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ABSTRACT 

 
A systematic petrographic examination, involving optical and scanning electron microscopy, x-ray 
microanalysis, and x-ray diffraction is needed for diagnosing evidence of delayed ettringite formation 
(DEF) and alkali-silica reaction (ASR) in a concrete.  The present article provides an interesting case 
study of combined occurrence of both mechanisms in a concrete sample, not from the field, but from a 
left-over concrete pile in a precast concrete plant, which showed spectacular development of cracks 
from internal expansion due to DEF and ASR. The study diagnosed characteristic microstructural 
evidence of DEF and ASR, e.g., (a) characteristic patterns of microcracks formed due to DEF and ASR, 
(b) gaps or peripheral separations around aggregate particles, indicating expansion of paste relative to 
aggregates, (c) secondary ettringite deposits in gaps and cracks, and (d) alkali-silica reaction gel in 
cracks, paste, reactive aggregate margins, and voids.  The combined microstructural evidence, from 
both mechanisms, was used to diagnose the occurrence of ASR prior to DEF.     
 

 
INTRODUCTION 

 
Delayed ettringite formation (DEF) is a type of internal sulfate attack originally discovered in some 
heat-treated, precast concretes [1].  Heat-treatment above a certain temperature (65 to 70˚C) 
reportedly either destroyed ettringite that formed prior to the heat curing [2], or suppressed the 
normal ettringite formation during cement hydration by eliminating the set regulating sulfate-
aluminate reaction [3] and forcing the sulfates to be absorbed into the calcium silicate hydrate [1-3].  
Subsequent continuous or intermittent exposure to moisture slowly released these sulfates at a later 
age as delayed ettringite and caused expansion and distress in the concrete due to one or a 
combination of the following reported mechanisms: (a) in situ nucleation and growth of ettringite in 
hardened paste creating expansion and stresses [4, 5], (b) nucleation of ettringite to the tip zones of 
pre-existing microcracks thus creating stresses widening cracks [6, 7], and (c) widening of pre-existing 
cracks due to precipitation, growth, and possible swelling of ettringite by water adsorption [3, 8].  It is 
also reported that the characteristic occurrence of ettringite circumscribing the aggregate particles is a 
result of paste expansion rather than being the cause [9].  The distress is typically manifested as map 
cracking and loss of strength in concrete.     
 
Later, non-heat treated, cast-in-place concretes made using portland cements having higher-than-
normal sulfate levels (i.e., > 3 to 4 wt% SO3 and SO3/Al2O3 ratio > 0.45) were reported to have similar 
distress [10].   The high sulfate can be from gypsum in portland cement, alkali sulfates in clinker, or 
sulfates as interstitial impurities in alite and belite phases [10, 11].  The cause of the distress was 
suggested to be similar to that of heat-treated concretes.  The low and/or slow solubility of some 
cement alkali sulfates in water and of sulfates that were trapped into the calcium silicate phases cause 
entrapment of sulfate ion into the hydration products; subsequent exposure to moisture releases these 
sulfates and causes distress by one or more of the above-mentioned mechanisms, such as by nucleation 
and growth of ettringite in confined spaces in the hardened paste [3, 10].  In subsequent studies, heat 
treatment above 70˚C and high cement sulfate levels are both considered as the causes for DEF [12].   
The former mechanism can be considered as ‘thermal DEF’ and the latter as ‘chemical DEF’. 
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In a state-of-the-art review of DEF-related case studies [3], Collepardi mentioned that moisture, 
microcracking, and late release of sulfates are the three pre-requisites of DEF.  Moisture is a common 
ingredient not only for DEF but also for ASR.  In ASR, cement alkalis (i.e., hydroxyl ions) react with 
reactive silica components in many siliceous aggregates and form either a calcium-rich and/or an 
alkali-rich alkali-silica gel; the gel absorbs moisture, swells, and causes expansion and subsequent 
cracking in the concrete.  Alkali-silica reaction (ASR) is a plausible mechanism of formation of 
microcracks in concrete; and there are many incidences of simultaneous occurrences of ASR and DEF, 
especially in many precast railroad ties [13, 14, 15, 16].   In fact, in many cases concretes previously 
diagnosed with ASR were later found to also have evidence of DEF.  The present paper reports such an 
example where evidence of ASR and DEF are juxtaposed in a severely cracked concrete sample from a 
precast concrete plant that was exposed to an outdoor environment for several years.  
 
