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1. Purpose. This manual provides guidance on evaluating the condition of the concrete in a struc-
ture, relating the condition of the concrete to the underlying cause or causes of that condition, selecting
an appropriate repair material and method for any deficiency found, and using the selected materials
and methods to repair or rehabilitate the structure. Guidance is also included on maintenance of con-
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Chapter 1 whether the cracking is caused by repeated freezing and
Introduction thawing of the concrete, accidental loading, or some other

cause. Only after the cause or causes are known can
rational decisions be made concerning the selection of a
proper method of repair and in determining how to avoid
1-1. Purpose a repetition of the circumstances that led to the problem.
The following general procedure should be followed for

This manual provides guidance on evaluating the CON-g,a1yating the condition and correcting the deficiencies of
dition of the concrete in a structure, relating the condition o ~oncrete in a structure:

of the concrete to the underlying cause or causes of that
condition, selecting an appropriate repair material and
method for any deficiency found, and using the selected

materials and methods to repair or rehabilitate the struc-j,.jude a review of design and construction documents, a

ture. Guidance is also included on maintenance of CON-ayiew of structural instrumentation data, a visual exami-

crete and on preparation of concrete investigation reportsnation, nondestructive testing (NDT), and laboratory
for repair and rehabilitation projects. Considerations for analysis of concrete samples. Upon completion of this

certain specialized types of rehabilitation projects are alsog,,auation step, personnel making the evaluation should

a. Evaluation. The first step is to evaluate the
current condition of the concrete. This evaluation may

given. have a thorough understanding of the condition of the
o concrete and may have insights into the causes of any
1-2. Applicability deterioration noted.

This manual is applicable to all HQUSACE elements and b.

s e M Relating observations to cause®©nce the eval-
USACE commands having civil works responsibilities.

uation of a structure has been completed, the visual obser-

vations and other supporting data must be related to the

mechanism or mechanisms that caused the damage. Since
many deficiencies are caused by more than one mecha-

nism, a basic understanding of causes of deterioration of

concrete is needed to determine the actual damage-causing
mechanism for a particular structure.

1-3. References

References are listed in Appendix A. Copies of all the
references listed should be maintained in their most cur-
rent versions by districts and divisions having civil works
responsibilities. The copies should be kept in a location
easily accessible to personnel responsible for concrete

- ; X ) c. Selecting methods and materials. Once the
condition evaluations and concrete repair projects.

underlying cause of the damage observed in a structure
has been determined, selection of appropriate repair mate-
rials and methods should be based on the following

. . ' , considerations:
Terms frequently used in this manual are defined in the

Glossary (Appendix B). Also, abbreviations used in this
manual are explained in Appendix C.

1-4. Definitions and Abbreviations

(1) Prerepair adjustments or maodifications required
to remedy the cause, such as changing the water drainage

) o pattern, correcting differential foundation subsidence,
1-5. Methodology for Repair and Rehabilitation eliminating causes of cavitation damage, etc.

This manual deals primarily with evaluation and repair of (2) Constraints such as access to the structure, the

concrete structures; however, a basic understanding 0f ) ating schedule of the structure, and the weather.
underlying causes of concrete deficiencies is essential to

performing meaningful evaluations and successful repairs.
If the cause of a deficiency is understood, it is much more
likely that the correct repair method will be selected and
that, consequently, the repair will be successful. Symp-
toms or observations of a deficiency must be differen-
tiated from the actual cause of the deficiency, and it is
imperative that causes and not symptoms be addressed in
repairs. For example, cracking is a symptom of distress ,ierials to determine the most economically viable to
that may have a variety of causes. Selection of the COMansure a satisfactory job.

rect repair technique for cracking depends upon knowing

(3) Advantages and disadvantages of making per-
manent versus temporary repairs.

(4) Available repair materials and methods and the
technical feasibility of using them.

(5) Quality of those technically feasible methods and

11
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d. Preparation of plans and specification§.he next e. Execution of the work.The success of a repair
step in the repair or rehabilitation process is preparationor rehabilitation project will depend upon the degree to
of project plans and specifications. When required by awhich the work is executed in conformance with plans
major rehabilitation project, a Concrete Materials Design and specifications. There is growing evidence, based
Memorandum, in the form of a separate report or a partupon experience gained on a number of projects, that
of the Rehabilitation Evaluation report, should be preparedconcrete work on repair projects requires much greater
as outlined in Chapter 9. Existing guide specifications attention to good practice than may be necessary for new
should be used to the maximum extent possible. How-construction. Because of the importance of the attention
ever, many of the materials and methods described in thigo detail and the highly specialized construction tech-
manual are not covered in the existing guide specifica- niques required for most repairs, it is important that the
tions. If the materials and methods needed for a par-design engineer responsible for the investigation of the
ticular repair project are not covered in the guide distress and selection of repair materials and methods be
specifications, a detailed specification based upon theintimately involved in the execution of the work. For
guidance given in this manual and upon experience gainecexample, many repair projects require placing relatively
from similar projects should be prepared. Since the full thin overlays, either vertically or horizontally. The poten-
extent of concrete damage may not be completely knowntial for cracking in these placements is much greater than
until concrete removal begins, plans and specifications forit is during placement of concrete in new construction
repair projects should be prepared with as much flexibility because of the high degree of restraint.
with regard to material quantities as possible. A thorough
condition survey, as outlined in Chapter 2, performed as
close as possible to the time repair work is executed
should help minimize errors in estimated quantities.

1-2
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Chapter 2 problems (disintegration and spalling), and joint
Evaluation of the Concrete deterioration. Cracks are usually mapped on fold-out

sketches of the monolith surfaces. Mapping must include
inspection and delineating of pipe and electrical galleries,
filling and emptying culverts (if possible), and other sim-
. ilar openings. Additionally, a condition survey will
2-1. Introduction frequently include core drilling to obtain specimens for
laboratory testing and analysis. Stowe and Thornton

This chapter presents information on how to conduct an i i
evaluation of the concrete in a concrete structure. As Was(1984)’ American Concrete Institute (ACI) 207.3R, and

described in Chapter 1, a thorough and logical evaluationACI 364.1R provide additional information on procedures

of the current condition of the concrete in a structure is for conducting condition surveys.

the first step of any repair or rehabilitation project. When o Visual inspection. A visual inspection of the
the condition of a structure indicates that major repair or ' P | . P ) .
exposed concrete is the first step in an on-site examina-

rehabilitation is probably necessary, a comprehensive ¢ Th ¢ h L

evaluation of the structure should be conducted to deter—.tlon OI a structgr((aj. ' ne purposeg such an dexanjmat.lon
mine the scope of the work required. Such an evaluation' _to. ocate and define areas of distress or etenorapon.
could include the following: a review of the available It is important that the conditions observed be described

design and construction documentation; a review of the;th:uﬁfuhc;li fé?iisth:;tecfrt]héatceorn?ﬁet:nd'?(resr:ggdt bi)f
operation and maintenance records; a review of the instru-caII used during a visuF;I spection are Iiéted b ca>t/2—
mentation data; a visual examination of the condition of y 9 P y

the concrete in the structure; an evaluation of the structuregory in Table 2-1. Each of the categories of terms in the

by nondestructive testing means: a laboratory evaluationtable is discussed in detail in the following subparagraphs.

of the condition of concrete specimens recovered from theAddltlonal descriptions may be found in Appendix B,
structure; a stress analysis; and a stability analysis of theACI 116R, and ACI 201.1R.

entire structure. With the exception of performing stress
and stability analyses, each of these general areas i?hat
described in detail in this chapter.

in Concrete Structures

(1) Construction faults. Typical construction faults
may be found during a visual inspection include bug
holes, evidence of cold joints, exposed reinforcing steel,
honeycombing, irregular surfaces caused by improperly
aligned forms, and a wide variety of surface blemishes
A thorough review of all of the pertinent data relating to a and irregularities. These faults are typically the result of
structure should be accomplished early in the evaluationpoor workmanship or the failure to follow accepted good
process. To understand the current condition of the con-practice. Various types of construction faults are shown
crete in a structure, it is imperative to consider how in Figures 2-1 through 2-4.

design, construction, operation, and maintenance have ] ]

interacted over the years since the structure was designed (2) Cracking. Cracks that occur in concrete may be
and constructed. Sources of engineering data which carfléscribed in a variety of ways. Some of the more com-
yield useful information of this nature include project Mon ways are in terms of surface appearance, depth of
design memoranda, plans and specifications, constructiorfracking, width of cracking, current state of activity,
history reports, as-built drawings, concrete report or con-Physical state of concrete when cracking occurred, and
crete records (including materials used, batch plant angStructural nature of the crack. Various types of cracks
field inspection records, and laboratory test data), instru-b@sed on these general terms are discussed below:
mentation data, operation and maintenance records, and
periodic inspection reports. Instrumentation data and
monument survey data to detect movement of the struc-
ture should be examined.

2-2. Review of Engineering Data

(@) Surface appearance of cracks. The surface
appearance of cracks can give the first indication of the
cause of cracking. Pattern cracks (Figures 2-5 through
2-7) are rather short cracks, usually uniformly distributed
and interconnected, that run in all directions. Pattern
cracking indicates restraint of contraction of the surface
A condition survey involves visual examination of layer by the backing or inner concrete or possibly an
exposed concrete for the purpose of identifying and defin-
ing areas of distress. A condition survey will usually
include a mapp|ng of the various types of concrete defi- ! All ACI references are listed with detailed information
ciencies that may be found, such as cracking, surfacdn Appendix A.

2-3. Condition Survey

2-1
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Table 2-1

Terms Associated with Visual Inspection of Concrete

Construction faults
Bug holes
Cold joints
Exposed reinforcing steel
Honeycombing
Irregular surface

Cracking
Checking or crazing
D-cracking
Diagonal
Hairline
Longitudinal
Map or pattern
Random
Transverse
Vertical
Horizontal

Disintegration
Blistering
Chalking
Delamination
Dusting
Peeling
Scaling
Weathering

Distortion or movement
Buckling
Curling or warping
Faulting
Settling
Tilting

Erosion
Abrasion
Cavitation
Joint-sealant failure
Seepage
Corrosion
Discoloration or staining
Exudation
Efflorescence
Incrustation
Spalling
Popouts
Spall

Figure 2-1. Bug holes in a vertical wall

Figure 2-2. Honeycombing and cold joint
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Figure 2-5. Pattern cracking caused by restrained vol-
ume changes

definitions). Another type of pattern crack is D-cracking.

Figure 2-8 shows typical D-cracking in a concrete pave-
ment. D-cracking usually starts in the lower part of a

concrete slab adjacent to joints, where moisture accu-
mulates, and progresses away from the corners of the|
slab. Individual cracks (Figures 2-9 through 2-11) run in
definite directions and may be multiple cracks in parallel
at definite intervals. Individual cracks indicate tension in

the direction perpendicular to the cracking. Individual _ ) ) o
Figure 2-6. Pattern cracking resulting from alkali-slice

cracks are also frequently referred to as isolated cracks.eaction
Several terms may be used to describe the direction thal
an individual or isolated crack runs. These terms include

diagonal, longitudinal, transverse, vertical, and horizontal. . (€) Width of cracking. Three width ranges are used:
fine (generally less than 1 mm (0.04 in.)); medium

(b) Depth of CraCking. This Category is self- (between 1 and 2 mm (004 and 0.08 |n)), and wide (Over
explanatory. The four categories generally used to2 MM (0.08in.)) (ACI 201.1R).

describe crack depth are surface, shallow, deep, and
through.

2-3
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Jzﬁrjk
Figure 2-7. Pattern cracking caused by alkali- o
carbonate reaction

Figure 2-9. Isolated cracks as a result of restraint in
the direction perpendicular to the crack

Figure 2-8. D-cracking in a concrete pavement Figure 2-10. Parallel individual cracking caused by
freezing and thawing

(d) Current state of activity. The activity of the crack
refers to the presence of the factor causing the cracking. (e) Physical state of concrete when cracking
The activity must be taken into account when selecting aoccurred.  Cracks may be categorized according to
repair method. Two categories exist: Active cracks arewhether cracking occurred before or after the concrete
those for which the mechanism causing the cracking ishardened. This classification is useful to describe crack-
still at work. If the crack is currently moving, regardless ing that occurs when the concrete is fresh: for example,
of why the crack formed initially or whether the forces plastic shrinkage cracks.
that caused it to form are or are not still at work, it must
be considered active. Also, any crack for which an exact (f) Structural nature of the crack. Cracks may also
cause cannot be determined should be considered activéhe categorized as structural (caused by excessive live or
Dormant cracks are those that are not currently moving ordead loads) and nonstructural (caused by other means). A
for which the movement is of such magnitude that a structural crack will usually be substantial in width, and
repair material will not be affected by the movement. the opening may tend to increase as a result of continuous

2-4
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Figure 2-11. Isolated crack caused by structural
overload

Figure 2-12. Disintegration of concrete caused by

. . exposure to aggressive water
loading and creep of the concrete. In general, it can be P ad

difficult to determine readily during a visual examination

whether a crack is structural or nonstructural. Such a
determination will frequently require an analysis by a

structural engineer. Any significant isolated crack that is
discovered during a visual examination should be referred
to a structural engineer and should be considered as pos-#
sibly structural in nature.

(g) Combinations of descriptions. To describe
cracking accurately, it will usually be necessary to use
several terms from the various categories listed above.
For example: (1) shallow, fine, dormant, pattern cracking
that occurred in hardened concrete, (2) shallow, wide,
dormant, isolated short cracks that occurred in fresh con-
crete, (3) through, active, transverse, isolated, diagonal
cracks that occurred in hardened concrete.

(3) Disintegration. Disintegration of concrete may be
defined as the deterioration of the concrete into small
fragments or particles resulting from any cause. Disin-
tegration may be differentiated from spalling by the mass
of the particles being removed from the main body of (a) Scaling. Scaling is the localized flaking or peel-
concrete. Disintegration is usually the loss of small parti- ing away of the near-surface portion of the hardened
cles and individual aggregate particles, while spalling is concrete or mortar. Scaling is frequently a symptom of
typically the loss of larger pieces of intact concrete. freezing and thawing damage. Degrees of concrete scal-
Disintegration may be the result of a variety of causesing may be defined as follows (ACI 201.1R). Light spal-
including aggressive-water attack, freezing and thawing,ling is loss of surface mortar without exposure of coarse
chemical attack, and poor construction practices. Dis-aggregate (Figure 2-16). Medium spalling is loss of sur-
integration resulting from several different causes is face mortar up to 5to 10 mm (0.2 to 0.4 in.) in depth and
shown in Figures 2-12 through 2-15. As is shown in exposure of coarse aggregate (Figure 2-17). Severe spal-
Table 2-1, a wide variety of terms are used to describeling is loss of surface mortar 5 to 10 mm (0.2 to 0.4 in.)
disintegration. These terms are defined in the Glossary.in depth with some loss of mortar surrounding aggregate
Two of the most frequently used terms to describe parti- particles 10 to 20 mm (0.4 to 0.8 in.) in depth, so that
cular types of disintegration are scaling and dusting.

Figure 2-13. Disintegration of concrete caused by
exposure to acidic water

2-5
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Figure 2-14. Disintegration of concrete caused by
sulfate attack
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Figure 2-15. Disintegration at a monolith joint as a
result of repeated cycles of freezing and thawing and
barge impact

aggregate is clearly exposed and stands out from the con-
crete (Figure 2-18). Very severe spalling is loss of coarse
aggregate particles as well as surface mortar and sur-
rounding aggregate, generally to a depth greater than
20 mm (0.8 in.) (Figure 2-19).

(b) Dusting. Dusting is the development of a pow-

'dered. material at the surface of 'hardened concrete. Dustl-:igure 2-17. Medium scaling
ing will usually be noted on horizontal concrete surfaces

2-6



EM 1110-2-2002
30 Jun 95

of historical data such as periodic inspection reports may
be helpful in determining when movement first occurred
and the apparent rate of movement.

(5) Erosion. Erosion of concrete may be categorized
as one of two general types, each of which has a distinct
appearance.

(a) Abrasion. Abrasion-erosion damage is caused by
repeated rubbing and grinding of debris or equipment on a
concrete surface. In hydraulic structures such as stilling
basins, abrasion-erosion results from the effects of water-
borne gravel, rock, or other debris being circulated over a
concrete surface during construction or routine operation.
Abrasion-erosion of this type is readily recognized by the
smooth, well-worn appearance of the concrete
(Figure 2-20).

(b) Cavitation. Cavitation-erosion damage is caused
by repeated impact forces caused by collapse of vapor
bubbles in rapidly flowing water. The appearance of
concrete damaged by cavitation-erosion is generally dif-
ferent from that damaged by abrasion-erosion. Instead of
a smooth, worn appearance, the concrete will appear very
rough and pitted (Figure 2-21). In severe cases,
cavitation-erosion may remove large quantities of concrete
and may endanger the structure. Usually, cavitation-
erosion occurs as a result of water velocities greater than
12.2 m/sec (40 ft/sec).

(6) Joint sealant failure. Joint sealant materials are
used to keep water out of joints and to prevent debris
from entering joints and making them ineffective as the
concrete expands. Typical failures will be seen as

Figure 2-19. Very severe scaling

that receive a great deal of traffic. Typically, dusting is a
result of poor construction practice. For example, sprink-
ling water on a concrete surface during finishing will
frequently result in dusting.

(4) Distortion or movement. Distortion or movement, &°
as the terms imply, is simply a change in alignment of the
components of a structure. Typical examples would be
differential movement between adjacent monoliths or the Figure 2-20. Smooth, worn, abraded concrete surface
shifting of supported members on their supports. Reviewcaused by abrasion of waterborne debris

2-7
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Figure 2-21. Rough, pitted concrete surface caused by
cavitation

detachment of the sealant material from one or both side
of the joint or complete loss of the sealant material
(Figures 2-22 and 2-23).

