International Journal of Engineering and Technology Research
Vol. 1, No. 8, September 2013, PP: 154-163, ISSN: 2327-0349 (Online)
Available online at www.ijeatr.org

Research article

PREDICTIVE MODEL TO DETERMINE THE
RATE OF SULPHATE EFFECT ON PORTLAND
CEMENT BASE MATERIAL

Eluozo, S. N.

Subaka Nigeria Limited, Port Harcourt, Rivers State of Nigeria
Director and Principal Consultant, Civil and Environmental Engineering, Research and Development
E-mail: Soloeluozo2013@hotmail.com
E-mail: solomoneluozo2000@yahoo.com

Abstract

The prediction of sulfate attack on cement base material has been of serious concern to experts in construction
industries; the rate of sulfate attack on cement base material has been observed from experts in different dimensions,
sulfate attack depends on the type of construction application and environmental conditions, this reduce the
compressive strength and the life span of structures. The established models were developed on the influential
parameters that are found to cause sulfate attack on cement base materials in the system. More so it has been found
in another development that Concrete sewer lines are found to be susceptible to acid attack, sewage itself is usually
neutral and with slightly acidic. The declines of concrete in sewer lines were observed above through water line,
rather than below where the sewage is in direct contact with the concrete. Problems of acid attack above the water
level in sewers arise indirectly from the bacterial decomposition of sewage, which produces hydrogen sulfide gas.
Engineers are often faced with questions concerning whether concrete will be resistant to acidic solutions of varying
concentrations. As acid solutions are commonly described in terms of pH, most engineers are interested in rules of
thumb regarding the resistance of concrete to acids at various pH levels The fact that plain concrete (nonreinforced)
of good quality can have good resistance to seawater is amply demonstrated by the many examples of structures
showing good service life after many years exposure to seawater, the conceptualize development of this model are
based on the these establish variables to ensure that model developed will monitor the rate of sulfate attack on
cement base materials. Copyright © IJEATR, all rights reserved.
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1. Introduction

Deterioration due to sulfate attack is generally attributed to chemical decomposition of certain portland-cement
hydration products after hardening, and formation through solution and precipitation of less soluble reaction product
[Tuthill, 1936, McMillan et al 1949, Bogue,, 1955, Hanson, 1966, Hanson 1968,lea 1971, Kalousek 1976]. This may
produce expansive forces and a subsequent physical disruption of the concrete. Sulfate solutions may also react with
the cement paste to form products that have little cementing value, and thereby turn the concrete into mush with
little apparent change in volume [Tuthill, 1936, Mehta, 1983]. The main reaction products involved in sulfate attack
are calcium sulfoaluminates. Calcium sulfoaluminates form during the normal hydration of Portland cement, and
also form as reaction products of sulfate ion with calcium hydroxide and calcium aluminate hydrate. Calcium
sulfoaluminates hydrate occurs in two forms, depending largely upon the supply of sulfate and alumina: a low
sulfate form called calcium monosulfoaluminate or monosulfate (3CaOAl, 03Ca504 12H20), and a high sulfate form
called calcium trisulfoaluminate or ettringite (3CaOAI2033CaS0432H20). The monosulfate form may be
converted to ettringite when exposed to sulfate solutions, and the associated volume increase is potentially
destructive. Formation of ettringite, often from monosulfate, is the reaction that is considered the main destructive
force in sulfate attack. However, there is some controversy over the formation of ettringite and the deterioration of
the concrete [Skalny, 2002, Hanson, 1966, Chatterji, 1989, and Cabrera, 1988]. The presence of ettringite alone is
insufficient evidence of a destructive sulfate attack, as ettringite is also a secondary reaction product from the
hydration of Portland cement. Magnesium compounds are potentially more destructive to concrete as the
magnesium ion is capable of completely replacing the calcium in hydrated Portland cement. Magnesium sulfate is
highly soluble (70 000 ppm) and can form more highly concentrated sulfate solutions than sodium sulfate. Strong
solutions of magnesium sulfate are capable of reacting with the calcium silicate hydrate phases as well as calcium
hydroxide and calcium aluminate hydrate phases. The concentration of magnesium sulfate may affect the course of
the reaction [Biczok, 1967]: « At low concentrations (less than 3200 mg S04/L—or less than 4000 mg MgSO4/L),
the attack is characterized by ettringite formation. However, in the continued presence of MgSO4, ettringite is

eventually decomposed to gypsum, magnesium hydroxide, and hydrated alumina [Lea, 1971].

