volumetric relations are
shown schematically in Figure 5 for w/c greater and less than 0.45 respectively.
Note that the diagrams apply to a closed system - i.e. without transport of moisture
to or from the surroundings. If evaporation takes place, the amount of capillary
water will be further reduced.

11



w/c>0.45: w/c<0.45:

1 - = pores 1 _gf - pores
— AR—————
—_ capillary water, :g—el—;lo—t—er_«—

V| - b ///// é///

cement cement /
K LL _ 0 / / S AT
0 o 1 0 o Og 1

Figure 5. Volumetric amounts, V, for cement paste components as function of the
degree of hydration o. At w/c <0.45 the capillary water is used up at a degree of
hydration «.

In Figure 6 og Figure 7 the process is illustrated by sorption isotherms.

w/c>0.45:
u a=0 O< a<i 0< a <1 a=1

¢

0 RH(@0 100

Figure 6. The hydration process according to Powers’ simplified model schematical-
ly described by means of sorption isotherms. With a rising degree of hydration the
capillary water is used, and the amount of gel-water increases. The point indicates
the state after hydration in a closed system.
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w/c<0.45:
u o= O a1 0<a=ag<1 a=1

0 RH@@) 100 self—desiccation starts

Figure 7. At w/c <0.45 all the capillary water is used during hydration. This results
in the RH falling below 100%. Self-desiccation starts at o = «, cf. Figure 5.

If Powers’ simplified model is taken to apply rigorously, self-desiccation will not
take place in cement pastes with w/c >0.45. And for a cement paste with w/c <0.45,
. self-dessication will begin immediately at the degree of hydration at which the
capillary water has just been used up.

Powers’ simplified model should not be taken so rigorously; in reality the sorption
isothermal is very steep close to 100% RH rather than vertical. A paste with w/c
>0.45 may therefore have a slight lowering of RH from self-desiccation. Besides, at
any w/c-ratio the relative humidity will be lowered due to dissolved salts in the
pore fluid.

Neither the course nor the final level of self-desiccation can be calculated by
Powers’ model. At the present time only a qualitative description of the factors that
determine the tendency of a cement paste to self-desiccate can be given:

1) The pore structure of the cement paste. A fine pore structure is potentially much
more vulnerable to self-desiccation than a coarse structure. As an extreme example
of a coarse pore -structure, the relative humidity inside a bucket of water will stay at
100% even when all but the last drop of water is removed. On the other hand, if
half the evaporable water of a well-hydrated cement paste is removed, the relative
humidity may drop below 50%.

2) The chemical shrinkage accompanying the hydration. The chemical shrinkage is
a measure of the amount of pore volume which has been emptied of liquid water
due to cement hydration. Chemical shrinkage is therefore the direct cause of self-
desiccation. Viewed separately, an increased chemical shrinkage will lead to an
increased self-desiccation.

3) The sensitivity to the relative humidity of the hydration reactions (cement, silica
fume and fly ash). A cement whose hydration is unaffected by a drop in the relative
humidity will self-desiccate more vigorously than a cement which is sensitive to the
relative humidity. If, for example, a cement is unable to hydrate below 80% relative
humidity, self-desiccation will be restricted by this value.

13



When silica fume is added to cement paste a significantly stronger self-desiccation
is observed'. This is not surprising because: 1) silica fume refines the pore structure
of the cement paste®®, 2) the pozzolanic reaction of silica fume has a high chemical
shrinkage compared to Portland cement”, and 3) the pozzolanic reaction of the
silica fume is relatively insensitive to a drop in the relative humidity™.

3.2.2 RH-reducing mechanisms
Raoult’s Law

Pure water is in equilibrium with air at 100% RH. A solution of salt in water is in
equilibrium at RH <100%. To put it in everyday terms, the salt dilutes the water
and thus lowers its activity.

The pore fluid in a cement paste contains dissolved salts. This results in a lowering
of the RH. On the assumption of ideal solution and gas phase, the RH-lowering as a
result of dissolved salts can be calculated from thermodynamic considerations':

X, -RH

This means that the relative humidity at equilibrium, RH, is equal to the molar
fraction of water in the solution, X,. This relation is known as Raoult’s Law.

Raoult’s Law is a good approximation when used for the pore fluid of cement paste
with RH-lowerings of up to 5%’ (e.g. 100% to 95% RH).

For cement paste it is mainly the salts of Potassium (K) and Sodium (Na) that give
rise to a lowering of the relative humidity’’. NaOH and KOH are highly soluble, in
contrast to Ca(OH), and CaSO,, which contribute little to RH-lowering. If, for

example, Raoult’s Law is used on a saturated Ca(OH), solution, it is found that:

5 55.5 .
RH- <300 0 0%

(The solubility of Ca(OH), in water is 0.022 mol/[*, and the molar volume of water
is 55.5 mol/l at 20°C).

An example of values for ion concentrations in the pore fluid is given in Table 1.
However, these values will depend on cement type, curing time, w/c, etc.

“ Na" | K" Ca’* | OH | SO,*"
"263 613 |1 788 |23 u

Table I. Measured ion concentrations (mmol/l) in pressed-out cement paste pore
fluid®’.
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Kelvin’s equation

RH-lowering in a pore system can also arise as a result of meniscus formation. A
detailed description of this is given in Section 3.3.1. RH-lowering from meniscus
formation can be calculated by means of the so-called Kelvin equation. Kelvin’s
equation, which can be derived thermodynamically', is given by (cf. Figure 11):

RH:%;_:eXp (_20M:os 0)

r pRT

Kelvin’s equation applies to a pure water phase. If the water contains dissolved
salts, the equation is modified. On the assumption that Raoult’s Law applies, the
following expression can be derived':

_Ps _y . _ 2aMeos 0
RE=5r =% oxp (-5

This formula is extremely simple; the RH resulting from simultaneous meniscus
formation and dissolved salts is the product of the RH value from meniscus and that
from salts.

6 is the angle of contact between the fluid and the solid. It is a function of the
relative humidity*” and of dissolved salts* in the pore fluid. As 6 is difficult to
determine, it is normally taken as 0°, corresponding to cos(f) = 1*"**.

The value 0° is not completely arbitrary. For silicates such as quartz and orthoclase
the contact angle is in fact” 0°, and for all materials it is theoretically*’ 0° at 100%
RH. Furthermore, cos(f) is insensitive to changes in 6 near 0°% e.g. cos 20° = 0.94 =
1.

o is the surface tension of the fluid. The value for pure water - approx. 73 mN/m -
is often used. This value, however, is unrealistic in practice. It applies only to
extremely pure water, e.g. triple-distilled. Measurements show that a value of
approx. 55 mN/m is more realistic'.
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3.3 Autogenous deformation

Autogenous deformation arises as a result of internal processes; it is the unhindered
deformation of a hermetically sealed specimen at constant temperature. Many
deformation mechanisms may be active under these conditions.

