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permeability of cement based materials is presented in Fig. 6 (19) which shows that th
permeability of cement paste, mortar and concrete can be reduced by an order g
magnitude, simply by lowering the w/c from 0.70 to 0.50. For a given w/c, mortars ay}

concretes generally have a higher permeability because of the paste aggregate interfage |

which offers a preferential path for water movements in concretes and mortars.

Superplasticizers can be used to produce low w/c concretes or high-performang/
concretes, that generally have a very low water permeability. Figure 7, presents the watg
permeability of a group of superplasticized low w/c concretes made with ordinary o
blended Portland cements (silica fume and fly ash). The detailed composition of thes:
concretes can be obtained in the original paper (20). For the lowest water/binder ratios |
(w/b) (< 0.33), the permeabilities reach a very low value (< 5 x 10-14 m/s) and, fromaa[
practical point of view, it is a general agreement that with that level of permeabﬂih{,fj
concrete can be considered as impervious to water (6). The results of Figure 7 also show |
that a very low w/b is not the only way to obtain a highly impervious concrete. Wher
superplasticizers are used in combination with a mineral admixture, such as silica fumeu|
fly ash, the permeability of concrete can be low (< 10 x 10 m/s) even for a usual wh
of 0.45. In Figure 7, concretes containing fly ash or silica fume have the lowes!
permeabilities obtained in the range of 35 MPa to 50 MPa.

A concrete with a low water permeability is generally a more durable concret
because many deterioration processes only take place when external water is availableinf
the mass of concrete. For example, the formation of corrosion products around i
reinforcing steels depends on the availability of OH ions which are formed by ff
electrochemical process between water, oxygen and the electrons liberated by the anod
reaction. The better protection against corrosion of concretes with a low watd
permeability can also be explained by their lower degree of saturation which increasest
electrical resistivity of the electrolyte.

Other types of expansive products in cement paste such as silica gel formed by th
alkali-aggregate reactions or ettringite formed by the sulfate-related reactions in concret;
contain a very large number of water molecules and their rate of formation is a direcl
function of the availability of external water. Most of the destruction processes associatel |
with freeze-thaw cycles, and particularly the salt scaling resistance, depend on tf
saturation level of the cement paste. Pastes with a low permeability usually have a lowel

saturation level near the surface and a better resistance to salt scaling (16,21)- The §

penetration of aggressive ions such CI is generally much slower in concretes with alow}

water permeability since these ions mainly penetrate the concrete through the liquid phast:

Air permeability

Figure 8 shows the relation between air permeability of concrete, the wi/c and te §
length of the curing period (22). As for water permeability, air permeability of low wle
concretes is lower because of the finer and more discontinuous network of capillary _P_O“’fs
of the hardened cement paste. The positive effect of a low w/c on the air permeablflt‘f's -
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particularly noticeable during the first 7 days of the initial moist curing. At 1d and 4d the
air permeability is reduced by an order of magnitude when the w/c is lowered from 0.70
to 0.40. Obviously, air permeability is also a function of the length of the curing period.
Moist conditions reduce air permeability by sustaining the formation of additional hydration
products that fill and divide the capillary pores. Itis mainly the first 7 days of curing that
produce the most important reduction of the air permeability. It should be pointed out
that air permeability is far less sensitive to the length of the curing period for low wic
concretes (w/c = 0.40). This hasimportant practical consequences since air permeability
of low w/c concretes should be less affected by unfavorable initial curing conditions.

Compressive strength can be a relatively good indicator of air permeability of concrete
because both properties are closely linked to the quality of the paste matrix and of the
paste-aggregate interface. Figure 9 presents the relationship between oxygen permeability
and compressive strength of a fairly wide group of concretes made with or without
complementary cementitious materials (silica fume, fly ash) and with w/b ranging from
0.26 to 0.80. The detailed composition of these concretes can be found in the original
paper (23). From these results, concretes with a high compressive strength (or a low
w/b) clearly have a much lower oxygen permeability. However, permeability becomes less
affected and seems to reach a minimum value for w/b lower than approximately 0.30 or
when the compressive strength is higher than about 60 MPa.

