_ ACI SP-108 84 WN 0kb2947 0003990 1 M

David Whiting
Arthur Walitt
Editors

aci> JAE

American Concrete Institute, Detroit

OQovboooooo Q’QQ

. ] ]
4 0 o:°, Q.°° 0'
9 Q K e 0
4 » . o @ Qa
o ,Q o ©w® ° Q o ° 9
e 0 : Q QD Q
) e » CQQ ¢
’ 0
» 0 ®a o , q °
%o o * o 9 o
e 0,90 %o o
) L4 o L [ o &
a o o) 0% o
‘;Qa o 0 Oa * P
> o o o %o "o
9 o '0 B. o "
Ny O,y @ c . * Q e


http://www.avadocuments.com/doc/aci-sp-108-88
http://www.avadocuments.com/doc/aci-sp-108-88

ACI SP-108 a5 WM 0LL2949 0003991 3 =M

PREFACE

Concrete technologists throughout the world are becoming
increasingly aware of the importance of permeability with regard
to the durability and ultimate longevity of concrete structures.
New materials for reducing permeability and techniques for its
measurement are rapidly being developed. On November 12, {987
two sessions on this subject were held at the ACI Fall Convention
in Seattle, Washington. The eleven papers presented at these
sessions form the subject matter of this volume.

These sessions on concrete permeability were sponsored by
ACI Committee 201, Durability of Concrete, and ACI Committee 212,
Chemical Admixtures for Concrete. We should Tike to thank the
chairmen of these two committees, Mr. Paul Klieger and Mr. Edwin
Decker, respectively, for their help and encouragement in develop-
ment of this theme. Thanks are extended to all members of commit-
tees 201 and 212 who helped review manuscripts.

David Whiting
ACI Committee 212

Arthur Walitt
ACI Committee 201
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SP 108-1

A Review of the Pore Structure
 of Cement Paste and Concrete
and its Influence on Permeability

by J.E Young

Synopsis: The permeability of hardened cement paste is reviewed
with particular reference to the influence of pore structure.
Permeability is wusually modelled by applying D'Arcy's Law,
although permeability measurements and pore size distributions
determinations reveals the strong influence of large capillary
pores (macropores) on flow through cement paste. The macropores
form a continuous flow path within the paste. The effects of
curing temperature, drying and admixtures on permeability can be
understood in terms of their influence on macropores. Paste
containing fly ash show anomalous behavior which apparently
arises from internal damage occurring during pore structure
measurements. It appears that the presence of fly ash promotes
the formation of a discontinuous macropore system which inhibits
flow. '

Keywords: admixtures; calcium chlorides; cement pastes;
concretes; fly ash; hardened paste structure; permeability;
orosity; slags; water-reducing agents
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J. Francis Young is a professor of Civil Engineering and Ceramic
Engineering at the University of Illinois at Urbana-Champaign.
He is a member of several ACI technical committees dealing with
concrete materials and materials behavior, and is a member of
the Concrete Materials Research Council.

"INTRODUCTION

Permeability is an important property with regard to the
durability of concrete. It represents the ease with which water
(or other fluids) can move through concrete, thereby transport-
ing aggressive agents. It is thus of critical importance for
many types of distress experienced by concrete. For example:

sulfate attack - movement of sulfate ions into
concrete where adverse chemical
reactions occur.

frost resistance - flow of water to relieve stresses

caused by ice formation.

movement of alkali ions to aggre-

gates and water to swelling gels.

alkali-aggregate. attack

fire resistance - escape of steam from heated
: layers causing spalling.
corrosion of steel - movement of chloride ions to the

surface of the steel.
PORE STRUCTURE

Since fluid flow takes place in the pore system it is first
necessary to examine the pore structure in concrete. Pores in
normal-weight concrete are considered part of the paste fraction
and cover a very large size range (Figure 1l). The traditiomal
classification, suggested by Powers and Brownyard [l], considers
two classes of pores: gel pores are associated with the forma-
tion of the hydration products ("cement gel"), which is the in-
trinsic porosity, while capillary pores are considered to be the
remnants of water-filled space. However, it is customary with
other porous systems to use a different classification which de-
pends on how water behaves in the pores. Micropores are con-
sidered to form the intrinsic porosity although there are good
reasons to include also the smaller mesopores. Both meso and
macropores make up the capillary pore system,

In cement paste these pores form a continuum which can be
measured using mercury intrusion porosity (MIP) down to the
largest of gel pores (small mesopores). Sorption techniques are
required to investigate the finest mesopores and micropores,
Both capillary pore volume and pore size decrease significantly
as hydration proceeds, or as w/c¢c ratio is reduced. MIP is the
- most useful method of measuring pores for permeability predic-
tions, but it must be remembered that there are several impor-

tant assumptions inherent in the calculations and we are nﬁocuments
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Concrete Permeability 3

really measuring absolute values., This will become clearer in
later discussion.

CAPILLARY FLOW

Flow in capillary pores can be described by D’Arcy’s law
for laminar flow through porous media:

dq/dt = KA(Ah/L) (1)

where dq/dt is the rate of flow, A is the cross-sectional area
of the specimen, and Ah/L is the hydraulic gradient across the
section. K is the measured proportionality .constant which
represents the ease with which water flows through the specimen,
The permeability coefficient is a material constant independent
of the fluid used:

Ky
K’ 2
rg %)

where 5 is the viscosity of the fluid, p is its density, and g
is the gravitational constant. In practice the measured value K
is usually reported as the permeability coefficient, rather than
K’. The first comprehensive study of the factors affecting per-
meability of cement paste using this approach was made by Powers
and his co-workers [2,3]. They quantitatively showed the
effects of w/c ratio (Figure 2) and time of moist curing (Table
L. It was shown that well-cured pastes caft attain very low
permeabilities, characteristic of dense rocks, even though the
total pore volumes of these pastes are high (Table 2). This was
attributed to the fact that the continuous capillary pore
system, through which water flows relatively easily, becomes cut
off by the deposition of hydration products. The time at which
this can occur is strongly dependant on the w/c ratio of the
paste (Table 3).

In such discontinuous pore systems flow is limited by move-
ment through the very fine gel pores (micropores), so that
D'Arcy flow is greatly modified by the adsorption of water on

the pore surfaces. Powers et al. [4] developed a theoretical
approach to model this using Stokes Law applied to a concen-
trated suspension. Equation 3 was derived using a number of

simplifying assumptions, which gave good agreement between
observed and calculated values over the range 0-30°G.

