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ilica Fume Concrete: a Solution
to Steel Reinforcement Corrosion
in Concrete

by J.T. Wolsiefer, Sr.

Abstract: This paper discusses the utilization of silica fume
concrete admixture to prevent reinforcing steel corrosion. The
mechanism of steel corrosion in salt impregnated concrete is
described, along with laboratory test data showing how ordinary
concrete's corrosion prone characteristics are altered by the use
of silica fume. The mineral admixture significantly lowers the
concrete permeability to prevent chloride ingress to the reinfor-
cing steel level, while simultanecusly increasing the concrete's
electrical resistance to corrosion currents. Test data from the
FHWA 90-day Chloride Ponding Test indicates a 98% reduction in
chloride perietration. AASHTO T277 Rapid Chloride Permeability
test show a 10 times impermeability and 25 times resistivity
improvement with the use of 12 percent silica fume. The Time-to
Corrosion FHWA/NCHRP 244 Slab Test is a scaled down steel rein-
forced deck, from which macrocell corrosion current, AC resis-
tance, half cell potential and chloride absorption is measured.
Zero corrosion current was measured after NaCl was ponded in
alternate soak/dry cycles for 48 weeks. The second phase test
program evaluated the corrosion performance of full size concrete
bridge sections, including beams, columns, piles and bridge deck
panels. The test members were subjected to environments simu-
lating salt water and deicing agents, for 370 days. Test results
show that silica fume admixture prevents salt induced corrosion
of steel rebar and tensioning strands.
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INTRODUCTION

Silica fume is a highly pozzolanic mineral admixture, which
is being utilized increasingly to improve concrete durability,
Strength and as a portland cement replacement in the United
States, Canada and the Scandinavian countries. As the wide spread
use of this material is relatively new, this paper discuses gener-
al background on silica fume as a concrete admixture, and specifi-
cally the material's ability to lower chloride permeability and
increase electrical resistivity in the prevention of steel rein-
forcement corrosion in concrete. The development of the mineral
by-product, as a concrete admixture, started in the mid-seventies,
when government environmental protection regulations enforced the
collection of industrial flue gases, being dispersed into the
atmosphere.

SILICA FUME PRODUCTION AND CHARACTERISTICS

Silica fume is a by-product of the ferro silicon and silicon
metal industry. The material is amorphous silicon dioxide, which
is generated in submerged electrical arc furnaces as a gas during
the reduction of very pure quartz, with metallurgical coal. The
gas vapor is condensed in bag house collectors as very fine spher-
ical particles (0.1 to 0.3 microns), with a surface area of
220,000 to 300,000 cm?/g. The silicon dioxide (Si02) content can
vary from 70 to 96%, increasing in percentage, as the amount of
silicon increases in the ferro silicon metal manufactured. Table
1, shows typical chemical compositions resulting from the produc-
tion of various types of silicon alloys. Silica fumes used, in
the United States, are usually at least 85% in Si0O2 content.
Typical chemical and physical properties are shown in Table 25
World wide silica fume generation is estimated at 900,000 tons
however, because the ferro silicon and silicon metal industry does
not have recovery systems installed in all production facilities,
the actual amount available is 400,000 tons. United States and
Canadian combined silica fume production could be 130,000 tons,
based on alloy furnace capacity, but because of present alloy
market conditions, the amount of silica fume by-product available
is 60,000 to 70,000 tons.