Air permeability is a major parameter in the durability of reinforced concrete because
it controls the availability of both oxygen and CO, in the "covercrete" protecting the
reinforcing bars. A low air permeability is beneficial because it should reduce the oxygen
supply at the cathode where OH ions are produced and that eventually react to form
e'xpansive products. A low air permeability will also reduce the availability of CO, and the
risk of carbonation, which can accelerate the corrosion process by destroying the
protective passive oxide film of steel.

Chloride-ion permeability

C.h_!oride permeability is an important property that governs many aspects of the
durability of concrete structures (corrosion of reinforcing steel, deicing salt resistance).
The AASHTO 277 procedure Rapid determination of the chloride permeability of concrete
(24) is one of the most commonly used test method to assess the chloride permeability
of concrete. The chloride permeability is estimated by measuring the total charge (in
Eg:ifimb) passipg through a concrete specimen (diam. 95 x 50 mm) maintained under a
pro:e:nt electncal' tension of §0V ‘during 6 hoqrs. However, this relatively simple test
measurure only gives an estimation of phlorlde permeability by using an indirect
AASHT?)m;;‘t mainly based on the cpnductwlty of concrete. Despite this drawback, the
v 7.test met‘hod can prowde_ usef‘ul |pformation on the protection of concrete
Rl corrosion of reinforcing steel since it gives a relatively good assessment of the

ity of the chloride ions and of the conductivity of the cement paste (25).
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As for the other types of concrete permeabilities, the w/c is a key factor controlling
the rapid chloride permeability (Figure 10).
particularly sensitive to low values of w/c (26). As shown in Figure 10, the total charge
passed through the specimen is relatively less affected for w/c higher that 0.50, but for
lower w/c, the total charge drops rapidly and becomes almost negligible for a w/c of

approximately of 0.25. Even if it is always a good practice to maintain favorable curing §

conditions for the longest possible period to reduce the rapid chloride permeability, it must

be pointed out that low w/c concretes (< 0.40) are far less affected by short or

unfavorable curing conditions (Figure 10).

A general relationship between rapid chloride permeability and compressive strength
is shown in Figure 11, which presents some results obtained with a relatively wide family
of concretes made with w/b ranging from 0.25 to 0.45 and with various dosages of
mineral admixtures (silica fume and fly ash) (20). The rapid chloride permeability of
concretes with a compressive strength of less than 50 MPa is somewhat variable,
depending on the w/b ratio and on the dosage of silica fume or fly ash. For that range of
compressive strengths, concretes with fly ash or silica fume generally have a lower
chloride permeability (20). For high-strength (f'c > 50 MPa), or for low wi/b ratio
concretes (< 0.33), the total charge after 6 his generally under 1000 coulomb, whichis
very low according to the reference scale proposed by Whiting (27). From the results of

Figure 11, it appears clearly that the use of a superplasticizer to reduce the w/b ratio will §
not only produce concrete with a higher compressive strength but will also produce §

concrete with a significantly lower chloride permeability.

While the rapid permeability test is not a direct measurement of the chloride-ion

permeability, it can give valuable information on the corrosion protection of concrete, since §
the result is a direct function of the electrical conductivity of concrete (25). A concrete §

with a low rapid chloride permeability should offer a better protection against corrosion

because of its low electrical conductivity that limits the corrosien current and the mobility

of OH and CI in cement paste.

CONCLUSIONS

Superplasticizers offer a simple and economical way of enhancing the generdl
durability of many types of concrete structures. When used as high range water reducer:
they allow the production of highly workable concretes with wi/c ratios well below the

usual value of 0.45. These more dense concretes not only have a much higher
compressive strength but they also have a significantly improved durability. Literaturedaté
on to the durability of concrete show that, very often, this is the best and most
inexpensive way to protect the concrete against any aggressive agents (6). If the strength
of the resuftant concrete exceeds the design strength, the designer will have to learn how
1o take advantage of the enhanced strength provided by these concretes of highef

performance.

