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CHAPTER 1—INTRODUCTION
1.1—Use of this document

The objective of this guide is to provide guidance on 
selection and application of materials and methods for th
pair, protection, and strengthening of concrete structu
The information presented is applicable to repairing da
aged or deteriorated concrete structures, to overcoming
sign or construction deficiencies, or to adapting a struc
for new uses beyond the usual design. This guide is inten
as a starting point for information regarding these top
Many of the topics covered in this guide (whether mater
or methods of repair) are under the primary jurisdiction
other ACI committees. This guide presents an overview 
provides enough information so that a reader can determ
whether a particular material or method is suited to a pa
ular application. After that decision is made, the rea
should refer to the work of the appropriate committee for
ditional, in-depth information. References to the work 
many other ACI committees and authors are included in
document.

1.2—Format and o rganization
This guide includes the following information: Chapter

discusses removal of existing concrete, preparation of
surface to receive repair materials, methods for repairing
inforcing and prestressing steel, and general methods fo
pairing concrete. Chapter 3 discusses the various type
repair materials that may be used. The reader is urged t
Chapters 2 and 3 in conjunction to select the method and
terial of repair for a given situation. Chapter 4 presents 
terials that may be used to protect concrete fr
deterioration. Chapter 5 covers methods for strengthenin
existing structure to repair deficiencies or to carry additio
loadings.

1.3—Definitions
a) Repair—To replace or correct deteriorated, damag

or faulty materials, components, or elements of a c
crete structure.

b) Repair systems—The materials and techniques u
for repair.

c) Protection—The process of maintaining a concr
structure in its present or restored condition by m
mizing the potential for deterioration or damage in 
future.

d) Strengthening—The process of restoring the capa
of weakened components or elements to their orig
design capacity, or increasing the strength of com
nents or elements of a concrete structure.
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1.4—Repair methodology
A basic understanding of underlying causes of con

deficiencies is essential to performing meaningful eva
tions and successful repairs. If the cause of a deficien
understood, it is much more likely that an appropriate re
system will be selected, and that, consequently, the r
will be successful and the maximum life of the repair wil
obtained. Symptoms or observations of a deficiency mu
differentiated from the actual cause of the deficiency, a
is imperative that causes and not symptoms be dealt
wherever possible or practical. For example, cracking
symptom of distress that may have a variety of causes. S
tion of the correct repair technique for cracking depend
knowing whether the cracking is due to repeated therma
cling, accidental overloading, drying shrinkage, inadeq
design or construction, or some other cause. Only afte
cause or causes are known can rational decisions be
concerning the selection of a proper repair system.

1.4.1 Evaluation—The first step is to evaluate the curr
condition of the concrete structure. This evaluation ma
clude a review of available design and construction d
ments, structural analysis of the structure in its deterio
condition, review of structural instrumentation data, rev
of records of any previous repair work accomplished, re
of maintenance records, visual examination, destru
(core drilling) and nondestructive testing, and labora
analysis of concrete samples. Upon completion of this 
uation step, the personnel making the evaluation should
a thorough understanding of the condition of the conc
structure and may have insights into the causes of any
rioration or distress noted. Additional information on c
ducting surveys may be found in the reports of Commi
201, 207, and 325.

1.4.2 Relating observations to causes—After the evalua
tion of a structure has been completed, the visual obs
tions and other supporting data are used to determin
mechanism or mechanisms that caused the problem. 
many deficiencies are caused by more than one mecha
a basic understanding of the causes of deterioration of
crete is needed to determine what has actually happene
particular concrete structure.

Proper evaluation of the problem is crucial and is often
deciding factor between the success or failure of a re
Proper evaluation can never be overemphasized in dev
ing a cost-effective repair program. Before proceeding 
any remedial effort, make sure that the problems desig
for repair have been properly evaluated as to the caus
fect, and degree of influence those problems have o
present and long-term serviceability and integrity of 
structure. Only after the evaluation is complete can the 
neer develop a suitable remedial action plan, select m
als, and prepare drawings and specifications.

1.4.3 Selecting methods and materials—After the under
lying cause or causes of the damage observed in a str
have been determined, base the selection of appropria
pair materials and methods upon the following cons
ations:
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a) Adjustments or modifications required to remedy 
cause of the deterioration if possible, such as chan
the water drainage pattern, correcting differential fo
dation subsidence, eliminating sources of cavita
damage, providing for differential movements, or eli
inating exposure to deleterious substances.

b) Constraints such as access to the structure, the ope
schedule of the structure, limitations imposed by 
owner of the structure, the design life of the repai
structure, and the weather.

c) Inherent problems that cannot be corrected such as
tinued exposure to chlorides in deicing salts or con
ued exposure to deleterious chemicals.

d) Environmental constraints that will play a role in the 
cision of methods and materials. Environmental con
erations may be minimal or monumental on a rep
project. Areas of concern include airborne vapors 
might result from the use of certain membranes, sea
and coatings; airborne particles resulting from abra
blasting of silica aggregate contained in concrete; no
and hazardous waste. These issues are governed b
the owner, and common sense.

e) Advantages and disadvantages of making perma
versus temporary repairs. Select the materials and m
ods that will match the intended life of the repair.

f) Structural safety before, during, and after the repair. 
pair work many times involves the removal of concr
and reinforcing steel which creates changes in the sh
bending, tensile, and compression capacity of the st
ture. Structural review, if necessary, should include 
and dead loads and the effects of volume changes re
ing from temperature changes. Areas of special con
include negative moment areas in slabs and beams,
tilever beams, joint and connection details, precast s
drel beams, and columns. Also, any requirements
temporary supports, shoring, and strengthening sh
be determined,

g) Available repair materials and methods and the tec
cal feasibility of using them. When selecting the app
priate repair material, one should keep in mind that
technical data presented in manufacturer’s litera
may not be sufficient since the tests presented may
be representative of the use of the material under the
cumstances of a particular application.

h) Capabilities of potential contractors to use speciali
materials or unusual procedures successfully.

i) The most economical combination of methods and 
terials found to be technically feasible.

1.4.4 Preparation of drawings and specifications—The
next step in the repair process is the preparation of pr
drawings and/or specifications. Since the full extent of c
crete damage may not be completely known until conc
removal begins, drawings and specifications for rep
projects should be prepared with as much flexibility as p
sible with regard to work items such as concrete remo
surface preparation, reinforcement replacement, and qu
ties of repair materials. A thorough condition survey, p
formed as close as possible to the time that repair wo
ng
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executed, should help minimize variations in estima
quantities.

When existing deterioration is particularly severe or wh
extensive concrete removal is anticipated, provisions 
temporary structural support should be included in 
project documents. Protection of the repair site as well as
jacent areas may present unique problems during the ex
tion of a repair project. Give special attention to shoring a
bracing, particularly for slab and beam repairs, and in so
cases for column repairs. Consider the redistribution of lo
ing, especially for continuous slabs, beams, or girder s
tems. This factor can be especially critical during repair
unbonded prestressed structures. Provisions for these co
gencies must be included in the drawings and specificati

Effective repair specifications should be clear and conc
State the scope of the work, the materials requirements, th
plication considerations, and the performance testing s
dards with reference to specific requirements and rela
support documents. Detail the repair to show clearly 
boundaries of concrete removal and replacement and any
cial features of repair system installation that are necess
Pay special attention to the details of reinforcement repa
replacement and the preparation of existing concrete prio
surface protection system application. Contract docum
should also advise the prospective contractors where info
tion on concrete conditions that were found during any inv
tigations can be examined for added information on the w

1.4.5Selection of a contractor—One of the most importan
aspects of a repair project is the selection of a qualified c
tractor or the preparation of a list of qualified bidders. All 
pair contractors are not proficient in all phases of repair w
If possible, select contractors who have shown evidence o
pertise in each type of repair planned for the project.

1.4.6 Execution of the work—The success of a repa
project will depend on the degree to which the work is e
cuted in conformance with drawings and specifications. T
is growing evidence, based on experience gained from
merous projects over several years, that concrete work o
pair projects requires much greater attention to details 
good practice than may be necessary for new construc
For example, many repair projects require placing relativ
thin overlays, either vertically or horizontally. The potent
for cracking in these placements is much greater than du
placement of concrete in new construction because of
high degree of restraint. Additionally, all parties involved
a repair project must look for the unexpected—many un
pected or concealed conditions will be revealed only dur
the repair process.

Of all factors critical to proper repair performance, prop
surface preparation cannot be overemphasized. Prem
failures of repair systems are often traced to improper 
face preparation. Either the engineer fails to specify corr
ly what is required, or the contractor fails to follo
specifications or fails to use proper procedures and te
niques to achieve the desired result. Removal of unso
surfaces or damaged concrete must be done properly.

1.4.7 Quality control—Quality control during construc-
tion is of extreme importance. Close observation of the w
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is paramount as well as the implementation of an approp
testing program. Such a program may include taking of c
for compression testing, petrographic examination, pull
testing, chloride testing, or evaluation of bond.

CHAPTER 2—CONCRETE REMOVAL,
PREPARATION, AND REPAIR TECHNIQUES

2.1—Introduction and general considerations
This chapter covers removal of existing deteriorated c

crete, preparation of the concrete surface to receive new
terial, preparation and repair of reinforcement, methods
anchoring repair materials to the existing concrete, and
various methods that are available to place repair mater
The care that is exercised during the removal and prepar
phases of a repair project can be the most important fact
determining the longevity of the repair, regardless of the 
terial or technique used.

2.2—Concrete removal
A repair or rehabilitation project will usually involve re

moval of deteriorated, damaged, or defective concrete. 
fortunately, there is very little guidance available to prov
assistance in the selection of the best removal techniqu
use. In most concrete repair projects, the zones of dam
concrete are not well defined. Most references state tha
damaged or deteriorated material should be removed, b
is not always easy to determine when all such material
been removed or when too much has been removed. One
ommendation is to continue to remove material until agg
gate particles are being broken rather than simply remo
from the cement matrix. However, in some lower-stren
concrete, the aggregate may not fracture.

Removal of concrete using blasting or other violent me
may cause damage to the concrete that is intended to re
in place. On several rehabilitation projects where blas
was used to remove deteriorated concrete, large delamin
areas were subsequently found. These areas were rela
thin and were identified by using a hammer to take sou
ings. In most cases, such delaminations must be remove
fore repair materials are placed.

Whenever concrete is removed using impact tools, the
the potential for small-scale cracking damage to the sur
of the concrete left in place. Unless this damaged layer i
moved, the replacement material will suffer what appear
be a bond failure; thus, a perfectly sound and acceptabl
placement material may fail due to improper surface pre
ration.

In all cases in which concrete has been removed fro
structure by a primary means such as blasting, or impac
the concrete left in place should also be prepared using a
ondary method such as chipping, abrasive blasting or h
pressure water jetting to remove any damaged surface m
rial.

Removal of limited areas of concrete to allow for a rep
may require saw cutting of the perimeter of the removal a
This is done to provide an adequate minimum thicknes
repair material at the edge of the repair (i.e. to avoid fea
edges). Saw cutting may also improve the appearance o
e
s
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repaired area. In some repair techniques, it may be desi
to undercut the perimeter of the repair area about 5 deg
while for other techniques such undercutting is not desira
Avoid concrete removal resulting in the creation of feath
edge boundaries. Be extremely wary of any repair mate
for which claims are made that it may be feathered.

The following sections present descriptions of a numbe
concrete removal techniques to help in the selection proc

2.2.1 General considerations—Concrete removal is typi-
cally concerned with deteriorated and damaged mate
However, some sound concrete may be removed to pe
structural modifications. The effectiveness of various remo
techniques may differ for deteriorated and for sound concr
some techniques may be more effective in sound conc
while others may work better for deteriorated concrete.

Select concrete removal techniques that are effective, s
economical, and that minimize damage to the concrete le
place. The removal technique chosen may have a signifi
effect on the length of time that a structure must be out of 
vice. Some techniques will permit a significant portion of t
work to be accomplished without removing the structu
from service. The same removal technique may not be su
for all portions of a given structure. In some instances
combination of removal techniques may be used to spee
moval and to limit damage to the remaining concrete. F
tests of various removal techniques may be appropriate.

In general, the engineer responsible for the design of
repair should specify the result to be achieved by the c
crete removal, and the repair contractor should be allowe
select the most economical removal method subject to
acceptance of the engineer. In some special circumstan
the engineer may also need to specify the removal te
niques that may be used, or those which are prohibited.

The mechanical properties of the concrete to be remo
provide important information required to determine t
method and cost of concrete removal. Such informa
should be made available to contractors for bidding purpo

2.2.2 Monitoring removal operations—It is essential to
evaluate the removal operations to limit the extent of dam
to the concrete that remains. Surface evaluation is usually
complished by visual inspection and by sounding. Howev
sounding will not usually indicate near-surface microcra
ing or bruising. Only microscopic examination or bond te
ing may disclose near-surface damage.

Sub-surface evaluation may be accomplished using on
the following methods (these may be performed before, d
ing, or after concrete removal):

a) Taking cores for visual examination, microscopic e
amination, compressive strength tests, and splitt
tensile strength tests;

b) Pulse velocity tests;
c) Pulse echo tests.
2.2.3Quantity of concrete to be removed—In most repair

projects, all damaged and/or deteriorated concrete shou
removed. However, estimating the quantity of concrete to
removed prior to repair is not an easy task, especially if 
intended that only unsound concrete be removed. Substa
overruns have been common. Estimating inaccuracies ca
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minimized by a thorough condition survey as close as po
ble to the time the repair work was executed. When, by
cessity, the condition survey is done far in advance of
repair work, the estimated quantities should be increase
account for any probable continued deterioration.

2.2.4 Classification of concrete removal methods—Re-
moval methods may be categorized by the way in which
process acts on the concrete. These categories are bla
cutting, impacting, milling, presplitting, and abrading. Ta
2.1 provides a general description of these categories,
the specific removal techniques within each category, 
provides a summary of information on each technique. 
techniques are discussed in detail in the following sectio

2.2.5Blasting methods—Blasting methods generally em
ploy rapidly expanding gas confined within a series of b
holes to produce controlled fracture and removal of the 
crete. The only blasting method addressed in this repo
explosive blasting.

Explosive blasting is considered to be the most cost e
tive and expedient means for removing large quantitie
concrete. This method generally involves drilling bore ho
placing an explosive in each hole, and detonating the ex
sive. In order to minimize damage to the material that
mains after blasting, controlled blasting techniques h
been developed. One such technique, cushion blasting
volves drilling a line of 3-in. (75 mm) diameter or smal
bore holes parallel to the removal face, loading each 
with light charges of explosive (usually detonating cord) d
tributed along its length, cushioning the charges by st
ming each hole completely or in the collar with wet sand, 
detonating the explosive with electric blasting caps. The 
form distribution and cushioning of the light charges p
duce a relatively sound surface with little overbreak.

Also used for controlled blasting are blasting machi
and electrical blasting-cap delay series that employ pr
timing sequences to provide greater control in reduc
ground vibration. Controlled blasting has been used succ
fully on several repair projects. The selection of pro
charge weight, bore hole diameter, and bore hole spacin
a repair project depends on the location of the structure
acceptable degree of vibration and damage, and the qu
and quality of concrete to be removed. If at all possible, a
lot test program should be implemented to determine the
timum parameters. Because of the dangers inherent in
handling and usage of explosives, all phases of the bla
project should be performed by qualified personnel hav
proven experience and ability.

2.2.6 Cutting methods—Cutting methods generally em
ploy mechanical sawing, intense heat, or high-pressure w
jets to cut around the perimeter of concrete sections to pe
their removal. The size of the sections that are cut free is
erned by the available lifting and transporting equipm
The cutting methods include diamond saw cutting, pow
torch, thermal lance, powder lance, electric-arc equipm
and high-pressure water jets.

a) High-pressure water jet (without abrasives)—A high-
pressure water jet uses a small jet of water drive
high velocities commonly producing pressures 
,

10,000 to 45,000 psi (69 to 310 MPa) and above. Th
are a number of different types of water jets that 
currently being used. The most promising of these 
pear to be the ultra high-pressure jet and the cavita
jet. This technology is advancing rapidly and the p
ductivity of the water jet has greatly improved over t
last decade. It is now becoming competitive with so
of the other cutting devices. The water jet may also
used as a primary removal method, as is describe
section 2.2.9. Water jets used with abrasives are
scribed in section 2.2.11.

b) Saw. Diamond or carbide saws are available in siz
ranging from very small (capable of being hand-he
to very large (capable of cutting depths of up to 52
[1.3 m]). A diamond saw can be used with other me
ods to improve crack control by making a cut throu
an area in which a crack plane is to be propagated.

c) Diamond wire cutting. Diamond wire cutting is accom
plished with a wire which contains modules impregn
ed with diamonds. The wire is wrapped around 
concrete mass to be cut and reconnected with the po
pack to form a continuous loop. The loop is spun in 
plane of the cut while being drawn through the concr
member. This system can be used to cut a structur
any size as long as the wire can be wrapped around
concrete. The limits of the power source will determi
the size of the concrete structure that can be cut. T
system provides an efficient method for cutting up a
dismantling large or small concrete structures.

d) Mechanical shearing. The mechanical shearing metho
employs hydraulically powered jaws to cut concre
and reinforcing steel. This method is applicable 
making cutouts through slabs, decks, and other 
concrete members. It is especially applicable where
tal demolition of the member is desired. The major li
itation of this method is that cuts must be started fr
free edges or from holes made by hand-held breake
other means. Care must be taken to avoid cutting 
members that will support the repaired member.

e) Stitch drilling. The stitch drilling method employs th
use of overlapping bore holes along the removal per
eter to cut out sections for removal. This method is 
plicable for making cutouts through concrete memb
where access to only one face is possible and the d
of cut is greater than can be economically cut by the
amond blade method. The primary drawback of sti
drilling is the potential for costly removal complica
tions if the cutting depth exceeds the accuracy of 
drilling equipment, so that uncut concrete remains 
tween adjacent holes.

f) Thermal cutting. The powder torch, thermal lance, an
powder lance employ intense heat generated by the
action between oxygen and powdered metals to me
slot into concrete. The applicability of these therm
devices for removing concrete from structures w
mainly depend on the rate at which the resulting s
can flow from the slot. These devices employ inten
heat and are especially effective for cutting reinforc
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Table 2.1— Summary of features and considerations/limitations for concrete removal methods
Category Features Considerations/Limitations
2.2.5 Blasting
Uses rapidly expanding gas confined within a series of
boreholes to produce controlled fracture and removal of
concrete.

Explosives
Most expedient method for removing large volumes
where concrete section is 10 in. (250 mm) thick or
more.
Produces good fragmentation of concrete debris for
easy removal.

Requires highly skilled personnel for design and execu
tion.
Stringent safety regulations must be complied with re
garding the transportation, storage, and use of expl
sives due to their inherent dangers.
Blast energy must be controlled to avoid damage to su
rounding improvements resulting from air blast pres
sure, ground vibration, and flying debris.

2.2.6 Cutting
Uses perimeter cuts to remove large pieces of concrete.

High Pressure Water Jet (without abrasives)
Applicable for making cutouts through slabs, decks, and
other thin concrete members.
Cuts irregular and curved shapes.
Makes cutouts without over cutting corners.
Cuts flush with intersecting surfaces.
No heat, vibration, or dust is produced.
Handling of debris is efficient because bulk of concrete
is removed in large pieces.

Cutouts for removal limited to thin sections.
Cutting is typically slower and more costly than dia-
mond blade sawing.
Moderate levels of noise may be produced.
Controlling flow of waste water may be required.
Additional safety precautions are required due to th
high water pressure produced by the system.

2.2.6 Cutting (continued) Diamond Saw
Applicable for making cutouts through slabs, decks, and
other thin concrete members.
Makes precision cuts.
No dust or vibration is produced.
Handling of debris is efficient because bulk of concrete
is removed in large pieces.

Cutouts for removal limited to thin sections.
Performance is affected by type of diamonds and the d
amond to metal bond in blade segments (segment sel
tion is based upon aggregate hardness).
The higher the percentage of steel reinforcement in cu
the slower and more costly the cutting.
The harder the aggregate, the slower and more cos
the cutting.
Controlling flow of waste water may be required.

2.2.6 Cutting (continued) Diamond Wire Cutting
Applicable for cutting large and/or thick pieces of con-
crete.
The diamond wire chain can be infinitely long.
No dust or vibration is produced.
Large blocks of concrete can be easily lifted out by a
crane or other mechanical methods.
The cutting operation can be equally efficient in any di-
rection.

The cutting chain must be continuous.
Access to drill holes through the concrete must be ava
able.
Water must be available to the chain.
Controlling the flow of waste water may be required.
The harder the aggregate and/or concrete, the slow
and more costly the cutting.
Performance is affected by the quality, type, and numb
of diamonds as well as the diamond-to-metal bond i
the chain.

2.2.6 Cutting (continued) Mechanical Shearing
Applicable for making cutouts through slabs, decks, and
other thin concrete members.
Steel reinforcement can be cut.
Limited noise and vibration are produced.
Handling of debris is efficient because bulk of concrete
is removed in large pieces.

Limited to thin sections where an edge is available or 
hole can be made to start the cut.
Exposed reinforcing steel is damaged beyond reuse.
Remaining concrete is damaged.
Extremely rugged profile is produced at the cut edge.
Ragged feather edges remain after removal.

2.2.6 Cutting (Continued) Stitch Drilling
Applicable for making cutouts through concrete mem-
bers where access to only one face is feasible.
Handling of debris is more efficient because bulk of
concrete is removed in large pieces.

Rotary-percussion drilling is significantly more expedi-
ent and economical than diamond core drilling; how
ever, it results in more damage to the concrete th
remains, especially at the point of exit from the con
crete.
Depth of cuts is dependent on accuracy of drilling
equipment in maintaining overlap between holes wit
depth and diameter of the boreholes drilled. The deep
the cut, the greater borehole diameter required to mai
tain overlap between adjacent holes and the greater t
cost.
Uncut portions between adjacent boreholes will hampe
or prevent the removal.
Cutting reinforced concrete increases the cutting tim
and increases the cost. Aggregate toughness for perc
sion drilling and aggregate hardness for diamond corin
will affect cutting cost and rate.
Personnel must wear hearing protection due to hig
noise levels.
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concrete; however, in general, they are considered 
and thus are not widely used.

