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ABSTRACT

The objective of this study was to provide a primer on the environmental effects that can affect the
durability of nuclear power plant concrete structures.

As concrete ages, changes in its properties will occur as a result of continuing microstructural changes
(i.e., slow hydration, crystallization of amorphous constituents, and reactions between cement paste and
aggregates), as well as environmental influences. These changes do not have to be detrimental to the
point that concrete will not be able to meet its performance requirements. Concrete, however, can suffer
undesirable changes with time because of improper specifications, a violation of specifications, or adverse
performance of its cement paste matrix or aggregate constituents under either physical or chemical attack.
Contained in this report is a discussion on concrete durability and the relationship between durability and
performance, a review of the historical perspective related to concrete and longevity, a description of the
basic materials that comprise reinforced concrete, and information on the environmental factors that can
affect the performance of nuclear power plant concrete structures. Commentary is provided on the
importance of an aging management program.
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FOREWORD

In the United States, the predominant type of nuclear power plant (NPP) containment structure is
made of concrete. By the end of calendar year 2005, 71 of the 104 NPPs licensed for commercial
operation in the U.S. employed either a reinforced concrete (34 plants) or post-tensioned concrete
(37 plants) containment. A typical NPP uses a number of concrete-based structures to provide
foundation support and shielding as well as containment functions. Concrete structures also
function as spent and new-fuel storage pools.

In general, the performance of concrete structures has been very good. However, there have
been incidences of concrete degradation. Causes of the degradation were related to improper
material selection, construction deficiencies, or environment effects (e.g., exposure to salt water
and high temperature conditions).

Oak Ridge National Laboratory (ORNL) performed a study to support the NRC's efforts to
understand containment degradation (e.g., corrosion of steel shell or liner, corrosion of reinforcing
bars or prestressing tendons and corrosion of the bellows) and how changes in concrete material
properties may affect the performance of NPP concrete structures.

This report discusses materials for construction, aging and durability, and maintenance
consideration. It also provides a list of documented concrete problem areas in NPPs. The staff
does not expect that the concrete structure will be the limiting factor in the continuance of the
service of an NPP past the initial operating licensing period. However, the staff considers it
important that licensees document degradation and actions to maintain concrete structures.
Because the containment serves as the ultimate barrier against the release of radioactive material
into the environment, licensees should continue monitoring and evaluating degradation of the
containment.

This report on the durability of NPP concrete structures and the review of pertinent environmental
factors, which could affect the performance of concrete structures, may benefit the staff and
licensees when considering license renewal or new plant licensing.

Briae W. Shefdh, Direcipr
Office of Nuclear Regulatory Research

U.S. Nuclear Regulatory Commission
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1 INTRODUCTION

As concrete ages, changes in its properties will occur as a result of continuing microstructural changes
(i.e., slow hydration, crystallization of amorphous constituents, and reactions between cement paste and
aggregates), as well as environmental influences. These changes do not have to be detrimental to the
point that concrete will not be able to meet its functional and performance requirements. When

specifications covering concretes production are correct and are followed, concrete will not deteriorate.l
Concrete, however, can suffer undesirable changes with time because of improper specifications, a
violation of specifications, or adverse performance of its cement paste matrix or aggregate constituents
under either physical or chemical attack.

Portland cement concrete durability is defined as its ability to resist weathering action, chemical attack,

abrasion, or any other process or deterioration.2 A durable concrete is one that retains its original form,
quality, and serviceability in the working environment during its anticipated service life. The materials
and mix proportions specified and used should be such as to maintain concrete’s integrity and, if

applicable, to protect embedded metal from corrosion.3 The degree of exposure anticipated for the
concrete during its service life together with other relevant factors relating to mix composition,

workmanship, and design should be considered.4 Guidelines for production of durable concrete are

available in national consensus codes and standards such as ACI 318° that have been developed over the
years through knowledge acquired in testing laboratories and supplemented by field experience.
Serviceability of concrete has been incorporated into the codes through strength requirements and
limitations on service load conditions in the structure (e.g., allowable crack widths, limitations on mid-
span deflections of beams, and maximum service level stresses in prestressed members). Durability
generally has been included through items such as specifications for maximum water-cement ratios,
minimum cementitious materials contents, type cementitious material, requirements for entrained air, and
minimum concrete cover over reinforcement. Requirements are frequently specified in terms of
environmental exposure classes (e.g., chloride and aggressive ground environments). Specifications in
terms of service life requirements (e.g., short < 30 yrs, normal 30-100 yrs., and long > 100 yrs.) have only

