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What is Sulfate Attack?

® A form of chemical attack

® Internal or external

Visual Rating » 1.1 2.5 5.0




External Sulfate-Related
Deterioration Issues

III

1. “Classical” sulfate attack

¢ Soil
¢ Groundwater

2. Salt crystallization

3. Thaumasite [t




Classical Sulfate Attack
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Crown Sewer Corrosion




Salt Crystallization
(Physical Salt Attack)




Internal Sulfate-Related
Deterioration Issues

1. Excess sulfates (over-sulfated
system)
2. Potential for DEF

¢ Curing temperature history and RH
o Effects of cement chemistry
¢ Interaction with ASR, freeze-thaw, etc.

3. “Clogging” of entrained air voids



Delayed Ettringite Formation




Secondary Ettringite




Mechanisms




Role of Ettringite in
Cement Hydration

C:A+ 26H + 3CSH, — C,AS;Hs,
Tr'icalcium+ Water + Gvpsum N Calcium sulfoaluminate
aluminate YP (Ettringite)
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Role of Ettringite in
Cement Hydration

2C;A + 4H + C,AS;H;, — 3C,ASH,,

Tricalcium o Calcium
. + | | .
aluminate Water + Efttfringite monosulfoaluminate

3C,A + 12H 5 C,AHL,

3C,A + 12H + CH — C,AH




Sulfate Attack

Sodium (or potassium)

, Calcium hydroxide
sulfate from soil or + , — Gypsum
1n concrete

groundwater

Calcium aluminate o
Gypsum + , — Ettringite
hydrate in concrete

Reactions accompanied by volumetric expansion of cementitious matrix!



Magnesium Sulfate Attack

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

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

Magnesium sulfate _ L Gypsum +
: Calcium silicate :
from soil or + _ — brucite +
hydrate in concrete o
groundwater silica gel

Reactions accompanied by volumetric expansion of cementitious matrix!



Calcium Sulfate Attack

C,A(CS)H,, +2CSH, +16H - C,A(CS), H,,

Calcium

+ + ° °
Monosulfoaluminate Gypsum Water —  Ettringite

C,AH , +3CSH,+6H — C,A(CS ), H,,

Calcium
Aluminate + Gypsum + Water — Ettringite
Hydrate




Alkali Sulfate Attack

CH+N,SH,, —CSH,+2NH+8H

Calcium Sodium Sodium

" +
Hydroxide  Sulfate — Gypsum Water

+ .
Hydroxide

2C,AH ,+3N,SH,, —C,A(CS),H,, +2AH, + 6NH+17H

Tri-Calcium
Aluminate
Hydrate

Sodium Ettrinsit Aluminum Sodium
Sulfate — rngie + Hydroxide +Hydr0xide+ Water




Alkali Sulfate Attack

CH + N,SH,, — CSH, +2NH +8H

Calcium Sodium Sodium
—-

+ o
Hydroxide Sulfate Gypsum Hydroxide Water

Calcium Sodium
Silicate Sulfate

3Ca0 -28i0, +3N,SH,, —
3CSH, +6NH +28i0, -aq +18H

Sodium Silica
Gypsum + -+ + W
ypst Hydroxide Gel ater




Zones of Attack in Portland
Cement Mortar

Sulfate solution

Na* Na* SO ;-
SO ;- Na ™ Na*




Zones of Attack in Portland
Cement Mortar

Sulfate solution

Na ™ Na ™ SO ;"
SO ;° Na ™ Na*

Ettringite formation C,4 (C S )3 H .,




Cement Mortar

Sulfate solution

Zones of Attack in Portland

Na * Na ™ SO~
SO ;° Na * Na *

| CSH,
Gypsum formation & reduced Ca(OH), C. A (C §)3 H.,
Ettringite formation C,4 (C S )3 H .,
Unreacted Zone C,4 (C S )H .

Portland Cement Mortar

After Gollop and Taylor 1999




Zones of Attack in Portland
Cement Mortar

Sulfate solution
Na ™ Na ™ SO ;-
SO ;° Na * Na *
Gypsum formation & 5i0 , - aq CSH,
decalcification of C-S-H C,4 (C S )3 H .,
| CSH,
Gypsum formation & reduced Ca(OH), C. A (C §)3 H.,
Ettringite formation C,4 (C S )3 H .,
Unreacted Zone C,4 (C S )H .

Portland Cement Mortar After Gollop and Taylor 1999




Magnesium Sulfate Attack

Calcium Magnesium
Silicate Sulfate

3Ca0 -2S8i0, + MgSO ,-TH,0 —>

3(CaSO, -2H,0)+3Mg (OH ), +2Si0, - aq

Magnesium N Silica

+
Gypsum Hydroxide Gel

Skalny et al, 2002



Physical Salt Attack

Na,SO, +10H,0 <> Na,SO, -10H,0

Thenardite <> Mirabilite




Thaumasite

® Combination of carbonation
and sulfate attack

e High RH
® Low T (5°Cto 10°C)
® Rare




Thaumasite Form of
Sulfate Attack

‘N
3Ca0 510, -CO, -50,-15H,0

Clark et al. 1999



Prevention




Is Sulfate Attack a Problem?