SILICA FUME PRODUCT FORMS

Silica fume is available in two basic product forms, that of
dry powder and liguid slurry. Within these two general product
forms, silica fume can be provided in dry bulk, dry "super sack"
(1 ton), dry paper sack (50 1lb.), liquid slurry bulk and liquid
slurry drum. Dry silica fume, in its as collected uncompacted
form, tends to be slightly dusty, prone to lumping, low in density
(16 lbs/ft3), difficult to move in cement handling equipment and
uneconomical in transportation cost. Dry silica fume, is also
available in compacted form which is a reversible agglomeration,
that increases bulk density to typically 40 lbs/ft3. Silica fume
in this form is dustless, uniform, free of lumps, flows readily
for material handling and is the most economical for transporta-
tion. Silica in compacted bulk form is normally transported in
cement tankers (25 ton load size) for storage and batching in
cement silos. Silica fume is also available in silica fume water
slurries with an approximate 50% silica fume content by weight.
Silica fume in this product form must be frost protected, and
requires recirculation with agitation, along with pH control, to
maintain material homogeneity. Silica fume slurry is utilized to
facilitate dispensing systems, and reduce transportation cost over
uncompacted material, but slurry is more complex to dispense, and
less economical in transportation expense, than compacted silica
fume.

SILICA FUME CHEMICAL AND POZZOLANIC REACTIONS

Silica fume, because of its high silica content, very fine
particle size and extremely large surface area, is a highly effec-
tive pozzolanic material, that has a high pozzolanic activity
index (210%) with portland cement. A comparison of the silica
fume pozzolanic characteristics to that of fly ash is shown in
Table 3. When utilized as a concrete admixture, silica fume com-
bines with free lime during the hydration of cement in concrete,
to form a new cementitious compound, calcium silicate hydrate
(CSH). The resultant binder matrix is morr (lemically resistant,
has a denser microscopic pore structure, and yields high strength,
impermeable concrete. The extremely low chloride permeability and
high electrical resistivity are key improvements in concrete char-
acteristics, that combine to protect reinforcing steel and
concrete from deterioration and corrosion caused by chemicals,
deicing salts, sea water intrusion, road traffic, acid rain, and
freeze and thaw cycles.

THE MECHANISM OF CORROSION IN STEEL REINFORCED CONCRETE
AND SILICA FUME AS A SOLUTION

In the United States during the early 1970's, because of the
increasing corrosion problems with steel reinforced concrete
structures, there became a general awareness that corrosion resis-
tance was deficient for a majority of our existing highway bridg-
es, parking garages, and marine structures (1), This situation



occurred because of the inadequate building code requirements, an
initial lack of understanding of the mechanism of steel corrosion
by structural design engineers, and a gross under estimation of
the amount of impact of chloride ion being directed into concrete,
from deicing salts, accelerating admixtures, and the marine envi-
ronment. Historically reinforcing steel cover (1 to 2 in. - 25 to
51 mm) and maximum water-to-cement ratios (0.5), were insufficient
when subjected to chloride ion levels that had been experienced in
deteriorating concrete structures (1,2). Reports from the United
States Federal Highway Administration (FHWA), indicate that over
4,000 bridges are in need of major or moderate restoration at a
cost of $1,072,000,000 in 1983 dollars. In addition, they are
projecting minor restoration repair of 29,000 bridges at an annual
cost of $200,000,000. Finally, the FHWA expects the cost in 1996
for restoration and protection of bridges, on interstate systems
alone to be 2.6 billion U.S. dollars (3). Obviously, the corro-
sion problem is a major technical and economic problem that
requires solutions on many levels; that of protection of existing
structures to stop further deterioration, rehabilitation of
bridges to correct structural deficiencies, and the construction .
of new structures with adequate corrosion resistance. Today the
engineering community has come to understand that the electro-
chemical corrosion of embedded steel is caused by the existance of
galvanic cells (4). These galvanic cells can exist along the
steel (microcell) or between embedded steel layers (macrocell).

