TB-0712 Corrosion Protection using
FORCE 10,000® D Concrete Technical
Bulletin

Introduction

This engineering bulletin briefly examines how the addition of microsilica to concrete can help protect the
reinforcement against chloride-induced corrosion. A description of the reinforcement corrosion process is given.
Laboratory studies and field data are used to quantify corrosion test results and better explain protection requirements.
Microsilica, also known as silica fume or condensed silica fume, is available as a dry powder, a densified powder or as a
liquid slurry admixture.

The Chloride-Induced Corrosion Process

The chloride-induced corrosion of reinforcement in concrete is an electrochemical process caused by chlorides which
migrate through the pores of the concrete to attack the steel. The alkaline environment of concrete creates a thin,
passivating layer around all the embedded steel. Chlorides attack the steel through defects in this protective barrier to
start the corrosion process. Iron at the anode (usually the top mat of reinforcement in a slab) chemically combines with
the chloride ion and eventually becomes the corrosion product, ferric oxide (Fe,03). Buildup of ferric oxide causes
staining and cracking of the concrete. During this corrosion process, electrons are released and travel to the cathodic
steel to form hydroxl ions (OH —). The cathode is located where there is good access to oxygen, usually the bottom
mat of reinforcement in a slab. The hydroxl ions travel through the concrete to the anodic steel, completing the
corrosion process. Chlorides are available primarily from deicing salts and marine environments. Clearly if the
permeability of the concrete were significantly reduced, it would take longer for chlorides to travel from the concrete
surface to the reinforcement. This would increase the time to corrosion-initiation and extend the service life of the
structure. Also if the resistivity of the concrete were increased, the corrosion process could be slowed even if chlorides
reach the reinforcement.

Concrete Permeability

When cement combines with water the resulting chemical reaction forms calcium silicate hydrate (CSH) “glue” and
calcium hydroxide. The CSH binds the aggregate together while the crystalline calcium hydroxide simply occupies space
and contributes to a weaker and more permeable concrete matrix. Microsilica consists primarily of silicon dioxide (SiO5)
which, when added to fresh concrete during the batching process, chemically combines with the calcium hydroxide to
form more CSH. See the GCP Applied Technologies Technical Bulletin TB-0709 “FORCE 10,000 ® D Microsilica and its
Uses in Concrete” for a more complete explanation. Additionally, microsilica is roughly one-one hundredth the size of a
cement grain which helps to fill in the voids between the larger CSH particles and the aggregate. The addition of
microsilica to the concrete mix results in significantly less permeable matrix.

The most common test methods used to evaluate the chloride permeability are AASHTO T-277 “Rapid Determination
of the Chloride Permeability of Concrete”’ and ASTM C 1202 “Standard Test Method for the Electrical Indication of
Concrete’s Ability to Resist Chloride Penetration.”
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Both tests are quick methods for determining concrete chloride permeability for research and ongoing construction
projects. These tests do not measure the actual permeability but rather the resistivity of the concrete, which has a
good inverse correlation with concrete permeability. Although there are some subtle differences between the two test
methods, they both subject a 60 volt potential to a 4 in. (100 mm) diameter by 2 in. (50 mm.) thick specimen for 6
hours and measure the cumulative electrical charge passed in coulombs. AASHTO anticipates a precision variability of
19.5% while ASTM allows greater variability.

There are at least a dozen parameters which can affect the final coulomb reading, so an exact, reproducible test
measurement is nearly impossible. Five chloride permeability categories were, therefore, created as shown in Table 1.
Concretes with coulomb readings in the same category are considered to have equivalent chloride permeability. Design
engineers who specify microsilica generally require a coulomb reading in the 100 to 1,000 coulomb category which is
classified as “very low”.

Table 1

AASHTO T-277 Chloride Permeability
Based on Charge Passed

Charge Passed Chloride Typical of
(coulombs) Permeability
>4,000 High High water/cement ratio (>0.6).

Conventional PCC.

2,000 - 4,000 Moderate Moderate water/cement ratio (0.4 -

0.5).Conventional PCC.