-12 2
_1.36 x 10 (l-¢) 21242 c
K, = ") o exp(TT ) + 0.7(1 ) (3)

where (@) is the viscosity of the fluid as a function of tem-
perature T, and c¢ is the volume fraction of solid material.
(The porosity of the paste is equal to (1 - ¢) - 0.26). How-
ever, since in practice permeation in concrete mostly involves
capillary flow, we will not concern ourselves with the details

of this approach. Documents
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Hughes [5] wused a ~different approach, considering
Poisueille flow in a 3-D random array of tortuous pores with
circular cross-section. The flow equation thus obtained is:

dq/dt =(—E—)r’A(an/L) (4)

32n"n

where P is the porosity, n2

pore radius.

is a tortuosity factor, and r is the

INFLUENCE OF PORE STRUGTURE

Since the work of Powers, MIP has been developed commer-
cially, so that pore size distributions can be measured rou-
tinely. Briefly, the method measures the volume of mercury
forced into the pores under an applied pressure, Pore size is
related to pressure by the Washburn equation, which assumes a
circular cross section :

P = - 21§osﬁ (5)

where v is the surface tension of mercury and § is the contact
angle. In recent years there have been attempts to correlate
pore structure with permeability. Parameters used and defined
for this purpose are given in Figure 3. The pore diameters
used to limit V; and V9 are arbitrary and several values have
been used: 135nm [6], 88nm [7], 75nm (8], and 50nm [5] for Vy;
30nm [6] and 15nm [5] for Vs.

Using paste of different w/c ratios Mehta and Manmohan [6]
obtained extensive data, part of which is summarized in Table 4,
from which the Equation 6 was obtained by regression analysis

In K = 3.84Vy + 0.20V9 + 0.56 x 10°® 4,
+ 8.09V¢ - 2.53 m/s : (6)

where Vé is the totallcapillary porosity divided by the degree
of hydration [i.e., V¢ = (V1 + V9)/a]. This accounts for dif-
ferent amounts of hydration. Inspection of Equation 6 shows
that Vi and V¢ are the most important parameters and the pore-
structure-permeability relationship can be approximated by:

ln K = 4Vy + 8V{ - 2.5 m/s (7)
or by [8]:

In K

I

10.9V¢ - 3.4 | (8)

Nyame and Illston [9], on the other hand, found a good correla-
tion between Iln K and 1n r, (Figure 4). This latter parameter
was taken to represent the smallest radius for which there is a
continuous capillary pore system through which D'Arcy flow camocuments
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Concrete Permeability 5

occur. A similar correlation with threshold diameter could be
obtained [6] with a similar justification. In this way the
complications of flow through micropores is eliminated from the
analysis.

Hughes [5] used Equation 4 together with MIP data to obtain
an experimental function for r4., A value of 2.5 was used for
n“, which has been estimated for fluid flow through granular
beds [10]). Hughes also recognized the restrictive nature of the
gel pores, which were eliminated in the analysis by ignoring all
pores with r < 7.5nm, He also assumed that he was considering
only the continuous pore system (as suggested by Nyame and
Illston) by using the second intrusion curve (Figure 5). The
first intrusion is considered to fill all capillary pores, but
only those pores without restricted entryways will empty during
extrusion. Thus the second intrusion is a measure of the con-
tinuous pore system through which mercury flows readily, and
presumably also water.

Effect of Curing Temperature

The pore size distribution is strongly influenced by the
curing temperature: high temperatures increase the volume of
large mesopores [8,11] (see, for example Figure 6). One might
expect this change to be reflected by higher permeabilities, and
this has indeed been found [8,12] when curing temperatures are
varied (see gontrol curves in Figure 7).

Effect of Drying

The early work at PCA showed that drying a well-cured paste
increased the K wvalue nearly 100-fold [2]. Recent studies have
shown that drying changes the pore size distribution [13,14],
being most graphically illustrated by observing freezing be-
havior [14] (see Figure 8).

Effect of Mineral Admixtures

Mineral admixtures, such as fly ashes and slags, are now
accepted as valuable ingredients for durable concrete. Reduc-
tions in permeability are believed to be an important aspect of
their beneficial effects. Several studies [7,15,16] have shown
that for cement pastes containing reactive mineral admixtures,
such as fly ash, silica fume, and rice husk ash, the total
porosity is reduced compared to pastes of pure cement and a
finer pore structure results (Figures 9 and 10). These changes
correlate qualitatively with observed reductions in permeabil-
ity. However, pastes containing fly ash show anomalous be-
havior. Such pastes have reduced permeabilities even though the
much slower reactions of fly ash result in higher porosities and
. coarser pore structures even after 60 days curing (Figure 9).

It is clear that the pore structure-permeability relation- '
ships discussed above do not apply here. The pozzolanic Documents
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reaction seems to be able to develop a discontinuous pore system
more readily [17]. Recently Feldman [18] has concluded that
pastes containing fly ash are more prone to damage when MIP is
used to measure pore sizes, This can be seen by comparing the
first and second intrusion curves (Figure 4). It appears that
mercury under pressure breaks through rather fragile barriers
that isolate large pores, whereas this does not happen in pure

cement pastes. These results suggest that lack of adequate
curing of concretes with fly ash could seriously affect its
potential permeability. However, increased curing temperature

greatly increases the rate of pozzolanic reaction and reduces
water flow [12] (see Figure 7). In contrast the curing tempera-
ture had a much less effect on slag hydration.

The pronounced reduction in pore size in pastes containing
silica fume is attributed [16] both to its high pozzolanic
reactivity, and also to its very small particle size which
allows it to pack efficiently between the cement grains, thereby
subdividing the space. The permeability coefficients are thus
greatly reduced [18], particularly at high w/¢ ratios (Table 5).

Effect of Chemical Admixtures

Chemical admixtures should also affect permeability if they
change pore size distributions in cement pastes. Additions of
calcium chloride increase the volume of fine capillary pores at
the expense of large ones [15,20] and provide a less permeable
paste [15]. The addition of water-reducing agents should reduce
permeability if they are used to lower w/c ratios, However,
like calcium chloride, water reducing agents often increase
drying shrinkage, which has been correlated with finer pores.
Thus, they may well reduce permeability even when the w/ec is not
changed. A more uniform dispersion of cement grains within a
paste, which is a consequence of using a water reducing agent,
is more likely to provide a more uniform pore structure with
less coarse pores.

Mortars and Concretes

It is now well known that the cement-aggregate interface is
more porous than the bulk paste, - in all but very well-cured
systems [21]. This has been demonstrated by SEM observations,
but it is not so easy to quantify. Only a few comparative MIP
measurements on paste and mortars have been made [22,23] see
Figure 11. It seems likely that the interfacial zone will be a
favorable pathway for water flow. This is even more likely if
bond cracking occurs under local stresses caused by thermal
mismatch between paste and aggregate, or restraint of paste .
shrinkage by the aggregate.

The permeability coefficients for concrete are generally

about 100 times higher than for comparable pastes (Figure 12)
while for mortars they are 3-10 times higher.
Documents
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CONCLUDING DISCUSSION

A link between pore structure and permeability has now been
clearly established for cement pastes, although the exact
quantitative relationships still need to be refined. It should
be possible to meld the wvarious approaches into a unified
theory. Specific relationships need to be developed for pastes
formed with blended cements, taking into account the anomalies
inherent in the measurements. The role of the cement-aggregate
interface needs to be further studied and quantified if the
performance of field concrete is to be predicted with certainty.