(7) Seepage. Seepage is defined in ACI 207.3R as@
“the movement of water or other fluids through pores or ¥
interstices.” As shown in Table 2-1, the visual evidence '/
of seepage could include, in addition to the presence off
water or moisture, evidence of corrosion, discoloration, |
staining, exudations, efflorescence, and incrustations (Fig-
ures 2-24 through 2-28). (For definitions of these terms,
see the Glossary, Appendix B). Although occurrences of Figure 2-24. Efflorescence
this nature are quite common around hydraulic structures,
they should be included in reports of visual inspections because the underlying cause may be significant. Seepage

is another case in which review of historical data may be
of benefit to determine whether rates are changing.

(8) Spalling. Spalling is defined as the development
of fragments, usually in the shape of flakes, detached
from a larger mass. As noted in paragrapha?33}, spal-
ling differs from disintegration in that the material being
lost from the mass is concrete and not individual
aggregate particles that are lost as the binding matrix
disintegrates. The distinction between these two symp-
toms is important in any attempt to relate symptoms to
causes of concrete problems. Spalls can be categorized as
follows:

(a) Small spall. Not greater than 20 mm (0.8 in.) in
depth nor greater than 150 mm (6 in.) in any dimension
(Figure 2-29).

Figure 2-22. Deterioration of joint sealant

2-8
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Figure 2-27. Corrosion

Figure 2-25. Exudation

Figure 2-26. Incrustation

(b) Large spall. Deeper than 20 mm (0.8 in.) and
greater than 150 mm (6in.) in any dimension
(Figure 2-30). Figure 2-28. Water seepage through joint

(9) Special cases of spalling. Two special cases ofin saturated coarse aggregate particles near the surface

spalling must be noted: freezes, expands, and pushes off the top of the aggregate
particle and the superjacent layer of mortar, leaving shal-

(@) Popouts. Popouts appear as shallow, typicallylow pits. Chert particles of low specific gravity, lime-
conical depressions in a concrete surface (Figure 2-31)stone containing clay, and shaly materials are well known
Popouts may be the result of freezing of concrete thatfor this behavior. Popouts are easily recognizable by the
contains some unsatisfactory aggregate particles. Insteadhape of the pit remaining in the surface and by a portion
of general disintegration, popouts are formed as the water

2-9
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Figure 2-31. Popout

and the diagnosis will be straightforward. Sec-

tion 2-3a(10) discusses locating the delamination that

occurs before the corrosion progresses to the point that
the concrete spalls.

(10) Delamination. Reinforcing steel placed too near
the surface or reinforcing steel exposed to chloride ions
will corrode. The iron combines with the oxygen in water
or air forming rust, or iron oxide, and a corresponding
increase in volume up to eight times the original volume.
The volume increase results in cracking over the reinforc-
ing steel, followed by delamination along the mat of steel
and eventually by spalling. This corrosion sometimes
become evident early in the disruptive process when a
rectangular pattern of cracking on the concrete surface can
be traced to the presence of a reinforcing bar under each
crack. Sounding of concrete with a hammer provides a
low-cost, accurate method for identifying delaminated
areas. Delaminated concrete sounds like a hollow “puck”
rather than the “ping” of sound concrete. Boundaries of
delaminations can easily be determined by sounding areas
surrounding the first “puck” until “pings” are heard.
of the offending aggregate particle usually being visible in
the hole (Bach and Isen 1968). (&) Hammer-sounding of large areas generally proves

to be extremely time consuming. More productive

(b) Spalling caused by the corrosion of reinforcement. methods are available for sounding horizontal surfaces.
One of the most frequent causes of spalling is the cor-Chain dragging accomplishes the same result as hammer-
rosion of reinforcing steel or other noncorrosion-resistant sounding. As the chain is dragged across a concrete
embedded metal in concrete. During a visual examinationsurface, a distinctly different sound is heard when it
of a structure, spalling caused by corrosion of reinforce- crosses over a delaminated area.
ment is usually an easy symptom to recognize since the
corroded metal will be visible along with rust staining,

Figure 2-30. Large spall

2-10



EM 1110-2-2002
30 Jun 95

(b) Infrared thermography is a useful method of
detecting delaminations in bridge checks. This method is .‘:_J{?-'?'cﬁ,:_/'?lfmq-g-

Al
also used for other concrete components exposed to direq LG, A MGl r 01 S
sunlight. The method works on the principle that as '. Py g e |
concrete heats and cools there is substantial thermal grg A
dient within the concrete. Delaminations and other dis-| § @ nj..'u ol * I
continuities interrupt the heat transfer through the | sbrrorfsrorram o Er I T
concrete. These defects cause a higher surface temper ;{ﬁﬁfrﬁég&fiéﬁﬁf ,Jg“q,ff{}ﬁ:@i: 25 ‘1{154}:;‘4“ E':j

ture than that of the surrounding concrete during periods
of heating, and a lower surface temperature than that of Newly Mounted Monltor
the surrounding concrete during periods of cooling. The
equipment can record and identify areas of delaminationg
below the surface.

b. Cracking survey A crack survey is an examina-
tion of a concrete structure for the purpose of locating,
marking, and identifying cracks and determining the rela-
tionship of the cracks with other destructive phenomena
(ACI 207.3R). In most cases, cracking is the first symp-
tom of concrete distress. Hence, a cracking survey is

PRI
‘f“é:'ﬁf’
significant in evaluating the future serviceability of the Monitor After Crack Movement
structure. The first step in making a crack survey is to
locate and mark the cracking and define it by type. The

terms for and descriptions of cracks given in Section 2-3 Figure 2-33. Crack monitor
should be used to describe any cracking that is found.

are desired, a wide range of transducers and devices are
(1) Crack widths can be estimated using a clear com-available (EM 1110-2-4300).

parator card having lines of specified width marked on the
card. Crack widths can be measured to an accuracy of (2) If possible, the crack depth should be determined
about 0.025 mm (0.001 in.) with a crack comparator, a by observation of edges or insertion of a fine wire or
hand-held microscope with a scale on the lens closest tdeeler gauge; however, in most situations, the actual depth
the surface being viewed (Figure 2-32). Crack movementmay be indeterminable without drilling or using other
can be monitored with a crack measuring device. Thedetection techniques such as the pulse-velocity method
crack monitor shown in Figure 2-33 gives a direct reading described in Section 2e6
of crack displacement and rotation. It is important to
make an initial reading when the monitor is attached (3) Conditions which may be associated with crack-
because the monitor will not necessarily read zero aftering either over portions of the length or for the entire
installation. If more accurate and detailed time histories length should be noted. These conditions may include
seepage through the cracks, deposits from leaching or
other sources, spalling of edges, differential movement
(offsets), etc. Chemical analyses of the seepage water and
the deposits may be desirable.

(4) It may be worthwhile to repeat the survey under
various loading conditions when change in crack width is
suspected. Furthermore, tapping of surfaces with a ham-
mer may detect shallow cracking beneath and parallel to
the surface. A hollow sound generally indicates that such
cracking is likely even though it cannot be seen. See
Section 2-3(10) for additional discussion on sounding to
detect delamination.

Figure 2-32. Comparator for measuring crack widths
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c. Surface mapping. previously detailed in other areas. Profiles are
advantageous for showing the depth of erosion.

(1) Surface mapping is a parallel procedure to a
cracking survey in which deterioration of the surface d. Joint survey. A joint survey is a visual inspection
concrete is located and described. Surface mappmg ma)@f the joints in a structure to determine their condition.
be accomplished by use of detailed drawings, photo-EXpansion, contraction, and construction joints should be
graphs, movies, or video tapes. Items most often iden-located and described and their existing condition noted.
tified and mapped include: cracking, spalling, scaling, Opened or displaced joints (surface offsets) should be

popouts, honeycombing, exudation, distortion, unusualchecked for movement if appropriate; various loading
discoloration, erosion, cavitation, seepage, conditions ofconditions should be considered when measurements of

joints and joint materials, corrosion of reinforcement (if joints are taken. All joints should be checked for defects;
exposed), and soundness of surface concrete. A list ofor example, spalling or D-cracking, chemical attack,

items recommended for use in a surface mapping by hancevidence of seepage, emission of solids, etc. Conditions
is as follows (ACI 207.3R): of joint filler, if present, should be examined.

e. Core drilling. Core drilling to recover concrete
for laboratory analysis or testing is the best method of
obtaining information on the condition of concrete within
a structure. However, since core drilling is expensive, it

(c) Tape measure, 15 to 30 m (50 to 100 ft). should only be considered when sampling and testing of
’ interior concrete is deemed necessary.

(a) Structure drawings, if available.

(b) Clipboard and paper or field book.

(d) Ruler graduated in 1/16 in. or 1 mm. (1) The presence of abnormal conditions of the con-

crete at exposed surfaces may suggest questionable quality
or a change in the physical or chemical properties of the
concrete. These conditions may include scaling, leaching,
and pattern cracking. When such observations are made,
core drilling to examine and sample the hardened concrete

(e) Feeler gauge.

(f) Pocket comparator or hand microscope.

(@) Knife. may be necessary.
(h) Hammer, 1 kg (2 Ib). (2) Depth of cores will vary depending upon
o ) i intended use and type of structure. The minimum depth
(i) Fine wire (not too flexible). of sampling concrete in massive structures should be 2 ft
) . in accordance with Concrete Research Division (CRD)-
() String. C 26" and American Society for Testing and Materials
) (ASTM) C 823. The core samples should be sufficient
(k) Flashlight or lantern. in number and size to permit appropriate laboratory exam-
. ination and testing. For compressive strength, static or
() Camera with flash and assortment of lenses. dynamic modulus of elasticity, the diameter of the core
. . should not be less than three times the nominal maximum
(m) Assortment of film, color and high speed. size of aggregate. For 150-mm (6-in.) maximum size

] ] aggregate concrete, 200- or 250-mm (8- or 10-in.)-diam
(2) Mapping should begin at one end of the structure cores are generally drilled because of cost, handling, and

and proceed in a systematic manner until all surfaces argaporatory testing machine capabiliies. Warning should
mapped. Both external and internal surfaces should be,q given against taking NX size 54-mm

mapped if access is possible. Use of three-dimensional
(3-D) isometric drawings showing offsets or distortion of
structural features is occasionally desirable. Areas of' All CRD-C designations are from U.S. Army Engineer
significant distress should be photographed for later refer-Waterways Experiment Station (USAEWES). 1949
ence. A familiar object or scale should be placed in the (Aug). Handbook for Concrete and Cementith quar-
area to show the relative size of the feature being photo-terly supplements, Vicksburg, MS.

graphed. It is important to describe each condition

mapped in clear, concise detail and to avoid generaliza® All ASTM test methods cited are from thé&nnual
tions unless reference is being made to conditionsBook of ASTM StandarddSTM Annual).
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(2-1/8-in.)-diam cores in concrete. When 50- to 150-mm survey, it is sometimes necessary for the surface of the
(2- to 6-in.) maximum size aggregate concrete is cored, anstructure to be cleaned. A number of procedures and
NX size core will generally be recovered in short pieces devices for underwater cleaning of civil works structures
or broken core. The reason for breakage is that there isare described by Keeney (1987).
simply little mortar bonding the concrete across the diam-
eter of the core. Thus, the drilling action can easily break a. Visual inspection by diversUnderwater surveys
the core. When drilling in poor-quality concrete with any by divers are usually either scuba or surface-supplied
size core barrel, the material generally comes out asdiving operations. Basic scuba diving equipment is an
rubble. oxygen tank, typically weighing about 34 kg (75 Ib)
which is carried by the diver. Surface-supplied diving,
(3) Core samples must be properly identified and where the air supply is provided from the surface or
oriented with permanent markings on the material itself shore, is a more elaborate operation in terms of equip-
when feasible. Location of borings must be accurately ment, safety concerns, diver skills, etc., especially when
described and marked on photographs or drawings. Coreshe diver approaches maximum allowable depths. Diver
should be logged by methods similar to those used forequipment for surface-supplied diving includes air com-
geological subsurface exploration. Logs should show, inpressors, helmets, weighted shoes, air supply lines, breast-
addition to general information on the hole, conditions at plates, etc., which can weigh as much as 90 kg (200 Ib).
the surface, depth of obvious deterioration, fractures andThe free-swimming scuba diver has more flexibility and
conditions of fractured surfaces, unusual deposits, coloringmaneuverability than the surface-supplied diver. How-
or staining, distribution and size of voids, locations of ever, he cannot dive as deep or stay underwater as long as
observed construction joints, and contact with the foun- a surface-supplied diver.
dation or other surface (ACI 207.3R). The concrete
should be wrapped and sealed as may be appropriate to (1) Advantages. Underwater inspections performed
preserve the moisture content representative of the strucby divers offer a number of advantages: they are
ture at the time of sampling and should be packed so aqa) applicable to a wide variety of structures; (b) flexible
to be properly protected from freezing or damage in tran- inspection procedures; (c) simple (especially the scuba
sit or storage, especially if the concrete is very weak. diver in shallow-water applications); and in most cases,
Figure 2-34 illustrates a typical log for a concrete core (d) relatively inexpensive. Also, a variety of commer-
recovered during a condition survey. cially available instruments for testing concrete above
water have been modified for underwater use by divers.
(4) When drill hole coring is not practical or core These instruments include a rebound hammer to provide
recovery is poor, a viewing system such as a boreholedata on concrete surface hardness, a magnetic reinforcing
camera, bore hole television, or borehole televiewer maysteel locator to locate and measure the amount of concrete
be used for evaluating the interior concrete conditions. A cover over the reinforcement, and direct and indirect
description and information on the availability of these ultrasonic pulse-velocity systems which can be used to
borehole viewing systems can be found in EP 1110-1-10.determine the general condition of concrete based on
Evaluation of distress in massive concrete structures maysound velocity measurements (Smith 1987).
be desirable to determine in situ stress conditions.

ACI 207.3R is an excellent guide to determining existing (2) Limitations. Limitations on diver inspections

stress conditions in the structure. include the regulations (Engineer Manual 385-1-1) that
restrict the allowable depths and durations of dives and

2-4. Underwater Inspection the number of repeat dives in a given period. Also, in

turbid water a diver’s visibility may be reduced to only a
A variety of procedures and equipment for conducting few inches, or in extreme cases, a diver may be limited to
underwater surveys are available (Popovics and McDonalda tactile inspection. Also, cold climates tend to reduce
1989). Included are several nondestructive techniqueghe diver’s ability to perform at normal levels. In any
which can be used in dark or turbid conditions that pre- case, a diver’s visual, auditory, tactile, and spatial percep-
clude visual inspection. Some techniques originally tions are different underwater from what they are in air.
developed for other purposes have been adapted for appliTherefore, he is susceptible to making errors in observa-
cation in underwater inspections. Prior to an underwatertions and recording data.
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Figure 2-34. Typical information included on a drill log for concrete core
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b. Manned and unmanned underwater vehicles defects. Murky water limits the effectiveness of ROV
systems. In some situations, it may be difficult to deter-
(1) Underwater vehicles can be thought of as plat- mine the exact orientation or position of the ROV, thus
formed, underwater camera systems with manipulator andmpeding accurate identification of an area being observed
propulsion systems. They consist of a video unit, a power(U.S. Dept. of Transportation 1989). Also, ROV’s do not
source for propulsion, vehicle controllers (referred to as possess the maneuverability offered by divers. As a
“joysticks”), and display monitor. Available accessories result, controlling the ROV in “tight” areas and in swift
which allow the vehicles to be more functional include currents is difficult and can result in entanglement of the
angle lens, lighting components, instrumentations forumbilical (REMR Technical Note CS-ES-2.6
analyses, attachments for grasping, and a variety of othe(USAEWES 1985a)).
capabilities.
(6) Underwater vehicles are being increasingly
(2) There are five categories of manned underwateraccepted as a viable means to effectively perform under-
vehicles: (a) untethered, (b) tethered, (c) diver lockout, water surveys in practically all instances where traditional
(d) observation/work bells, and (e) atmospheric diving diver systems are normally used. Manned underwater
suits. All are operated by a person inside, have view-vehicles have been used in the inspection of stilling
ports, are dry inside the pressure hull(s), and have soméasins, in direct support of divers, and in support of per-
degree of mobility. sonnel maintaining and repairing wellheads. Applications
of ROV’s include inspection of dams, breakwaters, jetties,
(3) There are six types of unmanned underwaterconcrete platforms, pipelines, sewers, mine shafts, ship
vehicles: (a) tethered, free swimming, (b) towed, mid- hulls, etc. (Busby Associates, Inc. 1987). They have also
water, (c) towed, bottom-reliant, (d) bottom-crawling, been used in leak detection and structure cleaning.
(e) structurally reliant, and (f) untethered (Busby Asso-
ciates, Inc. 1987). These remotely operated vehicles c. Photography systems.
(ROV’s) are primarily distinguished by their power
source. All include a TV camera to provide real-time or (1) Photography systems used in underwater inspec-
slow-scan viewing, and all have some degree of mobility. tion include still-photography equipment, video recording
They are controlled from the surface via operator- systems, video imaging systems, and any accessories.
observed video systems. Joysticks are used to control
propulsion and manipulation of the ROV and accessory (2) Still-photographic equipment includes cameras,
equipment. Exceptions are the untethered types of ROV'sfilm, and lighting. Most above-water cameras ranging
which are self-propelled and operated without any connec-from the “instamatic” type to sophisticated 35-mm cam-
tion to the surface. Most ROV’'s are capable of accom-eras can be used underwater in waterproof cases
modating various attachments for grasping, cleaning, and(U.S. Dept. of Transportation 1989). There are also
performing other inspection chores. Specially designedwaterproof 35-mm cameras designed specifically for
ROV’s can accommodate and operate nondestructiveunderwater photography (REMR Technical Note CS-ES-
testing equipment. 3.2 (USAEWES 1985b)). These cameras usually include
specially equipped lens and electronic flashes to compen-
(4) Underwater vehicles can compensate for the limi- sate for the underwater environment. Most film, color
tations inherent in diver systems because they can funcand black and white, can be used in underwater photog-
tion at extreme depths, remain underwater for long raphy if ample lighting is provided. High-speed film that
durations, and repeatedly perform the same missioncompensates for inherent difficulties in underwater pho-
without sacrifice in quality. Also, they can be operated in tography is available.
environments where water temperatures, currents, and
tidal conditions preclude the use of divers. (3) Underwater video equipment has improved dra-
matically in recent years (REMR Technical Note CS-ES-
(5) Manned underwater vehicles are usually large and2.6 (USAEWES 1985a)). Video cameras can be used
bulky systems which require significant operational sup- with an umbilical cable to the surface for real-time view-
port. Therefore, they are used less frequently than theing on a monitor or for recording. Compact camera-
smaller unmanned ROV’s. Although the dependability of recorder systems in waterproof housings can be used with
ROV’s has steadily increased, some limitations remain.or without the umbilical to the surface. These video
Most ROV systems provide two-dimensional (2-D) views systems can be configured to provide on-screen titles and
only and, therefore, may not project the full extent of any
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clock, as well as narration by a diver and surface (4) The compute-and-record subsystem provides for
observer. computer-controlled operation of the system and for pro-

