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Abstract: Durability issues due to delayed ettringite formation (DEF) in concrete structures have been
researched globally in the last three decades. Researchers have found that curing concrete at elevated
temperature is the primary cause of DEF occurrence. Based on these research findings, specifications
worldwide and in Australia have been devised for steam and heat curing to minimize the impact of DEF
in concrete structures. However, there has been limited research on DEF in Australia using locally
available binder materials. Australian specifications for heat and steam cured concretes, such as TINSW
B80, MRTS 70, and MRS 820, have been drawn from standards and specifications abroad. These
specifications restrict the maximum concrete steam-curing temperature at 70-80°C (depending on the
jurisdiction). The wide range of road authority specifications in Australia has led to uncertainty among
precast concrete manufacturers, designers and contractors, as there is a lack of clarity on how less
durable the concretes become when they breach these temperature limits. Moreover, the role of
supplementary cementitious materials (SCMs) in mitigating DEF in the specifications is unclear. This
paper attempts to address these shortcomings by presenting the outcomes from research carried out
over the last 8 years at the University of Technology Sydney in investigating the factors that raise the
risk of deleterious DEF. The work indicates that the risk of DEF is low if the cements conform to
Australian specifications (AS 3972 and ATIC-SP43). The risk is further reduced if fly ash (FA) is used
as part of the binder composition. The results indicate that, provided a limit is placed on the alkali and
sulphate content in the cement, the risk of DEF is low even if the temperature of the concrete reaches
90°C. This risk is further mitigated if FA is used to partially replace the cement. Based on these findings,
the guidelines for the manufacture of steam or heat cured concretes in Australia needs to be redressed
to reflect the minimal risk of DEF when using cement types that conform to Australian standards and
specifications.
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1. Introduction

Delayed ettringite formation (DEF) is potentially a deleterious reaction which occurs in concrete when
the curing temperature of the concrete exceeds an elevated temperature threshold (Heinz and Ludwig,
1987; Y. K. Ramu, 2020; Taylor et al., 2001). Ettringite (a calcium sulphoaluminate, AF; (CcA$3H3,)) is
an expansive phase, the formation of which is normally observed in the plastic state of concrete (early
ettringite formation (EEF)) where the increased volume can be easily accommodated. Indeed, gypsum
(calcium sulphate dihydrate (C$.H,)) is interground with clinker in the manufacture of cement to promote
the formation of EEF in the inhibition of flash set caused by the hydration of the calcium aluminate (C3A)
that is present.

C3A + 3C$ + 32H — CsAS3H3

If, however the concrete temperature experienced during curing is exceeded, a threshold temperature
of > 80°C is commonly identified, the ettringite formed in the early stages of hydration is decomposed
and the further formation of ettringite during the plastic stage is inhibited. Once the temperature of the
concrete returns to ambient temperature, after the completion of the elevated temperature curing cycle,
ettringite can slowly recrystallise, but this time the precipitation of ettringite is in the concrete’s hardened
state where the expansion can no longer be accommodated. If the volumetric stresses induced by this
expansion are exceeded, cracking will occur undermining the serviceability of the concrete (Miura et al.,
2017; Shao et al., 1997). Cracking induced by deleterious DEF has been observed for mass pours such
as in stanchions and dams or for heat cured precast concrete.

The origins of the decomposition of ettringite are related to the solubility of sulphate ions in the pore
solution (Glasser, 1996; Scrivener and Taylor, 1993). Ettringite is formed when the solution is saturated
with sulphate ions. The solubility limit for sulphate ions is strongly influenced by the alkalinity of the pore
solution and the temperature of the concrete (Glasser, 1996; Y. Ramu et al., 2021; Thomas et al., 2010).
Raising the temperature of the pore solution in the presence of alkali leads to the decomposition of the



ettringite and the formation of calcium monosulphoaluminate (AF., C4A$H:;) according to the
relationship:

CGA$3H32 = C4A$H12 + 2C$ + 20H

As this relationship represents an equilibrium process, once the temperature returns to ambient
temperature, the pore solution saturation with respect to sulphate ions is once again achieved and the
ettringite can slowly reform. Under these conditions DEF occurs in the hardened state of concrete. As
the DEF progresses and the volume of DEF increases, the concrete may not be able to accommodate
the expansion, hence, the potential for deleterious cracking.