With regard to self-desiccation and self-desiccation shrinkage, the mechanisms
associated with RH-changes are of special interest, cf. Section 3.1. These
mechanisms have been investigated by many notable cement researchers, but many
problems still remain unsolved. There is much disagreement on which mechanisms
are dominant in a given RH-interval, cf. Figure 8.

Relative humidity, %

Authority QI’O 210 ?10 4'0 5!0 610 7[0 8[0 9|0 1?0
1 T T 1 T T 1 T 1

Powers Variations in swelling pressure
Augmentation by
capillary effects
Ishai Variations in
i ;

—_——— i i
surface energy Capillary tension ———

Feldman and Movement of Capillary tension and
P S—— — e

Sereda interlayer variations in surface
water energy
Wittmann Variations in Variations in
- —_— - .
surface energy swelling pressure

Figure 8. Applicability intervals for deformation mechanisms according to various
researchers®. In the high RH-interval, 70-100%, in which self-desiccation occurs,
capillary tension is frequently given as the dominant cause of deformations.

Even if the active deformation mechanism(s) were known, the deformations would
be difficult to calculate. Only for a few mechanisms is it possible to set up simple
numerical expressions for the stresses that arise, and the relation between local
microstress and bulk deformation is far from clear.

The functioning areas must be taken into account in evaluating the mechanisms.
The capillary stresses are e.g. active in the fluid phase, while the crystallization
pressure arises only in the limited contact areas in which crystal growth is hindered.

It is also important to take the deformation properties of the solid "skeleton" into
account. These manifest themselves via the modulus of elasticity. A given stress
loading results in greater deformations when the modulus of elasticity is low, e.g. at
a low degree of hydration. Attention must also be given to creep.

16



The mechanisms discussed in Sections 3.3.1-3.3.4 are associated with the paste. In a
concrete or mortar, deformations can also arise as a result of reactions with the
aggregate, e.g. expansive alkali-silica reactions between alkalis in the cement and
silica in the aggregate. In addition, the rigid aggregate will have a mechanical
damping effect on the deformations, cf. Figure 9.

4 1:1
,|dI/1.10
1:2
1 4
1:3
0 t(hours)

Figure 9. Influence of the aggregate on deformations in mortar and concrete®. The
effect shown is due to the stone and sand particles acting as restainers. An increased
amount of aggregate damps drying shrinkage. The tests were carried out on mortars
with cement/aggregate ratios as shown. The curve shows autogenous deformation
with superimposed drying shrinkage, as the specimens were cured at approx. 60%
RH.

Modelling the autogenous deformation of concrete is further complicated by the
large number of parameters involved: w/c, silica fume content, additives, cement
type (which again has many parameters), etc. Another important parameter in
relation to concrete is the water absorption capacity of the aggregate. The water in
the aggregate particles subdues the self-desiccation of the cement paste and thereby
reduces the resulting self-desiccation shrinkage.

Because of the many influencing parameters, autogenous deformation is most often
treated phenomenologically in the literature. There are few examples of physical,
chemical or thermodynamic analysis of the underlying mechanisms that make a
prediction possible.

A description of the action of micromechanisms on autogenous deformation has not
yet found its final form. This does not prevent the analysis and modelling of
autogenous deformation at the experimental level. Measurements given in the
literature indicate that: "

0 Autogenous deformation and temperature deformation can be simply superimpo-
sed"’.

17



o Autogenous deformation is a thermally activated process'”*®. The influence of
temperature on the development of autogenous deformation can apparently be
described by e.g. an Arrhenius expression in the same way as for cement hydration.
This is in contrast to theoretical considerations which show that the maturity
concept is not applicable to autogenous deformation'?.

0 The addition of silica fume can result in a considerable increase in autogenous
deformation and autogenous RH-change'*".

An example of a model that apparently predicts the autogenous deformation of
concrete is given by Larrard and Roy®.

3 3.3.1 Capillary tension

A plane water surface is in dynamic equilibrium with saturated water vapour, RH =
100%. In a given time, as many molecules will evaporate as return from the
gaseous phase. '

A concave liquid surface will be in equilibrium at a lower vapour pressure, RH

<100%. As shown in Figure 10, this can be popularly explained by saying that the
curvature reduces the escaping tendency of the liquid particles.

Figure 10. A water molecule in a concave liquid surface is held by a greater
number of adjacent molecules than in a plane surface. Attractive forces from
neighbouring molecules act within the hatched area®.

The relation between the radius of curvature of the liquid surface and the RH can
be derived thermodynamically'. The result is given by Kelvin’s equation:

_ _ 2oMeos 8
RH=exp (-2

The relation is shown graphically in Figure 11.

18
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Figure 11. RH as a function of the radius of curvature of the meniscus for water at
20°C™. The curve is stippled for r <I nm, as it is meaningless to talk of a radius of
curvature for a meniscus composed of a few molecules. A semicircular meniscus
with r = 1 nm will consist of 10 water molecules, the length of each molecule being
approx. 0.3 nm.

The RH-lowering and the meniscus curvature are associated with a change of
pressure in the liquid phase. The following expression can be derived':

D =ﬁMT~ln RH (6)

The fluid stress, p,, can be seen to be negative for RH <100%, corresponding to a
tensile stress. The expression does not take atmospheric pressure into account. The
relation is shown in Figure 12.

The Figure shows that the tensile stress in the fluid phase is considerable even with
a modest RH-lowering. This must be balanced by a compressive stress in the
surrounding solid material. The deformation will depend on the modulus of
elasticity and the geometry of the solid.
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Figure 12. Stress in the fluid phase as a function of RH for pure water at 20°C
according to Kelvin’s equation. Atmospheric pressure is not included.

3.3.2 Disjoining pressure
As a result of van der Waals’ forces, water molecules can adhere to the surface of a

solid. The water molecules form a compact, orderly structure - they are said to
adsorb to the surface. See Figure 13.

& & &
8% @ 8 @ p
8% ¢ ©
O Q B % . Water molecule Figure 13. Schematic picture
® o ® & + of adsorption. Water molecu-
D yS S0Py ® ¥ & les are acted upon by surface
Lo %QQQQ Q‘;’QQCZ% S Fele] forces from a solid. This
e LY g i i i
280088888200 o results in an orientation and
8 8 &8 compaction of the water.