An example of macrocell corrosion (Figure 1) is a concrete bridge
deck where the top reinforcing steel mat performs as an anode and
the bottom steel layer as a cathode. The anode steel deteriorates
by losing electrons via conduction through connecting steel rebar
and ties to the cathode steel, where the electrons are consumed by
oxygen reduction. The corrosion cell circuit is completed by the
diffusion of ions through moist concrete, which operates as an
electolyte. To initiate steel corrosion, a chloride threshold
level of 1.1 to 1.3 pounds per cubic yard (0.65 to 0.77 kg/m3)
must be exceeded, at the anode steel. The presence of chloride
ions also disrupts the normal passivation, provided to steel by
the alkalinity of the cement paste. Corrosion can be reduced or
eliminated by one or a combination of the following: 1, reduction
or elimination of chloride in the anode area 2, decreasing the
oxygen available in the cathode area 3, increasing the electrical
resistance of the concrete acting as the corrosion cell electro-
lyte. Steel-reinforced concrete marine structures, that are fully
submerged, do not normally present problems because of the lack of
oxygen available to the cathodic steel. However, there are large
corrosion problems in the tidal and splash zone, due to the
availability of oxygen and the constant wetting and drying action,
which acts as a ''chloride pump', increasing the chloride ion
level. In the case of highway structures, increasing concrete
cover over reinforcing steel and lowering the water-to-cement
ratio to reduce permeability is of help, but not a total solution.
Investigators have shown that merely lowering the water-to-cement
ratio will not stop rebar corrosion. In addition, although
increasing the concrete cover and using epoxy coated rebar may



stop corrosion of a solid rebar, it is not a solution for pre or
post stressed steel structures. The concrete cover must be at
least 2 to 3 inches (51 to 76 mm), depending on the predicted
amount of chloride passing into the structure from the environment
(1,2,5). However, to maintain structural design efficiency, in
terms of minimum clear cover and dead weight, and to protect pre-
stressed or post-tensioned steel strands, silica fume concrete
offers a solution. Extremely low permeability silica fume
concrete decreases the amount of chloride at the anode steel,
along with the reduction of moisture in the concrete. Silica fume
also provides a concrete, with a high electrical resistivity,
which eliminates corrosion current in the concrete electolyte.

The protection will exist even in the event of cracking, which
occurs in all concrete structures, because the high electrical
resistivity will minimize microcell and macrocell corrosion
current in the presence of chloride ion.

PERMEABRILITY TEST PROGRAMS

There has been an evolution of test program development in
the United States to measure concrete's ability to resist corro-
sion induced by chloride ion. The first full scale corrosion
studies, in the United States, are thought to be those investi-
gations conducted in the early seventies, by the Federal Highway
Administration (FHWA) (1). These Time-to-Corrosion studies were
conducted on one-hunderd twenty four reinforced concrete slabs
(20 square foot), in an outdoor exposure yard for a one year
period. Concretes, prepared with various water-to-cement ratios,
admixtures, curing procedures, surface treatments and different
levels of concrete cover were ponded daily, with 3% sodium
chloride solution. This program resulted in recommendations for
lower water-to-cement ratios and greater concrete cover over
reinforcing steel on bridge deck concrete (see Table 4 for
program test data). However, a test procedure that could gener-
ate data, in a short period of time, was required to evaluate
various corrosion protection alternates. The first of these test
methods to find widespread use was the Federal Highway Adminis-
tration (FHWA) 90-Day Chloride Ponding Test, which measured
chloride ion penetration into concrete. Flat slab concrete
specimens are ponded with 3% NaCL solution for a period of 90
days, after which the total chloride is measured at two depths
(0 to 1 inch) and (1 inch to 2 inch). Comparative test results
for conventional portland cement concrete, latex concrete and
silica fume concrete (20% by weight of cement) shows a reduction
of 98.1% of the chloride penetration (Figure 2) by the silica
fume concrete over that of the control (8). The National Cooper-
ative Highway Research Program (NCHRP) developed the NCHRP Cube
Test, which measured water absorption and chloride penetration,
for 4-inch (100 mm) cube specimens under an air dry, chloride
soak and air dry cycles. The first dry period is at 70°F (21°C)
in a 50% relative humidity chamber for 34 days after which the
cubes are soaked in 15% NaCl solution for 21 days, and then dried
at 70°F (21°C) in the relative humidity chamber. Weight gain and



absorbed chloride test data for a silica fume concrete, at a
dosage rate of 20% by weight of cement, is compared to ordinary
portland cement, latex, and epoxy modified concretes in Figures