Much of the laboratory work into DEF research has been carried out internationally on mortars as this
reaction is cement paste driven. Several factors have been identified as necessary precursors for the
initiation of DEF. The consensus states that these are (Leklou et al., 2013):

1. Temperature and duration of the curing cycle — consensus suggests that 70°C is the threshold
temperature, although some data has been reported suggesting the observation of DEF at lower
curing temperatures; increasing the duration of the heat curing cycle increases the risk

2. Moisture — a relative humidity of > 90% is required

3. C3A content — DEF occurs for a C3;A content > 10%, although DEF has also been observed for
C;A contents as low as 5%

4. Sulphate content — DEF occurs for a SO; content > 3%

5. Alkali content — elevated alkali contents in the pore solution promote DEF

These are the major factors associated with DEF occurrence in literature studies, although other factors
such as cement fineness, water-binder ratio (w/b) and aggregate characteristics may also have an
influence on DEF.

Based on these factors, Australian state road and traffic authorities have defined limits for the maximum
curing and concrete temperatures. These limits are summarised in Table 1. The typical limit imposed
for heat or steam cured concrete is 70°C, although Queensland TMR and South Australia DIT / DPTI
specifications allow for a maximum of circa 80°C provided that a GP blended cement is used. The low
limit of 70°C is unrealistic in steam cured concretes especially when considering the contribution of the
heat of hydration of the cement to the temperature rise in concrete elements, in particular mass
concretes, where temperatures greater than 70°C may be reached (Ramu, 2016). Additionally, the limits
used are derived from DEF studies conducted in other jurisdictions, where either the sulphate or alkalis
contents, or both, are not strictly regulated (allowable cement sulphate and alkali contents in various

Table 1. List of temperature limits defined by Australian standards and state road and traffic authority
specifications Australia wide.

State Road authority specification Steam curing temperature conditions
Concrete temperature <75°C except where
A . Standards Australia, AS 5100.5 Clause | analysis has been performed that justifies a
ustralia . )
4.1 particular maximum temperature for the
concrete.

Standards Australia, AS 1597.2 2013, The maximum enclosure temperature shall
Australia Clause Appendix C5.3 maximum be < 70°C. No mention on concrete

temperature temperature.
New South Transport for NSW QA Specification Maximum temperature of the concrete < 70°C
Wales B80 Concrete Work for Bridges, 2021

Clause: 7.12.4

Transport and Main Roads The enclosure temperature must be < 70°C.
Queensland | Specifications MRTS70 Concrete, 2022 | Core concrete temperature must be < 80°C.

Clause: 16.7.4

Structures - Master Specification The enclosure temperature must be < 70°C.
South ST-SC-S4 Loyv Pressure Steam Curing
Australia of PrecastlUmts Clause 5.3

DPTI: Design Standards Structural 2015 | Concrete temperature <82°C

Clause 6.2.1(e)
Victoria / VicRoads Specification 2020 Clause The enclosure temperature must be < 70°C.
Tasmania 610.24(g) Concrete temperature must be < 75°C.
Western Concrete for Structures - Main Roads The curing temperature must be < 70°C
Australia Specification 820, 2012 Clause: 820.91




countries’ standards and their correlation with field case DEF have been reviewed elsewhere (Ramu et
al., 2022)). Australian commercial cements, on the other hand, comply with standards and specifications
(AS3972-2010 and ATIC SP-43, respectively) which restrict sulphate content to 3.5% SO; and the alkali
content to 0.6% Na,O, (= % Na,O + 0.658 x % K,0). Given the tight specification compositional limits
of Australian GP cements, the strict limits of concrete temperature for steam cured elements in Australia
may be overly conservative or may not even be achievable. This study, therefore, sets out to determine
the potential for deleterious DEF in both mortars and concrete using standard specification Australian
cements (AS3972-2010 and ATIC SP-43). The investigation monitors the expansion in as received AS
3972 conforming cements as well as modified AS 3972 cements to be non-conforming with elevated
alkali and sulphate contents by heat curing mortar and concrete specimens at 90°C for 12 hours to
replicate an extreme curing environment.