recently been developed, primarily through European standards.6

Water is the single most important factor controlling the degradation processes of concrete (i.e., the
process of deterioration of concrete with time is generally dependent on the transport of a fluid through
concrete), apart from mechanical deterioration. The relationship between the concepts of concrete
durability and performance is illustrated in Fig. 1.1 that was obtained from Ref. 7. The rate, extent, and
effect of fluid transport are largely dependent on the concrete pore structure (i.e., size and distribution),
presence of cracks, and microclimate at the concrete surface. The primary mode of transport in uncracked
concrete is through the cement paste pore structure (i.e., its permeability). The dominant mechanism
controlling rates of water penetration into unsaturated or partially saturated concrete is absorption caused
by capillary action of the concrete’s pore structure. Absorption is referred to as the sorptivity of concrete,
with sorptivity defined as the rate of movement of water through a porous medium under capillary action.
To improve the durability of concrete, generally the capillary and pore size within the concrete matrix
should be reduced to a minimum.
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Figure 1.1 Relationship between the concepts of concrete durability and performance.

Source: Comité Euro-International du Béton (CEB), Durable Concrete Structures — Design Guide,
published by Thomas Telford Services Ltd., London, United Kingdom, 1992. Permission to use this
copyrighted material is granted by CEB and Thomas Telford Services Ltd.

Although the coefficient of permeability for concrete depends primarily on the water-cement ratio and
maximum aggregate size, it is influenced by the curing temperature, drying, cementitious materials
content, and addition of chemical or mineral admixtures as well as the tortuosity of the path of flow.
Concrete compressive strength has traditionally been utilized as an acceptance test for concrete, but it
typically is not a good indicator of durability. Many structures have been fabricated with concretes
having adequate 28—-day compressive strength only to lose their functionality because they were facing an
environment for which they had not been designed or because the concrete had not been placed or cured

correctly.8

The safety-related concrete structures in nuclear power plants (NPPs) are designed to withstand loadings
from a number of low-probability external and internal events, such as earthquake, tornado, and loss-of-
coolant accident.* Consequently they are robust and not subjected to high enough stresses during normal
operation to cause appreciable degradation. In general this has been the case as the performance of
reinforced concrete structures in NPPs has been good.* Initially the reported incidents of degradation

* Appendix A provides a description of nuclear power plant safety-related concrete structures.
*+ Appendix B provides information on the longevity of nuclear power plant reinforced concrete structures including
a sampling of documented incidences of degradation.



occurred early in the life of the structures and primarily were attributed to construction or design
deficiencies and improper material selection. However as the nuclear power plants age, degradation
incidences are starting to occur at an increasing rate, primarily due to environmental-related factors. One-
fourth of all containments have experienced corrosion, and nearly half of the concrete containments have

reported degradation related to either the reinforced concrete or post-tensioning system.9 Although the
vast majority of these structures will continue to meet their functional and performance requirements
during their initial licensing period (i.e., nominally 40 years) as well as the continued service period being
considered (i.e., 20 years), it is reasonable to assume that with the increasing age of the operating reactors
there will be isolated examples where the structures may not exhibit the desired durability without some
form of intervention. One of the keys to maintaining adequate structural margins to protect the public
health and safety in the unlikely event of an accident is implementation of effective inspection and
maintenance programs. An inspection program is important from the standpoint of identifying and
characterizing in a timely manner any degradation that may be present. Once degradation has been
identified, or its potential to occur established, a maintenance program is implemented to repair the
degradation and arrest (as far as possible) the mechanism(s) causing the degradation. Proper maintenance
is essential to the safety of NPP structures, and a clear link exists between effective maintenance and
safety.

Contained in the balance of this report is information related to a historical perspective related to concrete
and longevity, a description of the basic materials that comprise reinforced concrete, and information on
the environmental factors that can affect the performance of nuclear power plant concrete structures.
Commentary is provided on the importance of an aging management program.






