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ABSTRACT: When cement mixes with water, hydration immediately takes place. The cement hydration
leads to the arising of chemical shrinkage and the decreasing of internal relative humidity, and further induces
self-desiccation of concrete, which is the direct reason of autogenous shrinkage, so it is necessary to study the
relationship between early-age autogenous shrinkage and cement hydration of concrete. In this paper, the rela-
tionship between early-age autogenous shrinkage and chemical shrinkage, degree of hydration, and internal
relative humidity related to cement hydration are discussed. The results indicate that during the very early
hours autogenous shrinkage can be fully attributed to the chemical changes due to cement hydration, but it is
not equal to chemical shrinkage because of different shrinkage mechanisms; the point when autogenous
shrinkage changes from being a function of chemical shrinkage versus self-desiccation is degree of cement
hydration; and there is obvious linear correlation between autogenous shrinkage and internal relative humid-

ity.

1 INTRODUCTION

Autogenous shrinkage of cement paste or concrete is
defined as the macroscopic volume change occur-
ring with no moisure transferred to the exterior sur-
rounding environment. As we know, autogenous
shrinkage is the result of self-desiccation or internal
desiccation (Tazawa et al. 1999). For lacking of ex-
ternal water, further hydration will begin to consume
the capillary water and thus will induce the hydrat-
ing cement paste dried. The type of drying is called
as self-desiccation, which is the intrinsic attribute of
concrete. Self-desiccation leads to shrinkage and the
mechanics of autogenous shrinkage is identical with
that of traditional drying shrinkage. The volume
change induced by self-desiccation is firstly af-
firmed by Lyman in 1934 (Lyman 1934). But it is
then neglected by engineers because autogenous
shrinkage of ordinary concrete can be ignored when
compared with drying shrinkage. However, with the
popularization of high performance concrete and the
use of special cements and water reducing agents in
recent years, autogenous shrinkage is again payed
attention to. Recent research indicates that autoge-
nous shrinkage greatly contributes to early age
cracking when the water-cement ration is lower than
0.4, even if it is normal strength concrete (Tazawa et
al. 1993).

Hydration immediately occurs as soon as cement
mixes with water. Hydration leads to cement stone

shrinking and internal relative humidity decreasing,
and thus induces self-desiccation of concrete which
is the direct cause of autogenous shrinkage. So it is
necessary to study the relationship between early-
age autogenous shrinkage and cement hydration of
concrete.

2 RELATIONSHIP BETWEEN EARLY-AGE
AUTOGENOUS SHRINKAGE AND
CHEMICAL SHRINKAGE

Chemical shrinkage, which is also called as hydra-
tion shrinkage, results from the difference between
the average density of reactants and that of reaction
products. The negative effect of chemical shrinkage
is to result in autogenous shrinkage of concrete and
even lead to concrete cracking. The basic reactions
of cement clinker are generally defined by the fol-
lowing equations of the clinker phases (Erika 2001):

2C,S+6H — C,S,H, +3CH (1)
2C,S+4H — C,S,H, +CH )
C,A+6H — C,AH, 3)

C,AF +2CH +10H — C;AH  + C,FH| @)

The cement chemistry will affect the autogenous
shrinkage due to the varying chemical shrinkage in



the very early ages. If a cement has a high C;4 con-
tent, it is expected that there will be greater shrink-
age than a comparable cement with lower C3A.
Some compounds also work together, such as C,S
and C;S. Cement with high C,S content usually has a
corresponding lower C3S content. This combination
of a higher C,S and lower C;S would result in an
overall lower shrinkage than the reference cement.
The final magnitude of the shrinkage will only be in-
fluenced by the chemical composition of the cement
as the degree of hydration approaches 100%.

Figure 1 gives the relationship between autoge-
nous shrinkage and chemical shrinkage with no
moisture evaporation and external water source. As
figure 1 shows, autogenous shrinkage is fully attrib-
uted to chemical shrinkage during the very first
hours after mixing. Immediately after mixing water
and cement, a chemical shrinkage change will occur
due to the reduction in volume of the reaction prod-
ucts. In this early phase while the concrete is still
liquid, autogenous shrinkage is due only to chemical
shrinkage and equivalent to it (Erika 2001).