There are some other unconfirmed theories: a) that there is more than one type of ettringite, and not all types are
expansive [Mehta, 1983 Kalousek, and Benton, 1970, Cohen, M. D. and Mather 1991]; b) that the mode of
formation may also have an effect, that is, ettringite formed by solid-state reactions is more expansive than that
formed by through-solution reactions [Hanson,1968, Mathe,1966]. However, according to Brown and Taylor,
ettringite forms typically by through-solution rather than by top chemical mechanism [Brown, 1999]. Mechanisms
for the expansion of ettringite have been reviewed by Cohen [Cohen, 1983], Ping and Beaudoin [Ping, 1992], and
others [Skalny, 2002]. Thaumasite (CaCO3 CaSO4 CaSiO3l 5H20) is structurally similar to ettringite and was
observed by numerous authors in concrete attacked by sulfate solutions [Erlin, and Stark,1965, Lukas 1975, van
Aardt, and Visser 1975, Gouda et al 1975, Regourd 1980, Crammond 1985, Berra, and Baronio, 1987 Collepard,
1990, Bensted, 1999, Crammond, 1999, Building Research Establishment,2002]. Thaumasite may form as a
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conversion product from ettringite by carbonate and silicon substitutions, or may form directly under favorable
conditions when there is a supply of alumina, calcium silicates or free silica gel, sulfate, and carbonate [van Aardt,
1975, Crammond, 1985]. It would appear that the presence of C3A is not necessarily a prerequisite for thaumasite
formation, and therefore such precautions as Type V cement would not necessarily provide protection against the
formation of thaumasite. Thaumasite forms preferentially at low temperatures due to the higher solubility of calcium
salts at low temperatures, and appears to form rather quickly at temperatures around 5 C [van Aardt,1975
Crammond,1985]. The carbonate ions can be derived from sources within the concrete such as limestone used as an
aggregate or a cement addition or can be supplied as carbonate or bicarbonate ions dissolved in the soil or

groundwater.

The American Concrete Institute (ACI) divides sulfate attack into two general categories: (1) a sulfate reaction with
calcium hydroxide to form gypsum (sometimes called gypsum attack, gypsum corrosion, and acid type of sulfate
attack), and (2) a sulfate reaction with calcium aluminate hydrate to form ettringite (sometimes called
sulfoaluminates attack or corrosion) [American Concrete Institute, 2001]. In more severe forms of the reaction, other
constituents of concrete are susceptible to sulfate attack, such as calcium silicate hydrate, and even some types of
aggregate particles such weathered feldspars. The reactions are more complex, however, as both anions and cations
are involved. The type of chemical reaction that will be prevalent is related, among other effects, to the cations
associated with the sulfates in solution, which most commonly are Ca™*, Na, and Mg"™". The cations affect the
solubility of sulfate minerals ad the concentration of the sulfates in solution, and also the course of the reaction.
With extremely high concentrations of sulfate, the reaction may intensify into acid attack that forms a different
reaction product [Biczok, 1967, Cohen.1991]. These reactions will be discussed in the following paragraphs. The

course of the reaction.

2. Theoretical back ground

Surface attack is on the major deformations of cement base material; these are observed in constructions of several
types of infrastructures for environmental development of human. Sulfate attack, sometimes are also called “sulfate
corrosion,” is a precisely severe type of worsening resulting from chemical reactions occurring when concrete
mechanism react with sulfate ions (5Q42) currently in solutions get in touch with concrete or, under convinced
situation, within the concrete mixture itself. Sulfate reported attack has been in Nigeria and many parts of the world,
for example western United States, the northern Great Plains area of the United States and Canada, Spain, Great
Britain, the Middle East, and in industrial situations where concrete has been exposed to solutions containing
sulfates. The attack is predominantly common in arid regions where obviously occurring through natural sulfate
minerals that are present in the water and ground in contact with the structures. The necessary conditions for sulfate
attack are known and preventive measures can be taken to eliminate or minimize the risk of sulfate attack. A
comprehensive description of the different forms of sulfate attack and methods of prevention was recently published
by Skalny et al.2002. without taking sufficient safety measures, concrete structures such as floors, foundations,