 

SAMPLE AND METHODOLOGY 
 
A section of a severely cracked, 6-in. long, concrete cylinder was received for petrographic 
examinations.  The cracks have a polygonal-shaped pattern on the surface of the cylinder.  The sample 
was reported to be from a leftover pile in a precast concrete plant that was exposed to an outdoor 
environment, including intermittent rain, for several years.  The reported mix design of the concrete for 
the pile contains 6 bags of ASTM Type III portland cement per cubic yard, a water-cement ratio of 
0.40, and a coarse aggregate factor of 0.74.     
 
The sample was examined using the methods of ASTM C 856, "Standard Practice for Petrographic 
Examination of Hardened Concrete."   The procedures used include: (a) detailed visual examinations of 
the sample, as received; (b) examinations of freshly fractured surfaces and lapped sections of sample by 
using a stereomicroscope; (c) examinations of oil immersion mounts and thin-sections of sample by 
using a petrographic microscope; (d) examinations of polished sections and powder mounts in a 
scanning electron microscope with energy-dispersive x-ray microanalysis (SEM-EDS); and (e) X-ray 
diffraction (XRD) analyses of mortar fractions of concrete extracted from the sample.   
 
Figure 1 shows the lapped section, thin sections, and polished sections of concrete cylinder that were 
used for petrographic examinations.  Three 2 × 3 in. (50 × 75 mm) thin sections, from the top, middle, 
and bottom of the cylinder were prepared from a 1/4-inch thick longitudinal saw-cut slice of the 
cylinder, which was vacuum impregnated with a blue dye mixed epoxy.  After impregnation, the slice 
was further sectioned into two 1/8-in. thick halves by sectioning through the middle with a continuous 
rim ultra-thin diamond blade.  After the second sectioning, it was noticed that the dye-mixed epoxy 
had preferentially penetrated deep into the 1/4-in. thick slice through the pre-existing cracks and gaps 
around many coarse aggregate particles.  One of those two slices was further reduced into three equal 
rectangular pieces for fitting in three 50 × 75 mm glass slides.   
 
The mated slices of the thin-sections and six additional 11/2-in. square slices (1/8-in. thick) were polished 
for scanning electron microscopical examinations with ancillary energy-dispersive spectroscopy.  
Remaining portions of the cylinder were used for the preparation of lapped and fresh-fractured 
sections and several oil immersion mounts.   
 
Additionally, interstitial mortar fractions were carefully separated from the concrete and analyzed for 
x-ray diffraction (XRD) in a Rigaku Gigaflex X-ray Diffractometer by using Cu Kα radiation at 30mA-
40kv current-voltage conditions.    
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Figure 1: Lapped cross section (left photo), thin sections (middle photos), and polished sections 
(right photos) of concrete used for examinations in a stereomicroscope, petrographic microscope, 
and scanning electron microscope, respectively.  Arrows in the lapped section indicate gaps 
around coarse aggregate particles.  Circles in thin-sections are areas from where ASR gels were 
analyzed.  

 
 

PETROGRAPHIC EXAMINATIONS 
 
Aggregates – The concrete contains natural gravel coarse aggregate and natural siliceous-calcareous 
sand fine aggregate, having nominal maximum sizes of 11/2 and 3/8 in., respectively.  The coarse and fine 
aggregates contain the following lithologies: 
 
 

Coarse Aggregate (Gravel) Fine Aggregate (Sand) 
 

Limestone (Calcitic, Biogenic, Siliceous, and 
Carbonate mudstone) 
Dolomite 
Chert*, Chalcedonic Chert* 
Dolomitic Chert* 
Strained* and Unstrained Quartzite 
Granite  

Strained* & Unstrained Quartz & Quartzite 
Feldspars 
Chert (microcrystalline variety)* 
Limestone with quartz inclusions 
Chalcedony*, Chalcedonic chert* 
Limestone and Dolomite 
Dolomitic Chert* 
Sandstone with Chalcedonic Cement* 
Volcanic Rock (Trachyte)* 

The particles with asterisks are potentially alkali-silica reactive.  Thin-section photomicrographs of some of the 
reactive coarse and fine aggregate particles are shown in Figure 2.   
 