2.2.7 Impacting methods—Impacting methods are th
most commonly used concrete removal systems. They 
erally employ the repeated striking of a concrete surface 
a high energy tool or a large mass to fracture and spa
concrete. The reader is cautioned that the use of these 
ods in partial depth removal may produce microcrackin
the surface of the concrete left in place. Extensive mi
-

e
th-

-

cracking may produce a weakened plane below the b
line. The committee is currently unable to provide guidelin
to prevent such damage. Where adequacy of load trans
critical to the repair, bond testing is recommended.

a)Hand-held breakers. The hand-held breaker or chippin
hammer is probably the best known of all concrete
moval devices. Hand-held breakers are available in 
ious sizes with different levels of energy and efficien
The smaller hand-held breakers are commonly sp
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Table 2.1—Summary of features and considerations/limitations for concrete removal methods (cont’d)
Category Features Considerations/Limitations
2.2.6 Cutting (continued) Thermal cutting

Applicable for making cutouts through heavily rein-
forced decks, beams, walls, and other thin to medium
concrete members.
An effective means of cutting reinforced concrete.
Cuts irregular shapes.
Produces minimal noise, vibrations, and dust.

Limited availability commercially.
Not applicable for cuts where slag flow is restricted.
Remaining concrete has thermal damage with more 
tensive damage occurring around steel reinforcemen
Produces smoke and fumes.
Personnel must be protected from heat and hot slag 
duced by cutting operation.

2.2.7 Impacting
Uses repeated striking of the surface with a mass to
fracture and spall the concrete.

Hand-held breakers
Applicable for limited volumes of concrete removal.
Applicable where blow energy must be limited.
Widely available commercially.
Can be used in areas of limited work space.
Produces relatively small and easily handled debris.

Performance is a function of concrete soundness and
gregate toughness.
Significant loss of productivity occurs when breakin
action is other than downward.
Removal boundaries will likely require saw cutting t
avoid feathered edges.
Concrete that remains may be damaged (microcra
ing).
Produces high levels of noise, dust, and vibration.

Boom-mounted breakers
Applicable for full depth removal from slabs, decks, and
other thin concrete members and for surface removal
from more massive concrete structures.
Can be used for vertical and overhead surfaces.
Widely available commercially.
Produces easily handled debris.

Blow energy delivered to the concrete may have to 
limited to protect the structure being repaired and t
surrounding structures from damage due to high cyc
energy generated.
Performance is a function of concrete soundness and
gregate toughness.
Damages remaining concrete.
Damages reinforcing steel.
Produces feathered edges.
Produces high level of noise and dust.

2.2.7 Impacting (continued) Scabblers
Low initial cost.
Can be operated by unskilled labor.
Can be used in areas of limited work space.
Removes deteriorated concrete from wall or floor sur-
faces efficiently.
Readily available commercially.

High cyclic energy applied to a structure will produc
fractures in the remaining concrete surface area.
Produces high level of noise and dust.
Limited depth removal.

2.2.8 Milling
Uses scarifiers to remove concrete surfaces.

Scarifier
Applicable for removing deteriorated concrete surfaces
from slabs, decks, and mass concrete.
Boom-mounted cutters are applicable for removal from
wall and ceiling surfaces.
Removal profile can be controlled.
Method produces relatively small and easily handled
debris.

Removal is limited to concrete without steel reinforc
ment.
Sound concrete significantly reduces the rate of 
moval.
Can damage concrete that remains (microcracking).
Noise, vibration, and dust are produced.

2.2.9 Hydrodemolition
Uses high-pressure water to remove concrete

Applicable for removal of deteriorated concrete from
surfaces of bridges and parking decks and other deterio-
rated surfaces where removal depth is 6 in. (150 mm) or
less.
Does not damage the concrete that remains.
Steel reinforcing is left clean and undamaged for reuse.
Method produces easily handled, aggregate sized debris.

Productivity is significantly reduced when sound co
crete is being removed.
Removal profile will vary with changes in depth of det
rioration.
Method requires large source of potable water to m
water demand.
Waste water may have to be controlled.
An environmental impact statement may be required
waste water is to enter a waterway.
Personnel must wear hearing protection due to the h
level of noise produced.
Flying debris is produced.
Additional safety requirements are required due to 
high pressures produced by these systems.
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fied for use in partial removal of unsound concrete
concrete around reinforcing steel, because they do 
damage to surrounding concrete. The larger brea
are used for complete removal of large volumes of c
crete. Exercise care when selecting the size of brea
if breakage and secondary damage must be minim

b) Boom-mounted breakers. The boom mounted breaker
somewhat similar to the hand-held breaker except
it is mechanically operated and considerably lar
However, equipment mounted breakers differ fun
mentally from hand-held pneumatic tools in that th
work on the principle of very high energy and low f
quency rather than low energy and very high freque
that is found in hand-held tools. The mechanical tool
normally attached to compressed air or hydraulic pre
sure. The reach of the hydraulic arm enables the too
be used on walls or overhead at a considerable dista
above and below the level of the machine. The boo
mounted breaker is a highly productive means of r
moving concrete. However, the high-cycle impact ene
gy delivered to a structure by the breaker genera
vibrations that may damage the remaining concrete a
reinforcing steel and adversely affect the integrity of th
structure.

c) Scabblers. Scabblers are best known for their ability t
remove shallow depths of concrete from a surface. T
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Table 2.1— Summary of features and considerations/limitations for concrete removal methods (cont’d)
2.2.10 Presplitting
Uses hydraulic jacks, water pulses, or expansive agents
in a pattern of boreholes to presplit and fracture the con-
crete to facilitate removal.
Large sections can be presplit for removal, thereby mak-
ing handling of debris more efficient.
Development of presplitting plane in direction of bore-
holes depth is limited.
Development of presplitting plane is significantly de-
creased by presence of reinforcing steel normal to pre-
splitting plane.
Presplit opening must be wide enough to allow cutting
of steel reinforcement.
Secondary means of breakage may be required to com-
plete removal.
Loss of control of presplitting plane can result if bore-
holes are too far apart or if holes are located in severely
deteriorated concrete.

Hydraulic splitter
Applicable for presplitting slabs, decks, walls, and other
thin to medium concrete members.
Usually less costly than cutting members.
Direction of presplitting can be controlled by orienta-
tion of wedges and drill hole layout.
Can be used in areas of limited access.
Limited skills required by operator.
No vibration, noise, or fly rock is produced except by
the drilling of boreholes and secondary breakage
method.

Development of presplitting plane is significantly de-
creased by presence of reinforcing steel normal to pre-
splitting plane.
Presplit opening must be wide enough to allow cutting
of steel reinforcement.
Secondary means of breakage may be required to com
plete removal.
Loss of control of presplitting plane can result if bore-
holes are too far apart or if holes are located in severely
deteriorated concrete.

2.2.10 Presplitting (continued) Water pulse splitter
Economical, portable, rugged, easy to use and maintain.
Devices have self-contained power sources.
Negligible vibration.
Unaffected by extreme temperatures.

Requires boreholes at close intervals to control crack
propagation.
Control of crack plane depth is limited.
Not applicable to vertical surfaces.
Produces some noise.
Drill holes must hold water.

2.2.10 Presplitting (continued) Expansive Agents
Applicable where 9 in. (230 mm) or more of a concrete
face is to be removed.
Can be used to produce vertical splitting planes of sig-
nificant depth.
No vibration, noise, or flying debris is produced other
than that produced by the drilling of boreholes and sec-
ondary breakage method.

Best used in gravity filled vertical or near vertical holes.
Agents of putty consistency are available for use in hor-
izontal or overhead holes.
Development of presplitting plane is significantly de-
creased by presence of reinforcing steel normal to pre-
splitting plane.

2.2.11 Abrasive Blasting
Uses equipment that propels an abrasive medium at
high velocity at the concrete to abrade the surface.

Sandblasting
Efficient method for roughening the surface and expos-
ing aggregate.
Cleans reinforcing steel.
Removes surface contamination.

Dry sandblasting procedure produces large volumes of
dust.
Wet sandblasting is slow and is difficult to operate
within legal emission requirements.

Shotblasting
Efficient method for roughening the surface and expos-
ing aggregate.
Low dust emissions.
Removes surface contaminants.
Controlled depth of concrete removal.
Readily available commercially.

Large units may produce high noise levels.
High voltage power requirements.

2.2.11 Abrasive blasting (continued) High-Pressure Water Blasting (with abrasives)
Selectively removes defective concrete.
Removes large quantities of concrete efficiently.
Precise control of removal process
Cleans reinforcing steel while removing concrete.
Produces minimal damage to remaining concrete.
Produces no heat or dust.
Abrasives enable jet to cut steel reinforcement and hard
aggregates.

High initial investment.
Additional protection and safety procedures are required
due to high water pressure.
Controlling flow of contaminated waste water may be
required.
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scabbler heads are of various sizes and geome
shapes, and varying numbers may be mounted on
cylinders. The size of the equipment depends on
number of cylinders. The equipment is normally op
ated by compressed air. The scabbler is designed t
move deteriorated or sound concrete from a surface
predetermined depth.

2.2.8 Milling methods—Milling methods are commonly
employed to remove a specified amount of concrete f
large areas of horizontal or vertical surfaces. The rem
depth may vary from1/8 in. to several in. (3 mm to approx
mately 100 mm). Milling operations usually leave a sou
surface free of microcracks.

Scarifier. A scarifier is a concrete cutting tool that e
ploys the rotary action and mass of its cutter bits to 
cuts into concrete surfaces. It is successfully used t
cal
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move loose concrete fragments (scale) from fres
blasted surfaces and to remove concrete that is cra
and weakened by an expansive agent. It is also use
the sole method of removing deteriorated and sound c
crete in which some of concrete contains form ties a
wire mesh. Scarifiers are available in a range of siz
The scarifier is a very effective tool for removing dete
orated concrete on vertical and horizontal surfaces. O
er advantages include well-defined limits of concre
removal, relatively small and easily-handled concr
debris, and simplicity of operation.

2.2.9Hydrodemolition—High-pressure water jetting (hy
drodemolition) may be used as a primary means for rem
of concrete when the desires are to preserve and clea
steel reinforcement for reuse and to minimize damage to
concrete remaining in place. Hydrodemolition disintegra
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concrete, returning it to sand and gravel-sized pieces. 
process works preferentially on unsound or deteriorated
crete and leaves a rough profile. Care must be taken n
punch through thin slabs or decks if unsound concrete 
exist full depth in an area to be repaired.

High-pressure water jets in the 10,000 psi (70 MPa) ra
require 35 to 40 gal/min (130 to 150L/min). As the press
increases to 15,000 to 20,000 psi (100 to 140 MPa) the w
demand will vary from 20 to 40 gal/min (75 to 150 L/mi
The equipment manufacturer should be consulted to con
the water demand. Ultra-high-pressure equipment oper
at 25,000 to 35,000 psi (170 to 240 MPa) has the capa
of milling concrete to depths of1/8 in. to several inches (
mm to approximately 50 L/min). Containment and sub
quent disposal of the water are requirements of the hy
demolition process.

Water jet lances operating at pressures of 10,000 to 20
psi (70 to 140 MPa) and having a water demand of 20 t
gal/min (75 to 150 L/min) are available. They are capabl
selectively removing surface concrete in areas that are 
cult to reach with larger equipment.

2.2.10Prospecting methods—Presplitting methods gene
ally employ hydraulic splitters, water pressure pulses, or
pansive chemicals used in bore holes drilled at points alo
predetermined line to induce a crack plane for the remov
concrete. The pattern, spacing, and depth of the bore hol
fect the direction and extent of the crack planes that propa

a) Hydraulic splitter. The hydraulic splitter is a wedgin
device that is used in predrilled bore holes to split c
crete into sections. This method has potential as a
mary means for removal of large volumes of mate
from mass concrete structures. However, secon
means of separating and handling the concrete ma
required where reinforcing steel is involved.

b) Water pulse splitter. The water pressure pulse me
requires that the bore holes be filled with water. A 
vice, or devices, containing a very small explos
charge is placed into one or more holes, and the ex
sive is detonated. The explosion creates a high-p
sure pulse that is transmitted through the water to
structure, cracking the concrete. Secondary means
be required to complete the removal of reinforced c
crete. This method will not work if the concrete is
badly cracked or deteriorated that it will not hold wa
in the drill holes.

c) Expansive agents. Commercially available expansiv
agents when correctly mixed with water will underg
large increase in volume over a short period of time
placing the expansive agent in bore holes located in a
determined pattern within a concrete structure, the 
crete can be split in a controlled manner for removal. 
technique has potential as a primary means of remo
large volumes of material from concrete structures. 
best suited for use in holes of significant depth. Secon
means may be required to complete the separation a
moval of concrete from the reinforcement. A key adv
tage to the use of expansive agents is the relat
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nonviolent nature of the process and the reduced tend
to disturb the adjacent concrete.

2.2.11 Abrading methods—Abrading methods remov
concrete by propelling an abrasive medium at high velo
against the concrete surface to abrade it. Abrasive blasti
generally used to remove surface contaminants and as a
surface preparation. Commonly used methods include s
blasting, shotblasting, and high-pressure water blasting.

a)Sandblasting. Sandblasting is the most commonly us
method of cleaning concrete and reinforcing steel in the c
struction industry. The process uses common sands, s
sands, or metallic sands as the primary abrading tool. 
process may be executed in one of three methods.

1) Sands are phonetically projected at the concret
steel in the open atmosphere. The sand particle
usually angular and may range in size from pass
a No. 70 to a No. 4 (212µm to a 4.75 mm) sieve
The rougher the required surface condition, 
larger the sand particle size.

The sand particles are propelled at the surfac
a stream of compressed air at a minimum pres
of 125 lb/in.2 (860 kPa). The compressor size w
vary, depending on the size of the sandblasting 
Finer sands are used for removing contamina
and laitance from the concrete and loose scale f
reinforcing steel. Coarser sands are commonly u
to expose fine and coarse aggregates in the con
by removing the paste or to remove tightly bond
corrosion products from reinforcing steel. A
though sandblasting has the ability to cut qu
deeply into concrete, it is not economically prac
cal to remove more than a limited amount from 
concrete surface.

2) The free particulate rebound that results from 
sand being projected at the concrete surface is 
fined within a circle of water. Although this proce
significantly reduces the amount of airborne par
ulates, some of the water intercepts the sand b
projected at the concrete surface and reduces th
ficiency of the sandblasting operation. This proc
is generally limited to cleaning of a concrete s
face or of reinforcing steel.

3) Sand is projected at the concrete surface or the 
forcing steel in a stream of water at pressures ra
ing from 1500 to 3000 lb/in.2 (10.3 to 20.7 MPa).
The water significantly reduces the efficiency 
the sandblasting operation. Although this proc
eliminates any free airborne dust, it can only 
used for cleaning concrete surfaces. The water 
require treatment before being released into a st
sewer system.

b) Shotblasting. Shotblasting equipment cleans or r
moves concrete by projecting metal shot at the c
crete surface at a high velocity. This equipment 
the capability to remove finite amounts of sound
unsound concrete. The shot erodes the conc
from the surface. The shot rebounds with the p
verized concrete and is vacuumed into the body
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the shotblasting machine. The concrete particula
are separated out and deposited into a holding c
tainer to be discarded later while the shot is reus
The shotblasting process is a self-contained ope
tion that is highly efficient and environmentall
sound.
Shotblasting uses shot of varying sizes. The fi
surface condition required will determine the si
of the shot required and the speed at which the 
chine is set to travel. A surface cleaning operat
is achieved by using a small sized shot and by 
ting the machine for maximum travel speed. R
moval of as much as 1.4 in. (6 m) in a single pa
and leaving a surface with an amplitude of 1.8 
(3 mm) can be achieved by increasing the size
the shot and by traveling at a low speed.
Shotblasting equipment has been proven to be
effective and economical method for removing 
to about3/4 (199 mm) of concrete. Shotblasting ha
been used to remove up to 1.5 in. (38 mm) of c
crete. However, the cost per unit of volume incre
es significantly as depth of removal increas
beyond3/4 in. (19 mm).

c) High-pressure water blasting (with abrasives
High-pressure water blasting with abrasives is
cleaning system using a stream of water at h
pressure of 1500 to 5000 psi (10 to 35 MPa) with
abrasive such as sand, aluminum oxide, or ga
introduced into the stream. This equipment has 
capability of removing dirt or other foreign part
cles as well as concrete laitance thereby expos
the fine aggregate.
Abrasive water blasting provides a surface clean
that eliminates the airborne particles that occ
when using normal sandblasting procedures. Ho
ever, the water used must be collected and the a
sive removed before the water is discharged int
storm sewer system.
Abrasive water blasting leaves the concrete surf
clean and free of dust. The surface is prepared to
ceive the next operation such as sealer, coating
overlay.

2.3—Surface preparation
One of the most important steps in the repair or rehabi

tion of a concrete structure is the preparation of the sur
to be repaired. Preparation for repair involves those s
taken after removal of deteriorated concrete. The repair 
be only as good as the surface preparation, regardless o
nature, sophistication, or expense of the repair material.
reinforced concrete, repairs must include proper prepara
of the reinforcing steel in order to develop a bond with 
replacement concrete to insure the desired behavior in
structure. This section examines the preparation of conc
and reinforcing steel as may be required on a wide rang
repair projects. If there is any doubt about the condition
concrete, it generally should be removed.
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2.3.1General conditions—Surface preparation consists 
the final steps necessary to prepare the concrete surface
ceive the repair materials. The appropriate preparation o
concrete surface depends on preceding operations and 
type of repair being undertaken.

Most of the methods described in Section 2.2 can als
used for surface preparation. However, an effective me
for concrete removal may not be effective or appropriate
required surface preparation. For example, some concre
moval methods may leave the concrete surface too sm
too rough, or too irregular for the subsequent repair. In th
cases removal methods or methods specifically intende
the final surface preparation may be needed. Some con
removal methods may damage or weaken the concrete
face. This may be critical if structural bonding of a sub
quent repair is important. For example, microcracking of
concrete surface is common when impact tools are used
may weaken the concrete surface and result in a weaker
between the original concrete and a new concrete overla
this case, a less violent method of surface preparation 
as sand or water may be appropriate.

In many repair situations the proposed repair may only
quire surface roughening, exposure of coarse or fine ag
gate, removal of a thin layer of damaged concrete
cleaning of the concrete surface. Most of the methods
scribed in Section 2.2 can be used for this type of sur
preparation, within the limits described in the proceed
paragraph. The methods offer a wide range of possible
face characteristics. For example, the finished surface 
vary from that resulting from a light abrasive cleaning s
able for the application of a coating to a deeper roughe
needed for strong bond and reliable performance of a cri
structural repair. The choice of suitable methods is extre
ly important since it has a strong influence on both the 
and the performance of the repair.

2.3.2Methods of surface preparation—Typical methods
of surface preparation are described in the following s
tions:

a) Chemical cleaning. In most cases, chemical cleani
methods of surface preparation are not appropriate
use with the concrete repair materials and methods
sented in this guide. However, with certain coatin
under certain conditions, it may be possible to use
tergents, trisodium phosphate, and various proprie
concrete cleaners. it is important that all traces of
cleaning agent be removed after the contaminating
terial is removed. Solvents should not be used to c
concrete since they will dissolve the contaminant 
carry it deeper into the concrete.

b) Acid etching. Acid etching of concrete surfaces h
long been used to remove laitance and normal amo
of dirt. The acid will remove enough cement paste
provide a roughened surface which will improve t
bond of replacement materials. ACI 515.1R reco
mends that acid be used only when no alterna
means of surface preparation can be used, and 
503R does not recommend the use of acid etching
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c) Mechanical preparation.This technique consists o
mechanically removing thin layers of surface concr
using such equipment as impacting tools (break
scabblers), grinders, and scarifier. Depending on
equipment used, a variety of surfaces may be obtai

d) Abrasive preparation. This technique consists of re
moving thin layers of surface concrete using abras
equipment such as sandblasters, shotblasters, or
pressure water blasters.

2.4—Reinforcement repair
The most frequent cause of damage to reinforcing ste

corrosion. Other possible causes of damage are fire
chemical attack. The following basic preparation and re
procedures may be used for all of these causes of dama

After the cause of the damage has been determined
necessary to expose the steel, evaluate its condition, an
pare the reinforcement for the repair techniques. Proper 
to prepare the reinforcement will help insure that the re
method is a long-term, rather than temporary, solution.

The most inexpensive (on a short-term basis) and com
approach to repair of deterioration resulting from reinfor
ment corrosion is to replace concrete only where spall
delaminations have occurred. Generally, this appro
leaves chloride-contaminated concrete surrounding the
paired area which is highly conducive to corrosion. The
pairs may actually aggravate corrosion in the area adjace
them.

2.4.1 Removal of concrete surrounding steel—The first
step in preparing reinforcing or prestressing steel for re
or cleaning is the removal of the deteriorated concrete 
rounding the reinforcement. Extreme care should be e
cised to insure that further damage to the reinforcing
prestressing steel is not caused by the process of rem
the concrete. Impact breakers can heavily damage rein
ing or prestressing steel if the breaker is used without re
to the location of the reinforcement. For this reason, a
chometer (to determine the location and depth of the r
forcement in the concrete) and a copy of the struct
drawings should be used to determine where the reinfo
ment is located. Once the larger areas of unsound con
have been removed, a smaller chipping hammer shou
used to remove the concrete in the vicinity of the reinfo
ment. Care should be taken not to vibrate the reinforcem
or otherwise cause damage to its bond to concrete adj
to the repair area.

a) Quantity to remove. All weak, damaged and easily r
movable concrete should be chipped away. If the r
forcing bars are only partially exposed after 
unsound concrete is removed, it may not be neces
to remove additional concrete to expose the full 
cumference of the reinforcement. If during the rem
al process, reinforcing steel is exposed and foun
have loose rust or corrosion products or is not w
bonded to the surrounding concrete, then it is rec
mended that concrete removal should continue to 
ate a clear space behind the reinforcing steel of1/4 in.
.
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(6 mm) plus the dimension of the maximum size 
gregate of the repair material.

b) Inspection of reinforcing steel. After deteriorated an
sound concrete as required have been removed,
forcing steel should be cleaned and carefully inspe
to determine whether the reinforcement should be
placed. The objective of the inspection is to determ
whether the reinforcing steel is capable of perform
as intended by the designer. If the reinforcement
been damaged by corrosion (scaling or pitting), it m
have to be replaced or supplemented and the resp
ble engineer should be consulted. Project speci
tions should include criteria whereby decisio
concerning repair or replacement can be made du
the project as reinforcement is exposed.