drainage pipe, and lower parts of canal structures may completely break up in only a very few years when exposed
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to water containing dissolved sulfates. The harshness of the attack can be pretentious by the presence of other
dissolved substances in the water, but generally increases as the attentiveness of sulfates in the water increases, and
becomes even more severe if the concrete is subjected to frequently alternating periods of wetting and drying. On
the other hand, concrete exposed to dry sulfate-bearing soils will not be attacked. The source for the sulfates
involved in the chemical reaction may be either external or internal to the concrete [Skalny et al, 2002 Al-Rawi,
1985, Ouyang,et al 1988, Grabowski,et al 1992, Sulfate Attack Mechanisms ,1999, American Concrete Institute,
Detroit 1998, Thomas,2002, Scrivener,2004]. In the case of external attack, the sulfates may originate from
groundwater or from sulfates leached from adjacent soil as the reaction progresses from the surface into the interior
of the concrete. In the case of internal attack, the sulfates may come from minerals in the aggregates, sulfates
dissolved in the mix water, admixtures and additives, and possibly from sulfates in the portland cement, It is
therefore necessary to have a chemical analysis of the ingredients of the concrete and of the groundwater and soil

surrounding the structure in order to assess the probability of sulfate attack.

3. Governing Equation

2
oC,, _ Da sz
oT OX

— KVC, e 0

The governing equation to monitor the rate of surface attack on cement through concrete are expressed bellow, the
expressed governing equation are formulated through the influential parameters in the system, the condition of
structural components are base on the binding agent called cement paste, the expressed mathematical equation are
thoroughly developed base on the characteristic formations of the sulfate attack commonly found under
environmental influence known to be one of the factor in the system. The gypsum normally added to Portland
cement to control setting characteristics is not sufficient to cause sulfate attack. Portland cement normally contains
gypsum, which is added in amounts of about 2.5—4 0 as SO3 to control setting characteristics. This gypsum is
consumed during the normal course of the cement hydration process. The main constituents of hardened portland-
cement paste susceptible to sulfate attack are the hydration products of the tricalcium aluminate (3CaO-A1203 or
C3A) phase. Other cement hydration products can also be attacked in more severe sulfate environments [Joseph and
James, 2006].

Let (X,t) = X, T, be the solution

XT' = DXYT —KVC, e @)
Dividing (1) by XT

1 11
TT = DXTT = KVC, 3)
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Tl Xll
— -D — KVC, 4
- X A (4)
From (4) we have
Tl
— =X 5
T ()
T+ 2T =0 e, (6)
Also from (2)
11
pX_ _ KVC, = —A* ©)
X
11
pX_ _ KVC, = —A* i, )
X
n_ 1 X =0 9)
KVC,
XM — XM =X =0 (10)
1 2
Where f = + AT, (11)
KVC,

The expression from [2-11] show the derived solutions on the parameters that are applied to formulate the system,
the foundation were the state derived solution are to streamline the relationship that simultaneously practice the
react of attack on the cement base materials through the binding agent known as cement paste. For example Sodium
sulfate are found prominently to be more destructive than gypsum as it is more soluble (40 000 mg/L water)
compared to that of calcium sulfate, and because it penetrates into two types of reactions with the hydrated cement
phases in the hardened cement paste. Moreso it is noticeable that Sodium sulfate reacts with calcium hydroxide as
well as the calcium aluminate hydrate phases. At lesser concentrations as confirmed experimental by experts, (SO4
content less than 1000 mg/L), sulfate reacts with the hydrated calcium aluminate phases to produce ettringite and
subsequent deterioration; at higher concentrations, sodium sulfate reacts with calcium hydroxide to produce gypsum
[Biczok,1967,]. Gypsum formation results in a volume increase, but there is some controversy as to whether the
formation of gypsum produces a harmful expansion in concrete. The evidence for gypsum producing expansion and
deterioration of the concrete does not appear as straightforward as does the case for ettringite formation [Cohen,
1991, Joseph and James 2006].

