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Abstract

This article describes phenomena typical of those observed in concrete flatwork exposed to sulfate soils, which had been

undergoing sulfate attack. In particular, the spatial distribution of sulfate-containing phases as a result of the ingress of ground water is

discussed. Intrusion of sulfate from ground water resulted in the formation of zones of ettringite and gypsum. These zones formed in

response to the sulfate gradient. Because the high permeabilities are typical of the concretes examined, significant amounts of the

intruding sulfate accumulated near the top surfaces of the concretes where they were available to form gypsum. As a consequence, the

microstructures of these concretes are characterized by zones of gypsum near the top and bottom surfaces, zones of ettringite adjacent

to these, and central zones of monosulfate and Friedel's salt. The latter formed due to the ingress of chloride. Because of their high

permeabilities, the use of sulfate-resisting cement alone was insufficient to protect these concretes from sulfate attack. D 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Sulfate attack of concrete is a well-documented phe-

nomenon. Sulfate attack associated with exposure to sul-

fate soils is well recognized in North America [1] and in

the Arabian Gulf [2±4]. As such, the state of knowledge

regarding the processes responsible for sulfate attack have

been periodically reviewed. Notable among reviews are

those by Thorvaldson [5], Swensen [6], and Mehta [7].

Consistent among these reviews and the extensive litera-

ture on the subject is the view that sulfate attack is caused

primarily by the formation of ettringite and secondarily by

that of gypsum.

It is generally recognized that sulfate ingress will result

in concentration gradients in concrete [8]. An interesting

example of this is a recent analysis of the distributions of

sulfates in concretes exposed to a combination of sulfate

soils and sulfates generated by the oil fires in Kuwait [9].

However, the effects of these gradients on the distributions

of sulfate-containing phases in concretes exposed to sulfate

soils do not appear to have been analyzed in any detail. In

highly permeable concretes, these distributions are strongly

influenced by the presence of evaporate fronts.

The proportion of sulfate added during cement manufac-

ture is based on two factors. Sufficient sulfate must be

present to avoid flash set. Alternatively, the proportion

added must be less than that required for ettringite formation

to continue to any substantial degree after the concrete has

hardened. Thus, the average molar ratio of SO3 to Al2O3 in

Type I cement is 0.6 [10], although it may be higher in low

C3A cements. This ratio precludes the presence of gypsum

in normal, mature concrete. The molar ratio of SO3 to Al2O3

of 3 in ettringite also suggests that it should not be present

after the cement paste has achieved a substantial degree of

hydration. Rather, equilibrium considerations suggest the

available sulfate should be present as monosulfate [11,12]. It

is not abnormal, however, to observe some ettringite in

mature concrete [13]. Occasionally, ettringite can be found

to have recrystallized in locations, such as large air voids,

where cyclic wetting and drying occur. Thus, a typical

microstructure of normal concrete as viewed in polished
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section by SEM will contain occasional ettringite in air

voids. AFm and residual calcium aluminates will be dis-

tributed throughout the paste [13].

When concrete is subjected to an external source of

sulfate, a variety of phenomena can occur. Assuming the

concrete is relatively mature, the AFm and other alumi-

num-containing hydrates present convert to ettringite. In

the event that the cation associated with the intruding

sulfate is Na, K, or Mg, ettringite formation requires a

supplementary source of calcium. Thus, the formation of

ettringite decalcifies the cement paste according to reac-

tion (1):

3CaO � Al2O3�CaSO4�12H2O� 2Ca�OH�2 � 2Me
x
SO4

)H2O
3CaO � Al2O3�3CaSO4 � 32H2O� 2Me�OH�y �1�

if Me = Na or K, x = 2 and y = 1; if Me = Mg, x = 1 and y = 2.

If the cation is Na or K, Me(OH)y is NaOH or KOH.

Because these are highly soluble, the pH increases as a

result of decalcification. Alternatively, if Me is Mg,

Mg(OH)2 forms and the pH decreases. With the ingress of

sufficient sulfate, available sources of alumina will be

exhausted and additional ettringite cannot readily form.

