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Abstract At some construction sites in Mississippi, deterioration of con-
crete in contact with the surrounding soil could be related to the high sul-
fate content of the adjacent soils. Studies dating to 1966 have documented
sulfate attack associated with specific types of sulfide or sulfate-rich soils.
Future highway-related construction must include specified procedures
and materials that will ensure the service life of concrete construction is not
reduced by such aggressive soils.

In this project, three portland cements and five pozzolans, which can be
used as cement replacements, were investigated to determine which of
these cements and/or cement blends could be categorized as sulfate-
resistant. Two screening procedures, the University of California Pavement
Research Center’s Caltrans rapid sulfate test and the American Society for
Testing and Materials’ Standard C1012 (standard test method for length
change), were used to evaluate the cements/blended cements. Results from
the Caltrans test identified only one of the blended cements investigated
that failed to qualify as sulfate resistant. The results from the bar expansion
test (ASTM C1012) indicated that only one cement evaluated would not
meet the criterion for an American Concrete Institute (ACI) Class 1 sulfate-
resistant cement.

Further screening was done by examining the expansion trends and the
conditions of the test bars after 1 year. Eight cements or blended cements
could be judged on the basis of no or slow tendency to show change
dimensions and no discernible damage to the mortar test bars after 1 year
of exposure. All of the cements performed well in this test program when
blended with silica fume.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Summary

At some construction sites in Mississippi, deterioration of concrete in
contact with the surrounding soil could be related to the high sulfate con-
tent of the adjacent soils. Studies dating to 1966 have documented sulfate
attack associated with specific types of sulfide or sulfate-rich soils. Future
highway-related construction must include specified procedures and
materials that will ensure that the service life of concrete construction is
not reduced by such aggressive soils.

Detailed soil surveys that include a determination of the sulfide and sulfate
content of the soil can highlight areas that have these potentially aggres-
sive soils. Proper soil excavation and soil handling and selection of sulfate-
resistant materials for concrete production can improve these soil-
concrete incompatibility problems.

A key element in the planning of projects that may be subject to sulfate
attack is the selection of cements or blended cements that are acid resis-
tant without the addition of mineral admixtures. Typical sulfate attack
involves the reaction of dissolved sulfates in the soil with the aluminum-
rich phases in cement paste. The usual result is the growth of hydrated
aluminum sulfates, such as ettringite, which produces crystallization pres-
sure in the pore space of the concrete. This increased pore pressure can
produce expansion and cracking, which in turn can result in the loss of
strength of the concrete and spalling.

In this project, three portland cements and five pozzolans that can be used
as cement replacements were investigated to determine which of these
cements and/or cement blends could be categorized as sulfate resistant.
Two screening procedures, the Caltrans rapid sulfate test and the

ASTM C1012 standard test method for length change, were used to eval-
uate the cements/blended cements.

Results from the Caltrans test identified only one of the blended cements
investigated that failed to qualify as sulfate resistant. That was a blend of
Type I-11 cement from Buzzi Unicem Corporation’s Cape Girardeau, MO,
plant and a Class C fly ash obtained from Bayou Ash from the New Roads,
LA, power plant.
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The results from the bar expansion test (ASTM C1012) indicated that only
one cement—that from the Holcim’s Artesia, MS, plant—used either alone
or with a metakaolin, would not meet the criterion for an American Con-
crete Institute (ACI) Class 1 sulfate-resistant cement.

Further screening was done by examining the expansion trends and the
conditions of the test bars after 1 year. Eight cements or blended cements
could be judged on the basis of no or slow tendency to show change
dimensions and no discernible damage to the mortar test bars after 1 year
of exposure. Only the Type I-11 cement from Buzzi Unicem Corporation’s
Cape Girardeau plant showed a high-degree of sulfate resistance when
used alone with no pozzolan as cement replacement. All of the cements
performed well in this test program when blended with silica fume.
Acceptable blended cements were also developed using the Type I-11
cements (both Buzzi Unicem Corporation’s cement) if either slag or
Class F fly ash was used as a cement replacement. While metakaolin typi-
cally was not successful in producing sulfate resistance, it did perform
satisfactorily with the Type I-11 cement from Buzzi Unicem Corporation’s
Cape Girardeau plant.