3 and 4. The time period for these test procedures was too long
and design engineers required a practical method of specifying
and measuring the performances parameter of permeability. The
use of the 'Standard Method of Test for Rapid Determination of
Chloride Permeability of Concrete', AASHTO Designation T277-83,
(1986) is a standard test method that is fast, relatively
inexpensive and becoming widely utilized by design engineers for
performance specification of concrete structures in chloride
environments. The test consists of monitoring the amount of
electrical current passed through a 2-inch (5 cm) thick section
of a 4-inch (10 cm) diameter cylinder or core. One end of the
specimen is immersed in a three percent sodium chloride solution,
while the other end is immersed in a 0.3 normal sodium hydroxide
(NaOH) solution. The current in amperes, is measured in thirty
minute increments over a period of six hours. A curve of current
versus time is plotted and the area under the curve is calculated
as the total charge passed coulombs. The data is then related to
chloride permeability levels, established by comparative test
data for various different concretes, such as; silica fume,
latex, epoxy modified, and ordinary portland cement concrete.
Typical classification of chloride permeabilities for these
various concrete are shown in Table 5. Normal portland cement
concrete with a low water-to-cement ratio (less 0.40) typically
measures 1,500 to 2,000 coulombs of charge passed versus less
than 100 coulombs for silica fume concrete with dosage rate of
greater than 15%. Rapid Chloride Permeability tests can be
performed on concrete field test cylinders at early age (2 to 3
days) after boiling as per the ASTM C684-81 "Standard Method of
Making, Accelerated Curing and Test of Concrete Test Specimens'.
Other permeability test ages are 41 days laboratory water-cured
specimens and the testing of field cores typically at 90 days and
beyond. The permeability of all concrete, especially that of
silica fume concrete depends on the curing method and the length
of time utilized (6). The rate of permeability decrease with
time, is proportional to the moisture available and cement
hydration. As the ambient curing temperature has great influence
on the rate of cement hydration, field cores taken in winter will
not achieve low chloride permeability until adequately cured.
Figure 5 shows Rapid Chloride Permeability decreasing as a
function of the corresponding increase in a dry compacted silica
fume admixture (dosage rate is addition, by weight of cement).
Portland cement lightweight concrete is known to be more perme-
able than normal weight concrete, due to the high permeability
caused by cement paste interface with porous aggregate. Silica
fume improves significantly tl:> permeability of lightweight
concrete by an order of magnitude, from 3,667 coulombs for a
portland cement concrete control to 227 coulombs for an air
entrained silica fume concrete, with a dosage rate of 20% by
weight of cement (Figure 6).



ELECTRICAL RESISTIVITY AND AC RESISTANCE

Electrical resistivity and AC resistance are a measure of
concrete's ability to resist corrosion currents. These corrosion
currents are encountered in steel reinforced concrete under
chloride attack, in deicing and marine environments. Electrical
resistivity (expressed in ohms-cm) has been measured in non
standard laboratory tests, and can also be obtained from the
AASHIO Standard T277-83, Rapid Chloride Permeability test. The
resistivity values are calculated by determination of the cell
constant of the test setup, and calibrations with the 4 pin plat-
inum wire test method, and the use of solutions of known resis-
tivity. Figure 7 shows electrical resistivity data, at 11% and
20% addition by weight of cement. The data indicate that silica
fume concrete has high electrical resistance to the passage of
corrosion current. The dry silica fume admixture, at the 20%
dosage, generates a resistivity of 110,000 ochms—cm, as compared to
4,200 ohms-cm for the ordinary portland cement concrete control.
Norwegian investigators measured electrical resistivity, by em-
bedding an isolated steel plate in the middle of an insulated
concrete cylinder (7). The test cylinder was immersed in water,
with counter electrodes, and an AC bridge was employed to measure
electrical resistivity. Figure 8 shows the resistivity data, for
three concrete mixture proportions, each with 0, 10 and 20 percent
silica fume addition by weight of cement. Good correlation, with
the previous data generated by the AASHTO T277-83 method, is seen
with a electrical resistivity of 127,000 ohms-cm for a comparable
mixture (400 kg cement, 80 kg silica fume). Electrical resistiv-
ity, as a function of increasing percentage of silica fume admix-
ture, is shown in Figure 9.