Suppose X = (™ in (9)
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XM = ME™, XM = M20™ (12)
MZ/™ — ME™ — BI™ =0 e (13)
(M2 + M —ﬂ)@mx =0 (14)
But /™ = 0
Hence
M2 —M—=8=0 (15)
—1+,/1+ 45X
M, = —————— (16)
2X
-1+1+4pX
LS (17)
2X
—1-1+4pX
= e, 18
2 2% (18)
Therefore,
Xo =C ™+ Ce™* (19)
= C,CosM;x + C,SinM,x (20)

Solving equation (6) gives

_22

T(t) =T, T (21)

The developed model in [20] shows the predominant rate of setting time on cement base material at different
temperature in the system, since the paste is the binding agent to all the characteristics of concrete material and
mortal in constructions of structure either reinforced or not, the rate setting time at different temperature in cement
base material can be monitored in the derived solution model at twenty. It is of interest to understand that gypsum
usually additional to Portland cement to control setting characteristics is not sufficient to cause sulfate attack.
Portland cement normally contains gypsum, which is added in amounts of about 2.5—4 0 as SO3 to control setting
characteristics. This gypsum is consumed during the normal course of the cement hydration process. The main

constituents of hardened portland-cement paste susceptible to sulfate attack are the hydration products of the
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tricalcium aluminate (3Ca0-A1203 or C3A) phase. Other cement hydration products can also be attacked in more
severe sulfate environments, the expressions in gypsum if added to cement to increase the setting are involved then

the developed derived model conditions will be useful to the system in this direction.

Hence the solution of (20) yield

12

C(X,t) _ (Cl COSM1X + C2 SinMZX)E? ........................ (22)

The final developed model from the derived expressions in [22] will applied to monitor the rate of sulfate attack on
cement base materials, the derived solution were expressed through the application of variable separation denoted
with mathematical symbols, the parameters were expressed base on the rate of influences in the system through the
derived expressions, the rate sulfate attack on cement base material are attributed to several conditions, The major
factors governing the sulfate reactions are (1) the level of permeability on concrete to water, which is a control on
the rate at which the reactants are brought together; (2) the composition of the hydrated phases of the cement paste,
as not all cement hydration products are equally susceptible to reaction with sulfates; (3) the chemical composition
and concentration of the sulfate-laden water, which affects the course and the severity of the reaction; and (4) the
exposure conditions (i.e., concrete exposed to cyclic wetting and drying, or concrete exposed to moisture gradient
will be more vulnerable than concrete continually immersed in sulfate-contaminated groundwater; temperature is
also important). There are several different sulfate reaction mechanisms depending on the composition of the sulfate
water and the environmental condition The course of the reaction and the mechanism for deterioration may vary
according to the situation. As the reaction proceeds inward into the concrete, the composition of the pore water may

change and influence the course of the reaction.

4. Conclusion

Predictive model to determine the rate of sulphate effect on Portland cement base material has been thoroughly
expressed the model were develop to monitor the rate sulfate attack on cement base material, several attack has
been n observed by expert in the several experiment in the aspect of sulfate attack deteriorating cement base
material. Although sulfate attack has been extensively investigated and mechanistic aspects of the problem are
known, it is still not completely understood. The situation is not as straightforward as might be expected since
several different chemical reactions rather than a single reaction may be involved simultaneously. Some controversy
still remains over the mechanism responsible for producing expansion and deterioration of the concrete. Most of the
knowledge on sulfate attack has been developed from laboratory studies involving relatively simple chemical
systems of pure materials, yet in actual practice the situation is more complicated as the exposures may involve
varying and changing combinations of impure materials in different proportions. In such cases, the water may

contain other aggressive anions and cations that attack hydrated cement constituents by chemical reactions other
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than those associated strictly with the sulfate anion. At times these reactions may impede the attack, and at other

times may aggravate the attack.

Reference
[1] Skalny, J., Marchand, L., and Odler, I., Sulfate Attack on Concrete, Spon Press, London, 2002, 217 pp

[2] Tuthill, L. H., “Resistance to Chemical Attack,” Concrete and Concrete-Making Materials, ASTM STP 275,
ASTM International, West Conshohocken, PA, 1966.

