Lecture No. 29

Subject: Concrete Durability Problems – Sulfate Attack
Objectives of Lecture:

· To briefly explain the concrete durability problems in the Arabian Gulf 
· To explain the sulfate attack – mechanism, effects, factors affecting, and control measures 
Durability Problems in the Arabian Gulf

Arabian Gulf, is one of the zones of the world suffering from the severe durability problems due to the following causes:

· Aggressive environmental conditions, characterized by high temperature and humidity and large fluctuations in the diurnal and seasonal temperature (∆T = 20 ºC during summer) and humidity (H = 40 to 100%)
Sudden and continuous variations in temperature and humidity initiate ever present cycles of expansion/contraction and hydration/dehydration, which cause damage due to thermal and mechanical stresses   
· Large difference in coefficients of thermal expansion of aggregate in common use and hardened cement paste
Limestone, the predominantly used aggregate in this region, has a coefficient of thermal expansion of 1×10 –6 /ºC. The coefficient of thermal expansion for hardened paste is much higher (usually between 10×10 –6 /ºC to 20×10 –6 /ºC) Due to this; the tensile and compressive stresses are developed in the cement paste and aggregates, respectively, with the fall of temperature

· Poor quality of local crushed limestone aggregates, characterized as porous, absorptive, relatively soft, and excessively dusty on crushing
Dust and excessive fines cause high water demand resulting in lower strength and greater shrinkage of concrete. Dust also weakens the bond at the aggregate-paste interface

· Water, air, and sabkha soil heavily contaminated with salts

The chloride salt admixed in concrete through mixing water and aggregates, contributed through the penetration of chloride laden airborne moisture and dew, and penetration of chloride laden groundwater due to capillary action, corrode the reinforcing steel very severely   


Sulfate in the soil deteriorate the concrete severely

Following two major causes of the deterioration were reported through the condition surveys of the deteriorated concrete structures in the Eastern Province of Saudi Arabia

· Sulfate attack

· Reinforcement corrosion  

However, concrete deterioration due to alkali-silica reactivity is another important durability concern. 

Sulfate Attack

Mechanism

· Sulfate attack is a result of the chemical reaction between the hydrated Portland cement (mainly the calcium hydroxide and alumina-bearing phases) and sulfate ions

· Chemical reaction between the hydrated Portland cement and sulfate ions is known to take two forms depending on the concentration and the source of sulfate ions and the composition of cement paste in concrete

· On hydration, Portland cements with more than 5% C3A will contain most of the alumina in the form of monosulfate hydrate, C3A.C[image: image1.wmf]S

.H18
If the C3A content of the cement is more than 8%, the hydration products will also contain C3A.CH.H18
· In the presence of calcium hydroxide, when the cement paste comes in contact with sulfate ions, both the alumina-containing hydrates are converted to ettringite (C3A.3C[image: image2.wmf]S

.H32) as shown below:
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+12H  C3A.3C[image: image5.wmf]S

.H32

C3A.CH.H18 + 2CH +3[image: image6.wmf]S

 + 11H  C3A.3C[image: image7.wmf]S

.H32
· The formation of ettringite generates excessive expansion in concrete.  However, the mechanisms by which ettringite formation causes expansion is still a subject of controversy

· Gypsum formation as a result of cation-exchange reactions is also capable of deteriorating concrete through a process leading to the reduction of stiffness and strength; this is followed by expansion and cracking, and eventual transformation of the material into a mushy or non-cohesive mass
· Depending on the cation type present in the sulfate solution (i.e., Na+ or Mg++) calcium hydroxide and the calcium silicate hydrate (C-S-H) may be converted to gypsum by sulfate attack as shown below:

Na2SO4+Ca(OH)2 +2H2O  CaSO4.2H2O +2NaOH

MgSO4 + Ca(OH)2 + 2H2O  CaSO4.2H2O + Mg(OH)2

3MgSO4+3CaO.2SiO2.3H2O+8H2O
3(CaSO4.2H2O)+3Mg(OH)2+2SiO2.H2O 


Effect

· Sulfate attack normally manifests in the form of expansion of concrete leading to its cracking

· Sulfate attack can also take the form of a progressive loss of strength and mass due to deterioration in the cohesiveness of the cement hydration products

· Following Plate shows the common forms of sulfate attack, namely the acidic type, expansive type and onion-peeling type
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Plate:
Common forms of sulfate attack: (a) acidic type, (b) expansive type and (c) onion-peeling type. 
Main factors affecting sulfate attack

(i) Cement type and content:

· The most important mineralogical phases of cement that affect the intensity of sulfate attack are: C3A, C3S/C2S ratio and C4AF

· Cements with low C3A content are less vulnerable to sulfate attack.

However, cements with low C3A have a higher C3S/C2S.  An increase in the C3S content of cement generates a significantly higher amount of calcium hydroxide.  The calcium hydroxide can also react directly with the sulfate ions leading to the formation of gypsum, which is harmful  

· Higher cement content significantly reduces the rate of sulfate attack

Fig.:
Effects of cement type and content on sulfate attack

(ii) Fly ash addition

The addition of a pozzolanic admixture such as fly ash reduces the C3A content of cement and thus causes a beneficial effect on the sulfate resistance, as shown in the following Fig.:

Fig.:
Effects of cement type and content on sulfate attack
(iii) Sulfate type and concentration:

· The sulfate attack tends to increase with an increase in the concentration of the sulfate solution up to a certain level

· The cation associated with SO42( has a significant impact on the attack

(iv) Chloride ions:

· Chloride has either a negligible or a generally beneficial influence on the sulfate resistance of both Type I and Type V cements

· Sulfate binding of cements is decreased in the presence of chloride ions

· The expansion of concrete due to sulfate attack in presence of chloride is retarded because of the increased solubility of sulfate ettringite (about 3 times more) in sodium and calcium chloride solutions than in water

(vi) Other factors:

· The level of the water table and its seasonal variation

· The flow of groundwater and soil porosity

· The form of construction

· The quality of concrete

Control of sulfate attack

1. The quality of concrete, specifically a low permeability, is the best protection against sulfate attack

The following important factors that contribute to low permeability should be taken into consideration:

· Adequate concrete thickness

· High cement content

· Low w/c ratio

· Proper compaction and curing

2. The use of sulfate resisting cements provide additional safety against sulfate attack

ACI Building Code 318-83 has specified the following requirements for the four different levels of sulfate attack:

· Negligible attack: When the sulfate content is under 0.1 % in soil, or under 150 ppm (mg/l) in water, there shall be no restriction on the cement type and w/c ratio
· Moderate attack: When the sulfate content is 0.1 to 0.2 % in soil, or 150 to 1500 ppm in water, ASTM Type II Portland cement or Portland pozzolan or Portland slag cement shall be used, with less than an 0.5 w/c ratio for normal-weight concrete  
· Severe attack: When the sulfate content is 0.2 to 2.0 % in soil, or 1500 to 10,000 ppm in water, ASTM Type V Portland cement, with less than an 0.45 w/c ratio, shall be used 
· Very severe attack: When the sulfate content is over 2.0 % in soil, or over 10,000 ppm in water, ASTM Type V cement plus a pozzolanic admixture shall be used, with less than an 0.5 w/c ratio
Note:

For lightweight-aggregate concrete, the ACI Building Code specifies a minimum 28-day compressive strength of 4250 psi for severe or very severe sulfate attack conditions
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