- Based on Winkler®.

At equilibrium the thickness of the adsorbed water layer is a function of RH. The
relation is shown in Table II.

20



Relative Thickness
huzno/lety i molecular
Y diameters®
S 2-00 0-76
10 2:45 095
15 2-80 1-06
20 3-05 1-16
30 340 1-30
40 4-25 1-62
50 515 1-96 Table II. Corresponding values of RH
100 13-00 5-00 and the thickness of the adsorbed
layer of water molecules (t-layer).

* Diameter of adsorbed water molecule = 2:63 A. From Powers®”.

Figure 14 shows a situation in which two particles are so near each other that there
is no room for a fully adsorbed layer at the surfaces. The water between the
particles will then try to press them away from each other - the so-called disjoining
pressure. The less space available for the adsorbed water, relative to the thickness
corresponding to the RH, the higher the pressure that can be built up.

Distribution of dispining pressuce

Surface of solid particle
Area of hindered adsorption

Figure 14. In the areas where there is insufficient space for the adsorbed layer to
build up to the thickness corresponding to the RH of the ambient air, disjoining
pressure arises. Based on Soroka®.

When RH is falling, the thickness of the adsorbed layer is reduced, thereby
reducing the disjoining pressure. The relation between RH in the vapour phase and
pressure change in the fluid phase due to disjoining pressure can be derived
thermodynamically'. The result is:

_ pRT
Ap = *RTjn RH
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Note the similarity to the formula for capillary tension, (6).

3.3.3 Surface tension

Both fluids and solids have a surface tension. A molecule in the interior of a solid
is held by the surrounding molecules on all sides. On the other hand, a molecule at
the surface is attracted only from the interior and tangentially at the surface. As a
result, the surface behaves as a stretched elastic membrane. The surface tension can
be regarded as the stress in this fictitious membrane.

For example, when water is adsorbed on the surface of a solid, the surface tension

is changed. This is because the surface molecule in the solid is now subjected to
outward molecular forces, thus reducing the surface tension. See Figure 15.
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- @ — Figure 15. By the adsorption of a water molecule C,
l the surface molecule in the solid B approaches the
state of a molecule in the interior of the solid A*.

The surface tension in a particle gives rise to an inner compressive stress.
Adsorption changes the surface tension and thereby changes the compression.
According to Powers’’ the change in compression is given by:

Ap=-32—SAo(RH )

where S is the specific surface of the particle and Ao the change in surface tension.
The change in the surface tension of the solid depends on the amount of adsorbed
water and thus on RH.

The expression shows that the pressure change is proportional to the specific
surface. If all other factors are constant, this mechanism will therefore have a
greater effect on a material with a large inner surface than on one with a small
inner surface as, for example, brick.
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3.3.4 Other mechanisms

Chemical shrinkage

Consider situation A in Figure 16, where a small air bubble is in a cylinder of
water enclosed by a piston. The system is in pressure equilibrium with the

surroundings, i.e. the pressure in the water, the bubble and the surroundings is 1
atmosphere. (The bubble is large enough to make capillary forces negligible).

A

i : *~ p=1latm
— — ==p=latm | A
| =] A > 0 atm=a ps<p<latm

Figure 16. In a volume of water containing air bubbles the pressure cannot sink
below approx. 0 atm. This corresponds to a pressure drop of 1 atm. An explanation
is given in the text.

In situation B the piston is subjected to an outward force that results in an
expansion and a fall in pressure in the water. As water is incompressible in
comparison with air, the air bubble will expand when the piston rises. The lowest
pressure that can exist in an air volume is 0 atm, a vacuum. As the air is surroun-
ded by water, evaporation will take place until the air is saturated with water
vapour. The pressure therefore cannot fall below that of saturated water vapour, p,,
which at 25°C is 3167 Pa = 0.03 atm = 0 atm®.

The lowest water pressure is thus approx. 0 atm. This corresponds to a pressure of
1 atm. on the piston.

The system shown in Figure 16 is analogous to a hardening cement paste. As the
hydration products take up less space than the reacting water and cement, the pore
fluid will be affected in the same way as in Figure 16, B; in a hardened cement
paste the outer volume is practically constant. The piston movement corresponds to
the chemical shrinkage. The result is air-filled pores in the cement paste.

The lowest hydrostatic stress in the pore fluid of a cement paste, in the absence of
capillary forces, is therefore approx. 0 atm. The reduction in the fluid stress
increases the compressive stress in the solid "skeleton". The magnitude of the
compressive stress in the "skeleton" depends on geometrical factors; if the
"skeleton" comprises a small part of the cross-section of the paste the stresses will
be high, and vice versa.
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In the very early hydration phase the solid skeleton is weak. If it cannot bear the
"suction" from the water, it will collapse. Chemical shrinkage will then appear as an
outer shrinkage - pore formation will not take place until the skeleton is sufficiently
strong. This mechanism is mentioned by Setter and Roy’, Geiker’' and others.

The above description applies as long as there are relatively large water-containing
pores in the cement paste. When these have been emptied, high tensile stresses will
arise in the pore fluid; the water is sucked into the narrow capillary pores.
According to Powers’ simplified model this will occur only in pastes with w/c
<0.45, cf. Figure 5. :

Crystallization pressure

The crystallizing out of salts can build up pressure if the growth of the crystals is
hindered™®.

The theoretical maximum contact pressure that a crystal can build up can be derived
thermodynamically**:

_RT{, C
p cryst Vs In E;
where p,,,, is the contact pressure during crystal growth, C the actual salt concentra-
tion and C, the salt concentration at saturation.

Oversaturation of the pore fluid is necessary to build up the crystallization pressure.
As the formula shows, the crystallization pressure depends on the degree of
oversaturation in the pore fluid C/C.. For many salts it has been found experimen-
tally®® that the degree of oversaturation cannot exceed approx. 100.

In the literature, ettringite crystallization is frequently given as a cause of
expansion®. Using the tabulated data for ettringite, the maximum contact pressure is
found to be:

poye - 8342815 100 _16 Mpa
(1237 .22/1.73) 106~

as V. =M,/p,.

Hydration pressure

The taking up of water by the solid material in the process of hydration increases
the volume of the solid component. This can result in the build-up of pressure.

The process CaSO, 2H,0 + 115H,0 — CaSO,-2H,0 which takes place during false
setting of Portland cement, can result in a pressure of up to 150 MPa*.

The following expression for calculating the maximum hydration pressure is given
by Winkler”:
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nRT . Pw

P hyar = -

SR 7 A
where n is the number of moles of water taken up in hydration, V, and V, the
molar volumes of salt after and before hydration respectively, p,, the water vapour
pressure with which the reacting water is in equilibrium, and p,’ the equilibrium

water vapour pressure for the hydrated salt.