PROCEEDINGS OF THE THIRTIETH CONFERENCE ON CEMENT MICROSCOPY, APRIL 20 TO 24, RENO, NEVADA, USA 2008



4 
 

 
Figure 2: Thin-section photomicrographs of some alkali-silica reactive particles – strained quartz 
in fine aggregate showing undulose extinction (top left), chalcedonic chert in fine aggregate 
(top right), volcanic rock ‘trachyte’ in coarse aggregate (bottom left), and chalcedony inclusions 
in dolomitic chert in fine aggregate (bottom right).  The widths of the photos are from 1.5 to 5 
mm.  

 
Limestone contains pure calcitic, biogenic (fossiliferous), and siliceous varieties, and carbonate 
mudstone.  Pure calcitic limestone contains 50 to 100 μm sized calcite crystals in a mosaic texture; 
biogenic limestone contains ostracod and molluscs fossils in a fine, micritic matrix; siliceous limestone 
contains a few small (< 100 μm), rounded inclusions of quartz; and carbonate mudstone is a very fine 
grained micrite containing calcite, dolomite, quartz, and clay.   Individual particles are light to medium 
grey, brown, angular to subangular, equidimensional to elongated, massive textured, medium grained, 
hard, and unaltered.  Many particles are cracked - the cracks are either marginal (i.e., near the 
periphery of the particles), or transecting an entire particle.   
 
Dolomite contains rhombohedral dolomite and calcite crystals that are finer and fewer in abundance 
than limestone. 
 
Chert occurs as microcrystalline quartz often containing chalcedonic veins and inclusions (Figure 2, top 
right).  Particles are light to dark grey, brown, moderately hard to moderately soft, subangular to 
rounded, and many are cracked.  
 
The dolomitic chert particles have rhombic and irregularly shaped crystals of dolomite and calcite in a 
fine-grained matrix of chert; some chert particles contain chalcedony inclusions (Figure 2, bottom 
right).  Some particles have marginal cracks (Figure 3).   
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Figure 3: Microcracks in alkali-silica reactive particles: top left = a crack in a dolomitic chert 
particle filled with ASR gel; top right = cracks in a chert particle that have extended into paste; 
bottom left = marginal crack in a chert particle; bottom right = marginal crack in a dolomitic 
chert particle.  Field width of each photo is 0.3 mm except the bottom left one, which is 0.6 mm.  

 
 
Quartzite grains consist of tightly interlocked, equigranular, irregularly shaped, angular crystals of 
quartz, some of which are severely strained (Figure 2, top left).  Individual quartz grains in the sand are 
clear, light grey to brown, subangular to rounded, and often transected by cracks; many have partial 
or complete gaps around them.  A few sandstone and feldspar grains are present in the fine aggregate.  
There is a deficiency of some finer and intermediate sizes of the coarse aggregate, thus the total 
aggregate grading is poor.   Both coarse and fine aggregates were well distributed.  Both coarse and 
fine aggregates contain many unsound particles as evidenced by their participation in alkali-silica 
reaction.   
 
Paste – Paste is light brown, moderately hard to moderately soft.  Freshly fractured surfaces have 
subconchoidal fractures and subtranslucent vitreous lusters.  Residual portland cement particles are 
estimated to constitute 8 to 10 percent of the paste volume.  Distributed throughout the paste are fine, 
stout, lath-shaped, platy, and patchy crystals of calcium hydroxide components of portland cement 
hydration that constitute 10 to 12 percent of the paste volume. Meagerly distributed in the relatively 
porous areas in the paste are deposits of ASR gel and ettringite where the ettringite crystals are 
randomly oriented.  The textural and compositional features of the paste are indicative of a water-
cement ratio estimated to be 0.50, which is significantly higher than the reported design value of 0.40.   
The degree of portland cement hydration is normal.  
 
Air-Voids – Air occur as a few spherical and near-spherical having sizes up to 0.5 mm and some 
irregularly shaped voids of sizes up to 2 mm.  The air-void system is characteristic of a non-air-
entrained concrete.   
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Secondary Deposits - Lining the walls of spherical air voids and within many microcracks are (a) 
small, acicular, and fibrous crystals of secondary ettringite where the fibers orient perpendicular to the 
void or crack wall and (b) alkali-silica reaction gel.  These deposits are further described in the 
following sections.   
 

EVIDENCE OF ASR AND DEF 
 
ASR Gel – Alkali-silica aggregate reaction is evidenced by the presence of alkali-silica reaction gel in 
the following locations:  
 

(a) In air voids (Figure 4),  
(b) In cracks transecting the aggregates, paste, and voids (Figures 4 and 5),  
(c) Intermixed in the paste giving a patchy, dense appearance to the paste (Figure 4),  
(d) Around some aggregate particles as rims of gel (Figure 5), and  
(e) Within the peripheral cracks in some unsound particles (Figure 4).   