2.4.2Cleaning reinforcing steel—All exposed surfaces o
the reinforcement should be thoroughly cleaned o
loose mortar, rust, oil, and other contaminants. The
gree of cleaning required will depend on the rep
procedure and material selected. For limited ar
wire brushing or other hand methods of leaning m
be acceptable. In general, sandblasting is the pref
method. When cleaning the steel and when blow
loose particles out of the patch area after cleaning
important that neither the reinforcing steel nor the c
crete substrate be contaminated with oil from the c
pressor. For this reason, either an oil-free compre
or one that has a good oil trap must be used.
There is always the possibility that freshly cleaned
inforcing steel will rust between the time it is clean
and the time that the next concrete is placed. If the
that forms is tightly bonded to the steel such tha
cannot be removed by wire brushing, there is no n
to take further action. If the rust is loosely bonded
as to inhibit bond between the steel and the conc
the reinforcing bars must be cleaned again immed
ly before concrete placement. If desired, a protec
coating may be applied after the initial cleaning 
been completed.

2.4.3 Repair of reinforcement—Two types of reinforce
ment are used in concrete structures—reinforc
steel and prestressing steel. Because of the diffe
mechanisms by which each type performs in pro
ing the required structural reinforcement, different
pair procedures are necessary. Depending on
condition of the exposed reinforcement, a decision
a repair alternative can be made.
2.4.3.1Reinforcing steel—For reinforcing steel, on

or two repair alternatives may be necessary: replaceme
deteriorated bars; or supplementing partially deterior
bars. Which alternative to use is strictly an engineering d
sion based on the purpose of the reinforcement and th
quired structural capacity for the reinforced member.

a) Replacement. One of the methods of replacing re
forcement is to cut out the damaged area and spli
replacement bars. The length of the lap should con
to the requirements of ACI 318. If welded splices 
used, welding should be performed in accordance 
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ACI 318 and American Welding Society D1.4. B
welding should be avoided due to the high degre
skill required to perform a full penetration weld sin
the bask side of the bars is not usually access
Welded splices for bars larger than No. 8 (25 m
might present problems because the embedded
may get hot enough to crack the surrounding conc
Another method of splicing bars is to use mechan
connections. ACI 439.3R describes commercia
available proprietary mechanical connection devi
Mechanical connections should meet the requirem
of ACI 318.

b) Supplemental reinforcing. This alternative is selecte
when the reinforcing has lost cross section, the orig
reinforcing was inadequate, or the existing memb
to be strengthened. The decision to add supplem
reinforcing is the responsibility of the engineer. T
damaged reinforcing bar should be cleaned in ac
dance with the guidance in Section 2.4.2. The conc
should be chipped away to allow placement of the 
plemental bar beside the old bar. The length of the
plemental bar should be equal to the length of
deteriorated segment of the existing bar plus a
splice length on each end equal to the lap splice
quirements for the smaller bar diameter of the tw
specified in ACI 318.

c) Coating of reinforcing. New and existing bars th
have been cleaned for use in the repair may be co
with epoxy, latex-cement slurry, or a zinc-rich coat
for protection against corrosion by chloride conta
nation. The coating should be applied at a thickn
less than 12 mils (0.3 mm) to avoid loss of bond de
opment at the deformations. Reinforcing bars that h
lost their original deformations as a result of corros
and cleaning will have less bond with most repair 
terials. Coating of these bars will further reduce 
bond with repair materials.
2.4.3.2Prestressing steel—Prestressing steel in stru

tural members is of two basic types, bonded and unbon
Deterioration or damage to the strands or bars are gen
the result of impact, corrosion, or fire. Fire may anneal c
worked, high-strength prestressing steel.

Flexibility in repair of either type is limited. Unlike mil
steel reinforcing bars, the high-strength strands may ne
be retensioned after repair to restore the initial structura
tegrity of the member. Therefore, repair options for bon
strands are different from those for the unbonded strand

a) Bonded strands. Since this type of strand is bonded
cannot be retensioned. However, a substitute stran
be provided externally. In this case the member ha
be modified to provide the necessary end anchor
for the new strands. In locating the anchorages fo
new strands, the engineer should avoid undesirabl
centricities. Otherwise, additional balancing stra
may be required. Information on providing additio
reinforcing may be found in Chapter 5.
It should be noted that in some instances of strand
terioration, the situation and the member configura
f

e.
)
rs

e.
l

.
ts

l
s
al

r-
te
-
-

e
p
-

s

ed

s
l-
e

-

d.
lly
-

 to
-

d

an
to
es
e
c-

e-

may permit only a specific repair. In such cases,
pairs are developed on a case-by-case basis where
eral guidelines may not be applicable.

b) Unbonded strands. Unbonded strands are installed 
side sheathings embedded in the concrete member
strands are protected against corrosion by the shea
or by a corrosion inhibiting material. This type of stra
may usually be retensioned. Therefore, some flexib
is available to repair unbonded strands.
A deteriorated portion of a strand may be exposed
chipping the concrete and cutting the sheathing. 
strand is then cut on both sides of the deteriora
where sound strand is evident. Caution should be
ercised when cutting tensioned strands. The remo
portion of the strand is replaced with a new sec
which is spliced to the existing strand at the locatio
the cuts. The repaired strand is then restressed.
Removal of an unbonded strand from the sheathin
possible, but it is sometimes difficult. However, it
also difficult to install a replacement strand of t
same diameter. When the intention is to replac
strand, it is preferable to insert a smaller diam
strand of higher strength material which would be 
pable of providing a stressing force comparable to 
in the original strand.

2.5—Anchorage materials
There are two general categories of anchoring syst

post-installed and cast-in-place (ACI 355.1R) These 
each discussed in the following sections.

2.5.1 Post-installed anchors—Post-installed anchor sys
tems are those that are installed into a predrilled hole. T
can be divided into two general types, bonded and expa
anchors.

Bonded anchors include both grouted (headed bolts or 
riety of other shapes installed with a cementitious grout)
chemical anchors (usually threaded rods set with a two
chemical compound that is available as glass capsules, p
cartridges, tubes, or bulk). These anchor systems develop
holding capacities by the bonding of the adhesive to both
anchor and the concrete at the wall of the drilled hole. The
ferent chemical systems (epoxies, polyesters, and vinyl e
have different setting and performance characteristics
should be understood by the specifier and user.

Expansion anchor systems, sometimes called mecha
anchors, include torque-controlled, deformation-control
and undercut anchors. These anchors develop their str
from friction against the side of the drilled hole, from key
into a localized crushed zone of the concrete resulting 
the setting operation, or from a combination of friction a
keying. For the undercut anchors, strength is derived 
keying into an undercut at the bottom of the drilled hole.

2.5.2 Cast-in-place anchors—Cast-in-place anchor sys
tems include embedded non-adjustable anchors of va
types and shapes, bolted connections, and adjustable an
that are set in place prior to placing concrete.

2.5.3 Anchor strength—Anchor strength and long-term
performance are dependent on a variety of factors that 
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be evaluated for the specific anchor to be used. Some fa
to be considered include material strength (yield and 
mate), hole diameter and drilling system used, embedm
length, annular gap between the anchor and the drilled 
for post-installed anchors, concrete strength and condi
type and direction of load application (static, dynamic, t
sion, shear, bending, or combined loading), spacing to o
anchors and edges, temperature (for chemical anchors)
cleaning, mode of failure of the anchor system (conc
breakage, steel breakage, slip, or pullout), environme
conditions for moisture and corrosion resistance, and cr

Site testing for verification of performance is recomme
ed for critical applications. For chemical anchors, te
should be performed to determine the long-term creep 
formance at the highest expected service temperature. F
anchor systems, installation instructions should be follow
to insure proper anchor performance.

2.6—Materials placement
2.6.1 Cast-in-place concrete—Repair by conventiona

concrete placement is simply the replacement of defec
concrete with new concrete that is conventionally plac
This method is the most frequently used repair techni
and it is usually the most economical.

Repair by conventional concrete placement is applic
to a wide range of situations, from repair of deterioration
curring over a long time to defects caused by poor cons
tion practices. Replacement with conventionally pla
concrete should not be used in situations where an ag
sive factor has caused the deterioration of the concrete b
replaced. For example, if the deterioration noted has b
caused by acid attack, aggressive water attack, or even
sion-erosion, it may be expected that a repair made with 
ventional concrete will deteriorate again for the sa
reasons. However, portland cement concretes modified 
silica fume, acrylics, styrene-butadiene latex, or epoxy h
been successful in extending service life.

2.6.2Shotcrete—Shotcrete is defined as concrete or m
tar which is pneumatically conveyed at high velocity throu
a hose onto a surface. The high velocity of the material s
ing the surface provides the compactive effort necessa
consolidate the material and develop a bond to the subs
surface. The shotcrete process is capable of placing r
materials in vertical and overhead applications without
use of forms, and it can routinely place material several h
dred feet from the point of delivery.

There are two basic shotcrete processes. Wet-mix s
crete is the application process where the cement, aggre
and water are premixed and conveyed through a hose; 
pressed air is added to propel the material onto the sur
Dry-mix shotcrete is the process where the cement and
gregate are premixed and pneumatically conveyed throu
hose; the water is added at the nozzle as the material is
jected at high velocity onto a surface.

Either method will place suitable repair materials for n
mal construction requirements. ACI 506R provides deta
information on the two shotcrete processes and their pr
application.
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In addition to placing conventional portland cement co
crete and mortar, the shotcrete process is also used for 
ing polymer-modified portland cement concrete, fib
reinforced concretes using both steel and plastic fibers,
concrete containing silica fume and other pozzolans.

The application of repair materials by the shotcrete p
cess should be considered wherever access to the site 
ficult, where the elimination of formwork provide
economy, and where significant areas of overhead or ver
repairs exist. Shotcrete is frequently used for repairing d
riorated concrete or masonry on bridge substructures, p
sewers, dams, and building structures. It is also used fo
inforcing structures by encasing additional reinforcing st
added to beams, by placing bonded structural linings on 
sonry walls, and by placing additional concrete cover on
isting concrete structures. See Chapter 5.

The skill of the shotcrete nozzleman in applying the ma
rial generally determines the in-place quality of the rep
material. ACI 506.3R provides a basis for determining 
qualifications of a nozzleman. ACI 506.2 provides a ba
specification for the application and inspection of concre

2.6.3 Preplaced-aggregate concrete—Preplaced-aggre-
gate concrete is made by filling the voids in the aggregat
pumping in a cementitious or resinous grout. As the grou
pumped into the forms, it will fill the voids (displacing an
water that is present), and form a concrete mass. Cau
should be used to avoid the entrapment of air which will
sult in voids. This method is used for partial repairs or for
placement of whole members. A benefit of this method 
reduction of drying shrinkage since the aggregate parti
are in point-to-point contact prior to and after grouting.

In general, the same requirements for materials and pr
dures that apply to preplaced aggregate concrete in new
struction apply also to repair. Preplaced-aggregate conc
is covered in detail in ACI 304R and ACI 304.1R.

2.6.4Formed and pumped concrete and mortar—Formed
and pumped repair is a method of replacing damaged de
orated concrete by filling a formed cavity with a repair m
tar or concrete under pump pressure. This method ca
used for vertical and overhead repairs. Formwork mus
constructed to a strength sufficient to handle the pressur
duced by hydrostatic pressure and the additional pump p
sure required to consolidate the repair material. The ca
and formwork design must provide for the venting of a
Venting can be accomplished by the removal profile of 
prepared concrete, by vent tubes or by drilled holes in the
isting concrete. Pumping of the cavity is usually started
the lowest point in vertical repairs, or at an extremity in ov
head repairs. Pumping continues until the material flo
from an adjacent port in the formwork. Pumping continu
until the cavity is full and the form is pressurized. During t
final pressurization, the repair material is consolida
around the reinforcing steel and driven into the crevices
the prepared substrate to improve bond.

2.6.5Troweling and dry packing
a)Troweling.Patches applied by hand troweling may fr

quently be used for shallow and/or limited areas of rep
These repairs may be made using portland cement mor



546R-14 ACI COMMITTEE REPORT

me
 ap
 e

n o

teri
plie
he
s o
on

nc

en
ivid
th
f t
d b
rfa
po
t th
lete
he

f a
pi

 wa
er

d f
-in
arg

-
rior
(ce
an
ire
to a
efi
ial 
 pr
ou
an

t
nor
fin
m
tit
fac
nin

-
 o

m)
pe
no

into
pon
fter
 the
(350
ture,
d on

n be
 or
stic

dg-
ev-
 the

he
le,

one
tter
 of

ma-
n-
 the

 the
ws
hen
ws

as it
ac-

t,
ncy

t the

s
di-
t de-
 the

e
is
 rel-
ld
ill
e

ust
sys-

nd-
ad-
s of
 the
om-
f in-
proprietary cementitious prepackaged materials, or poly
modified grouts, or polymer grouts and mortars. Trowel
plied systems are not preferred when reinforcing steel is
posed and undercut due to the difficulty of consolidatio
repair material around and behind the reinforcing steel.

It is usually desirable to use the paste of the repair ma
as the bonding medium. The repair material must be ap
to the grouted surface before the grout or paste sets. W
multiple layers are needed to build up the total thicknes
the repair, the surfaces should be roughened to help in b
ing subsequent layers.

The use of proprietary products should be in conforma
with the manufacturer’s instructions.

Successful use of trowel-applied repairs is highly dep
dent upon the surface preparation and the skill of the ind
ual mason. Every effort should be made to ensure 
masons are experienced, and close field observation o
work should be made. Proper troweling technique shoul
used to prevent the entrapment of air at the bonding su
which can cause reduced bond strength. Of particular im
tance is proper curing of portland cement mortars so tha
patch material does not dry before hydration is comp
Special curing provisions may be advisable for repairs w
accessibility is difficult.

b. Dry packing. Dry packing is the hand placement o
very dry portland cement mortar and the subsequent tam
or ramming of the mortar into place. Because of the low
ter-cement ratio, these patches, when compacted prop
can have good strength, durability, and water tightness.

Dry packing can be used for patching small areas an
filling form-tie and cone-bolt holes. Because of the labor
tensive nature of this technique, it is not often used for l
repairs.

2.6.6Injection grouting—Grouting is the common meth
od for filling cracks, open joints, honeycomb, and inte
voids with a hydraulic cement-based fluid suspension 
ment grout) or other materials such as epoxies or ureth
(chemical grout) that will cure in place to produce a des
result. Grouting may be done to strengthen a structure, 
rest water movement, or both. Care should be taken to d
the objectives of grouting and to select the proper mater
meet those objectives before designing a grouting repair
gram. Where appropriate, quality control measures sh
include taking cores to verify that proper penetration 
bond has been achieved.

2.6.6.1 Cement grouting—As used here, cemen
grout is defined as a mixture of cementitious material, 
mally portland cement based, and water, with or without 
aggregate or admixtures, proportioned to produce a pu
able consistency without excessive segregation of cons
ents. Grout may be injected into an opening from the sur
of a structure or through holes drilled to intersect the ope
in the interior.

a) Grouting from the surface—When grout is to be inject
ed from the surface, short entry holes (ports), a minimum
1 in. (25 mm) in diameter and a minimum of 2 in. (50 m
deep, are drilled into the opening and the surface of the o
ing sealed between ports with a portland cement or resi
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mortar. Whether or not short pipe nipples are cemented 
the holes for grout hose connections depends largely u
anticipated grouting pressures. If the ports are drilled a
sealing the openings, a hand-held cone shaped fitting on
grout hose may be adequate for pressure under 50 psi 
kPa). Where cracks or openings extend through a struc
such as a wall, the opening is usually sealed and porte
the far side as well.

Where appearance is not a factor, openings may ofte
sealed by caulking with cloth or fabric that will pass water
air but retain solids. Paper and materials that remain pla
are not suitable for this purpose.

The spacing of the entry ports is largely a matter of ju
ment based upon the nature of the work to be done. How
er, as a general rule, ports should be farther apart than
desired depth of grout penetration.

Prior to the start of grouting, it is advisable to flush t
openings with clean water, following, to the extent possib
the procedure that will be used in grouting. Flushing is d
for several reasons: 1) to wet the interior surfaces for be
grout flow and penetration; 2) to check the effectiveness
the surface sealing and port system; 3) to provide infor
tion on probable grout flow patterns and internal interco
nections, some possibly unexpected; and 4) to familiarize
grouting crew with the situation.

Start grouting at one end of a horizontal opening or at
bottom of a vertical opening, and continue until grout sho
at the second port away from the one being pumped. T
move to the next port and continue until grout again sho
at the second distant hole. Valve shut or plug each port 
is left. Follow progress on the far side of the structure, if 
cessible, and close ports or valves as necessary.

Grouting is usually started with a relatively thin grou
thickened as quickly as possible to the heaviest consiste
that can be pumped without blockage, as determined a
grouting operation.

b) Interior grouting. Grouting of cracks, joints, and void
from the interior is done through 1 in. (25 mm) or larger 
ameter holes drilled at an angle to intersect the opening a
sired depth from the surface or, as near as possible, to
bottom of the void.

Drilling is done with diamond core bits, rotary carbid
bits, or percussion drills. Diamond or rotary bit drilling 
preferred, especially when the openings to be grouted are
atively narrow, in order to minimize the debris that wou
choke the crack. Applying a vacuum to the drill stem w
further reduce the possibility of drill cuttings getting into th
crack. For wider openings, say1/2 in. (12 mm) or more, drill
cuttings are less of a problem, but in any event, all holes m
be thoroughly washed and water circulated through the 
tem before grouting.

2.6.6.2Chemical grouting—Chemical grout, as defined in
this guide, is any fluid material not dependent upon suspe
ed solids for reaction. The grout should harden without 
versely affecting any metals or the concrete boundarie
the opening or void into which it has been injected. From
standpoint of the user, chemical grouts are usually two c
ponent systems requiring blending at or near the point o
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jection, or else the blending of the injected chemical w
moisture or water existing in the crack or placed there by
grouter. Chemical grouts may contain various inert fillers
modify physical properties, such as consistency and 
generation, and to increase volume. Materials for chem
grouting are described in Chapter 3.

Chemical grout should be injected from the surface or
interior in the same general manner as cement grouts 
the exception that, for unfilled grouts, the port sizes may
1/8 in. or 1/4 in. (3 or 6 mm) in diameter and the port devic
may be mechanically anchored or cemented into place.

2.6.6.3Selection of type of grout—Factors affecting the
type of grout to be selected for a given repair include:

1. Is it necessary to transmit compression, tension, sh
or a combination across the opening?

2. Is the opening active, i.e., subject to future tensile for
that may exceed the tensile or shear strength of the con
in the vicinity of the repaired crack?

3. Is preventing water or air movement through the op
ing all or part of the requirement?

4. Is the width of the opening sufficient to accept the ty
of grout selected?

5. Does the required internal grout pressure exceed th
sistance of the structure or of the surface sealer?

6. Is the rate of grout stiffening slow enough to permit 
grout to reach its destination and fast enough to minim
leakage from the blind side?

7. Is the exothermal heat liberation of some chem
grouts, especially epoxy types, excessive?

8. Is the grout cost effective in relation to desired or 
quired results?

9. Are the shrinkage, creep, and moisture absorption c
acteristics of the grout compatible with the project con
tions?

10. Is the viscosity low enough and the pot life lo
enough to assure full penetration of the crack (particul
small cracks in a large concrete mass)?

a.Cement grouts. Cement and other grouts containing s
ids in suspension may be used only where the width of
opening is sufficient to accept the solid particles. For the 
able penetration of neat grouts (hydraulic cement mixed 
or without pozzolans and other admixtures) mixed with 
proximately 10 gal of water per 100 lb (83 L to 100 kg) of s
ids (water-to-solids ratio of about 0.8), minimum crack wid
at the point of introduction should be about1/8 in. (3 mm).
With flow started in the opening, such grout will penetr
through cracks 0.01 in. (0.25 mm) wide. As joint widths 
crease to1/4 in. (6 mm) or more, the mix water may be reduc
to 5 to 6 gal per 100 lb (42 to 50 L/100 kg) of solids (water
solids ratio of about 0.4 to 0.5), especially when water-red
ing admixtures are used. For openings of1/2 in. (12 mm) or
more, and for interior voids, grouting sand or masonry sa
in an amount ranging from one to two times the mass or 
ume of the cementing material, may be included. Fine ag
gate, meeting the requirements of ASTM C 33, may also
used when filling large voids.

Extra-finely ground speciality cements and silica fum
will move into finer openings than normal hydraulic c
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ments, but definitive information on the penetrability 
these materials into cracks and joints is limited.

Hydraulic cement grouts are excellent for reintegrating 
stabilizing cracked structures such as bridge piers, tunne
ings, or walls, where reestablishing compression and s
strength is the main goal. Cement grouts also provide som
sile bond, but tensile strength is difficult to predict. Expans
cement grouts are widely used to prevent water movemen

b. Chemical grout. Chemical grouts should be consider
under two categories according to whether they harden
rigid condition or to a flexible gel or foam. Epoxies and ac
lates are examples of rigid types; polyurethane is an exa
of a gel.