It should be possible to address the problem of increasing the service life
of concrete structures built in, or on, sulfate-rich soils in Mississippi, by
surveying each proposed construction site for the presence of sulfides or
sulfates in the soil, developing plans for excavation and replacement of
aggressive soils, and using cements or blended cements that are sulfate-
resistant in the production of concrete that will be exposed to aggressive
soils.
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1

Introduction

Background

Sulfate in soil and/or in water surrounding the concrete can interact with
concrete in a number of ways that result in the loss of strength and the
production of cracking in the concrete. Some disagreement can be found
in the literature as to the manner in which the interaction between sulfates
and concrete occurs and as to the factors that influence the sulfate reac-
tions that produce concrete deterioration.

Although some scientists have extensively debated the source of sulfate,
the scientific community recognizes the associated deterioration of
concrete. Conventional portland cement concrete can deteriorate when
exposed to alkaline caused by alkali sulfate solutions. The major mineral
formed by the sulfate-concrete interaction is ettringite (CsASzHzs2). Ettrin-
gite is one of the materials that normally forms during the early setting of
portland cement from a reaction between calcium aluminate and gypsum
in the curing cement paste. The formation of ettringite from its constituent
materials involves an increase in volume of 9.37% (Skalny et al. 2002).

In the case where ettringite forms before the cement paste has gained
strength, the increase in the volume can be accommodated without pro-
ducing cracking. If ettringite forms after the paste has gained strength, the
crystallization can cause cracking (Wolter 1997).

One source of confusion relates to whether the effects observed from inter-
action with sulfate are physical or chemical. Some investigators point out
that the sulfate compounds can simply form crystals in the pore spaces of
the concrete—which produces cracking due to crystalline sulfate com-
pounds growing or ripening in voids and develops stress that causes cracks
in the surrounding concrete (Hime and Mather 1999; Skalny et al. 2002;
Collepardi 2003). Most investigators agree that there is a “physical salt-
weathering mechanism” but that chemical interaction of sulfate with the
compounds present in concrete is part of the damaging interaction. In the
chemical interaction, it is the transformation of the compounds in the con-
crete and sometimes the loss of reacted soluble components that causes
the loss of strength in the concrete.
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The effects observed are most probably due to both physical and chemical
mechanisms that can be occurring at the same time in the concrete. The
presence and abundance of specific compounds in the concrete, such as
calcium aluminates and calcium hydroxide, can influence the degree of
damage observed. In all cases, the deterioration observed appears to be
related to the reaction of phases in the concrete as well as additional
chemical reactions caused by infiltration of sulfate along with other
counterions, such as calcium, magnesium, or sodium.

Additionally, there are well-documented cases of concrete deterioration
due to acid sulfate attack resulting from acidic soil, water, or groundwater.
Acidic soils can be produced by the oxidation of sulfides in the soil, and
this condition can be extremely detrimental in that it results in dissolution
of constituents in the concrete and in the formation of expansive crystal-
line compounds that cause cracking (BRE Construction Division 2005).

Scope and objectives

Historically, sulfate attack on concrete structures in the state of Missis-
sippi has been of little concern in the concrete industry, because the sul-
fate concentrations have been assumed to be relatively low. The Missis-
sippi Department of Transportation (MDOT) has historically required the
use of ASTM C150 Type Il cement and determined this measure to provide
adequate control of concrete deterioration from any sulfates that might be
present. However, two events have occurred that have created a need to
re-examine this problem: (1) one of the principal portland cement produc-
ers used by MDOT has ceased production of ASTM C150 Type Il cement,
and (2) evidence has recently been discovered that indicates higher con-
centrations of sulfates may be present at depth in some areas of Missis-
sippi. This creates concern for the long-term durability of concrete pilings.

Chemistry of concrete and sulfate attack

Concrete is a complex composite material consisting of a paste fraction
(comprising portland cement and fine aggregate) that holds a coarse
aggregate together to form the concrete mass. The composition of concrete
can vary widely, primarily because the coarse and fine aggregates are
generally locally derived. Variation in the type of cement used and in the
mineral admixtures (such as slag or fly ash) and the additives (water-
reducing admixtures, retarding admixtures, air-entraining admixtures)
employed can further complicate the mixture. The nature of the sulfate



ERDC/GSL TR-10-31

attack (internal or external, acid or alkaline) determines the components
in the concrete that are affected and the nature of the damage that occurs.