Gypsum forms instead. Because of the existence of sulfate

concentration gradients, gypsum can be forming at one

location while ettringite formation may still be occurring

at another.

The reactions that may occur due to sulfate ingress are

not limited to these well-documented phenomena. In the

event of magnesium sulfate intrusion, Mg-containing com-

pounds other than Mg(OH)2 may form [14]. Depending on

the rates of transport and the presence of evaporative

surfaces, a portion of the alkali sulfates will pass through

the concrete pore structure and produce effloresence at these

evaporative surfaces. In addition, alkali sulfates may pre-

cipitate internally in the concrete.

This article documents the observation of these phenom-

ena in field concretes subjected to sulfate attack. In

particular, the observations made in the microstructural

analyses of concretes from Southern California are sum-

marized. The concretes studied exhibited high permeabi-

lities and sodium, magnesium, sulfate, chloride, and

carbonate were observed to have been transported deeply

in their pore structures. In such highly permeable concretes,

the distributions of sulfate- and chloride-containing solids

may be complex when evaporative surfaces are present.

Zones of deterioration and reaction fronts can be readily

discerned. The microstructural features discussed in this

article were consistently observed in slabs in contact with

sulfate-containing ground water. In these instances, the

distributions of ettringite and other sulfate-containing

phases can be correlated with the movement of sulfate

through the concrete pore structures and with the effects

of surface evaporation. As is typical of crystallization

processes, growth of existing crystals tends to be preferred

over the nucleation of new crystals. Thus, additional ettrin-

gite is likely to form in locations where it is already present.

Depending on the local conditions, additional ettringite

forms in voids and in the paste.

Because ettringite forms in response to a compositional

gradient in sulfate, it tends to exhibit non-uniform distribu-

tions. While the amount of ettringite observed might be

expected to decrease with distance away from the surface in

Fig. 1. (a) The microstructure of the region several millimeters thick near

the bottom of the garage slab and the related EDS spectrum. The

microstructure features reminiscent of normal cement paste are absent.

Featureless gypsum entirely infills the regions in between fine aggregate.

(b) Figure showing another region near the bottom surface of the slab where

the gypsum has infilled a gap at the paste ±aggregate interface and a crack

in the aggregate.
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contact with the sulfate source, examination of field con-

crete slabs has shown this not to be the case. Ettringite

formation was also observed near the top surfaces of the

slabs, indicating that advection-based movement of sulfate

can result in its formation at locations remote from the

external sulfate source. Thus, the second purpose of this

article is to describe the distributions of sulfate efflores-

cence, ettringite, AFm phases (sulfate and chloride), and

gypsum. The mechanisms responsible for these distributions

in concretes exposed to sulfate-containing ground water are

also described.

2. Experimental

The concrete cores examined were obtained from a

variety of locations in homes in Southern California. These

included cores from interior slabs and garages. The con-

cretes were constituted using Type II cement with fly ash or

Type V cement and manufactured aggregate. The typical

range of water-to-cement ratios was 0.65±0.70. Ratios in

this range suggest the concretes to be highly permeable. The

AASHTO rapid chloride permeability test [15] was carried

out on these concretes and the results confirmed their high

permeabilities [16].

The results of the present study rely primarily on the

analyses of cores taken from garage slabs. This is because,

full thickness cores could be removed from locations where

the direction of sulfate transport is known. Coring garage

slabs, where efflorescence could be readily observed on the

slab surfaces, permits the correlation of the presence of

efflorescence with the concrete microstructure.

The cores were sliced using a diamond wheel saw.

Segments approximately 1 cm thick were taken along the

length of the core. Each segment was about 50 mm in length

and about 25 mm in width. One segment extended from the

top surface to a depth of about 50 mm, the second was taken

from the bottom of the slab to a height of about 50 mm. In

some instances, a third segment was taken from the center of

Fig. 2. The microstructure and the related EDS spectrum shows magnesium

silicate (or an intimate mixture of brucite and silica gel) can also be

observed in this region.