2 HISTORICAL PERSPECTIVE ON CONCRETE AND LONGEVITY

Concrete, originally based on lime that hardened by atmospheric carbonation, has been utilized as a
construction material for several thousand years.™ Cement has been around for at least 12 million years
when reactions occurred between limestone and oil shale during spontaneous combustion in Israel to form
a natural deposit of cement compounds.11 The oldest known concrete is from Yugoslavia and is about

7600 years old.12 Gypsum mortars were used by the Egyptians to fabricate the Great Pyramid at Giza
about 2500 BC. The Romans were the first to use hydraulic limes and discovered the benefits of
pozzolans. The survival of several ancient concrete structures (e.g., Pantheon and Colosseum in Rome,
Figure 2.1) attests to the durability that concrete can attain.

wwm Copatiluldngs con

Pantheon (built 119-128 A.D.). Colosseum
(construction finished A.D. 80)

Figure 2.1 Ancient Roman structures.
Source: www.GreatBuildiings.com

A detailed study involving an examination of samples obtained from several ancient concrete structures
utilizing physical and chemical techniques concluded that these structures survived primarily because of
careful materials selection and construction, mild climatic conditions, and the lack of steel

reinforcement.12 These structures, however, were not fabricated using current “hydraulic portland

cement” as it did not exist until about 1824, Figure 2.2.11 some information, however, was presented in
Ref. 12 relative to samples that were obtained for testing from several structures fabricated in the mid- to
late 1800's. It was concluded that the durability of these structures was primarily due to high cement
contents, but also to the relatively slow cement-setting times and high construction quality. These
portland cements differ somewhat from the portland cements used to fabricate nuclear power plant
concrete structures in that the formulations have changed significantly as well as the fineness of the
cement (see Chapter 3). Also, modern concretes have incorporated admixtures to improve workability,
modify hardening or setting characteristics, aid in curing, and enhance the performance or durability.
Results from the ancient and old portland cement-based concretes, however, do point out the importance
to durability of material selection, good quality construction, and having adequate cementitious materials

* Currently concrete is the most widely used construction material in the world with 12.6 billion tons being

consumed annually, or approximately 2 tons per pelrson.10



to produce dense concretes resistant to penetration by deleterious agents.
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Figure 2.2 Concrete historical timeline.

Source: Adaptation of http://matsel.mse.uiuc.deu/~tw/concrete/time.html.

Surveys of reported errors involving general civil engineering concrete structures in North American and
Europe13:14 concluded that when errors occurred they were almost always the result of faulty

construction or design deficiencies.” Errors due to construction were generally discovered during
construction.

On a more current note, the American Society of Civil Engineers has assigned a “D grade” to the nation’s
infrastructure and estimates that $1.6 trillion in total investment is required over the next five years to fix

the problems.15 Numerous reports in the literature16 have referenced the premature deterioration of
“present-day” concretes, especially in structures that have been exposed to industrial and urban
environments, de-icing chemicals, and sea water. In most cases the concrete degradation was associated
with corrosion of steel reinforcement. A comprehensive review of the durability of field concrete during

the twentieth century17 has concluded that the modern portland cement concrete mixtures, usually
designed for high strength at an early age, are prone to cracking. Interconnections between the
macrocracks, microcracks, and voids in the concrete thus provide pathways for the penetration of water

* A limitation of the North American study was that the information presented was strongly biased toward errors
that escaped detection until revealed by the structure and thus did not present a true picture of the error-detection
process of the review check system. Also, the survey favored those structures and serviceability characteristics that
revealed themselves in a short period of time and thus does not represent the actual incidences of concrete

degradation. 13



and harmful ions necessary to initiate concrete degradation that has reduced the concrete durability. Also
since the 1930’s (see next chapter) the tricalcium silicate content and fineness of ordinary portland
cement has been steadily increasing. Present-day concrete mixtures contain higher quantities of the more-
reactive portland cement in order to produce the required higher strengths at early age, but this can result
in higher thermal contraction and increased drying shrinkage. Consequently the concrete cracks to lose
its watertightness which can result in reduced durability.