At the point when a skeleton is formed due to the
stiffening of the paste, concrete can resist some of
the chemical shrinkage stresses. Soon after this ini-
tial skeleton formation, concrete will set. During this
stage the capillary under-pressure will start to de-
velop and may cause shrinkage. As water is lost
from subsequently smaller pores, the water meniscus
will continue to be pulled into the capillary pores
and will generate more stress on the capillary pore
walls, and it can cause a contraction in the cement
paste. Once the skeleton has formed, chemical
shrinkage becomes more and more restrained. At
this time, the material is rigid and autogenous
shrinkage is comprised of less and less chemical
shrinkage. The further volume reductions are only
due to self-desiccation (Boivin et al., Hammer &
Justnes et al. 1999). Once concrete has hardened
with age (> 1+ day), autogenous shrinkage may no
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longer be the result of only chemical shrinkage. Dur-
ing the later ages, autogenous shrinkage can also re-
sult from self-desiccation since rigid skeleton is
formed to resist chemical shrinkage. Self-desiccation
occurs over a longer time period than chemical
shrinkage and does not begin immediately after cast-
ing. It is only a risk when there is not enough local-
ized water in the paste for cement to hydrate; thus
water is drawn out of the capillary pore spaces be-
tween solid particles. This would typically begin af-
ter many hours or days in high strength concretes
with low w/c ratio.

As earlier described, autogenous shrinkage is a
portion of chemical shrinkage. Although chemical
shrinkage is the key cause of autogenous shrinkage,
there is no direct relationship between them. As the
hardened cement stone is considered as the com-
pound of solid phase, gas phase and liquid phase,
chemical shrinkage is the reduction in absolute vol-
ume of reactant, while autogenous shrinkage is the
reduction in the external volume after solid phase
has formed. So autogenous shrinkage is far from
chemical shrinkage (Yue LI et al. 2000).

3 RELATIONSHIP BETWEEN AUTOGENOUS
SHRINKAGE AND DEGREE OF
HYDRATION

The development of early-age concrete properties
can be described dependent on the degree of hydra-
tion (Gutsch 2001). The progress of a cement react-
ing until it reaches its full potential is referred to as
the degree of hydration a. For normal strength con-
crete, the ultimate hydration of a approaching 1, or
100%, is reached after many years. In high strength
concrete, with developing of hydration, there will be
more and more thick hydrated products film around
big particles, and this will lead to the reaction speed
slowing and even may stop the shuttle transfer of
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Figure 1. Relationship between autogenous shrinkage and chemical shrinkage



ions on the surface of water-free cement particles. In
such a case, cement hydration may stop and the de-
gree of hydration a is far from 1.

Powers (1999) gives the degree of hydration in

Eq.(5):

ne 0

x 100 (5)

Where W,.(f) = the bound water content at time ¢ ;
and W,.(t-) = the water quantity necessary for com-
plete cement hydration.

Physically absorbed layers do not contribute to
the progress of hydration, and only free capillary
water is available for further hydration. Therefore,
when modelling the degree of hydration concrete,
not only the temperature rate factor but also w/c and
water distributions should be taken into account. The
following expression has been used to describe the
degree of reaction of cement a (Byung 2003):

6, )
a =exp| — ac(ln[l + beq ]] 6)

where 7., = the equivalent maturity age; and a., b, c.
= empirical constants that can be obtained by relat-
ing Eq.(6) ~ (8). The degree of hydration of each
compound in Portland cement is related to a and can
be taken as a weighted average (Byung 2003 & Ta-
zawa et al. 1995):

a= iaiVVi
i=1

=acsWestacsWes+ac We +ac iWeur

(7)

Where a; = the individual degree of reaction for each
compound; and ;= the initial percentage weight for
each compound. A set of the same-type equations as
Eq.(6) is used here to approximate the degree of hy-
dration for each compound.

p —¢
a, =exp| —a, [ln[l + fD (8)

The constants a;, b;, ¢; can be determined empiri-
cally by nonlinear regressions of test data. The term
teg In Eq.(8) is assumed to be real time ¢ in the test,
that is, the environmental temperature is 20°C and
the required water to react each compound com-
pletely is sufficient. The three-parameter models of
Eq.(6) and (8) can adequately express the realistic
hydration processes, especially at very early ages.

The equivalent maturity time for cement 7., in
Eq.(6) can be considered as a function of tempera-
ture, w/c and water distribution as follows:

by = [ By Bt 9)

The rate factors fr, fw. and f,, take into account
a curing temperature, water shortage, and water dis-
tribution, respectively.

There is not the direct mathematic representation
of the relationship between autogenous shrinkage
and the degree of hydration, but it was shown that
the point when autogenous shrinkage changes from
being a function of chemical shrinkage versus self-
desiccation is a function of the degree of cement hy-
dration (Erika 2001). When concrete is still liquid
immediately after mixing, autogenous shrinkage is
due only to chemical shrinkage and proportional to
the degree of hydration. With developing of hydra-
tion, once a skeleton has formed, the material is rigid
and autogenous shrinkage is comprised of less and
less chemical shrinkage.

4 RELATIONSHIP BETWEEN AUTOGENOUS
SHRINKAGE AND INTERNAL RELATIVELY
HUMIDITY

Autogenous shrinkage occurs in sealed ambient in
which the relative humidity change is only in certain
range. Experimental results indicate: eigen relative
humidity caused by self-desiccation in concrete is no
less than 75%, while the actual internal relative hu-
midity in concrete should be higher than it.