Fig. 3. (a) Ettringite filling the paste ±aggregrate interface and filling an air

void. Ettringite formation at the paste± aggregrate interface is consistent

with the decalcification of the paste due to the ingress of the sodium sulfate/

magnesium sulfate solution. (b) The formation of ettringite in the paste.

This microstructure is typical of paste that is responding to the expansion

associated with ettringite formation. The formation of a network of cracks

with a spacing of 100± 200 mm is also typical of the mechanical

consequences of sulfate attack in the concretes examined.
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the core. However, this was atypical because the slabs were

normally about 4 in. or 100 mm thick. These slabs were

dried and vacuum-impregnated with epoxy using a method

described by Jakobsen et al. [17]. Thin sections were then

prepared from these slabs in the usual manner [18] by

diamond wheel sawing and polishing. After carbon coating,

the distributions of Mg, Cl, and S in these thin sections were

determined by k ratio analyses of microprobe data. Profiles

across each thin section from the top of the core to the

bottom were determined by measuring k ratios for each of

these elements in fields approximately 70±90 mm in size.

Averages of five fields each at about the same depths below

the core surfaces were used to determine the relative

abundances across each thin section. Determinations were

carried out at � 4-mm increments across each thin section.

The distributions of Mg, Cl, and S determined by the

Fig. 4. (a) A microstructure and the related EDS spectrum of Friedel's salt. The relative heights of the chloride, aluminum, and calcium peaks in its EDS

spectrum suggest this compound to be phase-pure Friedel's salt. The crystallization of ettringite at the paste ±aggregrate interface can also be observed in this

micrograph. (b) The morphology and EDS spectrum of a mixture of AFm phases. It is not unusual to observe compounds also containing sulfur and chloride

which exhibit the same general morphology. (c) Friedel's salt near the top zone where it was observed. This figure illustrates that morphology of this compound

remains nominally the same regardless of where it forms in the core and regardless of the presence of sulfate.
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microprobe profiles were correlated with microstructural

observations and with energy dispersive spectra of the

microstructural features observed.

Phase-pure Friedel's salt was prepared by reacting

tricalcium aluminate with calcium chloride at room tem-

perature at a liquid-to-solids ratio of about 10. The

tricalcium aluminate was prepared by firing a 3:1 molar

ratio mixture of CaCO3 and alumina at 1250°C for 4 h

followed by hand grinding to a particle size of approxi-

mately 15 mm. This Friedel's salt was reacted with a

sodium sulfate solution under conditions where the SO3/

Al2O3 ratio of the system exceeded 3. After reaction for

approximately 2 h, the slurry was filtered and solids

present were dried. The phases present were determined

by X-ray diffraction analysis.

3. Results and discussion

The following series of micrographs were obtained from

a garage slab on which the presence of effloresence was

detected. This core was selected for study in detail because

it was obtained from a location within the garage of a home

approximately 9 years old, where exposure to rain and direct

sunlight were unlikely. Fig. 1a shows the microstructure of

the region several millimeters thick near the bottom of the

garage slab and the related EDS spectrum. Notable is the

absence of microstructural features reminiscent of normal

cement paste. Essentially, the only feature observed is that

of relatively structureless gypsum entirely infilling the

regions in between fine aggregate. Fig. 1b shows another

region near the bottom surface of the slab. This micrograph

shows the gypsum has infilled a gap at the paste±aggregate

interface and has infilled a crack in the aggregate. The

formation of magnesium silicate (or an intimate mixture of

brucite and silica gel) can also be observed in this region.

This is shown in Fig. 2. Although the microstructure does

not appear unlike that of normal cement paste, the calcium is

virtually absent and has been replaced by Mg. Such an

observation was not unique to the specimen shown in Fig. 2

and the formation of magnesium silicates in concrete sub-

Fig. 5. Microstructure of ettringite, which has formed in the paste near the

top surface of the concrete.