TIME-TO-CORROSION TEST PROGRAMS

Time-to-corrosion has been measured in the FHWA/NCHRP
Southern Exposure Slab test, conducted under FHWA and Norcem fund-
ing. This laboratory test is a scaled down steel reinforced
bridge deck, from which macrocell corrosion current, half cell
potential, AC resistance, and chloride absorption is measured
(Figure 10). Sodium chloride (15% solution) is ponded in alter-
nate soak/dry cycles, for a period of 48 weeks. This test time,
is said to simulate 10 to 20 years of high chloride exposure, when
compared to chloride profiles taken from existing field structures
(2). Figure 11 shows zero corrosion current measured between the
top and bottom rebar for silica fume concrete slab specimens (20%
by weight of cement). Correspondingly, a low w/c (0.32) AASHTO
type portland cement concrete control mix started corrosion activ-
ity at 6 weeks and continued to a peak level of 200 micro amps .
The AC resistance for a silica fume concrete sample increased from
5,000 ohms to 25,000 ohms at the test completion (Figure 12) where-
in the corresponding concrete control was flat at 890 ohms. Chlo-
ride content, of the silica fume concrete, was measured at 96 ppm
lone inch (2.54 cm) depth of concrete cover] which was only 2.1%
of the amount (4,650 ppm) measured in the control concrete.



Copper-copper sulfate half cell potentials, measured at the top
reinforcing steel mat, shown in Figure 13, are well below =50
millivolts peak decreasing to 40 millivolts, at 48 weeks. These
data are contrasted to the portland cement control, which exhib-
ited half cell potentials over 350 millivolts within 7 weeks,
increasing to 7470 millivolts, at 48 weeks. Half cell potential
of over ~350 millivolts are indicators of corrosion activity (95%
probability) when oxygen and moisture are available at the cathode
to complete the corrosion cell circuit. This NCHRP southern ex-
posure test program had also been conducted by Kenneth C. Clear,
Inc. and completed approximately 8 months prior to the Wiss,
Janney & Elstner test program. There was excellent correlation of
test performance between the two projects. A silica fume concrete
(20% dosage by weight of cement) showed no corrosion current and
higher than 25,000 ohms AC resistance after 48 weeks of acceler-
ated chloride exposure (9). The data from these test programs,
along with simultaneous corrosion current measurements, indicates
that the silica fume concrete will not support macrocell corrosion
activity. A second phase of this FHWA test program, "Protection
Systems for New Prestressed and Substructures Concrete', evaluated
the corrosion protection of full size concrete bridge sections,
including steel reinforced beams and columns and precast, pre-
stressed piles and bridge deck panels (10). The test specimens
were fabricated with 1-inch (2.54 am) of clear concrete cover

