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What is Sulfate Attack?What is Sulfate Attack?

A form of chemical attack

Internal or external

1.11.1 2.52.5 5.05.0Visual Rating Visual Rating →→



External SulfateExternal Sulfate--Related Related 
Deterioration IssuesDeterioration Issues

1. “Classical” sulfate attack
Soil

Groundwater 

2 Salt crystallization2. Salt crystallization

3. Thaumasite



Classical Sulfate AttackClassical Sulfate Attack



Slab on Pyritic FillSlab on Pyritic Fill

Courtesy of BRE

424222 22272 SOHFeSOOHOFeS +→++

2242342 2 COOHCaSOOHCaCOSOH +⋅→++



Crown Sewer CorrosionCrown Sewer Corrosion
Courtesy David Fowler, 2001

42
2
42 SOHSOSHS →→→ −



Salt Crystallization Salt Crystallization 
(Physical Salt Attack)(Physical Salt Attack)



Internal SulfateInternal Sulfate--Related Related 
Deterioration IssuesDeterioration Issues

1. Excess sulfates (over-sulfated 
system)

2 Potential for DEF2. Potential for DEF
Curing temperature history and RH

Effects of cement chemistry

Interaction with ASR, freeze-thaw, etc.

3. “Clogging” of entrained air voids



Delayed Ettringite FormationDelayed Ettringite Formation



Secondary EttringiteSecondary Ettringite



MechanismsMechanisms



Role of Ettringite in Role of Ettringite in 
Cement HydrationCement Hydration

Calcium sulfoaluminate
(Ettringite)→

Tricalcium
aluminate Water+ Gypsum+

C3A + 26H +      3CSH2 → C6AS3H32



Calcium
monosulfoaluminateEttringite →Tricalcium

aluminate Water+ +

2C3A +    4H +   C6AS3H32 → 3C4ASH12

Role of Ettringite in Role of Ettringite in 
Cement HydrationCement Hydration

monosulfoaluminategaluminate

3C3A +   12H +  CH → C4AH13

3C3A +  12H → C3AH12



Sulfate AttackSulfate Attack

Sodium (or potassium) 

sulfate from soil or 

groundwater

Calcium hydroxide 

in concrete
Gypsum+ →

Calcium aluminate 

hydrate in concrete
Ettringite+ →Gypsum

Reactions accompanied by volumetric expansion of cementitious matrix!



Magnesium Sulfate AttackMagnesium Sulfate Attack

Reactions accompanied by volumetric expansion of cementitious matrix!

Magnesium sulfate 
from soil or 
groundwater

Calcium silicate 
hydrate in concrete

Gypsum + 
brucite + 
silica gel

+ →

In addition to reacting with the aluminates and calcium hydroxide, magnesium 

sulfate will also react with the hydrated calcium silicates (C-S-H):



Calcium Sulfate AttackCalcium Sulfate Attack

( ) ( )C A C S H C S H H C A C S H3 12 2 3 3 322 16+ + →

Calcium
Monosulfoaluminate

Gypsum EttringiteWater+ +

( ) 32332123 63 HSCACHHSCAHC →++

Calcium
Aluminate
Hydrate

Gypsum EttringiteWater+ +



Alkali Sulfate AttackAlkali Sulfate Attack

HNHHSCHSNCH 822102 ++→+

Calcium
Hydroxide

Sodium
Sulfate

Gypsum
Sodium

Hydroxide
Water+ + +

y y

( ) HNHAHHSCACHSNAHC 176232 33233102123 +++→+
Tri-Calcium
Aluminate
Hydrate

Sodium
Sulfate Ettringite

Sodium
Hydroxide Water+ + +

Aluminum
Hydroxide+



Alkali Sulfate AttackAlkali Sulfate Attack

HNHHSCHSNCH 822102 ++→+

Calcium
Hydroxide

Sodium
Sulfate

Gypsum
Sodium

Hydroxide
Water+ + +

Hydroxide Sulfate Hydroxide

→+⋅ 1022 323 HSNSiOCaO

Calcium
Silicate

Sodium
Sulfate

+

HaqSiONHHSC 18263 22 +⋅++

Gypsum
Sodium

Hydroxide
Silica
Gel

+ + Water+



Unreacted Zone ( ) 123 HSCAC

+Na +Na
+Na +Na

−2
4SO

−2
4SO

Zones of Attack in Portland Zones of Attack in Portland 
Cement MortarCement Mortar

