
Available online at www.sciencedirect.com

38 (2008) 325–336
Cement and Concrete Research
Thermodynamics of crystallization stresses in DEF

Robert J. Flatt a,⁎, George W. Scherer b

a Sika Technology AG, CH-8048 Zürich, Switzerland
b Department of Civil & Env. Eng., Princeton University, Princeton NJ 80540, USA

Received 15 December 2006; accepted 18 October 2007
Abstract

The thermo-mechanics of damage during delayed ettringite formation have been examined. A thermodynamic approach is used to evaluate the
supersaturation under which ettringite may form and the crystallization pressures that may result. From these stresses at the pore scale and with the
amount of ettringite forming, an average hydrostatic tensile stress in the solid is calculated and compared to the tensile strength of tested samples.

Results indicate that, when the loading rate dependence of tensile strength is taken into account, it is possible to rationalize factors that do or do
not contribute to damage, such as ettringite content, temperature and fly-ash content. Although a number of important assumptions are made and
clearly indicated in the paper, the results do open a new perspective onto durability studies which goes beyond the sole case of delayed ettringite
formation.
© 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Delayed ettringite formation (DEF) can be a process that is
responsible for loss of durability of cementitious materials. There
has been extensive debate in the literature about the actual mecha-
nism that leads to such damage, as summarized by Taylor et al. [1].
Despite diverging views on the subject, it is generally accepted that
the cementitious material must be cured at temperatures above
around 70 °C. After such curing, many samples are observed to
expand at ambient temperature under high humidity, a process
associated with microcracking of the cement paste.

It is not the object of this work to discuss all the parameters
that may influence the magnitude of this expansion, but rather to
examine the thermodynamics of the crystallization of ettringite
(calcium alumino trisulfate of composition Ca6Al2(SO4)3(OH)12
(H2O)26) which is often pointed to as the basic mechanism re-
sponsible for this expansion [2,3]. The treatment focuses on
estimating the dependence of crystallization stresses on the
storage temperature following heat curing. It also deals with the
influence of solution composition on the magnitude of these
stresses. The results suggest that addition of appropriate
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additives during sample preparation might limit the degree of
expansion.

Before presenting our estimations of stresses generated dur-
ing DEF, we must recall some aspects of thermodynamics of
crystallization pressure, their link to stresses and possible
failure. A more detailed discussion of these has already been
given by Scherer [2].

For crystallization to cause damage, the crystal must be in a
highly supersaturated solution. If the crystal is in a pore that is
not completely filled, then it will grow to consume the super-
saturation. Damage can occur from crystallization in a large
pore, if this pore gets completely filled and the liquid film be-
tween the crystal and the pore wall remains highly supersat-
urated [4,5,2,3]. Alternatively damage can occur by crystals
growing in mesopores without these having to be filled, and this
is what is expected to take place in the case of DEF [1]. Over
time, however, the system thermodynamically favors formation
of crystals in larger pores which reduces crystallization pres-
sure. Transport limitations do not allow the system to reach this
situation immediately, which is why DEF can be damaging
without ettringite having to fill all large pores in the samples. In
this paper, we do not deal with transient stresses, but only with
the initial (peak) stresses that occur before redistribution of
crystals into larger pores.
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The reason ettringite crystallization is blamed for expansion of
heat-cured samples is that, at elevated temperatures, this phase be-
comes increasingly unstable with respect to monosulfate, a calcium
alumino monosulfate of composition Ca4Al2(SO4)(OH)12(H2O)6,
and a solution of increased calcium sulfate concentration [6,7]. In
the case of cement paste, there is increasing evidence that not all the
calcium sulfate resulting from ettringite increasing solubility re-
mains in the pore solution, but that a significant part is adsorbed on-
to the surface of the C–S–H phase [1]. Indeed, after heat curing, no
ettringite is observed by XRD, but it reappears after exposure at
ambient temperature in moist conditions. It is expected that under
those conditions, crystallization of ettringite occurs in a highly su-
persaturated solution and induces large stresses when growth oc-
curs in small pores [1].

Sodium sulfate, though a simpler mineral, also causes large
damage when a sample, after heat treatment, is stored at ambient
temperature in humid conditions. In this case, it has been shown
that the mechanism involves the coupled dissolution of metastable
phase B (thenardite) formed during heating, followed or
accompanied by precipitation of the phase A (mirabilite) that is
stable at the storage conditions [27]. If the dissolution of B
stops because its solubility limit is reached before the nucleation of
A, then the solution composition from which A crystallizes can
be approximated by the equilibrium concentration of phase B,
allowing supersaturation and crystallization stresses to be
estimated.

In what follows, we use a similar approach to estimate the su-
persaturation in DEF with respect to ettringite. For this we need to
identify the phases that can be considered to be in equilibrium with
the solution and which allow us to express supersaturation in terms
of equilibrium constants of those phases, rather than ion activities.
This approximation is useful since the ionic concentration at the
location of ettringite formation is not accessible. Thus, the approach
presented in this paper provides some rationale for the estimation of
this value, which in turn dictates the magnitude of the stresses
resulting from crystal growth in confined media.

2. Background

2.1. Crystallization pressure

Various estimations of crystallization pressure can be found in
the literature, the first of which dates back to Correns [8]1. The
magnitude of crystallization pressure depends on the shape of the
pore and supersaturation. It can also be written in terms of pore size
when supersaturation is expressed as the size of the smallest crystal
that can exist in the defined solution [4].

The growth of a large crystal in a supersaturated solution can be
prevented by applying directly on the crystal a pressure given by:
[8], Buil (1985), Scherer (2002), [2,3,10]:

rC ¼ RgT

vcrystal
ln

Q
K

� �
ð1Þ
1 See also a commented translation of the original work that led to that paper
[9].
whereRg is the gas constant, T is the absolute temperature, vcrystal is
the molar volume of the crystal (660.6 cm3/mol for ettringite),Q/K
is the supersaturation, Q is the ion activity product and K is the
equilibrium constant.

