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ABSTRACT: The determination of delayed ettringite formation (DEF) in hardened concrete relying simply on the identification 
of ettringite by electron microscopy or powder X-ray diffractometry can be imperfect because of the high risk of missing other 
possible deterioration phenomena. The presence of ettringite can be easily biased as an indication of DEF while the actual cause 
of deterioration is ASR. This paper identifies the deterioration causes and presents different ettringite formation factors based on 
the petrological observation results. The experiments conditions including depth of carbonation, mix proportions of concrete, 
curing temperature and others were considered. The deterioration of the samples seem to be correlated to ASR, except for the 
precast concrete product which presented DEF. In order to determine the deterioration causes and demonstrate the importance of 
petrological approach, different observations using the same methods were carried out on a concrete specimen blended with fly 
ash showing some cracks.
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RESUMEN: Observaciones microscópicas de las posiciones y forma de la etringita dentro de la microestructura del hormigón 
deteriorado. La determinación de la formación de la etringita diferida (DEF) en el hormigón endurecido, basado simplemente en la 
identificación de la etringita a través de microscopía electrónica o difractometría de rayos X en polvo, puede ser imprecisa debido 
a la alta probabilidad de ignorar otros posibles fenómenos de deterioro. La simple presencia de etringita puede ser fácilmente 
malinterpretada como una indicación de DEF, mientras que la causa real del deterioro puede deberse a una reacción álcali-sílice 
(ASR). Este trabajo identifica las causas de deterioro y presenta diferentes factores de formación de etringita basados en los 
resultados petrográficos, la profundidad de la carbonatación, las proporciones de mezcla del hormigón, la temperatura de curado, 
y las condiciones ambientales y no ambientales. Se comprobó que el deterioro de las muestras era atribuible al fenómeno de ASR, 
excepto en el caso del hormigón prefabricado donde se observó el fenómeno de DEF. 

PALABRAS CLAVE: Reacción álcali-sílice; Formación de etringita diferida (DEF); Microscopía electrónica de barrido (SEM); 
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1. INTRODUCTION

Research of delayed ettringite formation (DEF) 
has been active in overseas countries (1-5), and re-
cently there have also been some case reports on 
the phenomenon in Japan (6, 7). There have been 
two hypotheses proposed about the mechanism of 
DEF: gaps are produced by the pressure generated 
from the growth of ettringite crystals (2); or gaps 
are caused by expansion of cement paste with for-
mation of microcrystalline ettringite (1, 3-5). The 
latter is strongly supported at present. According 
to Taylor (1), when DEF is subjected to an early 
high temperature of 70°C or above during the ini-
tial stage of hydration, ettringite decomposes to 
produce monosulfate, and at the same time, sulfate 
ions are adsorbed in C-S-H. Then, at ambient tem-
perature, the sulfate ions adsorbed in C-S-H leach 
out and react with monosulfate to form ettring-
ite, which is thought to exert expansion pressure 
the nearer it is to the internal hydrate. The coarse 
ettringite in the gaps and cracks is considered to be 
a recrystallization precipitate of intrinsically unsta-
ble fine ettringite crystals and does not contribute 
to the expansion.

Ettringite can be detected by electron microscopy 
within a very small area or powder X-ray diffractom-
etry using finely ground samples, but DEF cannot be 
judged solely based on the presence of ettringite be-
cause there is a high risk of overlooking other possi-
ble deterioration phenomena. Ettringite is normally 
present in concrete and does not necessarily cause 
expansion (8). However, DEF causes externally 
visible map cracking in structures, which is similar 
to alkali silica reaction (ASR). Due to this, when 
ettringite is present, deterioration actually caused by 
ASR is often mistaken as caused by DEF (4, 9-11). 
One factor that leads to this mistake is that ettring-
ite often forms in the cracks caused by ASR (12). 
For correct determination of DEF or the combined 
occurrence, petrological analyses are expected to be 
very useful (4, 9, 13-18). DEF has characteristic fea-
tures, i.e. gaps around the aggregates and web-like 
cracks in the paste, both filled with ettringite (3).