Surveys of the performance of nuclear power plant concrete structures have also been completed.ls'20 A
survey questionnaire has been sent to U.S. utilities to obtain information related to in-service inspection
procedures, incidences of degradation, and repair procedures that have been utilized with respect to the
concrete structures.21 Responses to the survey questionnaire, provided by slightly less than half the
commercial nuclear power plants in the U.S., indicated that the majority of problems associated with the
concrete structures were the result of design and construction errors, generally initiated during
construction, and have been corrected.* This indicates the overall effectiveness of quality control/quality
assurance programs at nuclear power plants in ensuring that the factors associated with production of
good quality concrete have been adequately addressed (e.g., material selection, batching, mixing, placing,

and curing).22

+ Appendix B provides more detailed information.






3 MATERIALS OF CONSTRUCTION

Nuclear safety-related concrete structures are composed of several constituents that, in concert, perform
multiple functions (e.g., load-carrying capacity, radiation shielding, and leak tightness). Primarily, these
constituents can include the following material systems: concrete, conventional steel reinforcement,
prestressing steel, and steel liner plate. The quality of these materials is established through regulations,
qualification tests, and certification followed by checking throughout construction. Table 3.1 indicates
the influence of the design mechanical properties of these materials on the dimensioning of the structural

components.23 More detailed information on materials of construction to that provided below is
available elsewhere.18,24-26

Table 3.1 Relationship between mechanical properties and section dimensions

Mechanical Property Concrete Steel Post-Tensioning Liner
Thickness Reinforcement System
Concrete
Compressive strength X X A
Inital modulus X X X
Delayed modulus X X
Shrinkage, creep X X

Steel Reinforcement
Yield stress X

Post-Tensioning System
Ultimate tensile stress
Yield stress
Relaxation value
Friction factors

Liner
Yield stress

A = anchorage zone.

X | X[ X| X

X

Source: fib Task Group 1.3 Containment Structures, “Nuclear Containments — State-of-the-Art Report,”
Bulletin 13, International Federation for Structural Concrete (fib), Federal Institute of Technology,
Lausanne, Switzerland, 2001.

3.1 Concrete

Concrete is a composite material consisting of a binder (cement paste) and a filler of fine or fine and
coarse aggregate particles that combine to form a synthetic conglomerate. Cement is a mixture of
compounds made by grinding crushed limestone, clay, sand, and iron ore together to form a homogeneous

powder that is then heated at very high temperatures ranging from 1400 to 1600°C to form a clinker.25
After the clinker cools, it is ground and mixed with a small amount of gypsum to regulate setting and
facilitate placement. This produces the general-purpose portland cement that is mixed with water to

produce cement paste that binds the aggregate particles together.*

* Current generation cements have higher C;S contents and are ground finer than previous cements. The current
generation cements attain almost all their compressive strength within a 28-day period whereas the previous

generation cements continue to gain strength after 28 days.8’27



Portland cements are composed primarily of four chemical compounds: tricalcium silicate (C3S),
dicalcium silicate (C,S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF). The type of
portland cement produced (e.g., general purpose, moderate sulfate resistance and heat of hydration, high
early strength, low heat of hydration, and sulfate resistant) depends on the relative amounts of the four
basic chemical compounds and fineness (high early strength). The calcium silicate hydrates (C-S-H)
constitute about 75% the mass. The C-S-H gel structure is made up of three types of groups that
contribute to bonds across surfaces or in the interlayer of partly crystallized tobermorite material: calcium
ions, siloxanes, and water molecules. Bonding of the water within the layers (gel water) with other
groups via hydrogen bonds determines the strength, stiffness, and creep properties of the cement paste.

There are also a number of alternative cementing agents that have been used in conjunction with portland
cement such as pulverized fly ash, ground granulated blast furnace slag, and silica fume. Fly ash is
collected from the exhaust flow of furnaces burning finely ground coal and reacts with calcium hydroxide
in the presence of water to form cement compounds consisting of calcium silicate hydrate. Ground
granulated blast-furnace slag (GGBS) is a by-product of the iron-making process and is formed by taking
the hot slag, rapidly chilling or quenching it, and grinding into a powder. When mixed with water in the
presence of an alkaline environment provided by the portland cement, GGBS hydrates to form cementing
compounds consisting of calcium silicate hydrate. Silica fume is the condensed vapor by-product of the
ferro-silicon smelting process. Silica fume reacts with calcium hydroxide in the presence of water to