Two cautionary mnotes should be mentioned which merit
further consideration. Space does not permit detailed discus-
sions; either topic could well be the subject of a separate
paper. The first concern involves the assumptions inherent in
the porosimetry measurements. Analysis involves idealized
assumptions of geometry which are not realistic; the problem of
restricted entryways to large pores is particularly trouble-
some. Furthermore, the paste or mortar must be strongly dried
before mercury can be intruded. It is now recognized that
drying significantly changes the pore structure (see Figure 8),
particularly in pastes with a fine pore structure. Also,
internal shrinkage stresses in mortars or concretes associated
with differential shrinkage of paste and aggregate will
undoubtedly lead to the formation of microcracks, It is
uncertain the degree to which the apparent pore structure
determined experimentally differs from the original material
under study. Direct pore structure measurements on undried
specimens would be most desirable.

The second concern is the degree to which the permeability
coefficient for a given paste or mortar will differ for differ-
ent chemical species, i.e., water, chloride ions, sulfate ions

and mercury (in porosimetry). Until such relationships are
known the prediction of field concrete durability from labora-
tory data cannot be successful. Accurate laboratory measure-

ments of permeability coefficients require experiments of long
duration with inherently large scatter. Current approaches to
in situ permeability measurements need to be critically exam-
ined, and a continued search maintained for alternate methods.
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TABLE 1

Effect of Curing Time of Cement Paste (w/c = 0.51) on
Its Permeability Coefficient (Based on Data from Ref. 2)

Time of Curing Permeability
(Days) Coefficient
(m/s)
1  10-8
3 10-9
7 10-11
14 1012
28 10-13
90 10-16
TABLE 2

Comparisons of Permeability and Capillary Porosity
between Well-Hydrated Cement Paste and Natural Rocks
(Data from Ref. 2)

Rock Permeability Cement Paste
Coefficient
Type Porosity (m/s) Potrosity wc
(%) (%)

Sandstone 4.3 1.7 x 10711 30 0.71
Limestone 3.1 8.0 x 10713 28 0.
Fine-grained

Marble 1.8 3.3 x 10714 15 0.48
Dense Trap 0.6 3.5 x 10715 6 0.
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TABLE 3

Curing Time Required to Achieve a
Discontinuous Capillary Pore System [3]

w/c Curing Time (days)

0.40 3

0.45 7

0.50 28

0.60 180

6.70 365
TABLE 4

Volumetric Characteristics of Hydrated Cement
Paste [6] (See text for definition of symbols)

V1 Ve de 1012g
w/c (em3/g)  (em3/g)  (nm) (m/s)
0.4 0 0.26 <100 0.1
0.5 0 0.33 100 0.3
0.6 0.19 0.47 220 2.3
0.7 0.28 0.54 460 22
0.8 0.38 0.63 780 96

0.9 0.44 0.77 1400 410
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TABLE 5
Influence of Silica Fume Additions
on the Permeability of Concrete [19]
Cement Silica Permeability
Content - Fume w/s Coefficient
(kg/m3) (wt. %) (1012m/s)
100 - 2.4 12,000
100 10 2.3 1,000
250 - 0.8 0.6
_250 10 1.0 0.1
400 - 0.5 0.007
400 10 0.5 0.04
PORE CLASSIFICATION
POWERS
GEL CAPILLARY AIR VOIDS
2:5 . 5‘0 _ IO,OOOI PORE DIA.
© 10 ' ' (nm)
IUPAC
MICRO MESO MACRO AlIR VOIDS

Fig. 1--Pore size classifications for cement paste

Full document details: ACI SP-108-88

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/aci-sp-108-88
http://www.avadocuments.com/doc/aci-sp-108-88

" ACI SP-108 83 WM OLk2949 00O400L T WM

Concrete Permeability 13

160}
1201+
w
~
£ 80}
h's
<
o)
40}
0 1 |
02 04 06 08

wsC
Fig. 2--Effect of w/c ratio on permeability (Reference 2)
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Fig. 3--Parameters defining MIP pore size distributions V{ and Vo
are the pore volumes over the size ranges indicated, d the

threshold diameter, and r» the continuous pore diameter
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Fig. 5--Pore size distribution curves for cement
pastes with and without fly ash (Reference 5)
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Fig. 6--Effect of curing temperature on pore size distribution
(data for C3S pastes from Reference i1 at equal hydration
[o = 0.87]
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Fig. 7--Effect of curing temperature on water flow through pastes
made with or without mineral admixtures (Reference 12)
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W/C =04

0.2

@)
o
™
Amount of Heat Liberated
cal/°K/gssp

Temperature, °C

Amount of Heat Liberated
cal/°K/gssD

Temperature, °C

Fig. 8--Heat evolved during freezing of a cement paste; a) dried
to the relative humidities indicated and resaturated, b) full Jine:
virgin paste, dashed line dried to r.h. = 0.58 and resaturated
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Fig. 9--Pore size distributions in cement pastes made with and
without mineral admixtures — numbers beside legends represent
relative permeability: control = 1.0 (Reference 15)
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Fig. 10--Pore size distribution for paste made with and without
silica fume (SF) (Reference 16)
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Fig. 11--Pore size distribution for plain paste and
paste in mortar (Reference 23)
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Influence of Superplasticizers,
Polymer Admixtures, and Silica Fume
in Concrete on Chloride Ion Permeability

by S.L. Marusin

Synopsis: This paper summarizes the results of permeability
studies that have been undertaken at Wiss, Janney, Elstner
Association, Inc. (WJE) since 1979. The research used a test
procedure developed during the NCHRP Project 12-19A, "Concrete
Sealers for Protection of Bridge Structures" which was reprinted
in 1981 as NCHRP Report No. 244. This test method utilizes 10-
cm~concrete cubes, and chloride ion penetration is determined at
4 depths after 21 days exposure to 15 percent NaCl solution. The
test results show that lowering of w/c ratio in portland cement
concrete or presence of superplasticizers, polymer admixtures,
and silica fumes are able to significantly reduce concrete
permeability.