cessing, display, and storage of data. Survey results are

(4) Video systems can provide pictorial representa- in the form of real-time strip charts showing the absolute
tions of existing conditions, transmit visual data to topside relief for each run, 3-D surface relief plots showing com-
personnel for analysis and interpretation, and provide aposite data from all the survey runs in a given area, con-
permanent record of the inspection process. Visualtour maps selected areas, and printouts of the individual
recordings can be used to monitor the performance of adata points.
structure with time. Additionally, video systems can
penetrate turbid areas where the human eye cannot see. (5) The high-resolution acoustic mapping system is
Video systems are typically used concurrently with divers designed to operate in water depths of 1.5m to 12 m

and underwater vehicles. (5to 40 ft) and produce accuracies of +50 mm (2 in.)
vertically and + 0.3 m (1 ft) laterally. The major limita-
d. High-resolution acoustic mapping system tion of the system is that it can be used only in relatively

calm water. Wave action causing a roll angle of more
(1) Erosion and faulting of submerged surfaces havethan 5 deg will automatically shut down the system.
always been difficult to accurately map. To see into
depressions and close to vertical surfaces requires a nar- (6) To date, the primary application of this system
row beam. Also, there is a need to record exactly wherehas been in rapid and accurate surveying of erosion
a mapping system is located at any instant so that defectslamage in stilling basins. The system has been suc-
may be precisely located and continuity maintained in cessfully used at a number of BuRec and Corps of Engi-
repeat surveys. These capabilities are provided by theneers (CE) dams including Folsom, Pine Flat, Ice Harbor,
high-resolution acoustic mapping system developedLocks and Dams 25 and 26 (Miss. River), Lookout Point,
through a joint research and development effort betweenand Dexter.
the U.S. Army Corps of Engineers and the U.S. Bureau of
Reclamation (Thornton 1985 and Thornton and Alexander e. Side-scan sonar
1987).
(1) The side-scan sonar, which evolved from the
(2) The system can be broken into three main com-echo sounding depth finders developed during World
ponents: the acoustic subsystem, a positioning subsystem\Var Il, basically consists of a pair of transducers mounted
and a compute-and-record subsystem. The acoustic subn a waterproof housing referred to as a “fish,” a graphic
system consists of a boat-mounted transducer array anahart-recorder set up for signal transmission and process-
the signal processing electronics. During a survey, eaching, and tow cable which connects the “fish” and
transducer generates acoustic signals which are reflectedecorder. The system directs sound waves at a target
from the bottom surface and received at the transducersurface. The reflected signals are received by the trans-
array. The time of flight for the acoustic signal from the ducers and transmitted to the chart-recorder as plotted
transducer to the bottom surface and back is output to amages. The recorded image, called a sonograph, is
computer. The computer calculates the elevation of thecharacterized by various shades of darkened areas, or
bottom surface from this information, and the basic datashadows, on the chart. Characteristics of the reflecting
are recorded on magnetic disks. surface are indicated by the intensity of the reflected
signals. Steel will reflect a more intense signal and pro-
(3) The lateral positioning subsystem consists of aduce a darker shaded area than wood, and gravel will
sonic transmitter on the boat and two or more trans-reflect a more intense signal than sand. Acoustic shad-
ponders in the water at known or surveyed locations. Asows, shades of white, are projected directly behind the
each transponder receives the sonic pulse from the transreflecting surface. The width of these shadows and the
mitter, it radios the time of detection of the survey boat. position of the object relative to the towfish are used to
The position of the boat is calculated from this infor- calculate the height of the object (Morang 1987).
mation and displayed by an onboard computer. The net-
work can be easily reestablished, making it possible to (2) Electronic advances in the side-scan sonar have
return the survey boat and transducer array bar to a spebroadened its potential applications to include underwater
cific location. surveying. In the normal position, the system looks at
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vertical surfaces. However, it can be configured to look system measures time and displays the acoustic waves.
downward at horizontal surfaces in a manner similar to Dividing the length of the travel path by the travel time
that of the high-resolution acoustic mapping system. Theyields the pulse velocity, which is proportioned to the
side-scan sonar is known for its photograph-like image.dynamic modulus of elasticity of the material. Velocity
Current commercial side-scan sonar systems are availableneasurements through materials of good quality usually
with microprocessors and advanced electronic featuregesult in high velocities and signal strengths, while
(built in or as accessory components) to print sonographsmaterials of poor quality usually exhibit decreased veloci-
corrected for slant-range and true bottom distancesties and weak signals. For example, good quality, con-
(Clausner and Pope 1988). tinuous concrete produces velocities in the range of 3,700
to 4,600 mps (12,000 to 15,000 fps); poor quality or
(3) Side-scan sonar has proven useful in surveys ofdeteriorated concrete, 2,400 to 3,000 mps (8,000 to
breakwaters, jetties, groins, port structures, and inland10,000 fps).
waterway facilities such as lock and dams. It has proven
especially effective in examing the toe portion of rubble (2) The pulse-velocity method has provided reliable
structures for scour and displacement of armor unitsin situ delineations of the extent and severity of cracks,
(Kucharski and Clausner 1990). The ability of sonar to areas of deterioration, and general assessments of the
penetrate waters too turbid or dangerous for visual orcondition of concrete structures for many years. The
optical inspection makes it the only effective means of equipment can penetrate approximately 91 m (300 ft) of

inspecting many coastal structures. continuous concrete with the aid of amplifiers, is easily
portable, and has a high data acquisition-to-cost ratio.
f. Radar Although most applications of the pulse-velocity method

have been under dry conditions, the transducers can be

(1) Radar and acoustics work in a similar manner, waterproofed for underwater surveys.
except radar uses an electromagnetic signal which travels
very fast compared to the relatively slow mechanical h. Ultrasonic pulse-echo system
wave used in acoustics. In both cases, the time of
arrival (TOA) is measured and a predetermined calibration (1) A new improved prototype ultrasonic pulse-echo
velocity is used to calculate the depth of the reflecting (UPE) system for evaluating concrete has been developed
interface. The two main factors that influence radar sig- by the U.S. Army Engineer Waterways Experiment Sta-
nals are electrical conductivity and dielectric constant of tion (CEWES). The new system (Alexander and
the material (Alongi, Cantor, Kneeter, and Alongi 1982 Thornton 1988 and Thornton and Alexander 1987) uses
and Morey 1974). The conductivity controls the loss of piezoelectric crystals to generate and detect signals and
energy and, therefore, the penetration depth. The dielecthe accurate time base of an oscilloscope to measure the
tric constant determines the propagation velocity. TOA of a longitudinal ultrasonic pulse in concrete.

(2) The resistivity (reciprocal of conductivity) of (2) Tests have shown that the system is capable of
concrete structures varies considerably in the dry, and thedelineating sound concrete, concrete of questionable qual-
presence of water further complicates the measurementity, and deteriorated concrete, as well as delaminations,
Therefore, those who have a need for this type of under-voids, reinforcing steel, and other objects within concrete.
water survey should contact one or more of the sourcesAlso, the system can be used to determine the thickness
referenced for assistance in determining the proper measef a concrete section in which only one surface is acces-

urement system for a given application. sible. The system will work on vertical or horizontal
surfaces. However, the present system is limited to a
g. Ultrasonic pulse velocity. thickness of about 0.5 m (1.5 ft). For maximum use of

this system, the operator should have had considerable

(1) Ultrasonic pulse velocity provides a nondestruc- experience using the system and interpreting the results.
tive method for evaluating structures by measuring the
time of travel of acoustic pulses of energy through a (3) The system, which was originally developed to
material of known thickness (Thornton and Alexander operate in a dry environment, was adapted for use in
1987). Piezoelectric transducers, housed in metal casingsvater to determine the condition of a reinforced concrete
and excited by high-impulse voltages, transmit and receivesea wall at a large marina (Thornton and Alexander
the acoustic pulses. An oscilloscope configured in the 1988).
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i.  Sonic pulse-echo technique for piles examination of hardened concrete should be performed in
accordance with ASTM C 856 (CRD-C 57) by a person
(1) A sonic pulse-echo technique for determining the qualified by education and experience so that proper inter-
length of concrete and timber piles in dry soil or under- pretation of test results can be made.
water has been developed at WES (Alexander 1980).
Sonic energy is introduced into the accessible end of the b. Chemical analysis. Chemical analysis of hard-
pile with a hammer. If the pulse length generated by theened concrete or of selected portions (paste, mortar,
hammer is less than round-trip echo time in the pile, thenaggregate, reaction products, etc.) may be used to estimate
the TOA can be measured with the accurate time base othe cement content, original water-cement ratio, and the
an oscilloscope. With a digital oscilloscope, the signal presence and amount of chloride and other admixtures.
can be recorded on magnetic disc and the signal entered
into the computer for added signal processing. If the c. Physical analysis The following physical and
length, mass, and hardness of the head of the hammer imechanical tests are generally performed on concrete
such that the hammer generates energy in the frequencgores:
range that corresponds to the longitudinal resonant fre-
qguency of the pile, then the frequency can be measured (1) Density.
with a spectrum analyzer.
(2) Compressive strength.
(2) In addition to determining pile lengths to depths
of tens of feet, this system can also detect breaks in a  (3) Modulus of elasticity.
pile. Because the surrounding soil dissipates the energy
from the hammer, the length-to-diameter ratio of the pile (4) Poisson'’s ratio.
should be greater than 5 and less than 30. To date, work
has been limited only to those applications where the (5) Pulse velocity.
impact end of the pile was above water.
(6) Direct shear strength of concrete bonded to foun-
2-5. Laboratory Investigations dation rock.

Once samples of concrete have been obtained, whether by  (7) Friction sliding of concrete on foundation rock.
coring or other means, they should be examined in a
qualified laboratory. In general, the examination should (8) Resistance of concrete to deterioration caused by
include petrographic, chemical, or physical tests. Each offreezing and thawing.
these examinations is described in this paragraph.

(9) Air content and parameters of the air-void

a. Petrographic examination Petrographic exami- system.

nation is the application of petrography, a branch of geol-
ogy concerned with the description and classification of Testing core samples for compressive strength and tensile
rocks, to the examination of hardened concrete, a syn-strength should follow the method specified in
thetic sedimentary rock. Petrographic examination mayASTM C 42 (CRD-C 27).
include visual inspection of the samples, visual inspection
at various levels of magnification using appropriate micro- 2-6. Nondestructive Testing
scopes, X-ray diffraction analysis, differential thermal
analysis, X-ray emission techniques, and thin sectionThe purpose of NDT is to determine the various relative
analysis. Petrographic techniques may be expected tqroperties of concrete such as strength, modulus of elas-
provide information on the following (ACI 207.3R): ticity, homogeneity, and integrity, as well as conditions of
(1) condition of the aggregate; (2) pronounced strain and stress, without damaging the structure. Selec-
cement-aggregate reactions; (3) deterioration of aggregatéion of the most applicable method or methods of testing
particles in place; (4) denseness of cement pastewill require good judgment based on the information
(5) homogeneity of the concrete; (6) occurrence of settle-needed, size and nature of the project, site conditions and
ment and bleeding of fresh concrete; (7) depth and extentisk to the structure (ACI 207.3R). Proper utilization of
of carbonation; (8) occurrence and distribution of frac- NDT requires a “toolbox” of techniques and someone
tures; (9) characteristics and distribution of voids; and with the expertise to know the proper tool to use in the
(10) presence of contaminating substances. Petrographigarious circumstances. In this paragraph, the commonly
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used nondestructive testing techniques for evaluating inR-values indicate the coefficient of restitution of the con-

situ concrete will be discussed. Malhotra (1976), Thorn- crete; the values increase with the “strength” of the

ton and Alexander (1987), and Alexander (1993) provide concrete.

additional information on NDT techniques. Also, recent

advances in nondestructive testing of concrete are sum- (b) Most hammers come with a calibration chart,

marized by Carino (1992). Test methods are classifiedshowing a purported relationship between compressive
into those used to assess in-place strength and those usesrength of concrete and rebound readings. However,
to locate hidden defects. In the first category, recentrather than placing confidence in such a chart, users
developments are presented on the pullout test, the breakshould develop their own relations for each concrete mix-
off test, the torque test, the pulloff test, and the maturity ture and each rebound hammer.

method. In the second category, a review is presented of

infrared thermography, ground penetrating radar, and (2) Applications. Rebound numbers may be used to
several methods based upon stress wave propagation. Thestimate the uniformity and quality of concrete. The test
principles of the methods, their advantages, and theirmethod is covered in ASTM C 805 (CRD-C 22).

inherent limitations are discussed. Where appropriate,

requirements of relevant ASTM standards are discussed. (3) Advantages. The rebound hammer is a simple
and quick method for NDT of concrete in place. The

a. Rebound number (hammer) equipment is inexpensive and can be operated by field
personnel with a limited amount of instruction. The

(1) Description. rebound hammer is very useful in assessing the general

quality of concrete and for locating areas of poor quality

(@) The rebound number is obtained by the use of aconcrete. A large number of measurements can be
hammer that consists of a steel mass and a tension springapidly taken so that large exposed areas of concrete can
in a tubular frame (Figure 2-35). When the plunger of be mapped within a few hours.
the hammer is pushed against the surface of the concrete,
the steel mass is retracted and the spring is compressed. (4) Limitations. The rebound method is a rather
When the mass is completely retracted, the spring is autoimprecise test and does not provide a reliable prediction
matically released and the mass is driven against theof the strength of concrete. Rebound measurements on in
plunger, which impacts the concrete and rebounds. Thesitu concrete are affected by (a) smoothness of the con-
rebound distance is indicated by a pointer on a scale thacrete surface; (b) moisture content of the concrete;
is usually graduated from 0 to 100. The rebound readings(c) type of coarse aggregate; (d) size, shape, and rigidity
are termed R-values. Determination of R-values is out- of specimen (e.g., a thick wall or beam); and (e) carbona-
lined in the manual supplied by the hammer manufacturer.tion of the concrete surface.

b. Penetration resistance (probe)
(1) Description.

(@) The apparatus most often used for penetration
resistance is the Windsor Probe, a special gun (Fig-
ure 2-36) that uses a 0.32 caliber blank with a precise
guantity of powder to fire a high-strength steel probe into
the concrete. A series of three measurements is made in
each area with the spacer plate shown in Figure 2-37.
The length of a probe extending from the surface of the
concrete can be measured with a simple device, as shown
in Figure 2-38.

(b) The manufacturer supplies a set of five calibra-
tion curves, each corresponding to a specific Moh's hard-
ness for the coarse aggregate used in the concrete. With
Figure 2-35. Rebound hammer these curves, probe measurements are intended to be
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Figure 2-36. Windsor probe apparatus showing the
gun, probe, and blank cartridge

Figure 2-38. Device for measuring length of probe
extending from surface of concrete

resistance to penetration. A probe will penetrate deeper
as the density, subsurface hardness, and strength of the
concrete decrease. Areas of poor concrete can be delin-
eated by making a series of penetration tests at regularly
spaced locations. The test method is covered in

ASTM C 803 (CRD-C 59).

(3) Advantages. The probe equipment is simple,
durable, requires little maintenance, and can be used by
inspectors in the field with little training. The probe test
is very useful in assessing the general quality and relative
strength of concrete in different parts of a structure.

