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Abstract 
Cement pastes and concrete specimens were cured at 20°C or steam-cured up to 90°C. 
At curing temperature higher then 70°C, ettringite disappears and then forms again at 
later ages (DEF). Concretes manufactured at room temperature (20°C) do not show any 
form of DEF-related expansion independently of the SO3 content of the clinker (1-2%) 
or the portland cement (2-4%). On the other hand, concretes steam-cured at 90°C and 
then kept under water show significant expansion related to DEF provided that the SO3 
content of the portland cement is relatively high (> 4%). The higher SO3 content in the 
clinker phases (> 2%) or the presence of pre-existing cracks exacerbate the DEF-
related expansion. Deposition of ettringite fiber crystals occurs in the preexisting 
cracks or within the new microcracks. However, no clear evidence was found between 
the ettringite deposition and the width-change of the cracks. Curing at temperatures 
lower than 70°C is strongly recommended to avoid DEF-related risk. Blended cements 
with a lower SO3 content should be used in case this limit in curing temperature cannot 
be safely ensured. 
 
 
1. Introduction 
 
According to previous our studies of field concretes [1] delayed ettringite formation 
(DEF) could cause damage even in structures not experienced at high temperature. This 
was ascribed to the presence of excessive SO3 in the clinker phases from which it 



would be only slowly released. From these field inquiries the exposure to moisture 
appeared to be very important in accelerating the DEF-related damage. Moreover, the 
DEF appeared to be exacerbated by the presence of pre-existing cracks caused by the 
manufacturing process. 
 
2. Purpose of the work 
 
The purpose of the present work was to confirm, by laboratory test carried out under controlled 
conditions, the influence of the following parameters on the DEF-related damage: 
 
� SO3 content in the clinker (1-2%) and cement (2-4%) 
� curing of cement mixes at different temperatures (from 20 to 90°C) 
� presence of pre-existing cracks in concrete specimens 
� type of  subsequent exposure to moisture: permanently under water or 

wetting/drying cycles. 
 
3. Experimental Part 
 
The experimental part includes the following three sections: 
 
A. Tests on anhydrous clinkers and cements 
B. Tests on hydrated cement pastes 
C. Tests on concrete mixtures 
 
3.1 Tests on anhydrous clinkers and cements 
Table 1 shows the chemical analysis of clinker 1 and 2 characterized by a different 
sulphur content: 1.02% vs. 2.15% as SO3 respectively. Figure 1 shows the XRD patterns 
of the two clinkers with approximately the same clinker phases. The SO3 distribution in 
the different clinker phases determined by EDS is shown in Table 2. The total amount of 
SO3 by using  this tecnique is relatively higher than that determined by the elemental 
chemical analysis for the clinker 2 with the higer sulphur content (2.50% vs 2.15%). 
 

Table 1 – Chemical Analysis of Clinkers 
Component Clinker 1 Clinker 2 

SiO2 21.42 21.37 
Al2O3 6.18 5.81 
Fe2O3 2.36 2.07 
CaO 65.07 64.99 
MgO 1.04 1.43 
K2O 1.15 1.20 
Na2O 0.10 0.09 
SO3 1.02 2.15 

 



 
Table 2 – SO3 distribution in the clinker phases by SED and chemical analysis. 

 
Phase Clinker 1 Clinker 2 

Alite 0.23 0.39 
Belite 0.56 1.63 
C3A 0.13 0.21 
C4AF 0.18 0.27 
Total 1.10 2.50 
Chemical Analysis 1.02 2.15 

 

 

 
 

  
Fig. 1 – XRD patterns of the two clinker with the SO3 content of about 1% and 2%. 
 
 
 
 



Four different Portland cements (Table 3) were manufactured by grinding clinker 1 and 
2 and different amounts of gypsum (CaSO4 · 2H2O) in order to obtain regular setting 
times (Table 4). Cement C12 means that there is about 1% SO3 in the clinker phase and 
about 2% as total SO3 (really this is 2.70% as shown in Table 3). 
For each cement, the compressive strength on mortar speciment (w/c=0.50; 
sand/cement=3) were determined at 2 and 28 days (Table 5). All these cements meet the 
requirements for CEM I    according to EN 197/1 (Table 5). 
 