Fig. 6. (a) Microstructure and the related spectra from the near-surface

region showing a second zone of gypsum that has crystallized. (b)

Microstructure and EDS spectrum of sodium sulfate that has crystallized

near the top surface of the concrete. The Si and Al peaks result from the

underlying piece of aggregate.
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jected to magnesium sulfate attack has been discussed

elsewhere [14].

It was typical to observe gypsum in these concretes. The

presence of gypsum and magnesium silicate is consistent

with a mechanism in which Mg was transported as the

MgSO4
0 neutral species to the sites where it reacted [14]. As

local regions of high pH, such as those near anhydrous

cement grains or Ca(OH)2 were encountered, the following

reactions (Reactions (2) and (3)) occurred leading to the

distributions of solids observed:

Ca�OH�2 �MgSO0
4 )

H2O
CaSO4 � 2H2O�Mg�OH�2 �2�

xMg�OH�2 � ySi�OH�z)
H2O

xMgO�ySiO2�nH2O �3�
Thus, a phase assemblage comprised of gypsum and

magnesium silicate indicates that concrete in this region had

reached an end state of deterioration and further chemical

change is unlikely.

Analysis of the microstructures and compositions of the

solids formed at locations in the core more remote from

ground contact revealed that ettringite had formed. A zone

of ettringite formation approximately 20 mm thick had

formed above the gypsum layer and extensive cracking

had occurred. Typical microstructures are shown in Fig. 3a

and b. Fig. 3a shows ettringite filling a paste±aggregate

interfacial region. Formation of ettringite at the paste±

aggregate interface was commonly observed. This is con-

sistent with the decalcification due to sulfate attack as

expressed in Reaction (1) and would be expected in con-

crete undergoing sulfate attack. One consequence of this is

the loss of Ca(OH)2 from the paste±aggregate interfaces.

Thus, the formation of ettringite at the paste±aggregate

interface is consistent with the decalcification of the paste

due to the ingress of sodium sulfate and/or magnesium

sulfate solutions.

Fig. 3b shows the formation of ettringite in the paste.

Although this concrete was cast at a water-to-cement ratio of

about 0.7 [19], the undifferentiated paste in this region was

relatively dense. This is typical of paste in which ettringite

had formed. The formation of networks of cracks with a

spacing of 100±200 mm (Fig. 3a) was also typical.

At greater distances from the bottom of this core,

ettringite formation was observed less frequently. Rather,

the aluminate-containing phases present were monosulfate

or Friedel's salt. Fig. 4a shows a microstructure and the

related EDS spectrum of the latter. It was not atypical to

Fig. 7. The X-ray diffraction patterns obtained before and after Friedel's salt was exposed to sodium sulfate solution indicating that it converts to ettringite.
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observe Friedel's salt in association with the ferrite phase

(bright grains in the micrograph) as shown. Chloride is also

capable of reacting with ferrite to form the iron analog of

Friedel's salt [20]. Based on the relative heights of the

chloride, aluminum, and calcium peaks in its EDS spectrum,

the compound shown in Fig. 4a is phase-pure Friedel's salt.

However, it was not unusual to observe compounds also

containing sulfur but exhibiting the same general morphol-

ogy as Friedel's salt. Fig. 4b shows the morphology and

EDS spectrum in such an instance. This is assumed to be an

assemblage of monosulfate and Friedel's salt. Friedel's salt

or mixtures with monosulfate were observed in a zone

throughout the central region of this concrete extending to

about 22 mm from the top of this core. Ettringite was only

occasionally present in this region. Fig. 4c shows Friedel's

salt near the top of this zone. This figure illustrates the

morphology of this compound remained nominally the same

regardless of where it formed in the core and regardless of

the presence of sulfate. The presence of Friedel's salt

throughout this region is indicative of the alteration of the

paste due to the intrusion of chloride.

As the top surface of this concrete is approached,

Friedel's salt and monosulfate were no longer observed.

Rather, a second zone of ettringite formation was present.