The hydration of CaO and MgO can cause harmful expansions in hardening
concrete. While the CaSO,-/2H,0 hydration proceeds so rapidly that it takes place
only in the plastic phase, the MgO reaction is very slow. Damage frequently
appears only after several years®.

The hydration pressure is an expansion mechanism, but the reverse process can
result in shrinkage. RH-lowering can result in the hydrates becoming thermody-
namically unstable and dehydrating. The associated volumetric reduction can cause
an overall shrinkage.

Water in certain aluminate hydrates is relatively loosely bound; they dehydrate at
moderate temperatures”. Dehydration can also take place as a result of low RH.

Osmotic pressure

When a solution of salt in water is brought into contact with pure water through a
semipermeable membrane, the water will pass through the membrane to equalize
the difference in concentration. The phenomenon is called osmosis and can result in
a build-up of pressure if the transport of water is hindered - an osmotic pressure.
See Figure 17.

Solution Figure 17. Osmosis illustrated by pressure build-up. The
salt solution and the pure water are separated by a membra-
Pure solvent ne that only permits the passage of water molecules. The

difference in salt concentration produces an osmotic
Semipermeable  Pressure, which, in equilibrium, can be measured as the
membrane height of the liquid column, h. Based on Atkins™.

For dilute solutions the following formula for calculating the osmotic pressure p,,
can be derived thermodynamically®:
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posm =R .TC

where C is the molar concentration of the dissolved species. A salt concentration of
e.g. only 1 mole KOH/I will produce an osmotic pressure on pure water of approx.

5 MPa. Salt concentrations of this order exist in the pore fluid of cement paste, cf.

Table I.

According to Powers’ description®, the pores of the cement gel are so narrow that
the water they contain - the gel-water - is bound by adsorption, cf. Figure 13. The
salt ions may not be able to penetrate into this compact water phase®. Osmotic
effects between the gel-water and the capillary water can therefore be expected. If
the salt concentration in the capillary water increases, tensile stresses in the gel-
water will arise due to osmosis. This will cause shrinkage in the cement paste.

A difference in salt concentration can also arise if the gel pores have narrow
passages. The salt ions are hydrated, i.e. bound to the surrounding water molecules,
and are thereby considerably larger than water molecules. Pores can thus be
permeable for water but impermeable for salt ions.

Electrical surface forces

Particles of colloidal size (less than about 1 um) in a salt solution are normally
electrically charged. This is probably due to the adsorption of salt ions on the
surface of the particles. The electrical charges are important for the stability of
colloid particle systems. A change in the salt concentration of the solution can cause
a neutralization of the charges on the colloid particles, resulting in their coagulation.

The products of cement hydration are of colloidal size. It is therefore possible that
electrical forces cause deformations in the cement paste. The electrical charges
carried by the gel particles will change when the salt concentrations in the pore
fluid of the cement paste change. The electrical forces of attraction and repulsion
between the gel particles will hereby also be modified. Salt concentrations in the
pore fluid change considerably during hydration, and the solubility of salts depends
- inter alia - on the fluid stress and thus on RH, cf. Kelvin’s equation.

This deformation mechanism is not often mentioned in cement literature - a detailed
account is given by Buil®.

Restrainers

Ca(OH), crystals are considered by some researchers as shrinkage restrainers’. The
crystals are assumed to carry the solid skeleton and thereby hinder shrinkage in the
same way as aggregate in concrete. See Figure 9. This hypothesis is also advanced
by Powers to explain carbonation shrinkage in concrete”. According to Powers, the
Ca(OH), crystals under pressure dissolve during the carbonation process and thereby
release the restrained shrinkage.
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The mechanism is also interesting in connection with an explanation of autogenous
deformation from pozzolan additives. Silica fume uses Ca(OH), in the pozzolan
reaction. This will result in shrinkage if the Ca(OH), crystals are under pressure.

Other components can also be assumed to act as restrainers, e.g. the silica fume
particles. The mechanism is sketched in Figure 18.

Figure 18. Simplified illustration of restrainer shrinkage. Particles dissolving under
pressure induce shrinkage.

It is important to note that the mechanism is unconnected with RH-changes, i.e. it
can cause shrinkage at a constant RH.

Interlayer water

According to the theories of Ishai and others, the layered structure of the cement
gel contains pockets of enclosed water - "interlayer water"”. During the drying
process, this water will move out, causing a collapse of the solid structure and
thereby inducing shrinkage. According to Ishai, complete re-wetting is not possible
and the mechanism thus results in an irreversible shrinkage.
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4 Measuring techniques in the literature
4.1 Autogenous RH-change

The relative humidity of the air can be measured in many ways. Moisture-sensors
for continuous measurements in the laboratory generally use one of the following
three principles: capacitive measurement, impedance measurement or dew-point
measurement. None of them are very accurate - after careful calibration the
uncertainty can be brought down to +1% RH.

When measuring the autogenous RH-change of cement paste, loss of moisture from
the test specimen can contribute much more to the uncertainty than the sensor’s
lack of precision. The RH is particularly affected by moisture loss in pastes with
silica fume and low w/c. It is precisely these pastes that are interesting with regard
to self-desiccation.

Repeated measurements on the same specimen, in which the sealing is broken at
each measurement’*>*!, or in which the specimens are stored in plastic bags®*®,

plastic containers’" etc. can involve moisture losses that greatly affect the result.

Measurements are normally carried out on crushed paste, which rapidly arrives at a
moisture equilibrium with the sensor. See Figure 19. In some cases, however, the
sensor is placed in a cavity in the test specimen®®*%°*%,

-—~~Cables fo Hygrometer
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Figure 19. Frequently used set-

up for the measurement of

sensing e/emenr  autogenous RH-change®.
Crushed cement paste is placed
in a small enclosed volume
with a moisture sensor.

Thermocouple ---
Jsunction
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4.2 Autogenous deformation

Measurement of autogenous deformation has been carried out in two fundamentally
different ways: measurement of volumetric deformation and measurement of linear
deformation.

Volumetric measurement of autogenous deformation is frequently performed by
placing the fresh cement paste in a tight rubber balloon immersed in water. The
change in volume of the cement paste is measured by the amount of water
displaced by the immersed sample, for example, by measuring the change in weight
of the immersed sample (buoyancy). Volumetric measurement of autogenous
deformation has been performed by a number of researchers™*>*!4¢¢70.73,

Linear measurement of autogenous deformation is frequently performed by placing
the cement paste in a rigid tube with low friction. The change in length of the
cement paste is recorded by a displacement transducer at the end of the specimen.
Linear measurement of autogenous deformation has been performed by a number of
researchers3,20,2 1 ,26,44,46,60,62,65,72.