The first controversy over whether ASR or DEF 
was the cause of deterioration occurred in a study of 
deteriorated precast railroad sleepers in Finland (19, 
20). Tepponen and Eriksson (1987), reported that 
DEF was the cause of deterioration due to heat-treat-
ment, based on scanning electron microscope (SEM) 
equipped with an energy-dispersive x-ray (EDS). 
But Shayan and Quick (1992), using SEM/EDS, re-
ported that ASR was the primary cause of damage.

For the highway footings (21-23) in Thailand that 
showed degradation, ASR was found to be the main 
factor, but cracks filled with ettringite were observed 
around the aggregate, and it was debated whether 
the degradation was combined with DEF. Hirono 
et al. (2016) (23) conducted an investigation based 

mainly on polarizing microscopy observations and 
determined that the cracks around the aggregate 
were caused by ASR gel flowing out into the weakly 
interfacial transition zone around the aggregate, and 
that ASR was the cause of the degradation.

In a study of cracks in prestressed sleepers in In-
dia, it was not clear whether the cause of deterio-
ration was ASR or DEF, based only on SEM/EDS 
using fractured surfaces (24), but polarizing micros-
copy revealed many cracks filled with ettringite in 
the cement paste, independent of ASR cracks, and 
gaps around the aggregate, indicating that combined 
deterioration of ASR and DEF had occurred (25).

In this study, samples were taken from existing 
concrete which had cracks under no external sulfate 
attack and exhibited ettringite formation in the tex-
ture. Their deterioration causes were determined by 
using petrological analyses, and different ettringite 
formation factors were made clear. An experiment 
was also carried out using a concrete specimen with 
cracks after exposure to incineration fly ash, to find 
the cause of internal deterioration and accompany-
ing expansion due to double salts other than ettring-
ite. The results demonstrated the effectiveness of the 
petrological approach by means of microstructural 
observations for such purposes (26).

2. MATERIALS AND METHODS

2.1. Samples used

2.1.1. Concrete with ettringite formation

a) Floor slab with high SO3 concentration (No. 1); 
Significant deterioration accompanied with widely 
distributed cracks is often found in the bottom sur-
face of reinforced concrete (RC) floor slabs of steel 
bridges aged about 40 years in cold regions with snow 
cover as shown in Figure 1 (27). These RC slabs are 
being replaced with those made of prestressed con-
crete (PC) floor slabs in these several years for the 
safety of traffic. The sample used in this study was a 
full depth core (55 mm diameter, 215 mm long) taken 
from a piece of removed RC slab. 

b) Parapet exposed to cold weather (No. 2); The 
parapet had been placed around a dam lake in an in-
land mountainous area (Figure 2). The cast in situ 
concrete was covered with mortar. Numerous cracks 
with white exudate were found in the side faces of 
the parapet. Surface concrete has peeled, and white 
products were also found on the exposed faces. The 
sample in this study was a fragment of scaling con-
crete with mortar adhering to it.

c) PC pole with vertical cracks (No. 3); The PC 
pole in this study was of a tension-type which was 
required to have a high strength. As shown in Figure 
3, two vertical cracks originating from the ground 
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level occurred in the opposing positions in about ten 
years from the installation. The pole with a nominal 
strength of 80 N/mm2, a W/C of 30.5% and a ce-
ment content of 525 kg/m3 had been manufactured 
by applying centrifugation in a centrifugal casting 
machine, followed by 4 hours of steam curing at 
70°C (28).

d) Precast concrete product with cracks (No. 4); 
A precast concrete product which had been used 
outdoors was found to have web-like cracks in the 
surface. The concrete could have been steam cured 
during the manufacturing process. The sample was 
a fragment of concrete taken from the surface area.