Rigid chemical grouts bond exceedingly well to dry s
strate and some will bond to wet concrete. These grouts
prevent all movement at an opening and restore the
strength of a cracked concrete member. However, if te
or shear stresses exceeding the capability of the concre
cur after grouting, new cracks will appear in the conc
near, but generally not at the grouted crack. Rigid gr
have been observed to penetrate cracks somewhat fine
0.002 in. (0.05 mm), the penetration being dependent on
cosity, injection pressure, temperature, and grout set tim

The principal use for gel-type chemical grouts is to s
off or greatly reduce water movement. Gel grouts will not
store strength to a structure, but they generally will main
water tightness despite minimal movement across a c
Most gel grouts are water solutions and will, therefore,
hibit shrinkage if allowed to dry, but they will recover wh
rewetted. Some gel grouts can be formulated at consiste
so near that of water that they can be injected into any o
ing through which water will flow. Others can be made
yield a foam that can be used in openings several inches
proximately 100 mm) wide.

2.6.7—Underwater placement—Placing concrete directl
under water by means of a tremie or pump is a frequently 
repair method. In general, the same requirements for ma
and procedures that apply to new construction also apply 
pair placements under water. Placing concrete under wat
tremie and by pump is covered in detail in ACI 304R.

Preplaced-aggregate concrete is frequently used on und
ter repair projects. The concrete mortar is pumped from the
tom of the placement, displacing the water as it rises. The u
preplaced-aggregate concrete is covered in ACI 304.1R.

 2.7—Bonding methods
Repair materials may or may not require a separate b

ing agent. In either case the success of the repair dep
upon achieving intimate and continuous contact betwee
repair material and the substrate. Intimate contact ca
achieved by vibration, pneumatic application, high fluid
and troweling pressure.

In cases where a separate bonding agent is to be use
plication of the bonding agent to the prepared substrate 
be done with care and must be timed to the placement o
repair material. Bonding agents applied to substrates 
begin to set or cure prematurely creating a bond breaker
the new repair material. Cement based bonding agent
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typically sprayed or broomed, epoxy and latex based 
tems are rolled, broomed, or sprayed.

Whether the repair material is self bonding or a sepa
bonding agent is used, tests should be conducted to a
that bonding is taking place. In situ testing provides the b
method to assure bonding is adequate. In situ testing of b
provides for evaluation of surface preparation, bonding, 
repair material placement.

CHAPTER 3—REPAIR MATERIALS
3.1—Introduction

This chapter contains descriptions of the various cate
ries of materials that are available for repair or rehabilitat
of concrete structures. Typical properties, advantages, d
vantages or limitations, typical applications, and applica
standards will be discussed for each repair material. A
general guidance on selection of repair materials is provid

3.2—Cementitious materials
In order to match the properties of the concrete being

paired as closely as possible, portland cement concrete
mortar or other cementitious compositions are frequently
best choices for repair materials.

3.2.1 Conventional concrete—Conventional concrete is
composed of portland cement, aggregates, and water.
mixtures are frequently used to entrain air, accelerate o
tard hydration, improve workability, reduce mixing wat
requirements, increase strength, or alter other propertie
the concrete. Pozzolanic materials, such as fly ash or s
fume, may be used in conjunction with portland cement
economy, or to provide specific properties such as redu
early heat of hydration, improved later-age strength deve
ment, or increased resistance to alkali-aggregate reaction
sulfate attack.

Concrete proportions must be selected to provide wo
ability, density, strength, and durability necessary for 
particular application (ACI 211.1). To minimize shrinka
cracking, the repair concrete should have a water-cemen
tio as low as possible and a coarse aggregate content a
as possible. According to ACI 201.2R, frost-resistant reg
weight concrete should have a water-cement ratio not to
ceed 0.45 for thin sections and 0.50 for all other structu
Mixing, transporting, and placing of conventional concr
should follow the guidance given in ACI 304R.

a. Advantages. Conventional concrete is readily availab
well understood, economical, and relatively easy to prod
place, finish, and cure. Generally, concrete mixtures ca
proportioned to match the properties of the underlying c
crete; therefore, conventional concrete is applicable t
wide range of repairs.

Conventional concrete can be easily placed underwate
ing a number of well recognized techniques and precautio
ensure the integrity of the concrete in place (ACI 304R). C
crete is typically placed underwater using a tremie or a pu

b. Limitations. Conventional concrete without admixture
should not be used in repairs where the aggressive env
ment that caused the original concrete to deteriorate ha
been eliminated unless a reduced service life is accept
-
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For example, if the original deterioration was caused by a
attack, aggressive water attack, or even abrasion-erosion
pair with conventional concrete may not be successful unl
the cause of deterioration is removed.

When used as a bonded overlay, the shrinkage proper
of the repair material are critical since the new material is b
ing placed on a material that has exhibited essentially all
the shrinkage that it will experience. Full consideration 
the shrinkage properties and the curing procedure should
addressed in the specification for the repair procedure.

Concrete that is mixed, transported, and placed under 
weather conditions of high temperature, low humidity, o
wind requires measures to be taken to eliminate or minim
undesirable effects (ACI 305R). Also, there are special 
quirements for producing satisfactory concrete during co
weather (ACI 306R).

c. Applications. Conventional concrete is often used in re
pairs involving relatively thick sections and large volumes 
repair material. Typically, conventional concrete is appr
priate for partial- and full-depth repairs and resurfacing ove
lays where the minimum thickness is greater than about 4
(100 mm) or the overlay extends beyond the reinforceme
Conventional concrete is most commonly used for repairs
walls, piers, and hydraulic structures (McDonald, 1987).

Conventional concrete is particularly suitable for repai
in marine environments because the typically high humid
in such environments minimizes the potential for shrinkag

d.Standards.ASTM C 94 covers ready-mixed concrete man
ufactured and delivered to a purchaser in a freshly mixed a
unhardened state. Properties such as shrinkage and bond a
included in this specification, and they must be specified se
rately if they merit special consideration in a given repair.

3.2.2Conventional mortar—Conventional mortar is a mix-
ture of portland cement, fine aggregate, and water. Water
ducing admixtures, expansive agents, and other modifiers
often used with conventional mortar to minimize shrinkage

a.Advantages. The advantages of conventional mortar a
similar to those of conventional concrete. In addition, mort
can be placed in thinner sections. A wide variety of prepac
aged mortars is available. They are particularly appropria
for small repairs.

b. Limitations. Mortars generally exhibit increased drying
shrinkage compared to concrete because of their higher 
ter volume, higher unit cement content, and higher paste-
gregate ratio.

High air contents are often required to provide adequa
freeze-thaw durability and salt scale resistance; howev
high air content does reduce strength.

c. Applications. Conventional mortar can be used in th
same situations as conventional concrete wherever thin
pair sections are required.

d.Standards.ASTM C 387 covers the production, proper
ties, packaging, and testing of packaged, dry, combined m
terials for concrete and mortars. Special considerati
should be given to properties not covered in this specific
tion which are important in repair materials such as shrin
age and durability.
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3.2.3Dry pack—Dry pack mortar may consist of one pa
cement, two and one-half to three parts sand, or prepack
proprietary materials, and only enough water so the mo
will stick together when molded into a ball by slight pressu
of the hands and will not exude water but will leave t
hands damp. Curing is critical because of the low initial w
ter content of dry pack mortar.

Preshrunk mortar is a low water content mortar that 
been mixed and allowed to stand idle 30 to 90 minutes,
pending on the temperature, prior to use. Preshrunk mo
may be used to repair areas too small for the tamping pr
dure. Remixing is required after the idle period.

a.Advantages. Because of its low water-cement ratio, d
pack exhibits very little shrinkage. Therefore, the patch 
mains tight and is of good quality with respect to durabili
strength, and water tightness. If the patch must match
color of the surrounding concrete, a blend of gray and w
portland cement may be used. Normally, about one-th
white cement is adequate, but the precise proportions
only be determined by trial.

b. Limitations. Dry pack is not well suited for patchin
shallow depressions or for patching areas requiring fill
behind exposed reinforcement, or for patching holes exte
ing entirely through concrete sections. Without adequ
curing, dry pack repairs are subject to failure.

c. Applications.Dry pack can be used for filling large o
small cavities, form tie holes, or any cavity that allows 
adequate compaction. Such repairs can be accomplishe
vertical and overhead surfaces without forms. Dry pack 
also be used for filling narrow slots cut for the repair of d
mant cracks; however, it is not recommended for filling
repairing active cracks.

d. Standards.None.
3.2.4 Ferrocement—Ferrocement is a term used to descr

a form of reinforced concrete that differs from conventio
reinforced or prestressed concrete primarily by the manne
which the reinforcing elements are dispersed and arran
(ACI 549R). Ferrocement is commonly constructed of h
draulic cement mortar reinforced with closely spaced layer
continuous and relatively small diameter wire mesh. T
mesh may be made of steel or other suitable materials.

a. Advantages. Ferrocement has a very high tens
strength-to-weight ratio and superior cracking behavior
comparison to reinforced concrete.

b. Applications.Since no formwork is required, ferroce
ment is especially suitable for repair of structures w
curved surfaces, such as shells, and free-form shapes.

c. Limitations. The use of ferrocement in a repair situati
will simply be limited by the nature of the repair.

d.Standards.There are currently no standards for ferroceme
Additional information is available in ACI 549R and 549.1R.

3.2.5 Fiber-reinforced concrete—Fiber-reinforced con-
crete is conventional concrete with either metallic or po
meric fibers added to achieve greater resistance to pla
shrinkage and service-related cracking. In most applicatio
fiber reinforcing is not intended as primary reinforceme
Fiber reinforced concrete has been used for repair using 
ventional and shotcrete placement methods. Information
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fiber-reinforced concrete or shotcrete can be obtained 
ACI 544.3R, ACI 544.4R, and ACI 506.1R.

Little information is available on performance characte
tics of repair systems utilizing fiber-reinforced concrete.

a. Advantages. The fibers are added during concrete p
duction and are in the concrete when it is placed. Thes
bers can be used to provide reinforcing in thin overlays 
are not thick enough to include reinforcing bars.

b. Fiber reinforced concrete has been used for overla
concrete pavements, slope stabilization, and reinforcem
of structures such as arches or domes. Reinforced con
structures have been repaired with fiber-reinforced s
crete. Areas subject to shock or vibration loading, wh
plastic shrinkage cracking is a problem, or where blast re
tance is required, could benefit from the addition of fiber
inforcement.

c. Limitations. The addition of fibers reduces the slum
and can cause workability problems for inexperienced w
ers. Rust stains may occur at the surface of steel fiber-
forced concrete due to corrosion of fibers at the surface

In patching applications, the electrical conductivity of 
patch material, when using metallic fibers, could influe
corrosion activity when patches are installed around previ
ly damaged reinforcement. For other applications, a wic
effect suggests that permeability may be higher than for 
ventional concrete systems of equivalent thickness. Cu
and protection of fiber-reinforced concrete should be sim
to that for equivalent conventionally reinforced concrete.

d. Standards.ASTM C 1116 covers the materials propo
tions, batching, delivery, and testing of fiber-reinforced c
crete and shotcrete.

3.2.6 Grouts—The grouts described herein are cate
rized as either hydraulic cement or chemical.

3.2.6.1 Cement grouts—Cement grouts are mixtures 
hydraulic cement, aggregate, and admixtures that w
mixed with water produce a trowellable, flowable, or pum
able consistency without segregation of the constituents
mixtures are frequently included in the grout to accelerat
retard time of setting, minimize shrinkage, improve pum
bility or workability, or to improve the durability of th
grout. Mineral fillers may be used for reasons of econo
when substantial quantities of grout are required.

a. Advantages. Cement grouts are economical, read
available, easy to install, and compatible with concrete. 
mixtures can be used to modify cement grouts to meet
cific job requirements at relatively low cost. Admixtures
minimize shrinkage are available on the market.

b. Limitations. Cement grouts may be used for repairs
injection only where the width of the opening is sufficien
accept the solid particles suspended in the grout. Norm
the minimum crack width at the point of introduction sho
be about1/8 in. (3 mm).

c. Applications.Typical applications of hydraulic ceme
grout may vary from grout slurries for bonding old concr
to new concrete to filling of large dormant cracks, or to f
ing of voids around or under a concrete structure. Nonsh
cement grouts may be used to repair spalled or honeyco
concrete or to install anchor bolts in hardened concrete.
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d. Standards.ASTM C 1107 covers three grades of pac
aged, dry, hydraulic-cement grouts (nonshrinkable) inten
for use under applied load (such as to support a structu
machine, and the like) where change in thickness below
tial placement thickness is to be avoided.

3.2.6.2 Chemical grouts—Chemical grouts consist of so
lutions of chemicals that react to form either a gel or a s
precipitate as opposed to cement grouts that consist of
pensions of solid particles in a fluid. The reaction in the
lution may involve only the constituents of the solution, o
may include the interaction of the constituents of the solu
with other substances, such as water, encountered in th
of the grout. The reaction causes a decrease in fluidity a
tendency to solidify and fill voids in the material into whi
the grout has been injected.

a.Advantages. The advantages of chemical grouts inclu
their applicability in moist environments, their wide rang
of gel or setting time, and their low viscosities. Cracks
concrete as narrow as 0.002 in. (0.05 mm) have been 
with chemical grout.

Rigid chemical grouts, such as epoxies, exhibit excel
bond to clean, dry substrates, and some will bond to wet 
crete. These grouts can restore the full strength of a cra
concrete member.

Gel-type or foam chemical grouts, such as acrylam
and polyurethanes, are particularly suited for use in con
of water flow through cracks and joints. Some gel grouts
be formulated at viscosities near that of water so they ca
injected into almost any opening that water will flo
through.

b. Limitations. Chemical grouts are more expensive th
cement grout. Also, a high degree of skill is needed for 
isfactory use of chemical grouts.

Chemical bonding agents, such as epoxies, have relat
short pot life and working times at high ambient tempe
tures.

Gel grouts should not be used to restore strength to a s
tural member. Most gel or foam grouts are water solut
and will exhibit shrinkage if allowed to dry in service.

c. Applications.Repair of fine cracks, either to preve
moisture migration along the crack or to restore the integ
of a structural member, is one of the most frequent app
tions of chemical grout.

Some grouts, such as epoxies, are frequently use
bonding agents.

d.Standards.ASTM C 881 covers two component, epox
resin bonding systems for application to portland cem
concrete, which are able to cure under humid conditions
bond to damp surfaces.

3.2.7 Low Slump Dense Concrete—Low slump dense con
crete (LSDC) is a special form of conventional concrete. It g
erally has a moderate to high cement factor, a water-ce
ratio less than 0.40, and exhibits working slumps of 2 in.
mm) or less. LSDC generally gains strength rapidly and is
tinctive because of its high density and reduced permeabil

a.Advantages. Overlays of LSDC with a minimum thick
ness of only 11/2 in. (38 mm) have provided up to 20 years
service when properly installed. The cost of LSDC is re
d
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tively low, and it can be placed using conventional equ
ment with slight modifications. Compared to structu
grade concrete, LSDC provides reduced chloride perme
ity when tested according to ASTM C 1202.

b. Limitations. LSDC’s require maximum consolidatio
effort to achieve optimum density, or the use of a high-ra
water-reducing admixture (HRWRA) to improve workabi
ty of the concrete and reduce the compaction effort nee
to provide bond to the reinforcing steel and to the underly
concrete.

These low water-cement ratio concretes generally
quire at least 7 days of continuous moist curing to ob
adequate hydration.

LSDC permits galvanic corrosion even with a 0.32 wa
cement ratio and 1-in. (25 mm) cover (Pfeifer, Landgren,
Zoob, 1987).

Drying shrinkage cracks, depending on crack width 
depth, can increase chloride ion intrusion resulting in co
sion of the reinforcing steel in bridge deck overlays (Ba
and Hawkins, 1987).

c. Applications.LSDC is frequently used as an overlay
final wearing course in a composite repair to obtain a h
(acceptable) quality, abrasion resistant, and durable con
surface.

d. Standards.None.
3.2.8 Magnesium phosphate concretes and mortars—

Magnesium phosphate concretes and mortars (MPC)
based on a hydraulic cement system that is different f
portland cement. Unlike portland and some modified p
land cement concretes which require moist curing for o
mum property development, these systems produce 
best properties upon air curing—similar to epoxy concre
Rapid strength development and heat are produced alth
retarded versions are available that produce less heat. T
materials have been used in repairs to concrete since the
1970’s.

a.Advantages. Setting times of 10 to 20 minutes are ty
cally encountered at room temperatures, and early stre
development of 2,000 psi (14 MPa) within 2 hours is re
larly obtained. Retarded versions with extended set
times of 45 to 60 minutes at room temperature are also a
able. Salt-scale resistance is similar to portland cement b
concrete materials. When extended with aggregates, 
sion resistance of MPC is similar to PCC. Neat magnes
phosphate cement will naturally have lower abrasion re
tance, similar to portland cement mortars.

b. Limitations. MPC should be used only with non-calca
eous aggregates, such as silica, basalt, granite, trap roc
other hard rocks. Reaction of carbonated surfaces with
early forming phosphoric acid produces carbon diox
(CO2) and weakens the paste aggregate bond.

Because of their acid-base reaction, MPC must be 
only on well-prepared concrete substrates that have the
bonation layer removed by mechanical or chemical me
The MPC reacts chemically with the dust of fracture or c
bonated zone and can cause a reduction in bond stren
the bond interface.
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Because of the small interval between initial and final s
ting times, MPC generally is not hard troweled.

In a hardened state, MPC generally quickly produces c
crete with high strength and high modulus of elasticity. The
fore, it is not flexible and does not have the toughness th
typically found with organic modified mortars. The material
therefore susceptible to fracturing from impact loads.

With the normal setting formulations of MPC, high he
peaks are encountered. With sustained exposure to tem
tures in excess of 195 ˚F (91 ˚C) in service, strength red
tions can develop.

c. Applications.Patching applications are the most com
mon use of MPC. It is frequently cost effective for rapid 
pairs where a short down time is important. The comm
uses are in highway, bridge deck, airport, tunnel, and ind
trial repairs.

Repairs in a cold-weather environment are important 
plications. Due to the exothermic nature of the reacti
heating of the materials and the substrates is not usually
essary unless the temperature is below freezing. MPC is
ful for cold weather embedments and anchoring becaus
its high bond strength and low shrinkage rate.

d. Standards.None.
3.2.9 Preplaced-aggregate concrete—Preplaced-aggre-

gate concrete is produced by placing coarse aggregate
form and later injecting a portland cement-sand grout (u
ally with admixtures), or a resinous material to fill the void
Preplaced-aggregate concrete differs from conventional c
crete in that it contains a higher percentage of coarse ag
gate. Guidance on mixing and placing preplaced-aggre
concrete is given ACI 304R and ACI 304.1R.

a.Advantages. Because of the point-to-point contact of th
coarse aggregate, drying shrinkage of preplaced-aggre
concrete is about one-half that of conventional concrete.
cause the aggregate is preplaced and the grout pumped 
pressure, segregation is not a problem and virtually all s
strate voids will be filled with mortar. These factors ma
preplaced aggregate concrete an ideal material for app
tions where considerable congestion of reinforcement or 
er embedments, or difficult access exists. The ability of 
grout to displace water from the voids between aggreg
particles during injection makes this material particula
suitable for underwater repairs (ACI 304R and ACI 304.1

In underwater construction, higher placing rates at low
cost have been achieved with preplaced-aggregate con
compared to conventional placing methods (ACI 304R a
ACI 304.1R).

b. Limitations. Formwork costs for preplaced-aggregate co
crete are about the same as for conventional concrete, how
additional work may be required in the installation of formi
because of the need to prevent leaks. Because of the rela
high water content required to yield pumpable cementiti
mortars, the permeability to gas or vapor of the mortar frac
of preplaced aggregate concrete may be somewhat greate
that of normal concrete, which is an important factor to cons
where it is to be used in extreme environments. Inclusion o
ica fume in the grout may mitigate this limitation, but little e
perience or documentation exists.
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Since preplaced-aggregate concrete construction is 
cialized, it is advisable that repairs using this material
conducted by qualified personnel experienced in this met
of construction.

c. Applications.Typically, preplaced-aggregate concre
is used on large repair projects, particularly where under
ter concrete placement is required or when conventio
placing of concrete would be difficult. Typical application
have included underwater repair of stilling basins, da
bridges, abutments, and footings. Preplaced-aggregate
crete has also been used to repair beams and columns 
dustrial plants, water tanks and other similar facilities,
well as caissons for underpinning existing structures.

c.Standards.ASTM C 937 covers fluidifier for grout used
for preplaced-aggregate concrete.

ASTM C 938 describes the laboratory procedure for 
lecting proportions for grout mixtures required in the p
duction of preplaced-aggregate concrete.

3.2.10 Rapid-Setting Cements—Rapid-setting cementi-
tious materials are characterized by short setting tim
Some may exhibit very rapid strength development w
compressive strengths in excess of 1000 psi (6.9 MPa) w
in 3 hours. Type III portland cement with accelerators 
been used for the patching of concrete for a long time and
been more widely used than most other materials in 
depth sections (Transportation Research Board, 1977).

a.Advantages. Rapid-setting cements provide accelera
strength development that which allows the repair to
placed into service more quickly than conventional rep
materials. This advantage is of importance in repair of hi
ways and bridges because of the reduced protection ti
lower traffic control costs, and improved safety.

b. Limitations. Although most rapid setting materials wi
be as durable as concrete, some, due to their constitu
may not perform well in a specific service environment.

Some rapid-setting materials obtain their strength deve
ment and expansion from the formation of ettringite. If the le
of expansion is high and the time to attain the maximum le
of expansion is long, strength retrogression may occur. The
tential for delayed expansion resulting from insufficient init
curing followed by rewetting should be recognized.

Since some of these materials may contain abnormally 
levels of alkali or aluminate to provide expansion, their ex
sure to sulfates and reactive aggregates should be limited

c. Applications.Rapid-setting cements are especially use
in repair situations where an early return to traffic is requir
such as repair of pavements, bridge decks, and airport runw

d. Standards.ASTM C 928 covers packaged, dry, ceme
titious mortar or concrete materials for rapid repairs to ha
ened hydraulic-cement concrete pavements and struct
ASTM C 928 does not provide bond strength or freeze-th
durability requirements. Also, a current footnote cautions
user to check on exposure conditions (sulfate exposure
alkali reactivity) that are not covered in the specificatio
Therefore, additional testing should be performed at an
pated application temperatures to verify if properties 
covered in the specification are important for a given proj
Substantial advances in the compounding of rapid setting
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e
ulic
ments has taken place in recent years. Such materia
now readily available for batching and mixing in large qu
tities using standard equipment including ready-mixed 
crete trucks.