Both methods of measurement have advantages and disadvantages. One advantage
of the volumetric method is the possibility of commencing the measurements
immediately after casting. In contrast, the lack of a steady contact between the
rubber balloon and the cement paste is a considerable disadvantage of the
volumetric method. Bleeding water or entrapped air at the surface of the cement
paste may obstruct this contact significantly. During the hydration process the
bleeding water or entrapped air will be sucked back into the cement paste as a
consequence of internal volume reduction caused by chemical reaction. Since the
volume of the rubber balloon is the combined volume of the cement paste and the
volume of the bleeding water of entrapped air, the internal volume reduction also
may be measured erroneously as an outer deformation. Since the internal volume
reductioin is considerably larger than the autogenous deformation this may lead to a
substantial error.

In addition, Buil®® mentions that the pressure caused by a tight rubber balloon could
damage the weak structure during setting. Furthermore, volumetric measurements of
autogenous deformation are normally associated with large scatter of the data.
Based on experimental data Buil®® and Baron and Buil®® conclude that the
volumetric method seems less suitable for measuring autogenous deformation.

One advantage of the linear method is the firm anchorage of the measuring point to
the cement paste. This reduces the above-mentioned problems greatly. At the same
time this is a disadvantage since the measurements cannot be started before the
cement paste has set. The linear method has an additional problem: the risk of
restraining the cement paste. In the very first hours after setting, the cement paste is
too weak to overcome the friction against a rigid tube, However, this problem can
be reduced by lubricating the tube.
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5

Tests

5.1 Measuring equipment

5.1.1 Paste dilatometer

For measuring the autogenous deformation of mortar, the dilatometer and form
system shown in Figure 20 was used. The equipment was developed for the
measurement of paste'!, but was used in the present project for mortars with a
maximum particle size of 1 mm.
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Figure 20. Dilatometer with two test specimens and one reference rod (uppermost).
The specimens are fixed at A with spiral springs, and the changes in length are
registered by displacement transducers at B. The length of the samples is approxi-
mately 280 mm.

The equipment measures the linear deformation of the specimen, cf. Section 4.2.
The special feature of the equipment is that measurements can begin before setting.
A special form system of corrugated tubes, shown in Figure 20 enables this to be
done. The corrugation permits the tubes to deform easily in the longitudinal
direction, and the geometry of the cross-section is well-defined. The sealing
prevents exchange of material with the surroundings (CO, and H,0).

While measuring is in progress the equipment is immersed in a thermostatic bath,
the temperature of which is regulated with an accuracy of +£0.1° C. The close
contact with the thermostat fluid ensures effective temperature control of dilatome-
ter and test specimens.
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Simultaneous measurements were made on two test specimens and a reference rod
of invar. The measurement on the reference rod was used to check the operation of
the electronic instruments. During the tests the signal from the reference rod varied
by approx. 1 um (approx. 3 pustrain).

The two test specimens are always of the same mortar.

Mixing, casting and mounting in the dilatometer takes about 20 minutes. The
measurements began 30 minutes after the addition of water.

Transducer signals and temperatures at chosen points were registered automatically
at 15-minute intervals and transferred to a coupled datalogger.

5.1.2 Concrete dilatometer

Autogenous deformation of concrete is measured with a concrete dilatometer, see

Figure 21. The concrete dilatometer and its form system function in principle in the
same way as the paste dilatometer described in the previous Section.
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Figure 21. Sketch of dilatometer
for the measurement of autoge-
nous deformation of concrete.
Two test specimens and an invar
reference rod are measured si-
I , multaneously. The specimens are
i i i vertical, and are supported by
sliding plates of teflon. Changes
in length are measured by displa-
I 1 - cement transducers placed above.
Eén O The forms are @100p- 375 mm

long flexible tubes.

The forms are closed by metal plates that act as contact surfaces for the transducers.

During measurement the equipment is immersed in a water bath in which the
temperature is regulated with an accuracy of +0.1°C.
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Mixing, casting and mounting in the dilatometer lasts approx. 50 minutes. The first
measurement is carried out after one hour. The measurements are transferred to a
datalogger at 15-minute intervals; they include changes in length and the tempera-
ture at the centre of each test specimen.

The dilatometer frame is of steel. The deformation of the dilatometer due to
temperature changes must therefore be taken into account. The dilatometer
deformation is determined by measurements on invar reference rods. The correction,
which amounts to approx. 15 ustrain/°C, is made by means of measurements
described in the following Sections. The correction is significant only when
measurements are carried out during controlled temperature cycles.

5.1.3 Moisture measuring equipment

Autogenous RH-change in hardening mortar is registered by a moisture measuring
equipment of the type Rotronic Hygroscope DT. The measuring station contains a
temperature sensor and an RH sensor.

The measuring stations are placed in a climate-chamber in which the temperature is
controlled with an accuracy of 0.1°C.

Before and after each test the RH sensors are calibrated with saturated salt solutions
of K,SO, (=97% RH), KNO, (=92% RH), KCIl (=~84% RH) and NaCl (=75% RH).
The uncertainty in measurement in the 75-100% RH ‘interval is thereby reduced to
+1% RH.

Moisture loss from leakage in the chambers and inadequate calibration can result in
large errors in measurement'. To reveal such errors, measurements are made at
four stations simultaneously.

Some of the measurements are made on crushed mortar. This means that the mortar
must be hardened. During the hardening the mortar is placed in moisture-tight
teflon casting forms in a climate-chamber. To counteract bleeding the forms are
continuously rotated during hardening. After removal of the forms the mortar is
crushed. About 10 g of the crushed mortar is immediately placed in the moisture
measuring stations. :

Signals from the RH sensors and thermoelements are registered automatically at 15-
minute intervals and the data stored in a coupled datalogger.
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5.2 Sample preparation

Two concrete mixes and the corresponding mortars were investigated in this project:
1) A typical structural concrete used by the Danish Road Directorate, and 2) An
alternative mix. In the following these concretes are referred to as "Road Directora-
te concrete" and "alternative concrete".

The composition of the mortars is the same as that of the corresponding concretes,
except that aggregate larger than 1 mm was removed by sieving prior to mixing.