Eq. (1) represents the hydrostatic stress that the matrix has to
apply to suppress growth of the crystal. The resulting
distribution of stresses in the solid, and the likelihood of
those stresses to nucleate or propagate cracks, is difficult to
predict. Coussy has shown how one can approach such
situations in the case of freezing [11] and drying [12].
Applying such models requires materials parameters that we
don't know, and involves assumptions regarding the criterion
for failure. For the present, we will adopt a simplified model for
calculating the tension in the porous matrix which we believe is
sufficient to provide useful estimates. We recognize, of course,
that for a given well-characterized sample, better predictions
could be made by more elaborate calculations.

For an isolated crystal, the tensile hoop stress at the surface
of the pore is given by:

rh ¼ rCf /Cð Þ ð2Þ
where ϕC is the volume fraction of crystals exerting pressure in
the sample and f (ϕC) for a crystal in a cylindrical pore is given
by [4]:

f /Cð Þ ¼ 1þ /C

1� /C
ð3Þ

and for a crystal filling a spherical pore with small entries, it is
given by [13]:

f /Cð Þ ¼ 1þ 2/C

2 1� /Cð Þ ð4Þ

However, the stress that is more relevant for establishing a
damage criterion is the average hydrostatic tensile stress σ in
the solid. The corresponding expressions can be derived from
the stresses in a pressurized vessel [14] and are found to be:

r ¼ rC g /Cð Þ ð5Þ
where g(ϕC) is given by the following expression for the
cylindrical pore

g /Cð Þ ¼ 2

3

/C

1� /C

� �
ð6Þ

and for the filled large spherical pore with small entries it
would be:

g /Cð Þ ¼ /C

1� /C

� �
ð7Þ

From Eq. (5) we see that the crystallization pressure that can
damage a material of given strength varies as 1/g(ϕC). As
shown in Fig. 1, this factor depends strongly on the volume
fraction of crystals exerting pressure. Higher values in that
figure mean more crystallization pressure is needed to
compensate for the smaller volume fraction of crystals exerting
pressure. Furthermore, crystals forming in cylindrical pores



Fig. 1. Damage criterion given in terms of the ratio between the equilibrium
crystallization pressure and tensile strength as a function of the volume fraction
of crystals. The lower curve corresponds to filled spherical pores with small
entries and the upper curve corresponds to cylindrical pores.
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require higher crystallization pressures than those in larger
pores with small entries.

For this stress to damage amaterial it must be able to propagate
existing flaws. This issue was discussed for the two dimensional
case by Scherer [4], based on a theory developed by Lu et al. [15].
In the case where a small number of crystals have nucleated, the
hoop stress induced by crystallization pressure that is required to
propagate an adjacent flaw of size c is given by:

Prh ¼
ffiffiffi
8
p

r
1þ c

R

� �3=2Klcffiffiffi
c

p ð8Þ

where R is the radius of the region over which the stress acts and
Klc is the critical stress intensity factor. Here,

Prh is the hoop stress
integrated over the volume with an appropriate weighting factor
[15].

In the case of DEF, however, we expect that nucleation and
growth will occur abundantly and throughout the sample vol-
ume. As a result, the tensile stress is uniformly applied through-
out the sample, and the fracture criterion can be written in terms
of tensile strength σT [16]:

r ¼ rT ¼ Klc

2
ffiffiffiffiffiffiffiffi
c=p

p ð9Þ

This indicates that the stress required for propagating flaws de-
creases as flaw size increases. Inwhat followswe undertake various
estimations of supersaturation to evaluate whether or not destruc-
tive stresses can be reached.

2.2. Mechanical resistance to crystallization pressure

2.2.1. Conversion of flexural to tensile strength
The above equations link crystallization damage and tensile

strength.Twoconvenientwaysofdetermining tensile strengthof
cementitiousmaterials are indirect tests.The first, a splitting test,
usesawellestablishedexpressionbetweentheloadneededtosplita
horizontal cylinder and tensile strength. The second is bending
strength.Itusessomewhatlesswelldefinedrelations.Inthiscase,a
model codeCEB/FIP can be used,which proposes the following
relationbetweenbendingandtensilestrength[26]:

Rt ¼ Rf
a h

100

� �0:7
1þ a h

100

� �0:7 ð10Þ

whereRt is the strength fromadirect tensile test,Rf is the strength
formaflexural test,h is thesampleheight inmmanda isa fragility
factor.

The value of a is taken to be 1.5 for standard concrete and 2
when the matrix is brittle. In this paper we will be illustrating our
arguments with mortar bars. The brittle matrix is the case we
assume in absence of any more specific information.

2.2.2. Time dependent strength
In the process of DEF, damage appears after a rather substantial

period of time. This is typically on the order of 2–3 months for
mortars discussed later in this paper. From EDX examinations, it is
known that ettringite can appear well before expansion is detected
[19]. Thus the relevant strength for these tests corresponds to very
slow loading rates. It is known that loading rates have an effect on
concrete strength and, while the issue is rather delicate in that the
question of creep should also be considered, there are estimates that
for tensile strengths, a low loading rate limit can lie substantially
below values obtained at standard loading rates in the laboratory.
Rheinhardt and Cornelissen [17] find, for example, that the tensile
strength drops to about 60% of its nominal (standard measured)
value in tests that last 24 h. They propose the following relation to
estimate the time dependence of such changes on their samples:

Log10 tfð Þ ¼ 13:63� 14:46
rf
fctm

ð11Þ

where tf is the time to fracture, σf is the load at fracture and fctm is
the tensile strength determined under normal laboratory conditions.