form cementing compounds consisting of calcium silicate hydrate. High alumina cement,” consisting
mainly of calcium aluminates, has been utilized as a cementitious material because of its rapid set and
rapid strength gain characteristics and resistance to acidic environments, sea water, and sulfates.
However, because under certain conditions of temperature and humidity the cement converts over time to
a different hydrate having reduced volume (i.e., increased porosity and reduced strength), it is
recommended that calcium aluminate cements not be used for structural applications (particularly in wet

or humid conditions above 27°C).28

Selection of the proper water content of concrete is critical since too much water reduces the concrete
strength and if insufficient water is added the concrete will be unworkable. Hardening of concrete occurs
as a result of hydration, which is a chemical reaction in which the major compounds in the cement form
chemical bonds with water molecules and become hydrates. The hardened cement paste consists mainly
of calcium silicate hydrates, calcium hydroxide, and lower proportions of calcium sulphoaluminate
hydrate either as ettringite or monosulphate. About 20% of the hardened cement paste volume is calcium
hydroxide. The pore solution is normally a saturated solution of calcium hydroxide within which high
concentrations of potassium and sodium hydroxides are present. Proper curing of the concrete during this
stage is essential as it affects the concrete’s durability, strength, water-tightness, abrasion resistance,
volume stability, and resistance to freezing and thawing.

Since cement is the most expensive ingredient in concrete, it is desirable to utilize the minimum amount
necessary to produce the desired properties and characteristics. Aggregate typically occupies 60 to 75%

of the volume of concrete™ and therefore its characteristics strongly influences the chemical, physical, and
thermal properties of concrete, its mix proportions, and economy. Aggregates thus are important with
respect to the concrete durability. The aggregates come in various shapes, sizes, and material types
ranging from fine sand particles to large coarse rocks. Selection of the aggregate material is determined
in part by the desired characteristics of the concrete. Aggregate materials are available ranging from

# Several nuclear power plants have utilized high alumina cement to produce porous concrete subfoundations.
Although some erosion of the cementitious materials has occurred in at least one plant, the amount of material

removed has been insignificant and the plants are monitored for any signs of excessive settlement.29
* The balance of the concrete mix generally consists of 10 to 15% cement, 15 to 20% water, and air (5 to 8% if
entrained).
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ultra-lightweight (e.g., vermiculite and perlite) to lightweight (e.g., expanded clay shale or slate-crushed
brick) to normal weight (e.g., crushed limestone or river gravel) to heavy-weight (e.g., steel or iron shot).
Sometimes chemical or mineral admixtures are added during the mixing process to enhance durability (air
entrainment), improve workability (enhanced placement and compaction), modify hardening and setting

characteristics, aid in curing, reduce heat evolution, or provide other property improvements.30 Basic
concrete constituent materials are identified in Figure 3.1.

admixture

Figure 3.1 Basic concrete constituent materials

The concrete typically used in nuclear safety-related structures consists of Type Il portland cement, 29
fine aggregates (e.g., sand), water, various mineral or chemical admixtures for improving properties or
performance of the concrete, and either normal-weight or heavy-weight coarse aggregate. Although eight

types of portland cement are recognized by ASTM C 150,31 Type Il portland cement typically has been
used because of its improved sulfate resistance and reduced heat of hydration relative to the general
purpose Type | portland cement. Both the water and fine and coarse aggregates are normally acquired
from local sources and subjected to material characterization testing prior to use. Coarse aggregate can
consist of gravel, crushed gravel, or crushed stone. Chemical (e.g., air-entraining or water-reducing) or
mineral (e.g., fly ash or ground granulated blast furnace slag) admixtures have been utilized in many of
the mixes to impart improved characteristics or performance. For those concrete structures in nuclear
power plants that provide primary (biological) radiation shielding, heavy-weight, or dense aggregate
materials, such as barites, limonites, magnetites, and ilmenites, may have been used to reduce the section
thickness and meet attenuation requirements.

