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Abstract

This manual is intended as a practical guide for state highway agency personnel who are
faced with the day-to-day task of cost-effectively protecting, repairing, and rehabilitating
concrete bridges exposed to chloride-laden environments. As a practical guide, the manual
addresses the chloride-induced corrosion of the reinforcing steel because the protection,
repair, and rehabilitation methods presented are based on a working knowledge of the
corrosion processes. Methods are presented to estimate the service life and remaining
service life of concrete bridge components. Economic models are presented to enable
selection of the most cost-effective methods (i.e., those with minimum life-cycle cost) from
the menu of protection, repair, and rehabilitation methods.

These methods include standard physical, chemical, and experimental protection, repair, and
rehabilitation methods. Each method is described with respect to limitations, estimated
service life, estimated construction price or cost, construction procedures, quality assurance
and construction inspection methods, and material performance specifications. In addition,
rapid bridge deck protection, repair, and rehabilitation methods are presented.

Two mechanized concrete removal methods, milling and hydrodemolition, are compared to
the traditional method, pneumatic breakers. The three concrete removal methods are
discussed with respect to labor- and capital-intensive operations, work characteristics, and
quality management and control. The advantages of combining the strengths of the three
removal methods are also presented.



Executive Summary

Chloride-ion-induced corrosion damage of reinforced concrete bridges is the single most
cosily deterioration mechanism facing state highway agencies in the United States.
Approximately 40 % of the current backlog of highway bridge repair and rehabilitation costs
is directly attributed to the chloride-ion-induced corrosion of steel-reinforced concrete bridge
components. This manual is presented as a practical guide to state highway agencies that are
faced with the day-to-day task of protecting, repairing, and rehabilitating concrete bridge
components exposed to chloride-ion-laden environments.

Limited resources demand that public facilities be maintained in a cost-effective manner, with
minimum life-cycle cost. To minimize the life-cycle costs of concrete bridge components
exposed to chloride environments, one must have a working knowledge of the corrosion
mechanism, be able to estimate service lives of new or rehabilitated bridge components,
estimate the remaining service life of existing bridge components, and know the service life
of protection, repair, and rehabilitation methods. In addition, construction prices must also
be estimated. With estimates of service lives and construction prices, standard engineering
economic analysis can be used to select the most cost-effective protection, repair, and
rehabilitation methods.

This manual presents the processes and mechanisms that initiate the chloride-induced
corrosion of reinforcing steel in concrete. The application of the physical and chemical
methods used to protect, repair, and rehabilitate concrete bridge components is founded on
knowledge of these corrosion processes. The processes are used to develop deterioration
models that can be used to estimate service life and remaining service life. Also presented
are economic models for the replacement and protection, repair, and rehabilitation of bridges
and together with the service life models the economic models can be used to select the most
cost-effective strategy. Examples axe presented to illustrate how the models are used.
Electrochemical methods are not discussed.

The manual also presents standard and experimental protection, repair, and rehabilitation
methods for concrete bridge components exposed to chloride-laden environments. For
special cases in which traffic disturbance must be kept at a minimum, rapid methods for
bridge deck protection, repair, and rehabilitation are presented. Protection methods include
concrete sealers, coatings, membranes, and polymer concretes. Repair methods include
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patching with po:rtland cement concrete, polymer concrete, and high-early-strength hydraulic
cement concretes. Shotcreting methods are also presented. Latex-modified, low-slump
dense, microsilica, and polymer concretes and asphaltic concrete over preformed membranes
are used in both repair and rehabilitation methods; these methods include patching, overlays,
encasement, and jacketing. The rehabilitation methods present criteria and procedures for
increasing or mmdmizing service over the repair procedures. Each method is described with
respect to limitations, estimated service life in various chloride environments, estimated
construction price or cost, construction procedures, and quality assurance and control
procedures.

Concrete removaJ[ techniques using pneumatic breakers, milling machines, and
hydrodemolition are presented, as are the strengths of combining these techniques.
Descriptions, work characteristics, and quality management and control procedures are
presented for the three concrete removal techniques. The utility of each method is
demonstrated in removing concrete from bridge components: decks, substructure elements,
and superstructure elements.
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1

Introduction

1.1 Background

Chloride-ion-induced corrosion of the reinforcing steel is the most destructive cause of the

early deterioration of concrete bridges in the United States; hence its inclusion in the
Strategic Highway Research Program (SHRP). The SHRP structural concrete research plan
included four topic areas:

1. Condition Assessment Techniques

2. Electrochemical Rehabilitation Methods

3. Physical and Chemical Protection, Repair and Rehabilitation Methods

4. Methods Selection Decision Model

The capstone project, the decision model, determines from a menu of chemical, electrical,
and physical methods the most cost-effective protection, repair, and rehabilitation methods
for the assessed condition of a bridge. This manual presents, in summary form as a research

implementation report, the results of the research project, "Concrete Bridge Protection and
Rehabilitation: Chemical and Physical Techniques."

For further insight into the methods, procedures, and processes presented in this manual,
readers are referred to the seven other SHRP research findings reports included under the

"Concrete Bridge Protection and Rehabilitation: Chemical and Physical Techniques" project:

1. Service Life Estimates (1)
2. Price and Cost Information (2)
3. Feasibility Studies of New Rehabilitation Techniques (3)



4. Techniques for Concrete Removal and Bar Cleaning on Bridge Rehabilitation
Projects (4)

5. Rapid Concrete Bridge Deck Protection, Repair, and Rehabilitation (5)
6. Corrosion Inhibitors and Polymers (6)
7. Field Validation (7)

1.2 Definitions

Certain terms in, this manual have specific meanings with respect to the processes discussed.
Users of this m_mual should make these definitions part of their working vocabulary.

Protection method: a non-electrochemical method used to significantly reduce the rate of
ingress of chloride ions into concrete. Protection methods are limited to concrete elements

that are not critically ¢ontaminate0 with chloride. Sealers, coatings, and polymer overlays
are normally thought of as protection methods. However, hydraulic cement concrete
overlays constructed with low-slump dense, microsilica, or latex-modified concrete can be
used as protection methods.

Repair method: a method that restores a deteriorated concrete element to a service level

equal to or almost equal to the as-built condition. No effort is made to prevent or
significantly retard deterioration mechanisms. A typical example is patching a concrete
bridge deck with hydraulic cement concrete where the surrounding concrete is above, at, or
near the chloride threshold level and where corrosion will accelerate along the perimeter of
the patch. Another example, which is normally thought of as a rehabilitation method but is
really a repair method, is the overlaying method used by most transportation agencies: the
overlaying of a bridge deck where the top one-half inch of the deck is milled off, spalled and
patched areas are repaired, and the deck is overlaid with low-permeability concrete, but
chloride-contaminated concrete is left in place. Corrosion continues under the overlay.
Thus, the deck is considered repaired because no efforts were made to significantly reduce
the corrosion deterioration process.

Rehabilitation method: a method that corrects the deficiency that resulted in the assessed
deteriorated condition. A typical example is the overlaying of a bridge deck with microsilica
concrete where one-half inch of the top surface of the concrete is milled off, spalled areas
are repaired, delaminated concrete is removed and repaired, all areas where the corrosion
potentials are more negative than 250 mV as measured by a copper copper sulfate half-cell
are removed and repaired, and a microsilica concrete is placed over the entire deck. The
original deficiency has been corrected by removing all the concrete that will continue to
corrode the reinforcing steel under the overlay, and the more chloride-permeable as-built
concrete has been replaced with a low-permeability concrete. Thus, rehabilitation has been
achieved: the more permeable and chloride-contaminated concrete has been replaced with a
less permeable concretes and thus the service life of the deck has been significantly
increased.
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Critical chloride contamination: the degree of chloride contamination of the cover concrete
such that after the concrete is protected, the chloride content at the reinforcing steel level will
come to an equilibrium value of at least 0.2 lb of acid-soluble chloride per cubic yard of
concrete (0.12 kg/m 3) less than the corrosion threshold level (total acid-soluble minus the
acid-soluble background level).

Corrosion chloride threshold level: the degree of chloride contamination of concrete that will
activate the corrosion process. The chloride threshold level is estimated at 1.2 Ib of acid-
soluble chloride (total minus background) per cubic yard of concrete (0.71 kg/ma). Note:
that this is the _ontaminafion level. Concrete aggregates contain some acid-soluble chloride
that may or may not participate in the corrosion process. The acid-soluble chloride content
of the aggregates is commonly referred to as the background chloride content. A typical
chloride content of concrete aggregates in some parts of the United States is 0.5 lb of acid-
soluble chloride per cubic yard of concrete (0.29 kg/m 3) (8). Thus, a reasonable chloride
threshold level estimate is 1.7 lb of acid-soluble chloride per cubic yard of concrete (1.0
kg/m a) if the background chloride content is not available.

Deck: traffic riding surface.

Superstructure: beams or girders and diaphragms that support the deck.

Substructure: piers, pier caps, or columns that support the superstructure elements.

Cost: determined by classical engineering estimating techniques. Cost is the sum of all
materials, labor, equipment, mobilization, and engineering costs at the specified reference
time. Effects of regional economy, and environmental impact are not included in the cost,
nor is the effect of construction on road users. The costs presented in this report are the
national average costs for mid-year 1991.

Price: determined by a systematic examination of archival prices that selected departments
of transportation paid for the work performed. Price includes the effects of regional
economics and profit. The prices presented in this report are the national average prices for
mid-year 1991.

1.3 Scope and Purpose

This manual addresses the protection, repair, and rehabilitation of the single most destructive
deterioration mechanism for reinforced concrete bridges in the United States: corrosion of
reinforcing steel. In this endeavor, standard and new (experimental) protection, repair, and
rehabilitation methods are presented. Limitations, estimated service lives, costs or prices,
construction procedures, quality assurance and inspection programs, and construction
methods and material specifications are included for each method. In addition to standard
and experimental methods, rapid methods for bridge deck protection, repair, and
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rehabilitation are presented. Finally, for concrete removal, pneumatic breakers, milling, and
hydrodemolitioa and combined concrete removal methods are addressed as they relate to the
repair and rehabilitation of chloride-induced corrosion deterioration of reinforced concrete
bridge components.

A procedure is included for selecting the most cost-effective method based on life-cycle
costing for those projects that may not require, or for which transportation agencies may not
wish to employ, the full decision model. Also included is a primer on the corrosion
deterioration process for reinforced concrete bridge components exposed to chloride-ion-
bearing enviromnents. Understanding how corrosion parameters for steel in concrete
influence the demrioration process is mandatory for the effective application of the methods
presented in this manual.

This manual is presented as an application guide to those faced with the day-to-day task of
cost-effectively protecting, repairing, and rehabilitating concrete bridges exposed to chloride-
ion-bearing environments. Procedures must be strictly followed to maximize the service life
of the presented methods. In this way, transportation agencies will maximize the benefit and
minimize the life-cycle costs of the methods presented for their clients, the general public.

1.4 Report Structure

This manual is intended as a user's guide for transportation agency personnel who are
responsible for [he day-to-day ta.qkof cost-effectively maintaining our nation's reinforced
concrete bridges. The manual addresses a single deterioration mode of concrete bridges:
chloride-ion-induced corrosion of the reinforcing steel. In this regard, chapter 2 includes a
primer on the chloride-ion-induced corrosion of steel in concrete because a working
understanding of the corrosion process is necessary to fully appreciate the procedures
presented in the manual. The objective of each procedure is to maximize the service life of
protection, repot, and rehabilitation methods included in the manual. Only in chapter 4 are
methods discussed in which service life is sacrificed for time in the rapid protection, repair,
and rehabilitation of concrete bridge decks. In chapter 3, methods are presented in which
overlays are placed over chloride-contaminated concrete, but these methods are identified as
repair methods, not rehabilitation methods, because the cause of the deterioration has not
been addressed.

Chapter 2 also includes an economic decision aid for selecting the most cost-effective
(minimum life-cycle cos0 methods for maintaining concrete bridges exposed to chloride-
laden environments. Deterioration models are also presented in chapter 2 for unprotected
bare concrete anti for overlays constructed with low-slump dense concrete (LSDC), latex-
modified concrete (LMC), and microsilica concrete (MSC). These models can be used to
determine the eff_ts of delayed rehabilitation and to estimate the time to rehabilitation.

Chapters 3 and 4 present standard and experimental methods, respectively, for the protection,



repair, and rehabilitation of reinforced concrete bridge components exposed to chloride ions.
Each method is discussed with respect to limitations, step-by-step construction procedures,
material specifications, price or cost, and estimated service life. The price or cost is based
on the national average for mid-year 1991. For estimating price or cost for a different time
or location, the reader is referred to the report " Price and Cost Information" (2). Estimated
service lives are presented for various environmental exposure conditions rated extremely
severe, severe, moderate, and mild.

Chapter 5, "Rapid Deck Treatment Methods," has the same structure as chapter 3, "Standard
Methods," and chapter 4, "Experimental Methods."

Chapter 6, "Concrete Removal Methods, n addresses the equipment, work characteristics, and
quality management and control of pneumatic breakers, milling machines, and
hydrodemolition methods for concrete removal for repair and rehabilitation projects. The
chapter also presents the benefits of combining such technologies as milling and breakers;
hydrodemolition and breakers; and milling, hydrodemolition, and breakers. Concrete
removal technology selection criteria are also presented in chapter 6.

For ease of use, each chapter includes its own references.
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2

Method Selection

2.1 Background

This chapter presents a primer on the corrosion of steel in concrete, the rate of deterioration
of reinforced concrete bridge components exposed to chloride ions, and a method for
selecting cost-effective (minimum life-cycle cost) methods for the protection, repair, and
rehabilitation of concrete bridge components exposed to chloride ions. These three
independent but interrelated areas are presented as basic information to the manual's users,
state departments of transportation and local government personnel who are charged with the
day-to-day task of maintaining the nation's concrete bridges.

A basic understanding of the corrosion mechanism of reinforcing steel in concrete provides
the knowledge needed for addressing the cause of the deterioration, not just the symptom.
By addressing the cause, the user will maximize the service life of the selected methods. A
description of the basic corrosion deterioration processes provides a means to estimate the
rate of deterioration and thus a means to estimate the remaining life of deteriorating concrete
bridge components. Through the coupling of the basic corrosion mechanism and the rate of
deterioration with an economic decision model, the user can determine the lowest life-cycle
cost of maintaining concrete bridges, the influence of delayed maintenance (preventive and
corrective maintenance), and whether to protect, repair, rehabilitate, or replace a reinforced
concrete bridge.

The corrosion mechanism, rate of deterioration, and economic modds are presented to be
used as applied knowledge with illustrative examples in Appendix A. The user is advised to
develop a working knowledge of the material presented in this chapter in order to develop an
in-depth understanding of the methods, procedures, and limitations presented in chapters 3,
4, and 5.
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2.2 Corrosion of Reinforcing Steel in Concrete

It has been said that reinforcedconcrete is the ideal composite constructionmaterial. The
concrete has a ihighcompressive strength, is weak in tension, and is environmentallystable,
whereas steel has a high tensile strength and spontaneouslycorrodes in the earth's moist,
oxygen-rich environmentbut is environmentallystable in concrete. Concrete's high-alkali
environmentpassivates the steel (reducesthe spontaneouscorrosion activity of steel to nil),
and prevents the steel from spontaneouslycorroding in the oxygen-limited, moist
environmentof the concrete.

A few conditions carbonationof the concrete and the presence of the chloride ion destroy the
protective (passive) layer formed on the steel surface in concrete. The chloride ion is present
in seawaterand in snow and ice melt water where sodium chloride (table salt) and calcium
chloride have been used as deicer salts. When the chloride ion in the concrete pore water
reaches a corrosion initiationlevel or threshold level at the concrete-steel contact surface, the
steel begins to spontaneouslycorrode or rust. The chloride ion in solution reaches the steel
either through c.racksor by diffusion through the concrete's pore water. In either case, when
the chloride ion reaches the threshold level of about 1.2 lb acid-soluble chloride ion per cubic
yard of concrete (0.71 kg/m3), the steel spontaneously rusts. The naturalrusting of steel in
chioride-ion-contaminatedconcrete takes place as follows (1).

Fe -_ Fe++ + 2e (1)

Iron changes to a positively charged iron ion and releases two negatively charged electrons at
the corroding site.

Fe++ + 2C1-_ FeC12 (2)

Iron ion complexes with the chloride ion at the corroding site.

Feel2 + H20 + OH---, Fe(OH)2 + H+ + 2C1- (3)

Iron chloride complex reacts with water and the hydroxyl ion in the water at the corroding
site and forms iron hydroxide, leaving one hydrogen and two chloride ions in the pore water
at the corroding site, even in the absence of oxygen. The chloride ion in the pore water is
now free to complex with more iron and continue the spontaneous corrosion process.

2Fe(OH)2 + _AO --* Fe,203 + 2H20 (4)

The iron hydroxide and oxygen ion in the concrete pore water at the corroding site react to
form rust plus water. The rust is several times larger than the original iron. The increase in
size causes internal pressure at the corroding site and the concrete cracks, resulting in spalls
(potholes) and delaminations.
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At the noncorroding site, the following reaction takes place (1).

_02 + I-I20 + 2e"--,,2OH- (5)

Oxygen in concrete pores reacts with a water molecule and the two negatively charged
electrons released in equation 1, which have flowed through the steel to the noncorroding
site. The hydroxyl ion then diffuses through the concrete pore water and reacts with the iron
as shown in equation 3. Thus the electrical circuit (galvanic cell or battery) is complete,
corrosion continues, and additional rust will form.

The reactions described by these equations are extremely important. They help us
understandthe factors that influence the rate at which corrosion takesplace, the time to
cracking of the concrete, and subsequentspallingand delamination.

The following factors influence the rate of corrosion:

1. Chloride ion content at the reinforcing steel - the higher the soluble chloride
content the higher the rate of corrosion. As shown in equation 2, the greater
the amount of chloride ion above the threshold level, the greater the amount of
chloride ion that will be available to complex with the iron ion.

2. The concrete pore water must be continuous to complete the ionic circuit as
shown in equations 3 and 5. Otherwise, the hydroxide ion produced at the
noncorroding site (equation 5) cannot diffuse to the corroding site and take
part in the corrosion reaction (equation 3). This would create an open
electrical circuit and the corrosion rate would be reduced to zero. The
reduction of the corrosion rate to zero or near zero has been observed many
times in the laboratory when the concrete is allowed to dry out at a
temperature of about 70*F (21°C) at a relative humidity of about 50% to 60%
over a period of a few weeks. As the concrete dries out, the resistance of the
concrete increases. As the electrical resistance of the concrete increases, the
corrosion rate decreases (2).

3. If the concrete pore system is saturated, the oxygen available at the
noncorroding site becomes limited because the oxygen must diffuse through
the concrete pore water. A reduced oxygen content at the noncorroding site
reduces the corrosion reaction because the noncorroding and corrosion
reactions must take place at the same rate. The corrosion potential at the
corroding site becomes more negative when the corrosion rate is reduced.
Thus there is an optimum moisture content for the corrosion reaction. An
example is concrete piles in seawater; the pile below the low- water line
corrodes extremely slow and little or no concrete damage takes place over the
life of the structure. At the splash zone, concrete damage is very rapid where
moisture and oxygen are plentiful at the noncorroding site (equation 5) and
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oxygen is present at the corroding site (equation 4).

Figure 2.1 summarizes the corrosion process. Chloride ions migrate directly to the
reinforcing steel through water-filled cracks, such as subsidence cracks. Otherwise the
chloride ion diffuses through the cement matrix through the water-filled pores. Where
surface cracking exists, such as drying shrinkage cracking, the diffusion path is shortened
and corrosion begins sooner.

As with any electrochemical reaction, like that in a car battery, the higher the temperature,
the faster the cmTosion reaction. Thus the corrosion rate of steel in concrete is faster during
the warm, moist spring and fall days and slower during the cold winter and dry summer
days. For warm seacoast areas such as the Florida Keys, corrosion takes place at a rapid,
nearly continuous rate. If moisture is trapped in chloride--contaminatedconcrete by a coating
or membrane, corrosion damage will accelerate because sufficient moisture will always be
present to suppo_ the corrosion process (2). It is almost impossible to exclude oxygen from
moist concrete.

To rehabilitate a reinforced concrete bridge component damaged by chloride-ion-induced
corrosion, the cause or corrosion process must be addressed. Thus critically chloride-
contaminated sound concrete must be removed, or new corrosion sites will be initiated under
the overlay or encasement, resulting in a significantly reduced service life (2). The critically
contaminated sound concrete can be identified by chloride content and copper/copper sulfate
half-cell measurements. Specifics are presented in the rehabilitation sections in chapters 3,
4, and 5. In addition, all rust must be removed from exposed reinforcing steel. The rust
contains chloride ions that will allow the corrosion process to continue in newly patched
areas (2, 3) unless the reinforcing steel is treated with a corrosion inhibitor before the
backfill concrete is placed (4, 5).

2.3 Deterioration Rates

2.3.1 Unprotected Concrete Elements

Unprotected concrete bridge components are bare concrete elements constructed with black
steel. Examples are decks constructed with reinforcing steel without an epoxy or galvanized
coating, periodic sealer applications, or a membrane or polymer concrete overlay; or piers
without periodic sealer or coating applications on the surface of the concrete. However, the
same concrete may be a low-permeability concrete, such as low-slump dense concrete
(LSDC), or a microsilica concrete (MSC). Chloride ions still diffuse through these low-
permeability concretes, though at a slower rate.

For unprotected concrete elements with a 2 in. (5 cm) mean concrete cover depth in a severe
chloride environment, the corrosion process is presented in figure 2.2. As shown, the time
to rehabilitation is the sum of several quantifies: the corrosion initiation period plus the time
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Figure 2.1 Chloride-Ion-Induced Reinforcing Steel Corrosion Process in Concrete
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to cracking, plus the rate of deterioration (R) multiplied by the length of time until the end of
functional service life is reached (6). Note that the chloride diffusion time is much longer
than the corrosion period (time to cracking). The length of the diffusion period is a function
of the mean concrete cover depth and the variation of the concrete cover depth around the
mean cover depth. The cover depth variation is normally distributed (bell-shaped curve) (6),
meaning that 50% of the steel cover is less than the mean cover depth, in this case 2 in. (5
cm). A measure of the magnitude of the spread of the normal distribution is the standard
deviation. The larger the cover depth standard deviation, the more variable the distance
between the reinforcing bars and the concrete surface. The standard deviation for reinforcing
bar cover depths normally ranges from 0.2 to 0.4 in. (0.5 to 1.0 cm) (2).

For the case presented in figure 2.2, the chloride diffusion corrosion initiation point 'T'
represents the group of reinforcing steel bars at and below a specified cover depth. Because
there is a range of concrete cover depths about the mean cover depth, the group of
reinforcing steel normally chosen is the 2.5% group. That is, a cover depth is selected such
that 2.5 % of the reinforcing bars have a cover depth at or below the calculated cover depth.
For the above case of a mean cover depth of 2 in. (5 era) and a standard deviation of 0.3 in.
(0.8 cm), the cover depth for 2.5% of the reinforcing steel bars is equal to 1.4 in. (3.6 cm),
2.0 - 1.96 (0.3) = 1.4. Note that 1.96 is the numerical factor for a normal distribution that
represents the 2.5 % fraction. Further details will be presented in section 2.4.1. Note also
that cover depths are easily measured with a pachometer.

The cracking period, the time between corrosion initiation 'T' and concrete cracking, "C",
ranges between 2 and 5 years (2, 6). Concrete cover depth, reinforcing steel spacing and
size, and concrete strength have little influence on the length of the cracking period (2). The
rate of corrosion has a significant influence on the length of the cracking period (2).

The percent of cumulative damage presented in figure 2.2 is normally an ogive, or S-shaped
curve (6). The ogive corrosion deterioration curve for concrete bridge components (figure
2.3) can be divided into four regions: the initial ill-defined rate, the initial near-steady-state
rate, the final near-steady-staterate, and the reducing rate. The initial ill-defined
deterioration rate is related to early concrete cracking, dry shrinkage, plastic shrinkage, and
subsidence (transverse) cracking. Chloride ions penetrate the cracks and initiate the
corrosion of the reinforcing steel. The magnitude of the initial ill-defined corrosion
deterioration related to early concrete cracking is a function of the quality of the
construction, concrete curing (drying and plastic shrinkage), and concrete cover depth
(subsidence cracking). The initial and final near-steady-state rates are a function of the rate
of chloride diffusion, the severity of the chloride exposure conditions, the distribution or
variation of the concrete cover depth, and the rate of corrosion. For a given concrete bridge
component, the initial and final near-steady-statedeteriorationrates are fairly predictable
because (a) the rate of chloride diffusion depends on the concrete's water/cement ratio,
degree of consolidation, and ambient temperature; (b) the amount of chloride exposure is a
function of the mean average snowfall (2) or seawater chloride content; (c) construction
methods result in a predictable (normal) distribution of the concrete cover depths; (d)
corrosion rate is dependent on a given environment.
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The initial near-steady-staterate of deteriorationoccurs as the chloride content builds up to a
near-constantcontaminationlevel (2). The chloride diffuses through the concrete and
initiates corrosion and spalling occurs. As the component ages, more of the concrete
becomes chloride-contaminated,involving moreof the reinforcing steel, and the rate of
deterioration increases (the final near-steady-stateregion). As the cumulative damage
increases, the undamagedareadecreases, and thus the rate of deterioration decreases
(reducing rate region). The dividing line between the initial ill-defined rate and the initial
near-steady-staterate is about 2.5% cumulativedamage (2, 6). The initial near-steady-state
rate (R) has been estimated at 2.1% per year from 2.5% to 40% cumulative damage (6).
Also, a relationshipbased on engineering opinion and validated with historical performance
data has been developed for the rate of deteriorationfrom about the 3% damagelevel to the
end of functional service life (2). Details are presented in sections 2.4.1 and 2.4.2.

Three methods are used for estimating the end of functional service life for concrete bridge
components exposed to chloride environments. The first and second methods make use of
the rate of chloride diffusion through concrete; the third method uses a relationship between
the present corrosion damageand damage rate. All three methods require a definition for the
end of functional service life. For bridge decks, the end of functional service life is based on
riding quality or pavement roughness, which is in turn based on the level of damage in the
worst traffic lane (2). The level of damage is the sum total percent of spalled and
delaminated concrete and asphalt patches. The level of damage in the worst traffic lane that
defines the end of functional service life ranges between 9% and 14% of the surface area (2).

For concrete substructure units, column and cap surfaces, the end of functional service life
has not been defined because the decision to rehabilitatethe substructurecomponents is often
dependenton the decision to rehabilitate the bridge deck (2). Percentage of substructure
damage (spaUsplus delaminations) at the time of deck rehabilitation has ranged from 4% to
60% of the surface area (2, 3). Here again, the decision to rehabilitate would be based on
the damage level of the worst componentand its structural integrity. The damage level of
the worst substructurecomponent ranged from 20% to 60% of the surface area (3).

2.3.2 Repaired Elements

Repaired concrete bridge elements are components that have been patched and overlaid or
encased and in which the sound, chloride-contaminated concrete has been left in place.
Thus, the rate of deterioration is dependent on the rate of corrosion of active corrosion sites
and the initiation of new corrosion sites in critically chloride-contaminated areas. In this
case, the corrosion process is in an advanced near-steady-state rate and should be predictable.
The rate-of-damage relationship developed for unprotected elements was applied to repaired
elements and validated with historical performance data (2). Details are presented in section
2.4.2.
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2.3.3 Rehabilitated Elements

Rehabilitated reinforced concrete bridge elements are those elements where the spalled areas
have been patched, the delaminated areas and all areas with a corrosion potential more
negative than 250 mV to the copper sulfate (CSE) half cell have been removed and
patched, and the entire surface has been overlaid or encased with low-permeability concrete.
That is to say, the cause of the corrosion process has been addressed. Thus, methods using
corrosion inhibitors axe also rehabilitation methods because they will address the cause of the
problem.

Since the deteriorated and critically contaminated concrete has been removed, we start at
year zero with sound, bare, uncontaminated concrete. Thus we may use the same method
we used for unprotected bare concrete components to determine the length of the diffusion,
cracking, and deterioration periods to estimate the service life of rehabilitated components
(see figure 2.1). Details axe presented in section 2.4.3.

2.4 Estimating Service Lives

2.4.1 Unprotected Concrete Elements

For unprotected concrete bridge elements, one of three methods can be used to estimate the
service life of the deteriorating components. The first two methods estimate the service life
or remaining service life using the concepts of chloride diffusion period, corrosion cracking
period, and deterioration period. For these methods, the present chloride exposure age, the
mean concrete cover depth and standard deviation, and the chloride diffusion constant must
be known or estimated. The third method uses a deterioration rate relationship to determine
the remaining life of a deteriorating component. The present corrosion damage level must be
known to estimate the remaining life or to estimate the economic impact of delaying
rehabilitation of the component. The following presents the service life estimation
procedures for unprotected bare concrete components exposed to chloride environments.

2.4.1.1 Diffusion-Cracking-Deterioration Model

The procedure first requires a definition for the end of functional service life of concrete
bridge components. For bare decks, the end of functional service life based on corrosion
damage (spalls plus delaminations plus asphalt patches) that influence riding quality is 9 % to
14% of the worst traffic lane (see section 2.3). The worst bridge traffic lane is typically the
fight lane. Left lanes, acceleration and deceleration lanes, and refuge lanes or shoulder lanes
typically show fewer signs of damage than the fight traffic lane. However, should the cover
depth for any of these lanes be significantly less than for the fight lane, the lane with the
lowest cover depth will be the worst traffic lane. For concrete bridge substructure
components (columns and pier caps), the end of functional service is dependent on structural
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safety considerations. Estimates of 20% to 60% damaged service area (spaUs plus
delaminations) of the worst component could be used as the end of functional service life for
substructure components. However, it may be more economical to replace the columns or
pier caps if the surface area damage exceeds 40% (7). Thus, a damage level of 20% to 40%
of the worst component surface area will be used in this manual for substructure components
that are to be rehabilitated.

Given a definition of the end of functional service life for concrete bridge components, the
first step in estimating the service life is to determine the constructed parameters (concrete
cover depth mean and standard deviation) needed to estimate the length of the diffusion
period. The length of the diffusion period is related to the rate of chloride diffusion, the
magnitude of the chloride contamination that is causing the chloride diffusion, and the mean
and standard deviation of the concrete cover depth. The concrete cover depth must be
measured. A minimum of 40 measurements must be taken for each bridge surface area unit
of less than 8,000 ft2 (740 m2) (8). A bridge surface area unit comprises the riding surface
of a deck span, column, and pier cap. For unit areas greater than 8,000 ft2 (740 m2),
additional measurements are to be taken in proportion to the area greater than 8,000 ft2 (740
m2). For example, a 14,000 ft2 area would require a minimum of 70 random measurements;
(14,000/8,000)40 = 70). An area of 200 ft2 (18 m2) would require 40 random measurements
whereas an area of 16,000 ft2 (1,480 m2) would require 80 random measurements. The
mean (average) and standard deviation would be calculated for the bridge element being
treated.

The rate of chloride diffusion is dependent on the chloride diffusion constant and the chloride
contamination level that is causing the diffusion. Both the chloride diffusion constant and
driving chloride contamination level are to be determined from chloride content
measurements. A set of chloride contents for 1,___, _. 11_, 11,__1¾, 1_-21,_, 21,__2_, and
3_-41,_ in. for an average depth of 1A, 1, 11/2,2, 2V2, and 4 in. (1.27, 2.54, 3.81, 5.08,
6.35, and 10.16 cm) is to be taken for each 600 ft2 (55 m2) of surface area to determine the
chloride diffusion parameters for a bridge surface area unit. A minimum of three sets of
chloride contents are to be taken for each bridge surface area unit. The 4 in. (10.16 cm)
depth value is considered the background chloride level if it is on the portion of the curve
parallel to the depth axis. Background chloride content is to be subtracted from each of the
above four chloride contents. The _A in. (1.27 era) depth measurement is the driving
chloride content, Co, causing the chloride diffusion (6). The chloride contents are to be
acid-soluble chloride contents measured in accordance with the standard American

Association of State Highway and Transportation Officials (AASHTO) method, AASHTO
T260, or the method presented in reference 8. The chloride diffusion constant for each
bridge surface area unit is to be calculated in accordance with the procedure presented in
reference 2. The chloride diffusion constant calculation method determines the best chloride

diffusion constant based upon the minimum cumulative sum of errors squared for sets of
chloride content measurements for each bridge surface area unit using Fick's Second Law
(2). The standard solution to Fick's Second Law used in the determination of the diffusion
constant is as follows:
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Co (6)

where C_,,o = Chloride concentration at depth x after time t for an equilibrium
chloride concentration Co at the surface (for this case the equilibrium
chloride constant is at 0.5 in. [1.27 cm] below the concrete surface)

erf = Error function (from standard mathematical tables) (9)

Dc = Chloride diffusion constant

Table 2.1 presents a group of three sets of chloride content measurements from which the
chloride diffusion constant is calculated for a bridge surface area unit. The driving chloride
concentration level, Co, is the chloride content (Measured - Background = Difference) at the
'/2 in. (1.27 cm) depth for each sample, respectively.

Table 2.1 Example of Chloride Contents for Calculation of Bridge Component
Specific Diffusion Constant (Dc) and Driving Chloride Diffusion
Concentration (Co).

Acid Soluble Chloride Content 0b/yd 3)

Sample
Number: D 1 D2 D3

Depth (in.) Measured Diff. Measured Diff. Measured Diff.

'/J 10.8 10.3 14.6 14.0 12.6 12.2

1 3.3 2.8 3.8 3.2 8.4 8.0

ltA 1.8 1.3 2.0 1.4 3.9 3.5

2 1.3 0.8 1.4 0.8 1.7 1.3

2'h 1.2 0.7 1.2 0.6 1.3 0.9

4 0.5 0.0 0.6 0.0 0.4 0.0

Notes: De is calculated for each sample location using the '/2 in. Diff. depth Co with the
associated Diff. chloride content at the specific depths. It is assumed that 4 in. is
background chloride content. It would be best to measure the chloride content until the
measurements as a function of depth are the same on the portion of the curve parallel to the
depth axis. 1.0 lb/yd 3 = 0.59 kg/m 3.
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In the absence of a diffusion constant D_ and a driving chloride concentration Co for a

specific bridge component and for planning purposes, the average values presented in tables
2.2 and 2.3 may be used (2). Users should select a diffusion constant Dc that is closest to
the state's climatic conditions (temperature and precipitation snow and rain levels) and
similar bridge concrete specifications (water/cement ratio and consolidation specifications).

Table 2.2 State Concrete Bridge Chloride Diffusion Constants (D,)

State Mean Dc, in:/yr (cm2/yr)

Ddaware 0.05 (0.32)

Minnesota 0.05 (0.32)

Iowa 0.05 (0.32)

West Virginia 0.07 (0.45)

Indiana 0.09 (0.58)

Wisconsin 0.11(0.71)

Kansas 0.12 (0.77)

New York 0.13 (0.84)

California 0.25 (1.61)

Florida 0.33 (2.13)

Table 2.3 presents Co ranges for severity of climatic exposure conditions (seacoast and
inland structures exposed to deicer salts) (2). Users should select the Co value closest to the
chloride exposure conditions of their state, salt usage (tons/lane - mile). Table 2.4 presents
state salt usage for the United States (2).

Table 2.3 Corrosion Environment: Chloride Content Categories (Co)

I

Low Moderate High Severe

0 < Co < 4 4 _g Co < 8 8 _g Co < 10 10 g Co < 15

(0 < Co < 2.4) (4 < Co < 4.7) (4.7 _g Co < 5.9) (5.9 g Co < 8.9)

Mean = 3.0 (1.8) Mean = 6.0 (3.5) Mean = 9.0 (5.3) Mean = 12.4 (7.4)

EXAMPLE STATES:
Kansas Minnesota Delaware Wisconsin

California Florida Iowa New York
West Virginia

Indiana

NOTE: 1.0 lbs/cy (0.59 Kg/m 3)
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Table 2.4 State Salt Usage

> 5.0 tons/lane-mile/year 2.5-5.0 tons/lane-mile/year < 2.5 tons/lane-mile/year
(4.5 metric tons/lane-mile/year) (2.3-4.5 metric tons/lane-mile/year) (2.3 metric tons/lane- mile/year)

Maine New Jersey Delaware
New Hampshire Pennsylvania North Carolina

Vermont West Virginia South Carolina
Rhode Island Virginia Georgia
Massachusetts Kentucky Florida
Connecticut Tennessee Louisiana
New York Iowa Alabama

Maryland Minnesota Mississippi
Ohio Missouri Texas

Indiana Nebraska Arkansas
Illinois Kansas North Dakota

Michigan South Dakota
Wisconsin Oklahoma

New Mexico
Colorado

Wyoming
Montana
Arizona

Utah

Idaho
Nevada

California

Oregon
Washington

Alaska
Hawaii

For structures exposed to seawater or brackish water, table 2.5 presents the exposure
categories for reinforced concrete bridges. The sea-brackish water categories, low,
moderate, high, and severe, were given in table 2.3. For example, a structure exposed to a
moderate sea-brackish water environment could be estimated to have a Co value of 6.0 ib/yd 3
(3.5 kg/m 3) from table 2.3 if a more accurate value is not available.
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Table 2.5 Seawater/Brackish Water Exposure Categories for Reinforced Concrete
Bridge Components

Component Location Relative to Exposure Categories
Seawater/Brackish Water

Low Moderate High Severe

In contact with soil and/or water with a < 500 > 500, < 1,000 > 1,000, < 2,000 > 2,000
chloride content (ppm)

Leas than 12 feet (3.7 m) above the mean < 500 > 500, < 1,000 > 1,000, < 2,000 > 2,000
high water elevation with a chloride

content (ppm).

Over water, regardless of height above the <1,500 >1,500, < 3,000 >3,000, < 6,000 > 6,000
mean high water elevation, with a
chloride content (ppm)

Within 0.5 mile (0.8 km) of any major < 3,000 > 3,000, < 6,000 > 6,000, < 12,000 > 12,000
body of water with a chloride content
(ppm)

Note: Chloride content of water and soil are to be determined in accordance with established
ASTM test methods.
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Table 2.6 presents 40 typical cover depth measurements for a reinforced concrete bridge
component and the mean and standard deviation for the measurements.

Table 2.6 Cover Depth Measurements for a Reinforced Concrete Bridge Component

Measurement Number Cover Depth (in.) Measurement Number Cover Depth (in.)

1 2.1 21 2.3
2 2.0 22 2.1
3 2.3 23 1.7
4 2.5 24 1.8
5 2.0 25 1.9
6 2.0 26 2.2
7 1.9 27 2.3
8 1.8 28 2.6

9 2.3 29 1.5
10 1.7 30 1.6
11 2.0 31 1.8
12 2.1 32 2.0
13 1.9 33 2.2
14 2.0 34 2.3
15 1.6 35 1.4

16 1.8 36 1.3
17 2.0 37 1.2
18 2.4 38 1.9
19 2.5 39 2.0
20 2.1 40 2.2

1 in. = 2.54 cm

Mean, X = 1.98 in. (5.03 cm)
Standard Deviation, o",_i = 0.32 in. (0.82 cm)

Examples for Unprotected Concrete Elements: Diffusion-Cracking-Deterioration Model

The following examples illustrate the use of the diffusion-cracking-deterioration model.
Previously presented data will be used in the examples.

Example 1: Bridge Deck in Kansas: Dc = 0.12 in2/yr (from table 2.2). Co = 3.0 lb/yd 3
(mean from table 2.3). End of functional service life for deck based on worst
lane = 12% (central value between 9% and 14%). Average measured
concrete cover depth d = 1.98 in. (from table 2.6). Standard deviation of
measured cover depth = 0.32 in. (from table 2.6).

Visually observable damage level at end of initial ill-defined rate = 2.5 %.
Initial near-steady-state = 2.1% per year (6).
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Length of diffusion period for 2.5% of the steel is determined from Fick's
diffusion law.

C¢,,o= Co[1 - erf(X/{2vrDd})], equation 6

C¢,,o= chloride corrosion threshold level, 1.2 lb/yd3 (acid-soluble chloride content
minus background chloride).

X = for a given percentage of reinforcing steel, in this case 2.5%, depth of rebar
exposed to a chloride concentration equal to 1.2 Ib/yd 3. The general equation
to calculate X is as follows:

X = X - ,_r,_l (7)

where X = average reinforcing steel cover depth, for this case 1.98 in.

cro_t= standard deviation of the reinforcing steel cover depth, for this case 0.32 in.

X is determined for the chosen percentage of reinforcing steel exposed to an acid-
soluble chloride content of 1.2 lb/yd 3.

For this ease, the percentage of steel is 2.5% and, = 1.96. Table 2.7
presents c_values for various percentages of rebar exposed to 1.2 lb chloride
per cubic yard of concrete. Note: Co was taken at a depth of x/2in. below
the surface. Thus X should be equal to d (the pachometer-measured cover
depth) minus lh in. However, corrosion does not start the moment that the
chloride content at the top of the re.bar reaches 1.2 lb/yd 3 because it takes
some time for the chloride to break down the passive oxide layer. It is
reasonable to say that corrosion starts when the chloride content at 1A in.
below the top of the rebar is equal to 1.2 lb/yd 3. Therefore, the depth of 1/2
in. below the concrete surface and _A in. below the top of the rebar cancel out
and X is equal to d, the average pachometer-measured cover depth.

For this example, where 2.5% of the steel is actively corroding,

d = d - otor,_1
d = 1.98 - (1.96)(0.32)
d = 1.35 in.

and
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:Co(1- )dI

( '"',n'.r'l1.2 = 3.0 1 - erf2jo.12

0.40 = I - erf 0.675

erf 0.675 _ 0.60
¢o.12t

Table 2.7 Alpha Values for Calculating Rebar Cover Depth for a Cnmulative
Percentage of Rebar Equal to and Less Than the Calculated Cover Depth
(Based on a Normal Distribution)

CumulativePercentage a CumulativePercentage a

2.5 1.96 14.5 1.06
3.0 1.88 15.0 1.04
4.0 1.75 16.0 0.99
5.0 1.65 17.0 0.96
6.0 1.56 18.0 0.92
7.0 1.48 19.0 0.88
8.0 1.41 20.0 0.85
9.0 1.34 24.0 0.71
9.5 1.31 28.0 0.58
10.0 1.28 32.0 0.47
10.5 1.25 36.0 0.36
11.0 1.23 38.0 0.31
11.5 1.20 40.0 0.26
12.0 1.17 45.0 0.13
12.5 1.15 50.0 0.0
13.0 1.13
13.5 1.10
14.0 1.08

Note: Use linear interpolation for percentages not listed.

where the only unknown, time to initiate corrosion, can now be solved. If erf y = 0.60,
then y = 0.5961 (see table 2.8).
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then

0.675
- 0.5961

_-- 1.1324

O.12t= 1.2824t= 10.7years

The time from initiation of corrosion to sp_lling is about 3 years (6). Thus the time for
spalling to occur on 2.5% of the worst traffic lane is 13.7 years (10.7 + 3).

The time for continuous deterioration to take place from 2.5 % to the end of functional
service life at 12% is (12 - 2.5)/(2.1%/yr) = 4.4 years.
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Table 2.8 Error Function Values y for the Argument of y

y erf y y err y y erf y

O.02 O.02256 1.02 O.85084 2.02 O.99572
0.04 0.04511 1.04 0.85865 2.04 0.99609
O.06 O.06762 1.06 O.86614 2.06 O.99642
O.08 O.09008 1.08 O.87333 2.08 O.99673
O.10 O.11246 1.10 0.88021 2.10 0.99702

O.12 O.13476 1.12 0.88679 2.12 0.99728
O.14 O.15695 1.14 O.89308 2.14 0.99753
O.16 O.17901 1.16 0.89910 2.16 0.99775
O.18 0.20093 1.18 0.90484 2.18 0.99795
0.20 0.22270 1.20 0.91031 2.20 0.99814

O.22 O.24430 1.22 O.91553 2.22 O.99831
O.24 O.26570 1.24 O.92051 2.24 O.99846
0.26 0.28690 1.26 0.92524 2.26 0.99861
0.28 0.30788 1.28 0.92973 2.28 0.99874
0.30 0.32863 1.30 0.93401 2.30 0.99886

O.32 0.43913 1.32 O.93807 2.32 O.99897
O.34 O.36936 1.34 0.94191 2.34 0.99906
0.36 0.38933 1.36 0.94556 2.36 0.99915
O.38 0.40901 1.38 0.94902 2.38 O.99924
O.40 O.42839 1.40 O.95229 2.40 O.99931

O.42 O.44747 1.42 O.95538 2.42 O.99938
O.44 O.46623 1.44 O.95830 2.44 O.99944
O.46 O.48466 1.46 O.96105 2.46 O.99950
O.48 O.50275 1.48 O.96365 2.48 O.99955
O.50 O.52050 1.50 0.96611 2.50 O.99959

O.52 O.53790 1.52 O.96841 2.52 O.99963
0.54 O.55494 1.54 O.97059 2.54 O.99967
0.56 0.57162 1.56 0.97263 2.56 0.99971
0.58 0.58792 1.58 0.97455 2.58 0.99974
O.60 O.60386 1.60 0.97635 2.60 O.99976

O.62 O.61941 1.62 0.97804 2.62 0.99979
O.64 O.63459 1.64 0.97962 2.64 0.99981
O.66 O.64938 1.66 0.98110 2.66 0.99983
O.68 O.66378 1.68 0.98249 2.68 0.99985
O.70 O.67780 1.70 O.98379 2.70 O.99987
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Table 2.8 Error Function Values y for the Argument of y

y err y y err y y err y

0.72 0.69143 1.72 0.98500 2.72 0.99988
0.74 0.70468 1.74 0.98613 2.74 0.99989
0.76 0.71754 1.76 0.98719 2.76 0.99991
0.78 0.73001 1.78 0.98817 2.78 0.99992
0.80 0.74210 1.80 0.98909 2.80 0.99992

0.82 0.75381 1.82 0.98994 2.82 0.99993
0.84 0.76514 1.84 0.99074 2.84 0.99994
0.86 0.77610 1.86 0.99147 2.86 0.99995
0.88 0.78669 1.88 0.99216 2.88 0.99995
0.90 0.79691 1.90 0.99279 2.90 0.99996

0.92 0.80677 1.92 0.99338 2.92 0.99996
0.94 0.81627 1.94 0.99392 2.94 0.99997
0.96 0.82542 1.96 0.99443 2.96 0.99997
0.98 0.83423 1.98 0.99489 2.98 0.99997
1.00 0.84270 2.00 0.99532 3.00 0.99998

Note: Use linear interpolation for values not listed.

Therefore, the total time to rehabilitation for our bridge deck in Kansas with a mean cover
depth of about 2 in. is:

Initial time to corrosion Plus time to spalling Plus time to deterioration of = Total time
of 2.5% of deck of 2.5% of deck additional 8.9% of deck

10.7 years + 4.4 years + 4 years = 18 years

Example 2: Bridge deck in West Virginia. Dc = 0.07 in2/yr (from table 2.2). Co = 9.0
lb/yd3 (from table 2.3). End of functional service life = 11.4%. Average
measured concrete cover depth, _ = 1.98 in. Measured cover depth standard
deviation = 0.32 in. Visually observable damage level = 2.5%. ot = 1.96
(from table 2.7).

d = d - ota_l
d = 1.98 - (1.96)(0.32)
d = 1.35 in.
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% =co 1 - a12_

( I1.2 = 9.0 1 - erf2_}

0.13 = 1 - err 0.675
o._

err 0.675 _ 0.87

co" 3' - 0.87 y = 1.0707 (tab/e 2.8)

0.675
- 1.0707

o_
O.v/'6-.'.'.'.'.'._-- 0.6304

t = 5.7 years

Time to spalling for 2.5 % of rebar = 3 years
Time for continued deterioration, (12 - 2.5)/2.1% = 4.2 years
Time to rehabilitation = 5.7 + 3 + 4.2 = 13 years

Example 3: Concrete pile in seawater with a chloride content of 750 ppm, in Florida. Dc
= 0.33 in2/yr (from table 2.2). Co = 6.0 lb/yd3 (from table 2.3). End of
functional service life = 30% (midpoint of 20% to 40%) spalling of chloride
exposure zone, which is above the low tide mark and below a line 12 ft above
the: mean high tide elevation.

Average measured cover depth for exposure zone = 2.8 in. Standard
observable damage level = 2.5%. ot = 1.96 (from table 2.7).
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d = d - cw__l
d = 2.8 - (1.96)(0.21) = 2.4 in.

1.2 = 6.0(1 - err2 2"_._33t)

1.2
e_-- - 0.80

err y = 0.80 y = 0.9063

1.2
- 0.9063

_/0.33t

t = 5.3 years

Time to spalling for 2.5 % of rebar = 3 years
Time for continued deterioration = (30 - 2.5)/2.1 = 13.1 years
Time to rehabilitation = 5.3 + 3 + 13.1 = 21 years

2.4.1.2 Diffusion-Spalling Model

This procedure also requires a definition of end of functional service life of concrete bridge
components. For bare decks, 9% to 14% damage in the worst traffic lane and 20% to 40%
damage on substructure components will be used as the definition of the end of functional
service life. This procedure makes full use of the end of functional service life definitions
through the realization that rehabilitation will take place only after spalling or delamination
has occurred over the deeper rebars. Until that time, repairs will take place to maintain
conditions (riding or structural). The deeper rebars are the rebars that represent the greater
percentage of damage or the rebars with the greater cover depth. The following examples,
4, 5, and 6, are presented for illustrative purposes, and are the same as the previously
presented examples 1, 2, and 3, respectively.