(4) Limitations. Care must be exercised whenever
this device is used because a projectile is being fired,;
safety glasses should always be worn. The probe pri-
marily measures surface and subsurface hardness; it does
not yield precise measurements of the in situ strength of
concrete. However, useful estimates of the compressive
strength of concrete may be obtained if the probe is
properly calibrated. The probe test does damage the con-
Figure 2-37. Windsor probe in use crete, leaving a hole of about 8 mm (0.32 in.) in diameter

for the depth of the probe, and it may cause minor crack-
converted to compressive strength values. However, uséng and some surface spalling. Minor repairs of exposed
of the manufacturer’'s calibration curves often results in surfaces may be necessary.
grossly incorrect estimates of the compressive strength of

concrete. Therefore, the penetration probe should be cali- c¢. Ultrasonic pulse-velocity method
brated by the individual user and should be recalibrated
whenever the type of aggregate or mixture is changed. (1) Description. The ultrasonic pulse-velocity

method is probably the most widely used method for the

(2) Applications. Penetration resistance can be usednondestructive evaluation of in situ concrete. The method
for assessing the quality and uniformity of concrete involves measurement of the time of travel of electroni-
because physical differences in concrete will affect its cally pulsed compressional waves through a known
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distance in concrete. From known TOA and distance top surface wear on such horizontal surfaces as aprons,
traveled, the pulse velocity through the concrete can besills, lock chamber floors, and stilling basins, where tur-
calculated. Pulse-velocity measurements made througtbulent flows carrying rock and debris can cause abrasion-
good-quality, continuous concrete will normally produce erosion damage. The system uses the sonar principle, i.e.,
high velocities accompanied by good signal strengths.transmitting acoustic waves and receiving reflections from
Poor-quality or deteriorated concrete will usually decreaseunderwater structures.
velocity and signal strength. Concrete of otherwise good
quality, but containing cracks, may produce high or low (2) Application. The system can be used to perform
velocities, depending upon the nature and number ofrapid, accurate surveys of submerged horizontal surfaces
cracks but will almost always diminish signal strength. in water depths of 71.5 to 12m (5 to 40 ft) with
accuracies of + 50 mm (2 in.) vertically and + .3 m (1 ft)
(2) Applications. The ultrasonic pulse-velocity laterally. Variations of the system may be used for other
method has been used over the years to determine thenderwater applications such as repairing and investigat-
general condition and quality of concrete, to assess theing large scour holes or silt buildup. The system has
extent and severity of cracks in concrete, and to delineateébeen successfully used in surveying the stilling basin floor
areas of deteriorated or poor-quality concrete. The testof Folsom Dam, a U.S. Bureau of Reclamation project
method is described in ASTM C 597 (CRD-C 51). (SONEX 1984), and the stilling basin of Ice Harbor Dam
in Walla Walla District (SONEX 1983).
(3) Advantages. The required equipment is portable
(Figure 2-39) and has sufficient power to penetrate about (3) Advantages. This method avoids the expense
11 m (35 ft) of good continuous concrete, and the test canand user inconvenience associated with dewatering and
be performed quickly. the dangers and inaccuracies inherent in diver-performed
surveys.
(4) Limitations. This method does not provide a
precise estimate of concrete strength. Moisture variations  (4) Limitations. Vertical and lateral accuracy will
and the presence of reinforcing steel can affect the resultsdecrease at depths greater than 9 m (30 ft). There are
Skilled personnel is required to analyze the results. Thesome operational restrictions associated with water veloc-
measurement requires access to opposite sides of thiay and turbulence.
section being tested.
e. Ultrasonic pulse-echo (UPE)
d. Acoustic mapping system
(1) Description. A variation of the pulse-velocity
(1) Description. This system makes possible, without technique is the pulse-echo method wherein a compres-
dewatering of the structure, comprehensive evaluation ofsional wave pulse is transmitted from a surface and its
echo received back at the same surface location. Reflec-
tion times from interfaces, cracks, or voids, together with
the known velocity within the concrete, permit calculation
of distances from the discontinuity to the transmitting and
receiving points. The system has been demonstrated to be
feasible but is still under development (Alexander and
Thornton 1988). An impact pulse-echo system for meas-
urements on concrete piles is described by Alexander
(1980).

(2) Applications. The system operates well for flat-
work for dimensions less than 0.3 m (1 ft) in thickness.
The system can detect foreign objects such as steel and
plastic pipe. It can measure unknown thicknesses and
presence of delaminations up to 0.3 m (1 ft) in thickness.

et - Recently neural network algorithms were trained on some
Figure 2-39. Ultrasonic pulse-velocity apparatus calibrated specimens to recognize the condition of con-
crete that has uniform microcracking.
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(3) Advantages. The system has excellent resolution (4) Limitations. Radar is steel in the process of
as it operates around a center frequently of 200 kHz. Thedevelopment for use on concrete (Ahmad and Haskins
wavelength is roughly 25 mm (1 in.) long in good-quality 1993), and a measurement standard does not exist at this
concrete, which provides better spatial resolution thantime. A radar unit may cost between $50K and $100K
radar. It can operate underwater or in the dry. The speedand requires someone highly trained to operate the equip-
of sound in concrete does not vary by more than 5 per-ment and interpret the data. Commercial systems being
cent from moist to dry concrete. used for concrete are primarily designed to operate in the

earth for geophysical applications. Better results can be

(4) Limitations. Presently the system exists as a obtained by applying signal processing techniques. The
laboratory prototype. The equipment presently is multi- velocity of the pulse is dependent on the dielectric
component and not very portable. Also, most constant of the concrete and varies by almost 100 percent
measurement data need digital signal algorithms appliedbetween dry concrete and moist concrete.
to the data to bring signals out of the noise, and this task
requires the expertise of someone skilled in that dis-2-7. Stability Analysis
cipline. The system presently does not have an onboard
computer, and the data cannot be processed onsite i\ stability analysis is often performed as part of an over-
realtime. The system is not yet available commercially all evaluation of the condition of a concrete structure.
and is not a CRD or ASTM measurement standard. PlansGuidelines for performing a stability analysis for existing
are underway to commercialize the system and remedystructures are beyond the scope of this manual, but may

the above-mentioned limitations. be found in other CE publications. Information on
requirements for stability analyses may be obtained from
f. Radar. CECW:-E.

(1) Description. This is a reflection technique that is 2-8. Deformation Monitoring
based on the principle of electromagnetic wave prop-
agation. Similar to UPE in operation, the TOA of the A tool now available for a comprehensive evaluation of
wave is measured from the time the pulse is introducedlarger structures is the Continuous Deformation Moni-
into the concrete at the surface of the structure, travels totoring System (CDMS) developed in Repair, Evaluation,
the discontinuity or interface, and is reflected back to Maintenance, and Rehabilitation (REMR) Research Pro-
original surface. Whereas the mechanical wave travels agram. The CDMS uses the Navigation Satellite Timing
the speed of sound for the UPE technique, the electro-and Ranging (NAVSTAR) Global Positioning Sys-
magnetic wave travels at the speed of light for radar. tems (GPS) to monitor the position of survey monuments

installed on a structure. The system was demonstrated in

(2) Applications. A radar unit operating at the fre- a field test at Dworshak Dam (Lanigan 1992).
qguency of 1 gHz has a wavelength about 150 mm (6 in.)
in concrete. Presently systems can penetrate to a depth d#-9. Concrete Service Life
about 0.5 m (1.5 ft) at this frequency. A void 150 mm
(6 in.) deep in concrete must have a diameter of 50 to a. Freeze-thaw deterioration A procedure has
75 mm (2 to 3 in.) to be detectable. At a depth of 0.3 m been developed to predict the service life of nonair-
(1 ft), the void must be 75 to 100 mm (3 to 4 in.) in entrained concrete subject to damage from freezing and
diameter to be detectable. Lower frequency systems canthawing. The procedure addresses with a probabilistic
penetrate deeper than this, but the resolution is evermethod (Bryant and Mlakar 1991) both the known and
poorer. Radar is especially sensitive for detecting steeluncertain qualities of the relevant material properties,
reinforcement, but steel can also interfere with the meas-environmental factors, and model of degradation resulting
urements if one is looking for deterioration in the con- from freezing and thawing. Two important characteristics
crete. Radar is sensitive to moisture and may be usefulof this procedure are (1) it rationally addresses the
for finding deteriorated areas, which tend to hold more uncertainties inherent in degradation of mass concrete
water than sound concrete. caused by freezing and thawing, and (2) it is mathemati-

cally straightforward for implementation by CE offices.

(3) Advantages. Radar is a noncontact method and
data acquisition is very fast. Resolution and penetration (1) Current procedures for thermal modeling and
are limited at the present time. Systems are availableanalysis appear quite adequate for predicting temperatures
commercially. in a concrete structure. Although 2-D analyses are better

2-22



EM 1110-2-2002
30 Jun 95

for determining complex thermal response, in many cases b. Other deterioration mechanisms A complete
a series of much simpler one-dimensional (1-D) analysesand comprehensive report by Clifton (1991) examines the
provide a very good estimation of temperatures. The basis for predicting the remaining service lives of concrete
external temperature inputs to a thermal analysis, i.e.,materials of nuclear power facilities. The study consisted
water-air temperatures, were well represented by sinusoi-of two major activities: the evaluation of models which
dal curves. can be used in predicting the remaining service life of
concrete exposed to the major environmental stressors and
(2) The general understanding and analytical modelsaging factors; and, the evaluation of accelerated aging
for predicting moisture migration and degree of saturation techniques and tests which can provide data for service
are not as well developed as those for the thermal prob-ife models or which themselves can be used to predict
lem. A seepage model for predicting the degree of satu-the remaining service life of concrete. Methods for ser-
ration appears to provide adequate answers for thevice life prediction which are discussed in this report
prediction of service life; however, further study is appro- include: (1) estimates based on experience; (2) deduc-
priate to substantiate this indication. tions from performance of similar materials;
(3) accelerated testing; (4) applications of reliability and
(3) The procedure was demonstrated by hindcaststochastic concepts; and (5) mathematical modeling based
application to the middle wall and landwall at Dashields on the chemistry and physics of the degradation pro-
Lock which exhibited an appreciable degree of meas-cesses. Models for corrosion, sulfate attack, frost attack,
urable damage caused by freezing and thawing. Requirecnd leaching were identified and analyzed. While no
data for application of the procedure, e.g., temperaturemodel was identified for distress caused by alkali-
and concrete properties, were available for these featuresaggregate reactions, an approach for modeling the process
which were representative of typical CE projects. was outlined.

(4) Damage predicted by the procedure was in agree-2-10. Reliability Analysis
ment with observed damage resulting from freezing and
thawing at each site. The general trends of location andA reliability analysis may be required for major rehabilita-
spatial variation of damage were very similar to obser- tion projects. Guidelines for performing a reliability
vations and measurements at the two sites. More encouranalysis are beyond the scope of this manual.
agingly, the actual magnitudes of damage predicted by theinformation on requirements for reliability analyses may
procedure compared favorably with the previous measure-e obtained from CECW-E.
ments. This result provides the strongest indication that
the procedure is rational and would enhance the ability of
the CE to predict service life at its many other concrete
structures.
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Chapter 3 Table 3-1

Causes Of DiStFESS and Causes of Distress and Deterioration of Concrete
. . Accidental Loadi

Deterioration of Concrete ceidental -oadings

Chemical Reactions

Acid attack

3-1. Introduction Aggressive-water attack

) Alkali-carbonate rock reaction
a. General. Once the evaluation phase has been

completed for a structure, the next step is to establish the _

cause or causes for the damage that has been detectedMiscellaneous chemical attack

Since many of the symptoms may be caused by more than Sulfate attack

one mechanism acting upon the concrete, it is necessargonstruction Errors

to have an understanding of the basic underlying cause%orrosion of Embedded Metals

of damage and deterioration. This chapter presents im‘or-Design Errors

mation on the common causes of problems in concrete.

These causes are shown in Table 3-1. Items shown in the

table are discussed in the subsequent sections of this Poor design details

chapter with the following given for each: (1) brief dis- Erosion

cussion of the basic mechanism; (2) description of the aprasion

most typical symptoms, both those that would be observed

during a visual examination and those that would be seen _ _
. . . Freezing and Thawing

during a laboratory evaluation; and (3) recommendations

for preventing further damage to new or replacement Settlement and Movement

concrete. The last section of the chapter presents a logiShrinkage

cal method for relating the symptoms or observations to piastic

the various causes.

Alkali-silica reaction

Inadequate structural design

Cavitation

Drying

b. Approach to evaluation Deterioration of concrete ~ 'emperature Changes

is an extremely complex subject. It would be simplistic Internally generated
to suggest that it will be possible to identify a specific, Externally generated
single cause of deterioration for every symptom detected e

during an evaluation of a structure. In most cases, the
damage detected will be the result of more than one
mechanism. For example, corrosion of reinforcing steel
may open cracks that allow moisture greater access to the . .

interior of the concrete. This moisture could lead to 'hese loadings can generate stresses higher than the
additional damage by freezing and thawing. In spite of st_rength of the cpncrete, resulting in Ioca_lized or gen_eral
the complexity of several causes working simultaneously, failure.  Determination of whethgr acc.ldental loading
given a basic understanding of the various damage-caused damage to_ the poncrete will require knowledge of
causing mechanisms, it should be possible, in most casedn® events preceding discovery of the damage. Usually,
to determine the primary cause or causes of the damagéa"’Image caused by accidental loading will be easy to

seen on a particular structure and to make intelligentdi2gnose.
choices concerning selection of repair materials and
methods.

Weathering

(2) Symptoms. Visual examination will usually
show spalling or cracking of concrete which has been
3-2. Causes of Distress and Deterioration subjected to accidental loadings. Laboratory analysis is

generally not necessary.

a. Accidental loadings

(3) Prevention. Accidental loadings by their very

(1) Mechanism. Accidental loadings may be charac- nature cannot be prevented. Minimizing the effects of
terized as short-duration, one-time events such as thesome occurrences by following proper design procedures
impact of a barge against a lock wall or an earthquake.(an example is the design for earthquakes) or by proper
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attention to detailing (wall armor in areas of likely (2) Aggressive-water attack.
impact) will reduce the impacts of accidental loadings.

(&) Mechanism. Some waters have been reported to
b. Chemical reactions. This category includes sev- have extremely low concentrations of dissolved minerals.
eral specific causes of deterioration that exhibit a wide These soft or aggressi\/e waters will leach calcium from
variety of symptoms. In general, deleterious chemical cement paste or aggregates. This phenomenon has been
reactions may be classified as those that occur as thenfrequently reported in the United States. From the few
result of external chemicals attacking the concrete (acidcases that have been reported, there are indications that
attack, aggressive water attack, miscellaneous Chemicaihis attack takes p|ace very s|ow|y_ For an aggressive-
attack, and sulfate attack) or those that occur as a reSUlWater attack to have a serious effect on hydrau"c struc-
of internal chemical reactions between the constituents oftyres, the attack must occur in flowing water. This keeps
the concrete (alkali—silica and alkali-carbonate rock reac-g constant Supp|y of aggressi\/e water in contact with the
tiOﬂS). Each of these chemical reactions is deSCfibedconcrete and washes away aggregate partic|es that become
below. loosened as a result of leaching of the paste (Holland,

Husbands, Buck, and Wong 1980).
(1) Acid attack.

. . . (b) Symptoms. Visual examination will show con-
(@) Mechanism. Portland-cement concrete is a highly ¢yete surfaces that are very rough in areas where the paste
alkaline material and is not very resistant to attack by poc been leached (Figure 2-12). Sand grains may be
acids. The deterioration of concrete by acids is primarily present on the surface of the concrete, making it resemble

the result of a reaction between the acid and the products.a coarse sandpaper. If the aggregate is susceptible to
of the hydration of cement. Calcium silicate hydrate may leaching, holes where the coarse aggregate has been dis-

be attacked if highly concentrated acid exists in the envir- solved will be evident. Water samples from structures

onment of the_ concrete _structures. _In most cases, th%vhere aggressive-water attack is suspected may be ana-
chemical reaction results in the formation of water-soluble lyzed to calculate the Langlier Index, which is a measure

calcium compo.unds.that are then _Igached away. In theof the aggressiveness of the water (Langlier 1936).
case of sulfuric acid attack, additional or accelerated
deterioration results because the calcium sulfate formed

may affect the concrete by the sulfate attack mechanismthe (;i%e P(;?V:ngﬁzétu;rehecaiggggsfj';/ferrrﬁ;ugg gLf\c,Jv?ete(r:o?]t-
(Section 3-B(6)). If the acid is able to reach the rein-

: . struction or during a major rehabilitation. Additionally,
forcing steel through cracks or pores in the concrete, . .
. ) . i . the water-quality evaluation at many structures can be
corrosion of the reinforcing steel will result and will cause

further deterioration of the concrete (ACI 201.2R) expanded to monitor the aggressiveness of water at the
e structure. If there are indications that the water is aggres-

sive or is becoming aggressive, areas susceptible to high
flows may be coated with a nonportland-cement-based
coating.

(b) Symptoms. Visual examination will show disin-
tegration of the concrete evidenced by loss of cement
paste and aggregate from the matrix (Figure 2-13). If
reinforcing steel has been reached by the acid, rust
staining, cracking, and spalling may be present. If the
nature of the solution in which the deteriorating concrete
is located is unknown, laboratory analysis can be used to ~ (a) Mechanism. Certain carbonate rock aggregates
identify the specific acid involved. have been reactive in concrete. The results of these reac-

tions have been characterized as ranging from beneficial

(c) Prevention. A dense concrete with a low to destructive. The destructive category is apparently
water-cement ratio (w/c) may provide an acceptable limited to reactions with impure dolomitic aggregates and
degree of protection against a mild acid attack. Portland-are a result of either dedolomitization or rim-silicification
cement concrete, because of its composition, is unable tgeactions. The mechanism of alkali-carbonate rock reac-
withstand attack by highly acidic solutions for long tion is covered in detail in EM 1110-2-2000.
periods of time. Under such conditions, an appropriate
surface coating or treatment may be necessary. ACI (b) Symptoms. Visual examination of those reac-
Committee 515 has extensive recommendations for suchtions that are serious enough to disrupt the concrete in a
coatings (ACI 515.1R).