Where sulfate occurs as an infiltration of sulfate-rich water in the pore
spaces of the concrete, damage is thought to occur through the reaction of
the sulfate ions with aluminum silicate compounds in the paste fraction.
The reaction can be described as follows:

6Ca?" +3S0,”” + AL,O,> +32H,0 — 3Ca0- Al,O, -CaSO, - 32H,0

The components in the reaction may occur as ions in solution, or they may
be solid reactants (such as the aluminum compounds) that react on the
surface only (topochemical reactions). While the ettringite reaction, shown
above, is considered to be the major reaction that results in a volume
increase and weakening of the concrete, other researchers have pointed
out that gypsum formation may also be a part of expansive sulfate attack.
The problem of determining the cause of the concrete weakening is further
complicated by the occurrence of external acid attack on concrete that may
also form gypsum and can appear to be an expansive gypsum reaction
from the components inside the concrete (Hime and Mather 1999).

Record of sulfate attack in Mississippi

Problems with the deterioration of concrete pavement were noted by the
Testing Division of the Mississippi State Highway Department as early as
the 1950s. In the 1960s, removal and examination of damaged concrete
from pavement that was installed over soils known to contain high levels
of sulfate showed mineralogical evidence that calcium alumino-sulfate
minerals such as ettringite were present in significant quantities (Lossing
1965). The areas in Mississippi where concrete deterioration associated
with sulfate were observed, and the areas where sulfates have been
reported to be abundant, are shown in Table 1. Additional concerns have
arisen because of the need to install deep cast-in-place concrete footings
for bridges and overpasses.

Unlike the western states, which are drier, Mississippi does not have
evaporative buildup of sulfates in the soil. The sulfate in Mississippi comes
from the oxidation of sulfide minerals that are present in the newer peat-
rich soils and in the older surficial geologic deposits. The recent deltaic
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Table 1. Locations in Mississippi with documented sulfate-attack problems.

General Location Source of Problem Reference
Northeastern MS, Tennessee- Pyrite rich soil from the Ammons et al. 1991;
Tombigbee Waterway Eutaw Fm. Jones 2000
South-southwestern MS-eastern LA | Pyrite-rich back swamp Aslan and Autin 1996
soils
Chickasaw Co. Porter’s Chapel Fm. Lossing 1965
Lee Co. Coffee Sand, Mooreville Lossing 1965
Chalk
ltawamba Co. Coffee Sand, Mooreville Lossing 1965
Chalk
Lauderdale Co. Zilpha, Winona, and Lossing 1965

Tallahatta Fm.

Issaquena Co. Sharkey Clay Lossing 1965

deposits are known to contain finely divided, amorphous iron sulfide
from decomposing plant materials. The older geologic sulfides are well-
crystalline minerals related to pyrites and marcasites (FeSy) that formed
during the Tertiary marine sediments in the Mississippi Embayment.

In some areas of Mississippi, the determination of the amount of sulfate in
the soil or groundwater may not be as important in estimating the possible
extent of sulfate damage as knowing the amount of potential sulfate
production represented in the unoxidized iron sulfides in the soil. Disturb-
ing the soil by excavating to install concrete footings and lay down con-
crete pavement may be the most important factor in exposing the buried
sulfides to air, so they can be oxidized to form acidic sulfate compounds
that can aggressively attack the later in-place concrete.

Developing strategies for predicting and improving sulfate attack when the
sulfide oxidation is a critical factor in the process would involve using non-
standard test procedures. Similarly, nonstandard corrective techniques
may have to be used such as treating the soil or tailoring the chemistry of
the concrete to address sulfate attack.