2.3. Estimation of supersaturation

The solubility product of ettringite may be written as:

Qettringite ¼ a6Ca2þa
2
Al OHð Þ�4 a

3
SO2�

4
a4OH�a26H2O ð12Þ

Let us assume that the solution is saturated with respect to
monosulfate (metastable) at room temperature. The equilibrium
condition for monosulfate dissociation can be written as:

Kmonosulfate ¼ a4Ca2þa
2
Al OHð Þ�4 aSO2�

4
a4OH�a6H2O

ð13Þ

Monosulfate is actually liable to have some of its sulfate ions
substituted by either hydroxyls or carbonates. This situation leads
to more complex expressions that will be dealt with later. In the
absence of any substitution, the supersaturation with respect to
ettringite can be written as:

Qettringite

Kettringite
¼ Kmonosulfate

Kettringite
a2Ca2þa

2
SO2�

4
a20H2O ð14Þ

This equation indicates that the assumption that monosulfate is
in equilibrium is not sufficient to define the supersaturation with



Table 1
Equilibrium constants reported by Damidot and Glasser [6,7]

25 °C 50 °C 85 °C

Ettringite 2.80 10−45 2.24 10−43 6.61 10−41

Monosulfate 3.71 10−30 1.48 10−29 8.13 10−29

Hydrogarnet 2.91 10−23 1.26 10−22 6.309 10−22

Gypsum 3.72 10−5 3.43 10−5 2.35 10−5

Portlandite 8.90 10−6 4.57 10−6 1.50 10−6
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respect to ettringite. The activities of calcium, sulfate and water
still remain to be determined. This differs from the case of sodium
sulfate mentioned before in which all the ion activities are in-
cluded in the solubility product of the metastable phase.

For the case we are concerned with, the remaining activities
could be calculated from analysis of the pore fluid or possibly
from the equilibrium requirements of other phases present in the
system. In the first case, a pore solution would have to be ex-
tracted at a given point in time and one analysis per sample type
and point in time would be needed. Of course, the liquid ex-
tracted must be representative of the solution concentration at
the location where ettringite responsible for expansion is grow-
ing. In the second case, one must decide which relevant phases
may be considered to be in equilibrium and in the vicinity of the
monosulfate. The advantage of this approach is that it provides a
result that is not sample specific. In the absence of measure-
ments of the composition of the pore solution, it is a useful first
step to estimate ranges of crystallization pressures.

What we need is to identify a phase that will give both cal-
cium and sulfate activities at the same time. Furthermore both
ions must have the same ratio in that solubility product.

2.4. Gypsum equilibrium

At first sight, gypsumwould be a good candidate for the above
requirements. However, by the end of the heat treatment, there is
barely any gypsum left in the system. If gypsumwere left it would
probably mean that the decomposition to monosulfate may not
occur extensively and the damage from DEF would not be exten-
sive. Despite this, we use the condition of gypsum equilibrium to
estimate an upper bound of crystallization pressure.

The equilibrium requirement for gypsum may be written as:

Kgypsum ¼ aCa2þaSO2�
4
a2H2O ð15Þ

Substitution into Eq. (14), gives:

Qettringite

Kettringite
¼ Kmonosulfate K2

gypsum

Kettringite
a16H2O

ð16Þ

2.5. Hydrogarnet equilibrium

Taylor (2001) reports that heat treated samples often contain
hydrogarnet, Ca3Al2(OH)12. Though this phase does not contain
sulfates, we will see how it can be used to evaluate the activity
product of calcium and sulfate in solution.

The equilibrium requirement for hydrogarnetmay bewritten as:

Khydrogarnet ¼ a3Ca2þa
2
Al OHð Þ�4 a

4
OH� ð17Þ

If we now take the ratio of the expression for the monosulfate
equilibrium, Eq. (13), to that of hydrogarnet, Eq. (17), we obtain:

Kmonosulfate

Khydrogarnet
¼ aCa2þaSO2�

4
a6H2O ð18Þ

This provides us with the activity product between calcium
and sulfate. If Eq. (18) is substituted into the Eq. (14), the super-
saturation of ettringite turns out to depend only on water activity
and on equilibrium constants (themselves functions of temper-
ature);

Qettringite

Kettringite
¼ K3

monosulfate

Kettringite K2
hydrogarnet

a8H2O ð19Þ

2.6. Portlandite equilibrium

One phase that can be safely considered to be at equilibrium is
portlandite. Despite the fact that using this phase does not elim-
inate sulfate activity and introduces hydroxide activity, it pro-
vides useful information concerning the effect of hydroxide
activity. Portlandite equilibrium may be written as:

Qportlandite ¼ aCa2þa
2
OH� ð20Þ

Substitution in Eq. (14) gives:

Qettringite

Kettringite
¼ Kmonosulfate K2

portlandite

Kettringite

a2
SO2�

4

a4OH�
a20H2O ð21Þ

Unlike Eqs. (16) and (19), this expression requires calculation
of ion activities in the pore solution.
2.7. Thermodynamic constants

Evaluation of the expressions obtained above requires knowl-
edge of the various solubility constants. Furthermore, we intend to
examine the temperature dependence of these relations. Data from
Damidot and Glasser [6,7] are reported in Table 1.

The logarithm of the equilibrium constant varies linearly with
the inverse of the absolute temperature as shown in Fig. 2. Addi-
tional data from Perkins and Palmer [18], who studied ettringite
solubility in detail between 5 °C and 75 °C, are plotted in the
same graph. Their results are relatively close to those obtained by
Damidot and Glasser. Because we are interested in using simul-
taneously equilibrium constants of ettringite and another phase,
we have chosen to use the data by Damidot and Glasser, which
present the advantage of coming from a unique source.

3. Role of ettringite amount

Eqs. (5–7) and Fig. 1 show that hydrostatic tensile stress
depends not only on the crystallization pressure but also on the
amount of ettringite exerting that pressure at the pore scale. To



Fig. 2. Plot of ln(K) versus 1/T for monosulfate, hydrogarnet and ettringite. The
discontinuous lines represent the linear fit to the data from Damidot and Glasser.
The continuous line corresponds to ettringite, using the enthalpy and entropy of
dissolution reported by Perkins and Palmer [18].