(3) Alkali-carbonate rock reaction.
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structure will generally show map or pattern cracking and tend to force the aggressive solutions into the matrix. If
a general appearance which indicates that the concrete ithe low-pressure face of the concrete is exposed to evapo-
swelling (Figure 2-7). A distinguishing feature which ration, a concentration of salts tends to accumulate at that
differentiates  alkali-carbonate rock reaction from face, resulting in increased attack. In addition to the
alkali-silica reaction is the lack of silica gel exudations at specific nature of the chemical involved, the degree to
cracks (ACI 201.2R). Petrographic examination in accor- which concrete resists attack depends upon the tempera-
dance with ASTM C 295 (CRD-C 127) may be used to ture of the aggressive solution, the w/c of the concrete,
confirm the presence of alkali-carbonate rock reaction. the type of cement used (in some circumstances), the
degree of consolidation of the concrete, the permeability

(c) Prevention. In general, the best prevention is to of the concrete, the degree of wetting and drying of the
avoid using aggregates that are or suspected of beinghemical on the concrete, and the extent of chemically
reactive.  Appendix E of EM 1110-2-2000 prescribes induced corrosion of the reinforcing steel (ACI 201.1R).
procedures for testing rocks for reactivity and for mini-

mizing effects when reactive aggregates must be used. (b) Symptoms. Visual examination of concrete
o _ which has been subjected to chemical attack will usually
(4) Alkali-silica reaction. show surface disintegration and spalling and the opening

of joints and cracks. There may also be swelling and

(@) Mechanism. Some aggregates containing silicageneral disruption of the concrete mass. Coarse aggregate
that is soluble in highly alkaline solutions may react to particles are generally more inert than the cement paste
form a solid nonexpansive calcium-alkali-silica complex matrix; therefore, aggregate particles may be seen as
or an alkali-silica complex which can imbibe considerable protruding from the matrix. Laboratory analysis may be
amounts of water and then expand, disrupting therequired to identify the unknown chemicals which are
concrete. Additional details may be found in causing the damage.
EM 1110-2-2000.

_ o (c) Prevention. Typically, dense concretes with low
(b) Symptoms. Visual examination of those concrete yw/c (maximum wi/c = 0.40) provide the greatest resis-

pattern cracking and a general appearance that indicategesistance is to provide a suitable coating as outlined in
that the concrete is swelling (Figure 2-6). Petrographic oc| 515.1R.

examination may be used to confirm the presence of
alkali-silica reaction. (6) Sulfate attack.

(c) Prevention. In general, the best prevention is to . .
: . (&) Mechanism.  Naturally occurring sulfates of
avoid using aggregates that are known or suspected to be . . . . .
. . Sodium, potassium, calcium, or magnesium are sometimes
reactive or to use a cement containing less thanfound in soil or in solution in ground water adjacent to
0.60 percent alkalies (percent J@a+ (0.658) percent 9 )

K,0). Appendix D of EM 1110-2-2000 prescribes proce- concrete structures. The sulfate ions in solution V\{I||
. L .~ attack the concrete. There are apparently two chemical
dures for testing aggregates for reactivity and for mini-

mizing the effects when reactive aggregates must be usedreactions involvgd in sulfatg attack on ¢ oncre'te. 'Fir.st, the
Sulfate reacts with free calcium hydroxide which is libera-
ted during the hydration of the cement to form calcium
sulfate (gypsum). Next, the gypsum combines with
hydrated calcium aluminate to form calcium
tsulfoaluminate (ettringite). Both of these reactions result

in an increase in volume. The second reaction is mainly

(5) Miscellaneous chemical attack.

(@) Mechanism. Concrete will resist chemical attack
to varying degrees, depending upon the exact nature o

the chemical. ACI 515.1R includes an extensive listing of ible f f the di . db |
the resistance of concrete to various chemicals. To pro-.resmnSI e for most of the disruption cause Dy volume
: increase of the concrete (ACI 201.2R). In addition to the

duce significant attack on concrete, most chemicals musttWO chemical reactions, there may also be a purely physi-

be in solution that is above some minimum concentration. ; ;
. : . cal phenomenon in which the growth of crystals of sulfate
Concrete is seldom attacked by solid dry chemicals. .
salts disrupts the concrete.

Also, for maximum effect, the chemical solution needs to
be circulated in contact with the concrete. Concrete sub-
jected to aggressive solutions under positive differential
pressure is particularly vulnerable. The pressure gradient

(b) Symptoms. Visual examination will show map
é’amd pattern cracking as well as a general disintegration of
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the concrete (Figure 2-14). Laboratory analysis can verify “Bugholes” are formed when small pockets of air or water
the occurrence of the reactions described. are trapped against the forms. A change in the mixture to
make it less “sticky” or the use of small vibrators worked
(c) Prevention. Protection against sulfate attack cannear the form has been used to help eliminate bugholes.
generally be obtained by the following: Use of a dense, Honeycombing can be reduced by inserting the vibrator
high-quality concrete with a low water-cement ratio; Use more frequently, inserting the vibrator as close as pos-
of either a Type V or a Type Il cement, depending upon sible to the form face without touching the form, and
the anticipated severity of the exposure (EM 1110-2- slower withdrawal of the vibrator. Obviously, any or all
2000); Use of a suitable pozzolan (some pozzolans, addedf these defects make it much easier for any
as part of a blended cement or separately, have improvediamage-causing mechanism to initiate deterioration of the
resistance, while others have hastened deterioration). Ifconcrete. Frequently, a fear of “overconsolidation” is
use of a pozzolan is anticipated, laboratory testing toused to justify a lack of effort in consolidating concrete.
verify the degree of improvement to be expected is Overconsolidation is usually defined as a situation in
recommended. which the consolidation effort causes all of the coarse
aggregate to settle to the bottom while the paste rises to
c. Construction errors Failure to follow specified the surface. If this situation occurs, it is reasonable to
procedures and good practice or outright carelessness magonclude that there is a problem of a poorly proportioned
lead to a number of conditions that may be grouped concrete rather than too much consolidation.
together as construction errors. Typically, most of these
errors do not lead directly to failure or deterioration of (4) Improper curing. Curing is probably the most
concrete. Instead, they enhance the adverse impacts aibused aspect of the concrete construction process.
other mechanisms identified in this chapter. Each errorUnless concrete is given adequate time to cure at a proper
will be briefly described below along with preventative humidity and temperature, it will not develop the charac-
methods. In general, the best preventive measure is deristics that are expected and that are necessary to pro-
thorough knowledge of what these construction errors arevide durability. Symptoms of improperly cured concrete
plus an aggressive inspection program. It should be notectan include various types of cracking and surface disinte-
that errors of the type described in this section are equallygration. In extreme cases where poor curing leads to
as likely to occur during repair or rehabilitation projects failure to achieve anticipated concrete strengths, structural
as they are likely to occur during new construction. cracking may occur.

(1) Adding water to concrete. Water is usually added (5) Improper location of reinforcing steel. This
to concrete in one or both of the following circumstances: section refers to reinforcing steel that is improperly
First, water is added to the concrete in a delivery truck to located or is not adequately secured in the proper location.
increase slump and decrease emplacement effort. Thigither of these faults may lead to two general types of
practice will generally lead to concrete with lowered problems. First, the steel may not function structurally as
strength and reduced durability. As the w/c of the con- intended, resulting in structural cracking or failure. A
crete increases, the strength and durability will decreaseparticularly prevalent example is the placement of welded
In the second case, water is commonly added duringwire mesh in floor slabs. In many cases, the mesh ends
finishing of flatwork. This practice leads to scaling, craz- up on the bottom of the slab which will subsequently

ing, and dusting of the concrete in service. crack because the steel is not in the proper location. The
second type of problem stemming from improperly
(2) Improper alignment of formwork. Improper located or tied reinforcing steel is one of durability. The

alignment of the formwork will lead to discontinuities on tendency seems to be for the steel to end up near the
the surface of the concrete. While these discontinuitiessurface of the concrete. As the concrete cover over the
are unsightly in all circumstances, their occurrence maysteel is reduced, it is much easier for corrosion to begin.
be more critical in areas that are subjected to high-

velocity flow of water, where cavitation-erosion may be (6) Movement of formwork. Movement of form-
induced, or in lock chambers where the “rubbing” sur- work during the period while the concrete is going from a
faces must be straight. fluid to a rigid material may induce cracking and separa-

tion within the concrete. A crack open to the surface will

(3) Improper consolidation. Improper consolidation allow access of water to the interior of the concrete. An

of concrete may result in a variety of defects, the mostinternal void may give rise to freezing or corrosion prob-
common being bugholes, honeycombing, and cold joints.lems if the void becomes saturated.
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(7) Premature removal of shores or reshores. If (b) Timing of finishing. Final finishing operations
shores or reshores are removed too soon, the concretmust be done after the concrete has taken its initial set
affected may become overstressed and cracked. Irand bleeding has stopped. The waiting period depends on
extreme cases there may be major failures. the amounts of water, cement, and admixtures in the

mixture but primarily on the temperature of the concrete

(8) Settling of the concrete. During the period surface. On a partially shaded slab, the part in the sun
between placing and initial setting of the concrete, the will usually be ready to finish before the part in the
heavier components of the concrete will settle under theshade.
influence of gravity. This situation may be aggravated by
the use of highly fluid concretes. If any restraint tends to (c) Adding cement to the surface. This practice is
prevent this settling, cracking or separations may result.often done to dry up bleed water to allow finishing to
These cracks or separations may also develop problems ofroceed and will result in a thin cement-rich coating
corrosion or freezing if saturated. which will craze or flake off easily.

(9) Settling of the subgrade. If there is any settling (d) Use of tamper. A tamper or “jitterbug” is
of the subgrade during the period after the concrete beginsinnecessarily used on many jobs. This tool forces the
to become rigid but before it gains enough strength tocoarse aggregate away from the surface and can make
support its own weight, cracking may also occur. finishing easier.  This practice, however, creates a

cement-rich mortar surface layer which can scale or craze.

(10) Vibration of freshly placed concrete. Most con- A jitterbug should not be allowed with a well designed
struction sites are subjected to vibration from various mixture. If a harsh mixture must be finished, the judi-
sources, such as blasting, pile driving, and from the oper-cious use of a jitterbug could be useful.
ation of construction equipment. Freshly placed concrete
is vulnerable to weakening of its properties if subjected to (e) Jointing. The most frequent cause of cracking in
forces which disrupt the concrete matrix during setting. flatwork is the incorrect spacing and location of joints.
The vibration limits for concrete, expressed in terms of Joint spacing is discussed in ACI 330R.
peak particle velocity and given in Table 3-2, were estab-

lished as a result of laboratory and field test programs. d. Corrosion of embedded metals

(11) Improper finishing of flat work. The most com- (1) Mechanisms. Steel reinforcement is deliberately
mon improper finishing procedures which are detrimental and almost invariably placed within a few inches of a
to the durability of flat work are discussed below. concrete surface. Under most circumstances, portland-

cement concrete provides good protection to the embed-
(&) Adding water to the surface. This procedure was ded reinforcing steel.  This protection is generally
discussed in paragraph 8{2) above. Evidence that attributed to the high alkalinity of the concrete adjacent to
water is being added to the surface is the presence of dhe steel and to the relatively high electrical resistance of
large paint brush, along with other finishing tools. The the concrete. Still, corrosion of the reinforcing steel is
brush is dipped in water and water is “slung” onto the among the most frequent causes of damage to concrete.
surface being finished.

Table 3-2
Vibration Limits for Freshly Placed Concrete (Hulshizer and Desci 1984)

Age of Concrete

at Time of Vibration Peak Particle Velocity
(hr) of Ground Vibrations
Upto 3 102 mm/sec (4.0 in./sec)
3to 1l 38 mm/sec (1.5 in./sec)
11to 24 51 mm/sec (2.0 in./sec)
24 10 48 102 mm/sec (4.0 in./sec)
Over 48 178 mm/sec (7.0 in./sec)
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(@) High alkalinity and electrical resistivity of the becoming visible (Figure 2-27). One area where labora-
concrete. The high alkalinity of the concrete pore solu- tory analysis may be beneficial is the determination of the
tion can be reduced over a long period of time by car- chloride contents in the concrete. This procedure may be
bonation. The electrical resistivity can be decreased byused to determine the amount of concrete to be removed
the presence of chemicals in the concrete. The chemicaluring a rehabilitation project.
most commonly applied to concrete is chloride salts in the
form of deicers. As the chloride ions penetrate the con- (3) Prevention. ACI 201.2R describes the considera-
crete, the capability of the concrete to carry an electricaltions for protecting reinforcing steel in concrete: use of
current is increased significantly. If there are differences concrete with low permeability; use of properly propor-
within the concrete such as moisture content, chloridetioned concrete having a low w/c; use of as low a con-
content, oxygen content, or if dissimilar metals are in crete slump as practical; use of good workmanship in
contact, electrical potential differences will occur and a placing the concrete; curing the concrete properly; provid-
corrosion cell may be established. The anodes will exper-ing adequate concrete cover over the reinforcing steel;
ience corrosion while the cathodes will be undamaged.providing good drainage to prevent water from standing
On an individual reinforcing bar there may be many on the concrete; limiting chlorides in the concrete mix-
anodes and cathodes, some adjacent, and some widelire; and paying careful attention to protruding items such
spaced. as bolts or other anchors.

(b) Corrosion-enhanced reduction in load-carrying e. Design errors. Design errors may be divided
capacity of concrete. As the corrosion progresses, twointo two general types: those resulting from inadequate
things occur: First, the cross-sectional area of the rein-structural design and those resulting from lack of attention
forcement is reduced, which in turn reduces the load-to relatively minor design details. Each of the two types
carrying capacity of the steel. Second, the products of theof design errors is discussed below.
corrosion, iron oxide (rust), expand since they occupy

about eight times the volume of the original material. (1) Inadequate structural design.
This increase in volume leads to cracking and ultimately
spalling of the concrete. For mild steel reinforcing, the (@) Mechanism. The failure mechanism is simple--

damage to the concrete will become evident long beforethe concrete is exposed to greater stress than it is capable
the capacity of the steel is reduced enough to affect itsof carrying or it sustains greater strain than its strain
load-carrying capacity. However, for prestressing steel, capacity.
slight reductions in section can lead to catastrophic
failure. (b) Symptoms. Visual examinations of failures
resulting from inadequate structural design will usually
(c) Other mechanisms for corrosion of embedded show one of two symptoms. First, errors in design result-
metals. In addition to the development of an electrolytic ing in excessively high compressive stresses will result in
cell, corrosion may be developed under several otherspalling. Similarly, high torsion or shear stresses may
situations. The first of these is corrosion produced by thealso result in spalling or cracking. Second, high tensile
presence of a stray electrical current. In this case, thestresses will result in cracking. To identify inadequate
current necessary for the corrosion reaction is provideddesign as a cause of damage, the locations of the damage
from an outside source. A second additional source ofshould be compared to the types of stresses that should be
corrosion is that produced by chemicals that may be ablepresent in the concrete. For example, if spalls are present
to act directly on the reinforcing steel. Since this section on the underside of a simple-supported beam, high com-
has dealt only with the corrosion of steel embedded in pressive stresses are not present and inadequate design
concrete, for information on the behavior of other metals may be eliminated as a cause. However, if the type and
in concrete, see ACI 201.2R and ACI 222R. location of the damage and the probable stress are in
agreement, a detailed stress analysis will be required to
(2) Symptoms. Visual examination will typically determine whether inadequate design is the cause. Labo-
reveal rust staining of the concrete. This staining will be ratory analysis is generally not applicable in the case of
followed by cracking. Cracks produced by corrosion suspected inadequate design. However, for rehabilitation
generally run in straight, parallel lines at uniform intervals projects, thorough petrographic analysis and strength test-
corresponding to the spacing of the reinforcement. Asing of concrete from elements to be reused will be
deterioration continues, spalling of the concrete over thenecessary.
reinforcing steel will occur with the reinforcing bars
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(c) Prevention. Inadequate design is best prevented (e) Insufficient travel in expansion joints. Inade-
by thorough and careful review of all design calculations. quately designed expansion joints may result in spalling
Any rehabilitation method that makes use of existing of concrete adjacent to the joints. The full range of pos-
concrete structural members must be carefully reviewed. sible temperature differentials that a concrete may be

expected to experience should be taken into account in the

(2) Poor design details. While a structure may be specification for expansion joints. There is no single
adequately designed to meet loadings and other overalexpansion joint that will work for all cases of temperature
requirements, poor detailing may result in localized con- differential.
centrations of high stresses in otherwise satisfactory con-
crete. These high stresses may result in cracking that  (f) Incompatibility of materials. The use of mate-
allows water or chemicals access to the concrete. In otherials with different properties (modulus of elasticity or
cases, poor design detailing may simply allow water to coefficient of thermal expansion) adjacent to one another
pond on a structure, resulting in saturated concrete. Inmay result in cracking or spalling as the structure is
general, poor detailing does not lead directly to concreteloaded or as it is subjected to daily or annual temperature
failure; rather, it contributes to the action of one of the variations.
other causes of concrete deterioration described in this
chapter. Several specific types of poor detailing and their (@) Neglect of creep effect. Neglect of creep may
possible effects on a structure are described in the fol-have similar effects as noted earlier for inadequate provi-
lowing paragraphs. In general, all of these problems cansion for deflections (paragraph #2)(c)). Additionally,
be prevented by a thorough and careful review of plansneglect of creep in prestressed concrete members may
and specifications for the project. In the case of existinglead to excessive prestress loss that in turn results in
structures, problems resulting from poor detailing should cracking as loads are applied.
be handled by correcting the detailing and not by simply
responding to the symptoms. (h) Rigid joints between precast units. Designs

utilizing precast elements must provide for movement

(@) Abrupt changes in section. Abrupt changes in between adjacent precast elements or between the precast
section may cause stress concentrations that may result irlements and the supporting frame. Failure to provide for
cracking. Typical examples would include the use of this movement can result in cracking or spalling.
relatively thin sections such as bridge decks rigidly tied
into massive abutments or patches and replacement con- (i) Unanticipated shear stresses in piers, columns, or
crete that are not uniform in plan dimensions. abutments. If, through lack of maintenance, expansion

bearing assembles are allowed to become frozen, horizon-

(b) Insufficient reinforcement at reentrant corners and tal loading may be transferred to the concrete elements
openings. Reentrant corners and openings also tend ta@upporting the bearings. The result will be cracking in
cause stress concentrations that may cause cracking. Ithe concrete, usually compounded by other problems
this case, the best prevention is to provide additionalwhich will be caused by the entry of water into the
reinforcement in areas where stress concentrations areoncrete.
expected to occur.