Keywords: admixtures; chlorides; concretes; epoxy resins; latex;
permeability; plasticizers; plastics, polymers, and resins;
gilica fume
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Stella L. Marusin, Dr. Eng., is a Chemical and Ceramic Engineer,
Consultant of Wiss, Janney, Elstner Associates, Inc. (WJE),
Northbrook, Illinois, USA., She is a member of ACI, TRB and
ACerS and her work includes research on building materials,
evaluation of building failures, and development of new repair
techniques,

INTRODUCTION

Deterioration of concrete structures by the corrosion of
reinforced steel due to the ingress of chloride ion is a serious
and universal problem throughout the world. It is well known
that the penetration of chloride ion into concrete depends on the
quality of concrete and especially on its permeability. This
paper summarizes the research that the author has undertaken
since 1979 on the use of various chemical admixtures to minimize
the chloride ion penetration from external sources into the
concrete. The research used a test procedure developed by WJE
during the National Cooperative Highway Research Program (NCHRP)
Project 12-19A, "Concrete Sealers for Protection of Bridge
Structures (1), conducted by the United States Transportation
Research Board (TRB). The test results and recommendations for
the methods are reported in NCHRP Report No. 244, This test
method utilizes 10-cm-concrete cube specimens and the chloride
ion content is measured on an entire half of each split cube
after 21 days exposure to 15 percent NaCl solution. Subsequent
studies determined the chloride ion content profile at four
different depths. Following this research project, a research
effort was undertaken to study chloride ion permeability of
concretes made with various admixtures (2,3,4,5).

DESCRIPTION OF TEST PROGRAM

Haterials

All tested concretes were made by using a Type I portland cement
and a natural chloride~free river sand and gravel. Neutralized
vinsol resin was used as an air-entraining agent.

Casting, Curing and Testing Procedure

All concretes were mixed and cast at room temperature at the WJE
laboratories, The forms used for making the 10 cm cubes were
constructed with a special resin-coatéd wood to preclude the need
for any release agent which might chemically contaminate the
concrete surfaces during casting.. The forms were table-vibrated
for each of two lifts of concrete. The top surfaces were then
| finished with a wooden float and covered with a polyethylene
film for overnight curing at 23°C. The specimens were stripped
at one day, lightly sandblasted and then placed within sealed
heavy-duty plastic bags for 21 days of moist curing. They were
then removed from the plastic bags and placed in the controll
ﬁjocuments
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climate room on steel racks for air drying at 23 + 3°C and 50 + 4
percent R. H. for 14 days before immersing in a 15 percent NaCl
solution., After 21 days of soaking, the cubes were exposed to
air of a controlled climate room for an additional 21 days.
Following this final air-drying period, 6 mm holes were drilled
through the center of each cube face on all six sides of the cube
to obtain powder samples for chloride ion determination at four
different depth intervals. The intervals were O to 12 mm, 12 to
25 mm, 25 to 37 mm and 37 to 50 mm. Acid soluble chloride ion
content was determined using an acid digestion, potentiometric
titration procedure. All tests were performed on duplicate
specimens and average values are listed in tables and graphs.

Of particular importance in reviewing the measured chloride ion
profiles through the concrete, is the assumption that, the
corrosion threshold level for acid-soluble chloride ion content
in normal weight teinforced concrete is about 0,03 percent by
weight of concrete,

TEST RESULTS AND DISCUSSION

Conventional Portland Cement Air-Entrained Concrete

Mix proportions and properties of four portlang cement concretes
having cement contents from 325 to 365 kg/m and with w/c ratio
ranges from 0.35 to 0.55 are given in Table 1. Chloride ion
contents at 4 depths are listed in Table 2 and graphically
depicted in Fig. 1, The data in Table 2 show that the concrete
of the depth interval from O to 12 mm has extremely high levels
of chloride ranging from 0.38 to 0.45 percent by weight of
concrete. These values are thus about 13 to 15 times the
corrosion threshold level, No significant influence of decrease
of w/c on concrete permeability was found in this depth. 1In the
next depth interval, 12 to 25 mm, the chloride contents range
from 0.09 to 0.26 percent and the influence of w/c is well
pronounced. For the concrete having a w/c of 0,35, the chloride
content is about 5 times lower than was found at the depth
interval of 0 to 12 mm and for the concrete having w/c of 0.55
about 2 times lower. However, the measured chloride ion content
is still 3 to 9 times the corrosion threshold level. At a depth
from 25 to 37 mm, the chloride value is less than the corrosion
threshold level for concrete with w/c of 0.35. The concretes
having w/c of 0.50 and 0.55 did not show any differences in
permeability at this depth. In both concretes the chloride value
is about 2 times the corrosion threshold level of 0.03 percent.
At a depth of 37 to 50 mm the chloride level of the concrete
having w/c of 0.40 fell to the corrosion threshold level. Both
concretes with w/¢ of 0.50 and 0.55 were above this level, and
again the chloride ion contents were similar and not influenced
by increasing the w/c from 0.50 to 0,55, The influence of w/c on
chloride dion content at different depths is graphically shown in
- Fig. 2.
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Concretes Containing Superplasticizers and Polymer Admixtures

Mix proportions and properties of 5 concretes containing super-—
plasticizers ("high-range water reducers", or HRWR) and polymer
admixtures are given in Table 3., Chloride ion contents at 4
depths are listed in Table 4 and graphically depicted in Fig. 2.

The data in Table 3 show that the depth interval from O to 12 mm
has high levels of chloride, ranging from 0.27 to 0,40 percent by
weight of concrete., These values are lower than in conventional
concrete, but still about 10 to 13 times the corrosion threshold
level of 0.03 percent. Concretes A and B with HRWR contained 460
and 300 kg/m~ of cement and had w/c of 0.29 and 0.40, respec-
tively, Concrete A was able to reduce the chloride ion content
below the threshold level at the depth from 12 to 25 mm, and
concrete B was able to do this at the next depth, 25 to 37 mm,
Concretes C and D containing latexes reached the threshold level
at the depth from 12 to 25 mm and reduced the chloride ion
content below this level at the next depth of 25 to 37 mm.
Concrete E with epoxy was able to reduce the chloride ion content
below the threshold level at the depth of 25 to 37 mm. The in-
fluence of admixtures on chloride ion content is shown in Fig. 4.

Concrete containing Silica Fume (SF)

Mix proportions and properties of 9 concretes containing silica
fume are given in Table 5, Chloride ion contents at 4 depths are
listed in Table 6 and graphically depicted in Figs. 5 and 6.

Six concretes, identified as Mix No. SF1 tgrough Mix No. SF6 and
having cement contents from 340 to 370 kg/m~ and SF ranges from
2.5 to 15 percent by weight of cement were mgde. The other
three concretes were made with about 300 kg/m~ of cement and
their SF contents range from 6 to 30 percent.

As shown in Table 6, for all concretes, the depth interval from O
to 12 mm has high levels of chloride, similar to concretes
containing HRWR or polymer admixtures, ranging from 0.27 to 0.39
percent by weight of concrete, These values are about 10 to 13
times the corrosion threshold level of 0.03 percent.

In the next depth interval of 12 to 25 mm the chloride ion
content is greatly reduced, to 0.03 and 0.06 percent by weight of
concrete. Four concretes containing 6, 8 and 10 percent of SF
were able to reach the corrosion threshold limit at this depth.

In the depth intervals of 25 to 37 mm and 37 to 50 mm all
concretes exhibited chloride ion contents below the threshold
level.