3.2.11 Shotcrete—Shotcrete is a mixture of portland c
ment, sand, and water “shot” into place by compressed
In addition to these materials, shotcrete can also co
coarse aggregate, fibers, and admixtures. Properly ap
shotcrete is a structurally adequate and durable repair 
rial which is capable of excellent bond with existing conc
or other construction materials.

a. Advantages. In repair projects where thin sections l
than 6 in. (150 mm) in depth and large or small surface a
with irregular contours or shapes are involved, shotcrete
be more economical than conventional concrete becau
the savings in forming costs.

Shotcrete can be applied overhead in normal applicat
and materials can be mixed and transported several hu
feet to the nozzleman in project sites with restricted ac
Mechanical equipment is also available for remote pl
ment of shotcrete.

b. Limitations. The successful application of shotcrete
dependent on the training, skill, and experience of the 
zleman. The nozzleman should be required to demons
his skill by placing a test panel that reflects the site co
tions. His performance should be evaluated and appr
before he is allowed on the job.

Dust and rebound require special attention in indoor a
cations.

c. Applications.Shotcrete has been used to repair dete
rated concrete bridges, buildings, lock walls, dams, tun
and other structures. The performance of shotcrete repa
generally been good. However, there are some instanc
poor performance. Major causes of poor performance a
adequate preparation of the old surface and poor work
ship. Satisfactory shotcrete repair is contingent upon pr
surface treatment of old surfaces to which the shotcrete 
ing applied.

d. Standards.ACI 506.2 provides specifications for sho
crete construction.

ASTM C 1116 covers the materials proportions, batch
delivery, and testing of fiber-reinforced concrete and s
crete.

3.2.12 Shrinkage-compensating concrete—Shrinkage-
compensating concrete is an expansive-cement con
which is used to minimize cracking caused by drying shr
age. The basic materials and methods are similar to 
necessary to produce high-quality portland cement conc
Consequently, the characteristics of shrinkage-compe
ing concrete are, in most respects, similar to those of 
land-cement concrete.

a. Advantages. When properly restrained by reinforc
ment, shrinkage-compensating concrete will expand
amount equal to or slightly greater than the anticipated
ing shrinkage. Subsequent drying shrinkage will red
these expansive strains but, ideally, a residual expansio
remain in the concrete, thereby eliminating shrinkage cr
ing. The joints used to control shrinkage cracking can
are
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eliminated along with the normal provisions for watersto
and load transfer mechanisms. However, where a water
condition is essential, the elimination of waterstops is 
recommended.

b. Limitations. Although its characteristics are in most r
spects similar to those of portland-cement concrete, the
terials, selection of proportions, placement, and curing m
be such that sufficient expansion is obtained to compen
for subsequent drying shrinkage. The criteria and pract
necessary to ensure that expansion occurs at the time a
the amount required are given in ACI 223.

Provisions must be made to allow for initial expansion
the material to provide positive strain on the internal stee
straint. Consequently, shrinkage-compensating concrete
not be effective in bonded overlays on portland cement c
crete because the substrate will provide too much exte
restraint.

c. Applications. Shrinkage-compensating concrete h
been used to minimize cracking caused by drying shrink
in replacement concrete slabs, pavements, bridge decks
structures. Also, shrinkage-compensating concrete has 
used to reduce warping tendencies where concrete is
posed to single face drying and carbonation shrinkage.

d. Standards.ASTM C 845 provides standards for expa
sive hydraulic cement and limits including strength, sett
time, and expansion of the cement. Mortar and concrete
pansions are usually determined in accordance with AS
C 806 and C 878, respectively. Adequacy of concrete sh
be checked and used as outlined in ACI 223.

3.2.13 Silica-Fume Concrete—Silica fume, a by-produc
in the manufacture of silicon and ferrosilicon alloys, is an
ficient pozzolanic material. Adding silica fume and a hig
range water-reducing admixture to a concrete mixture 
significantly increase compressive strength, decrease pe
ability, and thus improve durability (ACI 234R). Silica fum
is added to concrete in either liquid or powder form in qu
tities of 5 to 15 percent by weight of cement. Compress
strengths of 12,000 to 15,000 psi (83 to 103 MPa) can b
tained with silica-fume concrete.

a. Advantages. The initial commercial interest in silic
fume was for high-strength concrete; however, it is be
added to concrete today in some cases as a cement re
ment material or as a property enhancing material to impr
quality and performance in a wide range of applications.

Silica-fume concrete requires no significant changes fr
the normal transporting, placing, and consolidating pract
associated with conventional concrete.

b. Limitations. Typically, as silica fume dosage increas
the concrete will become more cohesive, and it will be m
susceptible to plastic shrinkage cracking. However, plac
and finishing crews have been able to overcome these d
ences without any significant difficulties (Holland, 1987
Silica-fume concrete has little or no bleed water, wh
makes it difficult to provide a steel trowel finish, if require

 The minimum curing temperature should be 40 F (4 
Also, wet curing for a minimum of 7 days is recommende

c.Applications.The first major applications of silica-fum
concrete in the United States were for repair of hydra



CONCRETE REPAIR GUIDE 546R-21

llan
on

ear
ms
ga

ve
e i

ed

d
cre
ase

1.
 h
g a
din
 su
s 
en
ois

La-
sib
ca
la
les
nd
, hi
t a

 fo
d c
fille
de

 b
hy
d 
ide
ial
 co
pro

rs 
IC)
n-

 th

ith
n 
iza
el

her
5 to
ast

 to
 ex-

,
ot,
 fol-
es
eral
sis-
alts,
 of

e-
x-
oes

ince
furic

r in-
feat-
nt.
te
ks
ks
er-

to
ce
con-
tions
b-
ete-

nd-
ete
te
at
n is
om-
rge
ers
za-
by
 or

n-

ove
de
sed

en-
structures subjected to abrasion-erosion damage (Ho
and Gutschow, 1987). The high strength of silica-fume c
crete and the resulting abrasion-erosion resistance app
offer an economical solution to abrasion-erosion proble
particularly in those areas where locally available aggre
otherwise might not make acceptable concrete.

Silica-fume concrete has been used extensively in o
lays on parking structures and bridge decks to reduce th
trusion of chloride ions into the concrete.

d. Standards.ASTM C 1240 has recently been publish
to cover silica fume.

3.2.14Bonding materials—Bonding materials can be use
to bond new repair materials to an existing prepared con
substrate. Bonding materials are of three types: epoxy b
latex based, and cement based.

a. Epoxy. Epoxy systems are covered in ASTM C 88
Care should be taken when using these materials in
weather. High temperatures may cause premature curin
the creation of a bond breaker. Most epoxy resin bon
materials create a moisture barrier between the existing
strate and the repair material. Under certain condition
moisture barrier could result in failure of the repair, wh
moisture is trapped in the concrete directly behind the m
ture barrier and freezing occurs in this zone.

b.Latex. Latex systems are covered in ASTM C 1059. 
tex bonding agents are classified as Type I—Redisper
and Type II—Non-redispersible. Type I bonding agents 
be applied to the bonding surface several days prior to p
ing the repair materials; however, the bond strength is 
than that provided by Type II bonding agents. Type I bo
ing agents should not be used in areas subject to water
humidity, or structural applications. Type II systems ac
bond breakers once they have skinned over or cured.

c. Cement.Cement based systems have been used
many years. Cement bonding systems use neat portlan
ment or a blend of portland cement and fine aggregate 
generally proportioned one to one by weight. Water is ad
to provide a uniformly creamy consistency.

 3.3—Polymer materials
The improvement of properties of hardened concrete

the addition of polymers is well documented. A bibliograp
of major references covering polymers in concrete an
glossary of terms are included in ACI 548.1R. This gu
presents information on various types of polymer mater
and on their storage, handling, and use, as well as on
crete formulations, equipment to be used, construction 
cedures, and applications.

Three basic types of concrete materials use polyme
form composites: a) polymer-impregnated concrete (P
b) polymer-modified concrete (PMC), and c) polymer co
crete (PC). Each type of material will be discussed in
following sections.

3.3.1Polymer-impregnated concrete—PIC is a hydrated
portland-cement concrete that has been impregnated w
monomer that is subsequently polymerized. Impregnatio
usually done using monomers which contain a polymer
tion initiator that can be activated by heat. The most wid
d
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used monomer is methyl methacrylate, although ot
monomers have been used. With polymer loadings of 1.
2.5 percent by weight, and depths of impregnation of at le
1/4 in., (6 mm) and up to 11/2 in. (38 mm), significant im-
provements in durability can be achieved. It is important
achieve a complete shell of impregnated concrete at the
posed surfaces.

a. Advantages. Almost all existing types of concrete
whether they were cast with impregnation in mind or n
can be impregnated provided the proper procedures are
lowed (ACI 548R). The impregnation of concrete surfac
with a suitable polymer has been shown to improve sev
important properties, including abrasion resistance; re
tance to penetration by, and damage from water, acids, s
and other deleterious media; and resistance to cycles
freezing and thawing.

b. Limitations. Polymer impregnation reduces the perm
ability of concrete and thereby increases its durability in e
posure to aggressive agents. However, impregnation d
not render the concrete completely impermeable, and s
concrete is still exposed, aggressive agents, such as sul
acid, will attack the concrete slowly.

Cracks that are not sealed could serve as channels fo
gress of aggressive agents into the concrete thereby de
ing the purpose of the surface impregnation treatme
Cracks are also likely to occur during drying of the concre
prior to application of the monomer, and all of these crac
may not be filled during the impregnation process. All crac
must be filled with the polymer to achieve a reduction in p
meability and corresponding increase in durability.

c.Applications.Polymer impregnation has been applied 
existing concrete structures to improve durability, redu
maintenance requirements, and restore deteriorated 
crete. The process has been used in a variety of applica
including bridge decks, spillways, stilling basins, cur
stones, concrete pipes and mortar-lined steel pipes, and d
riorated buildings.

d. Standards.None.
3.3.2 Polymer-modified concrete—Polymer-modified

concrete (PMC) has at times been called polymer-portla
cement concrete (PPCC) and latex-modified concr
(LMC). It is identified as portland cement and aggrega
combined at the time of mixing with organic polymers th
are dispersed or redispersed in water. This dispersio
called a latex, and the organic polymer is a substance c
posed of thousands of simple molecules combined into la
molecules. The simple molecules are known as monom
and the reaction that combines them is called polymeri
tion. The polymer may be a homo-polymer if it is made 
the polymerization of one monomer or a copolymer if two
more monomers are polymerized.

In this section, the use of the term “polymer-modified co
crete” includes both mortar and concrete.

Polymer dispersions are added to the concrete to impr
the properties of the final product. These properties inclu
improved bond strength to concrete substrates, increa
flexibility and impact resistance, improved resistance to p
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etration by water and by dissolved salts, and improved re
tance to frost action.

Of the wide variety of polymers investigated for use
PMC, polymers made by emulsion polymerization have b
the most widely used and accepted (ACI 548.3R). Styr
butadiene and acrylic latexes have been the most effective
predictable for concrete restoration. Other latexes comm
used include polymers and copolymers of vinyl acetate.

When emulsified and mixed with concrete, epoxies prov
excellent freeze-thaw resistance, significantly reduced pe
ability, and improved chemical resistance. Bond is excel
and flexural, compressive, and tensile strengths are h
However, epoxy emulsions have had limited use in concr

Mixture proportions depend on the specific applicat
and the type of polymer used in the PMC. Polymer level
10 to 20 percent polymer solids by weight of cement are
quired for most desired applications. Typical water-cem
ratios for workable PMC mixtures used for repair range fr
0.30 to 0.40 for mixtures containing latexes, and 0.25 to 0
for mixtures containing epoxies (ACI 548.1R).

a. Advantages. Latex-modified concrete (LMC) overlay
have exhibited excellent long-term performance. Prop
installed overlays are highly resistant to freeze-thaw d
age, and they exhibit minimal bond failure after many ye
of service. LMC overlays installed on severely deteriora
bridge decks, after proper surface preparation, continu
perform many years after installation. Reports of satisfac
long-term performance on structures of variable initial c
dition and harsh in-service exposure are common.

Mixing and handling of PMC is similar to convention
portland cement concrete and mortar. Curing, howeve
different. Whereas conventional concrete requires exten
periods of moist curing, PMC generally requires one da
two days of moist curing followed by air curing. The PMC
placed in service when it has developed sufficient stren
which is dependent upon the hydration of the cement.

An advantage of latex-modified concrete is its good worka
ity and ease of application when compared to similar system

The bonding characteristics of latex-modified concrete
excellent (Kuhlmann, 1990) and latex-modified concr
usually exhibits low permeability (Kuhlmann, 1984).

Styrene-butadiene LMC has excellent durability for ex
rior exposures or environments where moisture is pres
Surface discoloration will occur when the concrete is 
posed to UV light. Where such discoloration is not acce
able, acrylic polymers should be used.

b. Limitations. Like conventional concrete, latex modifie
concrete should be placed and cured at 45 to 85 ̊ F (7 to 3
with special precautions taken when either extreme is rea
(ACI 548.1R, ACI 306.1).

It is recommended that mobile, continuous mixers, fit
with an additional storage tank for the latex, be used for la
applications of LMC.

Like many mixtures with a low water-cementitious ma
rials ratio, LMC has a tendency for plastic shrinkage cra
ing during field placement. Special precautions 
necessary when the evaporation rate exceeds 0.1 lb/2/hr
(0.5 kg/m2/hr) (ACI 308, ACI 548.4).
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Latex modified concrete, similar to other portland cem
based materials, is susceptible to shrinkage cracking, w
may allow ingress of chloride ions in some applications.

The modulus of elasticity is generally lower compared to c
ventional concrete; therefore its use in vertical or axially loa
members should be carefully evaluated (Kuhlmann, 1990).

Polyvinyl acetate should not be used in applications t
may be exposed to moisture.

Epoxy emulsions are more expensive than most late
and some are susceptible to color change and deterior
from exposure to sunlight.

c. Applications.PMC applications include overlays o
bridge decks, parking structures and floors, and patchin
any concrete surfaces. Styrene butadiene latex has 
commonly used for repair of bridges, parking decks a
floors. Acrylic latexes have been used for floor repair a
patching and are particularly suitable in exterior white 
ment applications where color retention is important.

Latex modified concrete is most commonly used for ov
lays. It is normally applied in sections ranging from3/4 to 2 in.
(19 to 50 mm) thick. These systems restore lost sections
provide a new, high-strength wearing surface that is very
rable against weathering.

Although used as overlay materials, polymer-modifi
concretes are effective patching materials. Since most pa
es and repairs in which PMC is used are relatively shall
mixture proportions similar to those shown in ACI 548.3
should be considered.

d. Standards.ASTM C 685 covers concrete made fro
materials continuously batched by volume and mixed i
continuous mixer. Tests and criteria for batching accur
and mixing efficiency are specified. ACI 548.4 covers t
placement of styrene-butadiene latex-modified concr
overlays for bridge decks.

3.3.3 Polymer concrete—PC is a composite material in
which the aggregate is bound together in a dense matrix 
a polymer binder. The composites do not contain a hydra
cement phase, although portland cement can be used 
aggregate or filler. The term PC should never suggest a
gle product, but rather a family of products. Use of the te
PC in this section also includes mortar.

PC has been made with a variety of resins and monom
including polyester, epoxy, furan, vinylester, methyl me
acrylate (MMA), and styrene (ACI 548.1R). Polyester res
are attractive because of moderate cost, availability of a g
variety of formulations, and moderately good PC propert
Furan resins are low cost, and highly resistant to chemica
tack. Epoxy resins are generally higher in cost, but may o
advantages such as adhesion to wet surfaces. Detailed 
mation on the use of epoxy compounds with concrete
available (ACI 503R).

The properties of PC are largely dependent upon the p
erties and the amount of the polymer used, modified so
what by the effects of the aggregate and the filler mater
Typically, PC mixtures exhibit a) rapid curing, b) high te
sile, flexural, and compressive strengths, c) good adhesio
most surfaces, d) good freeze-thaw durability, e) low perm
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ability to water and aggressive solutions, and f) good ch
ical resistance.

a.Advantages. PC can provide a fast-curing, high-streng
patching material that is suitable for repair of portland 
ment concrete structures. PC is mixed, placed, and con
dated in a manner that is similar to conventional concr
With some harsh mixtures, external vibration is required

A wide variety of prepackaged polymer mortars is av
able which can be used as mortars or added to sel
blends of aggregates. Depending upon the specific use,
tars may contain variable aggregate gradations intende
impart unique surface properties or aesthetic effects to
structure being repaired. Also, polymer mortars are avail
that are trowellable and specifically intended for overhea
vertical applications.

Epoxy mortars generally shrink less than polyeste
acrylic mortars. Shrinkage of polyester and acrylic mor
can be reduced by using an optimum aggregate loading
aggregate grading and the mixture proportions should
available from the polymer formulator.

b. Limitations. Organic solvents may be needed to cle
equipment when using polyesters and epoxies. Volatile 
tems such as MMA evaporate quickly and present no clea
problems. However, such systems are potentially explo
and require nonsparking and explosion-proof equipment.

It should be recognized that rapid curing generally means
time for placing and finishing operations. Working times 
these materials are variable and, depending on ambient te
atures, may range from less than 15 minutes to more tha
hour. Also, high or low ambient and concrete temperatures
significantly affect polymer cure time or performance.

The coefficients of thermal expansion of polymer mat
als are variable from one product to another, and are sig
cantly higher than conventional concrete.

Shrinkage characteristics of PC’s must be closely eva
ed so that unnecessary shrinkage cracking is avoided.

The modulus of elasticity of PC may be significantly lo
er than that of conventional concrete, especially at hig
temperatures. Its use in load carrying members must be 
fully considered.

Only a limited number of polymer systems is appropriate
repair of wet concrete surfaces. In general, the aggregates
in PC should be dry in order to obtain the highest strengths

High temperatures can adversely affect the physical p
erties of certain PC’s, causing softening. Service temp
tures should be evaluated prior to selecting PC system
such use. Epoxy systems may burn out in fires where 
peratures exceed 450 ̊ F (230 ̊ C) and can significantly so
at lower temperatures. Users of PC must consider its lac
fire resistance.

Conventional concrete generally will not bond to cu
PC, and compatibility of the systems should be conside

c.Applications.Many PC patching materials are primar
designed for the repair of highway structures where tra
conditions allow closing of a repair area for only a few ho
However, PC’s are not limited to that usage and can be
mulated for a wide variety of applications.
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PC is used in several types of application; 1) fast-cur
high-strength patching of structures, and 2) thin (3/16 to

3/4-
in. (5 to 19 mm) thick) overlays for floors and bridge deck

Polymer mortars have been used in a variety of rep
where only thin sections (patches and overlays) are requ
Polymers with high elongation and low modulus of elastic
are particularly suited for bridge overlays.

PC overlays are especially well suited for use in ar
where concrete is subject to chemical attack.

d. Standards.ACI 503.4 is a specification for repair of de
fects in hardened portland cement concrete with a sand-f
mortar using an adhesive binder such that as defined in AS
C 881. It includes requirements for adhesive labeling, stor
handling, mixing and application, surface evaluation a
preparation, as well as inspection and quality control.

ASTM C 881 covers two-component, epoxy resin bond
systems for application to portland cement concrete, which
able to cure under humid conditions and bond to damp surfa

3.4—Material selection
It is apparent from the preceding discussion that there

wide variety of conventional and specialty materials av
able for repair of concrete. While this large selection p
vides a greater opportunity to match material properties w
specific project requirements, it also increases the pote
for selection of an inappropriate material. Bond and co
pressive strengths are obviously important material pro
ties in many repairs, and they are frequently provided
material suppliers. However, some other material proper
that can be of equal or greater importance (Warner, 1984
discussed in the following.

3.4.1Coefficient of thermal expansion—It is important to
use a repair material with a coefficient of expansion sim
to that of the existing concrete. Thermal compatibility is p
ticularly important when making large patches or plac
overlays. If there is a large difference in the thermal prop
ties of the two materials, significant changes in tempera
could cause failure either at the interface or within the m
rial of lower strength. While this factor is most important
environments which are frequently subject to large temp
ture changes, it should also be considered in environmen
which temperature changes are not as large or frequent

3.4.2 Shrinkage—Since most repairs are made on old
portland cement concrete that will not undergo further sig
icant shrinkage, the repair material must also be essen
shrinkage-free or be able to shrink without losing bo
Shrinkage of cementitious repair materials can be reduce
using mixtures with very low water-cement ratios or by us
construction procedures that minimize the shrinkage poten
Examples include dry pack and preplaced-aggregate conc

3.4.3 Permeability—Good quality concrete is relativel
impermeable to liquids, but when moisture evaporates 
surface, replacement liquid is pulled toward the dry surf
by capillary action. If impermeable materials are used 
large patches, overlays, or coatings, moisture that rise
through the base concrete can be trapped between the
crete and the impermeable repair material. The entrap
moisture can cause failure at the bond line or critically sa
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rate the base concrete and cause failure in freezing and t
ing if the base concrete is not adequately air entrained (U
Army Corps of Engineers, 1986).

3.4.4Modulus of elasticity—For repaired areas that wi
be subjected to loading parallel to the bond line, it is ne
sary to ensure that the modulus of elasticity of the repair 
terial closely matches that of the original concrete. If 
moduli of the two materials differ, the loading may result
differing deformations that can result in failure of the rep
material or of the original concrete.

3.4.5 Chemical properties—Special attention has been d
rected in recent years to problems involving corrosion of 
bedded reinforcing. A pH close to 12 (alkaline environme
for concrete will provide corrosion protection to embedded
inforcing. However, repair materials with moderate to low 
values may provide little, if any, protection to embedded re
forcing. When such materials must be used, because of
straints such as cure time or strength requirements, addit
protection for the existing reinforcement should be con
ered. This protection could include such techniques as cat
ic protection or coatings. Each system has its own cost-be
ratio and should be evaluated for each specific project.