2. Materials and Methods

The materials used in this study to produce the mortars and concretes were standard commercial locally
available raw materials (cement, fly ash, coarse and fine aggregates). To investigate the role of the C;A
content of the GP cement, two standard general purpose (GP) cements were used to make mortar and
concrete prisms in each experimental program. For the mortar prisms grey (GP-M) and off-white (OW-
M) cements were used; similarly, for the concrete prisms grey (GP-C) and off-white (OW-C) cements
were used. As the mortar and concrete experimental programs were carried out at different times,
different GP cements were used. The oxide compositions for the GP cements used in this study are
listed in Table 2. Using a modified Bogue’s method, the phase composition of the GP cements was
calculated from the oxide content and are listed in Table 3. The compositions of the GP-M and GP-C
cements are very consistent; however, the compositions of the OW-M and OW-C cements vary, in
particular, with respect to C;A content which has an effect on the potential for DEF induced expansion.

In order to develop expansion in the mortar and concrete prisms due to DEF, a pessimum composition,
the composition expected to result in the greatest degree of DEF induced expansion, was introduced
raising the alkali and sulphate contents of the GP cements to 1% Na,O. and 4% SO; using laboratory

Table 2 Chemical composition of cements determined by XRF. GP — general purpose cement, OW —
off-white cement, M — cement used for mortar prisms, C — cement used for concrete prisms.

Oxide % | CaO Si0; | AlO; | Fe;O3 SO; MgO K20 Na,O LOI Total | NayO,
GP-M 64.2 19.7 4.8 3.1 2.4 0.9 0.4 0.2 4.1 99.9 0.46
OW-M 65.7 22.8 4.4 0.2 3.0 0.7 0.3 0.1 22 99.6 0.30
GP-C 64.1 194 4.9 3.0 2.6 1.2 0.45 0.17 4.0 100.1 0.47
Oow-C 65.1 20.2 54 0.7 3.2 1.2 0.42 0.07 3.8 100.4 0.35

Table 2 Modified Bogue’s phase composition of cements. GP — general purpose cement, OW — off-
white cement, M — cement used for mortar prisms, C — cement used for concrete prisms.

Compound GP-M OowW-M GP-C ow-C
CsS% 49.9 56.3 52.7 48.6
C.S% 18.3 229 15.9 21.2
C3:A% 7.4 11.2 7.9 13.1
C4AF% 9.4 0.8 9.1 21

Table 4. Mortar Mix Design.

Material Binder | Aggregate (total) | Coarse sand | Fine sand | Water
Mix proportion by mass 1 3.0 2.5 0.5 0.45

Table 5. Concrete Mix Design.

Material Binder | Aggregate (total) | Coarse agg. | Fineagg. | Water | WR | Slump

Content (kg/m?) 450 1830 1190 640 180 125 | 120 mm

Mix proportion by mass 1 41 2.6 14 0.40 0.003 -




grade NaOH and CaS0,.2H,0. This composition was used in order to promote ettringite precipitation;
these mixes are designated 1N4$.

FA was used as the SCM in partial substitution of the GP cement at 25% by weight in both the mortar
and the concrete prisms. Mortar and concrete containing FA are designated as such.

The fine aggregate used in the mortar prism tests was an alkali-silica reaction (ASR) non-reactive (NR)
aggregate. For the concrete prisms, two coarse aggregates were used; an ASR non-reactive (NR) basalt
and an ASR reactive (R) dacite; the fine aggregate used was non-reactive.

Mortar shrinkage prisms (40 x 40 x 160 mm) were cast following the AS 2350.12: 2006 recommended
procedure. The mortar mix design is listed in Table 4. Mortar prisms, sealed in a humid atmosphere,
were heat cured using a heat curing cycle of 4 hours precure at 23°C followed by heating to a measured
temperature of 90°C over a period of 2 hours whereupon the temperature was held for 12 hours prior to
natural cooling to room temperature. After 24 hours, the prisms were stripped and immersed in limewater
baths and stored at 23°C. Length measurement was carried out periodically up to 1500 days.