Example 4: Bridge deck in Kansas. Co = 3.0 lb/yd3; Dc = 0.12 in2/yr. End of functional
service life = 12%. Average concrete cover depth d = 1.98 in. Cover depth
standard deviation o',_z= 0.32 in.

c_ = 1.20 for 11.5% damage (from table 2.7).
d = _ - cw,_l = 1.98 - (1.20)(0.32) = 1.60 in.
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123°/1e 21 /
0.80

er/-- - 0.60

erfy = 0.60 y = 0.5961

0.80
= 0.5961

s/O.12t

t = 15.0years

Time for spalling ranges between 2 and 5 years (10), the average would be 3.5 years.
The time to rehabilitation = 15.0 + 3.5 = 18 years.

Example 5: Bridge deck in West Virginia. Co = 9.0 Ib/yd_; Dc = 0.07 in2/yr. End of
functional service life = 12%. Average concrete cover depth d = 1.98 in.
Cover depth standard deviation a,__= 0.32 in.

= 1.20 for 12% damage (from table 2.7).
d = d- t_r,_1 = 1.98- (1.20)(0.32)= 1.60 in.
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12,0(1
err 0.80 - 0.87

err y = 0.87 y = 1.0707 (tab/e 2.8)

0.80 - 1.070

0._ = 0.7472

t = I0.0years

Time to spalling = 3.5 years

Time to rehabilitation = 10.0 + 3.5 = 13 years

Example 6: Concrete pile in seawater with chloride content of 750 ppm in Florida. Co =

6.0 lb/yd3; Dc = 0.33 in2/yr. End of functional service life = 30%.
Average concrete cover depth d = 2.8 in. Cover depth standard deviation a,_t
= 0.21 in.

c_ = 0.52 for 30% damage (from table 2.7).
d = -d - o,r,__ = 2.8 - (0.52)(0.21) = 2.69 in.
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( __2'9)/1.2 -- 6.0 1 - err 2_

err 1.34 _ 0.80

erf y = 0.80 y _ 0.9063
1.34

- 0.9063

t = 6.9 years

Time to spalling = 3.5 years

Time to rehabilitation = 6.9 + 3.5 = 10 years

As shown in table 2.9, for bridge decks the diffusion-cracking-deterioration model (DCDM)
agrees with the diffusion-spaUing model (DSM). However, for piles the DCDM results do
not agree with the DSM results. This is as expected, because the deterioration rate of 2.1%
per year was developed from bridge deck data. Note that for the DCDM Florida pile
example, 13 of 21 years of the estimated service life was due to the deterioration phase of
the model; see example 3. Thus, the rate of 2.1% per year is too low, and one should not
use the DCDM for estimating the life of substructure components. The DSM is based less
on empirical results and more on theoretical processes than the DCDM and thus is applicable
to substructure components.

Table 2.9 Estimated Time to Rehabilitation of Concrete Bridge Decks and
Substructure Elements Using the Diffusion-Cracking-Deterioration Model
(DCDM) and the Diffusion-Spaillng Model (DSM)

State Component DCDM Years DSM Years

Deck 18 18

West Virginia Deck 13 13
Florida Pile 21 10
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Example 7: Concrete bridge deck in New York. Two cases will be examined to
demonstrate the utility of the DSM, one deck constructed with normal concrete
and another constructed with the corrosion inhibitor DCI.

Dc = 0.13 in2/yr (from table 2.2).
Co = 12.4 lb/yd3 (from table 2.3).
End of functional service life = 12% damage.
Average cover depth: d = 2.3 in. (from pachometer measurements).
Cover depth standard deviation cr,.t= 0.25 in. (from pachometer
measurements).

c_= 1.20 for 12% damage (from table 2.7).
d = "d - t_cr,_t= 2.3 - (1.20)(0.25) = 2.0

Case I. Normal concrete; corrosion threshold level = 1.2 lb/yd3.

12:124(1/e 2
1.0

erf_ - 0.90
_/0.13t

err y = 0.90 y = 1.1631

1.0 _ 1.1631
0v .13t

=o.s59s
t = 5.7years

Time to spaUing = 3.5 years

Time to rehabilitation = 5.7 + 3.5 = 9 years
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Case II. Normal Concrete with DCI Admixture

Note: If the chloride/nitrite ratio is greater than or equal to 2, then corrosion will initiate;
that is, the chloride corrosion threshold level is increased in the presence of DC:[ (calcium
nitrite) (5).

For this case, 2 gallons of 30% calcium nitrite solution (DCI) is added to a cubic yard of
concrete. The ratio of nitrite to calcium nitrite is 0.692. Therefore, the amount of nitrite in

a cubic yard of concrete is equal to (2 gal/yd3)(10.7 lb/gal)(30%)(0.692) = 4.44 lb/yd _.

Thus the chloride corrosion threshold level is equal to:

chloride/nitrite =2

chloride/4.44 lb/yd a = 2
chloride := 8.88 lb/yd 3

CC,_ =Coll_er f d )

_ !
1.0

eo",-- - 0.28

err y = 0.28 y = 0.2535

1.0
- 0.2535

ofCAl3t

0._ = 3.9448

t = 120 years

Time to spalling = 3.5 years

Time to rehabilitation = 120 + 3.5 = 123 years
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Example 8: Remaining Life and Effects of Delaying Rehabilitation

The DSM can also be used to determine the remaining life, or time to the point when an

existing concrete bridge component must be rehabilitated. If for example 7, case I (a bridge
deck in New York), the bridge deck is currently 6 years old, then the remaining life would

be 3 years (total time to rehabilitation, 9 years minus the present age of 6 years).

To estimate the effects of delaying the time to rehabilitation, levels of damage greater than
the rehabilitation level of 12% and the number of years it would take to reach that level of
damage would be calculated using the DSM model. For this example we will use the
conditions presented in example 7, case I where 12% damage would occur in 9 years. Now
the time for 15%, 20%, 30% and 40% damage to occur would be

tx = 1.04 for 15% damage, d = 2.04
tx = 0.85 for 20% damage, d = 2.09
c_ = 0.52 for 30% damage, d = 2.17
ot = 0.26 for 40% damage, d = 2.24

Cc_ = Co 1 - err 2 D_,t

1.2 = 12.4/1. - erf 2_)2"0 for 15%

1.02
err-- - 0.90

erfy = 0.903 y = 1.1631

1.02
- 1.1631

t = 5.9 years

Time to 15% damage = 5.9 + 3.5 = 9.4 years
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1.2 -- 12.4 ./1 - err 20._)2"09for 20%

err 1.05 - 0.90

1.05
= 1.1631

v/O..13t

t = 6.3 years

Time to 20% damage = 6.3 + 3.5 = 9.8 years

1.2 = 12.4(1 - err 2.1_'/ for 30%

1.09
- 1.1631

t = 6.8 years

Time to 30% damage = 6.8 + 3.5 = 10.3 years

1.2 = 12.4 (1 - err 2.24 for 40%
2o.(6

1.12
- 1.1631

t = 7.1 years

Time to 40% damage = 7.1 + 3.5 = 10.6 years

2.4.2 Repaired Elements

A repaired element is one in which the spalled and delaminated areas have been patched but
sound chloride-contaminated concrete surrounds the new patch concrete. In this case, the
surrounding concrete deteriorates in 1 to 5 years. The service life of the patch concrete can
be determined by the DSM presented in section 2.4.1.

An element is also considered to be a repaired element if the spalled and delaminated areas
have been patched and overlaid (decks) or encased (abutments, piers, pier caps, piles) and
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the sound chloride-contaminated concrete is left in place. For these cases, neither the
DCDM nor the DSM presented in section 2.4.1 is applicablebecause the left-in-place
concrete is chloride-contaminated. The left-in-place sound chloride- contaminatedconcrete is
the cause of a limited service life. The steel still continuesto corrode under the overlay
(LMC, LSDC, MSC, and bituminous concrete with a membrane) but at a reduced rate. If
the membrane is not watertight, the corrosion rate will accelerate.

Because the corrosion process continues under the overlay material, it is reasonably
predictable. A relationshiphas been developed for bridge decks that are actively corroding
(2). The model can be used to predict the remaininglife of an unprotected or overlaid deck
(2). It is based on the percent of worst-lane damage (spalled + delaminated+ asphalt
patches) and can be used within the limits of 3% to 30% present damage. However, the
upper limits of 20 % to 30% are the least reliable. Best results are achieved between 3% and
20% damage. The remaining service life prediction model for the worst traffic lane of
repaired decks is as foUows (2):

y = 11.2- 5.34x + 3.41xt'1
where

y = Time to rehabilitate
x = Total percent of spaUed,delaminated, asphalt patched area in the worst

traffic lane

Example 9: A bridge deck was overlaid 10 years ago with LMC. The delaminated areas
have been identified using the chain drag method, and spalled and asphalt
areas have been measured. The following presents the deck condition survey.

Damage Type Traffic Lane Damage (ft2)

Deceleration Right Left

Asphalt patch 0 0 0

Spalls 0 10 0

Delamination 8 76 24

Total damage 8 86 24

The deceleration lane is 960 ft2, the right and left lanes are each 1,440 ft2. The percent total
damage is 0.8% [(8/960)100], 6.0% [(86/1,440)100], and 1.7% [(24/1,440)100], for the
deceleration lane, right lane, and left lane, respectively. Thus, the worst traffic lane is the
right lane, with 6.0% damage.

The end of functional service life is 9% to 14% damage, with a midpoint of 12% damage.
Thus, the remaining service life is equal to:

y = 11.2- 5.34x + 3.41x1"1
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y = 11.2- 5.31(12- 6.0) + 3.41(12 - 6.0) 1"1
y = 11.2- 28.7 + 21.8
y = 4.3 years

Users of the above model must remember that the present damage must be greater than
3.0%. If the present damage in the worst lane is greater than 12%, the remaining life y will
be negative. The negative value of y indicates that the deck should have been rehabilitated y
years ago.

2.4.3 Rehabilitated Elements

A rehabilitated element is one in which the damaged and chloride-contaminated concrete (all
concrete with a corrosion potential more negative than 250 mV CSE) is removed. For these
elements the DCM may be used to estimate the service life. If a low-permeability concrete
such as LMC, LSDC, or MSC is used, the diffusion constant for these materiais must be
used in the diffusion equation. If a low-permeability concrete is used to overlay or encase
the existing concrete, the diffusion constant will be a composite of the two materials based on
their thickness nflative to the total concrete cover thickness. Table 2.10 presents diffusion
constants for LMC, LSDC, and MSC that can be used if actual values are not available (2).
However, because these values are based on limited observations (2), it is recommended that
the diffusion cortstant for these materials be determined from field surveys.

Table 2.10 Diffusion Constants for LMC, LSDC, and MSC

Diffusion Constant LMC LSDC MSC

Dc (in2/yr) 0.045 0.020 0.020
Dc (em2/yr) 0.290 0.129 0.129

The following examples are presented to illustrate how the service life and remaining service
life of rehabilitated concrete bridge elements may be determined.

Example 10: Bridge deck in Minnesota. The rehabilitated concrete deck received an LSDC
overlay 10 years ago. The average cover depth and standard deviation of the
concrete left in place (after milling) are 0.8 in. and 0.20 in., respectively.
The average overlaid cover depth is 3.0 in. and the standard deviation is 0.38
in. A 2 in. LSDC overlay was placed on the deck.

End of functionaL1service life of the overlaid decks is 12% total damage (asphalt patches,
spalls, delaminations), thus ot = 1.20 (table 2.7).

Then d = d - cw,_l = 3.0 - (1.20)(0.38) = 2.54 in.
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Composite Diffusion Constant

Existing concrete = 0.05 in2/yr (table 2.2)
LSDC = 0.02 in2/yr (table 2.10)

Dc = 0.02 + 0.012 = 0.028

Co = 6.0 Iblyd3 (table 2.3)

o.80
err y = 0.80 y = 0.9063 (tab/e 2.8)

1.27
- 0.9063

t = 70 years

Estimated service life = Corrosion Initiation + Spalling = 70 + 3.5 = 73 years
Remaining Life = Estimated Life - Present Age = 73 - 10 = 63 years

Example 11: Bridge deck in West Virginia. the rehabilitated concrete deck received a LMC
overlay 10 years ago. Average cover depth of left-in-place concrete = 0.8 in.
Overlaid cover depth, average = 2.5 in. Standard deviation = 0.38 in. End
of functional service life = 12% damage, c_ = 1.20 (table 2.7).

d = d - c_a,_t= 2.5 - (1.20)(0.38) = 2.04.
Co = 9.0 lb/yd 3 (table 2.3).
Existing concrete, D c = 0.07 in2/yr (table 2.2).
LMC, Dc = 0.045 (table 2.10)
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I08)1(08)CompositeD_ = _ (0.07)+ 2"52-5 (0.O45)= 0.053in2/yr

cc_,)=Co(1-erf d__l/n tj

1.2--9.0(I-e,-:2
1.02

err _ - 0.87

erry = 0.87 y = 1.0669(table2.8)
1.02

- 1.0669

t = 17.2years

Estimated service life = Corrosion Initiation + Spalling = 17.2 + 3.5 = 21 years
Remaining service life = Estimated - Present = 21 - 10 = 11 years

2.5 Methodology for the Selection of Cost-Effective Methods

This section presents a standardized methodology for cost-effectiveness comparisons in order
to generate least-cost solutions to bridge work. The least-cost solution must be based on the
costs incurred over the service life of the bridge, taking into account the time value of
money. This is the true meaning of cost-effectiveness. Decisions based on a comparison of
the initial cost of protecting, repairing, or rehabilitating the structure versus replacement
costs or the initial costs of individual protection, repair, or rehabilitation items will not result
in a cost-effective solution.

The cost-effectiveness methodology is based on comparisons of alternatives using accepted
engineering economic analysis procedures. Generalized models and illustrative examples are
presented in Appendix A to demonstrate how the conversion of cash flows to equivaient
values can be compared to provide decisions about cost-effectiveness (11). The available
alternatives are
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1. force account protection, repair, or rehabilitation of the existing structure
foUowedby eventual replacement;

2. contracted protection, repair, or rehabilitation of the existing structure
foUowedby eventual replacement;

3. immediate replacement of the structure.

Since the first two alternatives, both include eventual replacement, the third replacement
alternative becomes an input for the protection, repair, and rehabilitation alternatives and
therefore may be evaluated first. The protection, repair, and rehabilitation alternatives are to
be evaluated first using the rehabilitation model, and the one that displays the lower cost will
be compared with the replacement alternative in the calculation of a parameter called the
"value management" (VM) term, where

VM = Equivalent structure replacement cost minus equivalent structure,
protection, repair, or rehabilitation cost

A positive value of VM indicates that the structure should be protected, repaired, or
rehabilitated; a negative value indicates that it should be replaced. The magnitude of VM
indicates the amount of savings involved if the decision is made as indicated by the sign.

In the models presented in Appendix A, the equivalent values are determined as "equivalent
uniform annual costs" CEUAC)for perpetual service. The choice of perpetual service is
based on the fact that bridge sites are normally used for long periods (50 years or more), and
the differences between equivalent values for 50 years or more and infinity (perpetual
service) are very small in comparison to the uncertainties in predicting future cash flows.

Notice that the equivalent replacement and protection, repair, or rehabilitation costs and the
VM can be expressed in terms of "capitalized cost" (present worth of perpetual service)
simply by multiplying by the reciprocal of the interest rate, which is the value for the
uniform series present worth factor for infinite time.
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3

Standard Methods

3.1 Introduction

This chapter presents standard protection, repair, and rehabilitation methods currently used
by state highway agencies (SHAs). Methods applied to concrete bridge elements (decks,
substructures, or superstructures)are described with respect to limitations, estimated service
life, estimated price or cost, and constructionproceduresand specifications.

Estimated service life is presented as a range for a given set of environmental exposure
conditions. The service life range represents about 70% of the protected, repaired, and
rehabilitated cases. Thus 15% of the treated elements will have a shorter service life, and
15% will have a longer service life. The midpoint of the range represents the average
service life and can be used for planning purposes. Although individual bridge elements are
equally likely to fall below or above the average service life, the least-cost solutions can be
selected because equal numbers of treated elements will have higher and lower life-cycle
costs. For individual bridge elements, use the methodologies presented in chapter 2 for
estimating service lives.

In the calculations below for the estimated price and cost, benchmark year and location are
mid-1991 and the national average, respectively. Prices and costs can be adjusted for year
and location (1). If comparisons between methods are made to select the lowest life-cycle
cost or price, and if all costs or prices are adjusted by the same time factor, only the cost or
price relative to a comparison year and location will be different. The life-cycle cost or
price solution wiU not change. However, to estimate individual project costs, adjustments
must be made for time and location.

The protection methods presented in section 3.2 include concrete sealers and coatings; the
repair methods (section 3.3) and rehabilitation methods (section 3.4) include patching,
overlays, and encasement.
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3.2 __on Methods

Protectionmethodsare usedto preventchlorideionsfromdiffusinginto concrete.Chloride
diffusesthroughconcreteby beingionizedin water;hence,methodsthatpreventwater from
entering the concrete will also exclude the chloride ions.

It is desirable that the protection materialbe breathable,allowing water vapor to pass
through but not liquid water. A breathablematerial will reduce the degree of saturationof
the concrete and thus reduce the effects of concrete-deterioratingmechanismsthatrequire
water, such as J_eezingand thawing and the alkali-silica reaction. A breathable materialwill
also reduce the stripping action of water by allowing the concrete to dry out somewhat, and
it will adhere to the concrete longer.

Protection methods presented in this section are penetratingsealers for decks (sections 3.2.1
through3.2.4) and sealers and coatings for substructureand superstructureelement_ (sections
3.2.5 through 3.2.8).

3.2.1 Deck Sealers

• Description

A sealer is a solvent- or water-basedliquid applied to a deck surface. Only penetrating
sealers, silanes and siloxanes (or combinations),are recommended for deck surfaces. Other
sealer types have an inadequate depth of penetrationand quickly wear when exposed to
traffic abrasion.

SLlanesand siloxanes are normally applied to a prepared concrete surface at a rate of about
150 ft2/gal (3.7 m2/L). When silanes and siloxanes penetrate the preparedconcrete surface,
they react with the pore walls of the hardened, moist cement paste to create a nonwettable
surface. This seal prevents liquid water from entering the concrete but allows water vapor to
enter and leave the concrete.

• Limitations

The effectivene_ of penetrating sealers in excluding chloride is related to the permeability of
the original unsea.ledconcrete. The permeability of hardened concrete depends on the degree
of consolidation of the fresh concrete, the curing conditions, and the water/cement ratio.
The chloride exclusion efficiency of a sealer would be greater for a consolidated, well-cured
concrete with a high water/cement ratio than one with a low water/cement ratio because an
unsealed low-permeability concrete has a lower rate of chloride ingress than a high-
permeability concrete. However, the applicationof a sealer is not a license to use a concrete
with a higher water/cement ratio concrete nor to discontinue or take liberties with sound
construction con,solidation and curing practices.
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Sealer treatments are not to be incorporated as part of the original construction. Sealer
treatments are to be left as separate maintenance contracts and limited to warm-weather
months.

Sealers are not to be applied to concrete elements with active corrosion sites or to critically
chloride-contaminated concrete. Active corrosion sites are defined as locations with a

corrosion potential more negative than 250 mV CSE. Concrete is considered to be critically
contaminated when the chloride contamination level for 1% of reinforcing steel is greater

than 1.0 Ib/yd 3 (0.59 kg/m 3) or will not remain below this concentration even if further
ingress of chlorides is prevented through the application of a sealer.

The following examples illustrate how to determine whether a deck is critically contaminated.

Example 1. Average cover depth d" = 2.0 in. Cover depth stanrt_rd deviation *,-t = 0.20
in. For 1% of the rebar, o_ = 2.33 (from normal distribution table 2).

Cover depth of 1% of rebar, dl= d - ct,..t = 2.0 - (2.33)(0.20) = 1.53 in.

Present average chloride contamination at depth d - 0.5 in is 4.0 lb/yd3; at depth d = 1.5
in. - 1.0 lb/yd 3 (determined from chloride contamination survey of deck; see section 2.3.1
for recommended chloride and cover depth survey plans). For the sealer case, the chloride
distribution can be approximated by a straight line (figure 3.1) (3).

The approximate chloride distribution is presented in figure 3.1 for a bridge deck after 40
years of a protection program of periodic sealer applications where further chloride ingress is
prevented. The chloride distribution after 40 years of sealer applications was determined as
follows (3).

Chloride content at the 0.5 in. depth is equal to 40% of the initial 4.0 Ib/yd 3 or 1.6 Ib/yd3
[(0.40)(4.0)]. The depth of zero chloride content is equal to initial zero depth of 1.80 in.
(see figure 3.1) divided by 0.4, or 4.5 in. (1.80/0.40). These two points, 1.6 Ib/yd 3 @ 0.5
in. and 0.0 Ib/yd 3 @ 4.5 in. form the straight line presented in figure 3.1. As shown in
figure 3.1, at the depth of I% of the steel (1.53 in.), the chloride content would exceed 1.0
Ib/yd 3 and thus periodic sealer applications will not provide 40 years of protection. In 40
years, this deck will experience about 1% damage. Similar analysis can be made for the
chloride distribution for 10 and 20 years after periodic sealer applications (3).

For 20 years, the chloride content at the 0.5 in. depth is 50% of the initial content and the
zero chloride concentration is at a depth of the initial zero chloride concentration depth
divided by 0.5, 2.0 lb/yd 3 [(4.0)(0.50)] and @ 3.6 in. [(1.8)/(0.5)], respectively. The
straight line formed by these two points, @ 2.0 lb/yd 3 0.5 in. and 0.0 lb/yd 3 3.6 in., is
shown in figure 3.1. As shown in figure 3.1, periodic sealer applications would not provide
20 years of protection. This would also be true of 10 years; the two points that would form
the 10-yearstraight line are @ 2.4 lb/yd 3 [(4.0)(0.60)] 0.5 in. and @ 0.0 lbs/yd 3 [(1.8)/(0.6)]
3.0 in. (3).
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Thus, for this example, sealer use is not recommended.

Example 2. Average cover depth "d = 2.6 in. Cover depth standard deviation ¢,-t = 0.22
in. Thus the cover depth of 1% of the reinforcing steel dt = 2.6 - (2.33)(0.22) = 2.09 in.

Chloride contamination@ 4.0 lb/yd3 is 0.5 in. and 0.6 lb/yd3 @ 1.5 in. As shown in figure
3.2, the zero chloride content level is at 1.7 in.

Forty years after periodic sealer applications, the chloride content at 0.5 in. is calculated as
(4.0)(0.40) ffi 1.6 lb/yd3. The depth of zero chloride content is calculated as (1.7)/(0.40) ffi
4.25 in. (see figure 3.2 for 40 year straightline). As shown, at 40 years the chloride at the
1% rebar cover depth is slightly less (0.95 lb/yd3) than the 1.0 lb/yd3 criterion. Thus
periodic sealer applications will provide 40 years of chloride protection. At 20 years, the
chloride content is 0.85 lb/yd3at the 1% rebarcover depth level (see figure 3.2).

3.2.1.1 Estimated Service Life

Field environmental exposure conditions that may influence the service life of penetrating
sealers applied to decks may include degradation caused by ultraviolet light, moisture, and
surface wear (traffic conditions). Considering typical rates of traffic wear and depths of
penetration, wear has little to no influence on the length of service life of sealers. Thus the
service life of a penetrating sealer is controlled by environmental degradation mechanisms
that manifest themselves as increased water permeability of the sealed surface.

The service lives of penetrating sealers (silanes and siloxanes) applied to decks range from 5
to 7 years, and they should be reapplied every 6 years (3).

3.2.1.2 Estimated Price

Price was determined from an analysis of bids for silane and siloxane sealers and includes
surface preparation and all labor, equipment, and materials. The price is influenced by
quantity and is $8 to $10/yd 2 ($9.50 to $12/m2). The following relationship can be used to
adjust the price for quantity:

y = 8.652 + (7.04 x 10-5)X+ [(56.077)/(Xt23_)]

where y = predicted national adjusted price, ($/yd2)

X = jobquantity, (yd2)
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3.2.2 Construction Procedure: Deck Sealers

• Surface Preparation

A sealer will not penetrateproperlyunless it is applied to a clean, dry surface. Not only
should the surface be dry for maximumpenetration,but the subsurfacevoids should be dry
as well. Before application, any surface laitance_,residual curing compounds,asphalt,
grease, and oil should be removed from the concrete surface. The following cleaning
methods may be employed:

Sandblasting. The oilers used for the operation of compressed-airtools should be
removed, and oil and water traps should be installed on the compressor before use.
Failure to do so may lead to surface contamination.

Shotblasting. Since both the steel shot (metallic abrasive) and the dust resulting from
abrasion are collected by the unit, it is environmentallycontained. Care must be
taken in choosing the speed of the machineand the size and applicationrate of shot
that will provide the desired depth of removal (4).

Following cleaning, any dust or other loose mattershould be removed with compressed air
or vacuum. The same provisionsoutlined undersandblastingapply to the compressed air
sourcg.

Epoxy injection of visible cracks should be consideredbefore applicationof the sealer. An
alternative is to first seal the cracks and then reseal the entire surface, including the cracks
(5). If the observed cracking is greaterthan 6 lineal ft (1.8 m) per 100 ft2 (9.3 m_),
alternative forms of protection should be considered. The decision whether to use sealers on
decks with more than 6 ft/100 ft2 (1.8 m/9.3 ms) of cracking should be based on an
economic analysis comparing the cost of sealing cracks and the deck with alternative forms
of protection, such as a polymer concrete overlay.

• Moisture Content

To provide for proper penetration, the subsurfacepores must be dry to the desired depth of
penetration before sealing. The drying requires a sufficient period of dry, warm weather
before application as outlined in table 3.1 (5).
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Table 3.1 Required Drying Tune Before Sealin_ (Days)

Ambient Type of Last Rain

Temperature Light Moderate Heavy

70-85*F (21-29" C) 0.5 1 2

50-70°F (10-2,1°C) 1 2 3

40-50°F (4-10"C) 2 3 5

Recentlypatchedandoverlaidareasshouldbeallowedtocurea minimumof28daysafter
placingbefores_ling,orlongerifrecommendedby themanufacturer.Inanycase,
penetratingseale.rsshallnotbeappliedifthemoisturecontentoftheconcreteisgreaterthan
2.5% when testedinaccordancewithAASHTO T239standardtestprocedure.

• Sealer Application

Sealers may be applied by low-pressure pump (with either noT_leor spray bar combinations)
and by flood and brush techniques. The sealer should be applied at the rate determined
during approval testing (see section 3.2.4).

To ensure proper coverage, the area that can be sealed should be delineated on the deck
surface. This area can be calculated from the capacity of the sprayer or container used for
flooding the sealer. For example, if an application rate of 120 ftZ/gal(2.9 m2/L)is desired,
and the low-pres.sure spray container used for application has a capacity of 2 gal (7.6 L),
then a 240 ft2 (22.2 m2) area should be delineated on the deck as a guide.

In addition, the :_.alershall contain a fugitive dye to enable the solution to be visible on the
treated surface tlar at least 4 hours after application. The fugitive dye shall not be
conspicuous more than 7 days after application when exposed to direct surdight. The sealer
should be applied from the low area toward the crown (high) to provide for proper
saturation. All :'_fety precautions recommendedby the manufacturer should be strictly
followed. The fi311owingadditional provisions are recommended (5):

1. Sealers should not be applied when the temperature of the concrete surface is
below 40°F (4°C).

2. Before sealing, exposed joint sealants and painted steel joints adjacent to areas
to be sealed should be masked off.

3. The sealed areas should be protected from rain and traffic spray for six hours
after application.
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4. Unused product in open containersshall be properly disposed of if not used
within 48 hours.

Note that the application of a sealer may cause bond problems for futureoverlays if the
depth of scarification before the applicationof the overlay is not greater than the depth of
sealer penetration.

3.2.3 Quality Assurance�Construction Inspection: Deck Sealers

The site inspector should ensure that the sealer is applied in accordancewith the project
specificationsand/or the manufacturer'srecommendations. The following are criticalto a
successful application (5):

1. Inspect the deck to ensure that it is free from all laitances and contaminants;
that the concrete surface is dry, having been allowed to dry for the _ed
time since the last rainfall;and that it meets moisturecontent requirements.

2. Determine that the weather conditions are suitable for the sealer application
and that they will remain so for the specified curing time after application.
Surface temperature of the concrete shall not be less than 40°F (4°C) during
the application and curing period.

3. Determine the applicationrate from the productacceptance specifications (see
section 3.2.4) and ensure that the applicatoris prepared to apply the productat
the correct rate. Fugitive dye is to be used to gauge the uniformityof the
sealer application. Retreatment is to be required in areas where coverage is
inadequate. Note that the application rate must be adjusted for the quality and
moisture content of the substrate. The inspector should also determine
whether sufficient material is present at the site to seal the specified area.

To assess the field performance of a given sealer, it is recommended that the following
information be recorded at the time of application: the sealer name and batch number;
surface preparation; substrate condition including concrete quality (good-qualitylow
permeability or poor-quality high permeability); moisture content, previous coatings, and
residual curing compounds, weather conditions affecting moisture content; and the coverage
of the product (5).

3.2.4 Material Performance Specifications: Deck Sealers

The following performance qualifies should be used to identify suitable products for sealing
concrete decks:

• Water repellency
• Chloride screening
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• Penetration depth

• Moisture vaporpermeability
• Alkaline resistance
• Resistance to ultraviolet(UV) exposure

Skid resistance _ad resistance to freeze-thaw scaling may also be considered. Silanes,
siloxanes, and blends of the two are examples of productsthat currently meet these criteria.

• WaterR_llency and Chloride Screening

Water repellency and chloride screening can be testedjointly, since the intruding chloride ion
is in its hydrated form (6). Currently, there is no acceptedstandard test method for
determining the chloride screening abilities of a sealer, though a variety of acceptance tests
are used. Alberta tests the water absorption of sealed cubes over a 120-hourperiod (7).
Florida and Wisconsin apply impressed currentto sealed cylinders in a 15% NaC1bath (8,
9). NCHRP 244, Concrete Sealers for Protection of Bridge Structures, uses indoor
accelerated saltwater ponding cycles alternating with periods of drying and ultraviolet
exposure; this is referred to as the Southern Climate Exposure Test (10).

The best procedure may be the one used by Drumm (11). The procedure employs
alternating cycles of saltwater ponding and air drying over a 30-week period in an outdoor
exposure area. The test method offers several advantages; it simulates conditions similar to
those experienced[ in the field, with the exception of wear; the extended test period allows the
in situ testing of the sealers' alkaline resistance because the sealers are applied to new
concrete with the highest pH; and the outdoor exposure tests the sealers' resistance to
deterioration from ultraviolet exposure. The test procedure is outlined below (11):

1. For each sealer to be tested, one slab 36 x 36 x 4 in. (91 x 91 x 10 cm) shall
be cast from the state's standard air-entrained concrete bridge deck mixture.
An additional slab shall be cast as a control. The slabs shall contain two

ASTM #4 bars 12 in. (30 cm) on center in each direction for temperature and
shrinkage control, placed with a minimum cover depth of 2.5 in. (6.4 cm).
The minimum cover is specified to prevent the initiation of corrosion during
the test period and to prevent the bars from interfering with sampling. The
top, surface of the slab shall be broom-finished or tined in accordance with
state procedure. The slabs shall be cured under moist burlap for 28 days
followed by a sufficient period of air drying (see section 3.2.2, moisture
content) before the application of the sealer.

2. One powdered chloride sample should be taken from the side of each new slab
to a depth of 2.0 in. (5 cm) to determine background chloride contents.

3. Before sealing, the slabs should be lightly sandblasted to remove laltances.

56



4. The sealer to be tested should be applied at a rate in the middle to upperrange
of the manufacturer'srecommendations.

5. Once the sealer has dried, ponding dikes should be secured to the top surface
of the slab. The dilce, are fashioned from thick, insulating Styrofoam0.5 in.
(13 cm) cut to a height of 1.25 in. (3.2 cm). The strips are fastened around
the top perimeter of the slabs with _illcone rubber.

6. The slabs are ponded weekly to a depth of 0.5 in. (1.3 cm) with a 3 % NaC1
solution. The solution is allowed to stand on the slabs for three days, and is
then removed with a wet/dry vacuum. The slabs are then allowed to air dry
for four days before the reapplicafionof the ponding solution. This cycle is
continued for 30 weeks. The slabs are covered with translucent(white)
plexiglas during the ponding phase to prevent evaporation and dilution by
rainfall. Clear plexiglas may cause a "greenhouse"effect which will cause
excessive heating of the ponding solution.

7. Two powdered concrete samplesare collected from each slab for chloride
analysis after 10, 20, and 30 weeks of ponding. The samples are collected as
a function of depth in 0.5 in. (1.3 cm) increments for meandepths of 0.5, 1.0,
1.5, and 2.0 in. (1.3, 2.5, 3.8, and 5 cm). Samples from the top 0.25 in. (6
cm) are collected separately and discarded. The samples are collected and
analyzed using the proceduresoutlinedby Herald et al, (12) in ASTM C 114,
or in AASHTO T260.

8. The sample holes are filled with an epoxy mortarand topped with a coating of
neat epoxy. Subsequent samples are taken at least 6 in. (15 cm) from the
previous sample hole.

• Criteria for Acceptance

Graphs of the percent reduction of chloride intrusion over time should be prepared. Since
the background chlorides measured in step 2 above would typically be locked up in the
cement matrix or the aggregate and therefore would not contribute to the initiation of
corrosion, they should be subtracted as a base level from the readings taken at 10, 20, and
30 weeks. The percent reduction can be calculated as follows:

%Reduction CON,- S,- x I00
CON,

where CONt = Chloride content of the control at time t (weeks) adjusted for the
background chlorides at t = 0.
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St = Chloride contentof a sealer specimen at time t (weeks) adjusted
for the baclqvound chlorides at t = 0.

The graphs of lx.'rcentreductionover time can be used as indicators of early sealer failure
due to alkaline or UV deterioration. The performance acceptance for chloride screening
should be based on the readings taken after 30 weeks of ponding. The desired level of
reduction can be estimated as follows (11):

where T_z = Service life of the sealer (years)
50 = Assumed desired service life of the structure (years)

Using a typical TsLof 5 years, the value of %Reductionm would be 90%. Note that this
performance lew:l must be maintainedor exceeded throughoutthe life of the sealer to achieve
the desired service level. That is, no more than 10% of the total chlorides that would initiate
corrosion in 50 years can accumulate in the concrete over the 5-yeax service life.

• PenetrationDepth

The penetration depth of a sealer is normally measured by splitting a core taken from a
sealed substrateand measuring the nonwettableband. An initial penetrationdepth of at least
0.15 in. (0.38 cm) and ideally 0.25 in. (0.6 cm) is recommended to provide for wear and
protection from UV degradation. The actual depth of penetration for a given sealer will vary
with the quality and moisturecontent of the substrate.

Note that the visual indication provided by the nonwettableband can be misleading. The
water-repellent effect of a true penetrantmust be uniform for the various depths of
penetration. Tlxis is termed uniform gradient permeation (UGP) (6). The Alberta
Transportationand Utilities test procedurefor measuringthe waterproofing performance of
sealers measures this by comparing the absorption of a concrete cube subject after
mechanical ab_don (7).

• Moisture Vapor Permeability

Moisture vapor permeability prevents moisture from being trapped inside when the concrete
is sealed. As the concrete dries out, the electrical resistance of the concrete increases
significantly, further inhibiting corrosion. This is especially important when sealing new
concrete. Therefore, a minimum vapor transmission of 80% is recommended (13).

Currently there is no accepted test method for measuring the vapor transmission of sealers.
Vapor transmission can be determined by the Alberta procedure (7). The moisture content of
concrete cubes at 100% relative humidity is determined by comparing their oven-dry and
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saturated surface dry (SSD) weights. The cubes are allowed to dry to 70% of theirSSD
moisture content. Then they are sealed, and their weight is measured. The percent vapor
transmissionis determined by comparing the weight loss of the sealed cube to thatof a
control cube over a 14-day period. However, during this same period some of the volatiles
in the sealer will be lost, further increasing weight loss. This loss can be estimatedby using
ASTM D 2369, Standard Test Method for Volatile Comen¢ of Coatings.

• Additional Criteria

The reductionin skid resistancecaused by the sealer may also be considered. A reductionof
5 points (wet) using the British pendulum test ASTM E 303 should be considered acceptable,
provided the skid resistance is not reduced below an acceptable minimum value. Northern
states and provinces may also be concerned with freeze-thaw scaling. The resistance of a
sealer to freeze-thaw scaling can be determinedusing the proceduresoutlined in ASTM C
672 Scaling Resistance of Concrete Surfaces Exposed to Deicing Ozemicals.

3.2.5 Superstructure and Substructure Sealers�Coatings

3.2.5.1 Sealers

• Description

A sealer is a solvent- or water-basedliquid applied to a preparedconcrete surface. Both
penetrating sealers and surface sealers axe recommended for substructure and superstructure
elements. Penetrating sealers are silanes and siloxanes (or combinations) that react with the
pore walls of the hardened cement paste to create a nonwettable surface (see section 3.2.1.1).
Surface sealers axe pore-blocking materials such as linseed oil or epoxy.

• Limitations

Sealers are not to be applied to concrete elements with active corrosion sites or to critically
chloride-contaminated concrete. (See section 3.2.1.1 for methods and techniques for
identifying active corrosion sites and critically chloride-contaminated areas.) Individual
environmental site exposure conditions must be considered in selecting a sealer to be used on
substructure and superstructure elements. Epoxies axe susceptible to degradation by I.IV
light. The service life of surface sealers may be limited by abrasive wave or ice actions.

• Estimated Service Life

The service life of penetrating sealers (silanes and siloxanes) applied to substructure and
superstructure components is 5 to 7 years with a recommendation of re.applicationsevery 6
years.

The service life of surface sealers (epoxies and linseed oil) applied to substructure and

59



superstructurecomponents not exposed to abrasive wave or ice actions is 1 to 3 years with a
recommendationof reapplicationevery 2 years. If the component is subjected to abrasive
wave or ice actions, the service life of surface sealers may be less than 1 year.

• E_timated Price

Price was determinedfrom an analysis of bids for silane, siloxane, and linseed oil. Prices
for other sealer l_pes such as epoxies were not determined. Price includes surface
preparation and all labor, equipment, and materials, and is influenced by quantity.

For silanes and :_oxanes, the unit price is $8 to $10/yd2 ($9.50 to $12/m2). The following
relationship can be used to adjust the price for quantity:

y = 8.652 + (7.04 x 10-s)X + [(56.077)/(Xt_)]

where y = Predicted national adjusted price, $/yd2

X = Job quantity, yd 2

For boiled linseed oil, the unit price is $3 to $5/yd2 ($3.50 to $6/m2). The following
relationship can be used to adjust the price for quantity:

y = 1.375+ (-3.0x 10-5)x+ [(10.895)/(x_-°123)]

where y = preedictednational adjusted price $/yd2

X -- job quantity, yd 2

3.2.5.2 Coatings

• Description

A coating is a one- or two-componentorganic liquid that is applied in one or more coats to a
prepared concrete surface. Coating materialshave a high solid content, usually 100%, have
a surface film &ickness of 1 to 3 mil (25 to 76/_m), and usually do not contain aggregate.
Organic coating materials are normally epoxies, acrylics, or urethanes.

Coatings usually do not permit water vapor transmission, and thus permeability to both water
vapor and liquid water is very low.

• Limitations

Coatings are not to be applied to concrete substructure or superstructure components with
active corrosion sites or to critically chloride-contaminatedconcrete (see section 3.2.1).
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Coatings are not to be applied to surface-drybut saturated concrete.

Individual site conditions must be consideredin the selection of a coating material. Epoxies
are abrasive resistant and have a high adhesive strength,but are susceptible to degradationby
UV light. Acrylics are brittle and normally have a low impact strength. Urethanes have a
high impact strength but have a low resistance to abrasive forces.

• EstimatedService Life

Field exposure conditions may influence the service life of coatings. Bridge components
subjected to sea spray may have a shorterservice life than those exposed to deicer salt runoff
water. Coating materials also appear to affect service life. Table 3.2 gives estimated service
lives for epoxies, urethanes, and methacrylatesfor sea spray/splash and deicer salt runoff
water environments.

Table 3.2 Estimated Service Lives for Non-traffic Surfaces

Material Service Life (years)

Sea Spray/Splash Deicer Salt Runoff Water

Epoxy 6- 10 10- 14

Methacrylate 9- 13 13- 17

Urethane 10 - 14 14 - 18

• Estimated Price

Price was determined from an analysis of bids for epoxy. Price was not determined for
methacrylate and urethane. Price includes surface preparation and a11materials, labor, and
equipment to furnish and apply an epoxy coating to substructure and superstructureelements.
Quantity and quantity times the number of bidders are the best predictors of price; because
the latter is only a slightly better predictor. The quantity relationship is used here. The
quantity-price relationship for epoxy coating applied to substructure and superstructure
components is as foUows:

y = -68.285 + (0.0008766)X + [(157.53)/(X°°9_]

where y = predicted national adjusted price, $/yd2

X = job quantity, ydz

Thus for a typical three-span bridge, the predictednational adjusted price to apply an epoxy
coating to the piers and caps, a total surface area of 300 yd2, of surface area is $25/ydz ($30/m2).
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3.2.6 Construction Procedure: Superstructure and Substructure
Sealers�Coatings

• Surface t_varation

The performance of any sealer or coating system is contingent upon proper surface
preparation. The surface should be free from any latencies and contaminants such as grease,
oil, wax, or residual curing compounds. Most coating failures occur because of debonding
of a weak surface layer of the substrateconcrete. Such debonding is caused by the high
internal stresses in the coating (14). Additionally, the surface and subsurface voids shouldbe
dry to prevent moisture from collecting at the coating-substrateinterface before the coating
can cure properly.

The following should not be used in new construction or rehabilitation for areas to be coated:
form release agents such as oil, grease, wax, or silicone; membrane curing compounds; and
rubbedmortar finishes.

• Cleaning Methods

Sand- or gritblasting is the preferredmethod. To prevent surface contamination, oilers
should be removed and oil and water traps installed on the compressed-air source before
blasting.

Waterblasting is not recommended, since an adequate drying time must be provided before
the application of the sealer/coating.

Acid etching is strongly discouraged. The results are not as satisfactory as gritblasting, and
etching requires water flushing to remove residual acid. Also, water flushing may cause
corrosion of metallic items, and spillage or disposal may cause environmentalproblems.

Before sealing or coating, the surface should be thoroughly air-blasted to remove dust and
debris. The compressed-air source shall be modified as described above (sand or
gritblasting.)

• Patching

Before the application of the sealer/coating, atl irregular surface protrusions shall be removed
and all surface voids filled. Areas damagedby reinforcement corrosion shall be patched in
accordance with the guidelines in section 3.3.13 through3.3.15 (cast-in-place portland
cement concrete) and 3.3.16 through 3.3.19 (shotcrete). Care must be taken when patching
shallow or surface voids, such as honeycombed areas. The high internal stresses in the
surface coating may cause normalportland cement-basedpatches to debond. Therefore,
these areas should be patched with polymer-based materials compatible with the surface
coating as recommended by the manufacturer. Visible dormant cracks should be sealed by
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epoxyinjectionbeforesealing/coating.

• Moisture Content

Theprovisionsoutlinedfordecksealerinsection3.2.2shallbefollowed.

• Scaler/CoatingApplication

Sealers should be applied as outlined in section 3.2.2. Coatings should be mixed to produce
a uniform and homogeneous mix. The manufacturer's safety precautions and environmental
protection measures should be strictly followed during mixing. Once the mixed coating has
been allowed to stand for the recommended induction period (the time it takes for the coating
components to react), it may be applied by brush, roller, or spray as necessary to ensure
even coverage. For roller application, long-nap rollers should be used for rough surfaces;
short-nap rollers can be used for smoother surfaces. For spray application, a low-pressure,
externally atomized spray gun should be used. A thinner recommended by the manufacturer
should be added to the coating mixture before spraying (15). The coating should be applied
when the temperature is between 50 and 90°F (10 and 32°C).

Two applications of the coating should be applied to ensure even coverage and minimize the
likelihood of pinholes. Each application should produce a dry film thickness of 2 to 3 rail
(51 to 76/_m). The second coat is normally applied 24 hours after the application of the first
coat, but this can vary with environmental conditions and material type. The coating should
be applied at the rate of coverage approved during the material acceptance tests.

The following additional provisions are recommended (5):

1. Beforecoating,allbearings,paintedsteelsurfaces,exposedbituminous
materials,andjointsealersshouldbemaskedoff.

2. The coated surface shall be protected from rain and traffic spray for at least
six hours after application. Use a longer protection period if warranted
environmental conditions and material type.

3. Unused product in open containers should be properly disposed of if not used
within 48 hours.

3.2. 7 Quality Assurance�Construction Inspection: Superstructure and
Substructure Sealers�Coatings

The site inspector should ensure that the sealer/coating is applied in accordance with the
project specifications and/or the manufacturer's recommendations. The following steps are
critical to a successful application (5):
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1. hlspect the concrete substrateto ensure that it is free from all latencies and
contaminants and that the concrete surface is dry, having been allowed to dry
for the specified time since the last rainfall.

2. Determine that the weather conditions are suitable for the seaaer application
and that they will remain so for the specified curing time after application.

3. Ensure that multicomponent sealers/coatings are adequately mixed and that
they are allowed the specified inductionperiod before application.

4. Determine the application rate from the product acceptance specifications (see
section 3.2.8), and ensure that the applicator is prepared to apply the product
at the correct rate. Note that the application rate may need to be adjusted for
the quality, surface roughness, and moisture content of the substrate. The
inspector should also determine whether sufficient material is present at the
site to seal/coat the specified area.

5. Ensure that all necessary safety precautions and environmental protection
measures are strictly followed during mixing and application.

To assess the field performance of a given protective agent, it is recommended that the
following be recorded at the time of application: the sealer/coating name and batch number;
surface preparation; substrate condition including quality (good-quality low permeability or
poor-quality high permeability), moisture content, texture, previous coatings, and residual
curing compounds; weather conditions affecting moisture content; and the coverage of the
product (5).

3.2.8 Material Performance Specifications: Superstructure and Substructure
Sealers�Coatings

• Penetrating Sealers

See section 3.2.4.

Epoxy compour_ts. A wide variety of chemical compositions are grouped as epoxies. The
only requirement for such classification is that the monomer molecule contain two carbon
atoms and one oxygen atom in a triangular configuration. Epoxies may be one- or two-
component products. The most common composition used for sealers/coatings is a reaction
between bisphenol A and epichlorohydrin (16). The actual chemical composition and
especially the choice of the curing agent will affect the chemical and mechanical properties of
the sealer. Epoxy compounds used as sealers are either water- or solvent-based, typically
with a solids content less than 50%.

Acceptance Criteria. The acceptance of the sealer for use should be based on chloride
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screening and moisture vapor permeability as outlined in section 3.2.4. The acceptance
criteria should be as follows:

1. %Reductionu should be greater than 90% aster 30 weeks of testing.

2. A minimum vapor transmission of 35% is recommended (13).

• Surface Coatings

Epoxy compounds. Epoxy compounds used as coatings axe similar to the compounds
described above, except that the solids content should be greater than 50% (generally 100%).

Acrylic compounds. Acrylic compounds earl be polymers or copolymers of acrylic acid,
methacrylic acid, esters of these acids, or acrylonitrile (17). Examples are acrylic resins
produced from the vinyl polymerization of acrylic monomers and methyl methacrylate (14).

Urethane compounds. Urethane compounds are based on the reaction of two chemicals: a
resin component (polyol) and an isocyanate curing agent (14). The chemical and mechanical
properties of the urethane coating depend on the choice of polyol.

Acceptance citeria. The sealer/coating materials should be evaluated for chloride screening,
vapor permeability, and shrinkage. Chloride screening and vapor permeability are presented
in section 3.2.4. The acceptance criteria should be as follows:

1. The acceptable values for %Reductiort_. for each compound group are
presented in Table 3.3.

Table 3.3 Acceptable Values for %Reduetion._.

Compound %Reduction ......

Epoxy 90

Acrylic 95

Urethane 95

2. A minimum vapor transmission of 35% is recommended (13).

3. The compounds should pass ASTM C 883, Standard Test Method for Effective
Shrinkage of Epoxy-Resin Systems Used with Concrete.
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3.3 Repair Methods

Repair methods are used to restore a bridge component to an acceptable level of :service. A
deck can be repaired to restore the ride quality to near original condition. A column can be
repaired to restore the structural capacity to original design conditions.

Repair methods do little to address the cause of the deterioration. For the subject case,
repair methods do little to stop or significantly retard corrosion of the reinforcing steel.

The repair methods presented in this section include partial- and full-depth patching of decks
(sections 3.3.1 _rough 3.3.4) and of substructure and superstructure components (sections
3.3.12 through 3.3.18); deck overlays (sections 3.3.5 through 3.3.11); and encasement and
jacketing methods for substructure and superstructure components (sections 3.3.19 through
3.3.22).