3.4.6 Electrical properties—A repair material’s resistivity
or electrical stability may also affect the performance of c
rosion damaged concrete following repair. Materials t
have high resistance tend to isolate repaired areas from 
cent undamaged areas. It is commonly accepted that d
entials in electrical potential resulting from variations 
permeability or chloride content between the repair mate
and the original concrete could increase corrosion activ
resulting in premature failure.

The conditions under which the repair material will be a
plied and its anticipated service conditions are also impor
considerations in material selection. Almost every rep
project has unique conditions and special requirements,
only after these have been thoroughly examined can the 
repair criteria be established. Once the criteria are know
will often be found that more than one material can be u
with equally good results. Final selection of the materia
combination of materials should then take into considera
the ease of application, cost, and available labor skills 
equipment (Warner, 1984). In areas where failure of a re
could create a safety hazard, such as repairs on a wall a
a public area, the repair should be designed with adeq
mechanical anchorage.

3.4.7Color properties—For repair of architectural concret
surfaces, color of the repair material should not differ ap
ciably from the adjacent surface. Trials should be made 
job site mockup prior to beginning actual production work

Protective systems are materials and methods that re
corrosion of metals in concrete and deterioration of conc
by limiting the intrusion of moisture, chloride, and other co
taminants into the concrete by coatings or by electrical-ch
ical principles. Protective systems also include materials
methods that increase surface abrasion or impact resistan
improve the resistance to other deleterious influences.
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CHAPTER 4—PROTECTIVE SYSTEMS
4.1— Surface Treatments

Surface treatments for concrete repair for the purpos
this guide are grouped into the following general classifi
tions: penetrating sealers, surface sealers, high-build c
ings, membranes, and overlays.

4.1.1Uses—Surface treatments include horizontal or ve
tical applications. The techniques and materials sele
must be consistent with the intended use. The objective 
limit corrosion by establishing conditions that reduce 
free water in the concrete while preventing further moist
or chloride intrusion. Although results have varied, surfa
treatments have been effective in substantially slowing r
forcement corrosion in laboratory tests, and some have
formed well in field applications. Quality materials an
workmanship are essential.

4.1.2Precautions—Assure compatibility between the in
tended treatment, the repair materials, and the existing 
crete substrate. Avoid encapsulating concrete between 
breathing surface treatments. Follow manufacturer’s rec
mendations and limitations.

4.1.3Properties—The properties of surface treatments 
fecting their selection are discussed below and summariz
Table 4-1. The surface treatments are generically classifie
facilitate this presentation, but the summary lists charact
tics based on limited data from laboratory tests and field 
formance of specific formulations of proprietary products
particular product should only be selected based on its pe
mance track record and results of standardized or compar
tests. Studies which directly measure performance with
spect to water absorption, durability in northern and south
climates, and resistance to reinforcement corrosion are
cussed later in this section. References to ASTM standard
sealers and coatings are given in Table 4-2.
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The surface treatment classifications discussed are 
commonly used for concrete repair and protection again
inforcement corrosion in particular. Not all possible class
cations are addressed. Many other types of systems m
appropriately used in conjunction with concrete repair.

The costs of the various surface treatments vary gre
Accurate costs can only be obtained from the manufac
and installer for a particular project.

4.1.4Installation requirements—Most surface treatment
must be applied to a clean, dry, and sound substrate at
erate temperature and humidity conditions in a well-vent
ed space. A relatively smooth surface is needed for liq
applied membranes. Because these conditions do not a
prevail, the difficulty and cost in achieving the appropri
installation conditions may influence the choice of a syst

Prior to applying most surface treatments, all concrete
pairs must be completed and should be allowed to cure
minimum of 28 days.

Surface preparation is an important consideration and
method depends on the type of protective system. T
niques include scarification, brushing or grinding, abra
blasting, shotblasting, flame cleaning, and acid etch
Cady, Weyers, and Wilson (1984) and Gaul (1984) dis
surface preparation requirements and methods. All dus
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debris resulting from surface preparation should be remo
prior to applying the surface treatment.

It is also important to consider compatibility and instal
tion details of terminations at expansion and control join
door and window openings, drains, and curbs. It is impe
tive to ventilate any flammable and noxious fumes that m
be produced. Manufacturer’s specifications should inclu
installation requirements. Moisture in the slab at time of 
plication, temperature, presence of contaminants, as we
other factors will affect the success in applying a system

4.1.5Performance characteristics
a.Water permeability. Resistance to water absorption is

critical factor in protective systems. Water permeability i
measurement of the quantity of water that can pass thro
a surface treatment over a period of time.

b. Vapor permeability.While surface treatments must re
sist water, they must allow concrete to dry out, particula
if placed over new concrete repairs or on the inside fac
foundation walls or on slabs-on-grade. Moisture vapor tra
mission is the quantity of water vapor that can pass thro
a protective system over a period of time.

c. Resistance to reinforcement corrosion. The water and
vapor permeability characteristics described above are i
rect measures of the resistance of concrete to reinforcem
corrosion. Penetration of chemical or salt solution throu
concrete is likely to cause localized corrosion of reinforc
steel. A primary reason to provide surface treatments is to
crease the resistance to reinforcement corrosion by pro
ing a less corrosive environment. Studies of differe
protective systems to resist corrosion have been docume
by Pfeifer and Scali (1981) and by Pfeifer, Landgren, a
Zoob (1987).

d. Crack bridging.Moisture penetration through crack
may defeat the purpose of the surface treatment by allow
localized reinforcement corrosion. Penetrants and sur
sealers do not have significant crack bridging capabilit
d

,
-
y
e
-
as

h

f
-
h

although the hydrophobic nature of the silanes may pre
moisture intrusion into narrow cracks. Elastomeric m
brane systems generally have sufficient thickness and 
bility to bridge narrow cracks even if the crack wid
fluctuates. Cracks wider than about 10-15 mils (0.25-0
mm) should be routed and sealed prior to application o
membrane. Penetrants and surface sealers can be succ
ly used in conjunction with routing and sealing or other cr
repair. Other sections of this guide discuss crack repair 
niques. The data from the studies cited above should b
viewed with caution because these studies were cond
primarily on uncracked samples which were coated prio
exposure simulating northern and southern climates.

e.Skid resistance. Penetrants do not affect the skid res
tance (a measure of the frictional characteristics) of the 
crete surface. Because penetrants are located at or be
the surface, they are subject to wear to the same extent 
concrete surface. Surface sealers and high build coa
may make the surface less skid resistant, whereas mem
systems and overlays have the potential to make the su
more skid resistant. See Table 4.1.
-

-

t

-

 Table 4.1— Summary of surface treatments
Types Generic classification(s) Instillation requirements Durability characteristics Performance characteristics
Sealers Boiled linseed oil

Sprayed

Approximately 50 deg F (10C) or
above

Clean, dry and sound surface

Poor resistance to UV radiation

Improves freeze-thaw durability
Frequent applications required

Darkens concrete slightly
Does not bridge cracks

Alkyl-alkoxy- silane

 Siloxanes

Surface free of pretreatments
Sprayed, brushed or rolled
Ventilation required

Improves freeze-thaw durability
Reduces salt penetration

Reduces rate of corrosion

Improved resistance to water absorp
tion and reinforcement corrosion

Does not bridge cracks

High-molecular weight methacrylate Clean, dry, and sound surface
Sprayed, brushed, rolled, or squeegeed

Variable UV radiation resistance
Prevents moisture from penetrating
cracks

Seals cracks

Coatings Epoxy

Urethane or neoprene membrane/ep-
oxy top coat system

Rubberized asphaltic top coat system
Urethane
Membrane/urethane topcoat system

Clean. dry, and sound surface
Sprayed, brushed, rolled or squeegeed
Approximately 50 deg F (10 C) or
above

Ventilation required
Level surface typically required

Generally improves freeze-thaw dura-
bility

Fair to good abrasion resistance
Variable UV radiation resistance

Generally good resistance to water ab
sorption

Unknown resistance to reinforcemen
corrosion

Bridges small cracks

Overlays Concrete
Polymer concrete
Polymer-modified concrete

Clean, sound, and roughened surface
Hand or machine applied
Generally above freezing
Ventilation may be required

Improves freeze-thaw durability
Excellent abrasion resistance

May add weight
Architectural finish is possible
Protects structural concrete and rein
forcing

May improve structural capacity
-
nt

-
-

d

g
e
,

f. Appearance. Except for penetrants, most surface tre
ments alter the appearance of the concrete. This can b
vantageous because the contrast between original con
and repairs can be hidden. Most surface sealers are tran
ent, which results in a wet or glossy appearance, altho
some can be pigmented. High build coatings are availabl
a variety of colors. Membranes and membrane top coats
usually gray or black, but some manufacturers offer sev
other colors (which may have a tendency to fade). The g
surface of a membrane top coat is difficult to keep clean

4.1.6.Penetrating sealers
a.Description. Penetrating sealers are materials which 

ter application are generally within the substrate of the c
crete. Depth of penetration will vary by the product and w
the properties of the concrete on which the sealer is app
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Depth of penetration is determined to a large degree by
size of the sealer molecule and the size of the pore struc
in the concrete. While deep penetration may be desirable
pecially for surfaces subjected to abrasion, it is not the m
important criterion for sealer effectiveness. Such produ
-

include, but are not limited to, boiled linseed oil, silanes, 
loxanes, certain epoxies, and high molecular weight me
acrylates.

b.Applications and limitations.Penetrating sealers may b
roller-, squeegee- or spray-applied to the concrete subst
A. Protective Properties
1. Artificial or Accelerated Weathering

ASTM D 1653 Test Method for Water Vapor Transmission of Organic
Coating Films

ASTM E 96 Test Methods for Water Vapor Transmission of Materials
2. Water Absorption

ASTM C 67 Test Methods of Sampling and Testing Brick and Struc-
tural Clay Tile

ASTM C 642 Test Method for Specific Gravity, Absorption, and
Voids in Hardened Concrete

3. Chloride Ingress
AASHTO T 259, Resistance of Concrete to Chloride Ion Penetration

B. Durability
1. Natural Weathering

ASTM D 4141 Practice for Conducting Accelerated Outdoor Exposure
Tests for Coatings

2. Artificial or Accelerated Weathering
ASTM G 26 Practice for Operating Light Exposure Apparatus (Xe-

non-Arc Type) With and Without Water for Exposure
of Nonmetallic Materials

3. Salt Spray Resistance
ASTM B 117 Test Method of Salt Spray (Fog) Testing

4. Freeze Thaw/ Scaling
ASTM D 2247 Practice for Testing Water Resistance of Coatings in

100% Relative Humidity
6. Resistance to Alkali

ASTM D 1647 Test Method for Resistance of Dried Films of Varnishes
to Water and Alkali

7. Light Stability
ASTM D 2620 Test Method for Light Stability of Clear Coatings

8. Chalking
ASTM D 4214 Test Methods for Evaluating Degree of Chalking of Ex-

terior Paint Films
9. Water Swelling

ASTM D 2247 Practice for Testing Water Resistance of Coatings in
100% Relative Humidity

10. Resistance to Wind-Driven Rain
ASTM E 514 Test Method of Water Permeance of Masonry

Fed. Spec.
TT-C-555B

Coating, Textured (for Interior and Exterior Masonry Surfaces)

Fed. Spec.
TT-P-1411A

Paint, Copolymer-Resins Cementitious (for Water-
proofing Concrete and Masonry Walls

ASTM D 412 Test Methods for Vulcanized Rubber and Thermoplas-
tic Rubbers and Thermoplastic Elastomers—Tension

ASTM D522 Test Methods for Mandrel Bend Test of Attached Or-
ganic Coatings

ASTM D 1642 Test Methods for Elasticity or Toughness of Varnishes
ASTM D 2370 Test Method for Tensile Properties of Organic Coating
ASTM D 522 Test Methods for Mandrel Bend Test of Attached Or-

ganic Coatings
ASTM D 1642 Test Methods for Elasticity or Toughness of Varnishes
ASTM D 429 Test Method for Rubber Property—Adhesion to Rigid

Substrates
ASTM D2197 Test Methods for Adhesion of Organic Coatings by

Scrape Adhesion Tester
ASTM D 3359 Test Methods for Measuring Adhesion by Tape Test
ASTM D 4541 Method for Pull-Off Strength of Coatings Using Porta-

ble Adhesion-Testers
ASTM D2794 Test Method for Resistance of Organic Coatings to the

Effects of Rapid Deformation (Impact)
6. Coefficient of Friction

ASTM D 2047 Test Method for Static Coefficient of Friction of Polish-
Coated Floor Surfaces as Measured by the James Machine

B. Durability (continued)
7. Chemical Resistance
ASTM C 267 Test Method for Chemical Resistanc

of Mortars
8. Crack Bridging
ASTM C 836 Specification for High Solids Con-

tent, Cold Liquid-Applied Elasto-
meric Waterproofing Membrane
for Use with Separate Wearing
Course

C. Performance Properties
1. Elongation/Elasticity
D. Physical Properties
1. Viscosity
ASTM D 2196 Test Method for Rheological

Propertie2 of Non-Newtonian Ma-
terials by Rotational (Brookfield)
Viscometer

2. Hardness
ASTM D 1474 Test Methods for Indentation Hard

ness of Organic Coatings
ASTM D 2134 Test Method for Determining the

Hardness of Organic Coatings with 
Sward-Type Hardness Rocker

ASTM D 2240 Test Method for Rubber Property—
Durometer Hardness

ASTM D 3363 Test Method for Film Hardness by
Pencil Test

3. Specific Gravity
4. Drying Time
ASTM D 1640 Test Methods for Drying, Curing, or

Film Formation of Organic Coatings
at Room Temperature

5. Nonvolatile Content
ASTM D 1353 Test Method for Nonvolatile Matter in

Volatile Solvents for Use in Paint, Var
nish, Lacquer, and Related Products

6. Flash Point
ASTM D 56 Test Method for Flash Point by Tag

Closed Tester
ASTM D 93 Test Methods for Flash Point by Pen

sky-Martens Closed Tester
ASTM D 3278 Test Method for Flash Point of Liquids

by Setaflash-Closed-Cup Apparatus
7. Flame Spread, Smoke Density
ASTM E 84 Test Method for Surface Burning

Characteristics of Building Materials
8. Gloss
ASTM D 523 Test Method for Specular Gloss

9. Coating Thickness
ASTM D 4138 Test Method for Measurement of Dry

Film Thickness of Protective Curing
Systems by Destructive means

10. Cure Time
11. Effect on Potable Water
NSF Standard 61 Drinking Water Components—Health

Effects
12. Microbiological Attack
ASTM D 3274 Test Method of Evaluating Degree o

Surface Disfigurement of Paint Films
by Microbial (Fungal or Algal)
Growth or Soil and Dirt Accumula-
tion

ASTM D 3456 Practice for Determining by Exterior
Exposure Tests Susceptibility o
Paint Films to Microbial Attack

Table 4.2—Testing of sealers and coatings for reinforced concrete
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Proper surface preparation is important for successful ap
cation due to the sensitivity of penetrating sealers to cont
inants and previously applied sealers in the substr
Ultraviolet (UV) and abrasion resistance are generally go
Penetrating sealers will not bridge new or existing crack

4.1.7Surface sealers
a. Description. Surface sealers are products of 10 m

(0.25 mm) or less in thickness that generally lay on the 
face of the concrete. Such products include varieties of
oxies, polyurethanes, methyl methacrylates, moisture-cu
urethanes and acrylic resins. Certain paints whether oil b
or latex based (such as styrene-butadiene, polyvinyl ace
acrylic or blends of these with other polymers disperse
water), would be included in this classification if less than
mils (0.25 mm) thick. The dry film thickness of surface se
ers and paints ranges from 1 to 10 mils (0.03 to 0.25 m
Although these products may be pigmented, they will not
preciably alter the texture of the surface and most sur
blemishes will reflect through.

b. Application and limitations. The materials may be ap
plied with brush, roller, squeegee or spray. The chemical
riers within some of the products may cause applica
limitations. The manufacturer’s safety recommendatio
must be followed. Surface sealers will, in general, red
skid resistance. They will not bridge moving cracks, but m
be effective in closing (not bridging) small, non-movin
cracks. Many of these products are affected by UV and 
wear under surface abrasion. Epoxies and methyl metha
lates, however, do show good resistance to abrasion and
form better than other products in this classification. Surf
preparation is important for all these products.

4.1.8High-build coatings
a.Description. High-build coatings are materials with a d

thickness greater than 10 mils (0.25 mm) and less than 30
(0.75 mm) applied to the surface of the concrete. The 
polymers of such products include, but are not limited
acrylics, styrene-butadienes, polyvinyl acetates, chlorina
rubbers, urethanes, polyesters, and epoxies. High-build 
ings will alter the appearance of the surface, may be pigm
ed, and will partially mask blemishes in the concrete surfa

b. Applications and limitations.These products may b
applied with brush, roller, squeegee, or spray. In normal
vironments the coating must be resistant to oxidation as 
as UV and infrared radiation exposure. On floors, resista
to abrasion and punctures as well as resistance to mild c
icals (salts, grease and oil, battery acid, and detergents
also important.

In addition to preservation of the coating material, 
bond between the coating and concrete substrate mus
main intact. Even with proper surface preparation, the b
can break down. If the coating is highly impermeable to 
ter vapor, water may condense at the concrete/coating i
face and destroy the bond.

Epoxy resins are commonly used repair materials 
generally have very good bonding and durability charac
istics. The resins can be mixed with fine aggregates to
prove abrasive and skid resistance. Some high-b
coatings, including epoxies without aggregate, when use
li-
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horizontal applications, may result in a very slippery surfa
when wet and may not be suitable for pedestrian or vehicu
traffic. The non-elastomeric high-build coatings genera
do not bridge moving cracks, but may be effective in fillin
small, non-moving cracks. These products have better w
characteristics than thinner systems.

A guide to the use of coatings as a protective barrier is
ported by ACI 515.1R. A coating intended to reduce re
forcement corrosion in repair work may also be required
waterproof the structure, protect against chemical attack
improve the appearance.

4.1.9Membranes
a.Description. Membrane systems are surface treatme

with a thickness of greater than 30 mils (0.7 mm) and le
than 250 mils (6 mm) applied to the surface of the concre
Such products include, but are not limited to, urethan
acrylics, epoxies, neoprenes, cement, polymer concrete, 
tain methyl methacrylates, and asphaltic products. Th
products significantly alter the appearance and mask ble
ishes in the concrete surface. Elastomeric membranes
into this group as well as some high-build coatings.

b. Application and limitations. These products may be ap
plied by brush, squeegee, roller, trowel, or spray. Most
these membranes are resistant to water absorption and b
small (less than 0.01 in. [0.25 mm]) moving or non-movin
cracks. Membranes with rigid urethane mortar or epo
mortar top coat offer reasonable skid and abrasion resista
under traffic. Frequent maintenance of membranes in pa
ing structures may be required at steep ramps and turn
starting, and stopping areas.

Tests which measure performance characteristics of e
tomeric membranes, particularly traffic deck membrane s
tems, are quite limited. Manufacturers usually list a varie
of different (non-standardized) test results in their techni
data sheets which are conducted in their own laboratory 
der room temperature conditions.

Standardized test results from independent laboratories
traffic bearing membrane systems should be compared
key performance characteristics such as: permeability, el
gation, tensile strength, tear strength, adhesion, modulu
elasticity, abrasion resistance, low temperature flexibilit
and water vapor transmission.

4.1.10Overlays—General
a.Description. Overlays are products of 250 mils (6 mm

or greater in thickness that, in general, are bonded to the 
face of the concrete. Such products include, but are not l
ited to, polymer concrete, concrete, epoxies, certain met
methacrylates and polymer-modified concrete. Overla
change the appearance texture and elevation of the orig
concrete surface. See ACI 548.1R.

b. Application and limitations. Overlays may be placed,
troweled, screeded, sprayed, or seeded in one or more la
onto the concrete surface. The overlay will add weight p
portional to its thickness. Therefore, the additional dead lo
must be considered in the analysis of an existing structu
Overlays can be installed to act compositely with the exi
ing structure. Additional reinforcement may be added su
as welded wire fabric, reinforcing steel, or fibers. The thic
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ness of an overlay can be used to improve the drainage 
acteristics of the top surface of a concrete slab. Overlays 
bridge non-moving cracks; however, moving cracks m
mirror through the overlay unless properly detailed. 
overlay offers a choice of different colors and textures.

For an overlay to perform properly, the surface to whic
is bonded must be clean and sound. Remove all laitance, 
and debris that result from the surface preparation operati

Cracking has been a problem in some bonded overlays.
cracking is believed to have had one of four causes: tearin
surface due to late finishing operations; plastic shrinkage f
excessive drying; differential movement between the d
and the overlay due to temperature differences or dry
shrinkage; or existing cracks reflected through the over
These can be controlled by the following procedures.

1. During the finishing operation on a cementitious ov
lay, the surface of the overlay must be plastic enough to
ceive the finish applied. If drying of the surface has occurr
there is a tendency to tear the surface and cause sha
cracks. This can be alleviated by proper timing of the fini
ing, and, in some cases, application of a fine mist of wate
prevent evaporation losses.

2. Thin, cementitious overlays are susceptible to pla
shrinkage cracking because their high surface-to-volume
tio promotes rapid evaporation under drying conditions s
as low relative humidity and wind. Also, because these c
cretes usually have low water-cement ratios, there is l
bleed water to replace evaporated water. Determine envi
mental conditions to be expected when placing overlays,
consider early morning or nighttime placements to av
drying conditions. Good curing practice, such as cover
with wet burlap, will help. Control joints added within 2
hours of placement or tooled in the plastic material sho
reduce shrinkage stress.

3. Differential thermal movement can be minimized 
cooling the deck with water prior to placement of the ov
lay, or placing during the early morning hours, or a com
nation of both.