() Inadequate joint spacing in slabs. This is one of

(c) Inadequate provision for deflection. Deflections the most frequent causes of cracking of slabs-on-grade.
in excess of those anticipated may result in loading of Guidance on joint spacing and depth of contraction joints
members or sections beyond the capacities for which theymay be found in ACI 332R.
were designed. Typically, these loadings will be induced
in walls or partitions, resulting in cracking. f.  Abrasion. Abrasion damage caused by water-

borne debris and the techniques used to repair the damage

(d) Inadequate provision for drainage. Poor attention on several Corps’ structures are described by McDonald
to the details of draining a structure may result in the (1980). Also, causes of abrasion-erosion damage and
ponding of water. This ponding may result in leakage or procedures for repair and prevention of damage are
saturation of concrete. Leakage may result in damage todescribed in ACI 210R.
the interior of the structure or in staining and encrus-
tations on the structure. Saturation may result in severely (1) Mechanism. Abrasion-erosion damage is caused
damaged concrete if the structure is in an area that isby the action of debris rolling and grinding against a
subjected to freezing and thawing. concrete surface. In hydraulic structures, the areas most
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likely to be damaged are spillway aprons, stilling basin basin. Guidance as to discharge and tailwater relations
slabs, and lock culverts and laterals. The sources of therequired for flushing should be developed through model
debris include construction trash left in a structure, riprap and prototype tests. Periodic inspections should be
brought back into a basin by eddy currents because ofrequired to determine the presence of debris in the stilling
poor hydraulic design or asymmetrical discharge, andbasin and the extent of erosion. If the debris cannot be
riprap or other debris thrown into a basin by the public. removed by flushing operations, the basin should be
Also barges and towboats impacting or scraping on lock cleaned by other means.
wells and guide wells can cause abrasions erosion
damage. (c) Materials. It is imperative that materials be
tested and evaluated, in accordance with ASTM C 1138
(2) Symptoms. Concrete surfaces abraded by water{(CRD-C 63), prior to use in the repair of abrasion-erosion
borne debris are generally smooth (Figure 2-20) and maydamaged hydraulic structures. Abrasion-resistant concrete
contain localized depressions. Most of the debris remain-3h0u|d include the maximum amount of the hardest coarse
ing in the structure will be spherical and smooth. aggregate that is available and the lowest practical wic.
Mechanical abrasion is usually characterized by long|n some cases where hard aggregate was not available,
shallow grooves in the concrete surface and spalling alonghigh-range water-reducing admixtures (HRWRA) and
monolith joints. Armor plates is often torn away or bent. condensed silica fume have been used to develop high
) , compressive strength concrete 97 MPa (14,000 psi) to
(3) Prevention. The following measures should be , orcome problems of unsatisfactory aggregate (Holland
followed to prevent.or minimize aprasmn-erosmn damage 1983). Apparently, at these high compressive strengths
to concrete hydraulic structures (Liu 1980 and McDonald the hardened cement paste assumes a greater role in
1980). resisting abrasion-erosion damage, and as such, the
aggregate quality becomes correspondingly less important.
The abrasion-erosion resistance of vacuum-treated con-
crete, polymer concrete, polymer-impregnated concrete,

(@) Design. It appears that given appropriate flow
conditions in the presence of debris, all of the construc-

tion materials currently being used in hydraulic structures and  polvmer  portland-cement concrete is  sianificant
are to some degree susceptible to erosion. While poly b 9 y

improvements in materials should reduce the rate of con-Superior to that of comparable conventional concrete that

. - gan also be attributed to a stronger cement matrix. The
crete damage caused by erosion, this improvement alor]lncreased costs associated with materials, production, and
will not solve the problem. Until the adverse hydraulic ' P '

- . . lacing of these and any other special concretes in com-
conditions that can cause abrasion-erosion damage arB'acing ot any P .
S e - g parison with conventional concrete should be considered
minimized or eliminated, it will be extremely difficult for

. : : during the evaluation process. While the addition of steel
any of the construction materials currently being used to . . .
. . . . . fibers would be expected to increase the impact resistance
avoid damage by erosion. Prior to construction or repair

of major structures, hydraulic model studies of the struc- of concrete, fiber-reinforced concrete is consistently less

. : . . resistant to abrasion-erosion than conventional concrete.
ture may be required to identify potential causes of ero-

: : . Therefore, fiber-reinforced concrete should not be used
sion damage and to evaluate the effectiveness of Vanous, repair of stilling basins or other hydraulic structures
modifications in eliminating those undesirable hydraulic P 9 y

conditions Manv older structures have spillwavs where abrasion-erosion is of major concern. Several
. s y . . ve sp Y types of surface coatings have exhibited good abrasion-
designed with a vertical end-sill. This design is usually . . . .

- : . . . s erosion resistance during laboratory tests. These include
efficient in trapping the erosion-causing debris within the olvurethanes. epoxv-resin mortar. furan-resin _ mortar
spillway. In some structures, a 45-deg fillet installed on poiyu » EPOXy ' . '

: : . acrylic mortar, and iron aggregate toppings. However,
the upstream side of the end sill has resulted in a self- e o C
; . . . I some difficulties have been reported in field applications
cleaning stilling basin. Recessing monolith joints in lock £ surf tinas. primarily the result of improper sur-
walls and guide walls will minimize stilling basin spalling of surtace coalings, p y : _Improp
caused by barge impact and abrasion (Seeface preparation and thermal incompatibility between

paragraph 8-42)(e)). coatings and concrete.

(b) Operation. In existing structures, balanced flows  9- Cavitation Cavitation-erosion is the result of
should be maintained into basins by using all gates torelatively complex flow characteristics of water over

avoid discharge conditions where eddy action is prevalent.concrete surfaces (ACI 210R).

Substantial discharges that can provide a good hydraulic ) o )
jump without creating eddy action should be released (1) Mechanism. There is little evidence to show that
periodically in an attempt to flush debris from the stilling Water flowing over concrete surfaces at velocities less
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than 12.2 m/sec (40 ft/sec) causes any cavitation damage (c) Other cavitation-resistant materials. Cavitation-
to the concrete. However, when the flow is fast enough damaged areas have been successfully repaired with steel-
(greater than 12.2 m/sec) and where there is surface irregfiber concrete and polymer concrete (Houghton, Borge,
ularity in the concrete, cavitation damage may occur. and Paxton 1978). Some coatings, such as neoprene and
Whenever there is surface irregularity, the flowing water polyurethane, have reduced cavitation damage to concrete,
will separate from the concrete surface. In the area ofbut since near-perfect adhesion to the concrete is critical,
separation from the concrete, vapor bubbles will developthe use of the coatings is not common. Once a tear or a
because of the lowered vapor pressure in the region. Aschip in the coating occurs, the entire coating is likely to
these bubbles are carried downstream, they will soonbe peeled off.
reach areas of normal pressure. These bubbles will col-
lapse with an almost instantaneous reduction in volume. (d) Construction practices. Construction practices
This collapse, or implosion, creates a shock wave which,are of paramount importance when concrete surfaces are
upon reaching a concrete surface, induces very highexposed to high-velocity flow, particularly if aeration
stresses over a small area. The repeated collapse of vapatevices are not incorporated in the design. Such surfaces
bubbles on or near the concrete surface will cause pitting.must be as smooth as can be obtained under practical
Concrete spillways and outlet works of many high dams conditions. Accordingly, good construction practices as
have been severely damaged by cavitation. given in EM 1110-2-2000 should be followed whether the
construction is new or is a repair. Formed and unformed
(2) Symptoms. Concrete that has been damaged willsurfaces should be carefully checked during each con-
be severely pitted and extremely rough (Figure 2-21). Asstruction operation to confirm that they are within speci-
the damage progresses, the roughness of the damaged aréad tolerances. More restrictive tolerances on surfaces

may induce additional cavitation. should be avoided since they become highly expensive to
construct and often impractical to achieve, despite the use
(3) Prevention. of modern equipment and good construction practices.

Where possible, transverse joints in concrete conduits or
(a) Hydraulic design. Even the strongest materials chutes should be minimized. These joints are generally in

cannot withstand the forces of cavitation indefinitely. a location where the greatest problem exists in maintain-
Therefore, proper hydraulic design and the use of aeratioring a continuously smooth hydraulic surface. One con-
to reduce or eliminate the parameters that trigger cavita-struction technique which has proven satisfactory in
tion are extremely important (ACI 210R). Since these placement of reasonably smooth hydraulic surfaces is the
topics are beyond the scope of this manual, hydraulictraveling slipform screed. This technique can be applied
engineers and appropriate hydraulic design manualgto tunnel inverts and to spillway chute slabs. Hurd (1989)
should be consulted. provides information on the slipform screed. Since sur-

face hardness improves cavitation resistance, proper cur-

(b) Conventional materials. While proper material ing of these surfaces is essential.

selection can increase the cavitation resistance of concrete,
the only totally effective solution is to reduce or eliminate h. Freezing and thawing
the causes of cavitation. However, it is recognized that in
the case of existing structures in need of repair, the reduc- (1) Mechanism. As the temperature of a critically
tion or elimination of cavitation may be difficult and saturated concrete is lowered during cold weather, the
costly. The next best solution is to replace the damagedfreezable water held in the capillary pores of the cement
concrete with more cavitation-resistant materials. Cavita-paste and aggregates expands upon freezing. If subse-
tion resistance of concrete can be increased by use of auent thawing is followed by refreezing, the concrete is
properly designed low w/c, high-strength concrete. The further expanded, so that repeated cycles of freezing and
use of no larger than 38-mm (1-1/2-in.) nominal maxi- thawing have a cumulative effect. By their very nature,
mum size aggregate is beneficial. Furthermore, methodsconcrete hydraulic structures are particularly vulnerable to
which have reduced the unit water content of the mixture, freezing and thawing simply because there is ample
such as use of a water-reducing admixture, are also benespportunity for portions of these structures to become
ficial. Vital to increased cavitation resistance are the usecritically saturated. Concrete is especially vulnerable in
of hard, dense aggregate particles and a good aggregatereas of fluctuating water levels or under spraying condi-
to-mortar bond. Typically, cement-based materials exhibittions. Exposure in such areas as the tops of walls, piers,
significantly lower resistance to cavitation compared to parapets, and slabs enhances the vulnerability of concrete
polymer-based materials. to the harmful effects of repeated cycles of freezing and
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thawing. The use of deicing chemicals on concrete sur- (b) Subsidence. Situations in which an entire struc-
faces may also accelerate damage caused by freezing artdre is moving or a single element of a structure, such as
thawing and may lead to pitting and scaling. ACI 201.2R a monolith, is moving with respect to the remainder of the
describes the action as physical. It involves the develop-structure are caused by subsidence. In these cases, the
ment of osmotic and hydraulic pressures during freezing,concerns are not overcracking or spalling but rather stabil-
principally in the paste, similar to ordinary frost action. ity against overturning or sliding. Whether portions of a
single structural element are moving with respect to one
(2) Symptoms. Visual examination of concrete dam- another or whether entire elements are moving, the under-
aged by freezing and thawing may reveal symptoms rang-lying cause is more than likely to be a failure of the foun-
ing from surface scaling to extensive disintegration dation material.  This failure may be attributed to
(Figure 2-10). Laboratory examination of cores taken long-term consolidations, new loading conditions, or to a
from structures that show surficial effects of freezing and wide variety of other mechanisms. In situations in which
thawing will often show a series of cracks parallel to the structural movement is diagnosed as a cause of concrete
surface of the structure. deterioration, a thorough geotechnical investigation should
be conducted.
(3) Prevention. The following preventive measures
are recommended by ACI 201.2R for concrete that will be (2) Symptoms. Visual examination of structures
exposed to freezing and thawing while saturated: undergoing settlement or movement will usually reveal
cracking or spalling or faulty alignment of structural
(@) Designing the structure to minimize the exposure members. Very often, movement will be apparent in
to moisture. For example, providing positive drainage nonstructural members such as block or brick masonry

rather than flat surfaces whenever possible. walls. Another good indication of structural movement is
an increase in the amount of water leaking into the struc-
(b) Using a concrete with a low w/c. ture. Since differential settlement of the foundation of a

structure is usually a long-term phenomenon, review of
(c) Using adequate entrained air to provide a satisfac-instrumentation data will be helpful in determining
tory air-void system in the concrete, i.e., a bubble spacingwhether apparent movement is real. Review by structural
factor of 0.20 mm (0.008 in.) or less, which will provide and geotechnical engineering specialists will be required.
protection for the anticipated service conditions and
aggregate size. EM 1110-2-2000 provides information on (3) Prevention. Prevention of settlements and move-
the recommended amount of entrained air. ments or corrective measures are beyond the scope of this
manual. Appropriate structural and geotechnical engi-
(d) Selecting suitable materials, particularly aggre- neering manuals should be consulted for guidance.
gates that perform well in properly proportioned concrete.
j.  Shrinkage. Shrinkage is caused by the loss of
(e) Providing adequate curing to ensure that the com-moisture from concrete. It may be divided into two gen-
pressive strength of the concrete is at least 24 MPaeral categories: that which occurs before setting (plastic
(3,500 psi) before the concrete is allowed to freeze in ashrinkage) and that which occurs after setting (drying
saturated state. shrinkage). Each of these types of shrinkage is discussed
in this section.
i. Settlement and movement
(1) Plastic shrinkage.
(1) Mechanisms.
(@) Mechanism. During the period between placing
(a) Differential movement. Situations in which the and setting, most concrete will exhibit bleeding to some
various elements of a structure are moving with respect todegree. Bleeding is the appearance of moisture on the
one another are caused by differential movements. Sincesurface of the concrete; it is caused by the settling of the
concrete structures are typically very rigid, they can toler- heavier components of the mixture. Usually, the bleed
ate very little differential movement. As the differential water evaporates slowly from the concrete surface. If
movement increases, concrete members can be expecteghvironmental conditions are such that evaporation is
to be subjected to an overstressed condition. Ultimately,occurring faster than water is being supplied to the sur-
the members will crack or spall. face by bleeding, high tensile stresses can develop. These
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stresses can lead to the development of cracks on thehe restraint, or both. The following will help to reduce
concrete surface. the tendency to shrink: use of less water in the concrete;
use of larger aggregate to minimize paste content; placing
(b) Symptoms. Cracking caused by plastic shrinkagethe concrete at as low a temperature as practical; dam-
will be seen within a few hours of concrete placement. pening the subgrade and the forms; dampening aggregates
Typically, the cracks are isolated rather than patterned.if they are dry and absorptive; and providing an adequate
These cracks are generally wide and shallow. amount of reinforcement to distribute and reduce the size
of cracks that do occur. Restraint can be reduced by
(c) Prevention. Determination of whether the weather providing adequate contraction joints.
conditions on the day of the placement are conducive to
plastic shrinkage cracking is necessary. If the predicted k. Temperature changes.Changes in temperature
evaporation rate is high according to ACI 305R, appropri- cause a corresponding change in the volume of concrete.
ate actions such as erecting windbreaks, erecting shadés was true for moisture-induced volume change (drying
over the placement, cooling the concrete, and mistingshrinkage), temperature-induced volume changes must be
should be taken after placement. Additionally, it will be combined with restraint before damage can occur. Basi-
beneficial to minimize the loss of moisture from the con- cally, there are three temperature change phenomena that
crete surface between placing and finishing. Finally, may cause damage to concrete. First, there are the tem-
curing should be started as soon as is practical. If crack-perature changes that are generated internally by the heat
ing caused by plastic shrinkage does occur and if it is of hydration of cement in large placements. Second, there
detected early enough, revibration and refinishing of theare the temperature changes generated by variations in
cracked area will resolve the immediate problem of the climatic conditions. Finally, there is a special case of
cracks. Other measures as described above will beexternally generated temperature change--fire damage.