The constituents are proportioned and mixed to develop portland cement concrete that has specific
properties. Depending on the characteristics of the specific structure, the concrete mix may be adjusted to
provide increased strength, higher durability, or better workability for placement. The hardened concrete
typically provides the compressive load-carrying capacity for the structure. Specified concrete
unconfined compressive strengths typically have ranged from 13 to 55 MPa, with 35 MPa being a typical
value achieved at 28-days age.

3.2 Conventional steel reinforcement
Concrete tensile strength is about one-tenth to one-fifth its compressive strength so concrete can not be
relied upon to withstand very high tensile stresses. This limitation is overcome by embedding steel

reinforcement in the concrete. The concrete and steel thus work in concert, Fig. 3.2. In addition to
resisting tensile loads, the bonded steel reinforcement is used to control the extent and width of cracks,

11



Load
Concrete Compression

Reinforcing steel

- [

,Reinforcing steel
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Figure 3.2 Principle of reinforced concrete.

Source: H. Morishima and T. Odaka, “Concrete Structures and Nondestructive Testing,” JR East
Technical Review No. 2, Research and Development Center JR East, Japan Railway Company, Tokyo,
Japan, 2003.

resist inclined tensile stresses caused by shear forces, and assist in resistance of compressive forces,
especially where its is desirable to reduce member cross-sections. Steel reinforcement also is used in
compression members to safeguard against the effects of unanticipated bending moments that could crack
or even fail the member. The effectiveness of reinforced concrete as a structural material depends on: the
interfacial bonding between the steel and concrete so that it acts as a composite material, the passivating
effect of the highly alkaline concrete environment to inhibit steel corrosion (see next chapter), and the
similar coefficients of thermal expansion of the concrete and steel.

Reinforced concrete has been utilized in all light-water reactor facilities. Most of the mild, or

conventional, reinforcing steels32 used in nuclear power plants to provide primary tensile and shear load
resistance/transfer consists of plain carbon steel bar stock with deformations (lugs or protrusions) on the

surface. These bars typically conform to ASTM A 61533 or A 70634 specifications (older vintage plants

may contain bars conforming to ASTM A 43235 or A 30536 specifications that have been either replaced
by the above or withdrawn). The minimum yield strength of this material ranges from 280 MPa to

520 MPa, with the 420 MPa strength material being most common. Table 3.2 presents characteristics and
availability of ASTM A 615 steel bars for concrete reinforcement. ASTM A 706 steel bars are available
in bar size designations from #3 to #18 and have a minimum yield strength of 420 MPa (60,000 psi).

3.3 Prestressing steel

Post-tensioning is a method of reinforcing (or strengthening) concrete with high-strength steel wire,
strands, or bars, typically referred to as tendons. The tendons are installed, tensioned, and then anchored
to the hardened concrete forming the structure. The post-tensioning system resists tensile loadings and is
used to apply compressive forces to the concrete to provide increased resistance to concrete cracking.
The post-tensioning system is generally utilized in conjunction with conventional steel reinforcement.
Whereas conventional steel reinforcement is considered passive, a post-tensioning system can be
considered as active.

A number of nuclear power plant concrete containment structures utilize post-tensioned steel tendons to

provide primary resistance to tensile loadings. Three major categories of prestressing system exist
depending on the type of material utilized to fabricate the tendons: wire, strand, or bar. The materials

12



Table 3.2 Characteristics and availability of ASTM A615 steel reinforcement for concrete.

ASTM A 615 Deformed and Plain Carbon-Steel Bars for Concrete Reinforcement

Nominal Bar | Nominal Nominal Dimensions Availability
Size Weight Diameter Cross Grade 40 Grade 60 Grade 75
Designation (Ib/ft) (in.) Sectional (40,000 psi® (60,000 psi® (75,000 psi®
Avrea (in%) min. yield min. yield min. yield
strength) strength) strength)
#3 0.376 0.375 0.11 X X
#4 0.668 0.500 0.20 X X
#5 1.043 0.625 0.31 X X
#6 1.502 0.750 0.44 X X X
#7 2.044 0.875 0.60 X X
#8 2.670 1.000 0.79 X X
#9 3.400 1.128 1.00 X X
#10 4.303 1.270 1.27 X X
#11 5.313 1.410 1.56 X X
#14 7.65 1.693 2.25 X X
#18 13.60 2.257 4.00 X X