4. Existing cracks will reflect through thin overlays. To mi
imize the impact of this problem, the existing cracks must be
paired and a bond breaker must be applied over the cracks

4.1.11Common overlay systems
4.1.11.1Bonded portland cement concrete overlay—

Bonded portland cement concrete overlays are simply la
of concrete (usually horizontal) placed on a properly p
pared existing concrete surface to restore a spalled or d
tegrated surface. They provide a protective barrier to deic
salts and sometimes increase the load carrying capaci
the underlying concrete. The thickness of an overlay m
range from 11/2 in. (38 mm) to almost any reasonable thic
ness, depending upon the purpose it is intended to serv
portland cement based overlay may be suitable for a wide
riety of applications such as resurfacing spalled or crac
concrete surfaces on bridge decks or in parking structu
increasing cover over reinforcing steel, or leveling floo
Other applications of overlays include repair of concrete s
faces which are damaged by abrasion, freezing, or fire 
the repair of deteriorated pavements.
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Portland cement based overlays should not be used in
application in which the original damage was caused by
gressive chemical attack that would continue to attack
portland cement in the overlay. Bonded overlays should 
erally not be used in situations in which there is active cra
ing or structural movement because the existing cracks
be reflected through the overlay. Unbonded overlays sh
be used in these situations.

The overlay concrete should be proportioned to match
characteristics of the substrate concrete as closely as pos
To minimize shrinkage, the water-cement ratio should be 
at the minimum that will allow proper placement and con
idation. Bonding compounds are often used with portland
ment overlays. Neat sand-cement slurry placed immedia
prior to the overlay has achieved successful results.

4.1.11.2Latex-modified concrete (LMC) overlays—A
LMC is similar to conventional concrete except that it c
tains a latex and less water. Latex at the rate of 15 perce
tex solids to portland cement by weight has been m
commonly used in bridge and parking deck overlays. 
Section 3.3.2, ACI 548.3R and ACI 548.4 for additional d
concerning LMC.

The following should be considered when using LM
overlays.

1. LMC is usually produced in mobile, continuous mix
fitted with an additional storage tank, pump, and piping
the latex. It is recommended that the latex be maintained
temperature between 45 and 85 ˚F (7 to 30 ˚C).

2. It is a characteristic of the latex to entrain a cer
amount of air in the concrete and the addition of an anti-fo
agent to ensure satisfactory air contents may be requ
The cement should comply with ASTM C 150 for Type I,
or III. Air-entraining cement or air-entraining admixtur
should not be used.

3. LMC will tend to form a crust on the surface if allow
to dry; therefore, finishing operations should be timely to p
vent tearing of the surface. In the summer, it is common
LMC placements to be in the early morning or late at nigh
avoid weather conditions which will aggravate this drying

4. Roughening the parent concrete will enhance the b
Many state departments of transportation do require a ro
ened surface prior to installing an LMC overlay. Prewett
the concrete substrate is recommended. The bond coa
LMC is usually produced directly by brooming the mor
fraction out of the concrete as it is discharged on the d
Alternatively, bond coats may be produced using a sepa
mortar mixture that is applied in front of the concrete. T
intent of a bond coat is to make intimate contact between
clean deck and the freshly-placed LMC mixture.

5. Finishing on bridge decks is usually done with a rota
drum machine, although on smaller placements vibrating sc
have been used. Metal tools for hand finishing are preferred

6. The normal curing procedure is to apply wet burlap 
polyethylene film as soon as the finishing operation is com
ed to prevent moisture loss from the surface. The cover sh
be on for a minimum of 24 to 48 hours and then removed fo
drying until the LMC has achieved specified strength.
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7. As LMC cures, the latex will coalesce to form a fil
within the concrete. This process retains some water tha
lows the cement to hydrate and reduce shrinkage crackin
the dry curing stage, film formation continues, controlli
the loss of excess moisture while the strength of the conc
increases. This film formation, like cement hydration,
temperature sensitive, requiring longer time at low temp
tures to complete coalescence. Cylinders should be cure
the deck, in the same environment as the overlay, to prop
monitor strength gain.

4.1.11.3 Epoxy overlays. Epoxy resins are commonly use
repair materials that generally have very good bonding 
durability characteristics (ACI 503R). These resins can
mixed with aggregates to form epoxy mortars or concre
that are suitable for some coating and overlay applicatio

Overlays composed of epoxy mortars or concretes are
suited for use in areas where the concrete is being atta
by an aggressive substance such as acidic water or 
chemical in the water. These overlays may also be used
caution in some instances to repair surface cracking, pro
ed that the cause of the cracking is well understood an
movement of the concrete is expected in the future. Bec
the physical properties of epoxy are very different than c
crete, possible applications for epoxy-based overlays 
coatings must be reviewed very carefully to ensure that
proposed use is compatible with the base material. Slab
grade or concrete walls with backfill in freezing climat
should never receive an overlay or coating that is a va
barrier. An impervious barrier will cause moisture pass
from the subgrade or backfill to accumulate under or beh
the barrier, leading to critical saturation of the concrete 
rapid deterioration by cycles of freezing and thawing.

Evaluate the substrate to determine if the coefficient of
pansion of the epoxy concrete is compatible with the subs
concrete. Failures at the bond line have commonly occu
because of the difference in thermal volumetric changes.

Repair of deteriorated concrete with epoxy overlays w
involve the use of epoxy concrete or epoxy mortar. Ep
resin systems must conform to ASTM C 881, Type III.

Aggregates are added to the system for economy and
proved performance (reduced shrinkage, higher modulu
elasticity, lower coefficient of thermal expansion, and hig
wear resistance) in patching applications and floor toppi
Aggregates should be clean and dry at the time of use an
temperature similar to that expected for the epoxy resin m
or concrete. The grading should be uniform with the sma
size retained on No. 100 sieve (150µm) and the maximum size
not to exceed one-third of the mean depth of the patch or o
ing to be filled. However, the recommended maximum ag
gate size for epoxy-resin concrete is 1 in. (25 mm), and
epoxy-resin mortar, material passing a No. 8 (2.36 mm) sie

Limit the amount of aggregates to ensure complete w
ting of the aggregate surfaces with resin. Vary the ag
gate-resin proportions with the type and grading of 
aggregate. Up to seven parts by weight of the fine ag
gate can be mixed with one part of epoxy resin, but a th
to-one proportion is usually used for most fine aggrega
when making epoxy mortar. For epoxy concrete the p
d
r

a

-

portion of aggregate to the mixed resin may be as hig
12 to 1 by weight for aggregates in the specific grav
range of 2.50 to 2.80. The epoxy-to-aggregate ratio 
temperature affect the viscosity of the system.

Machine mixing of the epoxy resin components is m
datory except for mixing volumes of 1 pint (0.5 L) or le
Epoxy mortar or concrete may be machine or hand m
after the epoxy components have been mixed. Small d
mechanical mixers have been used successfully but are
ficult to clean properly. Large commercial dough or m
sonry mortar mixers have been widely and successf
used and present less difficulty in cleaning. Hand mix
may be performed in metal pans with appropriate to
When epoxy mortar is hand mixed, the mixed epoxy s
tem is transferred to the pan and the fine aggregate is g
ually added during mixing. Regardless of how the ep
concrete is mixed, the fine aggregate is added first and 
the coarse aggregate. This procedure permits proper 
ting of the fine aggregate particles by the mixed epoxy s
tem and produces a slightly “wet” mixture to which t
coarse aggregate is added.

Prior to placement, a single prime coat of epoxy should
worked into the cleaned substrate by brushing, troweling
any other method that will thoroughly wet the substrate. 
epoxy mortar or concrete must be applied while the prime 
is in a tacky condition. Use hand tampers to consolidate
epoxy concrete, taking great care to trowel the mortar onto
sides and into the corners of the patch. Because of the rel
ly short pot life of epoxy systems, the placing, consolidat
and finishing operations must be performed quickly before
epoxy sets. Heat build-up, which occurs at the conclusio
pot life, depends on reactivity of the epoxy resin, mass o
placement, and the ambient temperature.

Do not spread excess material onto concrete adjace
the patch because the carryover material is difficult to cl
up. In finishing operations, proper surface smoothness m
be achieved. The epoxy mixture tends to build up on the
ishing tools requiring frequent cleaning with an appropri
solvent. After each cleaning, wipe the tool surfaces fre
excess solvent.

The material used in the epoxy systems and the solv
used for cleanup may present a health hazard to some
viduals. The materials may be handled safely if the manu
turer’s precautionary measures are observed.

4.2—Joint sealants
The function of joint sealants in concrete is to minim

the intrusion of liquids, solids or gases, and to protect
concrete against damage. In certain applications secon
functions are to improve thermal and acoustical insulat
damp down vibration, or prevent unwanted matter collec
in crevices (ACI 504R).

Protection systems of joints include the sealing of cra
contraction (control) joints, expansion joints, and constr
tion joints. Joint types are discussed in the following secti

4.2.1 Types of joints
a. Cracks.The reasons that cracks occur in concrete

clude shrinkage, thermal changes, structural related stre
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or long term strain shortening. Prior to selecting a sea
the reason for the cracking must be determined. Mo
cracks must be identified. In some instances structural b
ing of a crack may be required, whereas in other situati
restraint across the crack should be avoided.

b.Contraction (control) joints. These are purposely installe
joints designed to regulate cracking that might otherwise o
due to the contraction of concrete (ACI 504R). These joints
often called control joints because they are intended to co
crack locations. The necessary plane of weakness ma
formed by reducing the concrete cross-section by tooling or
cutting a joint (customarily within 24 hours.)

c. Expansion (isolation) joints. These are designed to pr
vent the crushing and distortion (including displacem
buckling, and warping) of the abutting concrete structu
units that might otherwise occur due to the transmissio
compressive forces that may be developed by expansion
plied loads, or differential movements arising from the c
figuration of the structure or its settlement (ACI 504
Expansion joints are made by providing a space over the
tire cross section between abutting structural units.

d. Construction joints.These are joints made before a
after interruptions in the placement of concrete or thro
the positioning of precast units. Locations are usually pr
termined so as to limit the work that can be done at one 
to a convenient size, with least impairment of the finis
structure, though they may also be necessitated by un
seen interruptions in concreting operations. Depending
the structural design, they may be required to function l
as expansion or contraction joints having the features alr
described, or they may be required to be soundly bonde
gether so as to maintain complete structural integrity. C
struction joints may run horizontally or vertically dependi
on the placing sequence prescribed by the design o
structure (ACI 504R).

4.2.2Sealing methods—Methods to seal joints include in
jection techniques, routing and caulking, bonding, instal
premolded seals, or by installing appropriate surface pro
tion systems (such as elastomeric membranes) discuss
Section 4.1.

ACI 504R discusses different techniques and materia
seal joints and ACI 503.1 discusses epoxy materials.

4.3—Cathodic protection
4.3.1Description—Reinforcing steel in concrete is gene

ally protected from corrosion by a passive oxide film crea
by the alkaline portland cement. However, when aggres
ions such as chlorides contaminate the concrete aroun
reinforcing steel, the passive oxide film is weakened or
stroyed and corrosion of the reinforcing steel can occur.

The corrosion process is an electrochemical process w
anodic and cathodic areas are formed on the steel. Whe
anodic and cathodic areas are electrically continuous a
the same electrolyte, corrosion at the anodic areas will o
The corrosion is created as an electrical current flow oc
through the corrosion cell, anodes, cathode, and electro
Unless mitigated, the corrosion will continue until failure o
t,
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curs at the anodic area. Additional information on corros
of steel in concrete may be found in ACI 222R.

A proven procedure to control the corrosion of stee
contaminated concrete is cathodic protection. The b
principle involved in cathodic protection is to make the e
bedded reinforcing steel cathodic, thereby preventing fur
corrosion of the steel. This can be accomplished by ele
cally connecting the reinforcing steel to another metal 
becomes the anode with or without the application of an
ternal power supply.

Cathodic protection systems in which an external po
supply is not used are referred to as sacrificial systems.
metal that is used to protect the steel is “less noble” or m
prone to corrosion than the steel, for example, zinc. As s
this metal corrodes in place of the steel and the structu
protected. However, in most cathodic systems an exte
power supply is used to force a small amount of electric 
rent through the reinforcing steel to counteract the flow
current caused by the corrosion process. A metal that
rodes at a very slow rate, such as platinum, is typically 
vided to serve an anode. This method of controll
corrosion is known as impressed current cathodic protec

4.3.2 Applications—Cathodic protection can be used 
protect almost any type of reinforced concrete structure.
limitations are described in Section 4.3.3. The types of st
tural members include:

a. Horizontal slabs: Parking garage decks, bridge dec
floors, roofs and balconies.

b. Vertical members: Wall sections, towers, and simila
structures.

c. Structural members: Beams, columns, foundations, a
bridge substructures.

4.3.3 Limitations—Cathodic protection systems can 
used to mitigate corrosion on many types of structures. H
ever, the following should be observed:

a. Cathodic protection will not replace corroded steel.
b. At the present time, cathodic protection is not reco

mended for general usage on prestressed concrete struc
A possibility of hydrogen embrittlement of the high stren
steels may occur.

c. Post tensioned structures may be cathodically prote
after an analysis by a corrosion engineer to determine
material of the sheathing and reinforcement, and the ele
cal continuity of the reinforcement.

d. The reinforcing steel must be electrically continuous
the cathodic protection to function. In structures where
reinforcing is covered with an inorganic coating such as
oxy, a determination of the electrical continuity of the re
forcing must be made before considering the use of cath
protection.

 4.3.4Types of cathodic protection systems—Most cathod-
ic protection systems contain an anode system, D.C. p
source, and connecting cables. In addition to the basic c
ponents, there may be reference electrodes or other mo
ing and measuring devices. The primary difference betw
the types of systems is the anode system and its applica

a. Surface monitored anode systems without overl.
These anode systems are mounted on the surface of the
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sign
, the
crete and do not require a cementitious overlay. Gener
these anode systems are not used in high wear applicat

b.Conducive mastic systems. These consist of a conduciv
coating with embedded anodes on the surface of the 
crete. They are used on vertical surfaces, ceilings, and
umns.

c. Plate type systems. These consist of manufactured a
ode plates that are glued to the concrete surface.

d. Surface mounted anode systems with overlays.These
anode systems are generally used on horizontal surface
require a cementitious overlay of 0.5 in. (13 mm) minimu
thickness.

e.Mesh type noble metal anodes.A mesh of a noble meta
anode is fixed to concrete with a multiplicity of pins and th
covered with a cementitious material.

f. Conductive polymer concrete strips.A series of conduc-
tive polymer concrete strips containing a noble metal an
is fixed to the concrete surface and covered with a ceme
tious overlay.

g. Embedded anode systems.The anode system is embed
ded in the surface of the concrete or at the level of the r
forcing in new construction.

h. Saw slot anode systems. A series of small depth and
width saw slots is made in the concrete surface. The slot
filled with a noble metal anode and a conductive polym
concrete.

i. New construction. Anodes can be placed at the level 
the reinforcing during new construction. However, care m
be taken to prevent contact between the anode and the
forcing steel.

CHAPTER 5—STRENGTHENING
TECHNIQUES

5.1—General
Prior to the repair of structural members, a structural a

ysis must be performed to determine if the members 
overloaded or under-designed for the service loads. 
analysis should consider both serviceability and strength
should include consideration of the causes of the struct
failure or degradation. Based on previous evaluations 
analytical results, the engineer must decide whether re
only or repair plus strengthening is required.

The following sections outline several acceptable alter
tives for strengthening structural members without co
pletely replacing them. The sections concentrate 
construction methods used for strengthening such as p
ment of reinforcement within existing concrete or placem
of new reinforcement exterior to the existing member. In
cases, the goal is to provide new reinforcement to resist
sion caused by flexure, shear, torsion, and axial forces so
the strengthened structure meets the minimum requirem
for strength and serviceability required by ACI 318 and ot
applicable building codes.

5.2—Interior reinforcing
5.2.1Description—A common method of providing addi

tional reinforcement across cracked surfaces is to install 
dowels into holes drilled perpendicular to the crack surfac
The entire length of the dowel is fixed to the concrete by 
ly,
ns.
use of a bonding matrix. This repair method is shown s
matically in Figs. 5.1, 5.2, 5.3, and 5.4.
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The structure must be shored and jacked if it is desired
relieve the member’s dead load stresses so the new rein
ing will resist the original dead load. However, at yield stre
the added reinforcing would normally be effective in resi
ing all loads.

Several bonding materials may be used. Portland cem
grouts, epoxy, and other chemical adhesives have been
cessfully installed within the annular space between 
dowel and sides of the pre-drilled hole. Creep and ot
long-term behavior of such adhesives should be conside
when sizing the holes and selecting the materials.

The dowels may be deformed steel reinforcing bars, sta
less steel rods, or bolts. Coating steel dowels with either z
galvanizing or fused epoxy is acceptable if all compone
are chemically compatible with the bonding material. T
protective coating of dowels should be considered wh
evaluating the bond strength between concrete and dow

Dowels for providing shear transfer between adjoini
sections of pavement may be placed in slots cut from the
to mid-depth of the adjoining sections. In one section 
dowel is bonded; in the other, the dowel is unbonded usin
sleeve or debonding agent.

5.2.2 Advantages and typical uses—Internal reinforce-
ment can strengthen concrete cracked by flexural and s
stresses and by restrained volume changes. The procedu
simple and uses commonly available equipment.

Examples of installations of interior reinforcements a
shown in Figs. 5.1, 5.2, 5.3, and 5.4. Epoxy injection is co
monly used to fill all cracks after installation of the bolts an
their adhesive, but before tensioning bolts. Internal post-t
sioning, as shown in Fig. 5.2, is not always required.

5.2.3 Limitations—Avoid cutting or puncturing internal
reinforcing bars or conduits during the drilling operatio
Non-destructive testing and design drawings can be use
determine the locations of embedded items. Heavily re
forced structural members may not permit drilling, and the
members should be strengthened by external techniques

Space constraints from the outside of the member may
permit drilling holes transverse to the crack.

Do not install internal dowels in deteriorated concrete
the bond strength cannot be developed. The conc
strength must be evaluated for each installation.

Clean the drill holes of concrete dust prior to the instal
tion of reinforcement and bonding agent. If the hole is n
thoroughly cleaned, the bonding matrix will adhere to du
and a limited bond strength to the concrete will result.

5.2.4Installation details—The pre-drilled holes should be
drilled perpendicular to the crack or nearly so. A core bit
a solid drill bit may be used, but core bits create a smo
surface inside the hole. The smooth surface is less effec
for bonding to the concrete. The embedment length on b
sides of the crack must be sufficient to develop the requi
stress in the bar by bond strength. For epoxy bond, 10 to
times the reinforcing bar diameter is usually sufficient, b
development lengths should be based on calculated de
loads and bond stresses or on tests. For cement mortars
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al to
ar to
Fig. 5.1—Interior reinforcement provides increased tensile resistance norm
an existing crack when bonded in a predrilled hole or grove cut perpendicul
the crack
ent
Fig. 5.2—Increasing flexural resistance with the addition of interior reinforcem
bonded into predrilled hole
Fig. 5.3—Interior reinforcing for shear strengthening



CONCRETE REPAIR GUIDE 546R-33

e fi-

 ar
 larg
nula
rta
e-

ns
bes

rill
m
fte

ore
p-
 th

ld b

el

n
n in

and
ten-
er
ory
rry-
 by
his
 di-

the

re

gth-
der,
Fig. 5.4—Reinforced concrete girder of a Kansas bridge repaired and stren
ened using reinforcing bars epoxy bonded into drilled holes (Stratton, Alexan
and Nolting, 1978)
development lengths given by ACI 318 are required. Th
nal hole diameter should be from1/8 to

1/4 in. (3 to 6 mm)
larger than the dowel diameter if epoxy bonding agents
used. The hole diameter should be at least 2 in. (50 mm)
er than the bar for cement mortars. This provides an an
space that is adequate to allow for compaction of the mo
However, epoxy viscosity is critical in selecting hole diam
ter for bar installation. Follow manufacturer’s instructio
and conduct trial installations in order to determine the 
hole diameter and depth.

A vacuum and wire brush will clean the inside of d
holes sufficiently. Carbide tipped drills with internal vacuu
ports are available to save time blowing out the hole a
drilling. Install sufficient bonding agent into the hole to m
than fill the annular space, or approximately half full if e
oxy is used. Insert the dowel into the hole and displace
bonding agent. The viscosity of the bonding agent shou
e
-
r

r.

t

r

e
e

fluid enough to permit the agent to flow between the dow
and the hole.

5.2.5Example—The Kansas Department of Transportatio
strengthened 84 reinforced concrete girder bridges as show
Fig. 5.4 (Stratton and Crumpton, 1984; Stratton, Alexander, 
Nolting, 1978 and 1982). The Kansas bridges had diagonal 
sion cracks in many of the girders of older two-lane, two-gird
reinforced concrete structures. Calculations and explorat
programs beginning in about 1978 indicated that the load ca
ing capability of the bridges could be significantly enhanced
adding shear reinforcement in holes drilled diagonally. T
procedure would not only repair the existing cracks but add
agonal tension strength to the members.

The procedure found most effective and used was 
following:

1) Diagonal cracks on the surface of the girders we
sealed with a silicone gel.
d con-
Fig. 5.5—External steel plate mechanically connected to damaged reinforce
crete beam for shear and/or flexural strengthening
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ers
Fig. 5.6—Application of steel strapping to repair of 66 ft (20.1 m) long gird
(Stratton, Alexander, and Nolting, 1982)
Fig. 5.7—External prestressing to close cracks and strengthen section
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2) One in. (25 mm) diameter holes spaced about 14 in. (
mm) apart along the length of the girder were drilled at a
degree angle on the centerline of each girder with a vacu
drill working from above.

3) Epoxy was pressure injected into the holes in orde
fill the diagonal cracks and to nearly fill each hole.

4) A #6 deformed bar (19 mm dia) was inserted into 
hole. The #6 bar was approximately 3 in. (75 mm) sho
than the full depth of the hole so that the top of the bar 
not protrude out of the top of the hole.

In this reinforcing procedure, the bond between the s
reinforcement and the concrete was provided by the ep
bond of the bar to the surrounding concrete after first rep
ing the concrete using epoxy injection.