® Environment
¢ Local soils
¢ Groundwater
¢ Other sources




Prevention

® Low permeability
@ Mix design
Water:cement ratio
Cement content
SCMs
Type
Content
Testing
@ Curing
@ Sealants?



Sulfate-Resistant CEMENTS

Moderate sulfate resistance

Types I, IP(MS), IS(<70)(MS), MS
High sulfate resistance

Types V, IP(HS), IS(<70)(HS), HS)

Type | - 14.1% C,A Type V - 1.2% C,A
W/C = 0.50 W/C = 0.51
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After immersion in sulfate solution for 5 years Courtesy of BRE




Portland Cement Type

- —4- ASTM Type | (12)
50- - ASTM Type Il (20)
| —A— ASTM Type Il (20M)

@ ASTM Type V (51)

3.0+

Visual Rating

5.0 | |
0.30 0.40 0.50 0.60 0.70 0.80

Water-Cement Ratio

PCA RD129



Sulfate-Resistant CONCRETES

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
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Type V Cement: W/C = 0.65 Type V Cement: W/C = 0.38




Entrained Air

With entrained air

Ihcfeasiné W/C

RD129



Use of Supplementary
Cementing Materials

e Silicates in SCMs

react with calcium
hydroxide (CH)

WSO o Vore C-S-H, less CH
Saed  formation!

=@ ° Lower permeability



Not All SCMs!

Mortar bars with high-C;A cement + 40% high-CaO Fly Ash
after 2 years in ASTM C1012 (5% Na,SO, 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 ~ length

change monitored during storage

5%-Na,SO, solution
Changed periodically

AT




STM C1012 - Interpretation of Results

Cements

Material Specification Sulfate Maximum expansion

Resistance (%)

6 Months | 12 Months

ASTM C 618 Moderate 0.10 :
Fly Ash & Pozzolans .
ASTM C 989 Slag High 0.05 :

Moderate 0.10 :
A.S.TM C 1240 High 0.05 i
Silica Fume

Very High : 0.05
ASTM C595 and C1157 Moderate 0.10 :
Blended & Hydraulic High 0.05 0.10




Effect of Fly Ash Composition

~. 04 : High-C;A cement with:
S &

= [
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Effect of Low-Calcium Fly Ash

0.3 y
High-C;A Cement
- Control
X 0.2-
c
9
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Effect of Low-Calcium Fly Ash

0.3 ]
. High-C;A Cement
é 0.2 - Cement
c
9
7
&
2 01 1A High-C;A Cement +
n 20% F (< 10% Ca0)

Time (months)



Mechanism of Improvement
with Low-CaO Fly Ash

* Dilution of portland cement (C;A and CH)
* Consumption of lime by pozzolanic reaction

* Increased resistance to SO, ingress/transport (lower

permeability)
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High-Calcium Fly Ash

C;A =11% by Bogue

Fly Ash = 24% CaO

—O— Control
—>=20% Class C
=8 40% Class C




Mechanism of Reduced
Resistance of High-CaO Fly Ash

* Contributes C;A (also some CH and free lime)
* Lower consumption of lime due to reduced pozzolanicity

* Presence of reactive aluminates in glass phase




Sulfate Resistance with Ternary
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Effect of Slag

0.3 '
High-C;A
4 Cement
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Summary (Materials)

® Low C;A cements minimize reactants

® Low permeability is more important
® SCMs can help

¢ Proper dosage

¢ Field history or testing
¢ Curing
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Exposure Class

=

FM) Designation: C 1580 — 05
]

Standard Test Method for

Water-Soluble Sulfate in Soil’

Water-soluble

Exposure : : Dissolved sulfate
class sulfate in soil, in water, ppm
% by mass » PP
Not applicable SO S0,<0.10 SO, <150
Moderate* S1 0.10< SO, <0.20 150< SO, <1500
Severe S2 0.20 <SO,<2.00 | 1500 < SO, <10,000
Very severe S3 SO, >2.00 SO,> 10,000

*Includes seawater




ACl 318 Requirements: Cements

: CaCl,

Class | €150 C595 ciis7 | Max | Min b

. mix

w/cm | f'c (psi)

ure

SO NR NR NR None 2500 NR

s1 I IP(MS) MS 0.5 4000 | None
15(<70)(MS)

s2 v IP(HS) HS 045 | 4500 | None
1S(<70)(HS)

S3 V+SCM* IP(HS)+SCM* HS+SCM 0.45* 4500 None
IS(<70)HS+SCM*

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

ACI 318-08, PCA 15001, 2008




ACl 318: Alternative Materials

Exposure Maximum Expansion in C1012
class

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

e 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

® Keep water:cement ratio low to achieve
low permeability

® Cure properly

® Use appropriate (testing!) pozzolans and
slags

® Use sulfate resistant cements
(Type Il or V, MS or HS)
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