Originally it was planned to carry out measurements on the cement paste of the
Road Directorate concrete. The initial measurements showed, however, that the
early phase of hardening deviated markedly from that of the concrete. The setting
time of the paste was approx. 14 hours at 40°C, that of the concrete 5 hours at
20°C. An investigation showed that this was due to an interaction between the
superplasticizer and the finest aggregate fraction. For this reason the originally
planned experiments on cement paste were replaced by measurements on mortar,
described below.

5.2.1 Materials
Road Directorate concrete

The composition of Road Directorate concrete is shown in Table III.
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Component kg/m’

Cement, low-alkali, sulfate-resistant 285
Fly ash 60

Silica fume 12

Water 127
Sand 0-4 mm, RN Avedere 758
Aggregate 8/16 mm, SC Renne 535
Aggregate 16/25 mm, SC Renne 565

Air-entraining agent, Conplast 316 AEA | 0.357

Plasticizer, Conplast 212 1.428

Superplasticizer, Peramin FF 2.856

Table III. Composition of Road Directorate concrete (kg/m’). The silica fume is
added as slurry, containing 50% water. The stated amount of silica fume is the dry
weight, and the stated amount of water includes that in the slurry. The weights of
sand and aggregate correspond to a water-saturated, surface-dry state. The water
absorption is 0.2% for both aggregate fractions and 0.4% for the sand. The
uncorrected w/c ratio is 0.45. The equivalent w/c ratio is 0.38. Water in the
additives is included in the w/c.

The sand in the Road Directorate mortar comprises the fraction passing a 1 mm
sieve. This amounts to 531 kg/m’ (70% of the total sand).

Alternative concrete

The composition of the alternative concrete is shown in Table [V.
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Component kg/m®
Cement, basis cement 320
Fly ash, Danaske ' 58
Silica fume, powder 20
Water 156
Sand 0-4 mm, RN-Avedgre 550
Aggregate 8/16 mm, Dalby 705
Aggregate 16/24 mm, Dalby 488
Air-entraining agent, SikaAer-15B 1.91
Plasticizer, Sika Plastiment-A40 2.82

Table IV. Composition of alternative concrete (kg/m’). The weights of sand and
aggregate correspond to a water-saturated, surface-dry state. The uncorrected w/c
ratio is 0.49. The equivalent w/c ratio is 0.41. Water in the additives is included in
the wic.

The sand in the alternative mortar comprises the fraction passing a 1 mm sieve.
This amounts to 373 kg/m® (68% of the total sand).

5.2.2 Mixing
Mixing procedure

The mortars are mixed for five minutes in a 5-litre mortar mixer. About 1'% litres
of mortar are mixed for deformation and RH measurements. Immediately after
mixing two form tubes are filled with mortar for deformation measurements and
four @14-100 mm teflon forms for RH tests. Casting is carried out on a vibration
table.

The concretes are mixed for four minutes in an 80-litre pan-type mixer. About 20
litres are mixed. The slump, air content and density of the fresh concrete are
measured, and two flexible tubes are filled with concrete on a vibration table for
deformation measurements.

and aggregate are in a water-saturated, surface-dry state prior to mixing.
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5.2.3 Summary of experiments

A summary of the experiments carried out is given in Table V.

Approximate | Autogenous deformation | Autogenous
thermal RH-change,
history Concrete Mortar (mortar)
Road 20°C 2 2 4
Directorate S
concrete 40°C 2 2 4
20-40-20°C |2 2 -
Alternative | 24°C 2 2 4
concrete
40°C 2 2 -
24-40-24°C |2 - -

Table V. Summary of experiments carried out. The figures show the number of

samples for each experiment. The exact thermal history is described by the
respective graphs for the experiments.
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5.3 Results

The following figures show measurements of autogenous deformation and
autogenous RH-change of mortar and concrete. The measurements have been

* performed at two temperature levels: approximately 24°C and 40°C. Time is given
in real hours from water addition. Shrinkage is plotted as negative deformation.
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Figure 22. Autogenous deformation of Road Directorate mortar at 20°C. Measure-
ments on two samples are shown. A close-up of the measurements after setting is
given in Figure 38.
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Figure 23. Autogenous deformation of Road Directorate mortar at 40°C. Measure-

ments on two samples are shown. A close-up of the measurements after setting is
given in Figure 38.
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Figure 24. Autogenous deformation of Road Directorate mortar during temperature
changes; The temperature is 20°C throughout the experiment except in the period
24 to 48 hours where the temperature is 40°C. Measurements on two samples are
shown. A close-up of the measurements after setting is given in Figure 36.
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Figure 25. Autogenous deformation of the alternative mortar at 24°C. Measurements

on two samples are shown. A close-up of the measurements after setting is given in
Figure 39.
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Figure 26. Autogenous deformation of the alternative mortar at 40°C. Measurements

on two samples are shown. A close-up of the measurements after setting is given in
Figure 39.
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Figure 27. Autogenous deformation of Road Directorate concrete at 24°C.
Measurements on two samples are shown. A close-up of the measurements after
setting is given in Figure 40.
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Figure 28. Autogenous deformation of Road Directorate concrete at 40°C.
Measurements on two samples are shown. A close-up of the measurements after
setting is given in Figure 40.
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Figure 29. Autogenous deformation of Road Directorate concrete during tempera-
ture changes; The temperature is initially 20°C. At 10 hours the temperature is
changed to 30°C, at 24 hours to 40°C, and at 48 hours a slow cooling down to
20°C starts. Measurements on two samples are shown.
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Figure 30. Autogenous deformation of the alternative concrete at 24°C. Measure-
ments on two samples are shown. A close-up of the measurements after setting is
given in Figure 41.
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Figure 31. Autogenous deformation of the alternative concrete at 40°C. Measure-
ments on two samples are shown. A close-up of the measurements after setting is
given in Figure 41.
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Figure 32. Autogenous deformation of the alternative concrete during temperature
changes; The temperature is initially 24°C. At 6 hours the temperature is changed to
30°C, at 22 hours to 40°C, and at 48 hours a slow cooling down to 24°C starts.
Measurements on two samples are shown. A close-up of the measurements after
setting is given in Figure 37.
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Figure 33. Autogenous RH-change of Road Directorate mortar at 20°C. The curve
is an average of four simultaneous measurements.
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Figure 34. Autogenous RH-change of Road Directorate mortar at 40°C. The curve
is an average of four simultaneous measurements.
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Figure 35. Autogenous RH-change of the alternative mortar at 24°C. The curve is
an average of four simultaneous measurements. '
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6

Discussion

The autogenous deformation histories for the mortars and concretes shown in
Figure 22-Figure 32 are the effects of a number of shrinkage and expansion
mechanisms.