 
The gel-mixed paste is dense and dark brown in the thin-section and is associated with the 
characteristic, fine shrinkage microcracks of gels.  It has also occurred as rims around some coarse 
aggregate particles where it has a layered arrangement of isotropic and birefringent varieties (Figure 
4, bottom photos).   
 
Energy-dispersive X-ray elemental analysis in a scanning electron microscope detected the presence of 
calcium-potassium-silica gels (Figure 5).  Both massive and layered structured, and optically isotropic 
and birefringent (i.e., microcrystalline) varieties of gels are present (e.g., see Figure 4, bottom left 
photo). 
 

 
Figure 4: Evidence of ASR.  Top left = ASR gel in an air void.  Top right = Migration and 
deposition of ASR gel from a reactive chert particle, through a crack, to a neighboring air void.  
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Bottom left and right = ASR gel as reaction rim around limestone particles; the gel at left has a 
layered arrangement of birefringent and isotropic varieties as shown by the red arrows; the gel 
at right has numerous characteristic shrinkage microcracks that are highlighted by the blue 
dye-mixed epoxy.  Field width of each photo is 0.5 mm.  

 

Figure 5: Scanning electron micrograph and x-ray elemental spectra of potassic alkali-silica gel associated with 
cracks in reactive aggregate particles.  In each photo, the right micrograph is an enlarged view of the boxed area 
in the left micrograph and the EDS spectrum is of the small boxed area in the right micrograph marked with an 
arrow.   
 
Cracks – Several types of cracks are diagnosed in the sample (e.g., see Figures 3, 4, 5, and 8).  
Examples include:  
 

(a) Cracks that transect the aggregates - sometimes originated from aggregates and extended    
into paste (Figure 3);  

(b) Peripheral cracks within some potentially alkali-silica reactive aggregates (e.g., chert, 
chalcedonic chert) that are near and parallel to their margins and are indicative of the direct 
expansion of aggregates (Figure 3);  

(c) Networks of subparallel or randomly distributed microcracks in the paste that are filled with 
ettringite (Figure 8);  

(d) Irregular, polygonal, shrinkage microcracks within ASR gel (Figure 4);   
(e) Cracks along the aggregate-paste interfaces (Figure 7, top left photo).  These cracks are up to 

1.5 mm in width; and, 
(f) Microcracks in the paste (Figure 8), which may have formed by ASR, or drying shrinkage, or 

DEF, or, may have originated by ASR and/or drying shrinkage, and later widened by DEF.  
 
Peripheral Separations Around Aggregates – Peripheral separation indicates a partial or 
complete separation, or ‘gaps’ around many coarse and fine aggregate particles, due to expansion of 
the paste relative to the aggregate (see Figures 6 and 7).  This is different from the peripheral ‘cracks’ 
within some alkali-silica reactive aggregates that have formed due to the expansion of those reactive 
particles relative to the paste (e.g., as shown in Figure 3).   
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Figure 6: Evidence of DEF – Gaps around some coarse aggregate particles, highlighted by red arrows and blue 
dye-mixed epoxy that has penetrated deep into the concrete through these gaps during the vacuum 
impregnation process.  The width of the photo is 3-in.  
 
 
 

 
Figure 7: Evidence of DEF – Thin-section photomicrographs showing gaps around some fine aggregate particles 
(highlighted by red arrows) – some gaps are partially or completely filled with ettringite.  Ettringite crystals in 
gaps are not always distinct in some photos at the present magnifications.  Field width of each photo is 0.3 mm.  
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Figure 8: Thin-section photomicrographs showing parallel (left photo) and random (right photo) microcracks in 
paste filled with ettringite.  In all cases, ettringite fibers orient perpendicular to the walls of the cracks.  Widths of 
the photos are 0.3 mm for the left photo, and 3.5 mm for the right photo.  
            