Table 3 – The SO3 content in the clinker and the total SO3 in the cement after 
gypsum addition. 

 
Cement 

Code 
SO3 (%) in the 
clinker phase 

SO3 (%) as gypsum 
additon 

Total SO3 (%) 

12 1.02 1.68 2.70 
22 2.15 0.45 2.60 
14 1.02 2.98 4.00 
24 2.15 2.05 4.20 

 
Table 4 – Setting time for the four Portland cements. 

 
Setting times (hr:min) Cement Code 

initial final 
12 1:40 2:05 
22 1:55 2:40 
14 1:48 2:30 
24 2:05 2:55 

 
Table 5 – Compressive strength on mortar specimens 

 
Compressive strength (MPa) at: Cement Code 

after 2 days 28 days 
12 31.8 53.3 
22 33.7 48.8 
14 28.7 48.5 
24 32.0 50.2 

 
3.2 Tests on hydrated cement pastes 
Cement pastes were cured at room temperature (20°C) or steam cured at a maximum 
temperature (Tmax) of 50-60-70-80-90°C according to the process shown in Fig. 2. Figure 
3 shows the XRD patterns of the anhydrous cements C12, C22, C14 and C24 and the 
corresponding cement pastes hydrated for 24 hrs. The gypsum peak (G) which is evident 
in the anhydrous cements disappears at 24 hrs independently of the curing temperature. 
The ettringite peak (E) forms at 24 hrs when the temperatue is not higher than 70°C. At 



higher temperatures (80-90°C) ettringite disappears and the monosulphate (M) phase 
appear. On the basis of these results on cement pastes, concrete mixtures were cured at 
room temperature (20°C) or steam-cured at Tmax of 90°C, so that ettringite was stable or 
transformed, respectively, at the end of the curing process. 
 
 

 
 

Fig. 2 – Curing at 20°C or steam curing at maximum temperatures between 50°C 
and 90°C. 

 
3.3 Tests on concrete mixtures 
The following aspects were studied on concrete mixtures cured at 20°C or steam-cured 
at 90°C. 
 
a) Mix-proportions and slump properties 
b) Swelling and shrinkage measurements 
c) XRD of scraped powders from fractured specimens 
d) SEM-SED of scraped powders from fractured specimens 
e) Crack-opening of pre-cracked speciment kept under water or exposed to wetting-

drying cycles 
 
For each concrete mixture (Fig. 4) two different types of specimens were prepared: 
sound specimens and cracked specimens using the fracturing technique shown in Fig. 5. 
Table 6 shows the identification of the concrete specimens. For instance, C14S indicates 
sound (S) concrete manufactured with the cement C14. On the other hand, C14C 
indicates the same concrete in form of cracked (C) specimens. Both sound and cracked 
specimens with crack-opening width in the range of 0.2-1 mm, were cured at 20°C with 
R.H. of 95% for three weeks before permanent exposure under water or to wet-dry 
cycles (1 week dry at 60% R.H. and 1 week under water). 



 

 
Anhydrous cements 
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Fig. 3 –  XRD patterns of anhydrous 
or hydrated cements at 24 hrs cured 
at 20°C or steam-cured at 50-90°C 

according to Fig. 2. 



 
 

 

 
 

Fig. 4 – Composition and slump of the concrete mixtures manufactured with 
cements C12, C14, C22 and C24. 

 
 

 
 

Fig. 5 – Cracked specimens were obtained by compressive stress under steel cutters. 
 
 
 
 
 
 



Table 6 – Identification of concrete specimens. 
 

SO3 (%)  Symbol 
clinker cement 

Type of concrete 
specimen 

C12S 1 2 SOUND 
C22S 2 2 SOUND 
C14S 1 4 SOUND 
C24S 2 4 SOUND 
C12C 1 2 PRE-CRACKED 
C22C 2 2 PRE-CRACKED 
C14C 1 4 PRE-CRACKED 
C24C 2 4 PRE-CRACKED 

 

 
Fig. 6 – Swelling of concrete specimens cured at 20°C and permanentely submerged 

under water. 
 