2.1.2. Concrete exposed to incineration fly ash (No. 5)

The radioactive substances and other contam-
inated wastes, generated from the accident at the 
Fukushima Daiichi Nuclear Power Station and be-
ing processed for volume reduction, include incin-
eration fly ash and others with a high content of 
chlorides. In order to investigate the risk of storing 
such fly ash in sealed precast containers, an experi-
mental test was performed by filling a real-size con-
crete container with a paste of incineration fly ash 
(with addition of CaCl2 and water) and applying the 
most severe conditions assumed for concrete con-
tainers (29). To make observation of concrete easier, 
a cylindrical specimen (100 mm diameter, 200 mm 
long) was placed in the precast concrete container 

filled with fly ash-water mixture with an addition of 
CaCl2. The mix proportions (water: 150 kg/m3; ce-
ment: 370 kg/m3; lime based expansive admixture: 
25 kg/m3) and the curing conditions (steam curing 
for 3 hours at temperatures up to 65°C) used for the 
cylinder were the same as those of the precast con-
crete container. The specimen after four months of 
exposure to fly ash had cracks and scaling in the cir-
cumferential surface as shown in Figure 4.

2.2. Test methods

2.2.1. Polarizing microscopy

Thin section specimens were prepared from the 
samples, and polarizing microscopy using a polar-
izing microscope was performed to determine rock 
types of aggregate, shapes of cracks and occurrence 
of products.

2.2.2. Electron microscopy

The polished thin sections after the polarizing mi-
croscopy were treated by carbon vapor deposition, 
and scanning electron microscopy was performed by 
using an electron microscope. Microstructural ob-
servation was made with the obtained backscattered 
electron images (BEI).

2.2.3. EDS quantitative analysis

Some products observed under the polarizing mi-
croscope were too fine to identify. In order to identi-
fy these products from their compositions, elemental 
quantitative analysis was performed by energy-dis-
persive X-ray spectroscopy (EDS) under the elec-
tron microscope, and ZAF correction was made to 
the analysis results. The target elements were SiO2, 
TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, 
SO3 and P2O5. Chlorine (Cl) was also assayed for the 
fly ash-exposed concrete sample. EDS mapping of 
SO3 was performed for the floor slab sample.

Figure 1: The bottom surface of the floor 
slab with lattice-like cracks (No. 1).

Figure 2: Cracked parapet concrete placed 
around a dam lake (No. 2), with mortar cov-

er scaling.

Figure 3: Vertical cracks in the PC pole 
(No. 3).

Figure 4: Concrete specimen immersed in a paste of incinera-
tion fly ash (No. 5).
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3. RESULTS AND DISCUSSION

3.1. Concrete with ettringite formation

3.1.1. Polarizing microscopy

a) Floor slab with high SO3 concentration (No. 1); 
Aggregate consisted of gravel and sand mainly com-
prised of granite, diorite, rhyolitic welded tuff and 
andesite. ASR cracks were found extending from 
aggregate particles of andesite, rhyolite or rhyolitic 
welded tuff into the cement paste (Figure 5a). The 
depth of carbonation was 20 mm in the bottom sur-
face, while being 3 mm in the top surface which had 
been in contact with the asphalt.

b) Parapet exposed to cold weather (No. 2); Ag-
gregate consisted of gravel and sand mainly com-
prised of siliceous shale, shale, sandstone and an-
desite. ASR cracks were found extending from the 
aggregate particles of andesite into the cement paste, 
and needle-like crystals were observed to fill the 

cracks in the cement paste (Figure 5b). Several par-
allel cracks and scaling were found in the concrete 
surface immediately below the mortar cover, with 
needle-like crystals filling the cracks (Figure 5c). No 
entrained air voids were found in the cement paste.

c) PC pole with vertical cracks (No. 3); In the PC 
pole manufactured by centrifugal casting, a larger 
amount of coarse aggregate was present near the 
surface, and larger amounts of fine aggregate and 
cement were present in the inside. The coarse ag-
gregate was gravel mainly comprised of diorite, 
granite, gabbro, gneiss and rhyolitic welded tuff, 
and the fine aggregate was sand mainly comprised 
of rhyolitic welded tuff, granitic rocks and andes-
ite. ASR was found around the coarse aggregate 
particles of rhyolitic welded tuff near the surface of 
the pole (Figure 5d), and around the fine aggregate 
particles of andesite in the inside (Figure 5e). ASR 
was more significant in the inside of the pole where 
the andesite content was higher. In the inside, ASR 
cracks were propagating into the cement paste, and 
they were filled with needle-like crystals that formed 