It is suggested by some [9, 16] that the widths of the ‘gaps’ around the aggregate particles are 
proportional to the sizes of the particles, and that the paste around a gap forms a direct replica of the 
corresponding aggregate surface – these two featured are expected from a homogeneous expansion of 
the paste relative to the aggregate.  No such direct correlation, however, was found in this study 
between the gap width and the aggregate size (see Figure 9).  Also, the separations, although 
replicating the aggregate surfaces, were partial around many particles.  These features are indicative 
of a heterogeneous, asymmetric expansion of the paste due to various restraints from the aggregate 
particles.  In Figure 9, the maximum separations around the fine aggregate particles were measured in 
three thin-sections and plotted against the nominal maximum sizes of the particles - only those 
particles were chosen where the gaps around the particles were complete.  The peripheral separations 
are either empty, or, partially or completely filled with ettringite and/or ASR gel.  The hypothesis that 
the gaps are the direct result of in situ formation of acicular ettringite crystals around aggregates that 
have “pushed” the paste away from the aggregate surface [11] cannot explain the presence of empty 
gaps (adjacent to the ettringite-filled gaps) around some aggregate particles.  Empty gaps would 
indicate direct expansion of the paste away from the aggregates, thus forming the space for the 
precipitation of ettringite.     
 
Ettringite In Peripheral Separations – Depending on the width of the separations (i.e., available 
space for growth), ettringite crystals in peripheral separations are either oriented parallel to, or 
perpendicular to the walls of the separations around the aggregate particles.  They have grown along 
the paste-ward side of the separation and, in a few locations, along the aggregate surface.  These 
ettringite deposits in gaps around the aggregates, and the ones in cracks are traditionally being 
described as the characteristic microstructural features of concrete that have been distressed by DEF.  
Many of these deposits may indeed be the secondary ettringite precipitated from a supersaturated 
solution in voids, and in cracks previously formed by ASR.  The ettringite precipitates in gaps around 
some quartz sand fine aggregate particles have obscured the sharp boundaries of the particles (see 
Figures 7 and 9).  Figure 10 shows an x-ray diffraction pattern of minus 200 sieve (i.e., < 75-μm size) 
mortar fraction of concrete, which shows characteristic diffraction peaks of ettringite.    
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Figure 9: Shown is the plot of the width of the gap versus the size of the aggregate particles, in 
millimeters.  For elongated particles, the size represents the maximum width; for spherical 
particles size is the diameter.  The maximum gap width was measured.  The inset shows one 
such plot where a quartz sand fine aggregate particle is surrounded by ettringite crystals in the 
gap.   

 

 
Figure 10: X-ray diffraction pattern of the mortar fraction of concrete pulverized down to 
minus 200 sieve (< 75 μm).  
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SUMMARY OF MICROSTRUCTURAL EVIDENCE OF ASR AND DEF 
 

Figure 11 shows some typical microstructural features in the sample due to ASR.  Following is a list of 
some commonly reported microstructures [17] that were identified from petrography: 
 

• Massive and layered structured, optically isotropic and birefringent varieties of alkali-silica 
reaction gel in cracks, voids, porous areas of paste, and surrounding some aggregates (e.g., 
Figure 11, top photos);  

• Cracks from reactive aggregates extending into paste (Figure 11 bottom left photo);  
• Marginal cracks in some potentially reactive aggregates;   
• Reaction rim, a common microstructural feature of ASR was not frequent.  Some siliceous 

limestone and dolomitic chert particles in the aggregates have dark rims of gel that have the 
characteristic shrinkage cracks (Figure 11 bottom right photo) of ASR gel; such rims commonly 
partially circumscribed the aggregate particles.   

 

 
Figure 11: Microstructures of ASR – massive and layered ASR gel in cracks and voids shown in top left and right 
photomicrographs, respectively.  Layered gel shows isotropic and birefringent varieties of gel (marked as 1, 2, and 
3 in the top right photo).  The bottom left photo shows cracks transecting the reactive aggregate and paste.  The 
bottom right photo shows isotropic ASR gel as a reaction rim in a reactive limestone particle that contains 
chalcedonic inclusions. The widths of the photos are from 1.5 to 3 mm. 
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Microstructural evidence of DEF include [1, 2]:  
 

• The presence of peripheral separations around many coarse and fine aggregate particles (e.g., 
see Figure 12 top photos); and,  

• The presence of ettringite in many of those separations, as well as ettringite in cracks (Figure 12 
bottom left and right photos). 