Setting of the various mixes takes place 5-10 hours after adding water. The
deformations registered prior to setting are 10-100 times greater than the deforma-
tions after setting. Despite this, cracks do not appear before setting, as the concrete
is plastic in this period.

Earlier investigations' have shown that the contraction observed prior to setting is
caused by the chemical shrinkage involved in the hydration process, which results
in an overall shrinkage. If the measurements are carried out at a temperature that
involves an initial warming of the materials, e.g. 40° C, expansion can arise due to
separation of air from the mixing water and thermal expansion.

Shrinkage and expansion have also been measured in mortar and concrete after
setting. Immediately after setting an expansion is observed on several graphs. This
expansion is accompanied by a temperature rise in the test specimens due to the
heat of hydration. However, the expansion cannot be accounted for by thermal
expansion. In concretes, a rise of 4°C in the central temperature has been measured
5-15 hours after the addition of water, whereas the expansion is up to 25 pstrain.
The curves shown have not been corrected for temperature deformation, becaurse
the development of the coefficient of thermal deformation of the concretes
investigated is not known. The coefficient of thermal expansion varies with the
degree of hydration. It will normally decline from approx. 20-30 ustrain/°C in the
hours around setting'™' to approx. 10 pstrain/°C for well-hardened concrete.

In a traditional concrete, autogenous shrinkage after setting is typically® 50 to 100
pstrain. For the two concretes shown in Figure 40 and Figure 41, autogenous
shrinkages of 30-80 ustrain were registered. This is similar to a traditional concrete.

The measurements of autogenous RH-change shown in Figure 33-Figure 35
harmonize with the deformation measurements. At 20-24°C, the RH was lowered
by approx. 3% after one week. This is modest compared with a high-strength
concrete, in which an RH-lowering of over 10%" can be observed after the same
period.

With the given experimental data, it is not possible to connect physical and
chemical processes to the registered RH changes and the deformations after setting.

On the other hand, the deformation measurements can be used for:

0 determination of the coefficient of thermal expansion of the mixes,
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O testing the maturity concept based on Arrhenius transformations,
o testing the composite theoretical models, and

0 calculating the build-up of stresses, including the evaluation of the risk of
cracking during hardening.

This will be carried out in the following and in other reports of the HETEK project.

6.1 Coefficient of thermal expansion

The coefficient of thermal expansion can be estimated based on the measurements
shown in Figure 24, Figure 29 and Figure 32.

For the Road directorate concrete the temperature has been changed in the
following steps: 20—30°C, 30—40°C and 40—20°C. The temperature change from
40 to 20°C took more than a week due to lack of active cooling. Consequently only
the two first temperature changes are used for estimating the coefficient of thermal
expansion. In these cases the samples are in thermal equilibrium within 4 hours
after the temperature change. The following values were measured for the two
samples:

20—30°C: #1: 8.0 ustrain/°C, #2: 6.6 ustrain/°C

30—40°C: #1: 6.2 pstrain/°C, #2: 5.4 ustrain/°C

The coefficient of thermal expansion for the Road Directorate concrete was found
to be 7+2 pustrain/°C.

For the alternative concrete the temperature has been changed in the following
steps: 24—30°C, 30—40°C and 40—24°C. The temperature change from 40 to
20°C took more than a week due to lack of active cooling. Consequently only the
two first temperature changes, 24—30°C and 30—40°C, are used for estimating the
coefficient of thermal expansion. The following values were measured for the two
samples:

24—30°C: #1: 4.8 pstrain/°C, #2: 6.8 ustrain/°C

30—40°C: #1: 7.4 pstrain/°C, #2: 7.9 ustrain/°C

The coefficient of thermal expansion for the alternative concrete was found to be
7£2 ustrain/°C. :

For the mortar the temperature has been changed 20—40—20°C. Due to smaller
samples and more effective cooling and heating the temperature change takes less
than 1 hour in the case of heating and less than 4 hours for cooling. The following
values were measured for the two samples:

20-—40°C: #1: 11.2 ustrain/°C, #2: 7.1 ustrain/°C

40—20°C: #1: 12.4 pstrain/°C, #2: 8.9 ustrain/°C
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The coefficient of thermal expansion for the Road Directorate mortar was found to
be 10+3 pstrain/°C

The measured values are in agreement with values reported in the literature®. The
coefficient of thermal expansion for the concrete is lower than the value for mortar,
probably due to a higher aggregate content, approximately 70% comparred to 40%.

6.2 Activation energy

A single point estimate of the activation energy of autogenous deformation can be
made based on measurements at varying temperature. Such measurements for the
Road Directorate mortar are shown in Figure 36.
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Figure 36. Close-up of autogenous deformation (solid line) of Road Directorate

mortar during temperature changes. The graph is an average of the two measure-
ments shown in Figure 24. The temperature (broken line) is 20°C throughout the
experiment except from the period 24 to 48 hours where the temperature is 40°C.

From the measurements at a constant temperature it is known that the observed
initial expansion (10 to 20 hours in Figure 36) is followed by shrinkage. The
temperature change at 24 hours, however seems to trigger off a strong acceleration
of the following shrinkage. Therefore, the first temperature change cannot be used
for estimating the activation energy.

The change in deformation rate v,(t,T) related to the temperature change at 48
hours is used in the following. By extrapolation it is possible to estimate the
deformation rate in a common point for the two temperatures. Numerical differenti-
ation of the measurements in Figure 36 gives: v,(48 h, 40°C)=1.5 pstrain/h and

v (48 h, 20°C)=0.75 pstrain/h.
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From these values the activation energy of autogenous deformation for the Road
Directorate mortar can be estimated as’:

R ver) 8.314 1.5\ o
E, 1/T1~1/T21n[v5’T2] 7317295 ™ (075 ) 26 mer

It must be emphasized that the calculated value is very uncertain and only covers a
single point. The maturity concept may be difficult to apply to autogenous
deformation and the energy of activation may have no general practicability in the
present case'’. :

A corresponding calculation for the concretes gives no reasonable results. As seen
from Figure 37, the deformation rate is not changed or may even be lowered when
the temperature is raised. This corresponds to activation energies equal to or lower
than zero.
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Figure 37. Close-up of autogenous deformation (solid line) of the alternative
concrete during temperature changes. The graph is an average of the two
measurements shown in Figure 32. The temperature (broken line) is initially 24°C.
At 6 hours the temperature is changed to 30°C, at 22 hours to 40°C, and at 48
hours a slow cooling down to 24°C starts.