The result of self-desiccation is that the saturation
state of capillary water changes to be unsaturation
and the water meniscus has formed in capillary
pores, and thus results in autogenous shrinkage
when hydrated cement stone is affected by capillary
under-pressure. The mechanics of autogenous
shrinkage is similar to that of drying shrinkage.
There are many theories about drying shrinkage of
concrete, such as capillary pressure theory, gel parti-
cle surface energy change theory and repulsion force
theory. But according to the research of Fisher and
Crassous (Tazawa et al. 1999), the above capillary
pressure theory of drying shrinkage can well explain
autogenous shrinkage as the relative humidity is
greater than 80%.

Because gel water and hydration water can not
take part in the cement hydration, the phenomenon
of self-desiccation only occurs in capillary pores and
the mechanics of shrinkage caused by it agrees with
capillary tension theory. The useful relation for in-
terpretation of the effect of the pore sizes is given by
Kelvin’s equation, which correlates the relative hu-
midity existing within concrete to the size of the
capillary pore. As the pore size decreases, the inter-
nal relative humidity quickly drops, which in-turn
induces stress and shrinkage (Guoxing HUANG et
al. 1990).
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where ¢ = internal relative humidity; M = mo-
lecular weight of water (18kg/Kmol); p = density of
water (998kg/m?); R = gas constant (8214J/(Kmol®
K)); T = temperature (° K); and » = pore radius
(m).

According to the effect mechanics of self-
desiccation, it is self-desiccation that causes the
autogenous relative humidity of cement paste de-
creasing and the decrease of internal relative humid-
ity directly leads to autogenous shrinkage of cement
paste. Zhengwu JIANG (2003) & Seungwook
(2002) point out that for cement paste with different
water-cement ratios, the magnitude of autogenous
shrinkage at different ages is in dramatically linear
proportion to the change of autologous relative hu-
midity. Zhengwu Jiang (2003) gives the relationship
between the magnitude of autogenous shrinkage and
the autologous relative humidity:

e (h))=mh, +n

(11)

where ¢, = the magnitude of autogenous shrinkage of
cement paste; s, = the change of autologous relative
humidity caused by self-desiccation of cement paste;
and m, n = constants which depend chiefly on water-
cement ratio, the types and amounts of mineral ad-
mixture, and so on. According to the mathematical
model, autogenous shrinkage increases greatly with
the decreasing of autologous relative humidity. The
lower of water-cement ratio, the larger of the ulti-
mate autogenous shrinkage when the autologous
relative humidity of cement paste reduces to zero,
which is consistent with the experimental results.
Based on the linear correlation between the magni-
tude of autogenous shrinkage and the autologous
relative humidity change of cement paste, the auto-
genous shrinkage can be well predicted and de-
creased by testing, adjusting and controlling the
magnitude of internal relative humidity of cement
paste, and thus the cracking risk of high performance
concrete at very early ages is reduced to the mini-
mum degree.

According to the chemical agent of self-
desiccation from the thermodynamic angle, the con-
tinuation of cement minerals hydration will lead to
the evaporable water content reducing in capillary
pores, which is the direct cause of autologous rela-
tive humidity decreasing of concrete. The hydration
characteristic and speed rate of minerals are impor-
tant to affect the degree of reduction of autologous
relative humidity, while the hydration dynamic force
of cement minerals is affected directly by the magni-
tude of autologous relative humidity. As autologous
relative humidity decreases, the hydration process of
cement will be inhibited, which becomes very obvi-
ous when the relative humidity is lower than 75%
(Zhengwu JIANG et al. 2003).

For the decrease of pore humidity is the physical
cause of autogenous shrinkage, and self-desiccation
is a result of hydration process, it is also assumed

that the degree of self-desiccation or the loss of pore
humidity can be expressed as a function of the de-
gree of hydration (Seungwook 2002):

Eys = Ays - Ahyg

(12)

NP

(13)
Where &45=autogenous shrinkage; Ahys = humidity
reduction due to self-desiccation or autogenous dry-
ing; a4s = autogenous shrinkage coefficient, deter-
mined by experiments; o = degree of hydration; and
a, b = experimental coefficient (¢=0.1, =10 for the
cylinder specimen).

Eq.(12) again verifies the linear correlation be-
tween the magnitude of autogenous shrinkage and
the change of autologous relative humidity, which is
consistent with the conclusion of other researchers
(Guoxing HUANG et al. 1990 & Zhengwu JIANG
et al. 2003).

5 CONCLUSIONS

The relationships between early-age autogenous
shrinkage and chemical shrinkage, degree of hydra-
tion and internal relative humidity caused by cement
hydration are mainly discussed in this paper. How-
ever, there are many factors influencing autogenous
shrinkage of concrete at early ages, such as types of
cement, water-cement ratio, mineral admixtures and
aggregate. These factors interact, and it is necessary
to further study the action of them on autogenous
shrinkage at early ages.
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