Controlling sulfate attack in MDOT structures

The following approaches have been used to control sulfate attack:

1. Managing the site to reduce the production of an aggressive sulfate
environment (Byerly 1990, 1996; Thomas et al. 2003)
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2. Selecting cements that are low in sulfate-reactive components such as the
low-calcium aluminate cements (Chen and Odler 1992; Shanahan and
Zayed 2007)

3. Blending mineral additives with an available cement to increase its sulfate
resistance. The additives typically include fly ash, ground granulated blast
furnace slag (GGBFS), silica fume, or metakaolin (Stark 1990; Al-Amoudi
2002; Al-Dulaijan et al. 2003; Binici and Aksogan 2006).

Particular attention must paid to the conditions at the concrete placement
site in areas where it is suspected that sulfate attack will occur due to an

external source of sulfate migrating into the concrete. Managing soils

onsite, in such a way as to minimize the likelihood of severe sulfate attack,
may include measures such as selecting backfill that will be placed adja-
cent to buried concrete or adding lime to soil to raise the pH and neutral-
ize any acid. Sometimes even local groundwater management may be of
use (BRE 2005).

Proportioning guidelines for concretes that will be exposed to sulfate-
containing solutions have been established by the ACI (2004). These

guidelines specify the use of specific types of cement or blended cements,

the water-cementitious materials ratio, and the minimum unconfined

compressive strength that should be used at particular levels of sulfate
exposure (Table 2).

Table 2. ACI requirements for concrete exposed to sulfate containing solutions.

Minimum
Unconfined
Water-to- Compressive
Rank of Sulfate | Water Soluble Sulfate | Sulfate in Water Cementitious Strength
Exposure (S04) in Soil (wt %) (ppm) Cement Type Material Ratio (psi)
Negligible 0.00 £SOy < 0.10 0 <S04< 150 Not specified Not specified Not specified
Il, IP(MS), P(MS),
Moderate 0.10 £SO, <0.20 150 <S0s< 1,500 I((PM)(MS), 0.50 4,000
I(SM)(MS)
Severe 0.20 £S<2.0 1,500 <£S0: 10,000 |V 0.45 4,500
Very Severe S04>2.00 S04> 10,000 V plus pozzolan 0.45 4,500

Note: To convert pounds (force) per square inch to kilopascals, multiply by 6.894757.

When only Type | cement is used, developing sulfate resistance depends
on selecting the proper mineral admixture that can be added to the con-
crete to produce the minimum expansion on exposure to a high-sulfate
solution. The ASTM standard requirement for a sulfate-resistant blended
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cement is that the blend, when subjected to the ASTM C1012 test proce-
dure, should show less than 0.10% maximum expansion for a moderate
sulfate resistant rating and 0.050% for a high sulfate resistant rating after
a 180-day exposure.

The present investigation is directed toward determining if cements and
mineral admixtures available in Mississippi can be proportioned to
produce sulfate-resistant concrete. The goal is to produce a sulfate-
resistant blended cement that can be used to produce durable concrete
with the least logistical burden. Ideally, this approach will allow ready-mix
plants to adapt to production of sulfate-resistant concrete while avoiding
the need either to change their material sourcing or to increase their
storage and blending capabilities.
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2 Methods and Materials

Selection of cement and mineral additions

Cements from three sources were separately blended with a single mineral
admixture (pozzolan) to make 15 blended cement types. The mineral
admixtures were obtained from two Class F fly ash sources, one Class C fly
ash source, two slag (GGBFS) sources, one silica fume source, and one
metakaolin source. The materials and the sources are given in Table 3.

Table 3. Sources of cements and mineral admixtures.

Material Source Location Designation

Type | Portland Cement Holcim Corp. Artesia, MS Artesia

Signal Mountain,

Type I-1l Portland Cement | Buzzi Unicem USA, Inc. Chattanooga, TN

Buzzi (Sig Mtn)

Type Il Portland Cement | Buzzi Unicem USA, Inc. Cape Girardeau, MO Buzzi (Cape G)
Fly Ash

yAS Headwaters Resources, Inc (ISG) | Woodstock, GA ISG
Class F
Fly Ash Owensboro Municipal Utilities

0] boro, KY oMU

Class F (OMU) Wensboro
Fly Ash Bayou Ash, Inc.
Class C New Roads Plant Baton Rouge, LA New Roads

Ground Granulated Blast

Lone Star Industries, Inc. New Orleans, LA Lonestar
Furnace Slag
Ground Granulated Blast | |, . Chicago, IL Holcim 100
Furnace Slag
Ground Granulated Blast Holcim New Orleans, LA Holcim 120
Furnace Slag
Metakaolin BASF Corp. Florham Park, NJ Metamax®
Silica Fume Elkem Materials, Inc. Pittsburgh, PA ESO900W

A listing of materials and the amount of cement replacement in each of the
15 test mixtures is presented as Table 4.
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Table 4. Cement and cement replacements for test mixtures.