Figure 5: Polarizing microscopic images: (a) cracks originating from andesite (No. 1); (b) cracks in andesite filled with ASR gel, and 
cracks in the cement paste filled with ettringite (No. 2); (c) parallel cracks (red arrows) under the mortar cover (No. 2); (d) cracks 

filled with ASR gel near the surface of the PC pole (No. 3); (e) cracks filled with ettringite inside the pole (No. 3); (f) needle-like crys-
tals filling the gaps between aggregate particles and cement paste (No. 4).
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to replace the ASR gels (Figure 5e). Most of the 
ASR cracks developed concentrically parallel to the 
circumference of the pole, but some cracks without 
products were also found growing in the direction 
perpendicular to them.

d) Precast concrete product (No. 4); Coarse aggre-
gate consisted mainly of crushed stone of sandstone 
and shale, and fine aggregate was sand comprised of 
granite-derived crystalline and rock fragments. No 
ASR was observed in the concrete under the polar-

Figure 6: Elemental mapping of the SO3 rich area by EDS (No. 1). The numbers represent the depths from the slab top surface. The 
carbonation area in the bottom surface is on the right side of the dotted line.

Figure 7: BEI of the thin sections: (a) ettringite within the cement paste with a high SO3 concentration (No. 1); (b) ettringite filling the 
cracks (No. 2); (c) cracks filled with ettringite (No. 3); (d) gaps generated between aggregate particles and cement paste (No. 4); (e) 

ettringite filling the cracks in the cement paste (No. 4).
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izing microscope, while there were gaps filled with 
needle-like crystals between aggregate particles and 
cement paste (Figure 5f).

3.1.2. Electron microscopy

a) Floor slab with high SO3 concentration (No. 
1); Figure 6 shows an EDS map of SO3 in the bot-
tom surface of the slab. High concentrations of SO3 
were found at around 180 to 195 mm from the top 
surface of the slab, with some variations due to the 
inhomogeneity within the observation area where 
cement paste and aggregate particles were present. 
No cracks were found in this area. Cement hydrates 
were found to have needle- or plate-like crystals at 
the center, and formation of ettringite (Figure 7a) 
was confirmed by the EDS analysis (Table 1).

The ideal composition formula of ettringite is 
3CaO, Al2O3, 3CaSO4, 32H2O (CaO: 26.81%, Al2O3: 
8.12%, SO3: 19.14%, H2O: 45.93%), and the to-
tal EDS analysis value is low due to the presence 
of bound water. Since some of the bound water in 
ettringite undergoes dehydration in the electron 
microscope, a high vacuum condition, the total of 
CaO+Al2O3+SO3 is 54.07% in the ideal equation, but 
the actual total analysis value of the three elements 
is as high as 72%. 

b) Parapet exposed to cold weather (No. 2); The 
needle-like crystals filling the cracks caused by scal-
ing were confirmed to be ettringite by the SEM ob-
servation (Figure 7b) and EDS analysis (Table 1). 
Ettringite was also found in the cracks caused by 
ASR in the cement paste.

c) PC pole with vertical cracks (No. 3); The nee-
dle-like crystals (Figure 7c) were observed in the 
form of cross section of their slices under the elec-
tron microscope, and they were confirmed to be 
ettringite by the EDS analysis (Table 1).

d) Precast concrete product (No. 4); Numerous 
fine cracks (Figure 7d, 7e) were observed in the 
cement paste under the electron microscope. Nee-
dle-like crystals were found filling the fine cracks as 
well as the gaps between aggregate particles and the 
cement paste, and they were confirmed to be ettring-
ite by the EDS analysis (Table 1).