SUMMARY

A summary of test results is given in Table 7.
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The vast majority of the absorbed chloride ion was found within
the first 12 mm of depth in all tested concretes. The shape of
chloride ion distribution is generally influenced by w/c for the
portland cement concretes. However, this statement does not seem
to be true in the first 12 mm depth interval and is also not well
pronounced if w/c is dincreased from 0.50 to 0.55. Only the
portland cement concrete with w/c of 0,35 exhibited a chloride
ion content below the corrosion threshold limit at a depth of
25 to 37 mm, The concrete with w/c = 0.40 fell to the corrosion
threshold limit at a depth of 37 to 50 mm and the concretes with
w/c equal and above 0.50 were well contaminated with chloride.

The presence of HRWR, polymer admixtures and SF greatly
influenced and decreased the concrete permeability. The
permeability for portland cement concrete of w/c = 0.35 and
concretes containing HRWR, polymer admixtures and S5F was found to
be similar. All these concretes were able to reach the corrosion
threshold chloride ion level of about 0.03 percent, or exhibited
a chloride ion content below this value at the depth interval of
25 to 37 mm., The presence of HRWR, latex type admixtures and SF
from 6 to 10 percent by weight of cement reduced concrete
permeability in such a way that the corrosion threshold level was
reached at the depth of 12 to 25 mm.

No direct relationship was found between increased amounts of SF
in concrete and a decrease of concrete permeability. However,
the concgrete permeability is more influenced by the amount of SF
in concrete than the w/c value, Tt is believed that the best
permeability reduction could be obtained with a concrete
¢containing 10 percent of SF by weight of cement.

Decrease of concrete permeability could be achieved by lowering
w/c at conventional portland cement concrete, using admixtures
(i.e., HRWR and polymers), and, of course, using properly
consolidated and cured concrete,

Results of this limited study also showed the importance of deep
cover over the embedded reinforcement.
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Fig. 1--Portland cement concretes — chloride ion
content at 4 depths
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Fig. 3--Concretes containing HRWR
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Fig. 4--Concrete containing HRWR and polymers — chloride ion
content within 4 depths versus type of concrete admixtures
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Fig. 5--Concretes containing SF (cement content
340-370 kg/m3) — chloride ion content at 4 depths
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Resistance to Chloride Ion Penetration
of Concretes Containing

Fly Ash, Silica Fume, or Slag

by C. Ozyildirim and W. Halstead

Synopsis: The effects of two pozzolanic admixtures, fly ash and
silica fume, and a ground-grenulated blast furnace slag on the
chloride ion intrusion of concretes prepared with low water-to-
cementitious material ratios (w/c) (0.35 to 0.45) were investi-
gated.

Results of the rapid permeability test (AASHTC T 277) showed
that the resistance of concrete to the penetration of chloride
ions increases significantly as the w/c is decreased for the same
proportions of solid ingredients, Usually, concretes with
pozzolans or slag exhibited higher resistance to chloride ion
penetration than the control concretes containing Portland cement
as the cementitious material. Results of the 90-day ponding test
(similar to AASHTO T 259), which was conducted with 0.40 w/c
concretes onlv, indicated minimal chloride content at depths
below 3/4 in (19 wm) for all the test concretes. Strength values
for all concretes made with the pozzolans and slag at 90 davs
were in excess of 5,000 psi (34.5 MPa), which is satisfactory.

Keywords: blast furnace slag; chlorides; compressive strength;
concretes; fly ash; permeability; pozzolans; silica fume
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ACI member Celik Ozyvildirim is a research scientist with the
Virginia Transportation Research Council in Charlottesville,
Virginia. He received his PhD in civil engineering from the
University of Virginia.

Woodrow Halstead retired from his position as Chief of the
Materials Division in the Office of Research of the Federal
Highway Administration in 1975. Since 1976 he has served as a
consultant with the Virginia Transportation Research Council.

INTRODUCTION

Significant damage to concrete results from the intrusion of
corrosive solutions; for example, dissolved chlorides corrode
reinforcing steel and cause spalling. Any treatment that effec-
tively blocks the penetration of these solutions will eliminate
or greatly reduce this damage and lead to increased durability
with the consequent economic benefits.

Considerable research has been conducted on this problem, in-
cluding the evaluation of special coatings, pore-blocking admix-
tures, and special concretes applied as overlays in the thickness
range of 1-1/4 to 2 in (32 to 50 mm) (1,2). The overlay concretes
include water-reducing admixtures and usually have a w/c of 0.40
or lower. One successful system for overlays at a minimum thick-
ness of 1-1/4 in (32 mm) has been latex-modified concrete (LMC).
In addition to the added cost of materials for such overlays,
special expertise and equipment are needed for field applications;
consequently, such concretes are considerably more expensive than
commercially prepared ready-mixed concretes.

The study summarized in this paper was conducted to assess
the potential usefulness of several supplemental cementitious
materials for increasing the resistance of hydraulic-cement
concretes to penetration of chloride ions. The materials
evaluated were a fly ash conforming to ASTM Specification C 618
(Class F), a silica fume and ground granulated iron blast furnace
slag, A latex-modified concrete was included in the study for
comparison.

The amounts of each supplewental cementitious material used
were recommended by promoters of the various waterials or by
previous laboratory studies at the Council.

1. 15% of the cement by mass was replaced with 1.2 times
that mass by a Class F fly ash,

2, 25% of the cement by mass was replaced with 1.2 times
that mass by a Class F fly ash.

3. 50% of the cement by mass was replaced with slag

4, 7% of the cement by mass was replaced with silica fume.
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Each combination of materials with C2, a Type 11 cement, was
tested at w/c of 0.35, 0.40, and 0.45. Combinations with Cl, a
Tvpe I cement, were tested at a w/c of 0.40. Also, specimens
were prepared from control concretes and concretes with 157 fly
ash, 50% slag, and 7% silica fume with Type II (C2) and Type III
cements at 0.40 w/c to investigate the effect of curing tempera-
tures of 40°(4°C), 73°F(23°C), and 100°F(38°C). The material
combinations, mixture proportions, and characteristics of the
materials are given in the Appendix.