Mix No. Cement Cement Replacement
1 Holcim, Artesia 100% None

2 Holcim, Artesia, 75% ISG, 25%

3 Holcim, Artesia, 60% Lonestar, 40%

4 Holcim, Artesia, 90% ES900W, 10%

5 Holcim, Artesia, 90% Metamax®, 10%
6 Buzzi (Sig Mtn), 100% None

7 Buzzi (Sig Mtn), 75% OMU, 25%

8 Buzzi, (Sig Mtn), 60% Holcim 120, 40%
9 Buzzi (Sig Mtn), 90% ES900W, 10%
10 Buzzi (Sig Mtn), 90% Metamax®, 10%
11 Buzzi (Cape G.), 100% None

12 Buzzi (Cape G.), 75% New Roads, 25%
13 Buzzi (Cape G.), 60% Holcim 100, 40%
14 Buzzi (Cape G.), 90% ES900W, 10%
15 Buzzi (Cape G.), 90% Metamax®, 10%

Test methods

Two test methods were selected to assess the sulfate resistance of the
mortar prepared with the selected cements and blended cements. The two
methods, ASTM C1012 (ASTM 2004) and the Caltrans accelerated test
(Monteiro et al. 2000), are complementary in that each method addresses
durability issues that are ignored by the other when the two test methods
are used separately.

ASTM C1012 - standard test method for length change of
hydraulic-cement mortars exposed to a sulfate solution

The ASTM C1012 test measures the expansion of a mortar bar immersed

in a sodium sulfate solution. The test was developed to address problems
with the earlier ASTM C452 test (ASTM 1968) that used a mortar prepared
by mixing calcium sulfate into the mortar when the bar was prepared. The
objection to the ASTM C452 test was that the reaction between the sulfate
and the cement was so rapid that the effect of the slower reactions between
the cement and the pozzolan admixtures did not have time to occur. Both
of these ASTM tests have incurred objections because they measure only
length change and are very sensitive to specimen size and geometry
(Tumidajski and Turc 1995). Also, due to the measurement procedure,
softening and spalling during sulfate attack are ignored (Mehta and
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Gjorv 1974). The ASTM C1012 test was also considered to require an
unnecessarily extended exposure time due to the low concentration of
sulfate during some parts of the testing period (Brown 1981; Clifton et al.
1999). The performance criteria for blended cements have been set up for
180-day and 1-year exposure periods under ASTM C595-08 (ASTM 2008).
The tests for this investigation were conducted in accordance with ASTM
C1012-04. The measurements are detailed in Appendix A.

Accelerated test for measuring sulfate resistance of hydraulic
cements for Caltrans LLPRS

The Caltrans LLRPS (Long-life Pavement Rehabilitation Strategies) test
(Monteiro et al. 2000) addresses some of the problems that researchers
have pointed out in the ASTM tests, in that it uses small (12.7-mm) cubes
that provide a higher surface to volume ratio, and it measures sulfate
attack in terms of strength loss rather than length change. The Caltrans
test is a “go-or-no go” test with the decision to accept the cement or blend
as “sulfate-resistant” resting on the ability of the cubes to maintain 75% of
their 7-day unconfined compressive strength after a 28-day exposure to a
4% sodium sulfate solution (pH = 7.2). Average strength determinations
are used in the calculations, and all averages are based on testing 12
identically prepared and treated samples.

If the data collected from a sample set are considered ambiguous, the test
procedure allows for a follow-up test. The additional testing requires the
preparation of 36 specimens and strength testing batches of 12, after

7 days curing, and then batches tested after both 28 and 63 days of
exposure. In this program, no second phase of testing was undertaken.

For the purposes of this investigation, the Caltrans test was modified to
adapt it to the available equipment. A descrip