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Reproduction of delayed ettringite formation (DEF) in concrete and
relationship between DEF and alkali silica reaction
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Iwate University, Morioka, Japan

ABSTRACT: Delayed ettringite formation (DEF) is a phenomenon in which ettringite is generated and accumulates in the concrete after hardening, eventually leading to expansion and destruction of the concrete. In
this study, DEF expansion was reproduced in laboratory using a variety of cements, sulfate additions, steam
curing conditions and storing conditions. DEF was found to take place only when the three conditions of excessive sulfate, high-temperature steam curing and ample water supply are met simultaneously. The influence
of the kind of calcium sulfate (gypsum, hemihydrate or anhydrite CaSO4) and the heating rate of steam curing
was studied. As it is reported that both the alkali silica reaction (ASR) and DEF are sometimes observed in
the same deteriorated concrete, the relationship between the alkali silica reaction and DEF is also discussed.
1 INTRODUCTION
Delayed ettringite formation (DEF) is a phenomenon
in which ettringite is generated and accumulates in
concrete after hardening, eventually leading to expansion and destruction of the concrete. The deterioration of concrete due to this phenomenon was reported in 1990 and later in the United States and
Europe (Taylor et al. 2001, Shimada 2005). It is reported that this phenomenon is liable to appear in
concretes with a high sulfate content and subjected
to steam curing (Hanehara 2003, Shimada 2005).
Moreover, DEF takes place only when the three
conditions of excessive sulfate, high-temperature
steam curing and ample water supply coincide. In
their previous reports (Hanehara et al. 2006a, 2006b,
2008a, 2008b), the authors confirmed that a steam
curing temperature of not less than 70°C is required
for the occurrence of sulfate expansion due to DEF,
and that water curing at not less than 20°C is necessary after the steam curing.
This paper examines in greater detail the material conditions affecting expansion by DEF, further
clarifies the conditions for occurrence of DEF, and
explains the mechanism of occurrence thereof with
respect to the influences of cement type and aggregate type. The results of curing in the DEF acceleration test and mortar bar test method using alkali reactive aggregates were observed and the
relationships between the two compared. The relationship between the alkali silica reaction and DEF
is also discussed.

2 DEF REPRODUCTION CONDITIONS
A schematic chart summarizing the authors’ previous works (Hanehara et al. 2006a, 2006b, 2008a
2008b) is shown in Figure 1. It can be seen that DEF
takes place only when the three conditions of presence of excessive sulfate in the cement, hightemperature steam curing at 70°C or over, and ample
water supply at normal temperature coexist. Conversely, DEF does not take place if any of these
conditions is missing. Based on the conditions for
occurrence of DEF, we proceed to a detailed study
of material conditions below.

Figure 1. Occurrence condition ( DEF).

2.1 Influence of temperature of steam curing
To identify the influences of the steam curing conditions, we added 2% potassium sulfate as SO3, maintained the pre-curing duration of 4 hours, used various steam curing temperatures in the range of 50°C
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Figure 2. Influence of steam curing temperature on DEF expansion.

2.2 Influence of sulfate content
Potassium sulfate was added in the range of 0% to
4.0% and calcium sulfate in the range of 0% to
3.0%. The changes in length of the mortar prisms are
given in Figure 3 and Figure 4, respectively.
Although the cement does not show any expansion when no sulfate is added, the greater the added
quantity, the earlier the onset of expansion during
curing and the larger the amount of expansion are.
This is true for any addition of sulfate, regardless of
its type. In the case where potassium sulfate is
added, expansion in excess of 0.1%, which is the criterion of the alkali-silica reaction after 6 months curing was observed at a curing age of around 100 days,
even with the minimum sulfate addition of 0.5%.
The final quantity of expansion was greater than
1.0%. With potassium sulfate additions of 1.5% or
over, expansion starts at a curing age of around 30
days. With potassium sulfate addition of 4%, an expansion of 6% was observed at the curing age of 150
days and the mortar was fractured. Thus DEF may
occur even with a small quantity of sulfate.
In the case of calcium sulfate addition of 1.5% or
more, the mortar shows a large expansion of no less
than 1.5% at the curing age of 300 days. Even with a
calcium sulfate addition of 1%, expansion was 0.4%
at the curing age of 350 days. With a calcium sulfate
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as shown in Table 1. The expansion due to DEF occurred from around the curing age of 70 days in the
case of the addition of 2% of K2SO4. The other mortars prepared with calcium sulfate had less expansion. The mortar to which 2% of anhydrite CaSO4
and hemihydrate were added exhibited no DEF expansion at all.
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Figure 6. Influence of kind of sulfate added heating to 90°C at
rate of 20°C/hr.