Table 2
Composition of cements studied by Famy [19]

Cement C3S C2S C3A C4AF Blaine SO3 Expansion Ettringite in
mortar

% % % % % % % %

D 55.2 21.2 10.8 6.7 337 3.9 1.0 5.5
D1 60.1 11.9 10.9 6.7 345 4.1 1.0 5.8
B 61.2 15.4 5.5 9.5 368 2.9 0.5 4.1
F 59.9 13 9.7 6.6 415 3.6 0.5 5.1
A 72.9 10.8 4.7 6.6 296 2.1 0.0 3.0
E 62.7 9.5 5.8 11.9 386 2.9 0.0 4.1
C 62.5 15.3 6.6 9.5 384 2.7 0.0 3.8
D+FA 0.0 4.5

Main phase composition, Blaine as well as SO3 content and long term expansion
are given. The SO3 content is given, because it is used for estimation of the
maximum possible amount of ettringite that can form in these cements. The
sample D+FA corresponds to a blend of cement D with a fly-ash in proportions
4:1.
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illustrate this semi-quantitatively, we examine heat treated mortar
bars studied by Famy [19].

3.1. Experimental observations

Famy studied seven cements whose compositions are given in
Table 2. Expansionmeasurements were done on 16×16×160mm
mortar bars. Theywere preparedwithwater (distilled)/cement=0.5
and sand (siliceous)/cement=3. After casting, the samples were
tightly covered, placed sealed in plastic bags under water and pre-
cured at 20 °C for 4 h. Theywere then cured at 90 °C for 12 h, with
heating rates of 30–35 °C/h. After this, samples were left to cool
naturally to 20 °C over about 5 h. They were then demolded and
placed under water. Length change measurements were done
periodically and their long term values are also given in Table 1. It
should be noted that the samples that expand do so in large excess
of the elastic limit of cementitious materials. Thus, the values of
expansion are used directly as an indicator of damage and no
quantification is (or should be) done to relate this to crystallization
pressure of a material having a fixed constant strength.

Subsequently to this work, the expansive cement D was used
to prepare mortar bars for determination of flexural strength. The
samples were 160×40×40 mm bars and had the same heat
treatment. Measurements were done shortly after cooling to room
temperature and gave an average of 6.9 MPa on the 9 samples
measured [V. Poupardin, personal communication, 2002].

Using Eq. (10) we find a conversion factor of about 1.95 be-
tween flexural and tensile strength. Thus it is estimated that the
tensile strength of these mortar bars is about 3.5 MPa.

3.2. Theoretical considerations

To estimate the susceptibility of these mortar bars to DEF, we
need to estimate their tensile strength at very low loading rates,
as well as the hydrostatic tensile stress. The latter depends both
on supersaturation and on the amount of ettringite exerting
stress at the pore scale.

In this section, we first estimate the amount of ettringite ex-
erting pressure and then the tensile strength at low loading rates.
We then calculate the crystallization pressure expected in DEF.
With these pressures and the tensile strength, we determine the
amount of ettringite that would be needed for damage to occur. By
comparing these values to those previously estimated, we find a
rather good agreement between samples that either show or do not
show expansion.

3.2.1. Volume fraction of crystals exerting pressure
The volume fraction of ettringite exerting pressure should be

smaller than the total volume of ettringite. After heat curing, this
amount can be estimated from the sulfate content of each
cement. This means that we neglect the amount of monosulfate
in the ultimate equilibrium phase assemblage. Based on the sul-
fate contents reported in Table 2, the water cement ratio and
sand content used, the maximum amount of ettringite is es-
timated to be 3% to 6% by volume in these mortars. Together
with Eqs. (5–7), this means that the crystallization pressure
must be between 17 and 25 times larger than the long term
tensile strength for damage, if crystals are forming in spherical
pores with small entries. If they form in cylindrical pores, the
crystallization pressure must be between 25 and 39 times larger
than the long term tensile strength.

3.2.2. Long term tensile strength
For the samples that expand, dilatation begins after about 50–

100 days. However, there are indications that ettringite forms
rather rapidly. For this reason, we consider that the mortars are
loaded for the whole period of time until damage develops. This
means that we should use Eq. (11) with a loading duration to
estimate the pertinent material strength. Doing this, we find that
damage could occur if the hydrostatic tensile stresses reach only
about 47% of the tensile strength obtained under normal lab-
oratory loading rates.



Table 3
Pore solution compositions from study by Famy [19] and resulting activities
of species relevant for supersaturation of ettringite (assuming monosulfate
equilibrium)

Cement Pore solution
composition
[mmol/kgH2O]

Activity at 20 °C Q/K
gypsum
at
20 °C

Ca K Na SO4 Ca SO4 H2O

A 20 25 10 20 4.76E-03 5.53E-03 0.998 0.76
B 20 240 50 40 2.07E-03 6.73E-03 0.99 0.39
D 30 440 60 150 2.55E-03 1.91E-02 0.985 1.36

These solutions were measured after heat treatment at 90 °C.
Hydroxyl concentrations were not reported by Famy. In the activity calculations,
they were adjusted to satisfy electro neutrality.

Fig. 3. Plot of linear expansion obtained by Famy [19] versus maximum amount
of ettringite obtainable in the cement paste. The open symbol represents a blend
in which an expansive cement is used in proportions of 4:1 with fly-ash. The
arrow indicates the change undergone from the blending with fly-ash.
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This value should be used with care since the authors of that
equation also indicate that the 90% confidence interval for the
time to reach fracture is given as log10(tf)+/−1.70. For the load
decrease of 48% this would correspond to a time interval
between 1 day and 7 years! However, for our concerns, it is
good enough to observe that this corresponds to a range of
strength decrease between 60% and 37%.