required to prevent additional occurrences. Internally and externally generated temperature changes
are discussed in subsequent paragraphs. Because of the
(2) Drying shrinkage. infrequent nature of its occurrence in civil works struc-

tures, fire damage is not included in this manual.
(&) Mechanism. Drying shrinkage is the long-term
change in volume of concrete caused by the loss of mois- (1) Internally generated temperature differences.
ture. If this shrinkage could take place without any
restraint, there would be no damage to the concrete. (&) Mechanism. The hydration of portland cement is
However, the concrete in a structure is always subject toan exothermic chemical reaction. In large volume place-
some degree of restraint by either the foundation, by ments, significant amounts of heat may be generated and
another part of the structure, or by the difference in the temperature of the concrete may be raised by more
shrinkage between the concrete at the surface and that ithan 38 °C (100 °F) over the concrete temperature at
the interior of a member. This restraint may also be placement. Usually, this temperature rise is not uniform
attributed to purely physical conditions such as the place-throughout the mass of the concrete, and steep tempera-
ment of a footing on a rough foundation or to chemical ture gradients may develop. These temperature gradients
bonding of new concrete to earlier placements or to both.give rise to a situation known as internal restraint--the
The combination of shrinkage and restraints cause tensileouter portions of the concrete may be losing heat while
stresses that can ultimately lead to cracking. the inner portions are gaining (heat). If the differential is
great, cracking may occur. Simultaneously with the
(b) Symptoms. Visual examination will typically development of this internal restraint condition, as the
show cracks that are characterized by their fineness andoncrete mass begins to cool, a reduction in volume takes
absence of any indication of movement. They are usuallyplace. If the reduction in volume is prevented by external
shallow, a few inches in depth. The crack pattern is typi- conditions (such as by chemical bonding, by mechanical
cally orthogonal or blocky. This type of surface cracking interlock, or by piles or dowels extending into the con-
should not be confused with thermally induced deep crete), the concrete is externally restrained. If the strains
cracking which occurs when dimensional change isinduced by the external restraint are great enough, crack-
restrained in newly placed concrete by rigid foundations ing may occur. There is increasing evidence, particularly
or by old lifts of concrete. for rehabilitation work, that relatively minor temperature
differences in thin, highly restrained overlays can lead to
(c) Prevention. In general, the approach is either to cracking. Such cracking has been seen repeatedly in lock
reduce the tendency of the concrete, to shrink or to reducewall resurfacing (Figure 2-5) and in stiling basin
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overlays. Measured temperature differentials have typi-materials that do not have the same coefficient of thermal
cally been much below those normally associated with expansion as the underlying material. Annual heating and

thermally induced cracking. cooling may lead to cracking or debonding of the two
materials.
(b) Symptoms.  Cracking resulting from internal
restraint will be relatively shallow and isolated. Cracking (b) Symptoms. Visual examination will show regu-

resulting from external restraint will usually extend larly spaced cracking in the case of restrained contraction.
through the full section. Thermally induced cracking may Similarly, spalling at expansion joints will be seen in the
be expected to be regularly spaced and perpendicular t@wase of restrained expansion. Problems resulting from
the larger dimensions of the concrete. expansion-contraction caused by thermal differences will
be seen as pattern cracking, individual cracking, or
(c) Prevention. An in-depth discussion of tempera- spalling.
ture and cracking predictions for massive placements can
be found in ACI 207.1R and ACI 207.2R. In general, the (c) Prevention. The best prevention is obviously to
following may be beneficial: using as low a cement con- make provision for the use of contraction and expansion
tent as possible; using a low-heat cement or combinationjoints. Providing reinforcing steel (temperature steel) will
of cement and pozzolans; placing the concrete at thehelp to distribute cracks and minimize the size of those
minimum practical temperature; selecting aggregates withthat do occur. Careful review of the properties of all
low moduli of elasticity and low coefficients of thermal repair materials will help to eliminate problems caused by
expansion; cooling internally or insulating the placement temperature changes.
as appropriate to minimizing temperature differentials; and

minimizing the effects of stress concentrators that may I. Weathering. Weathering is frequently referred to
instigate cracking. as a cause of concrete deterioration. ACI 116R defines
weathering as “Changes in color, texture, strength, chemi-

(2) Externally generated temperature differences. cal composition, or other properties of a natural or

artificial material due to the action of the weather.” How-

(@) Mechanism. The basic failure mechanism in this ever, since all of these effects may be more correctly
case is the same as that for internally generated temperaattributed to other causes of concrete deterioration
ture differences--the tensile strength of the concrete isdescribed in this chapter, weathering itself is not con-
exceeded. In this case the temperature change leading teidered to be a specific cause of deterioration.
the concrete volume change is caused by external factors,
usually changing climatic conditions. This cause of deter- 3-3. Relating Symptoms to Causes
ioration is best described by the following examples: of Distress and Deterioration
First, a pavement slab cast in the summer. As the air and
ground temperatures drop in the fall and winter, the slabGiven a detailed report of the condition of the concrete in
may undergo a temperature drop of 27 °C (80 °F), or a structure and a basic understanding of the various mech-
more. Typical parameters for such a temperature dropanisms that can cause concrete deterioration, the problem
(coefficient of thermal expansion of 10.8 x40C (6 x becomes one of relating the observations or symptoms to
10%°F) indicate a 30-m (98-ft) slab would experience a the underlying causes. When many of the different
shortening of more than 13 mm (1/2 in.). If the slab were causes of deterioration produce the same symptoms, the
restrained, such movement would certainly lead to crack-task of relating symptoms to causes is more difficult than
ing. Second, a foundation or retaining wall that is cast in it first appears. One procedure to consider is based upon
the summer. In this case, as the weather cools, the conthat described by Johnson (1965). This procedure is
crete may cool at different rates--exposed concrete will obviously idealized and makes no attempt to deal with
cool faster than that insulated by soil or other backfill. more than one cause that may be active at any one time.
The restraint provided by this differential cooling may Although there will usually be a combination of causes
lead to cracking if adequate contraction joints have notresponsible for the damage detected on a structure, this
been provided. Third, concrete that experiences sig-procedure should provide a starting point for an analysis.
nificant expansion during the warmer portions of the year.
Spalling may occur if there are no adequate expansion a. Evaluate structure design to determine adequacy.
joints. In severe cases, pavement slabs may be lifted ouFirst consider what types of stress could have caused the
of alignment, resulting in so-called blowups. Fourth, observed symptoms. For example, tension will cause
concretes that have been repaired or overlayed withcracking, while compression will cause spalling. Torsion
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or shear will usually result in both cracking and spalling. the three possibilities is the most likely to be the cause of
If the basic symptom is disintegration, then overstressthe damage.
may be eliminated as a cause. Second, attempt to relate
the probable types of stress causing the damage noted to (2) If there is evidence of swelling of the concrete,
the locations of the damage. For example, if cracking then there are two possibilities: chemical reactions and
resulting from excessive tensile stress is suspected, itemperature changes. Destructive chemical reactions such
would not be consistent to find that type of damage in an as alkali-silica or alkali-carbonate attack that cause swel-
area that is under compression. Next, if the damageling will have been identified during the laboratory inves-
seems appropriate for the location, attempt to relate thetigation. Temperature-induced swelling should be ruled
specific orientation of the damage to the stress pattern.out unless there is additional evidence such as spalling at
Tension cracks should be roughly perpendicular to thejoints.
line of externally induced stress. Shear usually causes
failure by diagonal tension, in which the cracks will run (3) If the evidence is spalling and corrosion and
diagonally in the concrete section. Visualizing the basic accidental loadings have been eliminated earlier, the major
stress patterns in the structure will aid in this phase of thecauses of spalling remaining are construction errors, poor
evaluation. If no inconsistency is encountered during this detailing, freezing and thawing, and externally generated
evaluation, then overstress may be the cause of théemperature changes. Examination of the structure should
observed damage. A thorough stress analysis is warrantetiave provided evidence as to the location and general
to confirm this finding. If an inconsistency has been nature of the spalling that will allow identification of the
detected, such as cracking in a compression zone, the nexxact cause.
step in the procedure should be followed.
(4) If the evidence is cracking, then construction

b. Relate the symptoms to potential caus€®r this errors, shrinkage, temperature changes, settlement and
step, Table 3-3 will be of benefit. Depending upon the movement, chemical reactions, and poor design details
symptom, it may be possible to eliminate several possibleremain as possible causes of distress and deterioration of
causes. For example, if the symptom is disintegration orconcrete. Each of these possibilities will have to be
erosion, several potential causes may be eliminated by thigeviewed in light of the available laboratory and field
procedure. observations to establish which is responsible.

c. Eliminate the readily identifiable causesFrom (5) If the evidence is seepage and it has not been
the list of possible causes remaining after symptoms haveelated to a detrimental internal chemical reaction by this
been related to potential causes, it may be possible tdime, then it is probably the result of design errors or
eliminate two causes very quickly since they are relatively construction errors, such as improper location or installa-
easy to identify. The first of these is corrosion of tion of a waterstop.
embedded metals. It will be easy to verify whether the
cracking and spalling noted are a result of corrosion. The e. Determine why the deterioration has occurred.
second cause that is readily identified is accidental load-Once the basic cause or causes of the damage have been
ing, since personnel at the structure should be able toestablished, there remains one final requirement: to
relate the observed symptoms to a specific incident. understand how the causal agent acted upon the concrete.

For example, if the symptoms were cracking and spalling

d. Analyze the available clueslf no solution has and the cause was corrosion of the reinforcing steel, what
been reached at this stage, all of the evidences generatef@dcilitated the corrosion? Was there chloride in the con-
by field and laboratory investigations should be carefully crete? Was there inadequate cover over the reinforcing
reviewed. Attention should be paid to the following steel? Another example to consider is concrete damage
points: caused by freezing and thawing. Did the damage occur

because the concrete did not contain an adequate air-void

(1) If the basic symptom is that of disintegration of system, or did the damage occur because the concrete
the concrete surface, then essentially three possible causassed was not expected to be saturated but, for whatever
remain: chemical attack, erosion, and freezing and thaw-reason, was saturated? Only when the cause and its mode
ing. Attempts should be made to relate the nature andof action are completely understood should the next step
type of the damage to the location in the structure and toof selecting a repair material be attempted.
the environment of the concrete in determining which of
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Appendix A a. “Video Systems for Underwater Inspection of
References Structures,” REMR Technical Note CS-ES-2.6

b. “Underwater Cameras for Inspection of Struc-
) o tures in Turbid Water,” REMR Technical Note CS-ES-3.2

A-1. Required Publications
c. “Removal and Prevention of Efflorescence on

M 5-822-6/AFM 88-7, Chapter 1 Concrete and Masonry Building Surfaces,” REMR Tech-
Rapid Pavements for Roads, Streets, Walks, and Open,-o| Note CS-MR-4.3

Storage Areas
d. *“Cleaning Concrete Surfaces,” REMR Technical
TM 5-822-9/AFM 88-6, Chapter 10
. . . . Note CS-MR-4.4
Repair of Rigid Pavements Using Epoxy-Resin Grouts,

Mortars, and Concrete e. “General Information of Polymer Materials,”

REMR Technical Note CS-MR-7.1

EP 1110-1-10

Borehole Viewing Systems f.  “Antiwashout Admixtures for Underwater Con-
crete,” REMR Technical Note CS-MR-7.2

EM 385-1-1

Safety and Health Requirements Manual g. “Rapid-Hardening Cements and Patching Mate-

rials,” REMR Technical Note CS-MR-7.3
EM 1110-1-3500

Chemical Grouting h. “Handling and Disposal of Construction Resi-

" REMR Technical Note EI-M-1.2
EM 1110-2-2000 due, echnical Note

Standard Practice for Concrete Handbooks and reports published by the Waterways

Experiment Station may be obtained from: U.S. Army
g\/l 1(1118-5)-20(35 for Shotcret Engineer Waterways Experiment Station, 3909 Halls
andard Fractice for shotcrete Ferry Road, Vicksburg, MS 39180-6199.

EM 1110-2-2006

American Concrete Institute (Annual
Roller-Compacted Concrete ( )

American Concrete Institute. AnnualManual of Con-

EM 1110-2-2102 crete Practice Five Parts, Detroit, MI, including:

Waterstops and Other Joint Materials “Cement and Concrete Terminology,” ACI 116R
EM 1110-2-3506

Grouting Technology Guide for Making a Condition Survey of Concrete in

Service,” ACI 201.IR

EM 1110-2-4300

. “Gui Durabl ncrete,” ACI 201.2R
Instrumentation for Concrete Structures CH1 Guide to Durable Concrete 120

i i ‘M ncrete,” ACI 207.IR
U.S. Army Engineer Waterways Experiment ass Concrete,” ACI 20

Station 1949

U.S. Army Engineer Waterways Experiment Station.
1949 (Aug). Handbook for Concrete and Cementith
quarterly supplements (all CRD-C designations), Vicks-
burg, MS. Note: Use latest edition of all designations.

“Effect of Restraint, Volume Change, and Reinforcement
on Cracking of Mass Concrete,” ACI 207.2R

“Practices for Evaluation of Concrete in Existing Massive
Structures for Service Conditions,” ACI 207.3R

U.S. Army Engineer Waterways Experiment
Station 1985

U.S. Army Engineer Waterways Experiment Station. .
1985. The REMR Notebooglwith periodic supplements,
Vicksburg, MS, including:

“Roller Compacted Mass Concrete,” ACI 207.5R

Erosion of Concrete in Hydraulic Structures,” ACI 210R
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“Corrosion of Metals in Concrete,” ACI 222R “A Guide to the Use of Waterproofing, Dampproofing,
Protective, and Decorative Barrier Systems for Concrete,”
“Standard Practice for the Use of Shrinkage-Compen-ACI 515.IR
sating Concrete,” ACI 223
“Guide for Specifying, Proportioning, Mixing, Placing,
“Causes, Evaluation, and Repair of Cracks in Concreteand Finishing Steel,” ACI 544.3R
Structures,” ACl 224.1R
“Guide for the Use of Polymers in Concrete,”
“Guide for Concrete Floor and Slab Construction,” ACI 548.1R
ACI 302.1R
“State-of-the-Art Report on Polymer-Modified Concrete,”
“Guide for Measuring, Mixing, Transporting, and Placing ACI 548.3R
Concrete,” ACI 304R
“Standard Specification for Latex-Modified Concrete
“Guide for the Use of Preplaced Aggregate Concrete for (LMC) Overlays,” ACI 548.4
Structural and Mass Concrete Applications,” ACI 304.1R
ACI 226 1987
“Placing Concrete by Pumping Methods,” ACI 304.2R ACI Committee 226. 1987 (Mar-Apr). “Silica Fume in
Concrete,”ACI Materials Journal Vol 84, No. 2, pp 158-
“Hot Weather Concreting,” ACI 305R 166.

“Building Code Requirements for Reinforced Concrete,” ACI publications may be obtained from: American Con-
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Box 19150, Detroit, Ml 48219-0150.
“Guide for the Design and Construction of Concrete Park-
ing Lots,” ACI 330R American Society for Testing and Materials (Annual)
American Society for Testing and Materials. Annual.
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standard.
“State-of-the-Art Report on Anchorage to Concrete,”
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ACI 363R
A-2. Related Publications
“Guide for Evaluation of Concrete Structures Prior to
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“Guide to Sealing Joints in Concrete Structures,” Report REMR-CS-14, U.S. Army Engineer Waterways
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“Guide to Shotcrete,” ACI 506R
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Appendix B Autogenous healing
Glossary A natural process of closing and filling of cracks in con-
crete or mortar when kept damp.

Bacterial corrosion

The destruction of a material by chemical processes
brought about by the activity of certain bacteria which
may produce substances such as hydrogen sulfide,
ammonia, and sulfuric acid.

Terms related to evaluation and repair of con-
crete structures as used herein are defined as
follows:

Abrasion resistance
Ability of a surface to resist being worn away by rubbing

. Blistering
and friction.

The irregular raising of a thin layer at the surface of
placed mortar or concrete during or soon after completion

Acrylic resin _ _ of the finishing operation, or in the case of pipe after
One of a group of thermoplastic resins formed by poly- spinning; also bulging of the finish plaster coat as it sep-

merizing the esters or amldes' of acrylic acid; used in 4 ates and draws away from the base coat.
concrete construction as a bonding agent or surface sealer.

) Bug holes
Adhesives _ . . Small regular or irregular cavities, usually not exceeding
The group of materials used to join or bond similar or 15 mm in diam, resulting from entrapment of air bubbles

d|55|m|lar'mater|als; for example, in concrete work, the in the surface of formed concrete during placement and
epoxy resins. compaction.

Air-water jet _ _ _ Butyl stearate
A high-velocity jet of air and water mixed at the nozzle; A ¢olorless oleaginous, practically odorless material

used in cleanup of surfaces of rock or concrete such aS(C17H35COOQH9) used as an admixture for concrete to
horizontal construction joints. provide dampproofing.

Alkali-aggregate reaction Cavitation damage
Chemical reaction in mortar or concrete between alkaliespitting of concrete caused by implosion; i.e., the collapse

(sodium and potassium) from portland cement or other vapor bubbles in flowing water which form in areas of

sources and .c.ertain consti?uents of some aggregates; undegg,, pressure and collapse as they enter areas of higher
certain conditions, deleterious expansion of the concrete,

pressure.
or mortar may result.

Chalking

Alkali-carbonate rock reaction _ _ Formation of a loose powder resulting from the disinte-
The reaction between the alkalies (sodium and potassmmbration of the surface of concrete or an applied coating

in portland cement and certain carbonate rocks, particu-g . as cement paint.
larly calcitic dolomite and dolomitic limestones, present in
some aggregates; the products of the reaction may CaUSBhecking

abnormal expansion and cracking of concrete in service. Development of shallow cracks at closely spaced, but

irregular, intervals on the surface of plaster, cement paste,

Alkali reactivity (of aggregate) mortar. or concrete.

Susceptibility of aggregate to alkali-aggregate reaction.

Cold-joint lines

Alkali-silica reaction _ _ . Visible lines on the surfaces of formed concrete indicating
The reaction between the alkalies (sodium and potassium),o presence of joints where one layer of concrete had

in portland cement and certain siliceous rocks or minerals, 5 qened before subsequent concrete was placed

such as opaline chert and acidic volcanic glass, present in
some aggregates; the products of the reaction may cause
abnormal expansion and cracking of concrete in service.
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Concrete, preplaced-aggregate Deterioration
Concrete produced by placing coarse aggregate in a fornrDecomposition of material during testing or exposure to
and later injecting a portland-cement-sand grout, usuallyservice. (See also Disintegration.)
with admixtures, to fill the voids.
Diagonal crack

Corrosion In a flexural member, an inclined crack caused by shear
Destruction of metal by chemical, electrochemical, or stress, usually at about 45 deg to the neutral axis of a
electrolytic reaction with its environment. concrete member; a crack in a slab, not parallel to the

lateral or longitudinal directions.
Cracks, active*
Those cracks for which the mechanism causing the crack-Discoloration
ing is still at work. Any crack that is still moving. Departure of color from that which is normal or desired.