TESTS CONDUCTED AND MIXTURE PROPORTIONS

The concretes were mixed and specimens prepared in accord-
ance with ASTM C 192. They all contained an air-entraining and a
water—-reducing admixture. The air-entraining admixture was a
neutralized vinsol resin added at amounts adequate to give the
desired air content, and the water-reducing admixture was an
aqueous solution of complex organic compounds added at the re-
commended dosage. A high-range water-reducing admixture (HRWR)
was used to achieve workable concretes at w/c of 0.35 and 0.40;
it was an aqueous solution of a modified naphthalene sulfonate.
At a w/c of 0.35, it was necessary to add HRWR in amounts approx-
imately double the dosage recommended by the manufacturer. At the
0.40 w/c, the amounts of HRWR added were within the wanufac-
turer's recommended dosages. At a w/c of 0.45, HRWR was added
only to the concretes containing silica fume. It was needed in
this case to aid in the dispersion of the very fine silica fume
particles and to increase the workability of the concretes. The
air content of the freshly mixed concrete was measured by the
pressure method, (ASTM C 231). Slump was measured by ASTM C 143,
and unit weight determined by ASTM C 138,

The hardened concretes were tested for resistance to chloride
ion penetration and compressive strength using 4 in by 8 in (100
bv 200 mm) cylinders. The resistance to chloride ion penetration
was determined using AASHTO T 277 ("Rapid Determination of the
Chloride Permeability of Concrete'). This test is based on a re-
lationship between the electrical conductance and the resistance
to chloride ion penetration, The cylinders used for the test
were moist cured for 2 weeks after which the top 2 in (50 wm) was
cut off and used as the test specimen. The sides of the specimens
were coated with an epoxy resin to prevent lateral moisture loss,
and they were set on a plastic sheet and kept in the ambient
laboratory conditions until the time of the test. This procedure
is believed to partially simulate the continued curing of con-
crete in service where only the top surface is exposed to the
atmosphere. Each reported test value is an average of the
results from two cylinders.

The resistance of concretes to chloride penetration was also

evaluated by tests on two cylinders from each batch at a w/c of

- 0.40 using a ponding test similar to AASHTO T 259 (Resistance of
Concrete to Chloride Ion Penetration'"). Cylinders measuring 4 in
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by & ir were moist cured for 2 weeks and air dried for an addi-
tional 2 weeks. Then they were ponded with 37 NaCl for 90 days.
Afterward, they were drilled with a 2-in diameter bit to obtain
samples for a determination of chloride content at two depths:
1/4 to 3/4 in (6 to 19 wm) and 3/4 to 1 1/4 in (19 to 32 mm).
Samples were pulverized and the chloride ion contents determined
using AASHTO T 260.

Compressive strength was determined at 1, 7, 28, 90, and
365 days. Specimens were prepared and tested in accordance with
AASHTO T 22 using neoprene pads in steel-end caps for capping.
Each reported test value 1s an average of the results from three
cylinders.

Samples prepared using Type II and Type II1 cements to study
the effect of curing tewmperature were tested for permeability
(AASHTO T 277) and strength at 28 days.

TEST RESULTS

The slump, air content, and unit weight of the freshly mixed
concretes are summarized in Table A-3 of the Appendix. Air-
entrained concretes with satisfactory workability can be obtained
with the use of air-entraining and either regular or regular and
high-range water~reducing admixtures, depending on the w/c.

The results of the tests made on the hardened concretes were
generally consistent with the results reported by others(3,4,5,6).
However, the quantitative evaluation of the effect of different
variables will be useful as a basis for the selection cof combi-
nations of available cementitious materials that will provide
good resistance to chloride ion penetration of concrete at
economical cost.

Chloride Ion Penetration

Electrical Conductance Test —- Table 1 shows the results of
the tests for electrical conductance as determined by AASHTO
Method T 277. This test measures the quantity of electricity,
expressed as coulombs, that passes through the test speciwens in
six hours. This quantity is designated as Q for the purposes of
this report. In accordance with AASHTQ T 277, the test results
are used to rate the concretes with respect to chloride perme-
ability as follows:

; Coulombs Permeability
>4,000 - high
2000 - 4000 - moderate
1000 - 2000 - low
- 100 - 1000 - very low
<100 - negligible
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Figures 1 ané 2 show the values of Q at 28 and 90 days for
concrete made with the Type IT cement (C2). The w/c significant-
ly affected the test results in all cases: the value of Q de-
creased as the w/c decreased. At 28 days, the Q values for the
controls and the concretes containing fly ash were in the mod-
erate or high permeability zone in all cases. The concretes
containing slag had Q values in the wmoderate permeability zone
with a w/c of 0.40 and 0.45, and in the low zone with a w/c of
0.35. At a 0.45 w/c, the Q values for slag concretes were
slightly higher, and with 0.35 and 0.40 w/c they were lower than
the LMC (with a w/c of 0.37). The most significant effect on
the chloride permeability test results was shown by the concretes
containing silica fume. With silica fume, the values of Q at
2% days were below 1,000 coulombs except for ome at 1,020, At
28 days, the Q values for the LMC regularly used as overlay
material over bridge decks were in the moderate permeability
range,

At 90 days, controls and concretes with fly ash exhibited Q
values that decreased significantly as the w/c decreased. The
results for the LMC and the concretes containing slag were
generally within the low range for all w/c. The results for the
concretes containing silica fume were all substantially less than
1,600 coulowbs, indicating a very low permeability to chloride
ion,

The trends with respect to the effects of w/c at 28 and 90
days were also shown by the tests on the 365-day specimens.

A comparison of results on 28-day specimens -and 90-day speci-
mens indicate that for wost concretes the resistance to chloride
ion intrusion increases during that period. With the exception
of concrete made with Type I cement with a 0.45 w/c, all the Q
values for 90~day specimens were lower than the Q value for the
corresperding 28-day specimens, and in wmost cases the difference
was significant. Changes for those concretes containing pozzo-
lans or slag were preoportionately greater than the changes for
the controls. Q values measured on 365-day specimens are incon-
clusive as to whether further changes occur after 90 days. 1In a
majority of the cases, the Q value for the 365-day specimens, was
greater than that recorded for the corresponding 90-day speci-
mens, However, the chloride ion permeability classification in
accordance with AASETC T 277 rewmained unchanged in most cases,

A notable exception is the LMC wade with both cements. The Q
values at 365 days for these concretes were in the very low
range.

While there are some indications of differences between con-
cretes made with Type I cement and Type Il cement, such differ-
ences are not great. This indicates the relatively small effect
of the cement type in these experiments. The effect, if any, is

- that at 28 days, concretes made with Tvpe T cewents have lower Q
values than concretes made with Type II cements. At later ages,
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differences caused by the cement type have diminished.

90-Day Ponding Tests

Table 2 summarizes the results of the tests for resistance of
concrete with a w/c of 0.40 to chloride ion penetration using the
90-day ponding test. The results indicate that at a depth of 1/4
to 3/4 in (6 to 19 mm), all of the concretes except the one with
silica fume and Cl had chloride content above 1.32 1b/yd3(0.78
kg/ma), which is the threshold value for corrosion of the rein-
forcing steel reperted by FHWA(7). The value for LMC with Cl was
close to the threshold value. The concretes with Type I cement
exhibited lower chloride content than those with Type II cement,
except for the fly-asgh concretes. The concretes with supple-
mental cementitious materials as well as LMC had a lower
chloride content than the controls. Concretes with SF had the
least amount of chloride penetration. At the lower depth of 3/4
to 1-1/4 in (10 to 32 wm) all the concretes had significantly
lower values than the corrosion threshold value; the highest
average value of any pair of two samples was 0.38 1b/yd3(0.22
kg/m®). Thus, it appears that all the concretes with a low w/c
in this study would have significant resistance to chloride ion
penetration under actual service conditions. However, these
results do not provide a measure of the length of service that
may be expected from the concretes.