The mortar with the addition of 2% gypsum expanded after 200 days up to 0.3%. Figure 7 shows
the influences of the kind of sulfate in mortar prepared by quick heating directly in an oven at 90°C after
4 hours of pre-curing. Mortar to which K2SO4 was
added and quick-heated in an oven at 90°C showed
the same expansion as the same type of mortar
gradually heated at the rate of 20°C/hr to 90°C. Mortar to which 2% of anhydrite CaSO4 was added also
expanded, to 1.4%. Gypsum mortar showed expansion of 0.3% after 280 days. Hemihydrate mortar did
not expand at all. Expansion by DEF was affected
by the heating rate of the mortar to the maximum
temperature. The heating rate influences the hydration of cement and the formation and deformation of
ettringite at an early age with calcium sulfate added.
Since K2SO4 resolves quickly to water, the influence
of K2SO4 on the heating rate of mortar diminishes.
The addition of anhydrite CaSO4 to a concrete
subjected to high-temperature steam curing increases
the risk of occurrence of expansion due to DEF. It is
necessary in more research to explain due to DEF affected by heating rate in case of calcium sulfate.
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Figure 7. Influence of kind of sulfate added quick heating in
90°C oven.
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J

= − D ( h , T ) ∇h

(1)

The proportionality coefficient D(h,T) is called
moisture permeability and it is a nonlinear function
of the relative humidity h and temperature T (Bažant
& Najjar 1972). The moisture mass balance requires
that the variation in time of the water mass per unit
volume of concrete (water content w) be equal to the
divergence of the moisture flux J
− ∂ = ∇•J
∂

(2)

w
t

The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
vapor, and adsorbed water) and the non-evaporable
(chemically bound) water wn (Mills 1966,
Pantazopoulo & Mills 1995). It is reasonable to
assume that the evaporable water is a function of
relative humidity, h, degree of hydration, αc, and
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs)
= age-dependent sorption/desorption isotherm
(Norling Mjonell 1997). Under this assumption and
by substituting Equation 1 into Equation 2 one
obtains
Figure 10. BEI of ASR damaged hardened mortar (ASR gel
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∂hthe crack of ASR aggregate).
e α ∂we α w
+ ∇ • ( D ∇h ) =
− e
(3)
c
s
n
h
∂α
∂α
∂h ∂t

c

&+

s

&+ &

where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water and relative humidity is called ‘‘adsorption
isotherm” if measured with increasing relativity
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
the following, ‘‘sorption isotherm” will be used with
reference to both sorption and desorption conditions.
By the way, if the hysteresis of the moisture
isotherm would be taken into account, two different
relation, evaporable water vs relative humidity, must
be used according to the sign of the variation of the
relativity humidity. The shape of the sorption
isotherm for HPC is influenced by many parameters,
especially those that influence extent and rate of the
chemical reactions and, in turn, determine pore
structure and pore size distribution (water-to-cement
ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
found to describe the sorption isotherm of normal
concrete
(Xi ofet DEF
al. 1994).
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ite, produced in the presence of alkali or sulfate as
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DEF
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evolution
lar to each other. Table 2 summarizes the relating
Note that, at early age, since the chemical reactions
factors of alkali-silica reaction and DEF. Although
associated with cement hydration and SF reaction
there is no factor common to both, they are produced
are exothermic, the temperature field is not uniform
equally when an alkali is contained in the cement in
for non-adiabatic systems even if the environmental
the form of alkaline sulfate. As conditions for the
temperature is constant. Heat conduction can be
simultaneous occurrence of ASR and DEF, there is
described in concrete, at least for temperature not
some deviation in the conditions common to both
exceeding 100°C (Bažant & Kaplan 1996), by
phenomena. In DEF, ettringite decomposes at the
Fourier’s law, which reads
time of steam curing and the sulfate ion content in
the
pore water of hardened specimens remain high
q = − λ ∇T
even thereafter, causing secondary production of (7)
ettringite. During the time when the sulfate ion content
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that reason, if there is any case where the alkalisilica reaction and DEF are produced simultaneously, it should be considered that an alkali-silica reaction took place after occurrence of DEF.
Table 2. Impact factors and characteristics for alkali-silica reaction (ASR) and DEF.
ASR

DEF

ASR aggregate

○

×

Quantity of alkali

○

△

Sulfate

×

○

Steam curing

×

○

Reaction temperature

40°C

20°C

Water supply

△

○

Expansion

0.1%

1.0%

○：More effective, △: Effective,
×：Less effective

5 CONCLUSIONS
The results obtained by this research are as follows.
- DEF expansion was affected by the heating rate of
mortar to maximum temperature. The heating rate
influences the hydration of cement and the formation
and deformation of ettringite at an early age when
calcium sulfate is added. The addition of anhydrite
CaSO4 to a concrete subjected to quick heating
through high-temperature steam curing increases the
risk of occurrence of expansion due to DEF.
- Expansion due to DEF is affected by the type of
aggregate. Both DEF and ASR damaged hardened
specimens had the same texture with cracks covered
the whole specimen, producing a map-like appearance as seen with the naked eye. However, it is easy
to distinguish DEF damaged mortar from ASR damaged mortar by the observation by BEI images of
polished sections. In ASR damaged mortar, cracks
formed across the reacted aggregate. In DEF damaged mortar, cracks were distributed uniformly as
seen in BEI images, and the thickness of the cracks
caused by DEF is the same thickness at 10 microns.

D (hcracks.
, T ) ∇h
Ettringite formedJin= −the
Crack appeared in
the paste parts and around the aggregate and did not
form across the aggregate.
The proportionality coefficient D(h,T)

moisture permeability and it is a nonlinea

- With regard to the
conditions
for the simultaneous
of the
relative humidity
h and temperature
occurrence of the&alkali
aggregate
reaction
and DEF,
Najjar 1972). The moisture
mass balanc
there is some deviation
in
common
points.
Considerthat the variation in time of the water mas
ing the behavior volume
of sulfate
ions and (water
hydroxide
ionsw) be eq
of concrete
content
in pore water, it divergence
seems reasonable
to consider
of the moisture
flux Jthat
the alkali aggregate reaction takes place after the occurrence of DEF. ∂w

−

∂

t

= ∇•J
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