Sulfate solution

Portland Cement Mortar After Gollop and Taylor 1999



( ) 3233 HSCACEttringite formation

+Na +Na
+Na +Na

−2
4SO

−2
4SO

Zones of Attack in Portland Zones of Attack in Portland 
Cement MortarCement Mortar

Sulfate solution

Unreacted Zone ( ) 123 HSCAC

Portland Cement Mortar After Gollop and Taylor 1999



Gypsum formation & reduced Ca(OH)2 ( ) HSCAC
2HSC

+Na +Na
+Na +Na

−2
4SO

−2
4SO

Sulfate solution

Zones of Attack in Portland Zones of Attack in Portland 
Cement MortarCement Mortar

Unreacted Zone ( ) 123 HSCAC

( ) 3233 HSCACEttringite formation

Gypsum formation & reduced Ca(OH)2 ( ) 3233 HSCAC

Portland Cement Mortar After Gollop and Taylor 1999



Gypsum formation &
d l ifi ti f C S H ( ) HSCAC

2HSCaqSiO ⋅2

+Na +Na
+Na +Na

−2
4SO

−2
4SO

Zones of Attack in Portland Zones of Attack in Portland 
Cement MortarCement Mortar

Sulfate solution

Unreacted Zone ( ) 123 HSCAC

( ) 3233 HSCACEttringite formation

Gypsum formation & reduced Ca(OH)2 ( ) 3233 HSCAC
2HSC

decalcification of C-S-H ( ) 3233 HSCAC

Portland Cement Mortar After Gollop and Taylor 1999



Magnesium Sulfate AttackMagnesium Sulfate Attack

→⋅+⋅ OHMgSOSiOCaO 242 723

Calcium
Silicate

Magnesium
Sulfate

+

( ) ( ) aqSiOOHMgOHCaSO ⋅++⋅ 2224 2323

Gypsum
Magnesium
Hydroxide

Silica
Gel

+ +

Skalny et al, 2002



Physical Salt AttackPhysical Salt Attack

OHSONaOHSONa 242242 1010 ⋅↔+

Thenardite ↔ Mirabilite



ThaumasiteThaumasite

Combination of carbonation 
and sulfate attack

High RHHigh RH

Low T (5°C to 10°C)

Rare



Thaumasite Form of Thaumasite Form of 
Sulfate AttackSulfate Attack

Clark et al. 1999

→++++ −−−+ OHSOCOSiOCa 2
2
4

2
3

2
3

2 153

OHSOCOSiOCaO 2322 153 ⋅⋅⋅⋅



PreventionPrevention



Is Sulfate Attack a Problem?Is Sulfate Attack a Problem?

Environment
Local soils

Groundwater

Other sources



PreventionPrevention
Low permeability

Mix design

Water:cement ratio

Cement content

SCMs 

Type 

Content

Testing

Curing

Sealants?



SulfateSulfate--Resistant CEMENTSResistant CEMENTS

Type I - 14.1% C3A

W/C = 0 50

Type V - 1.2% C3A

W/C = 0 51

Moderate sulfate resistance
Types II, IP(MS), IS(<70)(MS), MS

High sulfate resistance 
Types V, IP(HS), IS(<70)(HS), HS)

After immersion in sulfate solution for 5 years Courtesy of BRE

W/C = 0.50 W/C = 0.51



Portland Cement TypePortland Cement Type

PCA RD129



The resistance of concrete to sulfate attack can be improved 

by:

•Sulfate resistant cement  AND 

•Use of low W/CM (to reduce permeability)

•Use of most supplementary cementing materials

SulfateSulfate--Resistant CONCRETESResistant CONCRETES

Type V Cement: W/C = 0.65 Type V Cement: W/C = 0.38
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Use of Supplementary Use of Supplementary 
Cementing MaterialsCementing Materials

Silicates in SCMs 
react with calcium 
hydroxide (CH)

More C-S-H, less CH 
formation!

Lower permeability



Not All SCMs!