Concrete shrinkage prisms (285 x 75 x 75 mm) were cast following the AS 1012.2 and AS 1012.13
recommended procedures. A commercial precast concrete mix design with high cement content, low
water content (0.40 w/c) and an alkali free water reducing admixture (WR) was used (Table 5). The
concrete prisms were heat cured using a heat curing cycle of 4 hours precure at 30°C followed by
heating to 90°C at 30°C/hr whereupon the temperature was held for 12 hours prior to natural cooling to
room temperature. After 24 hours, the concrete prisms were stripped and immersed in limewater baths
and stored at 23°C. Length measurement was carried out periodically up to 800 days.

3. Results

The expansion data for mortar and concrete prisms are shown in Figures 1, 2 and 3. 1 and 2-year
expansion data for each mix is listed in Table 6. Typically, significant expansion is only observed for
mixes with elevated alkali (1% Na,O.) and sulphate (4% SOj3) contents (1N4$ specimens) where the
expansion was observed to be > 0.6%. This is consistent with the requirement for elevated alkali and
sulphate content for DEF to occur coupled with heat curing. It should be noted here, and as discussed
below, that the concrete OW-C 1N4$ mixes were not observed to expand. This lack of expansion is
attributed to the very high C;A content (13%). For mixes where the cement composition was not spiked,
the expansion remained low (<0.12% after 4 years). For mixes where the binder contained 25% FA,
expansion was less than 0.02%. More detail is provided below for each system.

Table 6. Expansion in % at 1 and 2 years for each of the mixes shown in Figures 1, 2 and 3

Mix 1Year/ % 2Year /%
GP-M-NR 0.04 0.06
GP-M-NR-1N4$ 0.70 0.74
OW-M-NR 0.02 0.04
OW-M-NR-1N4$ 1.05 1.08
GP-M-NR-1N4S$-FA 0.00 0.00
OW-M-NR-1N4$-FA 0.00 0.00
GP-C-NR 0.02 0.01
GP-C-NR-1N4$ 1.96 2.06
OW-C-NR 0.01 0.01
OW-C-NR-1N4$ 0.03 0.03
GP-C-R 0.03 0.07
GP-C-R-1N4$ 1.16 1.42
OW-C-R 0.02 0.03
OW-C-R-1N4$ 0.03 0.04
GP-C-R-1N4S$-FA 0.01 0.01
OW-C-R-1N4S-FA 0.00 0.01
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Figure 1. Expansion curves for mortar prisms (M) prepared using GP and OW cements heat cured
at 90°C for 12 hours containing a non-reactive (NR) aggregate. The prsims were prepared with ‘as
received’ cement (GP or OW) or were spiked with 1% Na,O, and 4% SO; (1N4$). Fly ash (25%)
was also used as partial replacement for the cement (FA). Inset is expanded scale.

For the mortar prisms, significant expansion was observed for the 1N4$ specimens for both the GP
(circa 0.7%) and the OW (circa 1.1%) cements (Figure 1). This significant expansion is related to the
elevated alkali and the elevated sulphate contents present in the spiked GP and OW cements. The
higher expansion for the OW mortars is consistent with the increased C;A content for ettringite formation.
For the mortar prisms which were not spiked, expansion was low, however, for the OW mortars,
expansion to >0.1% after 1500 days was observed indicating that the elevated C;A and higher SO;
contents may result in DEF. For mortar prisms containing 25% FA, no measurable expansion was
observed in the 1500 days of the trial.

For the concrete specimens prepared using a non-reactive (NR) aggregate, significant expansion was
only observed for the GP-C-NR-1N4$ prisms (Figure 2). Surprisingly, the equivalent OW-NR-1N4$
prisms showed no significant expansion. This was attributed to the unusually high C;A content of the
OW cement at 13.1%; 4% SO; did not provide enough sulphate for significant DEF. Some expansion
was observed, but it remained low (<0.04%). The conforming unspiked cement prisms showed very little
expansion (<0.02%) over the 2-year period of monitoring. For this series, FA binary blends were not
investigated.