6.3 Maturity transformation

Maturity transformed and non-transformed autogenous deformation is shown in
Figure 38 to Figure 41. The maturity transformation is performed with the
Arrhenius function®. Since no physical zero-point for the measured deformation
exists, the curves have been displaced along the deformation axis for easy
comparison.
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Figure 38. Close-up of autogenous.deformation of Road Directorate mortar at 20°C
and 40°C. The curves for the two consecutively measured samples at 20°C differ
considerably from each other within the first 24 hours; both these are therefore
shown. For the 40°C curve an average is shown since the two curves agreed well.
Two examples of maturity transformation from 40°C to 20°C are shown: E,=33.5
and 26 kJ/mol. E;=0 kJ/mol is the non-transformed curve at 40°C.

Autogenous deformation of Road Directorate mortar is shown in Figure 38. The
curves for both test specimens are shown for the 20°C test, as they differ consi-
derably for the first 24 hours. The variation may be due to the composition of the
mortar. As mentioned earlier, a great change in the early hardening process takes
place if the finest fraction of the sand is removed. Neither of the two 20°C curves
in Figure 38 can be excluded in making comparisons with the other curves. The
first 24 hours of Figure 36, which is a repetition of this measurement, coincides
roughly with the lower 20°C curve in Figure 38. The upper 20°C curve, however,
resembles the 40°C curve in Figure 38.

For the 40°C curve, two maturity transformations are shown, corresponding to
E,=33.5 and 26 kJ/mole. E;=33.5 kJ/mole is traditionally” used in concrete
technology, while E,=26 is determined in Section 6.2. Neither of these transforma-
tions gives a good description of the history at 20°C. Parts of the 20°C curve are
in fact described better by the untransformed 40°C curve, e.g. the period after 150
hours. For the registered autogenous deformation, it appears that a temperature
change cannot be simply described by a time-transformation.

This conclusion is further strengthened if the 20°C test and the test with varying
temperature, Figure 36, are compared. If the autogenous deformation can be
maturity transformed in the traditional way, 24 hours at 40°C (24-48 hours in
Figure 36) will solely involve a time-shift of about 35 hours relative to the 20°C
curve. This means that the curve after approx. 48 hours in Figure 36 should be
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identical with the 20°C curve in Figure 38 after approx. 83 hours. This is not the
case: That part of the curve in Figure 36 is concave upwards, while the correspon-
ding part of the curve in Figure 38 is mainly concave downwards.

Neither can the influence of temperature on the autogenous deformation of the
alternative mortar be simply described by a time-transformation, see Figure 39.
Especially in the period 10-50 hours, there is a considerable difference in the
shrinkage at 20° and 40°C. Furthermore, the observed expansion after 80 hours at
20°C cannot be found at 40°C.
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Figure 39. Close-up of autogenous deformation of the alternative mortar at 24°C
and 40°C. Each curve is an average of measurements on two samples. A maturity
transformation from the 40°C graph to 24°C is shown: E;=33.5 kJ/mol. E;=0 kJ/mol
is the non-transformed curve at 40°C.

Curves for the autogenous deformation of the Road Directorate concrete are shown
in Figure 40. The maturity-transformed 40°C curve is a much better description of
the 24°C history than the untransformed curve. However, the expansion after setting
is twice as large at 24°C as at 40°C. A maturity transformation does not change the
magnitude of the deformation. Furthermore, the rate of shrinkage declines more
rapidly for the transformed 40°C curve than the 24°. The deformations in this
concrete after setting are modest - approx. 30-40 ustrain. The difference between
the transformed 40°C curve and the 24°C curve may therefore be due to measure-
ment uncertainty.

Curves for autogenous deformation of the alternative concrete are shown in
Figure 41. As for the Road Directorate concrete, the maturity-transformed 40°C
curve is a better description of the 24°C history than the untransformed curve.
 However, the 40°C curve shows an expansion of approx. 20 ustrain immediately
after setting, which does not take place at 24°C. Also, the 24°C curve shows an
expansion in the 50-150 hours interval, which does not appear at 40°C.
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Figure 40. Close-up of autogenous deformation of the Road Directorate concrete at
24°C and 40°C. Each curve is an average of measurements on two samples. A
maturity transformation from the 40°C graph to 24°C is shown: E,=33.5 kJ/mol.
E,=0 kJ/mol is the non-transformed curve at 40°C.
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Figure 41. Close-up of autogenous deformation of the alternative concrete at 24°C
and 40°C. Each curve is an average of measurements on two samples. A maturity
transformation from the 40°C graph to 24°C is shown: E;=33.5 kJ/mol. E,=0 kJ/mol
is the non-transformed curve at 40°C.
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Conclusion

This report describes fundamental knowledge about autogenous deformation and
autogenous change of the relative humidity in hardening cement paste systems.
Furthermore, a series of measurements of autogenous deformation and autogenous
RH-change of a structural concrete used by the Danish Road Directorate and of a
concrete with an alternative mix is reported. The mortars of the two concretes were
also investigated.

The measured autogenous RH-change amounted to a few percent. The associated
shrinkage was 100-200 ustrain for the mortars and 30-80 ustrain for the concretes.
This is similar to traditional concretes.

On the basis of the measurements carried out under the present project, it is not
possible to give a clear answer to the question of whether the traditional maturity

- concept is applicable to autogenous deformation. For the Road Directorate mortar,

the activation energy for autogenous deformation at a certain degree of hydration
was found to be 26 kJ/mol. Maturity transformation of measurements with this
value do not, however, give a satisfactory account of the influence of temperature.

The coefficient of thermal expansion was determined for the 20-40°C interval by

means of a dilatometer. The coefficient was found to be 1043 ustrain/°C for the
mortars, and 7+2 ustrain/°C for the concretes.
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Symbols

SYMBOL
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INDEX

a
C.W
ce

g

2.5
g.w
h
hydr
kryst
1
osm

P
s
w

The usual cement-technological nomenclature for oxides is used:
C=Ca0, S=Si0,, H=H,0, A=Al,O,, F=Fe,0, osv.

NAME

molar concentration
activation energy
molar mass
number of moles
stress

vapour pressure of water-saturated air

radius

gas constant, 8.314
relative humidity
specific surface
absolute temperature
moisture content
molar volume
deformation rate
volumetric fraction
water-cement ratio
molar fraction

degree of hydration
change

strain

contact angle
density

surface tension

anhydrate
capillary water
cement

gas

gel solid

gel water
hydrate
hydration
crystal
liquid, linear
osmotic
pores

salt, self-desiccation, solid, saturated

water

SI-UNIT

mol/l
J/(mol-K)
kg/mol

]

Pa

Pa

m
J/(mol-K)
1

m?/kg

K

kg/kg
m*/mol
strain/h
[l
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