Mortar bars with high-C3A cement + 40% high-CaO Fly Ash 

after 2 years in ASTM C1012 (5% Na2SO4 Solution)



ASTM C1012 Standard Test Method for Length Change 
of Hydraulic-Cement Mortars Exposed to a Sulfate 

Solution

1. Aggregate/cementitious material = 2.75 & W/CM = 0.485

2. Mortars stored in limewater until a strength of 20 MPa is 
attained

3. Mortar bars (25 x 25 x 250 mm) then immersed in a 5% 
solution of sodium sulfate for 6 months or 1 year ~ lengthsolution of sodium sulfate for 6 months or 1 year  length 
change monitored during storage

5%-Na2SO4 solution

Changed periodically



ASTMASTM C1012 C1012 –– Interpretation of ResultsInterpretation of Results

Material Specification Sulfate 
Resistance

Maximum expansion 
(%)

6 Months 12 Months

ASTM C 618 
Fly Ash & Pozzolans

Moderate 0.10 -

High 0 05ASTM C 989 Slag High 0.05 -

ASTM C 1240 
Silica Fume

Moderate 0.10 -

High 0.05 -

Very High - 0.05

ASTM C595 and C1157 
Blended & Hydraulic 
Cements

Moderate 0.10 -

High 0.05 0.10



Effect of Fly Ash CompositionEffect of Fly Ash Composition
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Effect of LowEffect of Low--Calcium Fly AshCalcium Fly Ash
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Mechanism of Improvement Mechanism of Improvement 
with Lowwith Low--CaO Fly AshCaO Fly Ash

• Dilution of portland cement (C3A and CH)

• Consumption of lime by pozzolanic reaction

• Increased resistance to SO3 ingress/transport (lower 

permeability)



0.2

0.3

0.4
s

io
n

 (
%

)

Control

HighHigh--Calcium Fly AshCalcium Fly Ash

Fly Ash = 24% CaO

C3A = 11% by Bogue

0.0

0.1

0.2

0 3 6 9 12

Time (months)

E
x

p
a

n
s

20% Class C

40% Class C



Mechanism of Reduced Mechanism of Reduced 
Resistance of HighResistance of High--CaO Fly AshCaO Fly Ash

• Contributes C3A (also some CH and free lime)

• Lower consumption of lime due to reduced pozzolanicity• Lower consumption of lime due to reduced pozzolanicity

• Presence of reactive aluminates in glass phase
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Effect of SlagEffect of Slag
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Summary (Materials)Summary (Materials)

Low C3A cements minimize reactants

Low permeability is more important

SCMs can help
Proper dosage

Field history or testing

Curing



Code RequirementsCode Requirements



Exposure ClassExposure Class

Exposure
class

Water-soluble 
sulfate in soil, 

% by mass

Dissolved sulfate 
in water, ppm

% by mass

Not applicable S0 SO4 < 0.10 SO4 < 150

Moderate* S1 0.10< SO4 < 0.20 150< SO4 <1500

Severe S2 0.20 < SO4 < 2.00 1500 < SO4 <10,000

Very severe S3 SO4 > 2.00 SO4> 10,000

*Includes seawater



ACI 318 Requirements: CementsACI 318 Requirements: Cements

Class C150 C595 C1157
Max

w/cm
Min

f’c (psi)

CaCl2

Admixt
ure

S0 NR NR NR None 2500 NR

S1 II IP(MS) MS 0.5 4000 None

ACI 318-08, PCA IS001, 2008

IS(<70)(MS)

S2 V IP(HS)

IS(<70)(HS)

HS 0.45 4500 None

S3 V+SCM* IP(HS)+SCM*

IS(<70)HS+SCM*

HS+SCM 0.45* 4500 None

*Specific SCM with service record or 
testing to improve sulfate resistance



ACI 318:  Alternative MaterialsACI 318:  Alternative Materials

Exposure 
class

Maximum Expansion in C1012

6 months 12 months 18 months

S1 0.10% — —

S2 0.05% 0.10%* —

S3 — — 0.10%
*The 12-month expansion limit applies only when the measured 
expansion exceeds the 6-month maximum expansion limit.



Summary Summary 

Sulfate attack is a family of deterioration 
mechanisms for concrete
Risk based on environment
Controlled by

Concrete permeability
Cement type, content
SCM type, content
Curing



Summary Summary 

Keep water:cement ratio low to achieve 
low permeability
Cure properly
Use appropriate (testing!) pozzolans and 
slagsslags 
Use sulfate resistant cements 
(Type II or V, MS or HS)



ReferencesReferences

PCA EB221, EB226

PCA RD129

PCA IS001

PCA CD038

ACI 318

ACI 201

ASTM C1012

ASTM C150, C595, C1157





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