3.2. Fly ash-exposed concrete

3.2.1. Polarizing microscopy

Cracks and scaling were found along the circum-
ference near the surface of the specimen as shown 
in Figure 8a. The cracks were extending along the 
peripheries of aggregate particles into the cement 

Table 1: Results of EDS analysis (%).

No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4
SiO2 2.51 5.94 1.45 0.77 Ca 5.28 4.92 5.67 5.76 
TiO2 0.00 0.04 0.00 0.13 Mn 0.00 0.00 0.00 0.00 
Al2O3 11.38 9.98 10.96 10.00 Mg 0.07 0.02 0.00 0.01 
Fe2O3 0.09 0.00 0.00 0.17 Na 0.04 0.00 0.00 0.01 
MnO 0.00 0.00 0.00 0.00 K 0.01 0.00 0.00 0.02 
MgO 0.33 0.08 0.00 0.04 5.40 4.94 5.67 5.80
CaO 34.35 33.46 35.37 32.80 Si 0.36 0.82 0.22 0.13 
Na2O 0.20 0.00 0.00 0.03 Ti 0.00 0.00 0.00 0.02 
K2O 0.07 0.01 0.00 0.08 Al 1.93 1.61 1.93 1.93 
SO3 26.57 21.73 26.40 22.43 Fe 0.01 0.00 0.00 0.02 
P2O5 0.04 0.00 0.00 0.00 2.29 2.43 2.15 2.10
Cl 0.00 0.00 0.00 0.00 T. cation 7.70 7.37 7.82 7.89
Total 75.54 71.24 74.18 66.45 O 9 9 9 9

S 2.86 2.24 2.96 2.76 
P 0.00 0.00 0.00 0.00 
2Cl 0.00 0.00 0.00 0.00 

2.86 2.24 2.96 2.76
Standardized formulae with theoretical values of the minerals:
EDS 1: ettringite (Ca5.28, Na0.04, K0.01, Mg0.07)5.40 (Al1.93, Si0.36, Fe0.01)2.29 O6 (SO4)2.86•nH2O
EDS 2: ettringite (Ca4.92, Mg0.02)4.94 (Al1.61, Si0.82)2.43 O6 (SO4)2.24•nH2O   
EDS 3: ettringite Ca5.67 (Al1.93, Si0.22)2.15 O6 (SO4)2.96•nH2O   
EDS 4: ettringite (Ca5.76, Na0.01, K0.02, Mg0.01)5.80 (Al1.93, Si0.13, Ti0.02, Fe0.02)2.29 O6 (SO4)2.76•nH2O

https://doi.org/10.3989/mc.2022.15521


Materiales de Construcción 72 (346), April-June 2022, e283. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.15521

Microscopic observations of sites and forms of ettringite in the microstructure of deteriorated concrete • 7

paste. These surface cracks were observed within a 
depth range of about 3 mm from the circumferential 
surface of the specimen. Needle-like crystals were 
found to be present in the cracks under the polariz-
ing microscope (Figure 8b). No ASR was confirmed.

3.2.2. Electron microscopy

The needle-like crystals in the cracks were found 
to intersect at almost right angles each other under 
the electron microscope (Figure 8c). Its composi-
tion was confirmed to be 3CaO•CaCl2•15H2O by 
the EDS analysis (Table 2). The total EDS analy-
sis value of 3CaO•CaCl2•15H2O is low due to the 
presence of water. Like ettringite, some of the bound 
water in 3CaO•CaCl2•15H2O undergoes dehydration 
in the electron microscope, then the actual analysis 
value becomes a little higher than the ideal total of 
CaO+CaCl2 in the ideal equation, which is 50.8%.

4. DISCUSSION

4.1. Estimated deterioration causes and discussion

Excluding the precast concrete product (No. 4), 
all of the floor slab (No. 1), the parapet (No. 2) and 
the PC pole (No. 3) had ASR cracks extending from 
aggregate particles into the cement paste. Ettringite 
formation was confirmed in all of the four samples, 
but none of them had been exposed to external sul-
fate attack.