[3] Graham, J. R., Backstrom, J. E., Redmond, M. C., Backstrom, T. E., and Rubenstein, S. R., “Evaluation of
Concrete for Desalination Plants,” Report REC-ERC-71-15, Bureau of Reclamation, Denver, CO, March 1971.

[4] Skalny, J., Marchand, L., and Odler, I., Sulfate Attack on Concrete, Spon Press, London, 2002, 217 pp.

[5] Al-Rawi, R. 5., “Internal Sulfate Attack in Concrete Related to Gypsum Content of Cement with Pozzolan
Addition, Technology of Concrete When Pozzolans, Slags, and Chemical Admixtures Are Used, Facultad de
Ingenieria Civil, Universidad Autonoma de Neuvo Leon, Mexico, 1985.

[6] Ouyang, C., Nanni, A., and Chang, W. F., “Internal and External Sources of Sulfate Ions in Portland Cement
Mortar: Two Types of Chemical Attack,” Cement and Concrete Research, Vol. 18, 1988.

[7] Grabowski, E., Czamecki, B., Gillott, J. E., Duggan, C. R., and Scott, 3. F., “Rapid Test of Concrete Expansivity
Due to Internal Sulfate Attack,” AC! Materials Journal, Sept.-Oct. 1992.

[8] Sulfate Attack Mechanisms, Special Volume of the Materials Science of Concrete series, 3, Marchand and J. P.
Skalny, Eds., The Ceramic Society, Westerville, OH, 1999, 371 pp.

[9] Ettringite — The Sometimes Host of Destruction, AC! SP-177, B. Erlin, Ed., American Concrete Institute,
Detroit, 1998, 265 pp.

[10]Thomas, M. D. A., “Delayed Ettringite Formation: Recent Developments and Future Directions,” Materials
Science of Concrete, Vol. VI, S. Mindess and J. Skalny, Eds., The Ceramic Society, Westerville, OH, 2002.

[11] Scrivener, K. and Skalny, J. (Eds.), “Internal Sulfate Attack and Delayed Ettringite Formation,” Proceeding5,
mt., RILEM 186- 1 5A Workshop, PRO 35, RILEM Publications, Paris, 2004.

[12] Biczok, 1., Concrete Corrosion and Concrete Protection (English ed.), Chemical Publishing Co., New York,
1967.

[13] Cohen, M. D. and Mather, B., “Sulfate Attack on Concrete— Research Notes,” ACI Materials Journal, Vol.88,
No. 1, Jan-Feb. 1991

[14] Lea, F. M., The Chemistry of Cement and Concrete, Chemical Publishing Co., New York, 1971.

[15] Mehta, P. K., “Mechanism of Sulfate Attack on Portland Cement Concrete—Another Look,” Cement and
Concrete Research, Vol. 13, 1983.

[16] Chatterji, S. and Jensen, A. D., “Efflorescence and Breakdown of Building Materials,” Nordic Concrete
Research Publication, Oslo, Norway, No. 8, 1989.

[17] Cabrera, J. G. and Plowman, C., “The Mechanism and Rate of Attack of Sodium Sulphate Solution on Cement
and CementIPFA Pastes,” Advances in Cement Research, Vol. 1, No. 3, July 1988.

[18] Kalousek, G. and Benton, E. J., “Mechanism of Seawater Attack on Cement Paste,” Journal, American
Concrete Institute; Proceedings, Vol. 67, Feb. 1970.

161



International Journal of Engineering and Technology Research
Vol. 1, No. 8, September 2013, PP: 154-163, ISSN: 2327-0349 (Online)
Available online at www.ijeatr.org

[19] Cohen, M. D. and Mather, B., “Sulfate Attack on Concrete— Research Notes,” ACI Materials Journal, Vol.88,
No. 1, Jan-Feb. 1991.

[20] Hanson, W. C., “Chemistry of Sulphate-Resisting Portland Cement,” Performance of Concrete, Thorvaidson
Symposium, E. G. Swenson, Ed., University of Toronto Press, Toronto, Canada, 1968

[21] Mather, B., “Effects of Sea Water on Concrete,” Highway Research Record No. 113, Highway Research Board,
Washington, DC, 1966.