3.3.1 Deck Patching

• Description

Patching methods are used to replace localized areas of deteriorated concrete (spalls and
delaminations).

By its nature, the deterioration of concrete caused by the corrosion of the reinforcing steel
ultimately results in the exposure of the reinforcing steel. For decks, the depth of
deterioration may include the top layer of reinforcing steel or both the top and bottom layers
of reinforcing steel. If only the top reinforcing mat is corroding, a partial-depth repair
would be used. For partial-depth deck repairs, the deteriorated concrete is removed to the
depth required to provide a minimum of 0.75 in (1.9 em) clearance below the top layer of
reinforcing steel. Maximum depth of removal for a partial-depth repair should not exceed
half the deck thickness.

Corrosion of both the top and bottom layers of reinforcing steel requires full-depth repairs.
The concrete within the delineated area for the entire deck thickness, normally 8 in. (23 era),
is removed.

Partial-depth deck patching materials include portland cement concrete, quick-set hydraulic
mortar and concrete, and polymer mortar and concrete. Portland cement concretes are used
for full-depth deck patches.

Bituminous concretes are also used for partial-depth deck repairs. However, because of their
short service life (1 year or less), bituminous concrete patches are considered temporary
patches and are thus outside the scope of this manual.
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• Limitations

Deck patches have a relatively short service life because they do not address the cause of the
problem, corrosion of the reinforcing steel, but address only the symptoms; spalling and
delaminations.

When concrete contaminated with chloride beyond the threshold level is left in place in the
area surrounding the patches, patches often accelerate the rate of deterioration of the
surrounding concrete. The patch concrete area acts as a large noncorroding site (cathodic
area) adjacent to corroding sites and increases the rate of corrosion.

• Estimated Service Life

The service life of deck patches is somewhat dependent on type (partial- or full-depth) and
material (portland cement concrete, quick-set hydraulic mortar or concrete, or polymer
mortar or concrete). The best estimate of the service life of deck patches is 4-10 years.

• Estimated Price

Partial-depth portland cement concrete (PCC) prices were determined from analysis of bid
prices. These prices include all labor, material, and equipment costs associated with the
removal of unsound concrete, preparation of concrete surfaces, repair or replacement of
damaged reinforcing steel, and the furnishing, placing, finishing, and curing of the PCC
patch. Minimum removal depth is 0.75 in. (19 cm) below the top layer of the reinforcing
steel, with a maximum depth of half the slab thickness.

The price depends on job quantity and number of bidders, and can be predicted from the
following relationships.

y = 132.89 + [(1,382,600)/(X23s')]

where y = Predicted national adjusted price, ($/yd x)

X = Job quantity, (yd2) times number of bidders

If information on the expected number of bidders is not available, use the job quantity to
determine price:

y = 134.4 + (0.00460)X + [(316,200)/(X3345)]

where y = Predicted national adjusted price, ($/yd 2)

X = Job quantity, yd2
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For a bridge deck requiring 50 yd2 of partialdepthpatchingwith PCC and on which three
firms are expecU_ to bid, the predictednational adjustedprice of PCC partialdepth patchis
$142/yd2 ($170/m2).

If the numberof expected bidders is unknown,the predictednationaladjustedprice for the
same 50 yd2 is $135./yd 2 ($161/m2).

Partial-depthquick-set hydraulicmortar/concretedeck patch price was determinedfrom
analysis of bid Frices and includes the same items listed for partial-depthPCC deck patches
except for the materialchange. The price can be predictedfrom the following relationship:

y = 235.16+ (-0.03712)X+ [(1408.71)/(X°S°14)]

where y = Prediictednational adjustedprice, ($/yd2)

X = Job quantity, (yd2)

For a job quantityof 50 yd2, the partial-depthquick set hydraulic mortar/concretedeck patch
price is $431/yd2 (516/m3).

Partial-depthpolymer mortar/concretedeck patch price was determinedfrom analysis of bid
prices and includes the same items listed for partial-depthdeck PCC patches, except that
epoxy rather than portland cement is used as the binder. Other polymer mortar/concrete
patching methods,were not availablefor this study (1). The price can be predicted from the
following relationship:

y = 266.79 + (0.02933)X + [(83,400)/(X__z14)]

where y = Predicted national adjusted price, ($/yd_)

X = Job quantity (yd_) * contract amount ($) divided by maintenance and protection
of traffic, (MPT) cost ($)

For a job in which the partial-depth patch quantity is 50 yd_, the contract amount is
$80,000, and the MPT cost is $20,000, the price for partial-depth deck patching using
polymer mortar/concrete is $402 $/yd*/($480/m2).

Full-depth PCC patch price includes all labor, material, and equipment costs; surface
preparation; restoration of damaged reinforcing steel; and furnishing, placing, finishing, and
curing the patch concrete. Average deck slab thickness is 9 in. (23 cm). Price was
determined from an analysis of bid prices and is influenced by job quantity:

y = 221.11 + (0.0610)X + [(3794.1)/(X_S_88)]
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where y = Predicted national adjusted price, ($/yd_)

X = Job quantity, (yd2)

For a job of 25 yd2 of full-depth PCC patching, the price is $232/yd 2 ($277/m2).

3.3.2 Construction Procedure: Deck Patching

• Delineation of Areas to Be Removed

Areas of unsound concrete should be located using drag chains and hammer. The unsound
concrete is evidenced by a hollow sound. The area to be removed should be delineated by
the site engineer as the unsound or delaminated area plus a periphery of 3 to 6 in. (8 to 15
cm). Delineations should be made in a manner that minimizes cuts, avoids small "islands"
of sound concrete, and avoids acute angles.

The delineated area should be outlined with a saw cut 0.75 in. (19 cm) deep. Care should be

taken to avoid cutting existing reinforcing steel. In no case are feathered edges acceptable.

• Removal of Unsound Concrete

The unsound concrete should be removed with pneumatic breakers of less than 35 nominal
pounds (15.9 kg). Pneumatic breakers should be fitted with bull-point chisels (pointed).
Fifteen-pound (6.8 kg) chipping hammers should be used to provide clearance around
reinforcing bars. The pneumatic breakers should be operated at an angle no greater than 45 °
from the horizontal.

The minimum depth of removal is 1.0 in. (2.5 cm) around the periphery of the exposed
reinforcing steel. However, concrete should be removed to the depth necessary to expose
sound concrete. Patches between 0.75 in. (1.9 era) below the depth of the reinforcing steel
and half the deck thickness are hereinafter referred to as partial-depth patches. Patches
requiring removal greater than half the deck thickness should be removed to full depth and
are hereinafter referred to as full-depth patches.

• Preparation of Repair Cavity

Once all the unsound concrete has been removed, the cavity should be blasted clean to
remove all loose material and provide a dust-free surface. All exposed reinforcing steel
should be blasted to near white metal (all scale and rust removed). Reinforcing bars with
greater than 25 % sectional loss as determined by the engineer should be lapped with
reinforcing bar of equal diameter for 30 bar diameters on either side of the deteriorated area.
Following the completion of blasting, the cavity should be airblasted to remove all dust and
debris. The compressed-air source used for blasting should have any oilers removed and oil
traps installed.
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Full depth patches will require formwork constructed to prevent leakage of mortar.
Formwork for small areas can be suspended from existing reinforcing bars with wire ties.
Formwork for larger areas should be supported by blocking erected within the stringers or
box girders.

• Application of Bonding Agents

Table 3.4 describes further repair cavity preparations to ensure adequate bond.

Table 3.4 Bonding Agents and Cavity Preparation

Patch Type Patch Material Saturate to Bond Compound
SSD

PCC Yes Neat grout

Partial depth Rapid-set hydraulic Yes Neat grout
cement

Polymer concrete No Prime coat

Full depth PCC Yes Neat grout

The neat grout shall be prepared by sieving or brooming the coarse aggregate out of a
portion of the patch mortar or concrete. Additional water may be added to the grout to
produce a creamy consistency. The grout shall be applied with a stiff brush or broom.

Patches to be placed using a polymer mortar/concrete should be primed with a neat polymer
resin as recommended by the manufacturer.

• Placement and Consolidation

The patch material may be batched and mixed at the site or supplied ready-mixed. The patch
material should be placed in a manner that will prevent segregation. The patch material
should be consolidated with an internal vibrator and screeded. The surface of the patch
should be floated and textured to match the surrounding concrete surface.

• Curing

PCC and hydraulic mortar/concrete must be moist cured for a minimum of 72 hours. Moist
curing should be, provided by clean, wet burlap covered with plastic sheeting anchored
around the patch perimcter with sand. Shorter moist curing times may be approved by the
site engineer in rapid patching conditions. For rapid repair materials, the patches should be
cured until the structure is to be opened to traffic or for the minimum time recommended by
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the manufacturer. Note that shorter curing times will producean inferior repair.

3.3.3 Quality Assurance/Construction Inspection: Deck Patching

The engineer will be responsible to perform the following:

1. Delineate the areas of concrete to be removed and the depth of removal. The
engineer should ensure that all of the provisions for concrete removal are strictly
enforced.

2. Determine that the patch cavity is properly prepared.

• Ensure that the exposed reinforcing steel is free from all rust and scale.

• Determine the sectional loss and specify lapping of reinforcement bars where
required.

• Ensure that the patch cavity is free from blast material and is clean, dry, and
dust-free.

• Ensure that the substrate is thoroughly coated with the bonding compound as
specified in table 3.3. If the bonding compound is allowed to dry before
placing the patch material, it shall be removed by gritblasting and re.applied.

3. Ensure that the patching materials as supplied meet the requirements outlined in
section 3.3.4.

The following are recommended for PCC and rapid set hydraulic cement concrete:

• Inspect the concrete mixer, water-measuring device, and aggregate-weighing
scale before the fast concrete is hatched and mixed. Aggregate proportioning
by volume or shovel is not acceptable. Retempering through the addition of
water to the original mixture shall not be permitted.

• Prepare compressive-strengthcylinders and perform slump and air-content
tests. The minimum requirements for testing frequency should be the initial
batch on each day and a second randomly chosen batch.

• Atmospheric conditions should be monitored and recorded.

4. Following placement, the patches shall be checked for levelness. Patches deviating
more than 0.125 in. (0.3 era) from the surrounding concrete shall be replaced. After
the patches have cured, they shall be sounded with a hammer to check for voids.
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3.3.4 Materkd Performance Specifications: Deck Patching

• Portland Cement Concrete

PCC used for F_tchingshould meet the following requirements:

1. PCC (ASTM C 150), type I or H, 611 lb/yd3 (362 kg/m3)

2. Maximum water/cementratio 0.42

3. Maximum aggregate size 0.5 in. (1.3 cm)

4. Total air content 6% to 8%

5. 1Vfinimumcompressive strength 3,500 psi (24 MPa) at 7 days

To prevent shrinkage, the total water content should be kept to a minimum. If an increased
slump is desired to improve workability, a high-range water reducer (superplasticizer) should
be added. High-range water reducers should not be used without first testing trial batches.

• Rapid Set Hydraulic Cement Mortar/Concrete

All materials should be prequalified with laboratory testing and a minimum of 1 year field
testing. Rapid set hydraulic cement/mortar should meet the following requirements:

1. Minimum of 30 minutes time to initial set as tested by ASTM C 403, Standard
Test Method for 7_me of Setting of Concrete Mixtures by Penetration
Resistance. The mixture shall have sufficient workability to allow placement
and consolidation before initial set.

2. Field-cured cylinders should have a minimum compressive strength of 1,200
psi (13.8 MPa) at 2 hours.

3. Expansion/shrinkage should be tested in accordance with ASTM C 157,
Standard Test Method for Length Change of Hardened Hydraulic Cement
Mortar and Concrete. The following allowances are recommended (18):

Cured in water +0.20%
Cured in air -0.20%
Difference between curing in air and water 0.30%

4. Freeze-thaw durability should be tested in accordance with ASTM C 666,
Standard Test Method for Resistance of Concrete to Rapid Freezing and
_mwing. The specimens should maintain at least 80% of their relative
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dynamic modulus of elasticity after 300 cycles of testing.

5. The material shall not contain any other form of chloride.

6. The product shall be used before its recommended shelf life expires.

Note: No on-site testing is required for prepackaged,approved rapid-set materials. Most
products require EXACT measurement of liquid components; the manufacturer's directions
should be strictly followed. If aggregate is to be added to prepackaged mortars it should be
preweighed.

• Polymer Concrete

Two systems of polymer concrete are generally employed; epoxy resin with curing agents or
high-molecular-weight methyl methacrylate with promoters and initiators.

Epoxy Resin Systems. The epoxy system should conform to ASTM C 881, Standard
Specification for Epoxy-Resin-Base Bonding Systemsfor Concrete. A type III system should
be used with a grade and class that will meet the job requirements.

Epoxy mortar/concrete generally consists of four to seven parts dry silaceous aggregate to
one part resin by weight. The maximum aggregate size should be less than 0.50 in. (1.3
cm). Aggregate passing the #100 sieve is generally excluded. The aggregate should
preferably be oven dry, and in no case should it have a moisture content greater than 0.5 %
(19).

The two epoxy resin components should be thoroughly mixed to a uniform color before the
addition of the aggregate. The quantity of each component specified by the manufacturer
should be strictly followed. Epoxy mortar/concrete should be mixed in shallow pans or
conventional concrete mixers. The epoxy mortar/concrete should be placed into a dry repair
cavity primed with a coat of neat resin.

The chemical reaction between the resin components is exothermic (produces heat). The
time of set of the epoxy concrete will be affected by air temperature, deck temperature, and
the mass of the patch material. The rate of hardening will be significantly reduced at
temperatures below 70*F (21"C). The reaction may be accelerated by heating the repair
cavity before placing the concrete. Care must be taken because too much heat causes
flashsetting.

Tools used for mixing and placing should be disposable if possible. If not, they should be
cleaned with an organic solvent recommended by the manufacturer.

Caution should be exercised when handling epoxy compounds. Epoxies can cause
sensitization, which may lead to dermatitis. Care should be used to avoid contact with skin
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and eyes. Goggles, gloves, and protective clothing should be worn. Epoxies should only be
used in well-ve_atilated areas.

More information on the use of epoxy mortar/concrete can be obtained from ACI 546.1R,
Guide for Repair of Concrete Bridge Superstructures, chapter 6 (19), and ACI 503.4,
Standard Specification for Repairing Concrete with Epoxy Mortars (20).

Methyl Methactylate Concrete. The binder consists of high-molecular-weight methyl
methacrylate (Iq_MA) monomer that is polymerized in place. Initiators and promoters are
added to start polymerization to accelerate polymerization, respectively. I-IMMA is
preferred, since it is less flammable than other methyl methacrylate monomers. Other
advantages of HMMA are low viscosity, high bond strength to concrete, and relatively low
cost (19). Both user-formulated and prepackaged systems are available.

The quantity of HMMA monomer to be mixed should be divided into two equal portions.
The entire requ:ired quantity of initiator should be thoroughly mixed with half the monomer,
and the entire required quantity of promoter mixed with the other half of the monomer.
Then the two l_3rtions of monomer should be blended. The monomer should be mixed in
clean, electrically grounded containers. Mixing should be conducted with nonsparking
paddles powered by explosion-proof motors. Mixing should be conducted in a well-
ventilated area out of direct sunlight. A class B fire extinguisher should be present during
mixing and placing (20).

Once the HMM_ components are mixed, the mixture can be poured over preplaced
aggregate or mixed with aggregate and placed as a concrete. The aggregate should conform
to ASTM C 33. The maximum aggregate size should be less than 0.50 in. (1.3 cm). The
aggregate should preferably be oven dry, but in no case should the moisture content exceed
0.50% (19).

More information on the use of HMMA mortar/concrete can be obtained from ACI 546.1R,

Guide for Repair of Concrete Bridge Superstructures, chapter 6 (19).

3.3.5 Deck Overlays

• Description

Overlays are used to restore the deck riding surface to as-built quality and to increase
effective cover over the reinforcing steel. Overlays discussed in this section include latex-
modified concrete (LMC), low-slump dense concrete (LSDC), and hot-mix asphaltic concrete
with a preformed membrane (HMAM). These overlays are considered repair methods
because the sound, chloride-contaminated concrete is left in place. The overlay has some
influence on the service life of the repair, but the amount and degree of the chloride-
contaminated concrete left in place remains the most important factor.
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• Limitations

LMC, LSDC, and HMAM overlays may increasethe dead load and thus decrease the live
load capacity of the bridge. The influence of the overlay on the live load capacity of the
bridge must be evaluated before one of these overlay systems is specified.

Also, LMC, LSDC, and HMAM overlays should not be placed on decks where the existing
concrete may be susceptible to alkali aggregate reactions (silica or carbonate) unless a low-
alkali cement is used or other preventive measureshave been taken.

• Estimated Service Life

The estimated service life of repair overlays is governed by the area and chloride content of
the chloride-contaminated concrete left in place. Since the primary factor that influences the
decision to overlay a bridge deck is the extent of surface damage, the chloride-contaminated
concrete left in place is similar for the various environmental exposure conditions. It just
takes longer for a bridge deck in a mild environment to reach the end of its functional
service life than for a deck in a severe environment. Thus, the service life for repair
overlays is similar for all environmental exposure conditions. The exceptions are the
HMAM repair overlays. The HMAM overlays tend to increase the moisture content of the
concrete and thereby increase the average annual corrosion rate. Table 3.5 summarizes data
on the service life of these overlays.

Table 3.5 Service Life of Repair Overlays

Overlay Type Service Life, Years

LSDC 22 - 26
LMC 22 - 26

HMAM 10- 15

• Estimated Price

The price of LSDC overlays was determined from an analysis of bid prices. The price
includes all labor, materials, and equipment necessary to place, finish, and cure a 2 in. (5
cm) LSDC overlay. Note that the price is for an LSDC overlay placed, finished, and cured
on a prepared concrete surface. The price does not include the other work normally
associated with overlays, such as replacing expansion joints, patching deteriorated (spalled
and delaminated) areas, milling the top 0.25 to 0.50 in. (0.63 to 1.27 era), wetting the
surface to be overlaid, and ramping up to and down from the new elevated riding surface.

The price of LSDC overlays is influenced by job quantity and the number of bidders, and
can be determined from the following relationship:
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y = 31.90 + (8.82 x lO-5)X+ [(22,200)/(X°_9_)]

where y = Predicted national adjusted price ($/yd2)

X = Job quantity (yd2) times number of bidders

For two bridges with a total of 1,800 yd2 and four expectedbidders, the price is $36/yd2
($43/m2) for an LSDC overlay.

The price of LMC overlays was determinedfrom an analysis of bid prices. The price
includes all labor, materials, and equipmentnecessary to place, finish, and cure an overlay
1.25 - 1.5 in. (18 to 3.81 cm) thick on a preparedconcrete surface. It does not include other
work items normally associated with overlays.

The price of LMC overlays is influencedby job quantityand the numberof bidders, and can
be determinedfrom the following relationship:

y = 32.79 + (2.6 x 10-5)X+ [(2246.05)/(X°_)]

where y = Predicted national adjustedprice ($/yd2)

X = Job quantity (yd2) times numberof bidders

For two bridges with a total of 1,800 SY and four expected bidders, the price is $38/yd2
($45/m 2) for an LMC overlay.

The price of HMAM overlays was determined from an analysis of bid prices. The price
includes all labor, equipment, and materials necessary to furnishand place sheet membranes.
It does not include the price of hot-mix asphalt (HMA) because of the large fluctuations in
the price of HMA. Nor does the price include the other costs of work items normally
associated with a repair HMAM overlay.

The price of H_M_AMoverlays is influenced by job quantity and can be determined by the
following relationship:

y = 9.781 + (-0.0001692)X + [(3,978,400)/(X3I°°)]

where y = Predlictednational adjusted price ($/yd=')

X = Jobquantity(yd2)

Fortwobridgeswithatotalof1,800yd2,thepriceis$9.50/yd2($11/m2)forasheet
membrane.
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3.3.6 Construction Procedure: Portland Cement-Based Overlays

The following describes the construction procedures, quality assurance, construction
inspection, and material performance specifications for the application of LMC, and LSDC.

• Scarification and Removal of Unsound Concrete

The entire deck surface to be overlayed should be scarified to a depth of 0.5 in. (1.3 em) see
chapter 6 for more information. Following scarification , the site engineer should sound the
deck using a drag chain and hammer to delineate the areas of unsound concrete. Bituminous
patches and areas of unsound concrete should be removed and patched with PCC as outlined
in section 3.3.2. The patched areas should be textured to improve the overlay bond. The
repaired areas should be allowed to cure for a minimum of 48 hours before placing the
overlay. Dormant, visible cracks should be sealed using epoxy injection.

• Substrate Preparation

The deck surface to be overlaid should be gritblasted or shotblasted to remove laitances and
any residues, then air blasted to remove dust and debris. The air compressor used for grit
and air blasting should have oil and water traps installed.

At least 12 hours (preferably 24 hours) before overlay, the deck should be saturated with
water and covered with 4 rail (100 gin) polyethylene sheeting. The deck substrate should be
saturated surface dry at the time of overlay; all standing water should be removed.

Blocking should be placed to provide for expansion joints at the same location as existing
expansion joints (21).

Screed rails should be installed so that the finishing machine will provide the minimum

overlay thickness as specified in table 3.6. The supports for the rails should be adjustable;
shims should not be used to adjust rail heights. A dry run should be performed to ensure
that the finishing machine provides the minimum overlay thickness.

Table 3.6 Minimum Overlay Thickness

Overlay Type Minimum Thickness (in.)

LMC 1.5

LSDC 2.0

Note: 1 in. = 2.54 cm
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• Placement and Consolidation

The overlay concrete should be mixed at the site using a mobile mixer. A pan is to be
placed under the truck to catch leaking oil. Before placement, a trial batch should be
prepared in the presence of the site engineer to test the calibration of the mixer. Sufficient

mobile mixers should be present on the site to allow the continuous placement of the overlay
without delay.

A bonding grout should be thoroughly brushed into the substrate immediately in front of the
finishing machine. The grout can be obtained by brushing the coarse aggregate out of a
portion of the overlay concrete. The excess coarse aggregate should be discarded. If
sufficient grout c_annotbe obtained, an acceptable grout can be produced by blending equal
parts cement and concrete sand with enough water to produce a stiff grout. Care must be
taken to prevent the bond grout from drying before the placement of the overlay concrete. If
drying is allowed to occur, a temporary construction dam should be placed and the dried
bonding grout removed by grit blasting.

The overlay concrete should be placed approximately 0.25 in. (0.6 cm) above final grade.

The overlay concrete should be consolidated and finished using a finishing machine. The
self-propelled finishing machine should be equipped with screw augers, vibratory plates, and
one or more rotating steel cylinders. The machine should be capable of spanning the entire
placement transversely (22). Spud vibrators and hand tools should be used as necessary
along the screed rails and for any deep pockets. A burlap or carpet drag can be used to
texture the surface.

A lightweight catwalk should follow the finishing machine to allow hand finishing, inspection
for levelness, and inspection for density of LSDC overlays and to allow placement of curing
materials.

• Curing

Within 30 minutes of placement, the fresh concrete should be covered with a single layer of
clean, damp burlap. The edges of the burlap should be overlapped 4 in. (10 cm). LSDC
overlays should be continually misted for the first 24 hours of curing and then covered with
white polyethylene sheeting. Curing shall be maintained for the minimum times shown in
table 3.7. Curing hours should be defined as hours for which the temperature is greater than
45°F (7°C). The overlay concrete should be protected with insulated blankets if the
temperature is predicted to drop below 45°F (7°C) (21, 22).
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Table 3.7 Minimum Curing Times

Overlay Type Minimum Curing Time (hours)

LMC 48

LSDC 168"
II

"72 hours may be acceptable if traffic conditions warrant

• Skid Resistance

Following 14 days of curing, grooves shall be sawed transverse to the center line. The
grooves should be approximately 0.2 in. (0.55 cm) deep and 0.13 in. (0.3 cm) wide, spaced
0.75 in. (1.9 cm) on center. Grooves should terminate within 12 in. (30 cm) of the parapet
or curb (36).

More information can be obtained from ACI 546.1R, Guide for Repair of Concrete Bridge
Superstructures (19) and ACI 548.4, Standard Specification for Latex-Modified Concrete
(LMC) Overlays (21).

3.3. 7 Quality Assurance/Construction Inspection: Portland Cement-Based
Overlays

The following should be considered the minimum inspection requirements to ensure a quality
overlay. More than one inspector should be present when the overlay is being placed.

• Scarification and Removal of Unsound Concrete

Following the completion of the milling, inspection for delineation and repair of unsound
areas should be conducted as described in section 3.3.3.

• Substrate Preparation

In assessing deck preparation, the inspector should determine the following:

1. Ensure that the deck is free from all latencies, organic residues, and debris.

2. Ensure that the substmte is in a saturated surface dry condition and free from
standing water.

3. Ensure that the screed mils are properly adjusted to provide the minimum
overlay thickness over the entire deck area to be overlaid, and that the
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finishing machine is clean and functioning properly.

• Placement and Consolidation

The inspector should account for the following before and during each placement as
applicable:

1. I_eforeplacement, a trial batch should be prepared to ensure that the specified
slump and air content can be obtainedwith the job materials and mixture. For
LMC overlays, the inspector should obtaincertification of compliance with
FHWA Notice 5140.15, July 1978, for each batch of latex delivered to the job
site. The solids contentof each batch of latex is determined using ASTM D
1417.

2. Ensure proper proportioning of ingredients by calibrating the mobile mixer.
Yield should be checked once a day.

3. Ensure that sufficient mobile mixers are present to allow continuous
placement. Slump tests (ASTM C 143), total air-content measurements
(ASTM C 231), and a minimum of six compressive-strength cylinders should
be;prepared from each batch. Slump tests should be performed five minutes
after mixing.

4. Monitor the air temperature, concrete temperature (ASTM C 1064), relative
humidity, and wind velocity. Overlays shall not be placed under the following
conditions:

• Air temperature is below 50*F (10°C)

• Evaporation rate exceeds 0.10 lb/ft2/hr (0.49 kg/m3/hr) as determined
by ACI 305R (23)

Overlays shall be placed at night when the daytime air temperature is above
85°F (29°C).

5. Monitor the application of the bond grout and ensure that the overlay concrete
is placed before the grout is allowed to dry.

6. Check the levelness requirements of the finished overlay using a 10 ft (3 m)
straightedge.

7. Ensure that LSDC overlays achieve 98% of the theoretical maximum density
(ASTM C 138) as tested by a nuclear density gauge in direct-transmission
mcxle (24). Concrete failing to meet the required density should be revibrated.
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If the overlay concrete fails to meet the requireddensity after revibration, it
shouldbe removed and replaced.

• Curing

The site inspector should monitor the overlay during the curing period to ensure that it is
maintainedat a temperaturein excess of 45°F (7°C) and uniformly saturated;membrane-
forming curing components are not acceptable.

Following the curing period, the entire overlay should be sounded with a drag chain and
hammer to ensure bond. The surface of the overlay should be inspected for cracking. All
unsound areas should be repaired by the contractor.

3.3.8 Material Performance Specifications: Portland Cement-Based Overlays

• Latex-Modified Concrete

Latex admixture conforming to the prequalification standards of FHWA Notice 5140.15, July
1978, should be added at a minimum rate of 18.9 gal/yd3 (94 L/m3).

The following materials and proportions are recommended (25):

1. Cement type and content, ASTM C 150 type I or II, 658 lb/yd3 (390 kg/m3)

2. Maximum water/cement ratio 0.40

3. Aggregates, ASTM C 33, with a maximum aggregate size of 0.5 in. (1.3 cm)

4. Total air content, maximum 6.5 %

5. Slump, range 4 to 6 in. (10 to 15 era)

6. Minimum compressive strength 4,500 psi (31 MPa) at 28 days

Air-entrainment agents should not be used.

• Low-Slump Dense Concrete

The following materials and proportions are recommended (26):

1. Cement type and content, ASTM C 150 type I or II, 823 lb/yd3 (488 kg/m3)

2. Maximum water/cement ratio 0.33
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3. Aggregates, ASTM C 33, with a maximum aggregate size of 0.50 in. (1.3 cm)

4. Plastic air content 6% to 7 %

5. Slump, maximum 1 in. (2.5 era)

A high-range water-reducing admixture (superplasticizer) should be added to iraprove
workability.

3.3.9 Construction Procedure: Hot-Mix Asphalt Preformed Membrane

Overlays

Deck surfaces should be prepared as described in ,section3.3.6 with the following changes:

1. The deck surface shall not be wet to a saturated surface dry condition before
overlay.

2. PCC repair patches shall be allowed to cure for a minimum of 14 days before
the application of the primer.

• Primer Application

The primer should be thoroughly mixed according to the manufacturer's directions. It should
be applied to the deck surface using the method and rate specified by the manufacturer. The
primer should be allowed to dry to a tack-free condition before the application of the
membrane.

• Membrane Application

The following practices are recommended for membrane installation (27, 28):

1. The membrane should be installed in a shingled pattern to allow water to drain
to low areas of the deck and prevent it from accumulating at the seams.

2. The edges of the membrane should be overlapped a minimum of 2 in. (5 era)
and the ends overlapped a minimum of 6 in. (15 era). Joints should be
staggered.

3. The membrane should be rolled into place using a linoleum roller. Care
should be taken to eliminate air pockets. Any air blisters greater than 3 in. (8
cm) in any dimension remaining after completion of installation should be
]puncturedwith a sharp pointed object like an ice pick and the air forced out.
The area surrounding the puncture should be coated with mastic and a
:membrane patch applied.
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4. The edges of the membraneshould be sealed with a compatible mastic or
polyurethanesealer.

• Hot-Mix AsphaltOverlay

The specified HMA overlay shouldbe applied within2 days of the application of the
membrane. The overlay shall be applied at the temperaturespecified by the membrane
manufacturer. The bottom course of the overlay shall be compacted using a rubber-tiredor
rubber-tracked paver to prevent damage to the membrane(28). If additional large air blisters
develop during the overlay application, they should be punctured as describedabove.

3.3.10 Quality Assurance�Construction Inspection: Hot-Mix Asphalt
Preformed Membrane Overlays

• Surface Preparation

The preparationof the substrateshill be inspectedas described in section 3.3.7.

• MembraneApplication

The site inspector should monitor the following:

1. Ensure that the deck is properly prepared to receive the membrane.

2. Ensure that the deck is properly primed.

3. Inspect seams for minimumoverlapand proper sealing.

4. Ensure that all bubblesand blistersare properlypuncturedand sealed.

• Hot-Mix Asphalt Overlay

Inspection specifications for the application of HMA are beyond the scope of this report.
However, the site inspector should ensure that the asphalt is placed and compacted so as to
prevent damage to the membrane and that the laydown temperature is consistent with the
manufacturer's recommendations.

3.3.11 Material Performance Specifications: Hot-Mix Asphalt Preformed
Membrane Overlays

Currently,there are no standardspecifications for preformed membranes. The productsused
are generally composite laminates of bitumens and synthetic fabricor mesh. Both Maine
(27) and Vermont (28) specify productsmanufacturedby W.R. Grace, Protecto Wrap Co.,
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and Royston Laboratories, Inc. The primerrecommended by the manufacturer should be
used in the placement of the membrane.

Specifications for the HMA wearing surface are beyond the scope of this report.
Consideration should be given to the stabilityof the mix design so that deformationwill
neither damage the membrane nor become the limiting factor in the life of the HMA
preformedmembraneoverlay system.

3.3.12 Superstructure and Substructure Patching

Patching involw:s methods used to restore the structuralintegrity and appearance of
deteriorating concrete bridge substructureand superstructureelements such as piers, pier
caps, diaphragms, beams, and abutments. The depth of the patch may be shallow (to the
level of the reinforcing steel) or deep (a minimum of 0.75 in. (19 mm) below the first layer
of reinforcing steel. Patching materials may be PCC, quick-set hydraulicmortar/concrete, or
polymer mortar/concrete. In the case of deterioration caused by corrosion of reinforcing
steel, patching raaterial is normally limited to PCC. Thus only cast-in-placePCC and
shotcrete will be discussed.

3.3.12.1 Cast-in-Place Portland Cement Concrete

• Description

PCC is used to backfill the prepared cavities of corrosion damaged concrete members. The
damaged concrete is normally removed to a depth of 0.75 in. (1.9 cm) below the first layer
of reinforcing steel.

• Limitations

Substructure anti superstructure patches have a relatively short service life because they do
not address the cause of the deterioration mechanism, corrosion of the reinforcing steel, but
merely the symptom.

In patching these structural elements, consideration must be given to the influence of the
amount of concrete removal on the reduction of the structural capacity of the structure
remaining in place after removal.

• Estimated Service Life

The service life of substructure and superstructure PCC patches is somewhat dependent on
the type of patch (shallow or deep) and whether the leaking deck joints are successfully
repaired. The best estimate of service life of substructure and superstructure PCC patches is
5 to 10 years for elements exposed to either splash and spray or melt water runoff.
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• Estimated Price

The price was determined from an analysis of bids and includes aU labor, materials, and
equipment required to remove the unsound concrete, prepare the concrete surface, repair or
replace damaged reinforcing steel, and place, finish, and cure the concrete.

Substructure and superstructure patching vary a great deal in complexity, location, and
accessibility. The price is influenced mostly by depth and quantity. The foUowing
relationships may be used to determine the price of shallow and deep structuralpatches:

y = 487.17 �(-0.36689)X �[(291.233)/(X°'su4)]

where y - Predicted national adjusted price ($/yd_) for shaLLowstructuralpatch work

X = Job quantity (yd2)

y = 613.13 �(-0.02657)X �{(3327.83)/(X291ss)]

where y = Predicted national adjusted price ($/sy2) for deep structuralpatch work

X = Job quantity (yd2)

For a 50 ydz job quantity, the prices for shallow and deep structuralpatches are $481/yd2
($575/m2) and $612/yd2 ($732/m2), respectively.

3.3.12.2 Shotcrctc

• Description

Shotcrete (also caned Gunite) is a pneumatica_11yapplied portland cement mortar/concrete
used to patch substructureand superstructure elements. The damaged concrete is normaUy
removed to a depth of 0.75 in. (1.9 cm) below the f'n'stlayer of reinforcing steel.

• Limitations

Shotcrete repair methods do not address the cause of the corrosion deterioration but merely
the symptoms. Thus the service life of the shotcrete repair is limited.

The removal of large quantifies of damaged concrete at one time may cause a reduction of
structural capacity that needs to be considered.

Quality is highly variable and is generally operator dependent. Test panels of application
should precede work on the structure.
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• Estimat_:lService Life

The best service life estimate for shotcrete repairsof substructureand superstructure
elements exposed to either spray and splash or melt water runoff is 10 to 15 years.

• Estimat_J Price

The followingprice relationshipforshotcretestructuralrepairswasdeterminedfroman
analysisofbidprices.Thepriceincludesallmaterials,labor,andequipmentrequiredto
preparethesurfacetoreceivetheshotcrete,repairorreplaceanydamagedsteel,reinforcing,
attach wire fabric to the structuralelement, and apply the shotcrete. The price is influenced
greatly by job quantity and can be determinedfrom the following relationship:

y = 3,610.06+ (-6.118)X+ [(18,820)/(X_'Ssx)]

where y = Predicted adjustednational price for shotcrete structuralrepairs ($/yd3)

X = Job quantity (yd3)

For 15 yd3 of shotcrete structural repair, the price is $3,640/yd 3 ($4,770/m3).

3.3.13 Construction Procedure: Superstructure and Substructure
Patching with Cast-in-Place PCC

Patching of superstructure and substructure components should be conducted as described in
section 3.3.2 with the following modifications:

* Delineation of Areas to Be Removed

Unsound concrete should be located by sounding with a hammer. Delineation should be
conducted as described in deck patching.

• RemovalofUnsoundConcrete

Unsound concrete should be removed to a depth of 0.75 in. (1.9 cm) below the level of the
fu'st layer of reinforcement. Care should be taken to maintain the structural capacity during
concrete removal.

• Preparation of Repair Cavity

The cavity should be prepared as outlined in section 3.3.2. Formwork specifications are
beyond the scope of this report. However, the following should be considered to ensure a
good bond:
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1. Formwork shall be sufficiently anchored and braced tO prevent bulging.
Concrete will act as a fluid and exert hydrostaticpressure on formwork before
curing.

2. Formwork should be designed so that the fluid concrete has sufficient head tO
fill all voids and bond tOthe substrate,especially when repairingoverhead
surfacessuchasthebottomofpiercaps.

More informationon formworkcanbeobtainedfromACI 347R,GuidetoFormworkfor
Concrete (21).

• AppLicationof Bonding Agents

Formwork requirements preclude the use of bonding compounds for superstructure and
substructure repairs.

• Curing

Positive steps should be taken to provide moist curing to superstructure and substructure
repairs. Minimum requirements include keeping forms cool and moist and draping exposed
areas with wet burlap. Formwork should be left in place for a minimum of seven days for
repairs that are not moist-cured. Immediately after the removal of such formwork, a curing
membrane should be applied to maintain the internal humidity of the repair concrete.

3.3.14 Quality Assurance Inspection: Superstructure and
Substructure Patching with Cast-in-Place PCC

All the items outlined in section 3.3.3 will be used, with the following additions:

1. Equipment used for transporting concrete at the job site should be inspected
before the fn'st placement to ensure that appropriate measures have been taken
to prevent segregation as outlined in ACI 304R, Guidefor Measuring, Mixing,
Transporting, and Placing Concrete (22).

2. All patches will be sounded after the removal of forms tO check for adequate
bond and voids. Unsound, voided, or honeycombed areas should be removed
and replaced.

3.3.15 Material Performance Specifications: Superstructure and
Substructure Patching with Cast-in-Place PCC

Repair concrete for superstructure and substructure components should be designed as
outlined in section 3.3.4 using PCC. The following additional criteria shall be considered:
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1. Concrete mixturesshould be proportionedwith a slump of 3 to 4 in. (8 to 10
cm) as tested by ASTM C 143 and may requirea high-range water reducer.

2. The lower water/cementratio used for the repairconcrete will typically
produce a patch darker than the surroundingconcrete. White cement can be
blended into the repairconcrete to producea color that matches the existing
concrete.

3. The mix design shouldprovide a minimum compressive strength of 4,500 psi
(31 MPa) at 28 days.

4. Exceeding the maximumwater/cementratio (0.42) is strictly forbidden.
C,oncrete not meeting consistency requirementsshould be refused.

3.3.16 Construction Procedure: Superstructure and Substructure

Patching with Shotcrete

Shotcrete can be applied as a wet or dry mix. Superstructureand substructurerepairs are
most commonly carried out using dry-mix mortar. Patching of superstructureand
substructurecomponents should be conducted as described in section 3.3.13, with the
following modifications:

• Removal of Unsound Concrete

Unsound concrete should be removed to a depth of 0.75 in. (1.9 cm) below the level of the
first layer of reinforcement. After removal, the remaining concrete should be sounded with a
hammer to ensure that all unsound concrete was removed. Care should be taken to maintain
structural integrity during concrete removal. The saw-cut edges of the repair cavity should
be tapered to a 45 degree angle to reduce rebound and improve bond.

• Preparationof Repair Cavity

The cavity should be preparedas outlined in Section 3.3.2. Formwork is generally not
requiredfor shotcrete repairs. To prevent debondingand limit development and depth of
cracking, the us_ of welded wire fabric is recommended(15). Fabric reinforcement should
conform to ASq._VIA 185, galvanized, welded straight-line 12 gauge wire, spread2 in. (5
cm) in each direction (2 x 2/W0.9 x W0.9). The wire fabric should be provided with a
minimum clear cover of 1 in. (2.5 cm). The wire fabricshould be anchored with 0.25 in.
(0.6 cm) expansion bolts placed 20 in. (51 era)on center (15). Finally, an 18 to 20 gauge
wire should be stretched across the cavity to act as a grade line. The grade line aids the
nozzle operator in determining when the repairis flush with the surroundingconcrete.
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• Application of Bonding Agents

Bonding agents are generally not recommended for shotcrete applications. However, the
repair cavity and surrounding substratc surface should be wetted to a saturated surface dry
condition before placement of the shotcrete, to prevent the substratc from drawing moisture
out of the repair patch.

• Placement

The following should be considered for the successful application of shotcrete:

1. An experienced crew is required for the successful application of shotcrete.
ACI 506.3R provides specifications for the certification of the nozzle operator
(29).

2. Equipment should meet specifications outlined in ACI 506R (30).
Compressed-air sources should be fitted with oil and water traps to prevent
contamination.

3. The nozzle should be kept nearly perpendicular and approximately 2 to 4 ft
(0.6 to 1.2 m) from the repair surface. When encasing reinforcing steel, the
nozzle should be held closer and at a slight angle to minimize the accumulation

of rebound. Exceptional care must be taken when encasing reinforcing steel
bars larger than #5 with shotcrete (25).

4. The application of a single layer of shotcrete is preferable to prevent cold
layers, each joints. However, overhead surfaces may require the application
of multiple layers, each 1 to 2 in. (2.5 to 5 cm) thick, to prevent sagging.
Vertical cavities should be filled from the bottom up.

5. Material that ricochets off the repair surface is termed rebound. An airblast
should be used to remove this material, primarily aggregate, from adjacent
cavities and sound concrete. Rebound material should not be reused.

6. More information on the application of shotcrete can be obtained from ACI
506R, Guide to Shotcrete (30).

• Curing

Because of to the high cement contents typically used in shotcrete, curing is exceptionally
important, especially for dry-mix shotcrete. Seven days of moist curing should be provided
using wet burlap covered with polyethylene sheeting or sprinkling.
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3.3.17 Quality Assurance�Construction Inspection: Superstructure and
Substructure Patching with Shotcrete

All the items oul_ned in section 3.3.3 should be followed, with the following additions:

1. Shotcrete crews should be prequalifiedfor the repairwork. Test panels a
minimumof 4 in. (10 cm) deep should be shot for each position (vertical,
overhead, etc.) to be encountered. The test panels should be prepared
according to ASTM C 1140, Standard Practice for Preparing and!Testing
Specimens from Shotcrete Test Panels. The test panels should contain
reinforcementsteel of the size and spacing to be encountered during the repair.
Cores 4 in. (10 era) in diameter should be cut from the cured test panels and
tested for compressive strength. Compressivestrength measurementsshould
Ix,'corrected for their length-to-diameterratio as outlined in ASTM C 42,
Standard Test Method for Obtaining and Testing Drilled Cores and Sawed
Bewns of Concrete. A minimumcompressive strength of 5,000 psi (34.5
M:Pa)is recommendedat 28 days (31). Additionally, tests for splitting tensile
st_mngth,bond strength, chloride permeability, and flexural strength may be
performed (31).

2. "Eaesite inspector should ensure that the curing requirements are strictly
enforced. Drying shrinkage cracking is typically higher for shotcrete (0.06%
to 0.10%) than for conventional concrete (30). Failure to provide proper
curing will result in an inferior repair.

3. All patches should be sounded after curing to check for adequate bond and
wilds. Unsound, voided, or honeycombed areas should be removed and
replaced.

4. Shotcrete should not be placed under the following conditions:

• High winds

• Temperatures below 40°F (4°C)

• Rain or threat of rain

3.3.18 Material Performance Specifications: Superstructure and
Substructure Patching with Shotcrete

Shotcrete can be applied as either a wet-mix or a dry-mix process. Since it is not feasible to
air-entrain the dry-mix process, this method is not recommended for elements exposed to
moist freezing and thawing conditions.
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• Materials

Cement should be ASTM C 150 type I or II; white cement can be blended in for aesthetic
reasons.

Aggregate should conform to ASTM C 33, with a 0.5 in. 0.3 cm) maximum aggregate size.

Calcium chloride should not be used as an accelerating admixture.

Air-entraining admixtures should be used with wet-mix process exposed to freeze-thaw cycles
to produce a total air content of 5 % to 7%.

Information on the prequalification of materials can be obtained from ACI 506.2R,
Specification for Materials, Proportioning, and Application of Shotcrete (32).

• Proportioning Wet-Mix Process Shotcrete

Wet-mix shotcrete can be proportioned using the procedures outlined in ACI 211.1, Standard
Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete (33). The
shotcrete can be batched at a batch plant and transported to the site by a transit mixer or
batched and mixed at the site. The following are recommended:

1. Slump 1.5 to 3.0 in. (3.8 to 7.6 cm)

2. Cement content 658 lb/yd 3 (390 kg/m 3)

3. Maximum water/cement ratio 0.40

• Proportioning Dry-Mix Process Shotcrete

There is currently no rational procedure for designing dry-mix shotcrete. However, the
following may be used as guidelines:

1. The cement/aggregate ratio should be in the range of 3:1 to 4:1 (29).

2. The aggregate gradation shown in table 3.8 is recommended for most typical
pressure mortar repair applications (30). However, for very large repair areas
a slightly coarser gradation can be used to help control drying shrinkage.
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Table 3.8 Recommended Aggregate Gradation for Mortar

Sieve Size 03.S. standardsquaremesh) Percentby Weight Passing IndividualSieves

318 in. (10 ram) 100

No. 4 (4.75 mm) 95-100

No. 8 (2.4 mm) 80-100

No. 16 (1.2 ram) 50-85

No. 30 (600/_m) 25-60

No. 50 (300/_m) 10-30

No. 100 (150 #m) 2-10

3. The aggregate moisture content should be between 6% to 8% to prevent
dusting (30).

4. The mix water is added at the nozzle and gaged by the nozzle operator. The
amount of water added should not exceed a water/cement ratio of 0.40.

3.3.19 Superstructure and Substructure Encasement/Jacketing

• Description

Encasement is used on badly deterioratedcolumns or piers to restore their structural
capacity. The damaged concrete is removed, and concrete is placed to fill the cavities and
provide a layer of concrete over the as-built structuralconcrete element, completely encasing
the element.

For badly deteriorated abutmentsand wing walls, a concrete jacket is provided to restore the
structural capacity of these elements. The damaged concrete on the exposed face is
removed. Concrete is placed to fill the removed concrete cavities and cover the as-built
concrete face.

• Limitations

Repair encasements and jackets do not address the cause of the corrosion deterioration and
thus have a reduced service life. How removing a large portion of concrete affects the
structural integrity of the element during construction must also be considered.
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• Estimated Service Life

The best estimated service life for the encasement andjacket repairmethods is 10 to 20
years, regardless of the exposure condition (splash and spray or melt water runof0.

• Estimated Cost

Cost was determined by standard engineering estimating procedures. Cost was influenced by
the scale of the work and thus is not influenced by quantity for the quantity ranges expected
in practice. The estimated national adjusted unit cost for encasement and jacketing work is
$354/yd2 ($423/m2)and $716/yd2 ($856/m2), respectively.

The encasement cost includes removing damaged concrete, cleaning concrete surfaces,
sandblasting reinforcing steel, installing an epoxy-coated re.bar cage, setting forms, placing
and curing concrete, and stripping forms. The thickness of the concrete encasement layer is
6 in. (15.2 cm).

The jacket cost includes excavating as necessarytoexpose the deteriorated face concrete,
removing damaged concrete, drilling and setting lag studs for form and reinforcement
support, installing epoxy-coated welded wire fabric, setting forms, applying epoxy bonding
compound, placing and curing concrete, removing forms, and replacing excavated material.
The thickness of the concrete jacket is 8 in. (20 cm).

3.3.20 Construction Procedure: Superstructure and Substructure
En casem ent/Jacketing

Procedures used to encase badly deteriorated columns, piers, or piles in a manner that
restores their load-carrying capacity will be termed encasement. Procedures used to face
badly deteriorated abutments or wing walls in a manner that restores their structural capacity
will be termed jacketing.

• Delineation of Areas to Be Removed

Unsound concrete should be delineated by sounding with a hammer. Areas to be removed
need not be outlined with a saw cut, since the entire periphery of the component will be
encased or jacketed.

• Removal of Unsound Concrete

Unsound concrete should be removed using pneumatic breakers of less than 35 nominal
pounds(15.9kg).Pneumaticbreakersshouldbefittedwithbull-pointchisels(pointed).
Smallhandchisels,15pounds(6.8kg),shouldbeusedtoprovideclearancearound
reinforcingbars.Thepneumaticbreakersshouldbeoperatedatananglenogreaterthan45
degrees to the substrate.
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Though the removal of soundconcrete to a minimumdepth of 0.75 in. (1.9 cm) around the
peripheryof the bar is not necessary to provide an adequatebond, it is highly recommended
for corrosionabatement. Special care shouldbe taken to ensure that the structuralintegrity
of the memberis maintainedand that the superstructurecomponentssupportedby the
memberare suitablyjacketed during the repairprocess.

Note that jacketing will require the excavation of the slope wall adjacent to the repairarea.
Appropriate shoring should be provided.

• Preparationof Repair Cavity

Once all the unscmndconcrete has been removed, the cavity should be blasted clean. All
exposed reinforcing steel should be blasted to near white metal (all scale and rust removed).
Reinforcing bars with greater than 25% sectional loss as determined by the engineer should
be lapped with reinforcing bar of equal diameter for 30 bar diameters on either side of the
deterioratedarea. Following the completionof blasting, the cavity should be airblasted to
remove all dust and debris. The compressed-airsource used for blasting should have any
oilers removed and oil traps installed.