This type of permeability measurementis

Superplasticizers: Application 209

The essence of the t?etter durability of low w/c superplasticizer concretes is their lower
and fmer_caplllary porosity. The more discontinuous network of pores produces a cement
paste with a very low permeability against almost all types of potentially external

| aggressive agents (water, oxygen, CO,, chloride ions). A quick review of the main

destruction mechanisms and of the parameters that control the durability of concrete
exposed to a severe environment reveal that a lower permeability generally reduces th
extent of the destruction processes. : -

REFERENCES

Uchikawa, H. "Durability qf_ High Strength Concrete with Superior Workability
Estimated from the Compoe:,mon and Structure”. To be published in the proceedings
of the P.K. Mehta Symposium on Concrete Durability, Nice, France, 1994, 30 p

Ramz_achandran, V.S. and Malhotra, V. M. "Superplasticizers". In Concrete
Admixtures Handt_)ook - Properties, Sciences and Technology, Chapter 4, V. S
Ramachandran Editor, Noyes Publications, 1984, 625 p. | e

Powers, T. C. "Physical Properties of Cement Paste”. Proceedings of the Fourth

International Symposium i .
577-613. P on the Chemistry of Cement, Washington, D. C., 1960, pp.

Hansen, T. C. "Physical Compositi
position of Ha L
Journal, May, 1970, pp. 404-407. "dencd Bostlang Coment Paste”. ACI

Eilr]nz:l-jgd' K. "Sirpula;cion of Hydration and Formation of Structure in Hardening
St asgd Mgtena!s . Ph. D: thesis edited by Author, Chap. 3, p. 34, pp. 54 -
] t University of Technology, Faculty of Civil Engineering, 1991, 29'5 p:

A|tc ; B " n H
in, P.-C. "Durable Concrete". To be published in the Proceedings of the 6"

International Conference on Durabili ildi i
Bl on Durability of Building Materials and Components, Omya,

Meth o ili i
a, P. K. "Durability of Concrete - Fifty Years of Progress ?". Proceedings of the

Second Internation
al Conference on D ili
o e Contmone urability of Concrete, ACI SP-126, V.M.

Ph||e . " geians r

Kathgrini.anzrgf;a§¥$:$Ib'lhty of ngh-Strength Concrete”. Proceedings of the
: erinternational Conference on Con ili

00, J. M. Scanlon Editor, 1987, pp. 819-843. o

Barnes, S.. pj
AU Aég?ézr:&r;di,nségrr:?agglgh, W. L. "Micromorphology of the Interfacial Zone
S e R e ande;ent Mortar”. Journal of the American Ceramic




210  R. Gagné

10. Maso, J.-C. "La nature minéralogique des agrégats, facteur essentiel de la résist
des bétons a la rupture et a l’action du gel”. Revue Matériaux et Construction, 19
No 647, 648 and 649, pp. 247 - 330.

Grandet J. and Ollivier, J.-P. "Orientation des hydrates au contact des granulats'r.

7* Congress on Chemistry of Cement, Paris, 1980, Topic no 7.

Aitcin. P.-C. and Neville A. "High-Performance Concrete Demystified". Conced
International, Vol. 15, No 1, 1993, pp. 21-26.

Baalbaki, W.; Aitcin: P.-C. and Ballivy, G. "On Predicting Modulus of Elasticity
High-Strength Concrete”. ACI Material Journal, Vol. 89, No 5, 1892, pp. 509-51;!

Power, T.C. "The Air Requirement of Frost-Resistant Concrete". Proceedingsofig
Highway Research Board, 1949, 29, pp. 184-211.

Pigeon. M.; Gagné, R. and Foy, C. "Critical Air-Void Spacing Factor for Low Wa
Cement Ratio Concretes With and Without Condensed Silica-Fume". Cement
Concrete Research, Vol. 17, No 6, 1987, pp. 896-906.