• In situ formation of microcrystalline ettringite in the confined spaces in the paste is reported by 
some as the mechanism of expansion of paste.  Such ettringite in the paste is difficult to 
determine in the matured concrete due to the dissolution of those fine crystals and re-
precipitation in cracks, voids, and gaps, or, due to their possible close, intermixed association 
with ASR gel in the paste.   The only possible evidence of such destructive ettringite are in the 
calcium-sulfur-aluminum peaks in the random scan of the paste in the SEM, and fine ettringite 
crystals in the oil immersion mounts of bulk paste away from the aggregate-paste interfaces.   

 
Evidence of DEF (i.e., gaps around aggregate particles due to paste expansion) is more common in the 
sample than that of ASR (i.e., gel).  
 

 
Figure 12: Microstructures of DEF – peripheral separations around coarse and fine aggregate particles (top left 
and right photos, respectively) and the presence of ettringite in many of these gaps; and microcracks in paste that 
are lined or filled with ettringite.  The widths of the photos are from 1.5 to 8 mm.  
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EVIDENCE OF MASS MIGRATION AND MOISTURE ACTIVITY IN CONCRETE 
 

The following microstructural features indicate migration of materials through pore solutions and 
precipitation in open or porous spaces in concrete, which are indicators of the prolonged presence of 
moisture in concrete – an essential prerequisite for both DEF and ASR to occur (Figure 13):  
 

(a) Precipitation of ASR gel in voids and cracks away from the reactive particles (Figure 13, top 
left); 

(b) Migration of ASR gel from peripheral cracks in unsound aggregates to neighboring air voids 
through some fine cracks connecting the two (Figure 13, bottom right);  

(c) Migration of gel from aggregates, or from peripheral cracks in unsound aggregates into the 
paste forming a fan-shaped delta of gel;  

(d) Isolated patches of gel-mixed, densified areas in the paste that are also associated with 
shrinkage microcracks of gels; 

(e) A gel-filled void that has been punctured by a crack, and later the crack became filled with 
secondary ettringite oriented perpendicular to the crack walls (Figure 13, top right); and, 

(f) Transport of gel from a potentially reactive to a sound aggregate particle through a series of 
intervening cracks (Figure 13, bottom left). 

 

 
Figure 13: Evidence of migration of ASR gel and secondary ettringite in concrete through cracks.  The migrations 
are not an artifact of sample preparation because the textures were preserved by epoxy-impregnation prior to 
sectioning.  Field width of each photo is 0.5 mm.  
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SEQUENCING ASR AND DEF FROM PETROGRAPHY 
 

Determining the sequence of appearance of DEF and ASR in concrete is a common concern in 
diagnosing whether ASR has led to DEF, or vice versa.  One of the reasons for such a concern is to 
determine the relative responsibilities of various parties involved, e.g., aggregate suppliers, cement 
suppliers, and precast manufacturers.   
 
In the present petrographic study, there are two distinct textural evidence that indicate the 
appearance of ASR prior to DEF: 
 

(a) The first one is the cross-cutting relationships of textural components, where a component 
dissected by another one is older than the one dissecting.  This is similar to the cross-cutting 
relationship used in age determination in geology (e.g., a vertical dike cross-cutting across a 
series of horizontal rock formations is younger than all the rocks).  The top right photo in Figure 
13 shows an air-void containing ASR gel dissected by a crack that contains secondary ettringite 
– this is an indication that ASR gel precipitation has occurred prior to the precipitation of 
ettringite in the crack.   
 

(b) Another powerful evidence is that ettringite crystals in parallel microcracks that are indicated 
by some as evidence of DEF are, in fact, simple precipitates in open spaces from a 
supersaturated solution rather than the cause for the cracking.  The systematic arrangement of 
stack after stack of ettringite fibers in perfectly perpendicular orientation to the crack or void 
walls can only be obtained from innocuous, benign precipitation from a supersaturated 
solution without experiencing any significant force of crystallization.  Ettringite in those cracks 
did not form in any destructive way, nor did it initiate those cracks.  ASR is the most plausible 
mechanism to cause those cracks, which were later filled with secondary ettringite.  Deleterious 
(i.e., in situ) ettringite formation in the confined spaces in paste (e.g., due to DEF) do not show 
a systematic pattern of arrangement. 

 
A plausible scenario of the sequence of events in the present study is: (a) ASR, (b) microcracks due to 
ASR, (c) supply of moisture through the microcracks to cause DEF in the paste, (d) paste expansion by 
DEF, (e) dissolution and reprecipitation of ettringite (as secondary ettringite) in voids, microcracks, and 
gaps around the aggregates.  The textural evidence support the appearance of ASR prior to DEF.     
 