over the solid rebar and prestressing steel strands. The test
program evaluated many different solutions to the corrosion
problem, such as; epoxy coated rebar, sealers, calcium nitrate
additive and silica fume concrete against a AASHTO Building Code,
portland cement concrete control. The test members were subjected
to chloride environments, simulating salt water spray, splash and
tidal variation, for marine structure applications. Deicing salts
applied directly to decks, splashed against columns and flowing
over beams from drains were simulated for bridge deck applicaitons.
The chloride (15% NaCl) was constantly recycled in test figures
for a period of 370 days, which was meant to approximate over 20
years chloride exposure. Measurement of macrocell corrosion
current, instant off potentials, electrical resistance, and half-
cell potentials were made on all structural members. During dif-
ferent cyclic test periods in the program, all AASHTO concrete
controls showed signs of corrosion activity, while the silica fume
concrete elements showed no measurable corrosion current. Chlo-
ride ion measurements at a 1-inch (2.54 am) depth, as an average
of five test conditions, stopped 94% of chloride ingress as com-
pared to the AASHTO control concrete (Figure 14). The average
silica fume concrete half-cell potentials were ~60 millivolts as
compared to “470 millivolts for the AASHTO controls, which is well
below the 7350 millivolt corrosion voltage threshold level (Figure
15). Autopsy of AASHTO specimens showed evidence of corrosion
by-products on the reinforcing steel and the silica fume specimen
exhibited none. Measurements of silica fume concrete pH level
(12.4), at the reinforcing bar level, showed that the concrete
provided uninterrupted passivation of the steel. The concrete



proportions for this program, along with the strength results, are
shown in Table 6. The silica fume concrete was high strength;
10,150 psi (70 Mpa) at 28 days, and 13,120 psi (90.4 Mpa) when
cored at 322 days. The corresponding AASHTO concrete mixture
strength was 5,840 psi (40.2 Mpa) at 28 days.

FIELD TEST DATA

In the last few years, there has been a steady growth, in
the use of silica fume admixture, to improve the durability of
automobile parking garages, marine terminals and bridge deck
overlays. Some of the construction projects requiring protection
‘against chloride induced corrosion, have been utilizing the
AASHTO T277 Rapid Chloride Permeability test as an evaluation
tool and performance specification. Test data correlation has
been good, between the previously cited laboratory test programs
and tests performed on actual field concrete specimens. Table 7
lists Rapid Chloride Permeability measurements for various recent
construction projects. Most of the projects referenced required
field cores and/or field cylinders to be taken for each individ-
ual silica fume concrete placement. The Rapid Chloride Perme-
ability data is the average for all placements, which in some
cases numbered 20 to 40 data points.

CONCLUSIONS

The extremely low chloride permeability and the very high
electrical resistivity characteristics of silica fume concretes
are extremely important factors in the prevention of micro and
macro corrosion cells in steel reinforced concrete structures.
In particular, these parameters are an important consideration,
with respect to the concrete cracking that can occur on almost
all structures. The extremely high electrical resistance of
silica fume concrete precludes significant corrosion current
along and between reinforcement, in the presence of chloride ion
intrusion allowed by concrete cracking. All the test programs
described in this paper have been carried out with 1-inch (2.54
cm) of clear silica fume concrete cover over solid rebar and pre-
stressing steel. Thus, design engineers can utilize the admix-
ture to maintain structural design efficiency in terms cf clear
cover and dead weight. In addition, the fact that these proper-
ties exist simutaneously with increased mechanical properties,
such as high strength and abrasion resistance, give silica fume
admixtures large potential to increase significantly the dura-
bility of concrete structures located in aggressive chloride
environments.

ACKNOWLEDGEMENTS

Much of the research reported, was performed by Kenneth C.
Clear, Inc.; Wiss, Janney & Elstner Associates; and Concrete
Technology Laboratories, Division of The Portland Cement Associ-
ation, under contract to Norcem Concrete Products.



10

REFERENCES

Clear, K.C.; "Time-to-Corrosion of Reinforcing Steel in
Concrete Slabs", Vol. 1, FHWA-RD-73-32, April 1973 and Vol.
3, FHWA-RD-76-70, April 1976.

Pfeifer, D.W.; Zoob, A.B.; leClaire, P.J.; '"Corrosion Protec-
tion Tests on Reinforced Concrete Containing Corrocem Silica
Fume Admixture", WJE No. 840379; Wiss, Janney & Elstner,
Internal Report, August 1985.