This zone was approximately 12 mm thick. Thus, the zone

of Friedel's salt and monosulfate is sandwiched between

two zones of ettringite. Fig. 5 illustrates ettringite in the

paste in this zone.

Above this second zone of ettringite is the near-surface

region where gypsum and other forms of sulfate-based

efflorescence were observed. Fig. 6a is in the region where

gypsum had crystallized and Fig. 6b shows a region where

sodium sulfate had crystallized. Visual inspections of

concrete from homes in Southern California indicate the

appearance of efflorescence to be a common phenomenon.

Prior studies have shown that it was not unusual to

observe efflorescence on concrete surfaces [14,21,22].

Slab-on-grade over relatively shallow perimeter footings

is typical of residential construction in the region. Low

relative humidity and temperate climate create conditions

favoring the rapid transport of ground water through

permeable concrete.

The zonal formation of various compounds indicative of

the ingress of aggressive species from the ground water is

evident in the microstructure of this concrete. The zone of

gypsum near the bottom of the core lies beneath a zone

where ettringite formation was extensive. This assemblage

is consistent with the literature on sulfate attack. However,

extensive ettringite formation was also commonly observed

in the absence of a gypsum zone. The presence of a zone in

which chloride AFm was routinely observed but where

ettringite was only occasionally present is phenomenologi-

cally interesting and raises the question as to the relative

stabilities of these compounds. To establish their relative

stabilities, Friedel's salt was reacted with a sodium sulfate

solution under conditions where the SO3/Al2O3 ratio of the

system exceeded 3. Fig. 7a shows the diffraction pattern of

Friedel's salt prior to exposure to sodium sulfate solution.

Fig. 7b shows the diffraction patterns of the solids present

after exposure. Reference patterns of relevant solids are

shown for comparison. These data indicate that the Friedel's

salt had converted to ettringite in the presence of a sodium

sulfate solution. Thus, ettringite is the stable phase under

these conditions.

The presence of a zone of ettringite, gypsum, and sodium

sulfate above the zone of the Friedel's salt indicates that

sulfate had passed through the region where Friedel's salt

had formed. The above stability relationship suggests that

Friedel's salt persists because the rate of sulfate transport

across this zone was higher than its rate of reaction to form

ettringite, not because Friedel's salt is stable with respect to

ettringite. The stability relationship observed indicates this

zone of Friedel's salt will diminish in thickness as the

ettringite zones expand.

In a broad sense, the distributions of phases in the

concretes studied were symmetrical. There were zones of

monosulfate and Friedel's salt in the central region of the

cores. These were sandwiched in between zones of ettringite

with zones of gypsum surrounding the ettringite. These

distributions indicate the presence of sulfate gradients in

the concrete from the surfaces inward. One distribution of

Fig. 8. The distribution of sulfate in concrete as determined by

microprobe analysis showing it to be consistent with the phase

assemblages observed.
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sulfate as determined by microprobe analysis is presented in

Fig. 8. This figure shows the sulfate distribution across the

core to be in accord with the sulfate contents of the phase

assemblages observed. The accumulation of gypsum near

the bottom of this core was the result of the availability of

sulfate in the ground water. The accumulation of gypsum

near the top surface of the concrete was the result of sodium

sulfate transport through the pore structure and its conver-

sion to gypsum in that region. Both processes occurred

according to Reaction (4):

Na2SO4�aq� � Ca�OH�2)
H2O

CaSO4�2H2O� 2NaOH�aq� �4�

4. Summary

The movement of sulfate through the concretes analyzed

resulted in three forms of sulfate attack: salt crystallization,

ettringite formation, and gypsum formation. Although sul-

fate-resisting cement was used, that alone was insufficient to

confer sulfate resistance to the concretes examined. Sulfate

resistance may be imparted to concrete by limiting the C3A

content of the cement, by controlling the permeability of the

concrete, or both. The microstructural evidence presented

supports the views of Verbeck [23] and Mehta [7] that

control of permeability is more important than cement

composition in achieving sulfate-resistant concrete.
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