For the concrete prisms prepared with a reactive aggregate (R), significant expansion was only observed
for the GP-C-R-1N4$ prsims (Figure 3). The expansion was observed to be less than that of the NR
equivalent (GP-C-NR-1N4$). Again, only minor expansion was observed for the OW equivalent (OW-
C-R-1N4$) which also suggests that the elevated C3;A content reduces this concrete’s susceptibility to
DEF. The conforming unspiked concrete prisms showed little expansion. It is, however, notable that,
although the expansion for the GP-C-R prisms was low (<0.08%) over the 2-year period of monitoring,
the trend for continued increase in the expansion was observed suggesting that there is a potential for
coupling of ASR and DEF especially, as, in Australia, DEF is mostly observed in the presence of ASR
(Shayan and Quick, 1992; Shayan and Ivanusec, 1996). For these prisms, FA binary blends were also
investigated. Very low expansion (<0.01%) was observed for concrete prisms containing the 25% FA.
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Figure 2. Expansion curves for concrete prism specimens (C) prepared using GP and OW cements
heat cured at 90°C for 12 hours containing a non-reactive (NR) aggregate. The prisms were prepared
with ‘as received’ cement (GP or OW) or were spiked with 1% Na,O, and 4% SO; (1N4$). Inset is
expanded scale.

From the results, risk of deleterious DEF is low for heat cured concrete manufactured using Australian
standard and specified raw materials (AS3972-2010 and ATIC SP-43). Furthermore, concrete
containing FA shows almost zero expansion even in the binder systems that have elevated alkali and
sulphate contents and are cured at 90°C. The evidence suggests that heat cured concrete made with
Australian commercial cements (which have low alkali and sulphate contents), with FA or other SCMs,
are unlikely to develop deleterious DEF even if the concrete temperature exceeds the current typical
limit of 70°C (to 80°C). Additionally, the majority of Australian cities geographically fall into exposure
classification B1 and B2, according to AS 5100.5:2017, where the use SCMs such as FA (up to 30%)
or ground granulated blast furnace slag (GGBFS; up to 40%) is suggested to prevent service life loss of
the concrete.

Given that the concrete temperature, when hydration is taken into account, is likely to increase to greater
than 80°C and may reach 90°C, under normal steam curing conditions, the specified temperature limit
of the concrete should be readdressed provided that the binder composition is tightly controlled. The
specifications for the manufacture of steam or heat cured concrete elements should be based on the
concrete mix design (alkali and sulphate limits of the cement and SCM use) and the exposure
classification to minimise the risk of deleterious DEF rather than by generalising the curing temperature
in standard specifications. In order to achieve these aims, guidelines need to be written to allow precast
concrete users to address risk minimisation for DEF in concrete.

4. Conclusions

This study has demonstrated that for mortars and concretes where the cement conforms to the
specifications outlined in AS 3972 (<3.5% SO3) and ATIC-SP43 (<0.6% Na,O,) or HB-79 (<2.8 kg/m3
Na,O. in concrete), the risk of deleterious DEF in heat cured mortars and concretes is low. Additionally,
if FA is incorporated in the binder composition, the risk is mitigated further. Specific findings are:

e For DEF to be observed, an elevated non-conforming alkali and sulphate content in the cement
is required (1% Na,O, and 4% SO3) in heat cured specimens at 90°C.
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Figure 3. Expansion curves for concrete prism specimens (C) prepared using GP and OW cements
heat cured at 90°C for 12 hours containing a reactive (R) aggregate. The prisms were prepared with
‘as received’ cement (GP or OW) or were spiked with 1% Na,O, and 4% SO; (1N4$). Fly ash (25%)
was also used as partial replacement for the cement (FA). Inset is expanded scale.

e For heat cured mortars and concretes using cement (GP and OW in this study) conforming to
AS 3972 (<3.5% SOj3) and ATIC-SP43 (<0.6% Na,O,), the risk of deleterious DEF is low.

e Binary binder compositions containing FA (25%) mitigate deleterious DEF even for non-
conforming cements with elevated alkali and sulphate contents.

From a guidelines perspective, the results of this investigation suggest that the risk of DEF is low for
concretes where the cement conforms to AS 3972 (<3.5% SOj3) and ATIC-SP43 (<0.6% Na,O.), and
where the maximum temperature in the concrete is 90°C. The risk of DEF is further mitigated if a binary
binder composition containing 25% FA is used.
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