More importantly, we need to emphasize that the data leading
to Eq. (11) were for separate samples altogether. Nevertheless, in
the absence of more adequate data and for simplicity we use the
above estimated strength decrease of ∼50%, recognizing that
there is an important uncertainty on this value. The tensile
strength we use to analyze our results is therefore 1.75 MPa.

3.2.3. Crystallization pressure
Above, we proposed two limiting cases to evaluate the

ettringite. These involve assuming that either gypsum or
hydrogarnet is at equilibrium in addition to monosulfate. Apart
from this, we could use pore solution analysis of these mortars
given by Famy [19, page 132].Table 3 reports the approximate
pore solution compositions of those three samples. Activities of
calcium, sulfate and water were calculated using an extended
Debye–Hückel approach [PHREEQ]. In these calculations,
electrical neutrality is obtained by adjusting the pH. The su-
persaturation with respect to gypsum is calculated and found on
average to be quite close to unity.

The pore water compositions in Table 3 are close to gypsum
saturation as indicated in the last column of that table. This would
reinforce the choice of assuming gypsum saturation. Neverthe-
less, at the location where crystals are growing, the concentration
may be lower than the average obtained by pore solution analysis
owing to the consumption of ions by crystal growth. This means
that using pore solution analysis is not necessarily a better choice
than assuming local equilibrium of well chosen phases. For this
reason and for the sake of simplicity, we proceed with the equi-
librium approach.

Assuming either gypsum or hydrogarnet saturation, we cal-
culate crystallization pressure at 20 °C. For this we use solubility
data from Table 1 and assume Van’t Hoff law to be valid. With
these values we calculate the expected crystallization pressures
from Eq. (1) and values of 50 and 12 MPa respectively were
obtained.
3.3. Linking theory and experimental observation

In this section we examine whether crystallization stresses
estimated from theory can account for whether mortars expand
or not. For this, we first calculate the volume fraction of
ettringite needed for the hydrostatic tensile stress to exceed the
tensile strength of these mortars at a low loading rate. We then
compare this amount with values reported in Table 2 on the
basis of the cement sulfate content.

If hydrogarnet equilibrium is assumed, we find that
regardless of the pore shape, the amount of ettringite needed
(13%–18%) largely exceeds the maximum value in Table 2
(6%). On the other hand, for gypsum equilibrium, we find
values consistent with Table 2 between 3.4 and 4.9%,
depending on the pore shape. This is in general agreement
with Table 2 and Fig. 3. Indeed, that figure suggests the
existence of a critical range of ettringite content around 4–5%
for these mortars.

Another very interesting observation in Famy's work is that
no expansion was obtained when a 4:1 blend of the expansive
cement and fly-ash was used. Assuming no sulfates are pro-
vided by the fly-ash, the maximum ettringite content in the
mortar shifts from 5.5% to 4.5%. This is represented in Fig. 3
by the arrow linking the filled to the open diamond. It is gen-
erally consistent with the previously estimated critical ettringite
content range.

4. Role of storage temperature

4.1. Experimental results

Subsequently to Famy's thesis, the expansive cement D was
used to study the role of storage temperature in similar mortar
bars. The limited data presented here about these tests were pro-
vided to us by Lafarge Central Research (LCR) and were ob-
tained with the procedure described above. In this case however,



Fig. 4. Linear expansion of heat treated mortars having different heat treatments.
Storage conditions were: a) 20 °C, b) 20 °C 98 days and then 38 °C, c) 38 °C
98 days then 20 °C, d) 38 °C. The discontinuous vertical line indicates the
moment at which the storage temperatures of samples (b) and (c) were changed.
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after cooling, the samples were placed in water either at 20 °C or
38 °C. After 98 days, the storage temperature of sample (c) was
switched from 20 °C to 38 °C, whereas for sample (b), the
opposite was done. Samples (a) and (d) remained respectively at
20 °C and 38 °C.

Results plotted in Fig. 4 show a role of storage temperature.
Sample (a) was continuously at 20 °C and expanded. Sample (d)
was at 38 °C and did not expand. Sample (c), which was
switched from 38 °C to 20 °C after 98 days, started to expand
after this change. Sample (b), which was switched from 38 °C to
20 °C, does not stop expanding after the change. However, in
this case it had already substantially expanded before 98 days
(Fig. 4). This means that it was probably damaged and much
weaker by the time its storage temperature was changed.

Interestingly, the LCR researchers indicated that regardless
of the storage temperature, similar amounts of ettringite were
observed to form (no substantial difference in XRD or SEM).
Fig. 5. Variation of estimated hydrostatic tensile stress that can be obtained in DEF.
5.6% (discontinuous line) and 3.7% (dotted line) in the mortar, corresponding to 15%
crystals confined in spherical pores with small entries and the lower line the case of cry
strength of these mortars. If it is below the expected hydrostatic tensile stress then d
However, we do not know about possible differences in the lo-
cation at which it formed. To understand this experiment, we
present a stress evaluation as a function of storage temperature.

4.2. Theoretical considerations

In the absence of data on the role of storage temperature on
strength, we use the same estimate for the long term strength at
both temperatures. The long term strength (at loading rates on
the order of the test duration) is plotted in Fig. 5 as the
continuous horizontal line. Various cases are then considered
for the expected hydrostatic tensile stress. These are obtained
for two volume fractions of ettringite in mortar (3.7 and 5.6%,
corresponding to 10 and 15% in the paste). In addition, both
spherical and cylindrical pores are considered for each case
(lower and upper curves, respectively). When the stress lines are
above the strength lines, damage can be expected to occur.

Here only the case of gypsum equilibrium is considered,
since the hydrogarnet equilibrium case leads to stresses below
the sample strength, in agreement with the previous example.
As before the equilibrium constants needed are calculated using
solubility data from Table 1 and assuming the Van’t Hoff law to
be valid.

4.3. Linking theory and experimental observation

From Fig. 5 samples with 5.6% ettringite would be expected
to cause damage over the whole temperature range, if crystals
form in pores with small entries. If they form in cylindrical
pores, a transition temperature between damage and no damage
would be expected between 30 and 40 °C.