 

PREREQUISITES OF ASR AND DEF  
 

There are five pre-requisites for ASR and DEF to occur in a concrete - all of which are indeed needed 
together for both mechanisms.  For ASR, they are (a) moisture, (b) high alkali, and (c) reactive 
aggregates.  For DEF, they are: (a) moisture, (b) microcracking, and (c) late release of sulfates in 
hardened concrete [3].  High alkali, a necessary requirement for ASR, is reported to also promote DEF 
[5, 6].   DEF from alkali sulfates in cement, on the other hand, is reported to release alkalis that 
promote ASR [11].  Commonly, high alkali is contributed by the cementitious materials used; however, 
it can also come from aggregates, admixtures, and mixing water.  Figure 14 shows all five mandatory 
conditions for ASR and DEF in concrete, as well as their common microstructures, and their effects on 
the mega structure.     
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Figure 14: ASR and DEF in Concrete – A Holistic Approach.  Each mechanism requires three mandatory conditions 
to be fulfilled.  Moisture is the common requirement for both.  Also shown are the typical microstructures of ASR 
and DEF, and their deleterious effects in concrete.  

 
Precipitation of secondary ettringite (and ASR gel) in air voids is indicative of exposure of the concrete 
to moisture for a prolonged period – it does not indicate DEF.  The sources of moisture are internal 
(concrete’s inherent moisture), as well as external.  Occurrence of ASR gel is the direct indication of the 
fulfillment of the prerequisites for ASR. That ASR has caused at least some cracks in concrete is evident 
by marginal cracks in reactive aggregate particles.  Cracks are also present as random networks of 
microcracks in the paste, transecting the aggregates, and along the aggregate-paste interfaces.  
Microcracks, however, can also be present along the aggregate-paste and other interfaces having 
weak mechanical bonds; in other cases (not related to this study) it can also form during and after heat 
treatment, or by other means such as drying shrinkage, cyclic freezing, dynamic load, fatigue, and the 
prestressing process [2].  Partial or complete separation of the paste around some aggregate particles is 
due to direct expansion of the paste -- either due to localized formation of ettringite in the paste, or 
due to the manner of heat-treatment.  The force of nucleation and subsequent growth of ettringite in 
a confined space in hardened concrete can be significant enough to cause expansion and cracking.  The 
late release of sulfate is evidenced by the occurrences of ettringite within the microcracks in the paste 
(Figure 8) and in gaps around aggregate particles (Figure 7) where ettringite crystals are oriented 
either perpendicular or parallel to the separations depending on whether or not the separations are 
open or tight.            
 

CONCLUSIONS 
 

A systematic petrographic examination, involving optical and scanning electron microscopy, x-ray 
microanalysis, and x-ray diffraction studies is needed for diagnosing ASR and DEF in concrete.  The 
present article provides a case study to show an example of such an approach.  
 
The deteriorated concrete in the present study, fortunately, was not from a structure in service, but 
from a leftover pile of unused concrete samples in a precast plant.  Nevertheless, the sample provided 
an excellent exercise of the use of petrography in diagnosing causes of concrete cracking by using 
various microstructural evidence.   
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According to some researchers, DEF creates microcracks and releases alkalis that promote ASR [11]; 
while others believe that steam curing that induces DEF also increases the potential for alkali-silica 
reactivity of some aggregates [17].  In spite of these conflicting arguments about whether or not DEF 
causes ASR, or vice versa, the fact that both have occurred is indicative of the fulfillment of all five 
prerequisites that are mentioned above.  Evidence of mass migration and precipitation of secondary 
deposits indicate that the moisture, the common ingredient of both ASR and DEF, was present for 
prolonged periods.  Textural evidence indicated that ASR caused microcracks, late release of sulfates 
caused DEF and paste expansion, and later dissolution and reprecipitation of ettringite due to 
prolonged exposure to moisture caused filling of the cracks and gaps around aggregates by secondary 
ettringite.   
 
A tight control on cement alkali and sulfate levels (a set maximum SO3 limit in ASTM C 150, [18]), a 
control on the temperature and manner of heat treatment, aggregate quality control or beneficiation, 
control of cracking, tightening of aggregate-paste and other interfaces by using pozzolans, and most 
importantly a control of moisture movement into the concrete are the essential requirements to 
improve concrete durability against ASR and DEF.      
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