Similar repair procedures were used on another pro
where about 800 concrete roof joists did not have adeq
shear capacity. The structure was below grade, covered 
backfill, and had an elastomeric waterproofing membra
and concrete protection slab on top of the roof slab. Drill
from the top was not feasible and the following repair pro
dure was used:

1) Cracks were injected with an epoxy adhesive.
2) Holes were drilled from the bottom of the joists upwa

at a 45 degree angle.
3) After cleaning, a two-component fast-setting adhesive 

in in a pre-measured mylar cartridge was inserted into the h
4) A reinforcing bar with a specially designed thread

coupler was inserted in the hole while being rotated b
drill. The rotating bar broke apart the cartridge and mixed 
two-component resin. The specially designed coupler p
vented the resin from running out of the hole and held the
in place until the adhesive hardened a few minutes later.

5) The threaded coupler was removed and the remain
shallow hole was patched.

5.3—Exterior reinforcing (encased and exposed)
5.3.1Description—Steel elements may be placed on t

exterior of an existing concrete member. The new reinfor
ment may be encased with shotcrete, mortar, plaster, or o
product, or it may be left exposed and protected from co
sion with a coating. The reinforcement may be deform
bars, welded wire fabric, steel plate, steel rolled sectio
steel strapping, or specially fabricated brackets. For me
bers damaged by overload, erosion, abrasion, or chemica
tack, the deteriorated or cracked concrete can be remo
and new reinforcement installed around and adjacent to
remaining concrete. The new reinforcement is encase
conventionally placed concrete or in shotcrete. Where 
existing concrete is in good condition, the new reinforc
ment may be bonded directly to the existing concrete surf
after preparing the surface as described in Chapter 2. Ep
and other chemical adhesives as well as portland cem
concrete may be used to bond the new reinforcement 
may be mechanically fastened to the existing concrete.

5.3.2Advantages and typical uses—Placement of exterior
reinforcement may be the most convenient method for re
and strengthening where obstructions limit access of eq
0

r

l
y
-

t
te
th

-

ment needed for placement of interior reinforcement. If s
face repair and placement of surface epoxy mortar, pla
or shotcrete is required for concrete rehabilitation, pla
ment of external reinforcement for strengthening may be
complished in the same construction process.

External flexural, shear, and torsion reinforcement 
beams and girders may be provided by bonding deforme
inforcing bars or plates to the surface of concrete girders 
shotcrete, cast-in-place concrete, or epoxy and polymer 
crete (Kajfasz, 1967; Toemsmeyer, 1981; Holman and C
1984; Kahn, Townsend, and Kaldjian, 1975). Anchors ma
required in the repair method to ensure composite action

Steel plates may be attached to existing girders using 
as illustrated in Fig. 5.5. Using a structural adhesive requ
adequate surface preparation of both the steel and the
crete and selection of the appropriate adhesive to bond 
to concrete. Sandblasting of both the steel plate and con
surface is the best method of preparation, but surface c
ing with solvents or high-pressure water blasting may be
equate for many cases.
-
.

Banding girders and columns with steel straps as show
Fig. 5.6 is effective in increasing shear resistance (Lunoe
Willis, 1957; Kahn, 1980). The1/2 to 2 in. (13 to 50 mm)
wide steel packaging bands are not bonded to the mem
but their banding prestress effectively anchors each s
Steel clamps bolted around an existing reinforced conc
member are also effective (Kahn, 1980).
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Beams, girders, columns, and walls can be strengthe
by placement of longitudinal reinforcing bars and stirrups
ties around the members and then encasing the mem
with shotcrete or cast-in-place concrete (Fratt, 1973; Da
1978; Strand, 1973). The shotcrete bonds the new reinfo
ment to the existing member. The added shotcrete also
creases the size of the member and adds strength
stiffness. Consideration must be given to the additional d
weight of the member resulting from such additions.

Both masonry and reinforced concrete walls have b
strengthened by adding surface layers of reinforcing bar
welded wire fabric and by application of shotcrete (Stra
1973; Fratt, 1973; Kahn, 1984). The shotcrete bonds the
reinforcement to the wall. Often new dowels are embed
in holes drilled into perimeter columns and beams for a c
nection between the frame members and the strengthe
infilled shotcrete wall.

5.3.3 Limitations—Because the stiffness of repaired me
bers is increased, load distribution in the structure is alte
Both repaired and unrepaired members including foun
tions should be checked for service load conditions.

External reinforcing always occupies space that was av
able for other uses before the repair.

Surface preparation of both steel and concrete is critic
bonding is required for composite action. Chapter 2 pres
surface preparation techniques.

Careful consideration must be exercised when using st
tural adhesives, especially epoxy, due to their softening
loss of strength at elevated temperatures. Where requ
appropriate fire protection must be provided.
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5.3.4Examples—The shear resistance of large reinforc
concrete girders was increased with steel straps surroun
the girders (Lunoe and Willis, 1957). The 2 in. wide by 0
in. thick (50 x 1.3 mm) straps are identical to those use
material handling and packaging applications. The corn
of the girders were protected with bent 16 gauge (1.5 
thick) steel plates. The straps were then tensioned to a s
of approximately 42,000 psi (290 MPa); two seals were t
crimped in place to secure the straps. Tests at the Por
Cement Association (PCA) (Elstner and Hogenstad, 19
indicated that the shear resistance provided by the strap
forcement can be predicted in the same manner as
strength provided by embedded stirrups. The PCA tests 
cated that a prestress of about 25,000 psi (170 MPa) was
essary to ensure full efficiency of the banding straps.

The shear strength of reinforced concrete girders in a p
ing garage was increased by adding external stirrups enc
in shotcrete. The repair procedure was as follows:

1) Side and bottom surfaces of beams were sandblast
provide clean and rough surfaces.

2) New external stirrups consisting of pairs of U-shap
bars lapped together were placed around the existing b
The horizontal section of the upper U-bar was placed 
slot cut into the top of the girder and vertical legs exten
through holes cut in the slab.

3) The new stirrups were encased in shotcrete.
4) Shotcrete encasements were sounded to detect unb

ed areas. Unbonded areas were removed and replaced.
5.4—Exterior post-tensioning
5.4.1Description—Girders and slabs may be strengthe

in both flexure and shear by addition of external tendons, 
or bolts which are prestressed. Fig. 5.7 illustrates this ext
post-tensioning. The strands may be straight or harped.
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5.4.2 Advantages and typical uses—The use of high-
strength prestressing reinforcement effectively reduces
amount of reinforcement required in the repair and streng
ening procedure. The prestressing also provides beam c
ber which helps to reduce deflection. The addition of a sin
post-tensioning arrangement increases both shear and 
ural strength. The shear resistance is increased due to 
crete compression and to the profile of the strands, and
flexural strength is increased due to the addition of long
dinal reinforcement.

5.4.3Limitations—Placement and stressing of prestres
ing strands and rods is often difficult in congested buildin
and interior locations. If positioning of hydraulic jacks is im
possible or laborious, turn buckles or nuts on rods can
used to tension the steel.

Closing of cracks may not be possible because debris o
collects in the open crack. As stressing progresses, de
and aggregates already in contact keep the crack o
Cleaning and filling the crack with epoxy or other approp
ate material may be necessary prior to prestressing.

Providing adequate anchorage of the tendons is manda
even though it may be difficult. Use of steel grillages on t
far side of columns and at the end of beams (Fig. 5.7) is 
because such anchorage uses bearing forces and be
they permit stressing of the entire length of a member incl
ing end connections. Bolted or bonded side anchors ma
an alternate anchorage. The anchors must be designed fo
eccentric forces and the portion of the concrete members
yond the anchors must be checked for strength.

In indeterminate frames, post-tensioning induces seco
ary shear and moments which must be considered w
planning the repair. Also, the new exposed post-tensio
strands will be visible, and may be distracting. Strands 
be concealed in concrete or by cladding. Building cod
should be checked for the installation of fireproofing on e
posed reinforcing.

5.4.4 Installation details—The exterior post-tensioning
method is performed with the same equipment and the s
design criteria that all prestressing and post-tension
projects require. The end plates must be properly desig
securely seated, and sufficient space must be provided
pulling the strands. Strand tensions are determined by de
in accordance with ACI 318.

5.4.5 Example—Exterior post-tensioning was used to r
store strength and serviceability of beams in a parking ga
located in San Francisco (Aalami and Swanson, 1988). T
multi-strand tendons per beam were added, one on each
New tendons were deflected down to the bottom of the be
at mid-span using specially designed hardware. The corro
protection and fireproofing system around the new tend
consisted of a 2 in. (50 mm) diameter corrugated PVC pipe
cased in a 6.5 in. (165 mm) square precast concrete tube
Fig. 5.8—Collar strengthening of a column (Klein a
Gouwens, 1984)
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innovative repair design allowed the garage to remain fu
operational during installation of the new tendons.

5.5—Jackets and collars
5.5.1 Description—Jacketing is the process whereby 

section of an existing structural member is restored to or
inal dimensions or increased in size by encasement in n
portland cement or polymer-modified portland cement co
crete. A steel reinforcement cage is constructed around
damaged section onto which shotcrete or cast-in-place c
crete is placed.

Collars are jackets which surround only a part of a column
pier and typically are used to provide increased support to
slab or beam at the top of the column (Fig. 5.8).
ent
con

on-
tion
The form for the jacket may be temporary or perman
and may consist of timber, corrugated metal, precast 
-

e
-

r
e

-

crete, rubber, fiberglass, or special fabric, depending
the purpose and exposure. The jacket form is pla
around the section to be repaired, creating an annular 
between the jacket and the surface of the existing m
ber. The form should be provided with spacers to ass
equal clearance between it and the existing member.

A variety of materials including conventional concre
and mortar, epoxy mortar, grout, and latex-modified m
tar and concrete have been used as encasement mat
Techniques for filling the jacket include pumping, trem
or pre-placed aggregate concrete.

5.5.2Advantage and typical uses—Jacketing is particular
ly applicable in repair of deteriorated columns, piers, and
ing where all or a portion of the section to be repaired
under water. The method is applicable for protecting c
crete, steel, and timber sections against further deteriora
(a)
(b)
Fig. 5.9—Supplemental members

(c)
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as well as for strengthening. Permanent forms are adva
geous in marine environments where added protection f
weathering, abrasion, and chemical pollution is desired. C
lars are effective in providing new capitals on existing c
umns for supporting slab floors (Klein and Gouwens, 198
The collar provides increased shear capacity for the slab,
it decreases the effective length of the column. Collars m
help satisfy architectural constraints better than jacketing
column for its full height.

5.5.3Limitations—Both jackets and collars require that a
deteriorated concrete be removed, cracks repaired, exis
reinforcement be cleaned, and surfaces prepared. This p
aration is required so that the newly placed materials w
bond with the existing structure. Because jackets are o
under water, such preparation is expensive and diffic
Nevertheless the applicability of jackets and collars is wid
spread and is generally cost-effective, especially if the al
native is replacement of the structure supported by 
deteriorated member.

Jackets and collars occupy space that was available
other uses before repair.

5.5.4 Installation details—The forming techniques and
the decision to use permanent or temporary forms are im
tant details in jacketing. Timber or cardboard forms may
used as temporary or permanent forms. Corrugated s
forms are easy to assemble and are adequate tempora
permanent forms. Permanent fiberglass, rubber, and fa
forms have gained wide acceptance because they pro
permanent resistance to chemical attack after the repa
complete. Additional information on jackets may be found
Chapter 3 of this guide.

5.6—Supplemental members
5.6.1Description—Supplemental members are new co

umns, beams, or braces which are installed to support d
aged structural members as illustrated in Fig. 5.9.

5.6.2 Advantages and typical uses—This repair method
can be used if none of the other strengthening technique
adequate for repair or if the structural configuration p
cludes use of other techniques. Supplemental members
quickly installed and therefore are suitable temporary em
gency repair solutions. Typically new members are instal
to support seriously cracked and deflected flexural memb
Often, use of supplemental members may be the most 
nomic alternative.

5.6.3Limitations—Installing new columns or beams wil
restrict space within the repaired column bay. A new colu
will obstruct passage and new beams will reduce head ro
Esthetically, the new beam or new column will be noticea
and distracting. Cross bracing or other means of provid
resistance to lateral forces may be necessary if the orig
structure does not provide the necessary resistance. S
bracing further restricts interior space utilization. Loads a
stresses in the existing structure may not be relieved un
special procedures are used.

The supplemental members may cause a redistributio
loads and forces that overstress an existing nearby mem
ta-
m
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5.6.4 Installation details—The new supplemental mem
bers may be timber, steel, concrete, or masonry. The 
members must be tightly shimmed, wedged, or anchore
position so that loads are transferred to the new member

In Fig. 5.9(a) the new post supports a beam weak in fl
ural capacity. The new post requires adequate founda
support. The single span has become continuous so that
ative and positive moment regions may be reversed. If cra
ing occurs in the new negative moment region, 
acceptability must be considered.

Fig. 5.9(b) illustrates a post added to improve the shea
sistance and to reduce the effective span of the exis
beam. Often such posts added adjacent to the existing
umn are more economical than collars. The post may be
sitioned eccentrically on an existing footing which must th
be analyzed to determine if its size or strength needs to b
creased. In placing the post, a permanent jack, shims, or 
may be required. The engineer must consider if jacking
fectively redistributes dead loads to the new posts.

Fig. 5.9(c) illustrates placement of a supplemental be
beneath an existing deflected slab. The space between
new beam and existing structure must be shimmed or 
packed. To provide lateral stability to the supplemen
member, it may be necessary to mechanically anchor it to
existing slab and/or columns. If the existing slab is suppor
on beams, the new beam could be supported on the exi
beams instead of new posts.
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5.6.5Example—A reinforced concrete multi-story condo
minium suffered severe shear and flexural cracking in 
second story girders. The girders supported a lobby area
a parking level. Because parking access would not be
versely affected, steel columns were shimmed into posi
beneath many girders. Small reinforced concrete spr
footings were located beneath the new columns.

CHAPTER 6—REFERENCES
6.1—Specified and/or recommended references

The documents of the various standards-producing org
zations referred to in this document are listed below w
their serial designation.

American Association of State Highway and Transportat
Officials

T 259 Standard Method of Test for Resistance of C
crete to Chloride Ion Penetration

American Concrete Institute

201.2R Guide to Durable Concrete

211.1 Standard Practice for Selecting Proportions 
Normal, Heavyweight, and Mass Concrete

222R Corrosion of Metals in Concrete

223 Standard Practice for the Use of Shrinkage-Co
pensating Concrete

234R Guide for the Use of Silica Fume in Concrete

304R Guide for Measuring, Mixing, Transporting, an
Placing Concrete
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304.1R Guide for the Use of Preplaced Aggregate Conc
for Structural and Mass Concrete Applications

305R Hot Weather Concreting

306R Cold Weather Concreting

306.1 Standard Specification for Cold Weather Concret

308 Standard Practice for Curing Concrete

318 Building Code Requirements for Structural Concre

355.1R State-of-the-Art Report on Anchorage to Concre

439.3R Mechanical Connections of Reinforcing Bars

503R Use of Epoxy Compounds with Concrete

503.4 Standard Specifications for Repairing Concr
with Epoxy Mortars

504R Guide to Sealing Joints in Concrete Structures

506R Guide to Shotcrete

506.1R State-of-the-Art Report on Fiber Reinforced Shotcr

506.2 Specification for Materials, Proportioning, and A
plication of Shotcrete

506.3R Guide to Certification of Shotcrete Nozzlemen

515.1R Guide to the Use of Waterproofing, Dampproofin
Protective, and Decorative Barrier Systems f
Concrete

544.3R Guide for Specifying, Proportioning, Mixing, Pla
ing, and Finishing Steel Fiber Reinforced Concre

544.4R Design Considerations for Steel Fiber Reinforc
Concrete

548R Polymers in Concrete

548.1R Guide for the Use of Polymers in Concrete

548.3R State-of-the-Art Report on Polymer Modifie
Concrete

548.4 Standard Specification for Latex-Modified Concre

549R  State-of-the-Art Report on Ferrocement

American Society for Testing and Materials

B 117 Test Method of Salt Spray (Fog) Testing

C 33 Specification for Concrete Aggregates

C 67 Test Methods of Sampling and Testing Brick a
Structural Clay Tile

C 94 Specification for Ready-Mixed Concrete

C 150 Specification for Portland Cement

C 267 Test Method for Chemical Resistance of Mortar

C 387 Specification for Packaged, Dry, Combined Ma
rials for Mortar and Concrete

C 642 Test Method for Specific Gravity, Absorption, an
Voids in Hardened Concrete

C 672 Test Method for Scaling Resistance of Concr
Surfaces Exposed to Deicing Chemicals

C 685 Specification for Concrete Made by Volumetr
Batching and Continuous Mixing

 C 711 Test Method for Low-Temperature Flexibility an
Tenacity of One-Part, Elastomeric, Solvent-R
lease Type Sealants
te

e
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e

C 806 Test Method for Restrained Expansion of Expa
sive Cement Mortar

C 836 Specification for High Solids Content, Cold Liq
uid-Applied Elastomeric Waterproofing Membran
for Use with Separate Wearing Course

C 845 Specification for Expansive Hydraulic Cement

C 878 Test Method for Restrained Expansion of Shrin
age-Compensating Concrete

C 881 Specification for Epoxy-Resin-Base Bonding Sy
tems for Concrete

C 928 Specification for Packaged, Dry, Rapid-Hardeni
Cementitious Materials for Concrete Repairs

C 937 Specification for Grout Fluidifier for Preplaced
Aggregate Concrete

C 938 Practice for Proportioning Grout Mixtures for Pre
placed-Aggregate Concrete

C 1059 Specification for Latex Agents for Bonding Fres
to Hardened Concrete

C 1107 Specification for Packaged Dry Hydraulic-Ceme
Grout (Nonshrink)

C 1116 Specification for Fiber-Reinforced Concrete a
Shotcrete

C 1202 Test Method for Electrical Indication of Concrete
Ability to Resist Chloride Ion Penetration

C 1240 Specification for Silica Fume for Use in Hydraulic
Cement Concrete and Mortar

D 56 Test Method for Flash Point by Tag Closed Test

D 93 Test Methods for Flash Point by Pensky-Marte
Closed Tester

D 412 Test Methods for Vulcanized Rubber and Therm
plastic Rubbers and Thermoplastic Elastomers
Tension

D 429 Test Method for Rubber Property—Adhesion 
Rigid Substrates

D 522 Test Methods for Mandrel Bend Test of Attache
Organic Coatings

D 523 Test Method for Specular Gloss

D 1353 Test Method for Nonvolatile Matter in Volatile Sol
vents for Use in Paint, Varnish, Lacquer, and Rela
ed Products

D 1474 Test Methods for Indentation Hardness of Orga
Coatings

D 1475 Test Method for Density of Paint, Varnish, Lac
quer, and Related Products

 D 1640 Test Methods for Drying, Curing, or Film Forma
tion of Organic Coatings at Room Temperature

D 1642 Test Methods for Elasticity or Toughness 
Varnishes

D 1647 Test Method for Resistance of Dried Films of Va
nishes to Water and Alkali

D 1653 Test Method for Water Vapor Transmission of O
ganic Coating Films
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D 2047 Test Method for Static Coefficient of Friction o
Polish-Coated Floor Surfaces as Measured by 
James Machine

D 2134 Test Method for Determining the Hardness of O
ganic Coatings with a Sward-Type Hardness Roc

D 2196 Test Method for Rheological Properties of No
Newtonian Materials by Rotational (Brookfield
Viscometer

D 2197 Test Methods for Adhesion of Organic Coatings
Scrape Adhesion Tester

D 2240 Test Method for Rubber Property—Durome
Hardness

D 2247 Practice for Testing Water Resistance of Coati
in 100% Relative Humidity

D 2370 Test Method for Tensile Properties of Orga
Coatings

D 2620 Test Method for Light Stability of Clear Coatings

D 2794 Test Method for Resistance of Organic Coating
the Effects of Rapid Deformation (Impact)

D 3273 Test Method for Resistance to Growth of Mold 
the Surface of Interior Coatings in an Environme
tal Chamber

D 3274 Test Method of Evaluating Degree of Surface D
figurement of Paint Films by Microbial (Fungal o
Algal) Growth or Soil and Dirt Accumulation

D 3278 Test Method for Flash Point of Liquids by Se
aflash-Closed-Cup Apparatus

D 3359 Test Methods for Measuring Adhesion by Ta
Test

D 3363 Test Method for Film Hardness by Pencil Test

D 3456 Practice for Determining by Exterior Exposu
Tests Susceptibility of Paint Films to Microbiolog
ical Attack

D 4138 Test Method for Measurement of Dry Film Thic
ness of Protective Coating Systems by Destruct
Means

D 4141 Practice for Conducting Accelerated Outdoor E
posure Tests for Coatings

 D 4214 Test Methods for Evaluating Degree of Chalking
Exterior Paint Films

D 4541 Method for Pull-Off Strength of Coatings Usin
Portable Adhesion-Testers

E 84 Test Method for Surface Burning Characteristics
Building Materials

E 96 Test Methods for Water Vapor Transmission 
Materials

E 514 Test Method of Water Permeance of Masonry

G 26 Practice for Operating Light Exposure Appara
(Xenon-Arc Type) With and Without Water for Ex
posure of Nonmetallic Materials

American Welding Society

D1.4 Structural Welding Code—Reinforcing Steel
e

-
r

-

y

r

s

to

-

-

e

e

-

f

f

f

s

NSF International

NSF 61 Drinking Water System Components—Health E
fects

These publications may be obtained from the followi
organizations:

American Association of State Highway and Transpor
tion Officials

444 North Capitol Street NW, Suite 225
Washington, DC 20001

American Concrete Institute
P. O. Box 9094
Farmington Hills, MI 48333

American Society for Testing and Materials
100 Barr Harbor Drive
West Conshohocken, PA 19428-2959

American Welding Society
P. O. Box 351040
Miami, FL 33135

NSF International
P. O. Box 130140
Ann Arbor, MI 48113-0140
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