1,000 - 2,000 Low Low water/cement ratio (<0.4).

Conventional PCC.
100 - 1,000 Very Low 1200

<100 Negligible 1800

It is recommended that test specimens be 4 x 8 in. (100 x 200 mm) cylinders cast from a ready-mix truck at the job
site according to ASTM C 31 and cured for 90 days prior to testing. Some engineers believe inaccuracies exist in the
FHWA rapid permeability test method and are specifying “percent microsilica by weight of cement” rather than
coulomb levels. Usually a specified microsilica quantity is based on the severity of the service environment. Two
common microsilica dosage rates are 7.5% by weight of cement in parking structures and 10% for piles in a marine
environment. Combining microsilica with other corrosion protection systems, such as DCI® Corrosion Inhibitor; is also a
common practice.

Laboratory and field tests 2, 3, 4, 5, 6 have been performed to measure the effect of microsilica dosage rates on the
permeability of concrete. Figure 1 shows the results of these studies utilizing a 650 Ibs/yd? (385 kg/m?) cement
factor mix at a 0.40 water/cement ratio after 90 days of curing. Two points are apparent from this figure:

1. As more microsilica is added to the concrete the chloride permeability (as measured in coulombs) is reduced; and
2. The coulombs measured usually vary for samples of the same mix design.
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The actual coulomb test result is very dependent on the concrete materials used, microsilica amount and testing
accuracy.

A method used by GCP Applied Technologies to determine actual chloride ingress into concrete with and without
microsilica consists of cyclic ponding of concrete blocks and “lollipops” (Figure 2) with a sodium chloride solution for
extended lengths of time. These ongoing tests6, performed at GCP Applied Technologies, measure actual chloride
contents in the concrete as a function of time, mix design and depth in the concrete. From these data, the actual
chloride permeability of the concrete can be measured as an effective diffusion coefficient. These are compared to
AASHTO T-277 results in Table 2. Using these diffusion coefficients and further calculations, GCP has been able to
estimate the amount of chloride reaching the reinforcement in certain structures as a function of time. See your GCP
representative for further details.

Table 2

Effective Diffusion Coefficients vs AASHTO T-277 Results

Mix Water/Cement Ratio Microsilica (%) 28-Day Effective
AASHTO T-277 Diffusion
(coulombs) Coefficient

(10-8 cm?/sec)

A 0.48 0.0 3,700 9.
B 0.48 15.0 225 0.6
@ 0.43 7.5 380 0.8.
D 0.38 0.0 2,660 2
E 0.38 15.0 100 0.3

Cement Factor: 355 kg/m? (600 Ibs/yd3)
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Figure 1
Figure 1
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This chloride ponding test data proves that as more microsilica is added to a constant mix design, the concrete chloride
permeability is reduced. These data also qualitatively agree with the AASHTO T-277 test method which states that as

the coulombs measured decrease, the chloride permeability also decreases.
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Concrete Resistivity

Concrete resistivity, the resistance of concrete to the passage of a corrosion induced electrical current, is also an index
of corrosion protection. In a concrete structure when chlorides attack the reinforcement, electrons are released at the
anode and travel via the steel to the cathode. At the cathode, hydroxl ions are produced which travel to the anode
through the concrete to complete the corrosion circuit. Macrocell corrosion takes place between an anode and cathode
separated by a large distance such as a top and bottom mat of reinforcement in a slab. By increasing the resistivity of
the concrete, the process of macrocell corrosion may be slowed but not stopped. Microcell corrosion is defined as that
which takes place when the anode and cathode are adjacent to each other on the same reinforcement. Microcell
corrosion is usually not affected by increased concrete resistivity and may be less severe than macrocell corrosion. The
addition of microsilica