Relation of Rapid Permeability Test to 90-Day Ponding Test

The rapid chloride permeability test was developed by the

Construction Technology Laboratories of the Portland Cement
_Association on a contract for the Federal Highway Administra-
tion(8). The development work showed a gererally good corre-
lation with the 90-day ponding test for chloride intrusion; but a
large standard error for the test led the developer to conclude
that the test was best utilized to rank concretes in order of

. expected permeability rather than to predict 90-day ponding
results. It is also apparent that the condition of the test
specimens and the characteristics of the materials being tested
make it difficult to establish a relationship between the results
of the 90-day ponding test and those from the rapid permeability
test, Consequently, the extent to which differences in the Q
values can be considered a measure of the differences in chloride
permeability of the concrete under actual service conditions is
uncertain.

Table 2 gives the Q value as an average of 2 specimens
obtained for the same batch of concrete after the specimens had
been aged for 28 and 90 days. The same table also gives the
individual chloride content after the ponding test. There were
large differences in the total salt feound in the duplicate speci-
wens. These differences make it impossible to establish a quan-

- titative relationship between the Q values obtained in the rapid
permeability test and the results of the ponding test.
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When the sum of the average of chlorides absorbed at 1/4 to
3/4 in (6 to 19 mm) and 3/4 to 1-1/4 in (19 to 32 mm) are plotted
against the Q values for the 28-day specimens on a logarithmic
scale as shown in Figure 3, considerable scatter of the points is
evident. Much of this may be caused by the poor precision of both
the ponding test and the rapid permeability test. The line of
best fit shows a correlation coefficient of 0.625 and indicates a
general relationship of lower salt content with lower values of
Q. A similar relationship was obtained at 90 days with a
correlation coefficient of 0,577.

Strength Development

Table 3 provides the test results for compressive strengths
at various ages for each combination of waterials. The results
are depicted in Figure 4 in which bar graphs of the strengths at
0.35, 0.40, and 0.45 w/c are shown for each combination of
materials using Type IL cement at 28 days. Figure 5 shows the
pattern of strength development with age for the various
materials. The plotted results are those for a w/c of 0.40, but
the relationships are essentially the same at the other w/c
tested. As noted in Figure 5, the patterns vary depending on the
supplemental cementitious material used.

The results are summarized in the following sections.

Effect of w/c

In all cases an increase in strength is attained by reducing
the w/c for a given proportion of solid ingredients. It should
be noted that workable concretes with the lower w/c were obtained
only through use of high-range water-reducing admixtures under
laboratory conditions. Ratios as low as 0.35 may not he practi-
cable for field concretes using locally available materials. How-
ever, these results indicate that the lowest practicable w/c
ratio should be used in conjunction with all the supplemental
cementitious material tested and that potentially lower strengths
for concretes containing pozzolanic admixtures such as fly ash
can be counteracted with relatively winor reductions of the w/c.

Concretes Containing Fly Ash

Results for concretes containing fly ash are as would be ex-
pected from previous research(g). In each case the strengths at
early ages were lower than the controls. Generally, the strengths
of the fly ash concretes increased at a slightly greater rate
than the controls, and the rate of increase accelerated during
the 28 to 90 day period. At 90 and 365 days, the fly ash con-
cretes generally had strengths comparable to or significantly
greater than the controls.

- The same general trends were indicated by both the 15 and 25%
replacement series. The lowest values were those for the 25% re-
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placement specimens at the 0.45 w/c. They were 4,150 psi (28.6
MPa) ‘at 28 days, 5,750 psi (39.6 MPa) at 90 days, and 6,620 psi
(45.6 MPa) at 365 days, indicating satisfactory strength for
bridge—deck concrete. This implies that the greater economy of
replacing a larger proportion of the cement could be utilized
with only minor adjustment in specifications and construction
practices, and this woild result in concretes with equal or
higher strengths at later ages.

Concretes Containing Slag

The results show that an activation period is needed for
strength development by the hydration of the slag components.
One-day strengths are very low; they are approximately one half
of the value of the contrel. But at seven days the slag
concretes were stronger than the controls. There were further
significant increases up to 28 days. After 28 davs the slag
concrete and control increased in strength at approximately the
same rate. ‘

Concretes Containing Silica Fume

The concretes containing silica fume developed strengths at
approximately the same rate and amount as the control. Some
differences are apparent for the different w/c, but this may be
experimental error. The general indications are that the pozzo-
lanic reactions with silica fume occur rapidly(10). Long-term
increases such as those observed for fly ash concretes, should
not be expected, especially for the small percentages of silica
fume used in this study.

Latex-Modified Concretes

The strength development curves for the LMC are essen-
tiallv parallel to those for the controls, but consistently
lower. These concretes were prepared at a w/c of 0.37, the value .
normally used for bridge deck overlays using this material.

Type I vs Type II Cement

In general, control concretes with Type TI cement had
lower strengths than those with Type I cement at early ages and
about equal strengths at 28 and 90 days. For each supplemental
cementitious materials, similar trends were observed, indicating
relatively minor effects of the cement characteristics at later
ages.

Relation of Strength to Chloride Permeability

For the same type and amount of supplemental cementi-
tious material, Q values decrease as strength increases,
indicating an inverse relationship between chloride permeability
(AASBTO T 277) and strength. However, there is no specific
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relation between the Q values and strength per se. For example,
concretes containing silica fume had significantly lower Q
values, indicating lower permeabilities than concretes containing
slag; but their strengths were significantly lower.

Effects of Curing Temperature on Chloride Permeability and
Strength

All of the specimens tested thus far in this study were cured
under standard conditions in a moist room or air dried at 73°F
(23°C). However, since it is known that moisture and temperature
affect the rate of hydration or pozzolanic reactions, it was of
interest to obtain some indication of the potential effects of
curing temperatures on the results of the chloride permeability
test and strength. It was also of interest to determine if Type
II cements reacted significantly differently from Type III, es-
pecially with respect to the resistance to penetration of chlo-
ride ions as evaluated by the electrical conductance tests.
Accordingly, additional specimens were made at a w/c of 0.40.

Control concretes and concretes containing 157 fly ash, 507
slag, and 7% silica fume with the same proportions given in the
Appendix were prepared. TFor each variable, two batches of con-
crete, one with Tvpe II and the other with Type I11 cement, were
prepared. The concretes were tested at the fresh stage, and the
characteristics are summarized in Table 4. Test specimens were
prepared for chloride perweability and strength at room temper-
ature, and within half an hour, they were placed in different
curing environments at 40°F (4°C), 73°F(23°C), and 100°F(38°C)
without removal of the wolds. Molds were removed the following
day and the specimens were returned to different temperature
environments. Cylinders for the rapid chloride permeability test
were kept moist for 2 weeks and air dried for 2 weeks. Those for
the strength test were moist cured until the time of test.