 

 
Fig. 7 – Swelling of concrete specimens cured at 90°C and permanentely submerged 

under water. 
 



From the results shown in Fig. 6-9 the following key-points can be taken into account: 
 

α) There is no significant expansion in concrete specimens cured at 20°C (Fig. 6) 
independently of the pre-existing cracks or the SO3 content in Portland cement 
(2% vs 4%) and in the clinker phase (1% vs. 2%); the expansion of about 200-
300 · (10-6) after some months of permanent immersion under water is normal 
and can be related to the swelling effect of the cement paste under water [2]. 

 

 
Fig. 8 – Swelling of concrete specimens cured at 20°C and exposed to wet-dry 

cycles. 
 

 
Fig. 9 – Swelling of concrete specimens cured at 90°C and exposed to wet-dry 

cycles. 
 



 
β) On the other hand, when concrete is steam-cured at temperature as high as 90°C 

(Fig. 7) there is a significant expansion (≈ 1000 · 10-6 in less than 1 year) for the 
specimens immersed under water manufactured with the higher sulphate 
content in the cement (C24 and C14); the expansion is higher and quickly in the 
concrete specimens with pre-existing cracks (C24C and C14C) than in the 
correspondinc crack-free specimens (C24S and C14S); moreover the expansion 
is exacerbated by the higher sulphate content in the clinker phase (C24C > 
C14C; C24S > C14S); these results could be related to the disappearance of 
ettringite caused by the steam-curing process at relatively high temperatures (> 
70°C) as shown by the cement paste experiments (Fig. 3) and on its subsequent 
reformation at later ages when kept under water; 

γ) The length change of the concrete specimens exposed to weekly wet-dry cycles 
indicate that the drying shrinkage effect prevails on the wet swelling one, so 
that there is a resulting length reduction for specimens cured at 20°C (Fig. 8) or 
steam-cured at 90°C (Fig. 9); however, the shrinkage is less remarkable in 
concrete steam cured at 90°C, manufactured with relatively high sulphate 
content and containing pre-existing cracks. 

 
Concrete specimens were observed by optical microscope in order to assess the width 
change of the pre-existing cracks (Fig. 10) or the appearance of new microcracks on the 
surface of the originally sound specimens (Fig. 11). The white material filling the pre-
existing cracks (Fig. 12) or depositing within microcracks (Fig. 13) was analyzed by 
XRD. The XRD patterns (Fig. 14) indicate that ettringite (E), beside calcium hydroxide 
(CH), are the main products filling the pre-existing cracks or within the new microcracks 
of the originally sound specimens. 
The SEM/EDS results of the material filling the pre-existing cracks or the new 
microcracks are shown in Fig. 15. The main difference in the morphology is in the better 
growth of the ettringite fibers filling the pre-existing cracks of the C24C specimen, with 
respect to the stubby ettringite crystals mixed with some C-S-H filling the new 
microcracks formed in the originally sound specimen (C24S). 
The width-change of the pre-existing cracks of the concrete immersed under water was 
measured by using an optical microscope (Fig. 10) as a function of the exposure to 
permanent wetting or weekly wet-dry cycles. Only few results are shown here for the 
C24C specimens (Fig. 16-18) just to indicate that there is an increase of the crack width 
in specimens steam-cured at 90°C (Fig. 16) as well in those caused at 20°C (Fig. 17) 
both kept permanently under water. Even in concrete specimens C24C steam-cured at 
90°C there is a significant width change for one crack (A in Fig. 18) rather than on other 
cracks (B and C in Fig. 18). 
 



 
Fig. 10 – Observation of the width-crack by optical microscope. 

 

 
Fig. 11 – New microcracks on the originally sound concrete specimens. 

 

 
Fig. 12 – White material filling the pre-existing cracks. 

 
 



 
 

Fig. 13 – White material filling the microcracks of the orginally sound concrete 
specimens. 