[22] J. Brown, P. W. and Taylor, H. F. W., “The Role of Ettringite in External Sulfate Attack,” In Materials Science
of Concrete Special Volume: Sulfate Attack Mechanisms,

[23] J. Marchand and J. Skalny, Eds., The American Ceramic Society, Westerville, OH, 1999, pp. 73—298.

[24] Cohen, M. D., “Theories of Expansion in Sulfoaluminates-Type Expansive Cements: Schools of Thought,”
Cement and Concrete Research, Vol. 13, 1983.

[25] Ping, X. and Beaudin, J. J., “Mechanism of Sulfate Expansion,” Cement and Concrete Research, Vol. 22, 1992
[26]Ping, X. and Beaudin, J. J., “Mechanism of Sulfate Expansion,” Cement and Concrete Research, Vol. 22, 1992

[27] van Aardt, J. H. P. and Visser, S., “Thaumasite Formation: A Cause of Deterioration of Portland Cement and
Related Substances in the Presence of Sulphates,” Cement and Concrete Research, Vol. 5, 1975.

[28] Crammond, N. J., “Thaumasite in Failed Cement Mortars and Renders From Exposed Brickwork,” Cement and
Concrete Research, Vol. 15, 1985

[29] Chatterji, S. and Jensen, A. D., “Efflorescence and Breakdown of Building Materials,” Nordic Concrete
Research Publication, Oslo, Norway, No. 8, 1989

[30] Cabrera, J. G. and Plowman, C., “The Mechanism and Rate of Attack of Sodium Sulphate Solution on Cement
and CementIPFA Pastes,” Advances in Cement Research, Vol. 1, No. 3, July 1988.

[31] Erlin, B. and Stark, D. C., “Identification and Occurrence of Thaumasite in Concrete,” Highway Research
Record 113, Highway Research Board, Washington, DC, 1965.

[32] Lukas, W., “BetonzerstOrung Durch SO3—Angriff Unter Bildung von Thaumasit und Woodfordit,” (Concrete
Deterioration From S03—Attack With Formation of Thaumasite and Woodfordite), Cement and Concrete Research,
Vol. 5, 1975.

[33] van Aardt, J. H. P. and Visser, S., “Thaumasite Formation: A Cause of Deterioration of Portland Cement and
Related Substances in the Presence of Sulphates,” Cement and Concrete Research, Vol. 5, 1975.

[34] Gouda, G. R., Roy, D. M., and Sarkar, A., “Thaumasite in Deteriorated Soil-Cements,” Cement and Concrete
Research, Vol. 5, 1975.

[35] Regourd, M., “Physico-Chemical Studies of Cement Pastes, Mortars, and Concretes Exposed to Sea Water,”
Performance of Concrete in Marine Environment, SP-65, American Concrete Institute, Detroit, MI, 1980.

[36] Crammond, N. J., “Thaumasite in Failed Cement Mortars and Renders From Exposed Brickwork,” Cement and
Concrete Research, Vol. 15, 1985.

[37] Berra, M. and Baronio, G., “Thaumasite in Deteriorated Concretes in the Presence of Sulfates,” Concrete

Durability, SP100, Katharine and Bryant Mather International Conference, American Concrete Institute, Detroit, Ml,
1987.

162



International Journal of Engineering and Technology Research
Vol. 1, No. 8, September 2013, PP: 154-163, ISSN: 2327-0349 (Online)
Available online at www.ijeatr.org

[38] Collepardi, M., “Degradation and Restoration of Masonry Walls of Historical Buildings,” Materials and
Structures, Vol. 23, 1990, pp. 81—102.

[39] Bensted, J., “Thaumasite — Background and Nature in Deterioration of Cements, Mortars and Concretes,”
Cement and Concrete Composites, Vol. 21, 1999, pp.117—121.

[40] Crammond, N., “The Occurrence of Thaumasite in Modern Construction — A Review,” Cement and Concrete
Composites, Vol. 24, 2002, pp. 393—402.

[41] Proceedings of the First International Conference on Thaumasite in Cementitious Materials, 1. Holton, Ed.,
Building Research Establishment, Garston, U.K., 2002

[42] Joseph F. L Significance of tests and property of concrete- making Materials ASTM International, West
Conshohocken, PA.2006,pp 247-252

163