Results at 28 days, summarized in Table 5, indicate that
control concretes with either cement had comparable Q values when
cured at 73°F(23°C) and 100°F(38°C); but concretes cured at
40°F(4°C) had significantly higher Q values except in one case.
Strengths were comparable or significantly higher for the
concretes containing Type ILI cement. With either cement the
highest strengths were obtained when cured at 73°F(23°C) and the
lowest when cured at 100°F(38°C)., Of particular interest is the
behavior of the concretes with fly ash with regpect to the
chloride permeability as indicated by the rapid permeability
test. With either cement, the Q values of the speci-
mens decreased significantly as the curing temperature increased.
Specimens cured at 100°F(38°C) had Q values indicative of chlo-
ride permeabilities in or véry close to the very low range. The
results for specimens cured at 73°F(23°C) indicated high chloride
permeabilities, and those for specimens cured at 40°F(4°C) indi-
cated even higher permeabilities. Fly ash concretes with Type Il
cement had the lowest strength when cured at 40°F(4°C) and the
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highest strength when cured at 100°F(38°C). With Type III cement,
fly ash specimens cured at 73°F developed the highest strength.

The Q values for concretes containing slag cured at 73°F
(23°C) and 100°F(38°C) indicated comparable chloride permeabil-
ities. For specimens cured at 40°F, the Q values for concretes
with Type II cement were the same as those for specimens cured at
73°F(23°C) and 100°F(38°C), but specimens containing Type III
cement had significantly larger Q values when cured at 40°F(4°C).
Strength values for concretes containing slag were higher for the
concretes cured at 73°F(23°C) and 100°F(38°C) (those with Type
ITI cement exhibited higher values) and lower for those cured at
40°F(4°C).

The results for concretes with silica fume indicated the
lowest permeability of 580 coulombs when combined with Type III
cement and cured at 100°F(38°C). The Q values for concretes made
with either cement and cured at 73°F(23°C) were approximately
1,000 coulombs, indicating a low chloride permeabhility., This was
also true for those containing Type II cement cured at 100°F
(38°C). Significantly higher Q values were obtained for concretes
containing either cement when cured at 40°F(4°C). The highest
strengths for concretes containing SF were obtained when speci-
unens were cured at 73°F(23°C) for either cement.

In general, the test results indicate that the chloride per-
meabilities were comparable in concretes with Type II and Type
II1 cements, except that considerable differences were obtained
for slag and silica fume concretes at 40°F(4°C) both of which had
higher Q values with Type III cewent (this needs further investi-
gation). Strengths were comparable or significantly higher for
the concretes contaiping Type III cement.

SUMMARY OF RESULTS AND CONCLUSIONS

1. Concretes with different w/c and prepared with different sup-
plemental cementitious materials varied in their resistance
to chloride permeability (using AASHTO Test Method T 277).
For each combination of materials, a reduction in the Q value
in coulombs occurred as the w/c was decreased. Goncretes with
pozzolans, slag, or latex had lower Q values than the controls.
Q values decreased as the age of the specimens increased from
28 to 90 days. The 365-day results were -inconclusive as to
whether changes in permeabilities occurred after 90 days.

2. Concretes with fly ash and slag had lower early strengths but
generally higher ultimate strengths than the controls. For
concretes containing silica fume, strengths were about the
same or slightly higher at 211 ages. 1In all cases, a lower
w/c resulted in higher strengths for concretes containing the
same proportion of solid ingredients.
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3. Strengths of all the concretes at 90 days were in excess of
5,000 psi (34.5 MPa) and thus are satisfactory. In some
concretes, early strengths were low. For the same type and
amount of supplemental cementitious material, strength in-
creased as Q values decreased. However, when concretes with
different composition are considered, there is no specific
relationship between strength and the results of the rapid
test for chloride permeability (AASHTO T 277). Concretes with
essentially equal strength but containing different supple-
mental cementitious material had significantly different Q
values. For example, the test results indicated that con-
cretes with pozzolans or slag having strengths similar to the
controls generally had lower Q values.

4, Results of the 90-day ponding test on concretes with w/c of
0.40 and containing different supplemental cementitious mate-
rial indicate differences in the chloride content at a depth
of 1/4 to 3/4 in (6 to 19 wmm). Conecretes with pozzolans,
slag, or latex had less chloride intrusion than the controls,
but all the values were above the threshold value of 1.32
1b/yd® (0.78 kg/w®) except for ome batch of silica-fume
concrete. At the deeper depth of 3/4 to 1 1/4 in (19 to 32
mm) , the chloride intrusion for all the concretes was very
low, The highest value was in  a control concrete that had
an average chloride content of 0.38 1b/yd3(0.22 kg/w®). It
appears likely that all the low w/c concretes in this study
(0.40 or less) would have significant resistance to chloride
ion penetration under actual service conditions. However,
these values do not provide a measure of the length of
service that wmay be expected from them.

5. VWhen control, slag, and silica-fume concretes with Type II
and Type III cements were cured at 73°F(23°C) and 100°F
(38°C), there was little difference in the chloride perme-
abilities for the same concrete at each temperature. For
concretes cured at 40°F(4°C), the chloride permeabilities
were generally higher. However, fly ash concretes made with
either cement showed a very significant reduction in Q@
values as the curing temperature increased. When the fly
ash concrete was cured at 40°F(4°C) or 73°F(23°C), chloride
permeahilities were in the high range, but when they were
cured at 100°F(38°C), they were in or very close to the very
low range. Ir general, the strengths of all concretes were
highest when cured at 73°F(23°C). Concretes with Type III
cement had strengths cowparable to or significantly higher
than those with Type II cement.
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APPENDIX A — TESTS CONDUCTED AND MIXTURE PROPORTIONS

TABLE A-1--MATERIAL COMBINATIONS AND BATCH PARAMETERS

Percent b
Cementitious Cement Water-Cementitious Ratio
Identification Material® Replaced  0.45 0.40 0.35
C2 (Control) c2 0 X X X
Cl (Control) Cl 0 X . X x
C2F-15 F + C2 15° x x x
ClF-15 F + Cl 15¢ : x
C2F-25 F + C2 25°¢ x x x
ClF-25 F + Cl 25° x
€25-50 S + C2 50 b X X
C1S~50 S + Cl 50 X
C28¥-7 SF + C2 7 X x X
ClSF-7 SF + C1 7 x
C2L L + C2 xd
d
ClL L +Cl X
& c2 - Type II cement -~ alkalies, 0.50%
Cl - Type I cement -~- alkalies, 0.78%
F - Class F fly ash with good performance record
S - Ground iron blast furnace slag with good performance record
SF ~ Silica fume
L - Latex
b ratio of water to cement plus supplemental cementitious ingredient
w/ec.

The wass of fly ash added was 1.2 times the wmass of cement replaced.

Water—-cement ratio = 0,37.
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