Table 3

Concrete Properties

Mix # Water/Cement  Microsilica by 28-Day Compresive Strength 28-Day 28-Day
Ratio Mass of Chloride Resistivity
Cement* (%) Permeability (Kohm-cm)
(coulombs)
(MPa) (psi)
1 0.48 0 35.6 5,160 3,663 7.7
2 0.48 3.75 37.3 5,417 3,175 16.3
3 0.48 7.5 43.8 6,346 348** 45.4
4 0.48 15 50.7 7,357 198** 94.7
5 0.43 0 36.3 5,264 2,585 9.3
6 0.43 3.75 45.1 6,547 2,210 221
7 0.43 7.5 49.7 7,214 213** 67.7
9 0.43 15 59.2 8,582 98** 118.0
10 0.38 0 399 5,782 3,485 10.8
11 0.38 3.75 64.2 9,312 736** 243
12 0.38 7.5 64.0 9,288 132** 73.9
13 0.38 15 83.6 12,119 75%* 161.0

*Cement Factor: 600 Ibs/yd? (355 kg/m?3)
**Experience has shown that field results with this type of mix rarely achieve these low coulomb levels.

to the concrete increases its resistivity and, thus, reduces the macrocell corrosion rate.
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The resistivity of moist concrete with a water/cement ratio between 0.50 to 0.35 is normally between 2,000 to
12,000 ohm-cm. Microsilica can raise the resistivity to 30,000 ohm-cm or greater. The macrocell corrosion process
for concrete at 30,000 ohm-cm should be approximately six times slower than that of 5,000 ohm-cm concrete. Table
3 shows 28-day compressive strengths, coulombs and resistivity measurements for concrete with a cement factor of
600 Ibs/yd? (355 kg/m?3)®.

Quality Concrete

Even though microsilica improves the various properties of concrete, the first line of defense against chloride-induced
corrosion is quality concrete. Quality concrete results when the concrete mix design, construction practices and
structural design comply with the guidelines of the American Concrete Institute (ACI).

Design and Construction Recommendations

When designing a microsilica concrete mix for chloride-induced corrosion protection, two types of specifications may
be used: a performance type or a prescription type. A performance specification requires a maximum coulomb level to
be met at 90 days and allows the concrete producer to design the mix to meet this. A prescription specification lists
the ingredients of the mix such as maximum water/cement ratio and percent microsilica. Use a performance or a
prescription type specification but not both. A common practice is to specify a maximum coulomb level (performance
type) to be met before the project starts and then to require that mix design be used throughout the project.

Some design recommendations from ACI-318 “Building Code Requirements for Reinforced Concrete” for corrosive
environments include the following:

® \\ater/cement ratio = 0.40 maximum

® Concrete cover over the reinforcement = 11/2 in. (38 mm) minimum 2 in. (50 mm) recommended

® Air entrainment for freeze-thaw durability = 6 + 11/2 % for 3/4 in. (19 mm) aggregate.

® Proper concrete finishing and curing techniques. One of the more important aspects of quality concrete

One of the more important aspects of quality concrete is curing. Microsilica concrete usually does not bleed as much as
normal concrete due to the lower water/cement ratio and the reduced permeability of the concrete. One method to
help alleviate this problem is to use fog misting. Fog misting should begin soon after placing and be maintained until
proper curing has begun in order to minimize surface drying. ACI-308 “Standard Practice for Curing Concrete” must be
followed to guard against plastic shrinkage cracks. To allow the concrete to cure properly for maximum corrosion
protection performance, as with strength and durability, ACI recommends seven days of wet curing. It is better to
underfinish and overcure microsilica concrete.

ACI 357 “Guide for the Design and Construction of Fixed Offshore Concrete Structures” gives recommendations for
marine concrete design.
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Conclusions

1. Microsilica in concrete can significantly increase the service life of a structure in a corrosive environment.

2. The greatest benefit of adding microsilica to concrete for corrosion protection is that it significantly reduces the
chloride permeability of concrete which slows down the chloride ingress.

3. Microsilica increases the resistivity of concrete which impedes the electrical current generated by macrocell
corrosion.

4. Reducing the water/cement ratio of concrete and increasing the microsilica content lowers permeability and
increases resistivity.

5. Designing for quality concrete, as defined by ACI guidelines, is the first line of defense against chloride-induced
corrosion.
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