No cracks were found in the SO3 rich area in the 
floor slab (No. 1). Considering the depth of carbon-
ation, it was likely that sulfate ions were formed 
during decomposition of ettringite in the carbonation 
area, eluted into the pore solution, carried to the in-
side due to concentration diffusion and concentrated 

Table 2: Results of EDS analysis (%).

No.5 No.5
SiO2 0.32 Ca 3.85 
TiO2 0.23 Mg 0.01 
Al2O3 0.1 Na 0.00 
Fe2O3 0.38 K 0.01 
MnO 0 Si 0.03 
MgO 0.1 Ti 0.01
CaO 42.13 Al 0.01 
Na2O 0.04 Fe 0.02 
K2O 0.05 Mn 0.00 
SO3 0.21 T. cation 3.95
P2O5 0.00 O 4
Cl 12.65 S 0.01 
*-O=2C1 2.85 P 0.00 
Total 53.36 2Cl 0.91 

* -O=2Cl (0.2256xCl)
Standardized formula with theoretical values of the minerals:
EDS 5: 3-1-15 crystalline phase (Ca3.85, K0.01, Mg0.01, Al0.01, 
Si0.03, Ti0.01, Fe0.02)3.95 O3 2(Cl)0.91•nH2O

Figure 8: Microscopic images (No. 5): (a) parallel cracks (red arrows) near the core surface; (b) needle-like crystals filling the cracks 
(red arrows); (c) 3-1-15 crystalline phase in the crack. (a, b: plane polarized light; c: BEI).
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there, then used to form ettringite (30). Therefore, the 
main cause of the deterioration is thought to be ASR.

The cause of the cracks in the parapet exposed to 
cold weather (No. 2) was ASR. The scaling of the 
mortar cover can be attributed to frost attack. One 
reason is the absence of entrained air voids in the ce-
ment paste. The sample, which had been exposed to 
freezing and thawing actions during the winter, had 
laminar cracks parallel to the surface where scaling 
was found. These suggested that the ettringite did 
not contribute to formation of cracks, but precipitat-
ed from the soluble components which had leached 
into the cracks due to the freezing and thawing ac-
tions. In deteriorated concretes the formation of 
ettringite is promoted by the migration of the soluble 
sulfates from inside the concrete toward the external 
surface (30).

There was a concern of DEF for the PC pole (No. 
3) which had been steam cured at high temperatures. 
However, observation showed no characteristic find-
ings of DEF, i.e. gaps between aggregate particles and 
the cement paste, and web-like cracks in the cement 
paste (9). The cracks filled only with ASR products 
were likely to have occurred due to a large tensile 
stress acting on the concrete surface as a result of 
ASR expansion of concrete. Formation of ettringite 
was found in cracks that were obviously attributable 
to ASR, which suggested no association with expan-
sion. Replacement of ASR gel by ettringite, leaving 
a texture of original ASR gel within cracks, has been 
reported (31). One of the possible factors of ettringite 
formation was considered to be the high SO3 concen-
tration which was originally high due to the high ce-
ment content in the concrete mix proportions and fur-
ther increased in the inside by the centrifugal casting. 
The other possible factor was the water which could 
enter from the ASR cracks and promoted re-forma-
tion of ettringite (12, 32).

The precast concrete product (No. 4) had been 
used in an area with no influence of freezing and 
thawing actions, and thus frost attack was excluded 
from possible causes. Ettringite was found all over 
the concrete sample, which also excluded the pos-
sibility of the concentration diffusion carrying the 
SO3 from the carbonation area. The precast concrete 
product could have been steam cured during the 
manufacturing process, and the polarizing and elec-
tron microscopic observations revealed the presence 
of gaps between aggregate particles and the cement 
paste, as well as fine cracks in the cement paste, and 
both of which were found filled with ettringite. Con-
sequently, DEF was highly likely to be the cause of 
deterioration.