. Marchand, J.; Sellevold, E.J. and Pigeon. M. "The Deicer Salt Scaling Deteriorai§

of Concrete - An Overview”. To be published in the proceedings of the P.K. M
Symposium on Concrete Durability, Nice, France, 1994, 40 p.

Metha P. K. "Concrete Structure, Properties and Materials".  Prenticed

Englewood Cliffs, N.J., W.J. Hall editor, 1986, 450 p.

_ Scholin, K. and.Hilsdorf H.K. "The Potential Durability of Concrete”. Proceeding
the 9* European Ready Mixed Concrete Organization Congress, Stavanger, 1
Fabeko Publishers, Oslo, pp. 453-479.

Concrete Manual, 8" Edition, U.S. Bureau of Reclamation, 1975, p. 37.

. Armaghani, J. M.; Romano, D. C. and Larsen, T. J. "Strength and Durabill} '
Concretein Florida”. Proceeding of the Second International Conference on Dura
of Concrete, Supplementary Papers, Montreal, 1991, V.M. Malhotra Editor. pp- 14

748.

Gagné, R.; Pigeon, M. and Aitcin, P.-C. "Deicer Salt Scaling Resistance 0f
Performance Concrete”. Proceedings of the Paul Klieger Symposiumon Performs
of Concrete, ACI SP-122, David Whiting Editor, 1990, pp. 29-44.

Dhir, R. K.; Hewlett, P. C. and Chan, Y. N. "Near Surface Characterisic®
Concrete: Intrinsic Permeability”. Magazine of Concrete Research, Vol. 41, N0
1989, pp. 87-97.

Bierre-CIaude Aitcin, professor
Uepartment of Civil Engineering
niversity of Sherbrooke, Canada

Superplasticizers: Application 211

. Tgr;]egt, R. J. a(r:\d Jornet,“A. "The Quality of the ‘Covercrete’ of Low-, Medium- and
High-Strength Concretes". Proceeding of the Second International Conference on

Durability of Concrete, ACI SP- .
e SP-126, Montreal, 1991, V.M. Malhotra Editor, pp. 1147-

. AASHTO T277 ™"Rapid Determination of the Chloride Permeability of Concrete"

Standard Specification for Transportation M i
2 ; aterials a :
Testing, Washington, D. C., 1986, AASHTO T277. ;grtlvllfthods of Sampling and

: ggﬁgfe’t:s.';' L?rmc;)the, P._ and _A‘itcin, P.-C. "Chloride-lon Permeability of Different
L s". To be p_ublished in the Proceedings of the 6" International Conferen
on Durability of Building Materials and Components, Omya, Japan, 1993, 10 p "

. Whiting, D. "Permeability of Selected C = ili
e R i oncretes". Permeability of Concrete, ACI SP-

. Whiting, D. "In Situ Measurements of ili
: the Perm i "
ACI Special Publication SP-82, Detroit, pp. 50?-35b;§y e e

. Collepardi, M. "Water Reducers/Retarders”. In Concrete Admixtures Handbook -

£7 ’ i

Richard Gagné, associated professor
Department of Civil Engineering
University of Sherbrooke, Canada




Superplasticizers: Application 213

[ =)
Unhydrated

cement /

/ Capillaries
/ N

/ N
/ e

Fractional volume

(@) (b)

Fig. 1- Schematic representation of a suspension of cement grains in
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Fig. 3- Theoretical physical composition of a cement paste continuously
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Fig. 7- Water permeability of concretes made with ordinary or blended
Portland cement (W/B: Water/Binder). (Adapted from ref. 20).
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Fig. 5- Schematic representation of the physical composition of two
cement pastes with a w/c of 0.55 and 0.30.
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ig. 9- Oxygen permeability of concretes made with ordinary or blended ; :

Portland Cement (W/B: Water/Binder). (Adapted from ref. 23). E Fig. 11- Rapid chloride permeability of concretes made with ordinary or
bltfeng%d Portland cement (W/B: Water/Blinder). (Adapted from
ref. 20).
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Fig. 10- Rapid chloride permeability of concrete as a function of w/c and
the length of curing. (Adapted from ref. 26).