• Placement of Reinforcing Steel

Encasement. Minimum reinforcing steel requirements are typically met by constructing a
cage around the column, consisting of #5 (1.6 cm) bars on 6 in. (15 cm) centers vertically
and #4 (1.3 era) tie bars on 9 in. (23 cm) centers horizontally (30). A minimum clearance of
1 in. (2.5 cm) should be provided between the reinforcing cage and the substrate. Standoffs
should be placed to provide a minimum 3 in. (7.6 era) cover over the reinforcing cage.

Jacketing. Minimum reinforcement should consist of 6 in. x 6 in. (15 cm x 15 cm) 6-gauge
galvanized steel wire mesh (6 x 6/W2.9 x W2.9). The wire mesh should be anchored with
0.5 in. (1.3 cm) galvanized expansion bolts placed 20 in. (51 cm) on center, horizontally and
vertically (31). Formwork should be placed to provide a minimum 3 in. (7.6 era) cover
from the wire mesh.

• Formwork

The substrate should be moistened to a saturated condition before placing the formwork.

Encasement. Formwork may consist of metal, wood, fabric, or stay-in-place fiberglass
forms. The bottom of the formwork should be fitted with a neoprene or other compressible
seal. Formwork should be properly sealed to prevent mortar loss.

Jacketing. Formwork should be designed in accordance with ACI 347R, Guide to Formwork
for Concrete (21). The bottom of the formwork should be fitted with a neoprene or other
compressible seal.
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• Curing

Positive steps should be taken to provide moist curing. Minimum requirements include
keeping forms cool and moist and draping exposed areas with wet burlap. Formwork should
be left in place for a minimum of seven days for repairs that are not moist-cured.
Immediately after the removal of such formwork, a membrane-forming curing compound
should be applied to maintain the internal humidity of the repair.

3.3.21 Quality Assurance�Construction Inspection: Superstructure and
Substructure Encasement/Jacketing

All the items outlined under section 3.3.14 will be used, with the following additions:

1. The site inspector shall ensure that structural integrity is maintained throughout
the repair.

2. The site inspector shall ensure that all formwork provides the specified
minimum cover.

3.3.22 Material Performance Specifications: Superstructure and
Substructure Encasement/Jacketing

Repair concrete for encasement and jacketing should be designed as outlined in section
3.3.15. Concrete to be placed under water should have a minimum cement content of 650
lb/yd' (385 kg/ma) (30).

3.4 Rehabilitation Methods

Rehabilitation methods are used to restore a bridge component to an acceptable level of
service and to correct the deficiency that caused the deterioration. For the case of corrosion,
the mechanisms that resulted in the corrosion damage are the diffusion of the chloride ion to
the reinforcing steel and the initiation of the corrosion process. Thus, rehabilitation methods
that address the cause of the corrosion deterioration of existing concrete bridge components
first require that all the sound concrete areas that are actively corroding or critically chloride-
contaminated must be removed.

Actively corroding areas are those areas where the corrosion potential is more negative than
250 mV CSE. Critically contaminated areas are those areas where the chloride content at a
reinforcing steel cover depth equal to the depth of 1% of the reinforcing steel is currently
less than 1.0 lb/yd3 (0.59 kg/m3)and will remain below this concentration if further chloride
ingress is prevented. Corrosion potentials are to be taken on no greater than 2 ft (61 cm)
grid centers. Section 2.4.1.1 presents sample plan criteria for chloride content and cover
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depth. Section 3.2.1.1 presents the method for determiningcriticaUychloride-contaminated
areas.

A physical rehabilitation method, such as low-permeability concrete, addresses the rate of
chloride ion diff_tsionafter the chloride-contaminatedconcrete is removed. A chemical
rehabilitationmethod, such as the use of corrosion inhibitors, influences the chloride
corrosion thresholdcontaminationlevel after the chloride-contaminatedconcrete is removed.

The rehabilitation methods discussed below include deck overlays (LSDC, LMC, and
HMAM) and substructureand superstructurepatchingand encasementJjacketing:methods.

3.4.1 Deck Overlays

• Descripticm

The rehabilitation of an existing corrosion-damaged deck consists of removing and patching
all damaged (spaLled,delaminated), soundbut corroding, and sound but critically chloride-
contaminatedareas and overlaying the patcheddeck with LSDC, LMC, or HMAM.

• Limitations

Reduction in live load capacity due to the increase in dead load from the overlay needs to be
considered. Also, the concrete removal economics must be considered. At some percentage
of surface area removal, the price for removing all the concrete to a depth at least 0.75 in.
(1.9 cm) below the top reinforcing steel layer will be less than that for leaving a portion of
the concrete in place.

Chloride content of the concrete below the removal depth must also be determined. The
chloride content .of the concrete left in place must be low enough so as not to diffuse to and
initiate corrosion of the lower reinforcing steel layer. Methodology presented in section
3.2.1 is to be umxl to assess this condition.

• Estimated Service Life

The service life of rehabilitation overlays is limited by the rate of diffusion of chloride ion
through the LSDC and LMC and the leakage of chloride ions through the membrane of an
HMAM. Thus the overlays are significantly influenced by environmental exposure
conditions (chloride concentration and temperature). Table 3.9 presents the estimated service
life for LSDC, LMC, and I-IMAM overlays in low, moderate, high, and severe chloride
environments. The driving chloride diffusion concentration Co, is 2.0, 6.0, 9.0, and 12.5
ib/yd3 (1.2, 3.6, 5.3, and 7.4 kg/m3) for the low, moderate, high, and severe chloride
exposure conditions, respectively (3).
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• Estimated Price

The estimated price for constructing a rehabilitation LSDC, LMC, or HMAM overlay on a
prepared surface would be the same as the price for constructing a repair LSDC, LMC, or
HMAM overlay on a prepared surface (see section 3.3.5) plus the price for the additional
concrete removal and replacement required for rehabilitation. Concrete removal methods are
presented in chapter 5. However, for a full discussion on the economics of removing
concrete from concrete bridge components, the reader is directed elsewhere (4). Patching
prices are presented in section 3.3.1.

Table 3.9 Esthnated Service Life, Years Environmental Exposure

Overlay Type Low Moderate High Severe

LSDC > 100 35 - 70 30 - 60 25 - 50

LMC > 90 20-35 15-30 15-25

I-INIAM 30 30 25 20

3.4.2 Construction Procedure: Deck Overlays

The construction procedures, quality assurance/construction inspection measures, and
matedal performance specifications are identical to those presented in sections 3.3.5 through
3.3.11, for repair overlays. An economic analysis should be performed to determine the
most effective removal technique as directed in SHRP-S-336, Techniques for Concrete
Removal and Bar Cleaning on Bridge Rehabilitation Projects (4).

3.4.3 Superstructure and Substructure Patching/Encasement/Jacketing

• Description

These rehabilitation methods are the same as the patching and encasement/jacketing repair
methods (see sections 3.3.12 and 3.3.19), except that, as with deck rehabilitation, the sound
actively corroding and critically chloride-contaminated concrete areas axe removed. In
addition, the patched, encased, or jacketed concrete bridge element must be sealed or coated
periodically.

• Limitations

The limitations of the patching and encasement/jacketing rehabilitation methods would be the
same as for the repair techniques; see sections 3.3.12 and 3.3.19.
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• Estimated Service Life

With periodic sealer or coating applications, the estimated service life of the patc!hing,
encasement, and jacketing rehabilitation methods is 50 years.

• Estimated Price

The price for the patching rehabilitationmethods would be the same as for the repair
methods, with the addition of the sealer or coating price. The price for the encasement and
jacketing rehabilitationmethods would be the same as for the repairmethods except for the
additional concrete removal and replacementprice and the price of the sealer or coating.

3.4.4 Construction Procedure: Superstructure and Substructure

Patching/Encasement/Jacketing

The constructionprocedures, quality assurance/construction inspection measures, and
materialperformance specifications are identicalto those presentedin sections 3.3.12 through
3.3.22, for repair'patching, encasement, and jacketing.
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4

Experimental Methods

4.1 Introduction

This chapter presents experimental repairand rehabilitationmethods. The methods are
considered experimental because they are currentlybeing used as a standardmethodby only
a few SHAs or on a limited basis by other SHA's (1) or they were developed (2) and field-
validated (3) under "Concrete Bridge Protectionand Rehabilitation:Chemical and Physical
Techniques," the research project that generatedthis report.

Experimental methods being used by SHAs presentedin this chapter include microsilica
overlays and polymer impregnation. Experimental methods developed and field-vaLidated
under the research project and presented in this chapter include corrosion inhibitor overlays,
corrosion inhibitor impregnation, and patching with corrosion inhibitors. For each method
applied to deck or substructure and superstructureelements, a description, limitations,
estimated service Life,estimated price or cost, and construction procedures and specifications
are presented.

Estimated service Lifeis presented as a range for a given set of environmental exposure
conditions. The service life range represents about 70% of the to-be-repaired and
rehabilitation cases. Thus, 15% of the repair-rehabilitationcases will have a shorter service
life and 15% will have a longer service life. The midpoint of the service life range
represents the average service life and can be used for planning purposes. Because equal
numbers of individual bridges will be above and below the average service life and thus will
average out, the least-cost solutions wiUbe selected. For individual bridge elements, use the
methodologies presented in chapter 2 for estimating service lives.

Except for microsilica overlays, the methods presented in this chapter are used by SRAs on a
very limited basis or were used only during the field validation trial (3). Thus an analysis of
price data for the experimental methods could not be performed, because of the extremely
limited availability of data. Therefore, method costs are presented. The costs were
determined using standard engineering estimating methods. The presented costs are based on
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mid-1991 and r_btionalaverage costs. Complete details on price and cost estimates and
service lives are presented elsewhere (4, I).

4.2 Repair Methods

Repair methods ,do little to stop or significantly retard the corrosion of the reinforcing steel.
Repair methods are used to restore a bridge component to an acceptable level of service.
Only one repair method is presented in this chapter: microsilica concrete overlays for decks.
Silica fume and condensed silca fume are terms also used for microsilica.

4.2.1 Decks: Microsilica Concrete Overlays

• Description

Used as a deck repair method, microsilica concrete (MSC) overlays restore the deteriorated
riding surface to its original service condition. MSC is a low-permeability concrete typically
containing 7 to 12% microsilica by weight of the cement. Because of the extreme fineness
of microsilica, a high-range water reducer must be used to reduce the water and improve
workability. The most common specified overlay thickness is 2 in. (5 cm).

The overlay has some influence on the service life of the repair, but service life is largely
controlled by the amount and contamination level of the chloride-contaminated concrete left
in place.

• Limitations

Overlays may increase the dead load and thus decrease the live load capacity of a bridge.
Thus, before an MSC overlay is specified, the reduced live load capacity of the bridge must
be compared with present and future needs. However, the presence of the microsilica in the
overlay concrete may prevent the alkali-silica reaction (ASR) from occurring between the
overlay concrete and an existing deck concrete that contains an ASR-susceptible aggregate.
If the existing deck concrete contains an aggregate susceptible to the alkali-carbonate
reaction, the reac,tion is not negated, and a low-alkali cement must be used in the MSC
overlay.

• Estimated Service Life

Since the primaxy factor that influences the service life of a repair MSC overlay is the area
of sound but actively corroding and critically chloride-contaminated concrete left in place,
environmental chloride exposure conditions have little influence on the service life of the
repair MSC overlay.

The service life of a repair MSC overlay is estimated to be 22 to 26 years.
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• EstimatedPrice

The price includes all material, equipment,and labor associated with constructingan MSC
overlay on a prepared surface. The price does not include patching and milling prices.
Patching prices can be found in section 3.3. I. The economics of concrete removalare
presented elsewhere (5).

The price of MSC overlays is influencedby job quantityand the expected numberof bidders.
The price may be determined from the following relationship:

y = 34.02 + (-8.43 x I0a)X + [(6253.16)/(X°'_)]

where y = Predicted nationaladjustedprice ($/yd2)

X = Job quantity (ydz) times numberof bidders

For a total job quantityof 1,800 yd2 with 4 expectedbidders, the price of an MSC overlay is
$41/yd2.

4.2.1.1 Construction Procedure: Microsilica Concrete Overlays

Except as noted below, the constructionproceduresfor the placement of microsilica concrete
overlays are identical to those describedin section 3.3.6, for portland cement-basedoverlays.

• Substrate Preparation

The screed rails shall be adjusted to provide a minimumoverlay thickness of 2 in. (5.1 cm).

• Placement and Consolidation

The overlay concrete can be producedusing a mobile mixer or ready-mixed concrete.

The bond grout should be preparedand applied as described for LSDC overlays (section
3.3.6).

The overlay surface should be smoothed with a fresno trowel following consolidation by the
finishing machine.

Fog spray should be used during finishing to prevent plastic shrinkage cracking.

• Curing

Within 30 minutes of placement, the fresh concrete should be covered with a single layer of
clean, damp burlap. The edges of the burlap should be overlapped 4 in. (10 era). The
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burlapshould be covered with a layer of white polyethylene sheeting. The burlapshould be
kept constantly :moistfor 7 days; however, 72 hours of moist curing may be acceptable if
traffic conditions wanant a more rapid repair. A high-pressure misting system can be
substitutedfor t_e moist burlap.

4.2.1.2 (_ality Assurance/Construction Inspection: Microsilica Concrete
Overlays

Except as noted below, all the procedures used in section 3.3.7 for portland cement-based
overlays shah apply.

• Quality Assurance

The inspector should obtain a certificateof compliance with AASHTO M 307 for each batch
of microsilica used.

4.2.1.3 Material Performance Specifications: Microsilica Concrete Overlays

The following materials and proportions are recommended (6):

1. 1Vficrosilieaadmixture in densified powder or slurry form conforming to
AASHTO M 307, 7.5% to 9.0% by weight of cement

2. Cement type and content, ASTM C 150 type I or II, 611 Ib/yd3 (362 kg/m3)

3. lVlaximumwater/ccement ratio 0.40 (Note that if microsilica is used in a slurry
form, the water in the slurry must be included in the water/cement ratio
"calculation.)

4. Aggregates, ASTM C 33, with a maximum aggregate size of 0.50 in. (1.3
cm).

5. Total air content 6% to 7% (Note that the use ,_fmicrosiliea may require an
increase in the dosage of air-entrainment agent to produce the desired air
content.)

6. S]Lump,5 to 6 in. (13 to 15 cm) when tested 5 minutes after discharge

A high-range water-reducing admixture (superplasticizer) should be added to improve
workability.
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4.3 Reh2bil__gfion Methods

4.3.1 Decks: MicrosiUca Concrete Overlays

• Description

A microsilica rehabilitationoverlay involves not only removing the damagedconcrete, but
also removing the active corrosion (more negative than 250 mV CSE) and the critically
chloride- contaminatedconcrete. Corrosionpotential and critically chloride-contaminated
concrete sampling plan criteria and applicationmethodologies are presentedin sections
2.4.1.1 and3.2.1.1.

All spalled, delaminated,actively corroding, and criticaUychloride-contaminatedconcrete is
removed. The exposed rebar is cleaned to near white metal and patched with a concrete with
properties sim_ar to those of the original concrete. The entire deck is then overlaid with a 2
in. (5 cm) MSC overlay (7% to 12_ microsilica by weight of the cement).

• Limitations

Reduction in live load capacity, chloride content of the concrete left in place below the top
reinforcing steel layer, and the amount of concrete that has to be removed must be
considered. The concrete left in place must not be critica/ly contaminated,or the chlorides
will diffuse to the top or bottom reinforcing steel layer and initiate the corrosion of the
bottom reinforcing steel layer.

The amount of surface concrete to be left in place above the top reinforcing steel layer versus
the entire deck surface area must be considered. The price to remove all the concrete to a
depth of at least 0.75 in. (1.9 cm) below the top layer of reinforcing steel may be less than
thatof leaving small amounts of the original cover concrete in place.

Chapter6 of this manual is a concrete removal primer; the economic considerations of
concrete removal are presented elsewhere (5).

• Estimated Service Life

The estimated service Lifeof an MSC rehabilitationoverlay depends on the thickness of the
overlay,therateofchloridediffusionthroughtheMSC andanyoriginalconcreteleftin
place,thecoverdepthoftheoriginalleft-in-placeconcrete,andtheenvironmentalexposure
conditions(chlorideconcentrationandtemperature).

The estimatedservicelifeofa 2 in.(5cm)MSC concreteoverlayinalow(Co = 2.0Iblyd_
[1.19kg/m3]),moderate(Co = 6.0Ib/yd3[3.56kg/m3]),high(Co = 9.0Ib/yd3 [5.34
kg/m_]),andsevere(Co = 12.5Ib/yd3[7.42kg/m3])chlorideenvironmentisgreaterthan
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100 yeras, 35 to 70 years, 30 to 60 years, and 25 to 50 years, respectively.

• Estimated Price

The estimated price of a rehabilitation MSC overlay includes all material, equipment, and
labor required to place the overlay on a preparedsurface. Since the price does not include
the work required to prepare the surface, such as concrem removal, bar chinning, and
patching, the price for a rehabilitation MSC overlay is the same as for a repair MSC overlay
(see section 4.2.1).

4.3.1.1 Construction Procedure: Microsilica Concrem Overlays

The construction procedures, quality assurance/constructioninspection measures, and
material performance specifications for microsilica concrete overlays used in deck
rehabilitationare identical to those described in sections 4.2.1.1 through4.2.1.3 for
microsilica concrete repairoverlays. An economic analysis of the concrete removal phase
should be performed by the proceduresoutlined in SHRP-S-336, Techniques for Concrete
Removal and Bar Cleaning on Bridge Rehabilitation Projects (5).

4.3.2 Decks: Corrosion Inhibitor Overlays

• Description

Corrosion inhibitor overlay methods were developed to limit the amount of sound chloride-
contaminatedconcrete to be removed. In particular,all the soundchloride-contaminated
concrete surroundingthe top layer of reinforcing steel is to remain in place.

First, the cover concrete is dry milled. To limit the probability of the milling machine
hitting a rebar to less than 1 chance in 100, the milling depth is to be determined from the
following relationship:

d,, = d - oto'._l

where dm= maximum milling depth
d = average cover depth
¢=-t= cover depth standarddeviation

= 2.58

For methods and procedures for determining the average cover depth d and cover depth
standard deviatkm Gr_.t,see section 2.4.1.1. If the average cover depth is 2.32 in. (5.89 cm)
and cover depth standard deviation is 0.32 in. (0.81 cm), then dry-mill to a depth of 1.50 in.
(3.80 cm).

Second, remove all damaged concrete, clean any exposed steel and replace any damaged
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reinforcing steel as necessary, patchwith a corrosion-inhibitor-modifiedconcrete, and
shotblast the entire deck surface.

Third, apply three spray applicationsof the corrosion inhibitor, and overlay with a corrosion-
inhibitor-modifiedMSC, LSDC, or LMC overlay.

The spray-on corrosion inhibitor may be Postrite, Cortec MCI 2020, or A1ox 901 (see
section 4.3.2.3 for details). If the spray-on corrosioninhibitor is Postrite, the patchand
overlay concrete is to be a DCI corrosion-inhibitor-modified concrete.

If the spray-on corrosion inhibitor is CortecMCI 2020, the patch and overlay concrete is to
be a Cortec MCI 2000 corrosion-inhibitor-modifiedconcrete. If the spray-on corrosion
inhibitoris Alox 901, the patch and overlay concrete sha/1not to be modified with a
corrosion inhibitor.

An alternative method dries the concrete with propane-firedinfrared heaters afterall the
damaged concrete is removed but before the corrosioninhibitorpatch concrete is placed (see
section 4.3.2.1). The drying phase is used to improve the spray-on corrosion inhibitor
uptakecharacteristic of the milled concrete surface.

• Limitations

In most cases, the thickness of the 2 in. (5 cm) overlay will be greater than the milling
depth. Thus, the reduction in live load capacity must be checked against present and future
requirements.

The spray-on corrosion inhibitors Cortec MCI 2020 and Alox 901 leave a surface residue
that significantly reduces the bond between the old concrete and the overlay concrete. Thus,
when Cortec MCI 2020 and Alox 901 spray-on inhibitorsare used, the entire deck surface
must be lightly shotblastedto remove the bond-reducingresidue on the spray-treatedareas
and the patched areas because the residue wiU be trackedonto these areas.

• Estimated Service Life

During the process, all the damaged(previouslypatched, spaUed, and delaminated)and thus
highly corroded areas are patched with a corrosion inhibiting concrete, except in the Alox
901 treatment. Also, the highly chloride-contaminatedconcrete is removed by dry milling
(see section 4.3.2), and this area is treated with a spray-on corrosion inhibitor. The spray-on
inhibitorwill diffuse to the reinforcing steel and retardthe corrosion of the steel in a short
time. The corrosion inhibitor in the overlay concrete will diffuse to the reinforcing steel and
provide a maintenance level of corrosion inhibitorthroughoutthe life of the rehabilitated
deck.

Additional chlorides from future winter maintenance or exposure to seawater must diffuse
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through the low-permeability overlay. Thus the service life of the corrosion inhibitor deck
rehabilitation methods is influenced by the amount of inhibitor at the reinforcing steel, the
environmental exposure conditions (chloride concentration and temperature), and the type of
overlay. Table 4.1 presents the estimated service life of the three corrosion inhibitor
rehabilitation methods. Little service life is to be gained by drying the concrete before the
inhibitor is sprayed on. However, drying reduces the time required to retard the corrosion
(see section 4.3.2.1) and thus should be used on decks with sound but corroding areas.

Table 4.1 Corrosion Inhihitor Estimated Service Life (years)

Treatment/Overlay Environmental Exposure

Type Low Moderate High Severe

Postrite, DCI
LSDC > 100 70 - 90 65 - 85 60 - 80
LMC > 100 45 - 65 40 - 50 35 - 45
MSC > 100 70 - 90 65 - 85 60 - 80

Cortec MCI
2020/2000

LSDC > 100 70 - 90 65 - 85 60 - 80
LMC > 100 45 - 65 40 - 50 35 - 45
MSC > 100 70 - 90 65 - 85 60 - 80

Alox 901
LSDC > 100 60 - 80 55 - 65 50 - 60
LMC 80 - 90 40 - 60 35 - 45 30 - 40
MSC > 100 60 - 80 55 - 65 50 - 60

• Estimated Cost

The cost of the spray-on corrosion inhibitor deck rehabilitation methods was determined
using standard engineering estimating techniques. Thus, the presented costs may not include
some items that are included in the price estimate. The estimated costs are national average,
mid-1991 costs.

The presented costs include removal of 1.5 in. (3.81 cm) of concrete, patching of
deteriorated areas with corrosion inhibitor-modified concrete, shotblasting the entire deck
surface, spraying on inhibitor applications, overlaying with a corrosion-inhibitor-modified
LMC, LSDC, or MSC, maintenance and protection of traffic (MPT), and contractor
overhead and profit (O&P). Note that the spray-on corrosion inhibitor rehabilitation methods
costs include procedures for preparing the surface for the overlay, such as patching and
shotblasting, whereas the rehabilitation and repair LMC, LSDC, and MSC overlay prices are
for placing the overlays on a prepared surface. Thus the LMC, LSDC, and MSC overlay
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prices do not include surface preparation prices such as patching and shotblasting.
Consequently, the presented values cannot be used to compare the economics of the two
methods because price is not the same as cost, and because one includes work items not
included in the other.

In addition to being influenced by material costs (inhibitor type) and percentage of damaged
area to be patched, the costs of the corrosion inhibitor rehabilitation methods are influenced
by the number of contracts performed by a contractor in a year. Tables 4.2 and 4.3 present
the estimated corrosion inhibitor rehabilitation methods costs for a typical bridge deck of
8,800 ft2 (817 m2) (44 ftx 200 ft)[(13.4 m x 61.0 m)]. The cost-estimating details for the
deck corrosion inhibitor rehabilitation methods are presented elsewhere (4).

Table 4.2 Bridge Deck Spray-On Corrosion Inhibitor Overlay Rehabilitation System,
Non-dried ($/yd 2)

I

Inhibitor Spray-On Percent Deck Decks/Year/Contractor

Overlay Damage 1 4 10

Postrite/DCI 0 62 47 44
5 71 55 52

10 79 63 60
20 96 80 77

Cortec MCI 0 60 44 41
2020/2000 5 68 52 49

10 76 60 57
20 92 77 74.

A1ox 901 0 66 50 47
5 74 58 55

I0 82 66 63
20 98 83 80

I

$1/yd 2 = $1.196/m 2
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Table 4.3 Bridge Deck Spray-On Corrosion Inhibitor Overlay Rehabilitation System,
Dried ($/ydz)

Inhibitor Spray-C_ Percent Deck Deck/Year/Contractor

Overlay Damage
I 4 I0

Postrite/DCI 0 105 81 76
5 I10 86 81

10 114 90 85
20 119 95 90

Cortec MCI 0 102 78 74
2020/2000 5 107 83 79

10 111 87 82
20 116 92 88

Alox 901 0 111 87 82
5 116 92 87

I0 120 96 91
20 125 I01 96

I

$1/yd2- $1.196/m2

4.3.2.1 C.onstructionProcedure:CorrosionInhibitorOverlays

The followingdescribestheconstructionprocedures,qualityassurance,construction
inspection,andmaterialperformancespecificationsfortheapplicationofinhibitor-modified
concreteoverlays.A corrosioninhibitorwillbespray-appliedtothesubstratebeforethe
apphcationoftheoverlay.Thesubstratecanbcdriedtoimprovetheabsorptionofthe
inhibitor.

• ScarificationandRemovalofUnsoundConcrete

The entiredecksurfacetobeoverlaidshouldbescarifiedtothedepthofthereinforcingsteel
as determined in section 4.3.2. If steel reinforcement is encountered, the scarification depth
at such locations shall be to the top of the reinforcingbars. Hydrodemolitionequipment may
not be used for scarification unless the substrateis to be dried.

Following scarification, the site engineer should sound the deck using a drag chain and
hammer to delineate the areas of unsound concrete. Bituminous patches and areas of
unsound concrete should be removed and patched as outlined in section 3.3.2. The concrete
used to backfiUthe repair cavities should be modified with the inhibitor to be used for the
overlay as described in section 4.3.2.3. The patched areas should be textured to improve the
overlay bond. "]'herepaired areas should be allowed to cure for a minimum of 48 hours
before placing the overlay. The following should be completed before the applicationof the
surface-applied inhibitors:
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1. Dormant (nonworking or moving) visible cracks should be sealed using epoxy
injection.

2. Following scarification, the deck should be airblastedtO remove dust and
debris. The air compressor used for airblastingshould have oil and water
traps installed.

3. Water must not be allowed to contact the deck after the cover concrete is
removed. Should water wet the scarified area before the application of the
corrosion inhibitors, the concrete surface shall be dried for 30 minuteswith a
propane-fired infrared heater to a surface temperature of 400*F (204"C).
Spray application of the inhibitorsshould be delayed until the concrete has
returned to ambient temperature.

• Drying

To promote the absorption of the surface-appliedcorrosion inhibitOr,the substrate can be
dried to remove the absorbed water in the concrete below the level of the reinforcing steel.
Note that patching of unsound concrete should not commence until the completion of drying.
Exposed reinforcement should be protected with thin metal sheets to prevent damage to the
concrete from excessive heating. The specifications for drying are adaptedin part from
FHWA-PA-85-014, Deep Polymer Impregnation of a Bridge Deck Using the Grooving
Technique (7). The following steps should be followed in drying the substrate:

1. Expansion. Before beginning the drying operation, expansion joints must be
cleaned andjoint sealer removed. The joints must be monitored and the
heating or drying rate mustbe reduced if complete closure of a joint becomes
imminent. It shall be the responsibilityof the contractor tOreseal the
expansion joints at the completion of the job.

2. Drying method. Gas-fired radiant infrared heaters shall be used tOdry the
concrete. The heaters shall be sufficient in number and size tO cover the entire
width of the deck for a distance of at least 4 ft (1.2 m), but no more than 20 ft
(6.1 m), in the longitudinal direction for each heater setup. The heater units
should be mounted on steel casters tOpermit easy movement from one setup to
the next. The heating capacity of the heaters shall be sufficient to provide the
temperatures specified in table 4.4.

The surface temperature shall be monitored under each heater unit with
welded, pad-type, eopper-constantan, parallel, grounded thermocouple probes
(quick-disconnect type) having an Inconel sheath long enough tOextend from
the center of the heater to outside the heated area. A heat shield of galvanized
sheet meta/shall be erected around the perimeter of the heaters extending from
the deck surface to the height of the heaters. Glass wool insulation (R-19)
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shall be placed on the deck over a perimeter area 24 in. (61 cm) wide around
the heater group for each heater setup to reduce thermal gradients.

Table 4.4 Schedule of Surface Temperatures

Time SurfaceTemperature(°I_ SurfaceTemperature(°C)

Start Ambiem Ambient

15 minutes 350 + 25 177 :k 14

Until dry 350 + 25 177 -t- 14

3. Condition-concrete dry. Drying is considered complete when the temperature
at a depth of 0.5 in. (1.3 cm) below the average depth of reinforcing steel
re.aches 180°F (82°C) as measured by unsheathed, copper-constantan
thermocouples having teflon conductor insulation and glass braid overall
insulation. The thermocouples are to have welded hot junctions and are to be
set in holes 0.25 in. (0.6 cm) drilled in the bottom of the deck. The holes
sihall be backfilled with a fast-set epoxy gel suitable for work on overhead
surfaces. A minimum of three embedded thermocouples will be used for each
heater set up: one at the bridge centerline and one in the center of each lane.
Tne thermocouples shall remain in place after drying is completed, to monitor
oool-down.

4. C;ool-down. Immediately upon attainment of the drying criterion, the heaters
g411be moved and the dried area will be covered with R-19 insulation (to
minimize thermal cracking by preventing too rapid cool-down of the surface).
Heating of the next adjacent area shall immediately follow the placement of the
insulation. The insulation shall remain in place until the surface temperature
has dropped below 100°F (38°C). The contractor shall make provision for
preventing wind from blowing the insulation off the deck.

5. Weather protection. Dried areas shall be protected from precipitation, runoff,
and other sources of moisture before the application of the corrosion inhibitor.
,_y dried areas subjected to moisture before treatment must be redried at the
direction of the inspector. Dikes constructed of compacted asphaltic concrete
cold mix sealed with asphalt emulsion and placed in the roadway upgrade from
the bridge deck have been found to be effective in diverting runoff.

6. Drying time. The approximate heating time at each heater setup is expected to
be 40 minutes according to the surface temperature schedule required in table
4.4. The drying of the entire area must be carried out as a continuous
olperation until completed.
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• Application of Surface-AppliedCorrosionInhibitor

Applicationofthesurface-appliedinhibitorinvolvessprayingthedryconcretewitha liquid
corrosioninhibitor.The inhibitorcanbesuccessfullyappliedwithanindustrial-gradegaxden
sprayer.Threeapplicationsoftheinhibitoraretobeappliedandallowedtosoakintothe
baseconcretebeforeoverlay.Theinhibitorsthatcanbeapplied,andtheircorresponding
concentrationandapplicationrates,arcasfollows:

1. Postrite is a water-basedinhibitorcontaining 15% by weight calcium nitrite to
be used as a surface treatment. Each application of the Postrite solution is to
be applied at the rate of 150 i_/gal (3.7 m2/1). A total of threeapplications of
the inhibitor are to be applied, the second at one hour and the third at eight
hours after the initial application.

2. Cortec MCI 2020 is a water-basedinhibitor to be used as a surface treatment
orby injection.EachapplicationofCortecMCI 2020shallbespray-applied
attheramof225_/gal(5.5m2/L).A totalofthreeapplicationsofthe
inhibitor are to be applied, the second at two hours and the thirdat 12 hours
after the initial application.

3. Alox 901 is an oxygenated hydrocarbonto be used as a surface treatment. The
inhibitor is applied at a concentrationof 4.7% by weight Alox 901 in
denatured ethyl alcohol. The inhibitor must be field-mixed at the site. Each
application of Alox 901 shall be spray-applied at the rate of 70 f't2/gal(1.7
m2/1). Three applications of the inhibitorare to be applied, the second at one
hour, and the thirdat four hoursafter the initial application.

Safety and handling measures for these inhibitorsare discussed in section 4.3.2.3.

• Suhstra_Preparation

Followingthe applicationofthe surface-appliedcorrosioninhibitor,the decksurfaceto be
overlaid should be lightly sandblasted or shotblastedto remove laitances and any residues,
followed by an airblast to remove dust and debris. The air compressor used for sandblasting
and airblasting should have oil and water traps installed.

Blocking should be placed to provide for expansionjoints at the same locations as existing
expansion joints.

Screed rails should be installed so the finishing machine will provide the minimum overlay
thickness of 2 in. (5 cm). The supports for the rails should be adjustable; shims should not
be used to adjust rail heights. A dry run should be performed to ensure that the finishing
machine provides the minimum overlay thickness.
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• Placement and Consolidation

Latexconcretewithinhibitorshouldbemixedatthesiteusinga mobilemixer.Before
placement,a trialbatchshouldbepreparedinthepresenceofthesiteengineertotestthe
calibrationofthemixer.Sufficientmobilemixersshouldbepresentonthesitetoallowthe
continuousplacementoftheoverlaywithoutdelay.OtheroverlayconcretescontainingDCI
or Cortec MCI 2000 can be mixed with a mobile mixer or be ready-mixedconcrete.
However, overlay concrete containing DCI mixed at a concrete batch plant wi[[ requirethe
addition of a suitable retarder.

A bonding grout should be thoroughly brushed into the substrate immediately in front of the
finishing machine. The grout can be obtained by brushing the coarse aggregate out of a
portion of the overlay concrete. The excess coarse aggregate should be discarded. Care
must be taken to prevent the bond grout from drying before the placement of the overlay
concrete.Ifdryingisallowedtooccur,atemporaryconstructiondam shouldbeplaced,and
thedriedbondinggroutshouldberemovedby sandblasting.

Theoverlayconcreteshouldbeplacedapproximately0.25in.(0.6cm) abovefinalgrade.

Theoverlayconcreteshouldbeconsolidatedandfinishedusinga fmishingmachine.The
self-propelledfinishingmachineshouldbeequippedwithscrewaugers,vibratoryplates,and
oneormorerotatingsteelcylinders.Themachineshouldbecableofspanningtheentire
placementtransversely.Spudvibratorsandhandtoolsshouldbeusedasnecessaryalongthe
screed rails and for any deep pockets. A burlapor carpetdrag can be used to texture the
surface.

A lightweight catwalk should follow the finishing machine to allow hand f'mishing, inspection
for leveiness, and placement of curing materials.

• Curing

Within30minutesofplacement,thefreshconcreteshouldbecoveredwithasinglelayerof
clean,damp burlap.Theedgesoftheburlapshouldbeoverlapped4 in.(10cm). The
burlapshouldbecoveredwithalayerofwhitepolyethylenesheeting.Inaddition,DCI
overlaysshouldbecontinuallymistedforthefirst24hoursofcuringbeforetheapplication
ofthepolyethylenesheeting.Curingshallbemaintainedfortheminimumtimesshownin
table4.5.Curinghoursshouldbedefinedashoursforwhichthetemperatureisgreaterthan
45°F(7°C).The overlayconcreteshouldbeprotectedwithinsulatedblanketsifthe
temperatureispredictedtodropbelow45°F(7°C).
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Table 4.5 Min|mnm Curing Times

I

Overlay Type Minimum Curing Time (hours)

LMC 48

DCI 168

Cortec MCI 2000 72

Curingfor 72 hours may be acceptableif the site conditions warrant.

• Skid Resistance

Following 14 days of curing, grooves shallbe sawed transverseto the center line. The
grooves should be approximately 0.2 in. (0.5 cm) deep and 0.13 in. (0.3 cm) wide, spaced
0.75 in. (1.9 cm) on center. Grooves should terminatewithin 12 in. (30 cm) of the parapet
or curb (7).

4.3.2.2 Quality Assurance/Construction Inspection: Corrosion Inhibitor
Overlays

The following should be considered the minimuminspection requirementsto ensure a quality
overlay. More than one inspector should be present when the overlay is being placed.

• Scarification and Removal of UnsoundConcrete

Before scarification, the engineer shouldconducta cover depth survey to determine the depth
of removal. The average cover depth and standarddeviation shall be determined from a
minimum of 40 measurements. Inspectionfor delineation and repair of unsoundareas should
be conductedas described in section 3.3.3. The inspector should ensure that no water is
allowed to contact the deck after scarification.

• Drying

If drying is specified, the site inspector must carefully monitor the deck joints during drying
to prevent closure. The inspector is also responsible for monitoring thermal differentials to
ensure that adequate drying occurs while preventing differential thermal cracking. A log
should be kept to track the internal and surface temperatures of the deck during drying. The
inspector should ensure that all safety precautionsare strictly followed.

• Application of Surface-Applied Corrosion Inhibitors

The site inspector should monitor and enforce the following:
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1. The application rate and concentrationof the inhibitor:The inspector should
ensure that the inhibitor is applied until the surface appears saturated.

2. If"water is allowed to contact the treatedarea after the initiationof the
inhibitor applications, the affected area should be dried and the application
process repeated.

3. Safety and environmental contaminationregulationsapplying to the storage and
handling of the inhibitors should be carefully enforced.

• SubstratePreparation

In assessing deck preparation, the inspector should examine the following:

1. Ensure that the deck is free from all laitances, organic residues, inhibitor
rezidues, and debris that may be detrimentalto the overlay bond.

2. Ensure that the screed rails are properlyadjustedto provide the minimum
overlay thickness over the entire deck area to be overlaid, and that the
finishing machine is clean and functioning properly.

• Placement and Consolidation

The following should be accounted for by the siteinspector during each placement:

1. Before placement, a trial batch should be prepared to ensure that the specified
slump and air content can be obtained using the job materials and mixture.
For LMC overlays the inspector should obtain certification of compliance with
FHWA Notice 5140.15, July 1978, for each batch of latex delivered to the job
site. The solids content of each batch of latex should be determinedby ASTM
D 1417.

2. Ensure proper proportioningof ingredients by calibrating the mobile mixer.
Yield should be checked once a day.

3. Ensure that sufficient mobile mixers are present to allow continuous
placement. Slump test (ASTM C 143), total air-content measurements (ASTM
C 231), and a minimumof six compressive-strength cylinders should be
prepared from each 20 yd3 (15.3 m3). Note that slump tests should be
performed five minutesafter mixing.

4. Monitor the air temperature,concrete temperature (ASTM C 1064), relative
humidity, and wind velocity. Overlays shall not be placed under the following
conditions:
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• Air temperature is below 50*F (IOOC);

• Evaporation rate exceeds 0.I0 Ibl_/hr (0.49 kg/m21hr)as determined
by ACI 305R.

Overlays shall be placed at night when the air temperatureis above 85*F
(29°C).

5. Monitor the applicationof the bond grout, and ensure that the overlay concrete
is placed before it is allowed to dry.

6. Check to see that the levelness of the finished overlay meets requirements
using a 10 ft (3 In) straightedge.

• Curing

The site inspector should monitor the overlay during the curing period to ensure that it is
maintainedat a temperatureabove of 45°F (7°C) and uniformly saturated;curing membranes
are not acceptable.

Following the curing period, the entire overlay should be sounded with a drag chain and
hammer to ensure bond. The surface of the overlay should be inspected for cracking. All
unsoundareas should be repairedby the contractor. After 7 days of curing, bond strength
tests should be performed in accordance with ACI 503R. A minimum of three tests should
be run. The minimum acceptablebond strength should be 200 psi (I.4 MPa). If any of the
cores fail to meet the minimum requirements,a sampling program should be developed to
determine the areas that will require replacement.

4.3.2.3 Material PerformanceSpecifications:CorrosionInhibitorOverlays

• Postrite/DCl.

If Postrite is used as the spray-on inhibitor, DCI (30% calcium nitrite) should be added to
the repair and overlay concrete. The rate of addition should be 6 gal/yd3 (30 L/m3). DCI
acts as a set accelerator and requires the addition of a high-range water reducer and initial set
retarder. The addition rates provided below should be used as guidelines. Trial batches
should be prepared with job materials to ensure proper air content, workability, and set time.

The inhibitors must be stored, handled, and applied in such a manner as to prevent injurious
exposure to personnel associated with the job and to the public. Personnel working with the
inhibitor shall be provided with and use safety glasses or goggles and rubber or other
impervious gloves. Additional protective clothing should be worn to minimize skin contact.
Spills should be absorbed with an inert, noncombustible medium and removed for disposal in
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accordancewith existing federal, state, and local environmentalregulations. Spills should be
prevented from entering drinkiug water supplies and streamsor groundwater.

The following nmterials, proportionsand propertiesare recommended for the overlay and
repair concrete (3):

I. DCI shouldbeaddedasanadmixtureattherateof6 gal/ycf(30I/mS).Note
that the water in the admixture must be accountedfor in the water/cement
ratio. DCI contains approximately7.0 lb water per gallon (0.84 kg/L).

2. Darasen 100 or other approvedASTM C 494 type G high-range water reducer
_tould be added at a rate of 12 oz/100 lbs (750 g/100 kg) of cement.

3. Daratard-17 or other approvedASTM C 494 type B & D initial set retarder
should be added at the ram of 6 oz/100 lb (375 g/100 kg) of cement.

4. Cement content, ASTM C 150 type I or H, 658 Ib/yds (390 kg/ms)

5. Maximum water/cement ratio 0.42

6. Aggregates,ASTM C 33,withmaximumaggregatesizeof0.5in. (1.3cm)

7. Totalaircontent,7.5% + 1%

8. Slump,range2 to4 in.(5to10cm)

Postrite and DCI can be obtained from

ConstructionProductsDivision
W.R. GraceandCompany
62 WhittemoreAvenue

Cambridge,MA 02140
(617) 876-1400

• CortecMC! 2020/2000.

IfMCI 2020isusedasthesprayinhibitor,MCI 2000shouldbeaddedtotherepairand
overlayconcrete.Therateofadditionshouldbe2 Ib/yds(1.2kg/m3).A high-rangewater
reducershouldbeaddedtoimproveworkability.ResearchhasshownthatMCI 2000hasno

effecton thepropertiesoffreshconcrete(2).However,trialbatchesshouldbeprepared
withjobmaterialstoensureaircontent,workability,andsettime.

The inhibitorshouldbe storedinoriginalshippingcontainers.Containersshouldbekept
tightlyclosedandkeptaway fromheat,openflame,andsparksources.Personnelworking
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with the inhibitor shall be provided with and use safety glasses or goggles, approved
respirators, and chemical-resistantrubberor plastic gloves. The contractorshall provide a
field eyewash and safety shower to be used in the event of an accidental splash of inhibitor
on the workers. Additionally, workers shall be requiredto thoroughly wash handswith soap
and water before eating, smoking, drinking,or using the lavatory. Accidental spills should
be absorbed with a sweeping compoundor other absorbent material. The compound shall be
disposed of according to existing federal, stateand local environmentalregulations.

The following materials, proportions,and propertiesare recommendedfor the overlay and
repair con¢l_te"

I. Cortec MCI 2000 should be added at the rate of 2 lb/yd3 (1.2 kg/m3)

2. An approved ASTM C 494 type G high-rangewater reducershould be added
at a rate of 12 oz/100 lb (750 g/100 kg) of cement to improve workability.

3. Cement content, ASTM C 150 type I or II, 658 lb/yds (390 kg/ms)

4. Maximum water/cementratio 0.42

5. Aggregates, ASTM C 33, with maximumaggregate size of 0.5 in. (1.3 cm)

6. Plastic air content, 7.5% 4- 1%

7. Slump,range2 to4 in.(5toI0cm)

CortecMCI 2000/2020canbe obtainedfrom

Cortec Corporation
St. Paul, MN 55107
(612) 224-5643.

• Alox 901.

IfAlox901isusedasthespray-oninhibitor,LMC shouldbeusedforrepairandoverlay.
Alox901isanoxygenatedhydrocarbonandisthereforeunsuitableforuseasanadmixture.
TheLMC shouldbeproportioned,mixed,andplacedinaccordancewiththesix_fications
presentedinsection3.3.6.

The inhibitor must be stored, handled, and applied in such a manneras to prevent fire,
explosion, and injurious exposure to personnelassociated with the job and to the public. The
Alox901anddenaturedalcoholshallbestoredinoriginalshippingcontainersbefore
application. Maximum alcohol storage temperature shall not exceed 90°F (32°C). The
storage facility shall be constructed to provide protection from direct sunlight, fire hazard,
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and oxidizing chemicals. Sufficient ventilation shall be maintainedin the storage facility to
prevent the hazardousbuildup of alcohol vaporconcentrations. "Warning"and "No
Smoking" signs shall be placed at appropriateintervals. Dry chemical fire extinguishers
meeting UnderwritersT_horatories, Inc., approvalfor ¢1_ A, B, and C fires shall be
provided.

Personnel working with the inhibitor shallbe providedwith and use safety eyeglasses or
goggles and oil-impervious gloves.

Accidental spills of the inhibitor must be preventedfrom entering ground streams and other
waterways.. Attempt to recover and recycle accidental spills; nonrecyclable spills should be
absorbed with vermiculite or dry sawdust, cleaned up with nonsparkingtools, and disposed
of by methods complying with governmentregulations.

Alox 901 can be obtained from

Alox Corporation
3943 Buffalo Avenue
P.O. Box 517
Niagara Falls, NY 14302
(716) 282-1295

4.3.3 Decks: Polymer Impregnation

• Description

Corrosion-damagedareas (spaUsand delaminations) are patched with a PCC similar to the
existing concrete. Grooves are cut into the deck on lines of equal contour. The grooves are
0.75 in. (1.9 cm) wide, 1.5 in. (3.8 cm) deep, and 3.0 in. (7.6 cm) on center. The concrete
is dried to a depth of 0.5 in (1.3 cm) below the top reinforcing steel layer using propane-
fu'edinfrared heaters. The concrete is allowed to cool slowly underan insulating mat to
ambient temperature. The monomer (methyl methacrylate) is poured into the grooves and
allowed to soak ]_to the concrete. Heat is applied to po]ymerize the monomer insitu. The
grooves are backfilled with a latex-modified mortarU.,MM)by pouring the LMM on the
deck and squeezing it into the grooves.

• Limitations

Heavily worn decks may need a thin polymer overlay in the wheel path areas to restore the
riding surface to prevent hydroplaning.
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• Estimated Service Life

Polymer-impregnatedconcrete is a very dense, hard, low-permeability concrete. The
primary action of the polymer, an electrically nonconductingmaterial, is to replace the
continuous concrete pore water (which acts as the corrosion batteryelectrolyte) and thereby
stop the corrosion process. Thus the service life of deep polymer impregnation as a
corrosion rehabilitation method is not influencedby the chloride environmental exposure
conditions. Field installations have demonstratedthatthe service life of deep polymer
impregnationis at least 33 years (2). The estimated service life of deep polymer
impregnation is at least 50 years.

• Estimated Cost

The estimated deep polymer impregnation costs were determined by standard engineering
estimating procedures. Details are presentedelsewhere (4). The costs are national average
costs for mid-1991.

The presented costs include aU costs associated with the construction of a deep polymer
impregnation of a typical bridge deck, including patching, grooving, drying, impregnation,
polymerizing, backfilling the grooves, MPT, and contractor O&P. Table 4.6 presents the
costs for four levels of deck damage and three levels of number of jobs per year for a
contractor.

Table 4.6 Cost Estimates of Bridge Deck Deep Polymer Impregnation Rehabilitation
Method Using the Grooving Technique ($/yd2)

I

Impregnant Percent Deck Decks/Year/Contractor

Damage 1 4 10

Methyl 0 196 157 150
Methacrylate 5 204 165 157

10 211 173 165
20 226 188 180

$1/yd2 -- $1.196/m 2

4.3.3.1 Construction Procedure: Polymer Impregnation

The following describes the constructionprocedures, quality assurance, construction
inspection, and material performance specifications for the deep polymer impregnation of
bridge decks (7).
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• PreliminaryTest Work

The following must be completed in orderto develop a plan for the grooving pnx_ss:

1. The mean and standarddeviation of the reinforcing steel cover depth shouldbe
determined from a minimumof 40 pachometer measurementsper 8,000 f0
(743 m_) of surface area or portionthereof.

2. A precise level survey of the deck surface must be made, taking readings to
the nearest 0.001 ft (0.03 cm). The level survey should be conducted on a 10
fl (3 m) grid. Readings should also be taken at breaks in slope. The level
survey will be used to determine the orientationof the lines of equal elevation.

3. A minimumof threecores 4 in. (10 cm) in diameter should be takenper 8,000

ft2 (743 m2) of surface areaor portion thereof. The cores, approximately4 in.
(10 cm) long, shouldbe obtained from randomlocations on the deck. The
cores will be used to determine the requircxlimpregnationtime. The cores
should be oven-dried at 230°F + 5°F (ll0OC + 3°C) to a constant weight,
the sides sealed with epoxy, and a ponding dam attached to the top surface.
The monomer mixture (see section 4.3.3..";) is ponded on the surface for 24
hours, after which time the cores are to be polymerized by immersion in
160°F (710C) water for 4 hours. The cores are then to be cut in half and the
depth of impregnationdetermined by etching with muriatic (hydrochloric) acid.
The average depth of penetration is plottexlagainst the square root of
impregnationtime ((24). By drawing a sa'aight line from the origin to this
point, the field impregnationtime can be e_timated by entering the depth axis
at 1.1 D (depthof impregnation)and inter_ectingthe straight line at the point
representing the impregnationtime.