4.1.2. Deterioration causes of the incineration fly 
ash-exposed concrete

As one of the concrete deterioration phenomena 
caused by deicing salt, chemical deterioration is 

known to occur in concrete immersed in a highly 
concentrated solution of CaCl2 of 30°C or below, 
being accelerated by the action of dry and wet cy-
cles (33). One of the possibilities for the deteriora-
tion of concrete is the leaching of Ca(OH)2 from ce-
ment paste making the paste porous (29). The other 
possibilities is the crystal growth pressure caused by 
the formation of 3CaO•CaCl2•15H2O (hereafter, the 
3-1-15 crystalline phase), which is formed by the re-
action of Equation [1] (18):

3Ca(OH)2 + CaCl2 + 15H2O → 3CaO•CaCl2•15H2O	  [1]

The 3-1-15 crystalline phase is considered to 
result in volumetric expansion to about two times 
Ca(OH)2, pressure of which acts on the hardened 
concrete and ultimately causes expansion failure 
(33).

Reported strain of the precast container indicated 
expansion in winter and overall contraction in oth-
er seasons (33). Therefore, the reason of the paral-
lel cracks at the concrete surface can be attributed 
to frost attack due to the freezing and thawing and 
combined formation of the 3-1-15 crystalline phase 
within cracks.

4.2. Importance of microstructural observation 
using microscopes

Ettringite and the 3-1-15 crystalline phase are 
double salts which are formed in concrete contain-
ing Ca(OH)2, and both can cause deterioration of 
the concrete. Similar to ASR, formation of 3CaO•-
CaCl2•15H2O directly causes volumetric expansion 
and concrete deterioration, and The substance caus-
ing the expansion can be clearly observed. By con-
trast, in DEF which occurs upon supply of moisture 
after exposure to elevated temperatures, concrete 
expansion is caused by secondary ettringite which is 
formed in the cement paste. The secondary ettring-
ite is so fine and unstable (1) that it cannot be ob-
served in the magnification ranges of polarizing or 
electron microscopes. What is actually observed 
microscopically is considered to be the ettringite 
that has formed by solution and re-precipitation in 
cracks or gaps between aggregate particles and ce-
ment paste caused by expansion of cement paste (1), 
and trace of which is the determining factor of DEF 
in the microstructure observation. Therefore, it is 
inappropriate to make judgement on DEF, without 
microstructural observation, based only on detection 
of ettringite by electron microscopy and EDS anal-
ysis in a microscopic area of concrete or by powder 
X-ray diffractometry using finely ground samples. 
The microstructure observation in a wider view by 
polarizing microscopy is essential to determination 
of concrete deterioration causes, and its combined 
use with electron microscopy and EDS analysis is 

https://doi.org/10.3989/mc.2022.15521


Materiales de Construcción 72 (346), April-June 2022, e283. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.15521

Microscopic observations of sites and forms of ettringite in the microstructure of deteriorated concrete • 9

important for examining fine cracks and locating and 
assaying the products. 

It has been known that factors that contribute to 
stable formation of ettringite include temperatures 
and alkali ion concentration, and that ettringite de-
composes to produce monosulfate at elevated tem-
peratures and at high alkali ion concentrations (34). 
For the estimation of ettringite formation factors, it 
is necessary to make comprehensive consideration 
with the depth of carbonation, concrete mix propor-
tions, curing conditions and various environmental 
conditions taken into account.

5. CONCLUSIONS

In this study, causes of deterioration of sever-
al samples concrete with cracks, produced under 
no external sulfate attack and exhibiting ettringite 
formation in the texture were determined. Authors 
claim the microstructure observation by polarizing 
microscopy as an essential step to determination of 
concrete deterioration causes, and its combined use 
with electron microscopy and EDS analysis, that is 
important for examining fine cracks and locating and 
assaying the products. They find also important in 
determining DEF, take into account the occurrence 
of previous damage due to ASR and frost attack. 
There is no such collection and presentation of cas-
es that can be easily misinterpreted as DEF, and the 
importance of determining DEF after confirming 
degradation phenomena other than DEF was demon-
strated. In addition, we raised awareness of the fact 
that DEF is easily determined.
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