Cracks, dormant* Disintegration
Those cracks not currently moving or which the move- Reduction into small fragments and subsequently into
ment is of such magnitude that the repair material will not particles.
be affected.

Dry-mix shotcrete
Craze cracks Shotcrete in which most of the mixing water is added at
Fine, random cracks or fissures in a surface of plaster,the nozzle.
cement paste, mortar, or concrete.

Drypacking
Crazing Placing of zero slump, or near zero slump, concrete, mor-
The development of craze cracks; the pattern of crazetar, or grout by ramming it into a confined space.
cracks existing in a surface. (See also Checking.)

Durability
Dampproofing The ability of concrete to resist weathering action, chemi-
Treatment of concrete or mortar to retard the passage orcal attack, abrasion, and other conditions of service.
absorption of water or water vapor, either by application
of a suitable coating to exposed surfaces or by use of aDusting
suitable admixture, treated cement, or preformed films The development of a powdered material at the surface of
such as polyethylene sheets under slabs on grade. (Sderardened concrete.
also Vapor barrier.)

Efflorescence
D-cracking A deposit of salts, usually white, formed on a surface, the
A series of cracks in concrete near and roughly parallel tosubstance having emerged in solution from within con-
joints, edges, and structural cracks. crete or masonry and subsequently having been precipi-

tated by evaporation.
Delamination
A separation along a plane parallel to a surface as in theEpoxy concrete
separation of a coating from a substrate or the layers of aA mixture of epoxy resin, catalyst, fine aggregate, and
coating from each other, or in the case of a concrete slabcoarse aggregate. (See also Epoxy mortar, Epoxy resin,
a horizontal splitting, cracking, or separation of a slab in a and Polymer concrete.)
plane roughly parallel to, and generally near, the upper
surface; found most frequently in bridge decks and causedEpoxy mortar
by the corrosion of reinforcing steel or freezing and thaw- A mixture of epoxy resin, catalyst, and fine aggregate.
ing; similar to spalling, scaling, or peeling except that (See also Epoxy resin.)
delamination affects large areas and can often be detected
only by tapping. Epoxy resin
A class of organic chemical bonding systems used in the
preparation of special coatings or adhesives for concrete
* All definitions are in accordance with ACI 116R except or as binders in epoxy resin mortars and concretes.
those denoted by an asterisk.
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of concrete or masonry construction or on aggregate

Progressive disintegration of a solid by the abrasive orparticles.

cavitation action of gases, fluids, or solids in motion.
(See also Abrasion resistance and Cavitation damage.)

Ettringite
A mineral, high-sulfate calcium sulfoaluminate
(3Ca0 AL0,-3CasSQ-32H,0) also written as GCa

[AI(OH)4],-24H,0[(S0,)3:(1-1/2) HO] occurring in na-

Joint filler
Compressible material used to fill a joint to prevent the
infiltration of debris and to provide support for sealants.

Joint sealant
Compressible material used to exclude water and solid

ture or formed by sulfate attack on mortar and concrete;foreign material from joints.

the product of the principal expansion-producing reaction

in expansive cements; designated as “cement bacillus” inLaitance

older literature.

Evaluation*

Determining the condition, degree of damage or deteriora-is

A layer of weak and nondurable material containing
cement and fines from aggregates, brought by bleeding
water to the top of overwet concrete, the amount of which
generally increased by overworking or over-

tion, or serviceability and, when appropriate, indicating manipulating concrete at the surface by improper finishing

the need for repair, maintenance, or rehabilitation.
also Repair, Maintenance, and Rehabilitation.)

Exfoliation

(Seeor by job traffic.

Latex
A water emulsion of a high molecular-weight polymer

Disintegration occurring by peeling off in successive used especially in coatings, adhesives, and leveling and
layers; swelling up and opening into leaves or plates like patching compounds.

a partly opened book.

Exudation

Maintenance*
Taking periodic actions that will prevent or delay damage

A liquid or viscous gel-like material discharge through a or deterioration or both. (See also Repair.)

pore, crack, or opening in the surface of concrete.

Feather edge

Edge of a concrete or mortar patch or topping that is

beveled at an acute angle.

Groove joint

Map cracking
See Crazing.

Microcracks
Microscopic cracks within concrete.

A joint created by forming a groove in the surface of a Monomer

pavement, floor slab, or wall to control random cracking.

Hairline cracks

An organic liquid of relatively low molecular weight that
creates a solid polymer by reacting with itself or other
compounds of low molecular weight or with both.

Cracks in an exposed concrete surface having widths so

small as to be barely preceptible.

Honeycomb

Voids left in concrete due to failure of the mortar to
effectively fill
particles.

Incrustation
A crust or coating, generally hard, formed on the surface

* All definitions are in accordance with ACI 116R except
those denoted by an asterisk.

Overlay

A layer of concrete or mortar, seldom thinner than 25 mm
(1 in.), placed on and usually bonded onto the worn or
cracked surface of a concrete slab to restore or improve

the spaces among coarse aggregatethe function of the previous surface.

Pattern cracking

Intersecting cracks that extend below the surface of
hardened concrete; caused by shrinkage of the drying
surface which is restrained by concrete at greater depth
where little or no shrinkage occurs; vary in width and

depth from fine and barely visible to open and well

defined.
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Peeling Polymerization

A process in which thin flakes of mortar are broken away The reaction in which two or more molecules of the same

from a concrete surface, such as by deterioration or bysubstance combine to form a compound containing the

adherence of surface mortar to forms as forms aresame elements in the same proportions, but of higher

removed. molecular weight, from which the original substance can
be generated, in some cases only with extreme difficulty.

Pitting

Development of relatively small cavities in a surface Polystyrene resin

caused by phenomena such as corrosion or cavitation, oSynthetic resins varying in color from colorless to yellow

in concrete localized disintegration such as a popout. formed by the polymerization of styrene, or heated, with
or without catalysts, that may be used in paints for con-
Plastic cracking crete or for making sculptured molds or as insulation.
Cracking that occurs in the surface of fresh concrete soon
after it is placed and while it is still plastic. Polysulfide coating
A protective coating system prepared by polymerizing a
Plastic shrinkage cracks chlorinated alkylpolyether with an inorganic polysulfide.

See Plastic cracking.

Polyurethane
Polyester Reaction product of an isocyanate with any of a wide
One of a large group of synthetic resins, mainly producedvariety of other compounds containing an active hydrogen
by reaction of dibasic acids with dihydroxy alcohols, group; used to formulate tough, abrasion-resistant
commonly prepared for application by mixing with a coatings.
vinyl-group monomer and free-radical catalyst at ambient
temperatures and used as binders for resin mortars an#olyvinyl acetate
concretes, fiber laminates (mainly glass), adhesives, andColorless, permanently thermoplastic resin, usually sup-

the like. (See also Polymer concrete.) plied as an emulsion or water-dispersible powder
characterized by flexibility, stability toward light,
Polyethylene transparency to ultraviolet rays, high dielectric strength,

A thermoplastic high-molecular-weight organic compound toughness, and hardness; the higher the degree of
used in formulating protective coatings; in sheet form, polymerization, the higher the softening temperature; may
used as a protective cover for concrete surfaces during thée used in paints for concrete.

curing period, or to provide a temporary enclosure for

construction operations. Polyvinyl chloride
A synthetic resin prepared by the polymerization of vinyl
Polymer chloride; used in the manufacture of nonmetallic water-

The product of polymerization; more commonly, a rubber stops for concrete.
or resin consisting of large molecules formed by

polymerization. Popout
The breaking away of small portions of concrete surface
Polymer concrete due to internal pressure, which leaves a shallow, typically

Concrete in which an organic polymer serves as theconical, depression.
binder; also known as resin concrete; sometimes erron-
eously employed to designate hydraulic-cement mortars orPot life
concretes in which part or all of the mixing water is Time interval after preparation during which a liquid or
replaced by an aqueous dispersion of a thermoplastiglastic mixture is usable.
copolymer.

Reactive aggregate
Polymer-cement concrete Aggregate containing substances capable of reacting che-
A mixture of water, hydraulic cement, aggregate, and amically with the products of solution or hydration of the
monomer or polymer polymerized in place when a mono- portland cement in concrete or mortar under ordinary
mer is used.
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conditions of exposure, resulting in some cases in harmfulmetal. (See also Peeling and Spalling.) (Note: Light

expansion, cracking, or staining. scaling of concrete does not expose coarse aggregate;
medium scaling involves loss of surface mortar to 5 to
Rebound hammer 10 mm in depth and exposure of coarse aggregate; severe

An apparatus that provides a rapid indication of the scaling involves loss of surface mortar to 5 to 10 mm in
mechanical properties of concrete based on the distance aofiepth with some loss of mortar surrounding aggregate

rebound of a spring-driven missile. particles 10 to 20 mm in depth; very severe scaling
involves loss of coarse-aggregate particles as well as
Rehabilitation mortar generally to a depth greater than 20 mm.)
The process of repairing or modifying a structure to a
desired useful condition. Shotcrete
Mortar or concrete pneumatically projected at high veloc-
Repair ity onto a surface; also known as air-blown mortar; also
Replace or correct deteriorated, damaged, or faulty matepneumatically applied mortar or concrete, sprayed mortar,
rials, components, or elements of a structure. and gunned concrete. (See also Dry-mix shotcrete and

Wet-mix shotcrete.)
Resin
A natural or synthetic, solid or semisolid organic material Shrinkage
of indefinite and often high molecular weight having a Volume decrease caused by drying and chemical changes;
tendency to flow under stress that usually has a softeninga function of time but not temperature or of stress caused

or melting range and usually fractures conchoidally. by external load.

Resin mortar (or concrete) Shrinkage crack

See Polymer concrete. Crack due to restraint of shrinkage.
Restraint (of concrete) Shrinkage cracking

Restriction of free movement of fresh or hardened con- Cracking of a structure or member from failure in tension
crete following completion of placement in formwork or caused by external or internal restraints as reduction in
molds or within an otherwise confined space; restraint canmoisture content develops or as carbonation occurs, or
be internal or external and may act in one or more both.
directions.
Spall
Rock pocket A fragment, usually in the shape of a flake, detached from
A porous, mortar-deficient portion of hardened concrete a larger mass by a blow, action of weather, pressure, or
consisting primarily of coarse aggregate and open voids,expansion within the larger mass; a small spall involves a
caused by leakage of mortar from form, separation (segretoughly circular depression not greater than 20 mm in
gation) during placement, or insufficient consolidation. depth nor 150 mm in any dimension; a large spall may be
(See also Honeycombing.) roughly circular or oval or, in some cases, elongated more
than 20 mm in depth and 150 mm in greatest dimension.
Sandblasting
A system of cutting or abrading a surface such as con-Stalactite
crete by a stream of sand ejected from a nozzle at highA downward-pointing deposit formed as an accretion of
speed by compressed air; often used for cleanup of hori-mineral matter produced by evaporation of dripping water
zontal construction joints or for exposure of aggregate infrom the surface of concrete, commonly shaped like an

architectural concrete. icicle.

Sand streak Stalagmite

A streak of exposed fine aggregate in the surface of An upward-pointing deposit formed as an accretion of

formed concrete that is caused by bleeding. mineral matter produced by evaporation of dripping water,
projecting from the surface of concrete, and commonly

Scaling conical in shape.

Local flaking or peeling away of the near-surface portion
of hardened concrete or mortar; also of a layer from
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Spalling Tremie concrete

The development of spalls. Subaqueous concrete placed by means of a tremie.
Sulfate attack Tremie seal

Chemical or physical reaction, or both, between sulfates, The depth to which the discharge end of the tremie pipe

usually in soil or ground water and concrete or mortar, is kept embedded in the fresh concrete that is being

primarily with calcium aluminate hydrates in the placed; a layer of tremie concrete placed in a cofferdam

cement-paste matrix, often causing deterioration. for the purpose of preventing the intrusion of water when
the cofferdam is dewatered.

Sulfate resistance

Ability of concrete or mortar to withstand sulfate attack. Vapor barrier

(See also Sulfate attack.) A membrane placed under concrete floor slabs that are
placed on grade and intended to retard transmission of
Swiss hammer water vapor.
See Rebound hammer.
Waterstop
Temperature cracking A thin sheet of metal, rubber, plastic, or other material

Cracking as a result of tensile failure caused by tempera-inserted across a joint to obstruct seepage of water
ture drop in members subjected to external restraints orthrough the joint.
temperature differential in members subjected to internal

restraints. Water void
Void along the underside of an aggregate particle or rein-
Thermal shock forcing steel which formed during the bleeding period and

The subjection of newly hardened concrete to a rapidinitially filled with bleed water.
change in temperature which may be expected to have a

potentially deleterious effect. Weathering

Changes in color, texture, strength, chemical composition,
Thermoplastic or other properties of a natural or artificial material
Becoming soft when heated and hard when cooled. caused by the action of the weather.
Thermosetting Wet-mix shotcrete

Becoming rigid by chemical reaction and not remeltable. Shotcrete in which the ingredients, including mixing
water, are mixed before introduction into the delivery

Transverse cracks hose; accelerator if used, is normally added at the nozzle.

Cracks that develop at right angles to the long direction of

a member.

Tremie

A pipe or tube through which concrete is deposited under-
water, having at its upper end a hopper for filling and a
bail for moving the assemblage.
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Appendix C MSDS Manufacturer's Safety Data Sheet
Abbreviations . - : ,
NACE National Association of Corrosion Engineers
ACI American Concrete Institute NAVSTAR Navigation Satellite Timing and Ranging
ASTM American Society for Testing and Materials NCHRP National - Cooperative  Highway ~Research
Program

AWA antiwashout admixture NDT nondestructive testing
CDMS Continuous Deformation Monitoring System OCE Office, Chief of Engineers
CE Corps of Engineers PC polymer concrete
CERC Coastal Engineering Research Center PCA Portland Cement Association
CEWES-SC U.S. Army Engineer Waterways Experiment PIC olvmer-impreanated concrete

Station, Structures Laboratory, Concrete poly preg

Technology Division PPCC polymer portland-cement concrete
CMU concrete masonry units PMF Probable Maximum Flood
CRD Concrete Research Division, Handbook for PVC polyvinyl chioride

Concrete and Cement

R-values rebound readings

EM Engineer Manual
EP Engineer Pamplet RCC roller-compacted concrete
ER Engineer Regulation REMR Repair, Evaluation, Maintenance, and

Rehabilitation Research Program
FHWA Federal Highway Administration

ROV remotely operated vehicle
GPS Global Positioning System ™ Technical Manual
HAC high alumina cement TOA time of arrival
HMWM high molecular weight methacrylate UPE ultrasonic pulse-echo
HQUSACE gﬁgﬂzﬁsrters, U.S. Army Corps of UV ultraviolet
HRWRA high-range water-reducing admixture wie water-cement ratio
ICOLD International Commission on Large Dams WES Waterways Experiment Station
MPC magnesium phosphate cement WRA water-reducing admixture
MSA maximum size aggregate
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Evaluation and Repair of Concrete Structures Part |
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. When the condition of a structure indicates that major repair or
rehabilitation is probably necessary, a comprehensive evaluation of the
structure should be conducted to determine the scope of the work required.

a) true
b) false

. An evaluation of the structure should include:

a) areview of the available design and construction documentation
b) a visual examination of the condition of the concrete in the structure

c) an evaluation of the structure by nondestructive testing means
d) all of the above

. As part of the visual inspection, which needs to be checked:

a) disintegration

b) construction faults
c) cracking

d) all of the above

Erosion of concrete may be categorized as one of two general types, they
include:

a) abrasion

b) cavitation

c) none of the above
d) both AandB

is defined in ACI 207.3R as “the movement of water or other fluids
through pores or interstices.”

a) seepage
b) efflorescence
c) spalling
d) perspiration

. Infrared thermography is a useful method of detecting delaminations in
bridge checks.

a) true
b) false



7. is a parallel procedure to a cracking survey in which deterioration
of the surface concrete is located and described.

a) Thermal surveying
b) Joint survey

c) Core drilling

d) Surface mapping

8. Which of the following is not a method of underwater inspection:

a) Visual inspection by divers

b) Ultrasonic pulse velocity

c) Ultrasonic pulse-echo system.
d) Radioactive dye penetration

9. The purpose of is to determine the various relative properties of
concrete such as strength, modulus of elasticity, homogeneity, and integrity,
as well as conditions of strain and stress, without damaging the structure.

a) nondestructive testing
b) destructive testing

c) introspection

d) none of the above

10. The number is obtained by the use of a hammer that consists of a steel
mass and a tension spring in a tubular frame

a) rebound
b) penetration
c) hardness
d) spalling

11. Some of the causes of distress and deterioration include all of the following
except for:

a) accidental loadings
b) chemical reactions
c) construction errors
d) too much steel in concrete

12. Under most circumstances, Portland cement concrete provides good
protection to the embedded reinforcing steel.

a) True
b) False



13. While a structure may be adequately designed to meet loadings and other
overall requirements, poor may result in localized concentrations of
high stresses in otherwise satisfactory concrete.

a) detailing

b) workmanship

c) materials

d) none of the above

14. Which of the following preventative measures are NOT recommended by
ACI 201.2R for concrete that will be exposed to freezing and thawing while
saturated:

a) using a concrete with alow w/c.

b) designing the structure to minimize the exposure to moisture.

c) using a concrete with a high w/c.

d) providing adequate curing before concrete is exposed to freezing

15. shrinkage is the long-term change in volume of concrete caused by
the loss of moisture.
a) cracking
b) temperature
c) wet
d) drying

16. If there is evidence of swelling of the concrete, a possible cause is:

a) chemical reactions
b) temperature changes
c) both AandB

d) none of the above
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