The required depth of impregnation and the depth, width, and spacing of the grooves are all
functions of the reinforcement cover, distribution, and bar size. The complete methodology
for optimiziiag the interrelationship among these variable_,is presented in appendix A of
NCI-IRP Report 257, Long-Term RehabtTitationof Salt-Cgntaminated Bridge Decks (8). In
summary, they are as follows:

Depth of Impregnation:

Groove Depth:
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d _ C-0.5

Groove Width:

D(D =d)
W -

(lld-D)

Groove Spacing:

s = w+D-d

where:D = depth of impregnation(in.)
Rt = diameterof main reinforcing steel in top mat (in.)
R 2 - diameter of temperature steel in top mat (in.)
C = average reinforcing steel cover (in.)
d = groove depth (in.)
w = groove width (in.)
s - groove spacing (in.)

• Removal and Repairof Unsound Concrete

At least one month before the impregnation process commences, the site engineer should
sound the deck using a drag chain and hammer to delineate the areas of unsound concrete.
Bituminous patches and areas of unsound concrete should be removed and patched as
outlined in section 3.3.2. The patch matedai should be PCC. The repaired areas should be
allowed to cure for a m/n/mum of 28 days before impregnation. The deck may be opened to
traffic as soon as the patch portland cement has reached sufficient strength.

• Grooving

Grooves shall be cut in the surface of the concrete that is to be impregnated. The grooves
significantly reduce the impregnation time and contain the monomer during the impregnation
period and therefore are aligned along lines of constant elevation. The grooves also allow
the monomer to bypass surface contamination, improving the rate of impregnation.

The grooves may be cut along lines of equal elevation using a water-cooled diamond concrete
saw. String lines should be provided to indicate the orientation of the grooves. The grooves
should be cut to the depth, width, and spacing determined in the preliminary test work. The
grooves should be terminated 12 in.(30 era) from the face of the parapet or curb.

The following tolerances should be considered acceptable:
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Groove slmcing: 4- 1/2in. (1.3 cm) between any two adjacentgrooves

4- 1 whole groove width o_rera 10 ft (3 m) width perpendicular
to the direction of grooving (the proper number can be
calculatedby dividing 120 by the groove spacing in inches.)

Groove width: 4- 1/16 in. (0.16 cm)

Groove depth: 4- 1/8 in. (0.3 cm)

Following the completion of groove cutting, the bridge Cieckand the grooves shall be cleaned
of particulate matterand fines by water pressure. The waste water should be properly
disposed of.

• Drying

To impregnatethe concrete with monomer, it is necessary to remove absorbedwater in the
concrete to the desired depth of impregnation. The following steps should be followed in
drying the substrate:

1. Expansion. Before the drying operation begins, all water must be removed
from the grooves; expansion joints must be cleaned and joint sealer removed.
The joints must be monitored and the heating or drying rate must be reduced if
complete closure of a joint becomes imminent. It shall be the responsibility of
the contractor to reseal the expansion joints at the completionof the job.

2. Drying method. Gas-fired radiant infrared heaters shall be used to dry the
concrete. The heaters shall be sufficient irt number and size to cover the entire
width of the deck for a distance of at least 4 ft (1.2 m), but no more than 20 ft
(6.1 m), in the longitudinal direction for _tch heater setup. The heater units
should be mounted on steel easters to perr_Jt easy movement from one setup to
the next. The heating capacity of the heaters shall be sufficient to provide the
of surface temperatures specified in table 4.7.

The surface temperature shall be monitorectunder each heater unit with
welded, pad-type, copper-¢onstantan, par'did, grounded thermocouple probes
(quick-disconnect type) having an Inconel sheath long enough to extend from
the center of the heater to outside the heated area. A heat shield of galvanized
sheet metal shall be erected around the pezimeter of the heaters extending from
the deck surface to the height of the heater:;. Glass wool insulation (R-19)
shall be placed on the deck over a perimeter area 24 in. (61 era) wide around
the heater group for each heater setup to reduce thermal gradients.
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Table 4.7 Schedule of Surface Temperatures

Time Surface Temperature ('F) Surface Temperature (°C)

Start Ambizat Ambiemt

15 minutes 350 + 25 177 + 14

30 mlnute8 450 + 25 232 + 14

45 minutes 550 + 25 288:1:14

Until Dry 550.6 25 288 -1- 14

3. Condition-concrete dry. Drying is consideredto be complete when the
temperatureat the desired depthof impregnation reaches 180°F (82°C) as
measuredby unsheathed,copper-constantanthermocouples having Teflon
conductor insulation and glass braidoverall insulation (2, 7). The
thermocouplesare to have welded hot junctions and are to be set in 0.25 in.
(0.6 cm) diameterdrilled in the bottom of the deck. The holes shall be
backfilled with a fast-setepoxy gel suitable for work on overhead surfaces. A
minimum of three embedded thermocoupleswill be used for each heater setup:
one at the bridge centerline and one in the center of each lane. The
thermocouples shall remain in place afterdrying is completed, to monitor cool-
down.

4. Cool-down. Immediately upon attainment of the drying criterion, the heaters
will be moved and the dried area will be covered with R-19 insulation (to
minimize thermal cracking by preventing too rapid cool-down of the surface).
Heating of the next adjacent area shall immediately follow the placement of the
insulation. The insulation shall remain in place until the surface temperature
has dropped below 100*F (38"C). The contractor shall make provision for
preventing wind from blowing the insulation off the deck.

5. Weather protection. Dried areas shall be protected from precipitation, runoff,
and other sources of moisture before the application of the monomer mixture.
The weather shelter shall be opaque to reduce deck temperatures during the
impregnation step. Any dried areas subjected to moisture before treatment
must be redried at the direction of the inspector. Dikes constructed of
compacted asphaltic concrete cold mix sealed with asphalt emulsion and placed
in the roadway upgrade from the bridge deck have been found to be effective
in diverting runoff.

6. Drying time. The approximate heating time at each heater setup is expected to
be 2 to 4 hours according to the surface temperature schedule required in table
4.7. The time will vary with the desired depth of impregnation and ambient
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temperatureconditions. The drying of the entire area must be c_rriedout as a
continuous operation until completed.

• Impregnation

Impregnationinvolves soaking the dried concrete with a liquid monomer mixturethat is
contained in the grooves duringthe soaking process. The monomer mixture is described in
section 4.3.3.3. The impregnationprocess should begin as soon as the deck has cooled to
below 100°F (38°C) over the entire area to be impregnated. To minimize the chances of
prematurepolymerization, the impregnation process should commence after sundown. The
following describes the impregnationprocedure:

1. Any open cracks that may allow the monc,merto seep through the deck shall
Ix: sealed with a silicone sealant before the,application of the monomer.

2. The deck shall be covered with a seamles_ plastic tarpaulin. The tarpaulin
shall have a minimum melting temperature:of 325°F (163°C) and be resistant
to methyl methacrylate(MMA) vapor and liquid. The tarpaulinshall be
anchored aroundthe perimeter of the impregnation area.

3. The monomer shall be introduced to the groove by lifting the plastic sheeting
to expose the groove ends. A gravity feed system with a suitable manifold
system will facilitate the rapid filling of the grooves. The grooves should be
filled to capacity with the catalyzed monomer mixture.

4. Immediately following the completionof t_aefilling operation, the plastic
tarpaulin shall be replaced.

5. The impregnation period shall continue until the monomer has disappeared
from the grooves, approximately 16 hours. Any excess monomer should be
removed using an explosion-proof wet/dry vacuum and disposed of by bulk
polymerization.

• Fire Protection

The contractor shall inform the local fire company of the nature of the monomer and
operations at the site and shaH make arrangements for the fire company to be on site with
equipment deemed necessary by the fire company during the period beginning with the
introduction of the monomer mixture into the grooves on the bridge deck and ending with the
completion of polymerization. Four 20 lb (9 kg) nontoxic, dry chemical fire extinguishers
meeting Underwriters Laboratories, Inc., approval for class A, B, and C fires, (minimum
rating of 20 A, 80 B, C) shall be kept near the monomer storage area.
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• Polymerization

Immediatelyfollowing the completion of impregnation,the polymerization step shaUbe
implemented. Polymerizationis acc_ompl/shedby heating the impregnatedconcrete at the top
surface until the temperatureat the desired depth of impregnation reaches 150°F (66°C).

Polymerization should be carriedout using electric heating blankets. Suitable blanketswere
built for the FHWA's work on "internallysealed concrete." Specifications for the blankets
appearin an FHWA status reporton internally sealed concrete, datedFebruary1976. The
power requirementsare 100 WI_ (1,080W/m_). The insulation materialused for the
blankets must resist attack from MMA liquid and vapors. (In the past, monomer has also
been succe_fully polymerized in situ using hot water ponding [8, 9, I0], but this methodis
extremely inefficient.)

The heating blankets should be placed on top of the plastic tarpaulin. The blankets shouldbe
covered with unlaced R-19 fiberglass insulation. When the temperature of the concrete at the
depth of impregnation reaches 150°F (66°C), polymerization will be complete (see section
4.3.3.2). After the heat source is removed, the polymerized deck should be covered with
unlaced 11-19fiberglass insulation until it cools to ambient temperature.

• Groove Filling

Following polymerization, the grooves shaUbe filled flush with the pavement surface with
latex-modified mortar. Groove filling may begin as soon as the deck has cooled to ambient
temperature after polymerization. Grooves shall be blasted clean of any debris and standing
water. Grooves shall be saturated surface dry at the time the mortar is placed. The batehing
and mixing of the latex mortar should be carried out in such a manner as to ensure a steady,
continuous groove-filling operation. The mortar should be placed and consolidated in such a
manner as to ensure complete fRling of the grooves. A rubber-edge squeegee may be used to
push the mortar into the grooves and strike it off flush with the deck surface.

• Curing

Within 30 minutes of placement, the fresh mortar should be covered with a single layer of
clean, moist burlap. The edges of the burlap should be overlapped 4 in. (10 cm). The wet
burlap should be covered with a single layer of white polyethylene sheeting. The latex-
modified mortar should be moist-cured for 72 hours following placement. The structure
should not be opened to traffic for seven days following placement.

Complete construction specifications are provided in FHWA-PA-85-014, Deep Polymer
Impregnation of a Bridge Deck Using the Grooving Technique (7).
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4.3.3.2 Quality Assurance/ConstructionInspection: Polymer Impregnation

The following shouldbe considered the minimumrequi_:ments for site inspection:

• Preparation

1. All requirementsoutlined in section 3.3.3 shall apply to preliminaryrepairs.

2. The contractorshould provide the site instNectorwith a detailed report
describing the proceduresthatwill be used for grooving, drying, and
impregnation. The site inspector should verify the orientation of the grooves
using a spirit level. The site inspector should also ensure that all safety
provisions are strictly followed.

The site inspector should ensure the following:

• Drying

Both surface and internal drying temperaturesshould be continuously logged to ensure that
the entire deck is dried to 180°F (82°C) at the desired depth of impregnation. Before
construction, the engineer shall determine drying deck lengths and procedure that will
prevent expansion joint closure. However, the inspector must carefully monitor the deck
joints during drying to preventclosure. The inspector is also responsible for monitoring
thermal differentials to ensure that adequatedrying occurs while preventing differential
thermal cracking.

• Impregnation

The monomer mixture shall be properly mixed before its introduction into the grooves. The
deck temperature should be closely monitored to prevent prematurepolymerization.

The grooves must be completely filled with the monomermixture, and liquid monomer must
remainin the grooves for the specified soak period.

• Polymerization

To ensure complete in situ polymerization of the bridge deck, the polymerization
temperatures should be logged using the thermocouples placed for the drying operation.
Mortar cubes should be dried in a lab at 230°F (ll0°C) to a constant weight. The cubes
should then be immersed in a sample of the monomer mixture. The cubes are then
polymerized in a hot water bath at the minimum temperature logged on the bridge deck and
periodically tested for compressive strength. When the compressive strength reaches a
maximum, about 4 times the unpolymerized strength, the polymerization heat source can be
turned off. The polymerized area should then be covered with unfaced R-19 fiberglass
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insulationuntil it returnsto ambient temperatures,to prevent differential thermalcracking.

• GrooveFilling

The site inspector should ensure the following:

1. Grooves are clean and the surfaces are saturatedsurface dry (no free water or
standing water).

2. The proper proportionsare used for hatchingthe latex-modified mortar.

3. The latex-modified mortar shall be pushed into the grooves with the squeegee.
The mortarshould flow in front of the squeegee.

4. The mortarmust be moist-cured for 72 hours.

4.3.3.3 Material Performance Specifications: Polymer Impregnation

• Methyl MethacrylateMonomer Mixture

The monomer mixtureshall consist of 100:10:0.5 partsby weight methyl methacrylate
(MMA); trimethylolpropanetrimethacrylate(TMPTMA); and 2,2-azobis(isobutyronitrile)
(AZO), respectively. MMA is the basic monomerin the system. TMFTMA is a cross-
linking agent used to enhance the polymerization process and to reduce the vapor pressure of
the system. AZO is the initiator for the system.

MMA shall meet the following requirements:

I I I I

Formula CH2=C(CH3)COOCH3

Inhibitor 25 ppm hydroquinone

Molecularweight I00

Assay (gas chromatography) 99.8 % minimum

Density 7.83 Ib/gal (0.938 kg/L)

Boiling point 212°F (100°C)

Flash point (Tag, ASTM D 1310) 55°F (13°C)
I
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TMFrMA shall meet the following requirements:
!

Formula (CH2-CHs COOCH_CCH2CH3

Inhibitor 100 ppm hydroquinone

Assay 95.0% minimum

Density 8.82 lb/gal (1.058 kg/L)

Flash point (Cleveland ASTM D 92) > 300OF(1490C)

AZO shall meet the following requirements:

Empirical formula CsHnN4

Minimumpurity 96%
I

It is recommendedthat the MMA and TMPTMA be obtained from a supplier
preproportionedin the requiredratio (100:10 by weight) and be shippedin 55 gal (208 L)
drums with 400 lb (181 kg) of mixture (approximately50 gal [189 L]) per drum. This
eliminates the need for mixing the MMA and _ at the site and allows enough space
for the additionand mixing of the catalyst (AZO) on a drum-by-drumbasis at the job site.
The AZO should be obtained in 1.82 lb (826 g) packages to simplify mixing (i.e., one
package per drum of MMA/TMPTMA mixture).

• Safety in Handling and Storing Monomer

The monomer materials must be stored, handled, and applied in such a manneras to prevent
fire, explosion, and injurious exposure to personnel associated with the job and to the public.
Unsafe handling practices will be sufficient cause to discc,ntinuework until hazardous
proceduresare corrected. Occupational Safety and Health Administrationmaterial storage,
handling, and safety specifications shall be adhered to in l_e performance of this work.

Storage of monomer materials. The premixed MMA/TMPTMA monomer system shall be
stored in the original shipping containers. Maximum monomer storage temperature shall not
exceed 90°F (32°C). The storage facility shall be located and constructed to provide
protection from direct sunlight, fire h_7_rd, and oxidizing chemicals. Sufficient ventilation
shall be maintainedto prevent the hazardousbuildupof monomer vapor concentrations within
the storage air space. "Warning"and "No Smoking"signs shall be placed at appropriate
intervals. Facilities shall be available in the monomer storage area to spray water on the
drums if the drum temperatures should reach 90OF (320C). The AZO shall be stored in
accordance with the manufacturer's recommendations, but in no event shall the catalyst
storage temperature exceed 35"F (2"C). The catalyst sMtl be stored in an area separate
from the monomer.
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Ignitionsources.Allelectricalequipment,lighting,andpowerso_ mustconformtothe
explosion-proofrequirementsoftheNationalElectricalCode.No smokingshallbe
permittedinandaroundthemonomerstoragefacilitiesoronthejobsitewhenthemonomer
isbeingmixed,transferred,orapplied.Drumsmustbeelectricallygroundedduringmixing
and transfer operations.

Personnel protection. Personnelworking with the monomersand catalyst shall be provided
with and use safety glasses or goggles, impervious gloves, aprons, and boots. Normally in
outdoormonomer applicationsrespiratoryequipment is not necessary. However, self-
contained respiratoryequipment should be availablein case of emergency. A field eyewash
and water washing facility should be availableon the job site.

Accidental spills of monomer materials. Accidental spills must be absorbedwith vermiculite
or dry sawdust and collected with nonsparkingtools, and shall be disposed of in accordance
with governmentregulations.

• Mixing of Monomer with the PolymerizationCatalyst

The AZO shall be mixed with the monomer system no more than 60 minutes before use.
Monomer temperature at the time of catalyst addition shall not exceed 90°F (32°C).

Mixing and transfer equipment must not be made of copper or brass, which may cause bulk
polymerization by chemical reaction. Any plastic components should be resistantto the
monomer. Mixing shall be accomplished using explosion-proofpropeller-typestirrers or by
bubbling small volumes of air at low pressure(1 to 2 psi [6.9 to 13.7 kPa]) through the
mixing vessel.

The drum containing the monomer mixture should be electrically ground. After the
monomer mixture is mixed for 5 minutes, a premeasuredpackage of AZO catalyst should be
removed from its refrigerated storage location and added to the mixing container. The
mixture should not be mixed during the addition. The monomer mixture should be mixed
for 30 minutes following the addition of the AZO. The catalyzed monomer should be used
within 4 hours of the addition of the catalyst. The unused portion should be disposed of by
bulk polymerization.

Additional information and lists of possible suppliers are available in FHWA-PA-85-014,
Deep Polymer Impregnation of a Bridge Deck Using the Grooving Technique (7).

• Latex Modified Mortar

The following materials and proportions are recommended:

1. Latex admixture conforming to the prequalification standardsof FHWA Notice
5140.15, July 1978, should be added at a rate of 3.5 gal/sack (13 L/sack).
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2. Cement:sand (dry basis) = 1:2.90

3. Cement type and content, ASTM C 150 t:.fl3eI or II, 658 lb/yd3 (390 kg/m3)

4. Maximum water/cementratio 0.37 (including water in latex emulsion)

5. Fine aggregate, ASTM C 33

6. Air-entrainmentagent should not be used.

7. Total air content, 7% 4- 1%

8. Slump, range 4 to 6 in. (10 to 15 em)

9. Minimum compressive strength at 28 days, 4,000 psi O1 MPa)

4.3.4 Superstructure and Substructure Elements: Patching with Corrosion
Inhibitors

s Description

There are two types of superstructure/substructureeorro:fioninhibitor rehabilitationpatching
methods. Type I is a standard patching method using a corrosion inhibitor-modified concrete
patching material. Type II uses the same patching material but includes four spray-on
inhibitor applications on the exposed reinforcing steel and patch cavity before patching. For
both methods, all the damaged concrete, sound but actiw.qycorroding concrete, and critically
chloride-contaminated concrete is removed. Active corrosionpotential and critically
chloride-contaminated concrete sampling and application methodologies are presented in
sections 2.4.1.1 and 3.2.1.

For type I methods, concrete removal areas are marked out and scored 0.75 in. (1.9 cm)
deep along the patch perimeter with a dry concrete saw, concrete is removed at least 0.75 in.
(1.9 cm) below the re.bar, and the cavity is backfilled with a corrosion-inhibitor-modified
concrete. A penetrating sealer is applied to the entire slauctural element. For type II
methods, before backfilling the patch cavity, the patch e_Mty and rebar receive four spray-on
applications of corrosion inhibitor. Because of potential bond problems, when Cortec 2020
is used as the spray-on inhibitor the cavity area is sandblasted to remove the surface residue.

• Limitations

The influence of removing a large amount of concrete at one time on the structural capacity
of the member must be considered.
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• Estimated Service Life

The service life of the type II method comparedwith the type I method is not significantly
affected by the spray-onapplicationsof inhibitor. For prepatchinghighly corrosive
conditions, the type II method should be used in place of the type I method.

The estimated service life of both the type I and type II corrosion inhibitorpatching methods
is estimated to be greater than 50 years.

• Estimated Cost

The estimated costs of the type I and type H methods were determined by standard
engineering estimating procedures. Details are presented elsewhere (4). The costs are
national average costs for mid-1991.

The presented costs include all costs associated with the patching methods, including labor,
materials, and equipment for removing the concrete, cleaning the patch cavity and rebar,
applying the corrosion inhibitor, backfilling the patch cavity, and curing the concrete. The
costs also include maintenance and protection from traffic and contractor operations and
profit. Table 4.8 presents the costs for four levels of concrete removal, two corrosion
inhibitors (type I, DCI and Cortec 2000; type II, Postrite/DCI and Cortee 2020/2000), and
seven bridge members.

4.3.4.1 Construction Procedure: Patching with Corrosion Inhibitors

The followingaddressesthepatchingofsuperstructureandsubstructureelementsusing
corrosion inhibitors. Two types of rehabilitation patch techniques are identified: type I and
type II. Type I is a standard patching method for which a corrosion inhibitor is added to the
patching material. Type II is identical to type I, with the addition of four spray applications
of a corrosion inhibitor to the repair cavity. The repair cavity can be backfilled with cast-in-
place concrete or shotcrete. The following will primarily address east-in-place concrete;
notes on the use of shotcrete are provided in section 4.3.4.3. These techniques can also be
applied to eneasement and jacketing. However, costs have not been developed for these
procedures.

• Delineation of Areas to Be Removed

Areas of unsound concrete should be located by sounding with a hammer. The unsound
concrete is evidenced by a hollow sound. The area to be removed should be delineated by
the site engineer as the unsound or delaminated area plus a 2 in. (5 era) periphery.
Delineations should be made in a manner that minimizes cuts, avoids small "islands" of
sound concrete, and avoids acute angles.
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Table 4.8 Superstructure/Substructure Rehabilitation Using Corrosion Inhibitor-
Modified Concrete and Corrosion Inhibitor Spray-On Patch Systems
($1yeb

U II

BridgeMember Percent TypeI* Type11"
Concrete
Removal DCI Cortec 7,:000 Postrite/DCI Cortec

2020/2000

Beams 0.5 218 217 227 224
1.0 124 119 132 129
2.0 75 71 84 81

Diaphragms 1.0 1,429 1,472; 1,437 1,434
2.0 691 687 699 697
3.0 478 47._, 486 483

Piers 2.0 690 686 698 695
5.0 288 284. 297 294

10.0 219 21_ 166 163

Pier caps 5.0 372 368 380 377
10.0 219 214 208 205
40.0 219 214 131 128

Back'walls 5.0 1,386 1,381 1,394 1,391
10.0 707 702 715 712
40.0 253 249 205 202

Abutmerits 2.0 1,761 1,75_ 1,769 1,766
5.0 721 716 729 726

10.0 492 488 382 379

Wing walls 2.0 2,118 2,173 2,186 2,183
5.0 864 859 872 869

10.0 445 411 454 451
I I I

$1/yd 2) = $'1.196/m 2

* Type I = Removeconcreteto below rebarsand patc_awith corrosion-inhibitor-modified
concrete.

* Type IT = Remove concrete to rebar depth and apply corrosion inhibitor-spray-on patch
system.

The delineated area should be outlined with a saw cut 0.75 in. (1.9 ¢m) deep. C_tre should

be taken to avoid cutting existing reinforcing steel. In nc, case will feathered edges be

acceptable.
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• Removal of Unsound Concrete

The unsound concrete shouldbe removed with pneumaticbreakersof less than35 nominal
pounds (15.9 kg). Pneumatic breakers should be fitted with bull-point chisels (pointed).
Small hand chisels should be used to provide clearancearoundreinforcing bars. The
pneumatic breakers should be operatedat an angle no greater than 45 degrees from the plane
of the removal surface.

The minimum depthof removal is 0.75 in. (1.9 cm) around the periphery of the exposed
reinforcing steel. However, concrete shouldbe removed to the depth necessary to expose
sound concrete. Care should be takento maintainstructuralintegrity duringconcrete
removal.

• Preparation of Repair Cavity

Once all the unsound concrete has been removed, the cavity shouldbe gritblastedto remove
laitances. All exposed reinforcing steel shouldbe blasted to near white metal (all scale and
rust removed). Reinforcing bars with greaterthan 25% sectional loss as determined by the
engineer should be lapped with reinforcing bar of equaldiameter for 30 bar diameters on
either side of the deteriorated area.

Following the completion of gritblasting, the cavity shouldbe airblastedto remove all dust
and debris. The compressed-air source used for grit- and airblastingshould have oil and
water traps installed.

Water must not be allowed to contact the type II removal areas after the cover concrete is
removed. Should water wet the type II removal areas before the application of the corrosion
inhibitor, the concrete shall be dried 30 minutes with a propane-fired infrared heater to a
surface temperature of 400*F (204"C). Spray application of the inhibitor shall be delayed
until the concrete has returned to ambient temperature.

Formwork specifications are beyond the scope of this report. However, the following should
be considered to ensure a good bond:

1. Formwork shall be sufficiently anchored and braced to prevent bulging.

2. Formwork should be designed to withstand concrete vibration forces.

3. Formwork should be designed to give the fluid concrete sufficient head to fill
all voids and bond to the substrate, especially when patching overhead surfaces
such as the bottom of pier caps.

More information on formwork can be obtained from ACI 347R, Guide to Formworkfor
Concrete (11).

137



• Application of Surface-Applied Corrosion Inhibi_x)r: Type II Only

Application of the surface-applied inhibitor involves spraying the dry concrete cavity with a
liquid corrosion inhibitor. The inhibitor can be success:_lly applied with an industrial-grade
garden sprayer. Four applications of the inhibitor are to be applied and allowed to soak into
the base concrete before overlay. The intfibitors that can be applied, and their corresponding
concentrations and application rate are as follows:

1. Postr_te is a water-based inhibitor containing 1595 by weight calcium nitrite to
be used as a surface treatment. Each al_,lication of the Postrite solution is to
be applied at the rate of 150 ft2/gal (3.7 m2/L). Four applications of the
inhibitor are to be applied, the second at one hour and the third at eight hours
after the initial application. The last application should be applied immediately
before the erection of formwork or the application of shotcrete. This
application should be applied a minimum of 16 hours after the initial
application.

2. Cortec MCI 2020 is a water-based inhibitor to be used as a surface treatment

or by injection. Each application of Cortec MCI 2020 shall be spray-applied
at the rate of 225 fta/gal (5.5 m2/L). Four applications of the inhibitor are to
be applied, the second at two hours, the third at 12 hours, and the fourth at 24
hours after the initial application. Once the fourth application has been
allowed to soak in (surface aIvears dry), the cavity should be lightly
gritblasted to remove any residues left by the inhibitor. Failure to do so may
lead to bond failure. Formwork may be erected following the gritblasting.

Safety and handling measures for these inhibitors are dk,¢ussed in section 4.3.4.3.

• Placement and Consolidation

The patch material may be batched and mixed at the site: or supplied ready mixed. The patch
material should be placed in a manner that will prevent :_egregation. The patch material
should be consolidated with an internal vibrator.

• Curing

Positive steps should be taken to provide moist curing tc, superstructure and substructure
repairs. Minimum requirements include keeping forms cool and moist and draping exposed
areas with wet burlap. Formwork should be left in pla_ for a minimum of seven days for
repairs that are not moist-cured. Within 24 hours of the removal of such formwork, a curing
membrane should be applied to maintain the internal huraidity of the repair concrete.
Shotcrete patches should be moist-cured for a minimum of 7 days; curing membranes are not
acceptable.
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• PenetratingSealer

Following 28 days of curing, a penetratingsealer should be applied to the entire substructure
component. The sealer should be applied in accordancewith section 3.2.6.

4.3.4.2 Quality Assurance/Construction Inspection: Patching with
Corrosion lnhibitors

The site engineer will be responsible for delineationof the areas of concrete to be removed
and the depth of removal. The engineer should ensure thatall of the provisions for concrete
removal are strictly enforced.

• SubstratePreparation

In assessing deck preparation, the site inspector shouldexamine the following:

1. Ensure that the exposed reinforcingsteel is free from alI rustand scale.

2. Determine the sectional loss and specify lappingof reinforcement bars where
required.

3. Ensure that the patchcavity is free from gritblastmaterial, latencies, and
contaminants.

• Application of Surface-Applied Corrosion Inhibitors

The site inspector should monitor and enforce the following:

1. The application rate and concentration of the inhibitor: The inspector should
ensure that the inhibitor is applied until the surface appears saturated.

2. If water is allowed to contact the treated area after the initiation of the
inhibitor applications, the affected area should be dried and the application
process repeated.

3. Safety regulations applying to the storage and handling of the inhibitors must
be enforced.

4. The inspector should ensure that all inhibitor residues are removed by grit-
blasting before concrete placement.

The following are recommended for mixing placement and consolidation:

1. Equipment used for transporting concrete at the job site should be inspected
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before placement to ensure that appropriate measureshave been taken to
prevent segregation as outlined in ACI 304R, Guidefor Measuring, Mixing,
Transporting, and Placing Concrete (12).

2. Ensure that the patching materialsas supplied meet the requirements outlined
i_;section 4.3.4.3.

3. Inspect the concrete mixer, water-measuringdevice, and aggregate-weighing
scale before the first concrete is batched and mixed. Aggregate proportioning
by volume or shovel is not acceptable.

4. Prepare compressive-strength cylinders and perform slump and fir-content
tests. The minimum requirement for testiag frequency is two tests per day:
the initial batch and a second, randomly chosen batch.

5. Atmospheric conditions should be monitored and recorded.

• Acceptance

All patches will be sounded after the removal of forms tJ_check for adequate bond and voids.
Unsound, voided, or honeycombed areas should be removed and replaced.

4.3.4.3 Material Performance Specifications: Patching with Corrosion
Inhibitors

• Postrite/DCl:

If Postrite is used as the spray-on inhibitor, DCI (30% c_dciumnitrite) should be added to

the patch concrete. The rate of addition should be 6 galJyd3 (30 L/m3). DCI acts as a set
accelerator and requires the addition of a high-range waU;rreducer and initial set retarder.
The addition rates provided below should be used as guidelines. Trial batches should be
prepared with local materials to ensure proper air contenl:, workability, and set time.

The inhibitors must be stored, handled, and applied in such a manner as to prevent injurious
exposure to personnel associated with the job and to the public. Personnel working with the
inhibitor shall be provided with and use safety glasses or goggles and rubber or other
impervious gloves. Additional protective clothing should be worn to minimize skin contact.
Spills should be absorbed with an inert, noncombustible medium and removed for disposal in
accordance with existing federal, state, and local environ_rientalregulations. Spills should be
prevented from entering drinking water supplies and stre,_ansor groundwater.

The following materials, proportions, and properties are recommended for the overlay and
repair concrete:
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1. DCI should be added as an admixture at the rate of 6 gal/yd3 O0 I-Jm_). Note
that the water in the admixture must be accounted for in the water/cement
ratio. DCI contains approximately 7.0 lb water per gallon (0.84 kg/L).

2. High-range water reducerconforming to ASTM C 494 type G should be added
at a rate recommendedby the manufacturer.

3. Retarding admixture conforming to ASTM C 494 type B or D should be added
at a rate recommendedby the manufacturer.

4. Cement content, ASTM C 150 type I or IT,611 lb/yd3 (362 kg/m_)

5. Maximum water/cement ratio 0.43

6. Aggregates, ASTM C 33, with maximum aggregate size of 0.5 in. (1.3 cm)

7. Total air content, 7.5 % ± 1%

8. Slump, range 3 to 4 in. (8 to 10 em)

9. To control or reduce shrinkage, the total water content should be kept to a
minimum. Concrete not meeting consistency requirements should be rejected.

10. Shotcrete: DCI should be added directly to the mixer for dry-mix process; no
adjustments are necessary for wet mix. The rate of addition should be 0.5 gal
(1.9 L) per hundred weight of cement. The high-range water reducer and
retardershould not be included.

Postrite andDCI canbeobtainedfrom

Construction ProductsDivision
W.R. Grace and Company
62 WhittemoreAvenue
Cambridge, MA 02140
(617) 876-1400

• Cortec MCI 2020/2000:.

If MCI 2020 is used as the spray inhibitor, MCI 2000 should be added to the repair and
overlay concrete. The rate of addition should be 2 lb/yd3 (1.2 kg/m3). A high-range water
reducer should be added to improve workability. Research has shown that MCI 2000 has no
effect on the properties of fresh concrete (2). However, trial batches should be prepared
with local materials to ensure air content, workability, and set time.
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The inhibitorshould be stored in original shipping containers. Containersshould be kept
tightly closed and kept away from heat, open flame, and spark sources. Personnel working
with the inhibitor shall be providedwith and use safety ,glassesor goggles, NIOSH-approved
respirators, and chemical-resistantrubberor plastic gloves. The contractor shall provide a
field eyewash and safety shower to be used in the event of an accidentalsplash of inhibitor
on the workers. Additionally, workers shall be required to thoroughly wash hands with soap
and water before eating, smoking, drinking, or using the lavatory. Accidental spills should
be absorbedwith a sweeping compoundor other absorbent material. The compound shall be
or disposed of according to existing federal, state and Io_l environmentalregulations.

The following materials, proportions,and propertiesare recommended for the overlay and
repair concrete:

1. Cortec MCI 2000 should be addedat the :_te of 2 lb/yd3 (1.2 kg/m3).

2. A high-range water reducer meetingASTM C 494 type G should be added at a
rate recommendedby the manufacturer.

3. Cement content, ASTM C 150 type I or I[, 611 lb/yd3 (362 kg/m3).

4. Maximum water/cementratio 0.43

5. Aggregates, ASTM C 33, with maximumaggregate size of 0.5 in. (1.3 cm)

6. Total air content, 7.5 % + 1%

7. Slump, range 3 to 4 in. (8 to 10 cm)

8. To reduce shrinkage, the total water content should be kept to a minimum.
Concrete not meeting consistency requirements should be rejected.

9. Shotcrete: The rate of addition is 6 fl oz (177 mL) per hundred weight of
cement. The MCI 2000 should be dispersed in 32 fl oz (946 mL) water before
addition to dry-mix process. No changes :_naddition are necessary for wet-mix
applications. The high-range water redu_:r should not be included in the wet-
mix process.

Cortec MCI 2000/2020 can be obtained from

Cortec Corporation
St. Paul, MN 55107
(612) 224-5643
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5

Rapid Deck Treatment Methods

5.1 Introduction

This chapter presents standard "rapid" protection, repair, and rehabilitation methods used by
SHAs. As in chapter 3, methods applied to concrete bridge decks are described with respect
to limitations, estimated service life, estimated price or cost, and construction procedures and
specifications. However, this chapter emphasizes those aspects of the deck treatments that
make them suitable for rapid installation, and minimizes the duplication of information
contained in previous chapters.

5.2 Criteria for Rapid Bridge Deck Treatment Methods

Rapid bridge deck treatment methods are those that are suitable for installation during
off-peak traffic periods and open to traffic during peak traffic periods. A flow diagram for
rapid bridge deck treatment methods is shown in figure 5.1. Although deck replacement is
an option in a rapid treatment situation, replacement is outside the scope of this manual (1).

Lane closure, concrete removal, and surface preparation are necessary first steps for any
rapid deck treatment. Lane closure can be accomplished with cones (or other temporary
barriers) or a concrete barrier system that facilitates rapid placement and removal; (see figure
5.2) (2). All unsound concrete must be removed in preparation for new treatment materials.
Necessary forms must be placed for full-depth patches, and surfaces to which concrete should
bond must be blasted clean, in accordance with specifications.

If there is insufficient time to install and cure a patching material or protection system,
temporary materials (steel plates, asphalt concrete, etc.) should be placed as needed to
maintain a traffic-beating surface. Otherwise, the deck treatment should continue with the
installation of rapid-curing concrete treatment material and the curing of the materials to
the required strength to receive traffic. Necessary temporary materials are installed, and the
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Figure 5.1. Flow Diagram for Rapid Bridge Deck Treatment Methods

146



B o

I7--_IIII o

I_ B oB o
0

Figure 5.2 Rapid Concrete Barrier Placement and Removal System

147



lane is opened to traffic.

A bridge deck that must receive a rapidtreatmentmethodcan usually be classified into four
maximum lane closure time conditions that requite the use of one of four rapid treatment
methods as follows:

21 to 56 hours: semirapid (e.g., 9 p.m. Friday to 5 _L.m.Monday)

12 to 21 hours: rapid (e.g., 6:30 p.m. to 3:30 p.m.)

8 to 12 hours: very rapid (e.g., 6 p.m. to 6 a.m.)

less than 8 hours: most rapid (e.g., 9 p.m. to 5 a.m.)

A deck treatment must follow the flow diagram(figure [;.1) within the lane closure
constraintsof 21 to 56, 12 to 21, 8 to 12, or less than 8 hours to qualify as partof a rapid
deck treatment method.

5.2.1 Methods

As discussed in chapters 2, 3, and 4, deck treatment methods include protection, repair, and
rehabilitation. Protection methods restrict the infiltratiorLof chloride ions into concrete that
is not critically contaminatedwith chloride (chloride ion content exclusive of background
chloride is less than 1.0 lb/yd_ [0.6 kg/m3]and half-cell potentialsare less negative than
-250 mV, CSE). Rapid protection methods used by SI-D_sinclude asphalt overlays on
preformed membranes, polymeroverlays, and sealers.

Repair methods do not deal with the cause of deterioration, but rather emphasize the rapid
replacement of deteriorated, delaminated, and spalled co]lcrete. Rapid repair methods used
by SHAs include asphalt overlays with and without preformed membranes,high-early-
strength hydraulic cement concrete overlays, patching with high-early-strengthhydraulic
cement concrete and asphalt concrete, and polymer overlays.

Rehabilitation methods include the removal of all deteriorated, delaminated,and critically
chloride-contaminatedconcrete, followed by patching and placementof a protective system.
Rapid rehabilitation methods include asphalt overlays on membranes,high-eaxly-strength
hydraulic cement concrete overlays, and polymer overlays. Rehabilitation methods have a
much longer service life than repairmethods because critically chloride-contaminated
concrete is removed when rehabilitationmethods are us_. Asphalt concrete overlays on
membranes and sealers are covered in more detail in chapter 3. Almost all methods can be
used with lane closures of less than 8 hours, but whenever feasible, longer lane closures
should be used to enhance quality.
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5.2.2 Minimum Curing lime

One of the most importantpropertiesof a rapid protection, repair, or rehabilitationmethod is
the strength of the materials at the time they are first subjected to traffic. Materials that do
not have adequatestrength can be damagedby traffic and fail prematurelyas a result of a
failure of the matrix or bond. Materials must be relatively free of cracks and must be
adequately bonded to the substrateto protect the deck and provide skid resistance.

The most convenient indicators of the strength of hydraulic cement concretes and mortarsare
the compressive strengths of 4 x 8 in. (10 x 20 cm) cylinders for concrete and 2 in. (5 cm)
cubes for mortar. Hydraulic cement concretes and polymer concretes are usually required to
have a compressive strength of 2,500 to 4,000 psi (17.2 to 27.6 MPa) before being subjected
to traffic 0). Guillotine shear bond strengthsof at least 200 to 400 psi (1.4 to 2.8 MPa) are
usuaUyobtained at these compressive strengths when concretesubstrates are properly
prepared (4, 5). Tensile adhesion strengths greater than 100 psi (0.7 MPa) are also
indicative of satisfactory performance (6, 7, 8).

Sealers must be tack-free at the time they are subjected to traffic. Membranes must be tack-
free before being overlaid with asphalt concrete, which is then allowed to cool to 150°F
(66°C) before it is opened to traffic 0). Patches that can be protected with a steel plate can
be opened to traffic once the plate is in place.

Table 5.1 shows estimates of the minimum curing times needed to subject protection methods
to traffic without causing majordamage to them. The estimates are based on compressive
and bond strength data, tack free times, and asphaltconcrete cooling rate data obtained from
the literatureand the responses to the questionnairesent to the materialssuppliers (3, 7
through 22). Curing time is a function of the curing temperatureof the material, which is a
functionof the mixture proportions,the mass, the air and substratetemperatures,and the
degree to which the material is insulated. The values in table 5.1 are reportedas a function
of air temperature for typical installations. Research is needed to provide additionalvalues
and to refine the estimates shown in the table.

The minimum curing times in table 5.1 axe for an asphalt concrete overlay placed on a
prefabricated, rubberized asphalt membrane and prime coat. Approximately 1 hour is
required for the prime coat to cure at 75"F (24"C). At 90*F (32"C), the prime coat usually
cures faster; however, a minimum of approximately 1 hour curing time is still required for
the asphalt concrete to cool to 150"F (66"C) (3, 9). At temperatures of 55"F (13"C) and
below, the curing time is controlled by the curing rate of the prime coat.

Minimum curing times for hydraulic cement concrete can be reduced by increasing the rate
of reactions by adjustingthe mixture proportions,applying insulation, and increasing the
mass of the application. Asphalt concrete cools more rapidly when placed in thinlifts, and
sealers become tackffree sooner when the applicationrate is reduced. Patches constructed
with materials similar to those used in overlays should have minimum curing times similar to
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Table 5.1 Minimum Curing Times of Rapid Protection Methods (Hours)

I

References Method Installation Temperature, o F ( o C)

40 (,_) 55 (13) 75 (24) 90 (32)

Dickson, Codew (9) Asphalt concrete overlay NA 2 2 2
VA DOT (3) on membrane

Carrasquillo, Farbiarz (12) Hydraulic e.ement 5 4 3 3
Popovics, Rejenderan concrete overlay (special
(17) blended cement)

Sprinkel (19) (magnesium phosphate) l 1 1"* 1**
Streb(21)
Temple, ]hlluo, Fowler,
Meyer (22)

Kubacka, Fontana (15) Polymer overlay (epoxy) 2* 6 3 2

Sprinkel (7)

Sprinkel (7) Sealer (silane) 4 3 2 1
0aigh-molecular weight- N/A 9 3 I

Sprinkel (18) me2Ju_rylate)

NA: Not applicable since materials are not usuallyp_:ed at indicated temperature.

* Special cold weather formulation of metha_rylate.

** Special hot weather formulation of magnesium phosphate.
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those shown in table 5. I, with the exception of asphalt concrete patches. These patches are
suitable for traffic in one hour or less.

Judgingby the data in table 5.1, all the rapid deck treatmentmethods can satisfy the
requirementsfor a most rapid treatment. However, the high-early-strengthhydraulic cement
concrete overlays would have to be constxuctedwith special blended cements and admixtures
or magnesium phosphate (12, 17, 19, 21, 22). The more conventional high-early-strength
PCC overlays, such as those constructedwith 15% latex and type HI cement or 7% silica
fume and high-range water-reducingadmixtures, would only satisfy the requirements for a
semirapidtreatment (5, I6). Althoughboth high-early-strengthlatex-modified and silica
fume-modified PCCs can achieve 3,000 psi (20.7 MPa) compressive strength in less than 21
hours, additional lane closure time is requiredto preparethe deck, set up the screed, and
moist-cure the concrete. To obtainoptimumproperties, latex-modified PCC shouldbe
moist-curedfor two days and silica fume concrete for three days. Although liquid membrane
curing materials can be applied to silica fume concrete once the wet burlap is removed, some
loss in durability should be expected when less than optimum curing time is provided.

5.3 Protection Methods

5.3.1 Polymer Overlays

5.3.1.1 Description

Polymer concrete overlays similar to those currently in use have been installed on PCC
bridge decks in many states during the past 15 years. The overlays are usually placed on
decks to reduce the infiltration of water and chloride ions into the concrete and improve skid
resistance, ride quality, and surface appearance (23, 24). Three types
of overlays are typically used:

Multiple-layer: two or more layers of unfilled polymer binder and broadcast gap-
graded, clean, dry angular-grained aggregate.

Slurry: a polymer aggregate slurry struck off with gauge rakes and covered with
broadcast aggregate.

Premixed: a polymer concrete mixture consolidated and struck off with a vibratory
screed.

The most frequently used binders for polymer concretes and mortars are epoxy, polyester
styrene, and methacrylate (25, 26, 27, 28, 29). The binders are usually two-component
systems, one component containing the resin and the other containing curing agent or
initiator. The aggregates are usually silica and basalt. Fillers such as coke breeze are used
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to impart conductivity when the overlays are used as pm_of a cathodic protection system
(30). Uniformly graded aggregates are used with pren_ed overlays and most _urry
overlays, and gap-graded aggregates are used with multiple-layer overlays and are broadcast
on the top of slurry and some premixed overlays.

Decks that are likely candidatesfor polymer overlays have the following characteristics:

1. Cover concrete that is not critically chloride-contaminated(see section 3.2.1)
2. Cover concrete over the reinforcementbars with a permeability

> 2,000 coulombs (AASHTOT2T0
3. Clear cover over the reinforcementbar of < 2 in. (5 cm)
4. Extensively cracked cover concrete (particularlydecks that were constructed

without epoxy_oated reinforcementbars)
5. Bald tire skid number (ASTM E 524) < ?.0 at 40 mph (64 kph)

5.3.1.2 Limitations

Decks that are not good candidates for polymer overlays have the following characteristics:

1. Corrosion-induced delaminations and spa/Is
2. Cover concrete that is critically chloride-contaminated (see section 3.2.1)
3. Half-cell potentials more negative than -2:;0 mV CSE
4. Unsound concrete (tensile rupturestrength less than 150 psi [1.0 MPa])
5. Poor drainage
6. Poor ride quality (althoughslurry and premixed overlays can correct minor

surface irregularities)

Surfaces must be shotblasted, sound, clean, and dry to obtain a high bond strength. Large
cracks should be filled ahead of time. The successful application of a polymer concrete
overlay includes use of acceptable materials, adequatesurface preparation, proper hatching
and placement of materials, and adequate curing before _,.ubjectingthe overlay to traffic.

Some very flexible binders show a rapid loss in skid number when subjected to high volumes
of traffic and high temperatures (31).

5.3.1.3 Estimated Service Life

The literature review revealed an average service life estimate of 10 years for polymer
overlays (8, 32, 33, 34, 35). The questionnaire responses produced estimates from 6 to 25
years, with an average of 13 years (36).

Service life estimates for the rapiddeck protection and n'.habilitation treatments based on the
SHRP C 103 field evaluations are summarized in table 5.2 (31). The life of the
rehabilitation is controlled by permeability to chloride ion, skid resistance, adhesion, or
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corrosion-inducedspalling (CIS).

_Iudgingby the performancedata obtainedfrom the field evaluations, multiple-layerepoxy
overlays should provide very low permeability to chloride ion for 25 years or more on decks
with low to moderate average daily traffic (ADT). Also,, they should remain bonded and
provide adequate skid resistance for at least 25 years. /dthough both adhesion and skid
numberdecrease as traffic increases, projectionsbased on the field evaluations indicate that
decks with very high ADT should have an average adhesion strength of approximately 100
psi (689 Ida) and an average skid numberof approximately36 at 25 years of age 01).
However, permeability to chloride ion is projected to increase from less than 125 coulombs
for decks with less than 5,000 ADT to 1,880 coulombs :Fordecks with greater than50,000
ADT at 25 years of age. Therefore at high and very high ADT overlays should be replaced
at less than 25 years to prevent a reductionin the time _ corrosionof the reinforcement,
replacement at 15 years for high ADT and 10 years for very high ADT, see table 5.2 for
adjustment factors.

Multiple-layer epoxy-urethane overlays should perform _.swell as the epoxy overlays for
decks with low ADT. For decks with moderate ADT the bald tire skid number may be less
than 20 in 15 years or more. Reductions in life due to low skid numbers could not be
determined for higher ADT (31).

The effect of traffic volume on the life of premixed polyester overlays could not be
determined, since all overlays evaluated were subjected to low ADT.

Methacrylate slurry overlays should provide negligible l_;rmeability for at least 18 years, but
they could fail because of a low skid numberin 18 years on decks with low traffic, 7 years
for decks with moderate traffic, 5 years for decks with high traffic, and only 3 years on
bridge decks subjected to very high volumes of traffic.

Multiple-layerpolyester overlays provide less protection and similar skid resistance to epoxy
overlays until they fail in adhesion in about 10 years.

High-modulus, brittle, multiple-layer methacrylate overlays should provide low permeability
and good skid resistance until they fail in adhesion in about 15 years. Traffic volume does
not seem to be a factor in the failure in adhesion of these overlays. Since these overlays do
not provide the level of protectionprovided by the other overlays, corrosion-induced spalling
is likely to occur at an earlier age. The performance data for polymer overlays based on
field evaluations (table 5.2) are generally more favorable than the data based on the
questionnaire response and literature review.

The projected minimum service life values shown in table 5.2 are for protection and
rehabilitation treatments in which the concrete is not critically chloride-contaminated, as
described in chapter,3.
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5.3.1.4 Estimated Construction Prices

Thin polymer overlay price was determined from analysis of bid prices. The price includes
furnishing all equipment, material, and labor n__,_Medto complete the work. A thin polymer
overlay consists of a polymer material (unspecified in submittal of bid prices) applied to a
deck surface with aggregate broadcast on top. The overlay can be placed in one or several
lifts and is between 0.25 to 0.75 in. (0.6 to 1.9 cm) thick. The price of thin polymer
overlays is influenced by quantityand numberof biddersand can be estimated from the
following relationship:

y = 56.109 + (-0.000359)X

where y - Predicted national adjusted price ($/yd_)
X = Job quantity (yd2)x number of bidders

For a 2,900 yd2 deck with four bidders, the price is $52/yd2 ($62/m2).