Slater, J.; "Corrosion of Metals in Association with Concrete",
ASTM STP 818. 1983.

Fraczek, J.; "A Review of Electrochemical Principles as
Applied to Corrosion of Steel in a Concrete or Grout Environ-
ment", Corrosion, Concrete and Chlorides ACI Sp-102,

F. Gibson: Editor 1987.

Whiting, J.; "Concrete Materials, Mix Designs, Construction
Practices and their Effects on the Corrosion of Reinforcing
Steel", International Corrosion Forum, March 1987.

Whiting, D.; Kuhlman, L.; "Curing and Chloride Permeability",
Concrete International, April 1987.

Malhotra, V.M.; Editor: "Proceedings, First International
Conference on the Use of Fly Ash, Silica Fume, Slag and Other
Mineral By-Products in Concrete", Montebello( Canada, July 31-
August 5, 1983. Venesland, O; Gjorv, O.E.; ''Silica Concrete-
Protection Against Corrosion of Embedded Steel", ACI Special
Publication SP-79; pp. 719-729, 1983.

Wolsiefer, J.; "Ultra High Strengtn Field Placeable Concrete
with Silica Fume Admixture', ACI Concrete International, April
1984.

Clear, K.C.; "Corrocem Silica Fume Concrete NCHRP 244 Southern
Exposure Tests with Reinforcing Sceel znd CQorrosion and Chlo-
ride Intrusion Monitoring', Internal Report, Ken Clear, Inc.
February 1985.

Federal Highway Administration; "Protective Systems for New
Prestressed and Substructure Concrete', FHWA/Rd 86-193, April
1987; Wiss, Janney & Elstner Associates, Inc.

10



TABLE 1 - CHEMICAL COMPOSITION OF SILICA FUME
FROM DIFFERENT ALIOY TYPES (WT%)

Chemical Silicon Ferro-Silicon Ferro-Silicon
Component Metal Metal (75%) Metal (50%)
SiO2 95 90.5 84
€ 153 1.'5 1.9
F 05 0.3 1.6 2.4
A1203 0.7 0.9 2.5
Na,0 0.3 0.6 07
K0 0.3 0.7 1.3
MgO 0.2 1.4 2.0
S04 0.8 0.9 1.1
Ca0 0.3 0.3 0.8
1OI 1.5 1.6 3.3
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TABLE 2 - SILICA FUME MILL CERTIFICATE

Chemical Analysis

and Typical
Physical Properties Value

SiO2 96%

¢ 1.3%

Fe, 0, 0.1%

1\1203 0.4%

NaZO 0.1%

K20 0.1%

MgOo 0.2%

SO3 0.1%

1 0.1%

Ca0 0.2%

loss of Ignition 1.5%

Bulk Density uncompacted 16 1b/ F‘tg

compacted 40 1b/Ft

Moisture Content 0.2%
Specific Surface 25 M2/ gram
Specific Gravity 2.1%
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Fig. 1--Galvanic macrocell
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ELECTRICAL RESISTIVITY (CGHMS-CM) (VACUUM SATURATION)
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Fig. 7--Concrete electrical resistivity
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Condensed silica fume content (weight % of cement)

Fig. 8--Effect of condensed silica fume on the resistivity of concrete
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CHLORIDE ION OONTENT (BY % OF CONCRETE WEIGHT)
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Fig. 14--Chloride ion penetration FHWA full scale bridge members

CHLORIDE ION CONTENT AT 1-INCH
DEPTH (AS A PERCENTAGE OF TOTAL
CONCRETE WEIGHT)

*
CORROSION THRESHOLD LEVEL .030%

.178%

AASHTO CONTROL

.006%
| stLzca FvE

CNCRETE TYPE

31




HALF CELL POTENTIALS (~MILLIVOLTS)
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Fig. 15--Half cell potentials FHWA full scale bridg; members
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