 

 
 

Fig. 14 –  Typical XRD pattern of the white material filling the pre-existing cracks.  
 

 



 
 
 

 
 
 

Fig. 15 – SEM/SED of ettringite deposited into the pre-existing cracks (above) and 
within the new microcracks (below). 

 



 

 
 

Fig. 16 – Crack-width as a function of time in concrete specimen C24C steam-cured 
at 90°C and permanently kept under water. A,B andC refer to three different 

cracks on the same specimen. 
 
 

 

 
Fig. 17 – Crack-width as a function of time in concrete specimen C24C cured at 

20°C and permanently kept under water. A,B andC refer to three different cracks 
on the same specimen. 

 
 



 
Fig. 18 – Crack-width as a function of time in concrete specimen C24C steam-cured 

at 90°C and exposed to weekly dry-wet cycles.  A,B andC refer to three different 
cracks on the same specimen. 

 
4. Conclusions 
 

1. Expansion related to DEF occurred only in some concrete specimens steam-
cured at 90°C due to the thermal decomposition of the ettringite formed during 
the early stage of the Portland cement hydration. Experiments on cement pastes 
indicated that thermal decomposition of ettringite occurs when the maximum 
temperature in the steam-curing process is over 70°C. 

2. DEF-related expansion of concrete specimens steam-cured at 90°C occurred 
only when Portland cements with about 4% of SO3 were used independently of 
the SO3 content (1 or 2%) in the clinker phases. However, the DEF-related 
expansion of steam-cured concrete specimens, at the same total SO3 content of 
4% in the cements, was quicker and higher when clinkers richer in the SO3 
content (2% vs 1%) were used. No DEF-related expansion occurred when 
cement with a total content of  about 2% SO3 were used independently of the 
curing temperature and SO3 content in the clinker phases. 

3. DEF-related expansion up to 1000 · 10-6 within 1 year of exposure to moisture 
occurred  only in concrete specimens manufactured with about 4% SO3 in 
Portland cement and steam-cured at 90°C, provided that permanently immersed 
in water. In the corresponding concrete specimens exposed to wetting-drying 
cycles the shrinkage effect prevailed on the swelling caused by the expansion. 

4. DEF-related expansion of concrete specimens manufactured with about 4% SO3 
content in Portland cement and steam-cured at 90°C is quicker in the presence 
of pre-existing cracks. However, it can occurs even it sound specimens 
although at much lower rate. 



5. SEM ad EDS studies combined with XRD analysis indicated the formation of 
well crystallized ettringite fibers (20 µm long and 0.5 µm thick) deposited into 
the pre-existing cracks or the micro-cracks formed during the exposure to moist 
environment. However, no direct correlation could be found between the 
amount of crystallized ettringite formed after steam-curing at 90°C and the 
DEF-related expansion. This was confirmed by the fact that the pre-existing 
cracks were progressively filled with predominantly ettringite material without 
any related change in the width of the original cracks independently of the 
degree of expansion. 

6. These results seem to agree with the expansion mechanism suggested by 
H.F.W. Taylor, C. Famy and K. Scrivener [3, 4] based on the growth of 
submicrometre ettringite crystals from monosulphoaluminate incorporated in 
the C-S-H gel, whereas the long needles growing in cracks, which can be easily 
observed by SEM, are really recrystallization products that are consequences 
rather than causes of damage. 

7. These laboratory experiences under controlled conditions did not confirm our 
studies of field concretes [1] and the corresponding conclusions shown in the 
introduction of the present paper. 

8. From a practical point of view, with a curing at temperature not higher than 
70°C there is no thermal decomposition of ettringite and then no risk of DEF-
related damage in concrete structures independently of the SO3 content in the 
clinker phases (up to 2.7%) or Portland cement (up to 4.2%). However if, for 
some reasons, a curing temperature higher than 70°C cannot be excluded, then 
it would be better to limit the amount of SO3 in the cement at percentage lower 
than 4% by using, for instance, blended cements, as suggested by Lawrence [5]. 
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