For a specific polymer overlay system, such as premixed polyester overlays that are placed
like portland cement overlays, the price is a function of quantity only. This includes all
labor, materials, and equipment necessary to furnish and install a polyester overlay. The
price can be estimated from the following relationship:

y - 22.088 + 0.00118X + 42251.9/X°'gin

where y = Predicted national adjusted price ($/yd2)
X = Job quantity (yd2)

For a 2,900 yd2 deck, the price is $53/yd2 $64/m2)

5.3.1.5 Materials

The contractor shall use materials that satisfy the requirements of the material specifications.

5.3.1.6 Surface Preparation

Surfaces must be shotblasted, sound, clean, and dry to obtain a high bond strength. Concrete
that does not have a tensile rupture strength 0oad/area) (ACI 503R, VTM 92) of at least 150
psi (1.0 MPa) must be removed and replaced so that the overlay can bond to a sound
substrate (25, 37). Large cracks (more than 0.04 in. (0.1 cm) wide) should be filled ahead
of time using gravity-fill epoxies, high-molecular-weight methacrylate, or other proven
crack- sealing methods (41). When possible, sand should be used to extend the crack-filling
polymer.

Once the deck has been patched and large cracks have been repaired, the surface should be
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cleaned by shothlasting to remove asphaltic materials,o_Js, dirt, rubber,curing compounds,
paint, carbonation,laitance, weak surface mortar,and other detrimentalmaterialsthatmay
interferewith the bonding or curing of the overlay. Shothlasting equipmentis available in a
range of sizes. Units that blast a 9 in. (23 cm) wide strip and a 6 ft (1.8 m) wide stripare
shown in figure 5.3. (Other approvedcleaningpractice; such as sandblastingand
waterblastinghave been used, but most specificationsrequireshotblasting.) Smldblasting
must be used to clean along the edges of the deck and other areas that cannotbe cleaned by
shotblasting. Tensile adhesion testing (figure 5.4) is necessary to ensure that the surface
preparationprecedure results in adequate polymer overlay bond strength.

The test method prescribed in ACI 503R shouldbe used to determine the cleaning practice
(size of shot, flow of shot, forward speed of shotblast rtaehine, and number of passes)
necessary to provide a tensile rupture strength (ACI 503R, VTM 92) greater than or equal to
250 psi (1.7 MPa) or a failure area at a depth of 0.25 in. (0.64 cm) or more into the base
concrete on more than 50% of the test area (25, 37). A test result should be the average of
three tests on a test patch of the overlay. The size of _e test patch should be at least 1 x 3
ft (30 x 91 cm) and shall be preparedfrom a batchof polymer concrete that is typical of a
batch to be used in the overlay. One test result should be obtained for each span or 500 yd2
(418 m2)of deck surface, whichever is the smaller area.

The cleaning practice should be approved if passing temile adhesion test results are obtained
for each test patch (24, 27, 28, 29). Figure 5.5 shows lhat the temperature of the overlay
can affect the test result; therefore, the overlay temperature at the time of the test should be
recorded.

5.3.1.7 Methods of Mixing, Placing, and Curing Materials

The overlay should be placed the same day the surface is shotblasted. Areas that are not
overlaid should be shotblasted again just before placemeat of the overlay.

• Mixing and Placing

Polymer binders shall be furnished in two or three com[onents for combining immediately
before use, in accordance with the manufacturer's instru:'.tions. Component A shall be a
promoted or unpromoted resin. Component B shall be _.hardener or initiator. Component
C, if necessary, shall be a promoter that is mixed with component A before adding
component B. Components that can segregate during storage should be stirred before use.
The same paddle shall not be used to stir different components. Equipment and tools may be
cleaned with toluene, xylol, or methyl ethyl ketone befo_rethe binder has set. For premixed
and slurry overlays, the aggregates shall be thoroughly raixed with the binder before placing
the concrete on the deck.

Multiple-layer overlays are typically constructed in the fallowing manner. First, an epoxy
binder is spread over a shotblasted deck surface with notched squeegees (figure 5.6). Gap-
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Figure 5.3 Shotblast Equipment
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Figure5.4 TensileAdhesi¢,nTesting
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Figure 5.6 Spreading Binder on a Shotl_,iastedDeck Surface
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graded basalt aggregate is then broadcastto excess to provide one layer of a multiple-layer
overlay. The aggregate can be broadcast from the back of a dump truck (figure 5.6) or from
an aggregate spreader oscillating in the transversedirection (figure 5.7). The aggregate
should be placed within 5 minutes after the binder is mixed (see tables 5.3 and 5.4). Once
the binder has cured, the unbonded aggregate is removed and a second layer is applied.
Approximately 10 lb/yd2 (4 kg/m2) of aggregate is broadcastonto 2 lb/yd2(1.1 kg/m2)of
resin for layer 1, and approximately14 lb/ycf (7.6 kg/m2)of aggregate is broadcastonto 4
lb/yd2 (2.2 kg/m2) of resin for layer 2. The resin content of the overlay is about 25% by
weight (27, 28, 38).

Slurry overlays are typically constructedby applicationof a prime coat at 0.75 lb/yd 2 (0.41
kg/m2), followed by a flurry mixtureconsistingof about5 lb/yd2 (2.7 kg/m2) of binder, 7
lb/yd2 (3.8 kg/m2) of silica sand, and 5 lb/yd2 (2.7 kg/m2) of silica flour. The slurry should
be struckoff with gauge rakes set to provide a layer of slurryat least 0.19 in. (0.48 cm)
thick (figure 5.8). This is followed by a broadcastto excess of a gap-gradedaggregateas
used in multiple-layeroverlays; aggregate should be broadcastto excess onto the slurry
before the slurry begins to gel; finally, a seal coat is applied at 1.25 lb/yd2 (0.68 kg/m2).
Including the prime coat and the seal coat, the binder contentof the overlay is about 24%
(see table 5.3) (29). When epoxy is used as a binder, silica flour is not used in the slurry,
and no seal coat is required.

Premixed overlays are constructedby mixing the dry aggregates with about 12% binder by
weight (see table 5.3) (26, 39). A primer is usually applied at a rate of about 0.75 lb/yd2
(0.41 kg/m2) to enhance the bond strength. A primer should be applied with rollers, brooms,
or squeegees approximately one hour before placement of a premixed polyester styrene resin
concrete overlay. Typically, the primer must gel on the deck before placement of the
overlay. Polyester styrene resin concrete may be consolidated and struck off with a
transverse vibrating screed (figure 5.9). Continuous batching and paving equipment has been
used to place some overlays. In figure 5.10, a vibrating slipform paver is used to apply a
premixed polyester styrene resin concrete overlay to a deck that has received a polyester
primer approximately one hour earlier. A mobile concrete mixer supplies freshly mixed
concrete to the paver. Acceptable skid resistance can be obtained by batching the overlay
with skid-resistantaggregates, placing grooves in the freshly placed concrete, or broadcasting
aggregate onto the surface.

The thickness of the overlays is typically about 0.25 in. (0.64 cm) for the multiple-layer,
0.30 in. (0.79 era) for the slurry, and a minimum of 0.5 in. (1.3 cm) for the premixed.

• Curing

Before opening the overlay to traffic, it should be cured for the minimum time shown in
table 5.5 and for additional time as required to obtain a compressive strength of 1,000 psi
(6.9 MPa) in field-cured cubes (ASTM C 109) or as required by the manufacturer of the
resin to prevent damage to the overlay.
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Figure 5.7 Broadcasting Aggregate onto Binder I'rom an Oscillating Spreader
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Table 5.3 Typical Polymer Concrete Application Rates (lb/yd z)

I I

Overlay Multiple-Layer Epoxy Slurry Methacrylate Premixed Polyester

Thickness(in.) 0.25 0.30 0.75

Primecoat -- 0.75+ 0.25 0.75 + 0.25

Layer I resin 2.0 :l: 0.25 5.0 + 0.50 9.75 + 0.75

Layer 1 aggregate 10.0 + 1.0 12.0 -l- 1.0 71.0 + 1.0

Layer 2 resin 4.0 + 0.25 --

Layer 2 aggregate 14.0 + 1.0 14.0 + 5.0 --

Seal coat resin -- 1.25 + 0.25 --

Approximateresin 25 24 13

content(%)
II II I

I in= 2.54cm; 1 Ib/yd2 = 0.54kg/m2
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Table 5.4 Typical Aggregate Gradation ,percent Passing Sieve)

I I I

Sieve Size Multiple-Layer SlurryCverlays Premixed Overlays
Overlays

0.5 in. -- -- _ I00

0.38 in. -- -- _ 83-100

No. 4 100 -- _ 65-82

No. 8 30-75 -- m 45-64

No. 16 0-1 100 w 27-48

No. 20 -- 90-100 m

No. 30 -- 60-80 _ 12-30

No. 40 -- 5-15 --

No. 50 -- 0-5 _ 6-17

No. I00 -- _ _ 0-7

No. 140 _ _ I00

No. 200 m -- 98=100 0-3

No. 270 _ -- 96-I00

No. 325 -- -- 93-99
I I

1 in. = 2.54 cm
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_gure 5.8 Use of Gauge Rakes in Slurry Overlays
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Figure 5.9 Use of a Transverse Vibrating Scr_ed for Premi×ed Overlays
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Figure 5.10 Overlay Placement Using Continuous Paving Equipment
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Table 5.5 Typical Properties of Binders and Polymer Concrete

Property Epoxy (28) Polyester (26) Methacrylate (29) Test Method

Viscosity (cps) 700-2,500 75-200 200-1,300 ASTM D 2393

Gel time (rain) 1545 20-120 1545 AASHTO T237

Tensile strength (psi) 2,000-5,000 Minimum 2,500 Minimum 1,200 ASTM D 638

Tensile elongation (%) 30-70 Minimum 35 100-200 ASTM D 638

Bond strength (psi) Minimum 250a Minimum 500b Minimum 250a s-VA "I'M92
b-CAL TM 551

Compressive strength (psi) Minimum 5,000 -- -- ASTM C 109

Cure time @ 900F (hour) 2 2 2 --

Cure time @ 75°F (hour) 3 3 3

Cure time O 60°F (hour) 6-8 5-6 4 --

1 psi = 6.89 kPa; °C - 0.55 (°F - 32)
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5.3.1.8 Quality Assurance and Construction Inspection Program

The testsandtestresultsrequiredtoensurethatanoverlaywithafifeof15to25yearsis
installedmay besummarizedasfollows:

• Resin

Table 5.5 presents a typicalrange of values for viscosity and gel time (26, 28, 29). The
viscosity of the individualor mixed componentsis specified to control the coating of the
aggregatesand the surfac¢on which the polymer is placed. Binder resins with a low
viscosity are suitable for highly filled premixedand slurry mixturesand prime coats. Resins
with a higher viscosity am usually used for multipl_-layeroverlays to allow for proper
coating and filling of the space between the gap-gradedaggregates. The gel time is specified
to ensure that there is adequatetime to place the overlay materials (minimum gel time) and
that the curing will be completedwithin the time required to apply traffic to the overlay
(maximumgel time). Some specificationshave a maximumgel time of 20 min to ensure that
a high early strength is obtainedand a complete cure is a achieved (27). Additional
propertiesof the uncuredbinders, such as specific gravity, stability, and component content,
are also sometimes specified.

Table 5.5 also shows the typically specified cured propertiesof binders (26, 28, 29) that
have had a long service life. It would appearthat a tensile strength of 2,500 psi (17.2 MPa)
is compatible with an elongation of 50% for epoxies and polyesters. A lower tensile strength
of 1,200 psi (8.3 MPa) is satisfactoryfor methacrylatebindersbecause the tensile elongation
is typically much higher. A sample of resin should be obtained for each 1,000 gal (3,785 L)
of resin to be used. The viscosity, gel time, tensile strength, tensile elongation, and bond
strengthof the resin should be measuredand the resin accepted when values as shown in
table 5.5 are obtained.

• Aggregate

A sample of aggregate should be obtainedfor each 100,000 lb (45,360 kg) of aggregate to be
used. The gradation should be measured and the aggregate accepted when values as shown
in table 5.4 are obtained. Aggregates that will be subject to wear shall be silica or basalt and
shall have a Mohs scale hardness of about 7.

Aggregates should be specified to be dry (less than 0.2% moisture), angular-grained silica
sand or basalt and free from dirt, clay, asphalt, and other organic materials (27, 28).

• Concrete

Table 5.5 shows typical mechanical properties of polymer concretes used in overlays that
have exhibited a long service life (18, 23, 24, 25, 26, 27, 28, 29, 38). The Virginia
Department of Transportation requires a minimum bond strength (ACI 503R, VTM 92) of
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250psi(1.7MPa),anda minimumcompressivestrengl_1(ASTM C 109)of5,000psi(34.5
MPa) at24 hr(28).TheCaliforniaDepartmentofTra_sportationspecifiesa minimum
flexuralbondstrength(CaliforniaTest551)of500psi(3.4MPa) (26).The samplesofresin
andaggregateshouldbeusedtopreparespecimensofpolymerconcrete.Thespecimens
shouldbetestedandshouldexhibitthepropertiesshownintable5.5.

• Surface Preparation

Procedures should be approvedwhen test patchescons_jcted with approved materials, as
described earlier, are found to have a minimumtensile rupturestrengthof 250 psi (1.7 MPa)
(37). When the tensile tests cause failures in the base c(mcrete at depths greater than 0.25
in. (0.64 cm) and at strengths less than 150 psi (1.0 MPa), the concrete should be removed
and replaced with higher-qualityconcrete before preparationof the surface and placement of
new test patches. When the surface is being prepared, i1:should be cleaned thoroughly, at
least as well as before the placement of test patches. Before placementof the overlay
materials, a visual inspection of the surface should be made to ensure that the surface is
properly prepared, free of dust, and dry.

• Application

The application should be monitoredto ensure that the g,;1times as shown in table 5.5 and
the application rates and mixturesproportionsas shown in table 5.3 are achieved.

• Curing

Before the overlay is opened to traffic, it should be cured for the minimum time shown in
table 5.5 and also as required to obtaina compressive strength of 1,000 psi (6.9 MPa) in
field-cured cubes (ASTM C 109). The curing time is a tunction of the curing agent or
initiatortype and amount, binder content, and curing temperature. The times in table 5.5 are
typical of the minimumcuring times requiredto prevent loss of aggregate undertraffic and
typical of the times required for a mortarcube (ASTM C 109) to obtain a compressive
strength of 1,000 psi (6.9 MPa) (18, 23, 27, 28). A minimum curing time of two hours is
possible at 90°F 02°C), but the minimumcuring time u_;uallyneeds to be increased as the
curing temperature decreases. Curing times of six to eight hours may be requiredfor
multiple-layerepoxy overlays placed at 60°F (16"C). AI lower temperatures, days may be
required for cure, or proper cure may not be achieved. However, methacrylatesand special
formulationsof other polymer concretes can be preparedto cure in three hours or less at
temperatures below 60°F (16"C).

5.3.1.9 Material Specifications

Polymer binders and concretes shall have the properties shown in table 5.5. Aggregates shall
be dry (less than 0.2% moisture), angular-grained silica sand or basalt, with a gradation as
specified in table 5.4, free from dirt, clay, asphalt, and other organic materials, and shall
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have a Mohs scale hardnessof about seven.

5.3.2 Sealers

Sealers axe used for rapiddeck protectionbecause they can be applied easily and quickly.
They are also well suitedfor off-peak traffic period application because, in general, no
problems arise when traffic is placed on a deck in which one span or lane is treated and one
is not. Only high-molecular-weight methacrylate is discussed below; other sealers,
particularly silanes and siloxanes, are discussed in detail in chapter 3.

5.3.2.1 Description

Sealersare placed on bridge decks and other concrete surfaces to reduce the infiltration of
chloride ion and water (7, 40, 41, 42, 43). The materials can usually be applied by spray,
roller, brush, or squeegee. Most sealershave a low solids content (< 40%) and tend to
penetrate the surface pores and capillaries of the concrete; after evaporation of the carrier,
they leave a thin hydrophobiefilm 0 to 10 rail (0 to 250 #m) thick on the surface. However,
some sealers, such as high-molecular-weightmethacrylate, have a high solids content(usually
100%) and leave a film 10 to 30 mil (250 to 750 gm) thick.

Decks that are likely candidates for sealers have the same characteristics as those that are
candidates for polymer overlays (see section 5.3.1.1), with the exceptions that decks with
less than 2.0 in. (5 cm) cover and decks with low skid numbers should receive overlays
rather than sealers to provide adequate cover and skid resistance.

5.3.2.2 Limitations

To provide adequate skid resistance, sealers, particularlythose with a high solids content,
must be placed on heavily textured surfaces or overlaid. Satisfactorytextures to which
sealers can be applied can be obtainedby fining the fresh concrete, by shotblasting the
hardened surface, or by sawcuttinggrooves 0.13 in. (0.32 cm) wide by 0.13 in. (0.32 cm)
deep by approximately 0.75 in. (1.9 cm) to 1.5 in. (3.8 cm) on centers in the hardened
concrete. Also, the deck must be patched beforeplacing the sealer. Surfaces must be
sound, clean, and dry to obtainmaximumpenetration and adhesion of the sealer. Decks that
are not good candidates for sealers have the same characteristics as those that are not good
candidates for polymer overlays (see section 5.3.1.2). In addition, decks with less than 2.0
in. (5 era) cover or low skid numbersare not good candidates.

5.3.2.3 Estimated Service Life

Like other sealers, high-molecular-weight methacrylates placed on decks are limited by the
rate of wear of the treated deck surface. Decks exposed to low ADT have an estimated life
of seven years (see table 5.2).
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5.3.2.4 Estimated Construction Prices

Cost was determinedfrom analysis of bid prices and incl,udesall labor, materials, and
equipmentnecessary to performthe work, includingsuri_e preparationand broadcastingof
sandon the treatedsurface. Price is influencedby quanlity, contractamount, and MPT and
can be predictedby the following relationship:

y ffi 8.9813 + (-2.687 x 104)X

where y = Predictednational adjustedprice ($/yd_
X = Job quantity(yd2) times contractamount (,'g)divided by MPT amount ($)

The price of a high-molecular-weightmethacrylatefor a 2,900 yd2 deck with a contract
amount of $156,000 and MPT of $12,000 is $8.88/ytP (S10.60/mZ).

5.3.2.5 Construction Procedures

The successful application of a sealer includes use of acceptable materials, adequate surface
preparation, proper mixing and placement of materials, and adequate curing before subjecting
the sealer to traffic.

• Materials

The contractor shall use materials that satisfy the requirements of the material specifications.

• Surface Preparation

Surfaces must be shotblasted, sound, clean, and dry to obtain good penetration and adhesion.
Concrete that does not have a tensile rupture strength of at least 150 psi (1.0 MPa) should be
removed and replaced so that the sealer can adhere to a .,ound substrate (25, 37). Large
cracks (more than 0.04 in. [0.1 cm] wide) should be filled ahead of time using high-
molecular-weight methacrylate or other proven crack-sealing materials (40). When possible,
sand should be used to extend the polymer, either by preplacement in cracks or by mixing a
mortar.

Once the deck has been patchedand large cracks have b_en repaired, the surface should be
cleaned by shotblasting (see figure 5.3) and other approv,_ cleaning practices to remove
asphaltic materials, oils, dirt, rubber, curing compounds, paint, carbonation, laltance, weak
surface mortar, and other materials that may interfere with the penetration or curing of the
sealer. Sandblasting must be used to clean along the edges of the deck and other areas that
cannot be cleaned by shotblasting. Surfaces should be s_otblasted within 24 hours before
applying the sealer. Surfaces that cannot be sealed withi:athe lane closure period shall be
cleaned again before application of the sealer. The deck should be dry before placing the
sealer.
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A test appficafionof sealer of at least 1 x 3 ft (30 x 91 cm) should be made on each span or
500 yd2 (418 m2) of deck surface, whichever is the smallerarea. The evaluation of test
applications should include one or more of the following tests:

1. Tack-free time
2. Water beading (hydrophobicsurface appearance)
3. In-place permeability
4. Permeability tests on cores (AASHTO T277)
5. Macro texture (ASTM E 965)

The cleaning practice and applicationproceduresshould be approvedff satisfactory curing,
penetration, protection, and macro texture are obtained for each test application.
Temperature can affect the penetration and curing of the sealer; therefore the temperatures of
the air, deck, and sealer at the time of the applications should be recorded. When
temperatures differ significantly from those when the test applications were done, it may be
advisable to evaluate more representativeapplications.

• Methods of Mixing and Placing Materials

The sealer should be placed the same day the surfaceis shotblasted. Areas that are not
sealed should be shotblasted again just before placementof the sealer. Materials should be
mixed and applied according to the manufacturersrecommendations unless the results from
the test applications indicate that other application procedures would give better results. The
materials can usually be applied by spray, roller, brush, or squeegee (see figure 5.11).
Application rates typically range from 100 to 200 fta/gal (2.5 to 5.0 m2/L).

• Curing

Materials shall be cured until they are tack-free or as otherwise recommended by the
manufacturers. Table 5.1 shows that curing time typically increases as the temperature
decreases.

5.3.2.6 Quality Assurance and Construction Inspection Program

The tests and test results required to ensure a sealer with a life of 7 years or more are
summarized as follows:

• Sealer

Table 5.6 shows typical properties for high-molecular-weight methaerylate. A sample of
sealer should be obtained for each 1,000 gal (3785 L) to be used. The sealer should be
tested for solids content, permeability, and tack-free time. A certification of compliance with
specifications should be obtained for all materials supplied. Final acceptance of the shipment
should be based on obtaining satisfactory performance when used in test applications.
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a. With an airless sprayer

., ,.. ,,

b. With brooms

Figure 5.11 Application of a High-Molecular-Weight lviethacrylate Sealer to Tined Surfaces
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Table 5.6 Typical Properties of High-Molecular-Weight Methacrylate

Sealer High-Molecular-Weight Methacrylate Test Method

Color Part A Amber

Part B Pale yellow
Part C Red, violet

Mixing ratio A:B, A:C (vol.) 100:4, 100:2
Percent solid (wt.) 100
Shelf life (months) 12
Specific gravity 0.9-1.1 ASTM D 2849
Flash point (°F) > 180 ASTM D 3278

Mixed viscosity (elm) 8-20 ASTM D 2393
Pot life (mln.) 20-45 AASHTO T237

Tack-free time (hours) 3-8 California T551
Initial cure (hours)" 3-8
Bond strength (psi) 500 California T551
Application rate (fi2/gal.) 100-125

1 gal = 3.785 L

°C = (OF- 32)/1.8

1 psi = 6.879 kPa

1 ft2/gal = 0.0246 m2/L

• Open to traffic.

For details, see references 7 and 26.
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• Surface Preparation

The surface shall be preparedas described in section 5..;.2.5.

• Application

The sealer shall be appLiedas describedin section 5.3.2.5.

• Curing

Before opening the sealed deck to traffic, the surface sh,3uldbe tack-freeand cured in
accordance with the manufacturer'srecommendationsand the requirementsof the
specification.

5.3.2.7 Material Specifications

High-molecular-weight methacrylatesealers shall have propertiessimilar to those shown in
table 5.6.

5.3.3 Asphalt Overlay on Preformed Membrane

Asphalt overlay on preformed membranewas the rapid deck protection system most
frequently cited by SHAs in a questionnairesurvey (31, 36). The most significant challenge
in successfully applying this method duringoff-peak traffic periods is to provide for the
movement of traffic over areas with and without the overlay and to protect the lap joints of
the membrane that occur between subsequent lane closu_:es. Typically, speed restrictions and
other signing and delineating measures axe used. Also, the cost of the asphalt overlay is
increased because portions of the overlay must be placed during each lane closure. Asphalt
overlay on preformed membrane is discussed in detail in chapter 3.

5.4 Repair Methods

Sealers, asphalt overlays on membranes, and polymer overlays can be used for rapid deck
repairs, but such use is generally not cost-effective because by definition all critically
chloride-contaminated concrete (see chapter 3) is not removed and premature failure of the
systems would occur because of corrosion-induced spalling.

5.4.1 Patching

5.4.1.1 Description

The most frequently used method of rapidly repairing a bridge deck involves removal of
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delaminatedconcrete, sandblastingthe concrete surface, and filling the cavity with a high-
performance concrete (40, 44, 45, 46). Sometimes cracks are also repairedand a rapid
curing protective system is installed (7, 8). This method has several advantages. The
patching, crack repair, and application of the protective system can be done in stages. The
patched area can usually be opened to traffic in two to four hours. Concrete removal costs
are low because very little concrete is removed, and the high cost of the patching materials is
offset by the low volume of material required.

The disadvantageof the method is that spalling will continue because all salt-contaminated
concrete is not removed, and thus corrosionis not stopped. Otherdisadvantagesmay be as
follows: (1) all poor-qualityconcrete is not removed, (2) there is insufficient time to prepare
the surface, (3) the rapid-settingmaterialsare not properlyconsolidated or placed, (4) the
patches crack because of shrinkage,(5) the repairsmust be opened to traffic before sufficient
strengths are developed, and (6) the repairmaterialsare not similar to or compatiblewith the
materialsrepaired (7, 8, 40, 43, 44, 45, 46, 47, 48).

5.4.1.2 Asphalt Concrete

Transportationagencies have a responsibility to provide a deck riding surface that is safe.
Consequently, when decks spall the cavity is usually filled with asphalt concrete until a more
permanent repair can be made. In warm weather an asphalt concrete mixture that hardensas
it cools (hot mix) is used to fill potholes. In cold weather a mixture that cures by
evaporation of solvents (cold mix) is used. A properrepair includes removal of dust, debris,
and unsoundconcrete from the cavity, applicationof a tack coat, and.placement and
compaction of the patching material (49). Asphaltpatches should be used ordy as a
temporary repair, and they should be replacedwith a hydraulic cement concrete patch as
soon as practical.

5.4.1.3 High-Early-Strength Hydraulic Cement Concrete

The most common method of permanent spall repair is patching with hydraulic cement
concrete. Patches may be shallow (above level of reinforcment but at least 1.3 in. [3.3 cm]
thick), half depth (at least 1 in. [2.5 era] below top mat of reinforcement but not deeper than
half the deck thickness), and full depth (3). A typical repair includes squaring up the area to
be patched, saw cutting the perimeter to a depth of 1 in. (2.5 era), removing concrete to the
required depth with pneumatic hammers weighing less than 30 pounds (13.6 kg), blasting the
concrete surface and reinforcement with sand or slag, filling the cavity with the patching
material, consolidating and striking off the material, and application of liquid or other curing
material (3). When full-depth patches are constructed, it is necessary to suspend forms from
the reinforcing steel or to support forms from beam flanges (areas greater than 3 _ [0.28
m_]). Hydrodemolition may also be used to remove concrete before patching.

Many types of patching materials can be used (50, 51, 52). Patches can be constructedand
cured to a strength suitable for traffic in less than 8 hours using special blended cements such

177



as Pyrament;type Ill portlandcementwith admixtures,inchas corrosioninhibitors,
high-rangewater reducers, latex, and silica fume; and rapid-hardeningcementitious
materials thatsatisfy the requirementsof ASTM C 928 (5, 12, 13, 14, 22, 53, 54, 55, 56),,

The most frequentlyused materialis the rapid-hardeningcementitious materialmeeting the
requirements of ASTM C 928 (see figure 5.12). Many of these materials achieve a
compressive strength of 2,500 to 3,000 psi (17.2 to 20.7 MPa) in 3 hours or less, depending
on the temperature(see table 5.1). Typically the prepackagedmaterials are mixed in a small
concrete mixer of approximately6 f-t3 (13.17m3) capacity. For convenience the bags may
contain cement and sand. Contractors extend the mix by adding up to 40% coarse aggregate
(typically less than 0.5 in. [1.3 cm] maximumsize) by weight. For economy, contractors
purchase the special blendedcementand add bulk fine .'rodcoarse aggregates in simple basic
proportionsof 1.:1:1 by weight.

When one or more closely spaced cavities require 1 to 2 yd3 (0.76 to 1.5 m3)or more of
patching material, special blended cement concretes have been batched using mobile concrete
mixers and ready-mix trucks (13, 19, 20). Figure 5.13 shows special blended cement ready-
mix concrete being placed to replace the top half of a bridge deck. The deck was saw cut 1
in. (2.5 cm) deep into segments 11 ft (3.4 m) wide by |l ft (2.4 in) long, and the top halves
of one or two segments were replacedeach day with a lane closure that started at 8 a.m. and
ended by 5 p.m. Concrete was removed until 11 a.m. each day, the ready-mix concrete
containing 940 lb/yd3 (558 kg/mV) of special blended o_-mentwas placed by noon, and the
lane was opened between 3 p.m. and 5 p.m. each day dependingon the curing temperature.

The advantage of using ready-mix concrete or a mobile concrete mixer is thatoptimum
mixture proportions are usually prescribed,whereas wh,m a small portable mixer is used
there is a tendency to use less than optimummixtures such as 1:1:1 by weight. High-quality
patches can be obtained with some of the cements when good mixture proportions are
specified (low maximum water/cement ratio). However, some of the cements have a high
alkali content; when these are used with reactive aggregates, early age deterioration due to
alkali silica reactions is a matter of concern (57). In addition, many of the cements exhibit
high shrinkagecomparedwith bridge deck concrete when used at manufacturers'
recommended proportions(43, 44, 58).

Patching can also be done as a high-early-strengthPCC overlay is placed. However, this
option does not lend itself to a rapid repair because of the time required to prepare the deck
surface and the cavities to be patched.

5.4.1.4 Polymer Concrete

Patching with polymer concrete has been found to be effective when the thickness of the
patches is less than 0.8 in. (2 era) (3). The surface to t_epatched must be sound and dry.
The polymer is troweled into place so that edges may I_-.feathered. A prime coat may or
may not be required. A number of binders can be used (15, 50, 55).
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a. Cement, sand, coarse aggregate and water are batched at the site

b. Typical patching operation

Figure 5.12 Use of a Prepackaged Rapid-Hardening Hydraulic Cement Concrete
Material for Partial-Depth Patching on a Bridge Deck
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Figure 5.13 Use of Special Blended Cement Ready-Mix Concrete to Replace a Segment
of the Top Haft of a Bridge Deck
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5.4.1.5 Steel Plate over Concrete

Materialsthatdevelopstrengthslowlyareusuallyeasiertoplace,morecompatiblewiththe
oldconcrete,andmoreeconomicalthanrapid-curingmaterials.Patchingwithmaterialsthat
donotattainahigh-early-strengthcanbedoneifthepatchedareaiscoveredwitha steel
platethatpreventswheelloadsfromdamagingtheconcrete.The techniquehasbeenusedby
theNew HampshireDepartmentofTransportation,theDistrictofColumbiaDepartmentof
TransportationandtheBuffaloandFortEriePublicBridgeAuthority.

5.4.1.6 Limitations

Asphaltpatcheshavea shortservicelife,typicallylessthanoneyear.Mosthydraulic
cement concrete patching materials shrinkmore than bridge deck concrete. Less than
optimum cure is usually achieved when the hydrauliccement concrete patches are placed
with lane closures of less than 56 hours. Curing time increases as temperaturedecreases.
Special cements must be used at temperaturesbelow 55°F (13°C), and patching at
temperaturesbelow 40°F (4°C) is not usually done with hydraulic cement concrete (see table
5.1). Patches do not retardcorrosion when critically chloride-contaminatedconcrete is left
inplace.

5.4.1.7 Estimated Service Life

Hydraulic cement concrete patches typically have a lower permeability to chloride ion than
the concrete they replace. Their permeability does not usually control service life. Asphalt
concrete patches tend to be more permeable, and as they absorb water, early failure is likely
due to hydraulic pressure from traffic loads, the freezing and thawing of the water, or
accelerated freeze-thaw damageto the material underneath. The skid resistanceof the
patches does not control service life because the skid resistance is usually the same as that of
the concrete they replace so long as proper surface textures are applied.

Bondstrengthcancontrolthelifeofalltypesofpatches,andsurfacesmustbesoundand
properlypreparedtoprovidehighbondstrength.Itisbelievedthathydrauliccement
concretepatchesusuallydelarninatebecauseoffailuresintheconcretebelowthebondlineor
adjacenttothepatch.Servicelifeestimatesareshownintables5.2and5.7.From table
5.7,thelifeofanasphaltconcretepatchisapproximatelyIyearandthatofahydraulic
cementconcretepatchapproximatelyI0years.Table5.2showsthathydrauliccement
concretepatchescanhavea lifeof25 yearswhencriticallychloride-contaminatedconcreteis
removedbeforepatching.Theeffectofconcretecoverandchlorideioncontenton thelife
ofthepatchandthesurroundingconcreteisdiscussedinchapter2. Theoldconcreterather
thanthepatchingconcretewilllikelycontrolthetimetocorrosionofthereinforcingbarsin
deckswithhydrauliccementconcretepatches.
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Table 5.7 Service Life of Patches Based on Questionnaire Response and Literature
Review (Years)

Reference System Qu_ionnaire Literature Review
l_punse

Avg. Low High Avg. Low High

Transp. Research Board (51) Asphalt 1.7 1,0 3.0 0.6 0.1 1.0
U.S. Dept. of Transp. (52) concrete

Weyers, Cady, Hunter 05) patch

New York State DOT (34) PCC patch 5.9 1.8 10.0 14.8 4.3 35.0
Weyers, Cady, Hunter (35)

Weyers, Cady, Hunter (35) Polymer 20.0 15.0 25.0 5.5 m
concrete

patch

Weyers, Cady, Hunter (35) Other 11.9 2.0 20.0 3.8 m m
hydraulic
concrete

patch

Steel plate 15.0 .....
over

concrete
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5.4.1.8 Estimated Construction Prices

The price for patching is dependentupon depthof the patch and the patch material. Prices
are presented in section 3.3.1.

5.4.1.9 Construction Procedures

The successful application of a patch includes use of acceptable materials, adequate surface
preparation, proper mixing and placementof materials, and adequate curing before subjecting
the patch to traffic.

5.4.1.10 Materials

The contractor shall use materials that satisfy the requirements of the specifications.
Hydraulic cement concrete mixtures should be proportioned for minimum shrinkage and
required strength. Mixture proportions should be approved by the engineer.

5.4.1.11 Surface Preparation

• Asphalt Patches

1. Remove all deteriorated concrete.
2. Sandblast if possible.
3. Airblast to remove loose material and dust.
4. Tack surface.

• Hydraulic Cement Concrete Patches

1. Mark areas so that all concrete with a half-cell potential more negative than
-250 mV CSE is removed and areas are squared up with as few sides as
possible (preferably four).

2. Saw-cut surface to depth of 1 in. (2.5 cm) and avoid cutting reinforcing steel
by measuring the cover depth before sawing.

3. Remove concrete with hammers weighing less than 30 lb (13.6 kg) worked at
a plane of 45 to 60 degrees to the plane of the concrete surface.

4. Sandblast concrete surfaces to remove dust, loose concrete, and materials that
may interfere with the bonding or curing of the patch. Sandblast to white
metal all exposed reinforcing bars (take care to remove rust from the underside
of the bars). Reinforcing bars that have lost more than one-fourth of their
original cross sectional area should be lapped with new bars of the same size
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and shape.

5. Airblast to remove dust.

6. Wet surfaces to achieve a saturatedsurface dry condition.

7. Airblast to remove puddles of water'.

5.4.1.12 Methods of Mixing and Placing Malefials

• Asphalt Patches

Materials shall be placed and compactedin _ce _th specifications or manufacturer's
instructions.

• Hydraulic Cement ConcretePatches

1. Place a portion of the concrete into the cavity, brush the mortarfraction onto
the preparedconcrete surface, and fill the cavity with concrete before the
mortardries.

2. Consolidateand strike off hydraulic cement concrete.

3. Texture the surface so that it matches the surroundingconcrete surface.
Typically, fresh concrete surfaces are finector grooves are sawed into the
hardened concrete surface for skid resistan:e.

4. Moist-cure with wet burlap and polyethylene as long as possible, except when
using special materials such as magnesium phosphate concrete that are not
designed to be moist-cured.

5. When temperatures are below 55°F (13°C), the patch shall be covered with
insulating blankets.

6. Apply membrane-formingcuring compounds at the rate of 1 gal (3.8 L) per
150 ft2 (14 m2) before opening the patch to traffic and before the surface of the
patch looks dry if wet burlapis not appLied.

7. The minimum acceptablecuring time is the time required to achieve a
compressive strength of 2,000 psi (13.8 MPa) before opening to traffic and
3,000 psi (21 MPa) at 24 hours.
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5.4.1.13 Quality Assurance and Construction Inspection Program

Constructpatches using the proceduresdescribedabove. Table 5.8 shows typical properties
of patching materials. Preapprovedproducts lists can be used to identify materialsthathave
workedin the past. However, materialsand mixtureproportionsshould be approvedby the
engineer. Materialsshould be checked for compatibility with substrateand overlay
materials. Before placement, measure the slump (AASHTO T119), air content (AASHTO
T152, T196 or T199), and temperatureof the concrete (ASTM C 1064). Monitorconcrete
temperature,air temperature,relative humidity, and wind speed, and determine evaporation
rate (ACI 308). Do not place hydrauliccement concrete if the evaporationrate is above 0.1
lb/fO/hr (0.5 kg/m_/hr).

Prepare compressive test cylinders and measure strength at the age at which concrete will be
opened to trafficand at 24 hours, 7 days, and 28 days (AASHTO T22, T23). Cores may
also be tested for strength (AASHTO T24). Inspectors shall be certified in hydraulic cement
concrete construction.

5.4.1.14 Material Specifications

Patching materials shall have the properties shown in table 5.8 0).

5.4.2 High-Early-Strength Hydraulic Cement Concrete Overlays

5.4.2.1 Description

Hydraulic cement concrete overlays are placed on decks to reduce the infiltration of water
and chloride ion and to improve the ride quality and skid resistance (16, 59, 60, 61).
Overlays may also be placed to strengthen or improve the drainage on the deck. The
overlays are usually placed with internal and surface vibration and struck off with a
mechanical sereed. The overlays usually have a minimum thickness of 1.5 in. (3.8 era) for
concretes modified with 15% latex by weight of cement and 2.0 in. (1 era) for most other
concretes, such as LSDC (see figure 5.14). These overlays are discussed in detail in
chapters 3 and 4; characteristics related to high early strength are covered below.

Some concretes, such as those containing 7% to 10% silica fume, or special blended cements
like Pyrament have permeabilities similar to latex-modified concrete and should perform
adequately at a thickness of 1.5 in. (3.8 era). High-early-strength hydraulic cement concrete
mortars about 1 in. (2.5 cm) thick have been used as overlays, but these overlays tend to
crack and do not provide much protection.

• Semirapid Overlays

More conventional high-early-strength portland cement overlays such as those prepared with
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Table 5.8 Typical Properties of Hydraulic Cement Concrete Patching Materials

Coarse aggregate size ASTM q_33

Thickness < 2 in. (5.1 cm) W7, #8

Thickness _ 2 in. (5.1 era) 157, H7, t8

Fine aggregate ASTM C. 33

Cement content _ 635 ]b/yd_ (375 kg/nr_)

Water/cement ratio by weight _: 0.45

Slump (ASTM C 143) > 3 in. (8 era)

Compre.&sive strength when opened to traffic > 2,000 psi (13.8 MPa)
(AASI-rro T22)

Compressive strength at 24 hours > 3,000 psi (20.7 MPa)
(hASHTOT22)

Compressive strength at 28 days > 4,000 psi (27.6 MPa)
(AASHTOT22)

Bond strength (R3TM-3)" > 2,000 psi (13.8 MPa)

Length change at 28 days _ 0.05
(ASTM C 157)

Scaling resistance (R3TM-4)" ": 89_

Setting time (R3TM-I)" _ 10 minutes

1

• FHWA Region 3 Test Method
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a. Mortar is broomed into saturated surface and concrete is
consolidated and struck off.

b. Wet burlap curing material is applied immediately
following the tining operation.

Figure 5.14 Placement of a High-Early-Strength Latex-Modified Portland Cement
Concrete Overlay on a Scarified and Shotblasted Deck Surface
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types I and H portlandcement and microsilicaor type IX[cement and latex, can be
constructedand cured with a lane closure of less than56 hours (5). The deck can be patched
before placing the overlay or as the overlay is placed. When the deck is patched before
placing the overlay, a patching material mustbe selected that will provide for good bond
between the patch and the overlay. Polymer concretes, i_olymer-modifiedconcretes, and
other concretes thatcan interfere with the adhesion of the overlay should not be used for
patching before placing an overlay. The deck should be scarified, sandblasted(within 48
hours before applicationof overlay), sprayed with water, and covered with polyethylene to
obtain a sound, clean, saturatedsurface dry condition (saturatedconcrete with no free water
on surface) before placing the overlay (3, 5).

• Rapid, Very Rapid, and Most Rapid Overlays

Overlays can be constructed and cured to a strengthsuitable for traffic in less than 8 hours
using special blended cements such as Pyrament;type IEIportland cement with admixtures
such as corrosioninldbitors and high-rangewater reducers;and rapid-hardeningcementitious
materials that satisfy the requirementsof ASTM C 928 (5, 11, 19, 21, 22, 54, 56). Because
of the time required for concrete removal, decks are usuflly patched before the lane closure
in which the overlay is placed.

Hydraulic cement concrete overlays can also be constructed with alumina cement and
magnesium phosphate cement. The placement procedures described for other high-early-
strength hydraulic cement concrete overlays would be generally applicable to these cements.
Because of their rapid setting time, alumina cement and magnesium phosphate cement are
usually sold in 50 lb (23 kg) bags as a rapid-hardening o_.mentitiousmaterial (ASTM C 928)
(10, 17, 62). A slower-setting hot-weather version of magnesium phosphate cement concrete
can be mixed in a ready-mix truck and placed as an overlay. Surface preparation
requirements are the same as for other high-early-strength hydraulic cement concrete
overlays, except that (1) the deck surface should be dry lind (2) scrubbing of the mortar
fraction into the surface ahead of the overlay may not be necessary. These materials have
the added advantage that they can be air-cured rather th_a moist-cured. Since these materials
are typically used for patching, they are discussed in more detail in section 5.4.1.

5.4.2.2 Limitations

High-early-strength hydraulic cement concrete overlays, :;uchas those preparedwith 7%
silica fume or 15% latex and type HI cement, can be suo_..ssfully placed and cured with lane
closures of less than 56 hours and should have a service fife not much less than that of
conventional overlay installations (16, 60, 61). Considerable developmental work with
materials and equipment is needed to overcome problems with the installation and the
acceptance of the overlay concretes that can be installed _mdcured with lane closures of less
than eight hours. Most hydraulic cement concrete overlay mixtures that can be opened to
traffic in less than eight hours shrink more than bridge deck concrete. Also, less than
optimum curing is usually achieved when the hydraulic o_.mentconcrete overlays are placed
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with lane closures of less than 56 hours.

Curing time increases as temperaturedecreases. Special cements designed to cure at low
temperaturesmust be used at temperaturesbelow 55°F (13°C), and placing overlays at
temperatures below 40°F (4°C) is not usually done successfully with hydrauliccement
concrete (see table 5.1). Overlays do not stop corrosionwhen critically chloride-
contaminatedconcrete is left in place.

5.4.2.3 Estimated Service Life

The literaturereview revealed service life estimatesfor PCC overlays of 14 to 25 years with
an average of 18 years (31, 36). The questionnaireresponseproducedestimates of I0 to 23
years, with an average of 16 years. However, these estimates are not for high-early-strength
overlays. The databaseis not adequateto predictaccurately the service life of high-early-
strength hydrauliccement concrete overlays. One of the first of these overlays to be
installed and evaluated was in Virginia in 1986 and consisted of latex and type Ill cement
(65). A similar overlay was placed in 1992 to rehabilitate the bridge over Pimmit Run on
the George Washington Memorial Parkway (ProjectNPS-GWMPIA65). In 1990, a special
blended cement concrete overlay was installed in Oklahoma(21); in 1991, a similarmixture
was used to replace the top half of a deck in Virginia(19); and in 1992, a high-early-strength
overlay consisting of silica fume and type II cement was installed in Virginia ('Project0726-
015-6123, SR01).

Evaluations of high-early-strengthlatex-modifiedconcrete overlays indicate that they should
have a service life comparableto that of standardlatex-modified concrete overlays, which is
22 to 26 years. Recent evaluations of overlaysconstructedwith 7% and 10% silica fume
suggest that these overlays shouldlast as long as latex-modified concrete overlays (16, 60,
61). Data on permeability to chloride ion, skid resistance, and bond strength suggest that
high-early-strength overlays should last as long as similar standard overlays. Because of the
high alkali content of one special blended cement, a shorter life may be experienced because
of alkali-silica reactions. High-early-strength hydraulic cement concrete overlays should be
more susceptible to construction problems because of the low water/cement ratio and short
working time. They should be susceptible to a shorterservice life because of the potential
for construction problems and the short curing time before opening to traffic. Properly
constructed overlays should last 24 years (see table 5.2).

5.4.2.4 Estimated Construction Prices

Prices are presented in section 3.3.5.

5.4.2.5 Construction Procedures

The successful application of a high-early-strengthhydraulic cement concrete overlay
includes use of acceptable materials, adequate surface preparation, proper mixing and
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placementof materials,and adequate curing before subjocting the overlay to traffic.

• Materials

The contractorshall use materials thatsatisfy the requirementsof the specifications.
Hydraulic cement concrete mixtures should be proportionedfor minimumshrink,_e and
requiredstrength. Mixture proportionsshould be approvedby the engineer.

• SurfacePreparation

1. Use scarifiers, shotblasters, grinders, hy&xxlemolitionequipment, or other
concrete removal equipment to remove co:acreteto the depth requiredfor the
overlay.

2. Patch as described earlier, except saw curlingis not necessary when patches
areplaced before placing the overlay. (Palx:hesmay be placed as overlay is
placed.)

3. Sandblastor shotblastconcrete surfaces to remove dust, weak concrete, and
materials that may interfere with the bonding or curing of the overlay.
Sandblast exposed reinforcing bars to white metal.

4. Airblast to remove dust.

5. Wet surfaces to achieve a saturatedsurfau; dry condition.

6. Airblast to remove puddles of water.

• Methods of Mixing and Placing Materials

1. Brush the mortar fraction of the overlay concrete onto the preparedsurface
just ahead of the overlay placement.

2. Before the mortardries place, consolidate, and strike off the overlay concrete.

3. Texture the surface by fining the fresh con_ete or by later saw cuttingthe
hardened concrete.

• Curing

1. Moist-cure as long as possible, except when using special materials such as
magnesiumphosphate concrete or concrete:;preparedwith some special
blended cements that are not designed to be.moist-cured.
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2. The temperatureshall be 50°F (10°C) and rising when the overlay is placed.

3. Apply membrane-formingcuring compoundbefore opening the overlay to
traffic and before the surface of the overlay looks dry (if wet burlapis not
applied).

4. The minimumacceptablecuring time is the time requiredto achieve a
compressive strengthbefore opening to traffic of 3,000 psi (20.7 MPa) at 24
hours.

5.4.2.6 Quality Assurance and Construction Inspection Program

Constructoverlays using the proceduresdescribedabove. Table 5.9 shows typical properties
of overlay materials. Preappmvedproduct lists can be used to identify materials that have
worked in the past. However, materials and mixture proportions should be approved by the
engineer.

Materials should be checked for compatibility with the substrate. Before placement, measure
the slump (AASHTO Tl19), air content (AASHTO T152, T196 or T199), and temperature
of the concrete. Monitor concrete temperature, air temperature, relative humidity, and wind
speed and determine evaporation rate (ACI 308). Do not place hydraulic cement concrete ff
the evaporation rate is above 0.1 lb/ft2/hr (0.5 kg/m2/hr).

Prepare compressive test cylinders and measure strength at age in which concrete will be
opened to traffic and at 24 hours, 7 days, and 28 days (AASHTO T22, T23). Inspectors
shall be certified in hydraulic cement concrete.

5.4.2.7 Material Specifications

Overlay materials shall have the properties shown in table 5.9 (3).

5.5 Rehabilitation Methods

Rapid rehabilitationmethods include asphalt overlays on preformed membranes, described in
chapter 3, polymer overlays, described in section 5.3.1; and high-early-strength hydraulic
cement concrete overlays, described in section 5.4.2. For these methods, all actively
corroding (more negative than -250 mV CSE) and critically chloride-contaminated concrete
must be removed (see section 3.2. i). Details of these methods are presented in chapter 3.
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Table 5.9 Typical Properties of Hydraulic Cement Concrete Overlay Materials

Coarseaggregatesize AS'I'MC 33

Tldckness< 2 in. (5.1 cm) #7,
Thickness:> 2 in. (5.1 cm) #57, tr'/, #8

Fine aggregate ASTM C 33

Cementcontent > 635 Iblyd3 (375 Kg/m'_

Water/cementratio by weight _ 0.45

Slump (ASTM C 143) 2 - 5 in. (5 - 13 cm)

Air content (ASTM C 231) 5_ to 9!_

Compressive strengthwhen opened to traffic ;e 3,000 psi (20.7 MPa)
(AASHTOT22)

Compressive strengthat 24 hours ;_ 3,000 psi (20.7 MPa)
(AASHTOT22)

Compressive strengthat 28 days ;_ 4,000 psi (27.6 MPa)
(AASHTOT'm)

Bond strength (ACI 503R, VTM92) > 250 pd (1.7 MPa)

Length change at 28 days _; 0.05_;
(ASTM C 157)

Scaling resistance (R3TM-4)" < 8

Settingtime(R3TM-1)" ;_ 60 minutes

Permeabilityto chloride ion < 1,500 coulombs
(AASHTO I"277)at 6 weeks

• FHWA Region 3 Test Method
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6

Concrete Removal Methods

6.1 Introduction

This chapteris a guide for personnelwho face the day-to-daytask of introducingnew and
appropriatetechnologies for concrete removal on bridge repairand rehabilitationprojects.
The economics of concrete removal methods and combined methods are presentedelsewhere
(1). The chapter addresses partialremoval and localiTedfull-depth removal of concrete from
decks and other components of concrete bridges.