For samples with 3.7% ettringite, a similar transition tem-
perature is found for spherical pores with small entries. With that
lower amount of ettringite the stress would not be damaging if
crystals were in cylindrical pores.
Temperature dependent values are reported for volume fractions of ettringite of
and 10% in the paste. In each pair of lines, the upper one represents the case of
stals in cylindrical pores. The continuous horizontal line represents the long term
amage would be expected to happen.
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The samples in Fig. 4 correspond to cement D and form a
maximum of about 5.6% ettringite. Since all that ettringite is
probably not exerting stress, the situation must be intermediate
between the two cases in Fig. 5. Thus, we are generally consistent
with the experimental observation that these mortars expand at
20 °C but not at 38 °C. The agreement is improved if we can
assume that crystallization takes place in cylindrical pores.

5. Role of pore size and shape

We can estimate the equilibrium curvature of the crystal/
liquid interface corresponding to the calculated supersatura-
tions, using the Freundlich equation [20]:

gCLjCL ¼ RgT

vcrystal
ln

Q
K

� �
ð22Þ

where γCL and κCL are respectively the interfacial energy and
curvature of the crystal–liquid interface.

For a spherical pore with cylindrical entries of radius r, κCL is
2/r. Using a value of 0.1 N m for γCL, and the supersaturation
calculated at 20 °C for the gypsum equilibrium situation, we find
r=4.0 nm. To get the maximum crystallization pressure assumed
in Fig. 5, theminimumpore interior radiuswould have to be about
5 to 10 times larger than r. Therefore, crystals as small as 20 nm in
radius could be responsible for DEF damage. Such crystals would
be virtually invisible to XRD and SEM. In the event that enough
crystals in cylindrical pores are present, the damage would occur
with crystals as small as about 2 nm in radius.

Since the damage occurs on such a small scale, the stress de-
velopment and crack initiation should occur in a similar way in the
pure paste or in a cementitious composite. However, the transport
properties and crack propagation would be influenced by the pre-
sence of aggregate.
2 These results by Matschei and Glasser contrast with previous reports in the
literature about the existence of extensive AFm solid solutions. It should be
emphasized that the studies in question do not include chlorides but only
hydroxyls, carbonates and sulfates, which is the most pertinent subsystem for
this paper.
6. Role of humidity

The stress created by precipitation of ettringite is given in
Eq. (1) and shows that it is proportional to the logarithm of
supersaturation. The estimations of supersaturation from Eqs.
(16) and (19) depend primarily on the equilibrium constants of
monosulfate, ettringite and hydrogarnet, which all vary
differently with temperature.

There is a minor dependence on solution composition through
water activity. This term will only become important in dry sam-
ples when it will reduce the crystallization stresses substantially.
This is compatiblewith experimental observation.However, since
the formation of ettringite most probably takes place through so-
lution, water has to be present. This would explain why dry sam-
ples do not suffer DEF.

7. Role of pH

To examine qualitatively the role of hydroxyl concentration,
the most convenient approach is to take the assumption of
portlandite equilibrium in Eq. (21). This indicates that
maintaining high hydroxyl concentration should limit the
driving force for crystallization and therefore the extent of
damage. This is compatible with the results from Famy et al.
[21] in which they show that if a heat-cured mortar is placed in
an alkaline solution, regardless of the nature of the counter-ion
of the alkaline solution, then the expansion is reduced as the
hydroxyl concentration is increased.

8. Role of solid solutions

Up to now we have considered that the aluminates are coming
from monosulfate, a well defined sulfate version of the AFm
structure. This is not the best picture of reality since, according to
Glasser et al. [22], there can be a hydroxyl, chloride or carbonate
substitution for sulfates in the structure of AFm. Though the range
of substitution is not totally independent of molar fraction, it does
occur throughout the composition range, so that it may be in a
simplified way viewed as a solid solution.

It is not the objective here to bring additional arguments to
the debate about the exact form of the partially substituted AFm
structure, but rather to examine some interesting implications
that result from solid solution thermodynamics and that might
bring new light into why experimental data on DEF can
sometimes be so contradictory from one study to another.

The thermodynamic treatment is outlined inAnnexA.We only
consider the situation of hydroxyl substitution in order to illustrate
the effect that such substitutions can have. According toMatschei
et al. [23,24], this is the only case of solution in AFm for the
hydroxyl, sulfate and carbonate AFms. Furthermore the extent of
hydroxyl substitution is limited to about 50%2. This is the
situation of a binary solid solution we can note A(Bb)y(Cc)(1− y)

between minerals ABb and ACc, where y is the molar fraction of
ABb. Defining the sulfate AFm as theABb pole and hydroxyl AFm
as the ACc pole, and using Eq. (42), we get for the simple case of
an ideal solid solution:

Qettringite

Kettringite
¼ K3

monosulfate K2
portlandite

KettringiteK2
AFm OH�ð Þ

y5

1� yð Þ2 a
20
H2O ð23Þ

In this case, the variation of supersaturation is monotonic be-
tween both solid solution poles. Thus, an increasing amount of
hydroxyls in the system (decreasing y) should decrease crys-
tallization pressure. The role of solid solutions should therefore
most likely not be overlooked. Further consideration of this
appears to be an important challenge for durability studies.

9. Conclusions

We have outlined a simple approach to estimating driving
forces for crystallization pressures. For mortars studied by
Famy [19] we calculated that mortars containing less than about
3.5% confined and supersaturated ettringite by volume would
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not be expected to get damaged. If that amount rises to about
5.5%, then damage is definitely expected. In between there is a
gray zone where several factors may matter and make prediction
difficult. These are:

1) Storage temperature. In this case, we can account for the
fact that an expansive mortar at 20 °C may be non-
expansive at 38 °C, because of reduced supersaturation
(Fig. 5).