The extent of concrete removal on a given bridge component can vary from large regular
areas covering most of the componentto small irregularpatches in random locations. Repair
and rehabilitation require that deterioratedand/or contaminated concrete be removed to a
specified depth over a given area at a particular location on the bridge structure. The
selection of a concrete removal technique depends on these three factors - depth, area, and
location - as well as the method used to identify the concrete to be removed.

Four methods are generally used to identify concrete that must be removed as the first step in
either repairing or rehabilitating an existing bridge. The first two, visual inspection and
sounding, identify deteriorated concrete and rely on the fact that corrosion has reached the
stage where cracking, delamination, or spalling are either visible or sufficient to produce a
dull sound when the surface is dragged with a metal chain or struck with a masonry hammer.
The other two methods, core sampling and half-cell potential measurement, are able to detect
contaminated concrete and determine the risk of corrosion in the area of measurement.

The work required to remove deteriorated concrete (identified by visual inspection or
sounding) differs from the work required to remove chloride-contaminated concrete
(identified by core sampling or half-cell potential measurement) in two important aspects:

1. The effort required. Deteriorated concrete identified by inspection or sounding
is relatively easy to remove due to preexisting cracks or delaminations.
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Contaminatedconcrete identified by core sampling or half-cen potential
measurement is more difficult to remove, as it may not be structurally
damaged in any way.

2. The area involved. Visual inspection and sounding identify specific local areas
ot"deterioration, whereas core samplingand half-cell potential measurements
are normally takenas indicators of contanfinationover a large area.

The method used to identify the concrete to be removed influences the area of concrete to be
removed in two ways:

1. Visual inspection and sounding (ASTM D 4580) identify deterioration in the
concrete. The areas are likely to be small and irregularin shape as identified
by the actual cracking, delamination, and spalling. The localized nature of the
work limits the alternatives for concrete n.'moval. The deterioratedconcrete
is,, however, relatively easy to remove because of the existing cracks and
fracture planes.

2. Half-cell potential measurements (ASTM C 876) and core sampling (ASTM C
42) can determine the presence of chloride-contaminatedconcrete. The results
are generally seen as reflective of the ovel_ll condition of the structural
component. Concrete removal that follows is normally performed in a
systematic mannerover a large area. Sound but contaminatedconcrete will be
removed.

Concrete removal on a bridge deck differs substantiallytYomconcrete removal on other
components. The fiat horizontal surface of a deck provides easy access and permits use of
high-production mechanized methods. Cleanupand containment of debris are also easier on
the horizontal surface.

Other structural components have smaller surfaces that fi'equently are vertical or overhead
and difficult to reach. Difficulties with access and debri:;containmentpreclude the use of
heavy equipmentand make concrete removal less productiveand more expensive. The need
for scaffolding to provide access for workers and equipmentadds to the difficulty and safety
hazards involved with the work.

The location of the work influences the area of removal ix_two ways:

I. Decks present large surface areas that are exposed to chlorides in deicing salts
(to,remove snow in northern climates) and sea spray (in a marine
environment). This, together with exposure to traffic, means that areas of
contamination and deterioration are likely :o be large, with removal operations
following a systematic pattern.
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2. Otherstructuralelementspresent small and irregularsurface areas thatare not
uniformly affectedby deicing salts and sea spray due to differing patternsof
exposure and runoff. Areas of contaminationand deteriorationare thus likely
to be small and irregularin shape.

The depth to which the concrete is removed has a profoundeffect on the method to be used
and the cost of the work. The following classification, as shown in figure 6.1, is used
throughoutthis chapter:

1. Surface ronoval. This is defined as the minimumamount of work needed to
remove surfacecontaminationand provide a clean, long-lasting bond between
the existing materialand the materialused to repairor rehabilitate the bridge.

2. Cover concrete removal. Cover concrete is defined as the concrete that lies
outside or above the first layer of reinforcing steel. The removal task does not
involve any interactionwith the reinforcementand is not hinderedby its
presence.

3. Matrix concrete removal. Matrix concrete is the concrete that lies around and
just below the first layer of steel reinforcement. The removal tasks are
severely hindered by the need to work in confined spaces around, below, and
between individual bars. Contaminated concrete in this zone is thus extremely
difficult to remove. The removal of deteriorated concrete is somewhat easier

because of fracture planes caused by cracking and delamination. The depth of
the zone is defined to extend a small distance (about 1 in. [2.5 em]) below the
steel to allow for the flow of replacement material into all the voids created.

4. Core concrete removal. Core concrete forms the core of the structural element
and lies between the reinforced zones. The removal task is inhibited by the

reinforcing steel that was exposed during the removal of the matrix concrete.
Conventional cutting, grinding, and sawing techniques cannot be used. The
quantity of material in this zone is dictatedby the size and shape of the
structuralelement. Thin deck sections contain little core concrete material,
while piers and pile caps may contain a fairly substantial quantity. The
volume of material to be removed is limited by the extent of chloride
contamination.

Concrete removal tasks performed to repairor rehabilitate an existing reinforced concrete
bridge axe very different from the tasks performed simply to demolish the structure. This is
because removal tasks must meet three quality constraints that do not apply to demolition:
selectivity, residual damage, and bond quality.

In selectively removing concrete from bridge components, only the contaminated or

201



deterioratedconcrete and rusted reinforcing steel markoJfor removal must be removed.
Removal in excess of the requiredminimumis expensive in terms of both removal and
replacement cost and contributesnothing to the quality of the completedproduct.

Removal tasks must be performed in a manner that ensures that the remaining concrete and
reinforcing steeI retains its structuralintegrity. Equipmentused to perform the work must
not overload the structure, and care must be taken not tJ)remove so much concrete that

Surface

Cover
Concrete

Matrix
Concrete

Reinforcing
Steel

Core
Concrete

Figure 6.1 Depth Classification For Concrete Removal

the member being repaired or rehabilitated is critically weakened. Any impact forces used to
remove damaged concreteshould be applied in a manner that minimizescracking in the
residual concrete and minimizes damage to the bond between the remaining concrete and
steel. Methods to remove rust and chlorides from the steel should also minimize damage and
loss to the remaining steel.

Removal tasks are only part of the repair-rehabilitation process. Any new concrete needed to
replace damaged and contaminated concrete will need to bond effectively with the remaining
concrete and steel. Remaining surfaces must be clean and sufficiently textured to provide the
required bond.

The quality constraints of selectivity, residual damage, and bond quality make removal a
more demanding and expensive task than demolition. Taey also preclude the use of many
high-impact, high-production techniques developed for o3ncrete demolition and limit suitable
techniques to those that comply with the constraints.
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Methods that are available for concrete removal are classified according to the four removal
depth categories: surface, cover, matrix, and core removal.

It is frequently necessary to remove surface contaminantssuch as oil, rubber,and rust from
the work area in order to provide a sound, long-lasting bond between the existing structure
and the new materials used to repairor rehabilitatethe bridge. The objective is to clean
rather than to remove material. The following four methods are frequentlyused:

1. Scrabbling. A scrabbleruses pneumaticallydriven bits to impact the surface
to remove concrete to a depth of between 0.03 in. to 0.25 in. (0.1 cm to 0.6
cm). Scrabblersvary in size from large, self-propelled machinesthatcan only
work on large horizontalsurfaces to small, hand-heldtools for use in
restricted, vertical, or irregularsurfaces. Vacuumcollection systems are
frequentlyused to collect the concrete debris.

2. Planing. A plane or diamondgrinder removes concrete by abrasion.
Numerousdiamond-tippedconcrete saw blades are mountedclose to one
another on a horizontal spindle that is rotated to cut and remove up to 0.5 in.
(1.2 cm) of concrete in a single pass. The process requireswater to cool the
blades, and the resultingslurry of concrete particles must be vacuumed up for
collection and disposal.

3. Sandblasting. Sandblasters use compressed air to propel sand particles at high
velocity. The impact of the particles produces a very abFasiveaction that
cleans and roughens the exposed concrete or steel. The size and capacity of
the equipment varies substantially. Small, hand-held tools are used on vertical
or irregular surfaces. Vacuum systems are used to recover the sand and
resulting debris.

4. Shotblasting. Shotblasters use a rotating paddlewheel to propel steel shot
against the concrete surface at high velocities. The impact is capable of
removing concrete to depths up to 0.5 in. (1.2 era). The roughness of the
substrate concrete is controlled by the selection of differentshot sizes.
Machines vary in size, but their use is limited to horizontal surfaces because a
collection chamber must be used to control the rebounding shot. A vacuum
system is used to pick up the concrete debris and steel shot, which are then
separated so that the shot can be reused.

The removal of cover concrete over a relatively wide area is frequently necessary in bridge
rehabilitation projects. The work involves removal to a depth less than the cover depth of
the steel; thus no work between, around, or under the reinforcing mat is included in the task.
Scrabbling, planing, sandblasting, and shotblasfing can all be used in repeated passes to
achieve the required depth. This is an inefficient use of these methods, and the only really
effective way of doing the work when large areas are involved is by using a concrete milling
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machine. A miUingmachineremoves concrete by the cutting action of numerous tungsten-
tipped teeth mountedon a rotatingdrumor mandrel,as shown in figure 6.2.

Milling machinescan achieve very high levels of production, but they can only be used on
horizontalsurfaces such as bridge decks. They are also only capable of removing concrete
above the reinforcing steel, and severe damage can occLx when milling teeth cut or snag the
reinforcement. Despite these limitations, the use of milling for the removal of u_ver
concrete is an emerging technology suited to the large ,_olumeof high-productionwork. See
section 6.4 for details of the milling process.

Hydrodemolitioncan also be used as a high-production,equipment-intensivemethod for the
removal of cover concrete. More often, hydrodemoliticn is used to remove cover and matrix
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Figure 6.2 Action of a Milling Machine on a Bridge Deck

concrete simultaneously, and it has recently been used to following milling machines after
they have removed much of the cover concrete.

Hand-heldpneumatic breakersare frequently used to remove cover concrete when the areas
involved are inaccessible to a milling machineor too srr_allto be milled. As with
hydrodemolition, hand-heldbreakersare primarily used for matrix concrete removal.

It is necessary to remove matrixconcrete when contamiaation, spalling, and delamination
have progressed into the concrete layer that surroundsand encases the upper reinforcing mat.
The work involved is awkward; it must be performed between, around, and under the steel
without damaging the steel, cracking the substrate concrete, or destroying the bond between
steel and concrete in areas where the concrete is not to 13eremoved. There are basically two
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methods available:pneumatic breakersand hydrodemolition. Both of these techniquescan be
used to remove cover and matrix concrete in a single operation, or they can be used to
remove only matrixconcrete after a more specialized and high-productionmethod, such as
milling, has been used to remove the cover concrete.

1. Pneumatic breakers. The pneumaticbreaker(frequentlyknown as a
jackhammerbut properlyknown as a pavingbreaker) is currently the most
prevalentmethod for concrete removal in bridge repairand rehabilitation
work. The breakeris hand-heldand powered by compressed air to deliver a
series of high-frequencyblows that fracturethe concrete in a small, easily
controlled area. The productionof pneumaticbreakersdepends on two
factors: the size of the breakerand the _killof the operator.

Breakersare sized according to their weight. This can vary from 8 to 120
pounds (4 to 55 kg) or more. Heavier breakers are more productivebecause
they are able to impartmore energy with each blow. They are also more
destructive. SHAs typically limit the weight of breakersthat can be used for
selective concrete removal to less than 45 pounds (20 kg) to minimize residual
crackingand preserve the bond between the residual concrete and the repair
concrete in areas that are not removed. The angle of attack(from the
breaker'saxis to the concrete surface) is also frequently limited to 45 degrees
for the same reasons. The skill of the operator is importantwith regard to
both the quantityand quality of the workperformed. This factor must not be
overlooked when assessing the viability of the method. See section 6.3 for
more details on the use of pneumaticbreakers.

2. Hydrodemolition. Hydrodemolition is a high-production capital-intensive
method for concrete removal. An extremely high-pressure water jet (12,000 to
35,000 psi [80 to 240 MPa]) is used to destroy the cement matrix of the
concrete and liberate the aggregate. The equipment needed to generate the
pressure and focus the water jet on the concrete to be removed is expensive
and complex. The results under the right conditions can be impressive.

The majority of hydrodemolition work involves the removal of matrix concrete
on bridge decks. However, the equipment can be calibrated to remove
concrete to almost any depth, and the nature of the process is such that there is
an element of self-adjustment in depth depending on the soundness of the
material encountered; it will even remove deteriorated concrete full-depth
when such areas are encountered.

Hydrodemolition can be used on inclined, vertical, and overhead surface.s,but
cost-effectiveness is reduced by the inordinatecost of the specialized
equipment needed to safely direct the jet and contain the debris when working
on other than horizontal surfaces. See section 6.5 for more details on the use
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of hydrodemolitionmachinery.

6.2 Labor- and Capital-Intensive Operatioml

Of the three concrete removal methods, two, milling an_ hydrodemolition, are radical
departuresfrom the traditional labor-intensivepneumaticbreakersmethod. These
mechanized methods will reduce concrete removal cost. However, to harvest the cost-
reductionsavings, one must understandthe cost-controllingfactors of labor-intensiveand
equipment-intensiveoperations.

Labor-intensive methods are less complex from a technicalpoint of view. They are likely to
be tried, tested, and accepted by owner and contractor. The technical risks involved when
using a labor-intensive method, such as pneumaticbrea_.'rs, for removing deteriorated
concrete are minor. Everyone knows that the method _n work and that the requiredquality
constraintswill be met if the work is done with reasonably qualified operators.
Specifications have been developed with this method in mind, and inspectors have substantial
experience in accepting or rejecting the work.

The low technical risk associated with labor-intensive methods is matched by low and easily
managed risks from a scheduling and works planningpoint of view. Labor is a versatile
resource thatcartbe deployed on manyoperations, and [_us the need for careful planningto
ensure continuity in the performance of a given task is not critical. This is importantwhen
working in congested areas, when access to the job site is difficult, and when the extent of
deteriorated concrete is not well known. Under these conditions, the versatility of a labor-
intensive operation is importantand can play a significantpart in achieving satisfactory
results.

The flexibility of labor-intensive operations is again importantwhen considering economic
risk. No majorcapital investments requiring monthly inlerest and redemption payments are
involved. Most of the contractor's costs will vary in direct proportionto the quantity of
work done. This is weU suited to the method of payment used in unit price contracts, where
the value of work is also proportional to quantity. Risk :_ repair or rehabilitation contracts
where the quantity of concrete removal and bar cleaning is not well known is thus
substantially reduced by using labor-intensive methods.

The three areas outlined above, technical risk, flexibility in planning, and the economic risk
associated with variations in quantity, favor the use of hg_or-intensive methods. But many
concrete removal tasks require substantial amounts of energy and are expensive, slow, and
physically demanding if technology and mechanization ate not used to advantage.

Equipment-intensive methods such as hydrodemolition and milling rely on the use of large,
sophisticated machines to apply the energy needed to remove concrete. The production
attainable on a given area of bridge deck in a given peric_tcan be very high. This reduces
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construction time and results in shorterdelays to the traveling public. Economies of scale
are possible and, underproper conditions, mechanizationcan significantlyreduce concrete
removal costs. The machinesare less physically demandingto operate than hand tools such
as pneumaticbreakers, and the work is safer because fewer people are employed in the
hay_rdouswork zones associatedwith bridge rep_ and rehabilitationprojects.

These factors, particularlyreduced constructiontime, count heavily in favor of mechanized
methods. There are, however, significantrisks for the contractor. The first of these is a
technical risk: Mechanized methods such as hydrodemolitionhave only recently won general
acceptance. This means that the technology has yet to mature with regard to the mechanical
reliability of the equipmentand the operationaltechniquesused in different applications. It
also means that specifications suitedto mechanizedmethods are not as yet generally available
and that inspectors have little backgroundto drawon when accepting or rejecting the work.

The second major risk relates to flexibility of operational planning. The equipment used in
mechanizedoperations is specialized and not suited for use on any other type of work. This
means that the work must be carefullyplannedand sequencedif the equipment is to be kept
productively employed and if schedules are to be met. This is frequentlyvery difficult on
bridge repairand rehabilitationprojects where trafficcontrol and constructionphasing can
cause equipment to standidle for substantialperiods resulting in average production rates
significantly lower than the maximumthat can be achieved.

The substantial investment requiredfor mechanizationintroduces a significant economic risk.
Capitalcosts are proportionalto the time takento complete a task, not the amountof work
done. Continuity of operationsand productivitythus become extremely important, as does
the quantity of work that must be done with a particular machine on a particular contract.
This causes mechanizationto be a high-risk choice in contracts where the quantityof
deteriorated concrete to be removed is not well knownand where variationsare expected.

The contract, and the mannerin which it allocates risk between the owner and the contractor,
establishes the frameworkwithinwhich the contractormakes the decisions needed to perform
the work at a reasonable balance between risk and reward. The owner sets the contractual
requirements and is thus in a position to create a contractual environment that either enables
or inhibits mechanization from achieving its full potential. Aspects that merit attention
include funding levels, continuity of the work, size and scope of the project, project location,
traffic control, quality standards, and inspections.

The timing of maintenance operations can be delayed or accelerated over a fairly wide range,
depending on the availability of funds and other macroeconomic issues. This results in a
situation where the volume of work let on contract fluctuates substantially from year to year.
It is thus all but impossible for owners and contractors to manage resources in an economical
manner over an extended planning horizon. Fluctuations in work load have a particularly
adverse effect on the confidence needed to make major capital investments in equipment, and
much can be done to promote the use of mechanized methods by providing competitive
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contractorswith a steady streamof work.

The size and scope of projects have an effect on the selection of the appropriatemethodfor
concrete removal. Most large projects include demolition tasks, such as the removal of
existing sidewalks and barriers, as well as concrete removal tasks for rehabilitationand
repair.Thesize,scope,andpaceoftheconcreteremovalworkitselfisthusa_tter

determinantof the appropriatemethod. The following e r,amples show the range.,of options
available:

1. If the project requiresthat all contaminateJand deterioratedconcrete be
removed over the full width and length of the deck, and if this work dictates
the critical path of the project, then a high-production mechanized method such
as hydrodemolitionshouldbe used.

2. If the project requires that sidewalks and handrails be demolished and new
barriersbe installed to bring the bridge up to current standards,and that
localized areas of deteriorationbe repairedas a parallel operation, then a low-
pace flexible method based on the use of pneumatic breakers should be
employed to ensure that the main critical t_ath activity can proceed unhindered.

Concrete removal is never more than partof a larger prccess and it is importantfor SHAs
andcontractorstokeepthisinmind whenspecifyingandselectingappropriatemechanized
methods.

Rehabilitation and repair projects require that sections of the bridge be closed and that
regular traffic patterns be disturbed. This causes distress to the motoringpublic and
increases the risk of accidents. This is particularly true when projects are located in heavily
trafficked urban areas and when procedures needed to ccoatroltraffic and ensure safe flows
become complex and expensive. Mechanization affects l_oth the area that must be closed to
traffic and the total amount of time required to perform the work.

1. Area. Mechanized methods require that substantial portions of the structure,
particularly the deck, be dosed and made available to both production and
support equipment. The benefits of mechanization cannot be achieved if this is
impossible. More expensive labor-intensive methods become viable if working
space is not available in a manner that ensures continuous operation.

2. Time available. Mechanized methods are able to achieve high production
under the fight circumstances. They are titus suited to projects where traffic
and weather requirements dictate a high pace of work. Labor-intensive
methods become more attractive when the tempo of work is not high and when
traffic control requirements are such that oantinuous operation cannot be
maintained.
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High fixed costs are associated with owning the equipmentneeded to remove concrete using
high-productionmechanizedmethods. This means thatconWactorsface very high risks if
construction schedules are delayed or if work cannotbe performedcontinuously.
Rehabilitationand repairprojects are particularlydifficult to manage in regard to these two
factors because of traffic controlproblemsand because so many unforeseenfactors become
known as work proceeds. Successful use of mechanizedmethods requires thatcontractors
and SRA project managers work togetherto schedule work and resolve variations. Contract
conditions that require that the contractorassume all schedule risk, regardless of changes in
access and working hours, will inhibit the use of mechanizedmethods.

The sensitivity of equipment-intensivemethods to changes in the quantity of work performed
means that mechanization is a very high-risk choice in contracts where the quantityof
concrete to be removed is not well known.

As with scheduling and continuity, the risk of quantityvariationsdoes not lie with the
contractor. The classic unit price methodology should be amended to share the risk between
contractorand SRA in a more equitablemanner, including the following amendments:

1. The provisionof monthlyor weekly pay items to cover fixed costs.

2. Clear provisions for change in unit rate with change in quantity.

Labor-intensivemethods produce quality of a different type than that producedby
mechanizedmethods. Pneumaticbreakersand saws in the hands of skilled operators can
produce work that follows lines, levels, and tolerancesprecisely. Mechanized methods such
as hydrodemolition cannot do this. Much is lost if, for instance, the specification requires
that peaks behind the rebar be removed to produce a smooth surface; in such a case, both
hydrodemolition and pneumatic breakers would have to be used at a substantial increase in
cost. Tolerances and inspection expectations must be changed if mechanizedmethods are to
achieve their full potential. Designs and specifications must be based on realistic quality
standards atlevels that can be met by mechanized methods.

The contractor organizes and manages of the work, and the skill with which the various
operations are managed has a profound effect on a given method for concrete removal.
Mechanized methods employing specialized equipment are less flexible than labor-intensive
methods. They therefore place a high demand on the contractor's ability to manage the work
and create an environment in which the methods can achieve their full potential. Old
approaches that rely on improvisationand on-the-spot reallocation of labor will simply not
suffice when faced with the challenge of using new technologies such as milling and
hydrodemolition. Four issues need to be addressed if mechanizationis to be successful.
These are works planning, specialization and subcontracting, manufacturer relationships, and
owner relationships.

Mechanized methods have the potential of achievingvery high rates of production.
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However, these can only be achieved if the work is pl_lned in detail and if all the required
re_urces are available. This planningmust be done within the confines of the project
location and traffic controlconstraintsand must provide for continuity of work.

Works planning must include all the repairand maintenanceoperations needed to ensure high
levels of reliability and availability in the equipmentus_xi. Spare parts, consumables such as
fuel and oil, and wear items such as cutting teeth and nozzles must be kept in stock and
skilled personnel must be available. This is particularlytrue in concrete removal operations
where the equipment works at high levels of stress in an abrasive environment..

Most bridge rehabilitation projects involve a mix of tasks ranging from the removal and
replacement of bearings to deck rehabilitationand the replacement of signs and fights. This
mix of work is usually done by multi-skirted crews who switch from one task to anotheras
requiredby the status of the project. This flexibility is not possible when using milling or
hydrodemolition equipment, and specialized crews or s_Jbcontractorsaxe therefore frequently
employed to perform the concrete removal tasks in one or more periods of intense activity.
Spe¢ialiTed crews or subcontral_tors use the equipmentmore effectively. In addition,
operatingand mechanical maintenanceskills are retained within the specialized unit, resulting
in higher availability. Contractorsmust develop the skills needed to manage specialized
crews and subcontractors. Poor planning resultingin stop-startoperations will negate the
advantages and result in high mobilizationcosts as crews and equipment are moved on and
off the project.

Mining and hydrodemolition have been identified as two emerging technologies capable of
improving concrete removal. The fact that they are emerging rather than established
technologies means that developmental work is still requiredto improve the operational
chaxacteristicsand reliability of the equipmentused. Contractorswho wish to implement
these technologies, particularly hydrodemolition,should improve communication and liaison
between themselves and manufacturers to expedite the full commercializationof these
technologies. Manufacturersshould be encouraged to participatein the process and continue
to work with contractorsas suppliersand operators of equipmentrather than vendors. A
change in traditionalcommercial relationships is neede:l, and contractors should encourage
the manufacturers' involvement in field operations.

The successful implementationof new and innovative technologies in constructionrequires a
special relationship between owner and contractor. TrAditionalcontractforms as referenced
by lump sum or unitprice contracts are based on the assumptions that the nature of the work
is fully known and that the methods used are tried and tested. Neither of these assumptions
is true for most bridge repair and rehabilitation projects, thus traditional contractforms
frequently give rise to variation and dispute.
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6.3 Pnenm_,fic Breakers

Hand-held pneumatic breakers are widely used and well-established tools for removing
contaminated and deteriorated concrete. Their light weight and excellent maneuverability are
suited to remove damaged concrete from small, isolated areas and from vertical and overhead
surfaces on all bridge components. They can be used on cracked, spalled, or delaminated
concrete, and on chloride-contaminated concrete when the depth of removal is known from
the evaluation of the structure and indicated on the plans.

6.3.1 Description and Equipment

This section provides a basic technical description of the equipment, components, and
operating parameters _ted with concrete removal operations that use pneumatic
breakers. An understanding of the equipment and equipment components is a first step in
developing an appreciation for the technology.

Pneumatic breakers are typically classified by their weight, even though breakers of a similar
weight do not necessarily generate the same impact force. Available weights range from
under 20 lb (9 kg) for small chipping hammers suited for light-duty applications to just under
100 lb (45 kg) for large-production breakers. Small chipping hammers are limited to less
than 45 lb (20 kg) so that they can be safely used on vertical or overhead surfaces. The
upper weight limit for large-production breakers is governed by the quality requirements of
the job and the weight that can be handled by the operator with ease and safety on horizontal
surfaces. Figure 6.3 presents a schematic diagram of a typical pneumatic breaker.

The percussive force used by pneumatic breakers to fracture concrete is primarily determined
by the impact energy and the frequency at which the impacts occur. The impact energy is
based on the mass of the piston, the size of the cylinder, and the inlet port diameter. Impact
energy ranges from approximately 15 lb (7 kg) per blow for small tools to more than 180 lb
(82 kg) per blow for large tools. The frequency of impact, or blows per minute, ranges from
900 blows per minute to more than 2,000 blows per minute, depending on the valve design.

The air consumption of a pneumatic hammer can be directly calculated as the cylinder
capacity times the strokes per minute. Air consumption generally ranges from approximately
35 _/min to just over 70 fta/min (1 m3/min to 2 m3/min). The air pressure required by most
pneumatic breakers is between 60 and 90 psi (420 kPa to 620 kPa).

6.3.1.1 Cutting Tools

Various cutting tools are available for use with hand-held pneumatic breakers. The shank
end, which is inserted into the tool-retaining mechanism, is common to all. The cutting or
working end can vary from a broad spadelike blade to a sharp well-honed point. The vast
majority of concrete removal work is done with a pointed tool, although a relatively narrow
(3 in. to 4 in. [7.5 cm to 10 cm]) blade-type tool is sometimes used to remove cracked and
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deteriorated concrete. Propermaintenanceof the cutting tool is importantto the productivity
and quality of the work.

6.3.1.2 Compressors and Distribution

The volume and pressure requirementsof the compressorcan be determined as the aggregate
of the demands of all the tools to be used. The maximumair requirementsfor all the tools
will rarely be needed; thus a single compressorcartsupply air to tools whose aggregate total
demand exceeds compressor capacity by up to 20%. However, the tools will generally not
receive the full pressure and quantity of air generatedby the compressordue to losses
throughoutthe air distribution system. Hose friction, bends, valves, and air leaks will all
reduce the pressure availableto the tools.

6.3.2 Work Characteristics

This section focuses on the primaryapplicationsfor hand-heldpneumatic breakersand
describes the characteristics that constitute an efficient project. An understandingof these
characteristics will ensure that pneumaticbreaker operations achieve their full potential.

6.3.2.1 Project Type and Location

Breakers axe generally used to varying degrees on all types of bridge repair and rehabilitation
projects. The project type and location for which breakers are most effectively used is
determined by the location of the concrete to be removed, the location of the bridge, the pace
of the project, and the availability and cost of labor. Each of these is discussed in turn.

1. Location of removal. Breakers are used as the primary method of concrete
removal on projects involving patching, on projects requiring the removal of
concrete from bridge components that are not accessible to larger pieces of
equipment, and on projects where concrete must be removed in small areas
from between, around, and below the reinforcing. They are also used in
support of large, high-production, equipment-intensive methods on most
rehabilitation projects.

2. Bridge location. Breakers are ideally suited to operate in congested urban
areas with high traffic volumes. In these areas their advantages over other
methods in terms of setup time and space become apparent. Thus they are
well suited to jobs that require many mobilizations or where the available
hours of operation are limited.

3. Project pace. Many jobs allow traffic to be closed off for only short periods
of time due to traffic patterns or safety considerations. Because of their small
size ahd high degree of mobility, breakers are well suited to projects that have
a limited working window. If time is limited or if there is a large quantity of
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materialthatcannotbe removedby other methods, breakerproductioncan be
increasedby adding additional crews.

4. Availability of labor. Breakersare a labor-intensivemethod of concrete
removal, sensitive to both the cost and the availability of labor. Urban areas
generally have an abundantlabor supply b_atalso have higher wage rates.
Ruralareas typically have lower wage rates, but laborersmay have to be sent
to the job site because of an insufficient s_pply of local labor. The criticality
of the labor supply is largely dependenton the size of thejob and the number
of crews required.

6.3.2.2 Type and Extent of Deterioration

Breakersare primarilyused to remove small, isolated areas of deteriorated concrete from the
bridge deck or other bridge components. They are one c,f the few methods available for
removing concrete from verticaland overhead surfaces such as beams, girders, and piers. A
smaller chipping hammerweighing less than 45 pounds (20 kg) is typically used for these
applications. The weight of the tool will, however, hinder the operatorwhen working on
vertical or overhead surfaces. A system of scaffolding and lights may be requiredto gain
access and visibility when working on bridge substructurecomponents, and nets or other
safety devices may be requiredto contain debris.

A major advantage of using breakers with skilled operators on bridge repairjobs is the
ability of these operators to selectively remove only the damaged concrete. A skilled breaker
operator can differentiate between various levels of concrete deterioration by the resistance of
the concrete to the breaker. Because the operator can selectively remove only concrete that
is deteriorated, the quantityof sound material removed is minimized. Quantityvariations
are, however, not eliminatedbecause the actual area of deterioration frequently differs from
the quantityoriginally estimated.

6.3.2.3 Material to Be Removed

Breakersare best used for removing concrete that is cracked or delaminated,as the fracture
planes caused by the damage can be used by the operator to increase production. However,
breakers are not limited to removing only deterioratedconcrete and are often used to remove
contaminatedor sound concrete. They are also frequently used in support of other methods
such as miUingor hydrodemolition.

The properties of the concrete being removedand the characteristics of the individual type of
breakeraffect production and economy. No definitive data are available because different
combinations of impact energy and frequencyof impact produce different results on concrete
with a given strengthor aggregate type.
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6.3.2.4 Area of Removal

Breakers are typically used to remove small areas of concrete. The small size of the removal
area is perhaps the primary factor defining a breaker's ideal work environment. The tool's
geometry and the economics associatedwith the use of small versatile tools makebreakers
most efficient in such an environment.

Large-equipment-intensivemethods are generally restrictedto removing concrete from bridge
decks unless the equipmentis greatly modified. These methods also are limited to removing
concrete from areas thathave definite boundariesand dimensions as dictated by the geometry
of the machine. Breakershave no such size limitationsand are therefore capable of
removing small and irregularsections of pavement. The small size and light weight of
breakersalso make it possible to work in areas where access is difficult and where
maneuverabilityis limited.

6.3.2.5 Depth of Removal

The abilities of a breakerto work in confined areas are best used if concrete must be
removed around, between, and underthe reinforcing steel. The small cutting tool allows the
breakerto effectively remove concrete from confined spaces in matrixor core concrete.
Specialcautionmustbeexercisedwhenoperatingintheseareastoavoiddamagingthe
reinforcingsteelordestroyingthebondofthereinforcingsteelintheadjacentconcrete.
Productionisgenerallymuchlowerwhenremovingconcreteintheseregionsbecauseofthe
extratimeandeffortrequired.

6.3.2.6 Debris Removal and Cleanup

The debris generated from the breaker operations consists of pieces of concrete and aggregate
in a variety of sizes. The larger pieces can be removed by hand and loaded into a
wheelbarrow or a loader bucket. The small pieces and dust can then be blown away with an
air wand. Before patching, the entire surface must be sandblasted to clean residual concrete
and rust from the reinforcing steel. Disposal of the debris generated from breaker operations
is generally not a major concern because the debris is readily accepted by most materials
processing centers or dump sites.

6.3.2.7 Theoretical Production Rate

The theoretical production rate is the estimated rate at which the breaker can remove
deteriorated concrete under ideal conditions with no delays or hindrances. The two primary
inputs to this estimate are the size and weight of the tool. A tool with a greater weight will
generally have a larger air cylinder and a piston of greater mass to produce higher impact
energy. Not all tools of a similar weight will perform similarly due to differences in
geometry and construction.
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6.3.2.8 Modified Production Rate

Several factors and conditions reducethe theoretical rate of production. Pfima_yamong
these are the location, depth, and natureof the concrete to be removed, the level of
deterioration in the concrete, interference from reinforcing steel, operator experience, and
equipment reliability. The area of removal will general1'./nothave a significant effect on
individual breaker production rates. Breakers are well s_aitedfor jobs with small,
noncontinuousareas of removal because of their small size and high mobility.

The relationship between these factors and the theoretical productionis not cleat and
certainly not linear. Figure 6.4 graphicallyillustrates_s relationship. In the figure, the
upper boundis achievable when shallowhorizontalareas of relatively weak or deteriorated
cover concrete axe removed by experienced operators. The lower bound representsa
situationwhere solid contaminatedmatrixor core concrete is to be removed in awkward
locations with less proficient operators.

6.3.3 Managing and Controlh'ng Quality

Parametersfor the success of the projectmust be establi_;hedand maintained to ensure that
breakeroperations achieve the desired level of quality. Five quality concerns are imperative
to SU_:

1. Complete removal of deteriorated concrete. It is essential that the breaker
operations remove the concrete from the necessary depth and area to ensure
that all deteriorated concrete is removed. Because a properly skilled breaker
operator is capable of selectively removing:only the deteriorated concrete, the
actual quantity of concrete removed may vary from the estimated quantity of
removal. In such a case, the amount of deteriorated concrete may have been
over- or underestimated. The emphasis of the removal operations should be to
ensure that all the deteriorated concrete is removed regardless of how closely it
corresponds to the area and estimated depth delineated for removal.
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Figure 6.4 Pneumatic Breaker Rate of Production

2. Damage to residual concrete. The impact forces usedto fracture and remove
the deteriorated or contaminated concrete may produce microcracks in and
immediately below the surface of the residual concrete. These cracks
accelerate the deterioration of the residual concrete and weaken the bond
between the residual material and the overlay or patch material.

The extent of microcracking is determined by the magnitude and direction of
the impact force. To control the situation, SHAs limit the weight of breakers
used to remove concrete from bridge decks to 35 lb (16 kg) and specify that
the impact angle must be between 45 and 60 degrees from the impact surface.
Adherence to these limits is important.

3. Damage to reinforcing steel. The percussive force used by the breaker to
fracture the concrete often damages the reinforcing steel or the bond between
the concrete and the steel. If the cross-sectional area of the reinforcing bar is
substantially reduced, either due to gouging caused by the breaker or by
corrosion, then the entire damaged section of the bar should be removed and
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replaced. If the concrete is removedaround the steel, then the work should
continue for an additionaldistanceto ensu_ethat there is sufficient surfacearea
on the steel to form a bond and there is adequatespace below the rebarfor the
coarse aggregate in the patchmaterial. All steel surfaces must be clean and
free of chloride-contaminated rust and cen_nt paste.

4. Surface characteristics. The surfaceproduced by the work must have the
necessary characteristics for it to effectively bond with the replacement
material. The breakeroperationsproducea rough, textured surface that is
very uneven and irregular. This texture bonds well with patch or overlay
material, but it is not suitableto be opened to traffic prior to resurfacing.

5. Environmental concerns. Effects of the breakeroperations must be monitored
to ensure minimalimpact on the surroundlag environment. The primary
environmentalissues of concern are dust, noise, and flying debris createdboth
by the breakeroperations and from the subsequentdebris removal process.

Safety standardsrequirethat operators we_x steel-toed boots, hardhats, ear
protectors, and goggles. Passing traffic a_d the public must be protectedby
the provision of all necessary barricadesand screens. Noise suppression
devices on the compressors and the breakersthemselves should also be used to
maintainacceptable safe noise levels (2).

6.4 l_ling

Milling is a capital-intensivemethod of concrete removal thatuses high-productionmachines
to strip contaminatedand deteriorated concrete from above the reinforcing steel. Milling
machines are ideally suited to bridge deck rehabilitationprojects requiring the removal of
large volumes of concrete from above the reinforcing s_d. Their inability to remove
deteriorated concrete from below the reinforcing steel or from inaccessible areas, such as at
joint faces and drains or aroundother obstacles, means _at methods such as pneumatic
breakersare invariably requiredto supportthe operations and complete the detail work.

6.4.1 Technical Description and Equipment

This section describes the componentsof a milling machine and their function in relation to
the concrete removal operation. Figure 6.5 highlights the key components of a typical
machine.

6.4.1.1 Cutting Mandrel

The cutting mandrel is a cylindrical metal drum mounted horizontally on the underside of the
milling machine. It carries the cutting teeth used to break the pavement. Its width, which
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varies from a few inches on very small machinesto more than 12 ft (3.6 m) on the largest
machines, dictates the width of the materialcut.

Cutting mandrelsalso vary in diameter,rangingfrom about 8 in. (20 cm) to more than4 ft
(1.25 m). The smaller mandrelsgenerally rotatefaster, using speed to cut the pavement,
whereas larger mandrelstend to rotate more slowly_ using the weight and horsepowerof the
machine to break the pavement.

Carbide-tungstentippedcUttingteeth (figure 6.6) are used to break the pavement. The teeth
are usually slightly over 3 in. (7.6 cm) long. About half of this length is made up of the
mountingshaft, while the other half comprises the conical holder and carbide-tungstentip.
Tip life varies from as low as four operatinghours to a maximumof 24 operating hours.

The teeth are secured to the cuttingmandrelthroughblocks that are either bolted or welded
to the mandrel. A typical mountingblock is illustratedin figure 6.7. The mountingblock is
designed to hold the mounting shaft in a mannerthat makeschanging teeth as simple and fast
as possible. Changing teeth once a day is typical for bridge work, but the frequency with
which teeth will need to be replaceddepends upon the amountof work done and the hardness
of the material being removed.

The configurationof the teeth on the mandrel plays an importantrole in the operation of a
milling machine. The teeth are mountedon the cutting mandrel in a spiral thatruns inward
from the sides. This directs the cut materialtoward the center, where it can be either loaded
onto a conveyor for removal or left to be removed by other methods.

The spiral usually wraps the drumbetween one and three times with teeth staggered to strike
the pavement at 0.5 in. (1.2 cm) intervals. The teeth are mounted at a slightly skewed angle
so that they rotate as they travel through the pavement to wear evenly for maximum life.

The mandreldrive system rotates the mandrelin a direction opposite to the direction of
travel of the machine, as illustratedin figure 6.8. This causes the cutting teeth to strike the
pavement forward and up in order to fracturethe concrete in tension. This is not only more
efficient but also reduces cracking and other damage to the substrate concrete.

6.4.1.2 Depth Controland Leveling

A depth control mechanism is needed to control the depth of cut as required by the demands
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Figure 6.6 Carbide-Tungsten-Tipped Cutting Teeth
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of the job. Milling machines are limited to the removal of cover concrete, hence the depth
of steel limits the maximum depth of cut. Large, heavy machines may be able to achieve
this in one pass, lighter, less powerful machinesrequire several passes.

Depth control is achieved eitherby adjusting the height of the machineas a whole or by
adjusting the height of the cutting mandrelrelative to the machine. When the whole machine
is adjusted, the drive tracksor fires are attachedto the machine throughadjustablehydraulic
cylinders, and the cutting mandrel is fixed directly to the machine frame. If depth is
controlled by moving the mandrel, the mandrelis attached to the frame by adjustable
hydraulic cylinders. This provides quick response to depth adjustments.

Most machines have the option of adjusting the depth of the cut either manually or
automatically. Automatic depth controlsystems work throughelevation sensors thatcan be
operated off of a reference wheel, an averaging ski, or a string line. The accuracy of the
depth control is generally limited by the maximumaggregate size.

Level and cross fall are achieved by raising either the machine or the ends of the cutting
mandrel to the required height.

6.4.1.3 Power, Weight, and Cutting Speed

Milling machines are powered by diesel engines ranging in power from 24 horsepower (18
kW) for the smallest machinesto 750 horsepower(560 kW) for the largest machines (3).
The typical range for bridge deck work varies between 250 and 500 horsepower (180 kW to
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375 kVO.

Weight correlates closely with power and is important when evaluating a milling machine.
Machine weights range from less than 4,000 lb (1,800 kg) for the smallest machines to more
than 100,000 lb (45 mt) for the largest. A heavier machine is able to exert a greater
downward force to keep the machine in the cut and increase production. Although a heavier
machine is generally capable of working more efficiently, many bridges have load
restrictions that must be taken into account when selecting a machine. Some SHAs have,

and many are considering, a 42,000 lb (19 mt) limit on the weight of the milling machines
for bridge deck work.

Milling machines run on tracks or tires that are independently powered by a hydrostatic
motor. This allows the machine speed to be adjusted without affecting the engine speed.
Tires are used on most small machines and some mid-size machines. They have the

advantage of greater maneuverability, less damage to the bridge deck, and greater dampening
of vibrations.

Mid- and large-size machines are usually equipped with tracks. The primary advantages of
tracks their ability to carry heavier loads and exert increased traction. Tracks also distribute
a machine's weight over a larger area and thus reduce the possibility of exceeding point load
limits on the bridge.

Machines usually have separate speed ranges for operating and traveling. Operating speeds
range from 33 ftYminto 150 fttmin (10 to 45 m/min) but will largely be determined by the
material being milled. Traveling speeds are generally 4 to 5 mph (6 to 8 kph) but can be as
high as 24 mph (40 kph).

The relationship between the weight of the machine, mandrel width, operating speed, and
optimum cutting depth is determined by the manufacturer and set out in the specifications for
the machine.

6.4.1.4 Debris Conveyor

Most larger machines are equipped with a hydraulically controlled conveyor system for the
removal of debris. Conveyers either discharge to the front of the machine or to the rear.
The latter provides greater visibility for the operator due to reduced dust and reduced
forwardobstruction(4).

Front-discharging conveyors make it possible for the trucks receiving the milled material to
travel in the same d_ection as the milling machine and traffic. This decreases the amount of

time required to switch trucks and thus makes the operation more efficient. Also, any
material that falls off the truck or conveyor is recycled by the milling machine, leaving a
cleaner finished surface.
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Conveyors, whether front-loadingor rear-loading, generally are capable of swinging from
side to side to facilitate loading the material into a trucktravelingalongside. Although
conveyors are very efficient on large highway milling projects, they are frequentlynot used
on bridge rehabilitationjobs because they restrictmaneuverability.

6.4.2 Work Characteristics

This section discusses the natureof the projects and the work tasks suited to the use of
milling machines. The factors that cause the operationsto be productiveand the factors that
limit them from achieving their full potentialare analyzed. Note that there is always a need
for some hand cleanup work with milling operations.

6.4.2.1 Project Type and Location

The ideal work environment for high-productionmilling machines is provided by one large
bridge or several smallerbut consecutive bridges where the entire deck surface must be
removed to a specified depth above the reinforcing steel. By milling a large area at once,
equipment is used more efficiently and reduced mobilization costs are achieved. Milling
machines are not designed for and not economical when used on small areas requiting
intermittentoperation and substantial maneuverability.

The location of a bridge is important because mobilization costs are high if the distance
between work sites is large. Reduced travel distances will result in lower mobilization costs
and will also allow the contractor to react morequickly to schedule changes.

Urban job sites often have several limitations. Bridges are usually quite small and access is
often limited. Operating hours are often restricted and work may be permitted only at night.
Rural job sites generally have better access and fewer limitations on operating hours but may
be more costly in terms of mobilization.

6.4.2.2 Type and Extent of Deterioration

Milling machines are only able to remove concrete from above the top mat of reinforcing. If
contamination or deterioration is limited to concrete above the top mat of reinforcing, or ff
milling is being performed ordy as preparationfor an overlay, a milling machine win be
ideally suited to perform the work. If the required depth of removal extends below the top
of the reinforcing:steel, then additional or alternative methods of concrete removal such as
pneumatic breakers or hydrodemolitionwill be required.

The wide cutting drum and the continuous action of the cutter restricts the machine from
selectively removing damaged concrete. Concrete that is cracked will offer less resistance to
the cutting mechanism and will allow the machine to attain higher rates of production.
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6.4.2.3 Preparatory Work

Prior to commencing milling work, the area to be milled, typically one lane or half the width
ofthebridge,isclosedtotraffic.Thiscanbeaccomplishedthroughtemporarymeanssuch
asconesorbarrelsiftrafficvolumeisloworffthebridgeistobeclosedfora shorttime.

High-speedroadswithhightrafficvolumesgenerallyrequirethatconcretebarriersbe
installedtoprovideaddedsafetytoboththemotoristsandthecrewsemployedonthemilling
operations.

Sounding and marking the deck prior to milling is generally not necessary because milling
typically removes concrete over the entiredeck area. However, the depth to the top mat of
reinforcing should be determinedat randomlocations over each span of the bridge deck
before milling begins. Although the depth to the reinforcementgenerally varies less than 1
in. (2.5 cm) from the average cover depth, the expense in time and effort requiredto
determine the rebarcover is much less than the cost incurred if a bar is pulled up. If the
size of the reinforcing bar is known, the depth to the reinforcementcan be fairly accurately
measuredwith a commercially availablepachometer, which magneticallysenses the location
and depth of the reinforcing steel.

The depth of the re.baris to be measured for each span. A minimumof 40 random
measurements must be takenfor each span. For spans with a surface area greaterthan 8,000
ft2 (740 m2), 40 randommeasurements mustbe takenfor each 8,000 ft2 (740 m2). For span
sections less than 8,000 ft2 (740 m2), the number of measurementsis to be proportionalto
the residual squarefootage. That is, for a spanof 4,000 ft2 (370 m2), take 40 random
measurements; for a 12,000 ft2 (1,110 m2) span, take 60 random measurements. If the cover
depth is 2 in. (5.08 cm) with a standarddeviation of 0.25 in. (0.635 cm), then it would be
fairly safe (< 1% change) to mill to a depth of 1.35 in. [2 in. - (2.58)(0.25 in.)][5.08 cm -
(2.58)(0.635 cm)]. Note: 2.58 is the numberof standarddeviations associated with less than
a 1% change for a normal distribution;see any standardstatistics book.

6.4.2.4 Material to Be Removed

In order for the depth of removal to be accuratelymonitored, any previously placed asphalt
overlay must be removed prior to the concreteremoval operation. Milling machines are
ideally suited to remove most overlay materials,but an allowance must be made for the
additional time required for the overlay removal.

The properties of the concrete to be removed from the bridge deck will affect the milling
machine's efficiency and production. The primarycomponents of the concrete that affect the
operation are the size and hardness of the aggregate.

It is generally much easier for a milling machine to break the bond between the cement paste
and the aggregate than to fracture the aggregate. However, this will be difficult if the
aggregate mix is very dense and if the bond between mortarand aggregate is very high.
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Aggregate hardnessalso affects production,and contractorsmust make allowances for thisby
lowering estimated productionand increasingmaintenancedowntime in areasthat have
typically hard aggregates.

6.4.2.5 Area of Removal

The areato be removed is the primary factoraffecting milling machine efficiency and
productivitybecause it determines the extent to which the machine can be operatedat
optimum capacity. Continuous, uninterruptedoperationenables the machine to reach high
production rates and achieve lower unit costs. It also permits a greater numberof hours in
operation and thus the contractoris able to recover the costs of owning the machine in a
more efficient and timely manner. This is of great importancewith capital (equipment)-
intensive method.,;where owning and capitalrecoverycosts play a majorrole.

6.4.2.6 Depth of Removal

The depth of concrete above the top mat of reinforcing and the depth of contaminated or
deteriorated concrete requiringremoval are importantproject parametersaffecting the use of
a milling machine. The depth to the reinforcing bars determines the maximum depth to
which the milling machine can operate. If the concrete requiringremoval extends beyond
this depth or is in areas inaccessible to the milling machine, additional concrete removal
methods will be required.

6.4.2.7 Obstructions

The quality of the original deck constructionplays a majorrole in determining the efficiency
of any subsequentmilling operation. Reinforcing bars and other built-in steel components
frequently interrupt the milling operation and preclude the machine from achieving its fuU
potential. Increased caution must be takenwhen the depth of reinforcement varies. The
machine size and drumwidth should be selected to provide the maneuverability needed to
avoid obstructions. Some areas cannot be reached because joints, drains, draincovers and
the like obstruct the milling process, and such areas must be removed using pneumatic
breakersin a secondaryoperation.