2) Equilibrium of portlandite should decrease crystallization
pressures, which is in qualitative agreement with observa-
tions that show that heat-cured samples are not damaged
from DEF when they are stored in highly alkaline
solutions. This effect should be increased by the possible
partial solid solution between hydroxyl AFm and
monosulfate.

3) The long term tensile strength. This factor is very
important but few data exist for the time periods of
interest.

4) The role of blends. At equal strength, a blend that does not
contribute sulfates for ettringite formation may be
considered as an ettringite diluter, which in several
circumstances may be sufficient to avoid damage. It may
also be possible that the time to reach critical stresses will
increase because a higher proportion of the ettringite
available will have to form under supersaturated condi-
tions and kinetics of stress release by growth of unloaded
crystals may become more important.

5) Amount of confined and supersaturated ettringite. If
enough ettringite is formed, filled pores with entries
smaller than 4 nm and internal radii larger than about
20 nm could lead to damaging stresses. Such crystals
would be virtually invisible to XRD, which can explain
why expansion is reported to be observed before ettringite
is detectable by that method.

This study brought out two important aspects that have not
yet received much attention:

1) In view of the strength decrease with time, the delay before
expansion occurs in DEF is linked not only to leaching of
alkalis and crystal growth, but also to the time needed for
the material to fail at crystallization pressures that may have
been reached and maintained long before.

2) Not only the confinement of ettringite and its supersat-
uration are necessary for crystallization pressure to be
damaging in DEF. The sample strength must also be
considered, as well as the volume fraction of ettringite
that will be able to exert pressure because of confined
growth. In this paper, we have used worst case
approximations whereby the calcium sulphate content of
cement is used to estimate that value. Clearly the situation
is more complex and forgiving. However, it is worth
pointing out that within the framework of this approxi-
mation it is easy to show that, the better performance of
blends could simply be understood as “ettringite dilution
effect”.
It is our impression that similar issues may be pertinent in
other durability studies involving crystallization pressure. It is
our hope that this paper will, beyond the scope of DEF, raise
critical thought on this eventuality.
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Annex A

We examine the thermodynamics for the equilibrium be-
tween a liquid phase and a solid solution. For example, a solid
solution between two components ABb and ACc would be writ-
ten A(Bb)y(Cc)(1 − y). One mole of this solution would contain
ymoles of ABb and (1−y) moles of ACc. We write the chemical
potential μj,S of any pole j of the solid solution as:

Aj;S ¼ A0j;S þ RgT ln aj;S
	 
 ð24Þ

where aj,S and A0j;S are respectively the activity and standard
chemical potential of the poles in the solid solution.

At equilibrium, the free energy of the whole system must be
minimized. At constant temperature and pressure this leads to:

dG ¼
XNS

j¼1

A0j;S þ RgT ln aj;S
	 
� �

dnj;S

þ
XNL

i¼1

A0i;L þ RgT ln ai;L
	 
� �

dni;L¼0

ð25Þ

where subscript i corresponds to the species in the aqueous
phase, NS is the total number of poles of the solid solution and
NL is the number of species in the liquid phase.

This can also be written in terms the number of moles of
solid solution, nS, and the molar fraction of component j in the
solid solution y,Sj.

XNS

j¼1

A0j;S þ RgT ln aj;S
	 
� �

yj;SdnS þ nSdyj;S
� �

¼ �
XNL

i¼1

A0i;L þ RgT ln ai;L
	 
� �

dni;L

ð26Þ

where nS is the total number of moles of each pole of the solid
solution. Let us write a mass balance of the species i in the
system:

ni;T ¼ ni;L þ nS
XNS

j¼1

yj;Sai; j ð27Þ

where ni,T and ni are respectively the number of moles of species i
in the whole system and in the liquid phase, and αi,j is the stoichio-
metric coefficient of species i in the pole j of the solid solution.
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The total number of species of i, ni,T, is constant, so we can
write that:

dni;L ¼ �
XNS

j¼1

ai; jyj;S

 !
dnS � nS

XNS

j¼1

ai; jdyj;S ð28Þ

Substitution into Eq. (26) gives,

XNS

j¼1

yj A0j;S þ RgT ln aj;S
	 
� �

dnS þ nS A0j;S þ RgT ln aj;S
	 
� �

dyj;S

¼
XNL

i¼1

A0i;L þ RgT ln ai;L
	 
� �

ð
XNS

j¼1

ai;jyj;S

 !
dnS

þnS
XNS

j¼1
ai;jdyj;SÞ

ð29Þ

or

XNS

j¼
yj;S A0j;S þ RgT ln aj;S

	 
� ai;j
XNL

i¼1

A0i;L þ RgT ln ai;L
	 
� � !

dnS

þ nS
XNS

i¼1

A0j;S þ RgT ln aj;S
	 
�XNL

i¼1

ai;j A0i;L þ RgT ln ai;L
	 
� � !

dyj;S

 !
¼ 0

ð30Þ
The standard free energy for the dissolution of each pole of

the solid solution is given by the standard chemical potential of
its components and is linked to the equilibrium constant by:

DG0
j ¼

XNL

i¼1

ai; jA0i;L � A0j;S ¼ �RgT ln Kj

� � ð31Þ

The solubility product with respect to pure j is:

Qj ¼ j
NL

i¼1
a
ai;j
i;L ð32Þ

Eqs. (31) and (32) combine to:

A0j;S �
XNL

i¼1

ai; j A0i;L þ RgT ln ai;L
	 
� �

¼ RgT ln
Kj

Qj

� �
ð33Þ

Substitution into Eq. (30) leads to:

XNS

j¼1

yj;Sln
Qj

Kjaj;S

� �
dnS þ nS

XNS

j¼1

ln
Qj

Kjaj;S

� �
dyj;S

 !
¼ 0 ð34Þ

For a binary solid solution A(Bb)y(Cc)(1− y) of minerals ABb and
ACc that dissociate in the aqueous phase to A, B and C, we get:

ln
QAB

KABaAB

� �y QACc

KACcaACc

� �1�y
" #

dnS

þ nSln
QAB

KABaAB

� �
QACc

KACcaACc

� ��1
" #

dy ¼ 0

ð35Þ
Free energy must be minimized with respect to both molar
fraction and number of moles of solid solution so we get

QAB

KABaAB

� �
QACc

KACcaACc

� �1�y
y

¼ 1 ð36Þ

and

QAB

KABaAB

� �
QACc

KACcaACc

� ��1

¼ 1 ð37Þ

Dividing one by the other gives:

QACc

KACcaACc

� �1
y

¼ 1 ð38Þ

or

QACc

KACcaACc

¼ 1 ð39Þ

also implying that:

QAB

KABaAB
¼ 1 ð40Þ

Let us now consider the case in which monosulfate is form-
ing a binary solid solution. We would have to replace the equi-
librium constant of monosulfate by its ion activity product in
the expressions developed earlier. In the case of simultaneous
hydrogarnet equilibrium, Eqs. (12), (17) and (40) lead to:

Qettringite

Kettringite
¼ K3

monosulfate

Kettringite K2
hydrogarnet

a3
AFm SO2�

4ð Þa
8
H2O ð41Þ

where a3
AFm SO2�

4ð Þ is the activity of the sulfate pole of the AFm
solid solution. Thus if the solid solution is ideal and there is a
simultaneous equilibrium of hydrogarnet then substitution
should decrease crystallization pressure.

In the case of portlandite equilibrium, we would get:

Qettringite

Kettringite
¼ Kmonosulfate K2

portlandite

Kettringite
a3
AFm SO2�

4ð Þ
a2
SO2�

4

a4OH�
a20H2O ð42Þ

In this case wemust take into account that substitution of sulfates
by another anion decreases a3

AFm SO2�
4ð Þ, but increases a

2
SO2�

4
. Because

our objective here is only to demonstrate the general effect of
possible ion substitution, we only consider the case where those
anions are hydroxides. We must consider the variation of con-
centrations of sulfates and hydroxyls. In fact if we divide Eq. (40)
by (39) we can write:

QAFm SO2�
4ð Þ

QAFm OH�ð Þ
¼

KAFm SO2�
4ð ÞaAFm SO2�

4ð Þ
KAFm OH�ð ÞaAFm OH�ð Þ

¼
aSO2�

4

a2
OH2�

ð43Þ

Assuming an ideal solid solution, substitution into Eq. (42)
gives:

Qettringite

Kettringite
¼ K3

monosulfate K
2
portlandite

KettringiteK2
AFm OH�ð Þ

y5

1� yð Þ2 a
20
H2O ð44Þ
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Annex B

In this article we have proposed various ways to estimate the
supersaturation of ettringite during DEF. This is done by assum-
ing the equilibrium of various phases.We have found that crystals
as small as 20 nm in radius could be responsible for pressure that
would damage many cementitious materials.

If the dissolving crystals that provide ions for the growth of the
destructive crystals are located in pores of similar sizes then their
solubility will be higher and so would be the crystallization pres-
sure of ettringite. A similar situation would occur if the ettringite
were pressing on those crystals, both then being confined in the
same pores.

The simplest approach for quantifying this is to assume that
the reacting crystals are at the same pressure as the growing crys-
tals. This can occur as mentioned above if ettringite is pressing
on the reacting crystals or if the crystals are of similar size and
have similar crystal–liquid interfacial energies.

In a first stage, we will only consider monosulfate as not being
at ambient pressure. We rewrite Eqs. (1) and (16) as:

rC ¼ rC;ettringite ¼ RgT

vettringite
ln

QmonosulfateK2
gypsum

Kettringite
a16H2O

 !
ð45Þ

where the activity product of monosulfate Qmonosulfate is now ob-
tained by stating that it is at the same pressure as ettringite:

rC;monosulfate ¼ rC ¼ RgT

vmonosulfate
ln

Qmonosulfate

Kmonosulfate

� �
ð46Þ

Substitution of Eqs. (46) into (45) leads to:

rC ¼ RgT

vettringite � vmonosulfate
ln

KmonosulfateK2
gypsum

Kettringite
a16H2O

 !

ð47Þ

The molar volume of ettringite is 735 cm3/mol, while that of
monosulfate is 313 cm3/mol. It results that values from Eq. (47)
are about 70% larger than when supersaturation is estimated
from Eq. (16). Conversely, pores about 70% smaller than those
discussed in the text could be responsible for damaging stresses.

We may of course take a similar approach for gypsum. This
step appears, however, more questionable in that during the heat
curing calcium and sulfate ions are expected to be much more
homogeneously distributed throughout the porous network. As
a result we would not expect too big departures from the activity
product of calcium and gypsum estimated from pore solution
analysis and which was found to be close to gypsum at ambient
pressure. Nevertheless, we give the result, because it corre-
sponds to the upper bound of ettringite crystallization pressure:

rC ¼ RgT

vettringite � vmonosulfate � 2vgypsum
ln

KmonosulfateK2
gypsum

Kettringite
a16H2O

 !

ð48Þ

The volume of gypsum being 74 cm3/mol, results that pres-
sures estimated from Eq. (48) are about 2.5 times larger than
estimated from Eq. (16). Whether this is or is not a realistic sit-
uation is to be further studied.

We can also comment on the fact that the difference in molar
volumes in Eq. (48) corresponds more or less to the volume of
the 16 water molecules appearing as exponent for water activity
in that equation. This result is fully consistent with other min-
erals [25]. It once again confirms that a phase change of a min-
eral or mineral assemblage leading to the formation of higher
hydrates by consumption of water does not lead to high crys-
tallization pressures because of the number of water molecules
consumed, but because of the difference in thermodynamic sta-
bility of the reactants and products [25].
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