6.4.2.8 Theoretical Production Rate

The first production figure to be calculatedis the theoretical production rate. This is the
maximum rate of production that can be attained for short periods of time underideal
operating conditions. The theoretical production rate is determined by the machinepower
and weight, cutting width and depth, and anticipatedoperating speed. The cutting width is
determined by the width of the cutting mandrel;a wider mandrel requires fewer passes of the
machine.
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The cutting depth is determinedby the extent of damage and the location of the
reinforcementsteel. If the concrete must be removed to a depth very close to the
reinforcement, the machine must operate slowly to be certain that the reinforcementbars are
not damaged or pulled up by the machine.

The operating speed varies between 10 to 25 ft/min 0 to 8 m/rain)and will be set by the
operatorbased on the weight and power of the machine, the hardnessof the materialbeing
removed, and the depth of removal.

6.4.2.9 Modified Production Rate

A modification factor is used to scale down or modify the theoretical productionrate so that
it more accuratelyreflects the productionthat wiUactually be achieved. It is a highly
subjective numberbased on many inputs, both tangibleand intangible. The factor may range
from 0.3 for a job that is expected to progress very slowly, to 0.8 to a fairly simple job with
no anticipated delays.

Continuityof operation is a primaryparameteraffecting the modification factor. If the
removal is continuous, the factor will be high. If the removal is noncontinuous,as in
patching and other work requiringthe removal of small areas, then the actual production can
be expected to be substantiallylower than the ideal production.

The time required to remove the milled debris will also cause a reduction in the modification
factor. Many machines are equippedwith debris removal conveyors that load the milled
material directly into a vehicle for transportaway from the job site. If a milling machine is
not equipped with a conveyor, or if the contractoropts not to use one in order to gain
maneuverability, then the material will need to be removed by loader in a separateoperation
that delays production. A mechanicalbroom or industrial vacuum truck may be requiredto
remove any material not picked up by the conveyor or shovel.

Downtime for maintenanceon the milling machine will also contribute to the modification
factor. Routine maintenancecan be expected to reduce productionby between 10% and
20%. This maintenance will include such items as changing the teeth, oil, lubrication,
filters, and hoses.

6.4.3 Managing and Controlling Quality

specific requirements must be established and maintainedto ensure that work quality is of an
acceptable level. This section addresses five issues concerning these requirements.

1. Mach/ne size. A machine that is not the proper size to perform the work can
result in a product of inferior quality. A machine that is too small will not
have the necessary production to be economical, and it may also damage the
residual concrete if the machine is pushed beyond its capabilities. Small
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machines are, however, inexpensive to mobilize, maneuverable,and better
suited to small, low-production,or intermittentjobs.

Txrge machines are well-suited to large, continuous production projects.
Many are designed and built for use on open pavement and may lack the
control and maneuverability required for bridge milling work. Additionally,
the weight and vibrationsof a large machine can easily damage the remaining
deck or structural components of the bridge.

Appropriateprecautions must be taken to ensure that the bridge structure is not
loaded beyond its capacity. Any weakening of the bridge due to a reduction in
depth and the relocation of the neutral axis caused by removing surface
concrete should be taken into account when evaluating the structural capacity
of the bridge.

2. Damage to residual concrete. Impact methods of concrete removal such as
miring may produce a layer of damaged concrete with small cracks extending
0.5 to 0.75 in. (1.2 to 1.8 cm) into the residual concrete. These microcracks
reduce the strength of the concrete, lower the bond between concrete and steel
and reduce the bond between the existing structure and any overlay material.

The cutting mandrelon milling machinesrotates upwardand away from the
cut so as to break the concrete in tension. This reduces the potential for
microcracking, which only becomes a serious problem if a heavy and powerful
machine is forced to progress at too rapid a rate.

3. Damage to reinforcing steel. Great caution must be exercised when operating
a mining machine in the vicinity of the top reinforcing steel mat. On projects
that requirethat the milling operation remove the concrete to a depth that
approachesthe cover over the reinforcing bars, the machine should proceed
very slowly and underclose controlof the machine operator and groundsman.
Because the cover over the reinforcing bars is not always uniform, the
machine may occasionally catch a bar and pull it up out of the concrete. This
frequentlydamages the machine by breakingteeth and holders, and can cause
extensive damage to the deck.

Milling to critically controlled depths is a very costly, time-consuming, and
risky operation. It is frequently more cost-effective to use a milling machine
to remove the concrete to a reasonable depth above the reinforcement, and to
then use other methods such as pneumatic breakers or hydrodemolition to
remove any remaining damaged concrete.

4. Sub,facecharacteristics. The milling process leaves the residual concrete with
a rough textured finish, which can be either opened to traffic immediately or
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covered with an overlay material. The textureof the finish producedby a
milling machine is dependenton the tooth configuration,the mandrelrotation
speed, and the rate at which the machineprogresses. The grid pattern
producedby millitlg allows the overlay materialto interlock with the milled
surface, forming a tightbond.

5. Environmental concerns. The dust generatedby the willing and debris
removal operationscan obstructthe vision of both the machine _tor and
the passing motorist. It shouldthus be monitoredand maintainedat acceptable
levels so as not to endangertrafficor affect the surroundingenvironment.
Dust can be controlled by water spray bars on the machine. Water spray cools
the heads and teeth.

Equipmentnoise shouldalso be monitored, especially if the work is being
performed in densely populatedurbanareas. Water runoff is generally not a
problem, but appropriatecontainmentmeasuresshould be taken if runoff is
likely to impede traffic or pollute the environment.

6.5 Hydrodemolition

This section examines hydrodemolitionas a method for removing concrete as a part of the
bridge rehabilitation process. It is a capital-intensive technology that uses complex
equipment to produce and direct a high-pressurewater jet to erode the cement matrix
between the concrete aggregate. It is capable of attaining a high rate of production while
selectively removing deteriorated or contaminated concrete to the desired depth. It is
effective in cleaning the reinforcing steel and preparing the surface for a subsequent overlay.

6.5.1 Description and Equipment

Hydrodemolitionin its simplest terms involves the pressurizationof water and the controlled
delivery of a waterjet to demolish the cement matrix. This requires a sophisticated
equipment system consisting of two distinct components: a power unit and a demolishing
unit (5).

6.5.2 Power Unit

Figure 6.9 shows a typical power unit used to provide the high-pressurewater requiredfor
hydrodemolition. It comprises a drive engine, a high-pressurepump, water filters, a water
reservoir tank, and other accessory equipment (6). The power unit is housed in a large metal
container on a flatbedtractor-trailer.

The water supplied tOthe power unit is passed through a series of filters before storage in
the reservoir tank. The filters remove solids from the water to prevent excessive wear on the
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high-pressuresystem.

The high-pressurepump is driven by a 300 to 500 horsepower(225 to 370 kW) diesel
engine. The engine size varies depending upon the specific system makeand the capacity of
the pump. Two different types of high-pressurepumps may be used. A plunger- or piston-
type pump is able to pressurize the water to between 12,000 and 20,000 psi (83 to 138 MPa)
at a flow rate of 20 to 70 gpm (75 to 265 L/min). An intensifier pump is capable of
pressurizing small flows of water to ultrahighpressures. One hydrodemolition system
currently uses intensifier pumps thatdeliver water at 35,000 psi (240 MPa) and 13 gpm (50
tCmin).

Hydrodemolition systems may use one or two power units. Using two power units running
in tandem doubles the flow rate, roughly doubling the productivecapacityof the
hydrodemolition system.

6.5.2.1 Demolishing Unit for Bridge Decks

The demolishing unit used for bridge decks is a microprocessor-controlledwheeled vehicle,
as illustrated in figure 6.10. A water delivery nozzle is attached to a trolley that traverses
back and forthalong a cross-feed beam at a programmedrate. The nozzle is rotated or
oscillated at a constantprogrammed frequency. At the end of the trolley's programmed
cycle, the entire demolishing unit advances or indexes forwarda set distance.
Microprocessor controls dictate all movements of the nozzle, the nozzle trolley, and the
demolishing unit to ensure precise control over the fluid dynamic properties of the waterjet
and to provide consistent quality.

Limit switches located at opposing ends of the cross-beam can be adjusted within the length
of the beam to produce a cut of desired width, enabling the unit to remove various sizes of
rectangular areas.

High-pressure water is delivered from the power unit(s) to the nozzle by high-pressure
flexible hosing. The flexible hosing consists essentially of a hose within a hose. The inner
hose carries the high-pressure water; the outer hose serves to shield the inner hose from cuts
and acts as a safety containment should the inner hose burst. The system is also
designed with an emergency water shut-off valve that activates automatically if a hose loses
pressure or ruptures.

6.5.2.2 Equipment for Vertical and Overhead Surfaces

The demolishing unit is the predominant piece of equipment used in hydrodemolition on
bridge decks. Some makes of equipment have special attachments that enable the cross-beam
to be held upright or overhead for concrete removal on vertical and overhead surfaces. This
type of equipment is not used frequently on bridges because the substructure elements have
small, irregular surface areas that are difficult to access.
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Manufacturersdo make hand-held wands thatoperateat lower pressuresand flow rates.
These require a person to hold the wand and direct the waterjet over the concrete surface.
The loss of microprocessorcontrol over the waterjet's movementcauses the quality to vary,
and safety considerations make hand-heldwaterjets all but impossible to use.

Some experimental equipmentexists for special applications of concrete removal work such
as columns and tunnels.

6.5.2.3 Operating System

The equipment required to perform hydrodemolitionwork consists of a trailer containing the
power unit, the demolition unit itself and equipmentneeded for debris removal and cleanup.
If a water source is not available, a water supply truckwill also be required.

The operating parameters for the hydredemolitionsystem are established througha process of
estimation and testing. The summaryof the process is outlined in figure 6.11, which shows
that the contractorinitially sets the equipmentoperating parameters based on job parameters,
concrete parameters, and past experience.

A trial area of sound concrete is hydrodemolishedusing estimated operating parameters.
After evaluating the results of the trial area, the system parametersare adjusteduntil the
desired mean removal depth is achieved. The system is then tested on an area of
deteriorated concrete and the operating parametersrecalibrateduntil the concrete is removed
to the desired level of soundness.

The microprocessor control ensures constant, repeatable results. However, if the concrete
material or job parameters change, the equipment must be recalibrated.

6.5.3 Work Characteristics

Hydrodemolition is primarily applicableto projects that require the extensive removal of
deteriorated or contaminated concrete to a desired depth or level of soundness over a large,
continuous horizontal area. Bridge decks that contain large quantifies of contaminated or
deterioratedconcrete are ideally suited to hydrodemolition's ability to remove concrete from
aroundand below the reinforcementwhile operatingwithin the restraints imposed by the
equipmentgeometry.

6.5.3.1 Project Type and Location

The high capital costs and the high degree of mechanization involved make hydrodemolition
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Figure 6.10 Hydrodemofition Demolishing Unit
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most favorable if used on projects thatenable it to be operateduninterrupted.

Access to the site shouldbe such that a sizableportion of the deck is available to allow the
hydrodemolition equipmentto perform the necessary work with as few setups as possible.

Hydrodemolition will require that a portion of the bridge be completely closed to traffic for
an extended period of time. Although the high productivityassociated with hydrodemolition
enables the concrete removal to be performed quickly, the surface producedis not suitableto
be reopened prior to patchingor overlaying, which may not occur for several days.

The specialized natureof owning and Operating hydrodemolition equipmentmeans that it is
frequentlymore economical for the work to be done by specialty subcontractors.They are
better able to achieve the number of hours required to recover the high initial investment and
able to meet the specialized maintenancedemandsof the equipment.

6.5.3.2 Type and Extentof Deterioration

Hydrodemolition equipment can be calibratedto remove soundchloride-contaminatedor
deteriorated concrete to the depth necessary to achieve an acceptablelevel of contamination
in the residual concrete. Selective removal is achieved by applying a constant amount of
energy to the concrete in a manner that causes all material with less than the required
strength to be removed, regardless of depth.

6.5.3.3 PreparatoryWork

The work area must be cordoned off with either concrete barriersor traffic barrels,
depending on the extent of the rehabilitation and the traffic conditions. A l:rimaryconcern
related to the method of traffic control is the containment of the water and paste-like slurry
that might flow into adjacent lanes open to traffic.

If concrete barriersare used to cordon off the work area, a silicon caulk can be used to form
a seal between the bottom of the barriers and the bridge deck, thus preventing the runoff
water from flowing into adjacent lanes of traffic. Hay bales are often used to filter the
debris and suspended solids out of the runoff when traffic barrelsare used as the method of
traffic control.

In either case, it is not possible to completely prevent water from running into adjacent open
traffic lanes to provide additional safety, construction warning signs should be used to inform
motorists that unexpected wet pavement lies ahead.
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Figure 6.11 S,,mmary of Hydrodemolition Calibration Process
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6.5.3.4 Material to Be Removed

The strength, uniformityof strength, and aggregatesize of the concrete will determine how
effectively a hydrodemolitionsystem is able to remove the material. These material
properties also determine the resultantsurfaceprofile obtainedfrom hydrodemolition. Each
of these propertiesmust be evaluatedto establish the optimum fluid dynamic operating
parametersand the expected results of hydrodemolition.

I. Strengthofmaterial.Hydrodemolitionremovesconcreteby applyinga
waterjetofgreaterenergythancanbeabsorbedby thematerialbeing
removed.Thestrengthoftheconcretewillthereforedeterminehow much
energyitiscapableofabsorbingandtheassociatedwaterjetenergyrequiredto
removeit.

2. Uniformity of strength. A hydrodemolitionsystemiscalibrated to remove
concreteofauniformstrengthtoaspecifieddepth.Any deviationinthe
strengthoftheconcreteencounteredwillresultinaninconsistentdepthof
removal.A lower-strengthconcretewillberemovedtoagreaterdepth,anda
higher-strengthconcretewillnotberemovedtoasgreata depth.

3. Aggregate size. The concrete aggregate will primarily affect the
hydrodemolition operation by determining the texture of the resultant surface.
Hydrodemolition removes concrete by destructionof the cement matrix; it does
not split or cut the aggregate. The resulting surface profile is not smooth and
its texture is determinedby the maximum aggregate size, as illustratedin
figure 6.12.

6.5.3.5 Area of Removal

Economic recovery of the high owning and operatingcosts of hydrodemolition equipment
cannotbe realized unless the equipmentcan operate over a large and continuous area.

The areathatcanberemovedby hydrodemolitionisphysicallylimitedbythemachine
geometry and method of operation. The cross-beamwidth and limit switch settings will
determine the width of the cut and therefore the number of passes required.

6.5.3.6 Depth of Removal

Hydrodemolitioniscapable ofremovingconcreteabove, around,andbelowreinforcing steel.
The mean depth of removal is determinedby concrete parametersand adjustableequipment
operatingparameters detailed in reference 7.
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6.5.3.7 Debris Removal and Cleanup

The demolished concrete and other waste products arising from hydrodemolition form a
combination of rubble, slurry, and runoff water. Cleanup is accomplished by vacuuming or
manually shoveling the coarse particles and flushing the slurry and fine particles away with
fresh water.

___ortg___Surface -_

...............°
_- Aggregate

D - Mean RemovalDepth
S - Variancein RemovalDepth

(-1/2MaximumAggregateSize)

Figure 6.12 Mean Depth of Removal as a Function of Aggregate Size

The slurry should not be allowed to dry on the prepared surface because the paste strongly
adheres to the deck. If drying of the paste is allowed to occur, the deck must be thoroughly
waterblasted or sandblasted to provide a clean, bondable surface. The requirement to
provide a good bonding surface for patches or overlays means that waterblasting or
sandblasting operations must be performed or repeated no more than 24 hours before the
overlay placement.

An industrial vacuum truck is often used to clean the hydrodemolition waste. Vacuuming

takes place behind the advance of the demolishing unit using a hand-held vacuum nozzle.
The vacuumed area is frequently flushed with fresh water and revacuumed before the
required level of cleanliness is reached.

Using an industrial vacuum truck generally requires a two-lane-wide work space. Figure
6.13 shows a typical hydrodemolition system setup using an industrial vacuum. While the
use of an industrial vacuum reduces the volume of water runoff, it does not eliminate the
need for water runoff control.
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Anothermethodofhydrodemolitioncleanupinvolveshand-shovelingtherubbleandflushing
the deck with clean water. This method is more labor-intensiveand requirescontrolling a
larger volume of runoff water than vacuuming,but it is better suitedto confined work

where large equipment cannotbe used. Figure 6.14 shows a typical hydrodemolitionsystem
setupusingamanualcleanup_w.xation.

In addition to the runoff control and debris filter, the deck drainsare often plugged to allow'
the water to run down the bridge deck in an effort to settle the cement and fine aggregate
particles out of suspension. Sandbags may be used to direct the flow of the runoff, and hay
bales or pea gravel dikes are often used to filter the suspended solids out of runoffwater.

6.5.3.8 TheoreticalProductionRate

The theoretical productionrate is the quantityof concrete removed for each unit of time the
waterjet spends actuallyhitting the concrete. This is a function of equipment parameters,
concrete properties, and job parameters.

1. Equipment parameters. The primaryequipment parameteraffecting the
instantaneousproduction of a hydrodemolition system is the power of the
waterjet measuredin terms of both the pressure and the flow rote of the
water.

2. Concrete properties. The concrete's strength,aggregate size, and aggregate
type all influence hydrodemolition'sinstantaneousproductivity. The stronger
the concrete, the lower the instantaneousproductivity. The aggregate type is
significant because it affects the cement-to-aggregatebond strength.

3. Job parameters. The required removal depth is the main job parameterthat
influences instantaneousproduction. If the concrete above the top mat of
reinforcing is first removed by milling, then the loss in production due to the
depth of removal can be reduced.

Figure6.15showstherangeoftheoreticalproductivityforhydrodemolitionsystems.These
productivityratesarebasedonthehydrodemolitionequipmentmanufacturer'sproductivity
estimatingguidelinesfor"typical"4,000psi(28MPa) concreteanda removaldepthofupto
3 in.(7.5cm).

6.5.3.9 Modified Production Rate

Modification factors are used to scale down the theoretical production to reflect specific job
characteristics. The primaryparameters that contribute to the modification factor are the
area of removal, the continuity of operations, and equipmentdowntime for maintenance and
repair. The ability to accuratelyselect this productionmodification factor is dependenton
the hydrodemolition contractor'sexperience.
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The modificationfactor rangesfrom 0.40 to 1.00. A modification factor of 0.80 to 1.00 is
typically used for a job where operationsare able to proceed uninterruptedover a large
continuous area. A modificationfactor of 0.40 to 0.80 is typically appliedto jobs that
involve removing concrete from small noncontinuousareas.

Downtime for maintenanceand repairwill furtherreduce the theoretical productionrate,
depending on the reliability of the particularsystem.

Cubic Feet per Operating Hour for 4,000 psi Concrete

5 10 15 20 25 30 35 40

I I I I I [
I Single-Pump Sysfems

[ Dual-Pump Sysfems ]

(1 psi = 6.895 kPa)
Figure 6.15 Range of Theoretical Productivity for Hydrodeinofition Equipment

6.5.4 Managing and Controlfi'ng Quality

An understandingof the issues relative to managingand controllingthe qualityof
hydrodemolitionoperations is necessary to ensure effective use of the technology. The issues
addressedin this section are qualityrequirements,residual cracking, and specifications.

6.5.4.1 Quality Requirements

The primary quality concern associatedwith concrete removal by hydrodemolition is
ensuring that the machine is correctlycalibrated to remove the concrete to the specified depth
or level of soundness. The oppositeof hydrodemolition's inherentadvantageof selective
removal occurs when there is a high-strength concrete or other material on top of or within
an area of lower-strengthconcrete. This condition, shown in figure 6.16, typically is
encountered when rehabilitatinga bridge deck that has been previously patched.

If the hydrodemolitionsystem is calibrated to remove the high-strength concrete, excessive
amounts of original low-strength materialmay be removed from around the
perimeter or underneaththe high-strength mater_al. Precise depth control is not possible
when the concrete's strength is not uniform.
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Existing patches thathave a lower strength thanthe original deck concrete do not present the
same problem as higher-strength patches. Bituminousconcrete patches in a bridge deck are
easily removed by hydrodemolition.

However, there may be problems if an unanticipatedarea of extensively deterioratedor low-
strength concrete is encountered. If calibratedfor a higher-strength material, the
hydrodemolition system will remove the concrete to a greaterdepth than desired, possibly all
the way through the deck.

The best way to handlethis problem is to anticipate its occurrence by carefully inspecting the
undersideof the bridge deck. Anticipating this situationenables the contractorto provide a
means for catching the debris and protectingthe area underthe bridge before hydro-
demolition.

Hydrodemolition is capable of removing concrete from around and below reinforcing steel
bars without causing damage to the barsor damaging the concrete-to-steel bond. However,
problems with rebar shadowingcan occur because the reinforcing steel bars shield the
concrete directly beneath them from impingement by the waterjet. Figure 6.17 illustrates
what happens as the hydrodemolitionnozzle advances across a steel reinforcing bar. The
shaded triangular area directly below the steel bar is shielded from impingementby the water
jet. If the mean removal depth is below the water jet's intersection point, then the
unimpingeable area will be removed by the scouring action of the loose aggregate. If the
mean removal depth is above the waterjet intersectionpoint, then the unimpingeable area
will not be removed and a rebar shadow will remain.

Hydrodemolition's ability to remove concrete from directly below reinforcing steel bars is a
function of the bar size, the maximum aggregatesize, the waterjet angle of impingement,
and the chosen mean removal depth. Larger steel bars move the waterjet intersection point
deeper and create larger unimpingeableareas. To avoid rebarshadowing, the mean removal
depth shouldbe set so that it is below the waterjet intersection point and the rebarclearance
is at least equal to the maximum aggregate size.

Hydrodemolitioncleans the reinforcing steel barsas it removes concrete from around them.
The swirling action of the high-velocity water and the fine aggregate particles from the
demolished concrete act to provide a wet sandblastthat effectively removes rust deposits and
bonded cement from the reinforcing steel bars.

Careful planning is required to effectively control the large volume of water generated by the
removal operation. The planning must consider such items as the deck's geometry,
equipment access, and maintenanceof traffic.

6.5.4.2 Specifications

Pneumatic breakersand milling machines are relatively well-known technologies for concrete
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removal. Most SHAs have developed specificationsfor use with these methods, have tried
them and found them adequate. This issue has therefore not been discussed for those
technologies. The same is not true for hydrodemolition,and many SHAs are still actively
developing suitablespecifications.

A prevalent problem with the hydrodemolitionspecification is the use of method-specific
clauses that limit the operatingparametersof the hydrodemolitionequipment. These
specifications tend to favor particularmakesof hydrodemolitionequipment while excluding
others, regardless of ability to produce a productof acceptablequality. Hydrodemolition
specifications should be performancespecifications thataddress only the aspects of the work
that are necessary and critical to achieving the desired quality for the final product. A
hydrodemolitionguide specification has been developed and is presentedelsewhere (1).

Every bridge rehabilitationjob must be evaluatedon an individual basis to determine if
hydrodemolitionis capable of effectively performing the concrete removal. Hydrodemolition
is not capable of selectively removing high-strengthpatchesor overlays in a bridge deck.
The SKA engineer must be aware of the existence of high-strength patches in a deck so that
provisions can be made in the plans and specifications for their removal by alternate
methods.

The method of payment used in a bridge rehabilitationcontract can influence the
performance of the work and the job's total cost. In rehabilitationwork involving entire
surface removal, quantity overrunsoften cause large job cost overruns for the SHAs. The
cost overruns occur on jobs in which hydrodemolition removes a greatervolume of concrete
than estimated. If this is true, that concrete probably was of low quality and should have
been removed to increase the service life of the overlay. The cost increase is not manifested
in the hydrodemolitionbid item because it is bid not on a square-footbasis but rather in the
bridge deck overlay item, which is generally bid by volume.

The bridge deck overlay bid item generally includes the cost of the construction methods,
such as placing and finishing, as well as the cost of the material. Although the additional
cost in material is justified by an increase in volume, there is no substantial increase in the
time or resources required for the placement or fufishing of the material. However, because
the construction methods are included in the unit volume price for bridge deck overlay, their
price will go up relative to the increase in the volume of the overlay material.

This can be avoided by having the overlay materialand the construction methods as two
separatepay iterns. The overlay material can be bid and paid for by the volume of material
while the construction methods pay item, which includes the placing and finishing of the
material, will Ix'.paid for by the area. In this way, increases in the volume of material
removed will result in increases in the quantityand cost of the overlay material only.
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Figure 6.17 Nozzle Advance and Rebar Shadow

6.6 Combined Methods Strengths

The study of comparative abilities showed that each technology had very specificstrengths
and weaknesses with regard to work characteristics, production, and quality. The following
is a brief summary.

1. Pneuman'c breakers. They are the most flexible and most labor-intensive.
They can be used for all sizes and shapes of area, to all depths, and on all
bridge structural elements. But production rates are low.

2. Milling machines. They are the most inflexible. They can only be used to
remove large areas of surface and/or cover concrete on decks, are not labor-
intensive but capital-intensive, and have high production rates.

3. Hydrodemolition. This technology lies between pneumatic breakers and
milling machines in terms of flexibility. Surface, cover, matrix, and core
concrete can be removed, but economies are only realized if work is done on
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large horizontalareas such as decks. Hydrodemolitionalso has the advantage
of selective removal of poor concrete thatmight be left in place by the breaker-
method.

Much can be done by combining the strengthsand weaknesses of the methods as determined
below.

6.6.1 Milling and Breakers

Combining these two technologies on bridges with relatively minor deteriorationin cover and
matrixconcrete results in the following sequence of operations:

1. Contaminatedand deterioratedconcrete is milled from the deck to a level
conservatively above the reinforcing steel.

2. Areas aroundjoints and drains iva_.ccessibleto the milling machine are removed
using pneumaticbreakers.

3. Areas of deteriorationremaining below the reinforcing steel are determinedby
soundingand removed to the requireddepth using pneumaticbreakers.

4. Deterioratedconcrete in the substructureis identified by visual inspection or
soundingand removed to the required depth using pneumaticbreakers.

5. All exposed steel is sandblastedto remove loose material and rust immediately
before patching damaged areas and overlaying the deck.

6.6.2 Hydrodemolition and Breakers

Combining these two technologies on bridges with relatively large areas of deteriorationin
cover and matrix concrete results in the following sequence of operations:

1. The level of contaminationand deteriorationin the deck is determined using
half-cell potential measurement,chloride sampling, and/or sounding. Large
areas that requireremoval are delineated,or a decision is taken to
hydrodemolishthe whole deck and rely on the selective removal capabilityof
the techniqueto identify areas of above or below average deterioration.

2. Contaminatedand deteriorated cover and matrixconcrete is removed using
hydrodemolition equipmentcalibratedto achieve the desired results.

3. An_ts inaccessible to the hydrodemolitionequipment and areas of particularly
hard concrete are removed using pneumatic breakers.
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4. Deterioratedconcrete in the substructureis identified by visual inspection or
sounding and removed to the requireddepth using pneumaticbreakers.

5. All exposed steel is sandblastedto remove loose material and rust immediately
priorto patchingdamaged areas and overlaying the deck.

6.6.3 Milling, Hydrodemot_t__n_'on,and Breakers

The efficiency of milling large areas of cover concrete can be used to advantage by using a
milling machine to remove all the materialabove the reinforcing steel. This greatly
increases the productivity of the hydrodemolitionthat follows. The reduction in volume of
concrete to be removed by hydrodemolitionproducesa correspondingreduction in the
quantity of wastewater produced, and this greatly improves the environmentaland safety
impacts. Breakersare used to remove the concrete from areas inaccessible to the milling and
hydrodemoLitionmachines.

6.6.4 Conclusions

A great deal of skill and experience is requiredto effectively match the technologies
available to the project at hand. Many issues have been discussed throughout this chapter
concerning how various tasks (defined in terms of the method used to identify the work, the
area of removal, the location of removal, and the depth of removal) relate to the various
techniques available. The five factors that dominate the selection process are:

1. Quality. Any chosen method must satisfy the quality constraints of selectivity,
residual damage, and bond quality. If this is not done, then the method is
simply not feasible.

2. Availability. The equipment, materials, and skills needed to implementthe
chosen method must be available and it must be possible to use these on the
project site. Specialized subcontractors,manufacturers,and the contractor's
own forces all contribute to providing the required resources.

3. Flexibility. The chosen method must be sufficiently flexible to accommodate
changes in the scheduling, quantity, and pace of work brought about by the
unforeseen changes that can occur during a project. Methods that appear to be
more productive but that require precise planning and precise knowledge of
existing conditions seldom fulfill their promise.

4. Total cost. The unit cost of performing the work by a given method is seldom
the only criterion. The costs of traffic control, repeatedmobilizations brought
aboutby limited access times, and user delays must be factored into the
analysis. The relative importanceof concrete removal cost to total project cost
is another importantfactor in selecting the chosen method.
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5. C_ntracrua/r/sk. In most cases the contractorcarries the risks a._3ciated with
the selection of the method to be used. This risk is substantialwhen large
sums must be invested in the equipment needed, when the funding and
continuityof work is not clear, and when the contractand specifications
appearto inhibitinnovation. Many of these factors are under the control of
SHA personnel.

Quality, availability, flexibility, total cost, and contractualrisk can easily override the
technicalaspects. These vary with time and location and thus it is extremely difficult to
make any firm rules as to which method must be used underall circumstances. This
difficulty is somewhat eased by the realizationthat the methods described are more
complementarythan competitive. Each has its role to play undergiven circumstances.

In the context of good planning, highly productivemodern equipment would be far more
Likelyto encourage more people to accept and try newer methods.
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Appendix A
Cost-Effective Models and Solution Examples
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The generalized models for replacementand rehabilitationarepresentedin figuresA. 1and A.2,
respectively. Descriptions of the models as cash flow diagrams are shown at the top of the
figures. Each is precededby the respective generaliz___mathematicalmodel and notation.

EUA_ = (AIPJ,/_O

G. (P/Gf,h.. + 1)(P/Fj,g= - 1)+ _ F, (P/F,i,nlt)] + (5- B)(O , COi-s) +
m=l k=l J

where A = replacement structurefirst cost
B = salvage value of present structure
S -- salvagevalueof replacementstructme
C = annualmaintenancecostfor cleaningdeck,drainagesystem,etc.
F = singlefutm'¢expenditures(e.g., deckoverlay,abutmentunderpinning,painting)
N = lifi_of replacementbridge
G = annual increase in maintenancecost due to progressive deterioration (e.g., deck

p=_hing)
nz= timetosinglefutureexpenditure
g = timetobeginningofincreasingmaintenancecostsduetoprogressivedeterioration
h = durationofincreasingmaintenancecostsduetoprogressivedeterioration
i = interestrate

,(ALP)= funccapital recovery factor (A/e,i%,n) - i(1 +i)_
(l+iy'-I

1
(PIF) = single payment present worth factor (PIF,i_,n) -

(I*=_

(P/G) = gradient present worth factor (P/G,i,n) = _1 [

I

(14-0m- 1 n

-: o+,y
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Figure A.1 Replacement Model

_'UAC.t,_= (EUA%,,_)(PlF,Z,Nb+ t

+ C(P/A,i,Ns) + G.(P/G,i,h. + I)(P/Fj,g= - 1) + _ Fk(P/Fj,n_)
m=l K=I

where D = initial repair cost

N_= time to requiredreplacement

All other symbols have the same meaning as in the generalizedreplacementmodel.
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Figure A.2 Protection, Repair, and Rehabilitation Model

253



Interest and Inflation

Interestrate is the expression of the time value of money. Prevailinglending rates are usually
not appropriate in engineering evaluations since they include an inflation factor. The true cost
of long-term borrowing is generally considered to be about 4% to 6% (1).

Classical engineering economic evaluation methodology, for the most part, ignores the effects
of inflation. The rationale is that if inflation affects all aspectsof cash flow in the same manner,
its net effect on, economic decision-making is nil. However, in the financing of highway
maintenance and construction, inflation has not affectedall aspects of cash flow equally. Funds
for new construction, capitalimprovements, and maintenanceof the nation's highways, at both
the stateand federal levels, are derivedprimarilyfrom fixed cents-per-gallonmotor fuel taxes.

In the past, these tax revenues increased as fuel consumption increased, and, at rehtlvely low
inflation rates, funding kept pace with costs reasonably well. However, with the 1973 oil
embargo a very pronounced change occurred. Rapidincreases in fuel costs resuRedin marked
reduction in fuel consumption due to economizing on the part of motorists and the rapid
changover to smaller, more fuel-efficient automobiles. Also, in order to provide incentives for
the developmentof alternativefuel sources, tax exemptions were provided for gasoline-alcohol
blends. These factors produceda drastic reductionin the rate of growth in revenues. During
the same period, costs increased sharply due to rapidly rising inflation rates. While the rise in
future rates may be tempered somewhat, there is every reason to believe that this trend will
continue. Thus, we are faced with a scenariowhere inflation has opposite effects on receipts
and disbursements, and thereforeengineeringeconomicanalysis must take into account the effect
of inflation.

The "true" interest rate for the conditions described above is a function of three factors:
prevailing interest rate, inflation rate, and rate of increase in funding. It can be shown (2) that
the applicablerelationship is:

i" -- (I +0(1 +q) _ I
(1 +J_

where i" = "true" interest rate

i = prevailing interest rate
f = inflation rate
q = rate of increase in funding
(Note: all rates are expressed in decimal form.)

Notice that when the effects of inflation are ignored,/" - i.

Using data for flaeperiod 1970-1979 (3), the following values for inflation and funding rates
were determined:
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Using data for the period 1970-1979 0), the following values for inflation and funding rams
were determined:

Inflationram for highway constructioncosts: 9.4%
Inflation ratefor highway malntsnancecosts: 7.4%
Increase in funding for highway maintenanceand construction: 4.8%

Examples

The following examples illustratethe mannerin which the mathematicalmodels areapplied and
the effects of inflation are accountedfor in the selection of the interest rate.

Examp/e 1. The cash flows associatedwith replacementand rehabilitation(by force accountand
by contract) for a certainbridgeare shown in tablesA. 1 throughA.3. Determine the mostcost-
effective approach.

A. Assume that the interest rate is the mean of the 4% to 6% usually considered to
represent the range of the "true"interest values for long-term investments, i.e.,
i _5%.

B. Replacement Structure

."X" Fi F2 FT.3 "_

,, _ , ,A I oh I .x_ ""<('R'_peotcycle-,
___l___q____--., "t' l lndennitety)

I I ', s I

ReplacementStructure
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Table A.I Cash Flow Table for Bridge Replacement, Example 1

I

End of Year Costs ($) Symbols* Items

0 45,000; 1,000 A, B Replacemmt bridge minus salvage
beams of present bridge

1-12 500 C Annual maintenance and cleaning

13 500; 100 C, GI Annual maintenance and cleaning 4-
deck patch/ng

14 500; 200 C, 2G t Annmd maintenance and cleaning -l-
deckpatching

15 500; 300; 8,000 C, 3G_, F_ Annual maintenance and cleaning +

deck patching + deck and drainage

16-19 500 C Annual maintenaace and cleaning

20 500;1,500 C, F2 Annual maintenance and cleaning +
underpinning and bearing repair

21-27 500 C Annualmaintenanceand cleaning

28 500; 100 C, G2 Annual maintenance and cleaning +
deck patch/ng

29 500; 200 C, 2G2 Annual maintenance and cleaning +
deck patching

30 500; 300; 6,000 C, 3G2, F, Annual maintenance and cleaning +
deck patching + deck and abutment
repair

31-39 500 C Annual maintenance and cleaning

40 500; 1,500 C, S Annual maintenance and cleaning

minus salvage value or raiUngs
beams

Bridge is replaced after 40 years.
I I

*For explanation of symbols, see figure A. 1
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Table A.2 Cash Flow Table for Rehabilitation of Present Structure by Force Account,

Example 1

End of Year Costs (s) Symbols* Items

0 7,500 D Point abutment, repair wings, widen and patch deck,
railing treatmeQt,and paint beams

1-5 300 C Annual mainte_mce and cleaning

6 300; I00 C, Gt Annual maintenance and cleaning + deck patching

7 300; 200 C, 2Gs Annual maintenance and cleaning + deck patching

8 300; 300 C, 3G_ Annual maintenance and cleaning + deck patching

9E 300; 400 C, 443, Annual maintenance and cleaning + deck patching

10 300; 500; 1,200 C, 5GI, FI Annual maintenance and cleaning + underpin wings
and abutmentsandpaintbeams

11-15 500 C Annual maintenance and cleaning

Bridge is replaced after 15 years.

*For explanation of symbols, see figures. A. 1 and A.2.

Table A.3 Cash Flow for Rehabilitation of Present Structure by Contract, Example 1

End of Year Costs Symbols* Items

0 12,000 D Paint abutment, repair wings, deck and railings

1-9 200 C Annual maintenance and cleaning

10 200; 1,000 C, FI Annual maintenance and cleaning + painting

11-19 200 C Annual maintenance and cleaning

20 200; 1,000 C, F2 Annual maintenance and cleaning + painting

21-25 200 C Annual maintenance and cleaning

Bridge is replaced after 25 years.

*For explanation of symbols, see figures. A. 1 and A.2.
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Using the Replacement Model:

EUA_ = O.O'5828(a/p_,40) [(4£000 = 1,500)1

[.... 5.101 0.5847 5.101 0.2812 ]
+ [tit_)(P/G,5%,3+I)(P/F,.5_,12-1) + (lO0)(P/G,5%,3+l)(PIF,596,27-1)J

[" 0.4810 .... 0.3769 ...... 0.2314 ]

+ LCSOOO)cp/F,5_,15)+ t_:,_JCplF,5_,20) + tcx_JU_CP/F,S%,30)j
* 0500 - 1000)(0.05)+ 500

= $3,424/yr.

C. Rehabilitate Structure (Force AccounO
Using the Rehabilitation Model:

A FI

C ¢m_la_..,. (RepJoce/RepeotCycles
,5 10 15 Indefinitely)

RehobilitotedStructure
_Force Account)
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EUACa, _ .... 0.4810= tJ_,tza)(p/F,5_,lS) . (0.05)

{7 _ . 10.3796 [.... 11.966 0.8227 ] [( 0.6139 _500 + (.mUJ(PIA,5%,15) + [(xtm)(PiG,5%6)CPIF,5%,4)] + 1200)(PiF,5%,lO )

=S2_.6_.

D. Rehabilitate Structure (Contract)

D F_ F_,

C l,tl#l#ll[,,##!#,#*I,,#tl .... (Replace/RepeatCycles

510 15102; Indefinitely:)NI

RehabilitatedStructure
(Contract)

_AC,_ .... 0_53= t_z47(p/F,5_,25) + (O.05)

.14.094 [.... 0.6139 0.37690)]}t2,000 + (200)(PiA,5%,25) + [(lt_Jj(p/F,5%lO ) + (lO00)(PiF,5_, 2

= $I,SO2/yr.

E. Comparison of Rehabilitation Methods
Since $1,801/yr < $2,266/yr, contract repair should be chosen.

F. Comparison of Rehabilitation vs. Replacement

VM = $3,424/yr- $1,802/yr = + $1,622/yr

Therefore, structure should be rehabilitated (by contract)

Annual Savings Ca_vitalizedSavings

$1,622/yr $1,622/0.05 = $32,440
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E.rample2. Thecash flows associatedwithreplacementand rehabilitation(by force accountand
by contract)fora certainbridgeareshowninTablesA.5andA.6.Determinethemostcost-
effectiveapproach.

A. Assume that the interest rate is based on the techniquethat takes into account the rates
of inflation and funding. As previously discussed, the historical rates fi3rthe period
1970-1979 are:

Inflation rate for highway constructioncosts: 9.4%
Inflation rate for highway maintenancecosts: 7.4%
Increase in funding for highway maintenanceand construction: 4.8%

Since it is not practical to use two interest rates in the same analysis, assume that the combined
inflation rate is the average of the rates for constructionand maintenancecosts:

f_ 9.4 + 7.4 _ 8.4%
2

Assume that theprevailing interest rate for long-term public financingduring the period ffi 10%.

Therefore, the true interest rate is

i* = (1 + 0(1 +q) - 1
(1 +J)

= (I + 0.I0)(I + 0.048)_ 1
(1 + 0.084)

= 0.063 = 6.3%

1. ReplacementStructure

Using the Replacement Model:

/,-"_" FI F2 F3 F4 ",,,

tc-h..--_HIitIlJt.i,.t_fIIh.tl--m.t J
\_'-F£' 1 ,I ...... ,i^ { ' , '-_"<('Repeot cycles

V _. 1U LU Ou L "_u _. . •
I _ l I _ _ ............ _ Y t indefinitely)

_1 I n, = \ /
nI ,,,._....."

l_ n_ and 92 = =h2:

11 7--

n
4 --

N
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EUA_ _- 0.06612 . _(A/P,6.3%,50)(44,utJu - 4,000)

[.... 29.020 0.5428 .... 11.312 0.1700 ]
+ [tauJ(p/G,6.39_,lO)(P/F,6.39_,lO) + t3uJ(p/G,6.3%,6)(P/F,6.3_,29)J

[ 0.2947 0.1600 0.1179
+ [(8,800)(P/F,6.3%20) �(1,030)(P/F,6.39_,30)* (lO,O00)(P/F,6.3%,35)

0.0868 ]
+ (900)(P/F,6.3%,40)J + (4,000 - 2,000)(0.063) + 500 _- $3,595/yt.
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Table A.4 Cash Flow Table for Replacement of Present Structure, Example 2

End of Year Costs ($) Symbols* Items

0 44,000; 2,000 A, B Replacement bridge minus salvage beams of preseat
b.dge

1-11 500 C Annual maintenance and cleaning

12 500; 50 C, GI Annual maintenance and cleaning + deck patching

13 500; 100 C, G I Annual maintenance and cleaning + deck patching

14 500; 150 C, 2(3, Annual maintemm_ and cleaning + deck patching

15 500; 200 C, 4(3, Annual maintanance and cleaning + deck patching

16 500; 250 C, 5(31 Annual maintenance sad cleaning + deck patching

17 500; 300 C, 6(3, Annual maintemmce and cleaning + deck patching

18 500; 350 C, 7G_ Annual maintenance and cleaning + deck patching

19 500; 400 C, 8(3, Annual maintenance and cleaning + deck patching

20 500; 450; 8,800 C, 9(3t, Ft Annual maintenance and cleaning + deck patching +
deck overlay

21-29 500 C Annual maintenance and cleaning

30 500; 1,030 C, F= Annual maintevance and cleaning + underpin abutment
and clean channel

31 500; 50 C, (32 Annual maintenance and cleaning + deck patching

32 500; 100 C, 2G2 Annual maintenance and cleaning + deck patching

33 500; 150 C, 3G= Annual maintmance and cleaning + deck patching

34 500; 200 C, 4G= Annual maintenance and cleaning + deck patching

35 500; 250; 10,000 C, 5G=, F_ Annual mainteaaw_ and cleaning + deck patching +
deck overlay

36-39 500 C Annual maintenance and cleaning

40 500; 900 C, F4 Annual maintenance and cleaning + repair bearing areas

41-49 500 C Annual maintmance and cleaning

50 500; 4,000 C, S Annual maintenance and cleaning minus salvage value of
beams and railings

Bridge is replaced after 50 years.

*For explanation of symbols, see figure A.1.
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Table A.5 Cash Flow Table for Rehabilitation of Present Structure, Example 2

End of Costs ($) Symbols* Items
Year

Force Account Contr_t

0 20,000 26,000 D Underpinandpressure point abutments

1 600 600 C Annual maintenanceand cleaning

2 600; 50 600; 50 C, G_ Annual maintenanceand cleaning +
deckpatching

3 600; 100 600; 100 C, 2G_ Annual maintenanceand cleaning +
deckImtd_ng

4 600; 150 600; 150 C, 3(3, Annual maintenanceand cleaning +
deck_g

5 600; 200; 28,000 600; 200; 25,000 C, 4G_, F_ Deck replacementand add more
stringers

6-14 600 600 C Annual maintenanceand cleaning

15 600; 3,000 600; 3,500 C, F2 Annual mainteaanceand cleaning +
pain_g

16-24 600 600 C Annual maintenanceand cleaning

25 600; 3,000 600; 3,500 C, F3 Annual maintenanceand cleaning +
painting

26-30 600 600 C Annual mainteaanceand cleaning

Bridge is replaced after 30 years.

*For explanation of symbols, see figures A. 1 and A.2.

2. RehabilitateStructure

0 5 10 15 20 15 30 Indefinitely)

n

NI

Rehobilitated Structure

(Note: The same cash flow diagram applies to force account and contract rehabilitation in this

case; only the values of factors are different.)
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(a) ForceAccount
Using the RehabilitationModel:

0.1600 {2 13.33411
EUA(_. = (3595)(P/F,6.3%,30) + 0.063 0,000 +(600)(P/A,6.3%,30)

7.847 1.0000 [ 0.7368

+ (50)(P/G,6.3%,5) (P/F,6.3%,O) + [(28,000)(P/F,6.3%,5)

0.4000 0.2171 ]1
+ (3,000)(P/F,6.3%,15)+ (3,000)(P/F,6.3%,25)J_= $3,780/yt.

(b) Contract
Using the Rehabilitation Model:

0.1600 {2 13.3340
EUAC_. = (3595)(P/F,6.3%,30) + 0.063 6,000 +(600)(P/A,6.3%,30)

7.847 1.0000 [ 0.7368 0.4000

+ (50)(P/G,6.3%,5) (P/F,6.3%,O) + [(25,000)(P/F,6.3%,5) + (3,500)(P/F,6.3%,15)

0.2171 ]_

+ (3,500)(P/F,6.3%,25)_ = $4,038/yr.

3. Comparisons

Rehabilitate: Force Account $3,780/yr
Contract $4,038/yr

_Replace: $3,595/yr

Choose replacement.

B. Same Situation, IgnoringInflation
Ignoring the effect of inflation means thatf = q, and therefore t = i = 10%.
1. Replacement Structure

Using the Replacement Model:
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0.10086

]E'UA_ = (.A.[P,10%,.fp0){(4.4,000- 4,1)(10)

[" 22.891 0.3855 9.684 0.0630 ]

+ [(50)(PIG,lO%,lO) (PIF,IO_,IO) + (50)PIG,XO_,6) (PlF, lO%,29)]

[ 0.1486 0.0573 0.0356

+ [(8,800)(PIF,lO_,20 ) + (I,030)(PIF,lO%,30) + (lO,O00)(PIF,IO_,35)

0.0221 ] }+ (900)(P/F,XO_,40)J+ (4,000 - 2,000)(0.10)+ 500 = $4,958/yr.

2. Rehabilitate Structure
(a) Force Account

Using the Rehabilitation Model:

0.0573 00{(2 9.4269EUACna=b"= (4958)(PIF,lO%,30) + 0.1 0.000) + (600)(PIA,lO%,30)

6.862 1.000
+ (50)(PIG,10%,5)(PIF,lO%,O)

[ 0.62o9 0__394 0.0923 ]/
+ L(28,ooo)(P/F,lO%,5)+ (3,000)(P/F,lO%,15)+ (3,000)(P/F,lO%,25)Jf = $4,722/yr.

Co) Contract Rehabilitation
Using the RehabilitationModel:

0.0573 00{( 9.4269EUACxa=b"= (4958)(PIF,IO%,30) + 0.1 26,000) + (600)(P/A,lO%,30)

6.862 1.000
+ (50)(PIF,IO%,5)(P/F,IO%,O)

[ 0.6209 0.2394 0.0923 ] ]

+ [(25,000)(P/F,lO,5)+ (3,500)(PIF,IO%,15) + (3,500)(PIF,10%,25)J j" = $5,152pyt.
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3. Comparisons

B.e,babil_: Force Account: $4,722/yr

Contract: $5,152/yr

R_place: $4,958/yr

Choose rehabilitationby force account.

C. Effect of Ignoring Inflationin this Case.

1. Choice of alternative:

Changes choice of alternative from replacement to rehabilitative (by force
account).

2. Magnitudeofeffect:

Since the relationship used in accountingfor inflation is based on the real present
value of inflated future costs, comparisons will have to be based on present
worth.

The equivalent uniformannual costs (EUAC) computed using the model are for
perpetual service. The present worth for perpetual service, also called
"capitaliTedcost," is EUAC divided by the interest rate (expressed as a decimal).

Therefore, the capitalizedcost for the choice when inflation is takeninto account
(replacement) -

2.595 3595
- - $57,063

i* 0.063

and the capitalized cost for the choice when inflation is ignored (rehabilitationby
force account) ffi

4722 4722
- - $47,220

i 0.100

Therefore, if inflation is ignored in this case, the "real"present value for the
least-cost alternative is understatedby nearly $10,000 (17.2%).
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A cost-effective methodology has been presented that, when used as a management tool, should
optimize the use of limited funds. The mathematical models for rehabilitation and replacement
were developed from generalized cash flow diagrams. The models present a least-cost solution
to bridge work based on the service life of the bridge and considering the time value of money.
The effects of inflation can also be taken into account. The solutions of the mathematical

models are used in a value management (VM) term. The magnitude of the VM term represents
the dollars saved, and the sign of the VM term indicates whether the structure should be
rehabilitated (positive) or replaced (negative). A microcomputer program is available to solve
the mathematical models (Richard E. Weyers, Virginia Polytechnic Institute and State
University, Department of Civil Engineering, 200 Patton Hall, Blacksburg, VA 24061-0105).
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