2280 MPa; "420 MPa; °520 MPa.

used to fabricate the tendons for these systems conform to ASTM specifications A 421,37 A 416,38 and
A 72239 respectively. Minimum tensile strengths range from 1620 to 1725 MPa for the A 421 material
and 1725 to 1860 MPa for the A 416 material. The A 722 material has a minimum tensile strength of
1035 MPa. Typical nuclear power plant tendon systems group sufficient numbers of wires, strands, or
bars to have minimum ultimate strengths ranging from 2,000 kN to 10,000 kN. The trend has been to
increase the strength of the tendons to reduce the total number (e.g., in the early 1970’s the typical tendon

had a capacity of 3,000 kN and since has progressed to capacities of 10,300 kN and 15,300 kN).23

The tendons are installed within preplaced ducts in the containment structure and post-tensioned from one
or both ends after the concrete has achieved sufficient strength. After tensioning, the tendons are
anchored by buttonheads, wedges, or nuts. Corrosion protection is provided by filling the ducts with wax
or corrosion-inhibiting grease (unbonded), or portland cement grout (bonded). Supplemental
conventional reinforcing is also used to minimize shrinkage or temperature effects and to provide local
load-carrying capacity or load transfer. With the exception of Robinsion 2 (bar tendons) and Three Mile
Island 2 (strand tendons), plants that have post-tensioned containments utilize unbonded tendons so that
the tendons can be inspected and replaced (if necessary). Bellefonte and Ginna each have grouted
tendons (rock anchors) to which tendons are attached. Figure 3.3 presents an example of a multistrand
tendon for a general civil engineering application.
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Figure 3.3 Example of a multistrand tendon.

Source: www.vsl.net




3.4 Liner plate

Leak tightness of reinforced and post-tensioned concrete containment vessels is provided by a steel liner
plate. A typical liner is composed of steel plate stock less than 13 mm thick, joined by welding, and

anchored to the concrete by studs (Nelson studs or similar conforming to ASTM A 10840), structural
steel shapes, or other steel products. The drywell portions of BWR containments and PWR containments

are typically lined with carbon steel (ASTM A 3632 or A 51641). The liners of LWR fuel pool structures
typically consist of stainless steel (ASTM A 276,42 or A 30443). The liners of wetwells also have used

carbon steel materials such as ASTM A 285,44 A 516,41 and A 537.45 Certain LWR facilities also have
used carbon steel clad with stainless steel weld metal for liner members. Although the liner's primary
function is to provide a leaktight barrier, it acts as part of the formwork during concrete placement and
may be used in the support of internal piping/equipment. The liner is not considered to contribute to the
strength of the structure.
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4 AGING AND DURABILITY

4.1 Introduction

Whether or not a concrete structure will degrade is a function of many factors including the constituent
materials, its location (e.g., coastal or inland), climatic conditions (e.g., temperature and moisture), and
the presence of external agents (e.g., sulfates and chemicals). When the concrete mix design and
reinforcement cover meet the prescriptive requirements of standards and codes, and the concrete is
properly mixed, placed, compacted and cured, durability problems attributable to concrete as a material
are relatively rare. However, concrete may deteriorate as a result of violation of one of the previous
items, inadequate design or construction practices, lack of maintenance, or because an inadequate

concrete was specified.46
4.2  Design, Construction, and Maintenance Considerations

Design errors that can lead to subsequent deterioration of concrete structures can be placed into two

categories: inadequate structural design and lack of attention to details.47 Inadequate structural design
occurs when the structure is exposed to a load greater than it is capable of carrying or it sustains greater
strain than its strain capacity. Inadequate considerations of temperature change or concrete creep and
accidental impact can also result in damage. Typical symptoms of inadequate design include spalling and
cracking of concrete. Poor detailing of a structure may result in localized concentration of stresses that
results in cracking, which in turn can permit water or chemicals to access the concrete; or ponding of
water to produce saturated concrete. Poor detailing does not generally lead directly to concrete failure,

but can contribute to the action of one of the other specific causes of concrete failure.47 Examples of
inadequate structural design include: insufficient concrete cover over steel reinforcement, improper
sizing and placement of steel reinforcement, inadequate section geometry, inadequate provision for
drainage, abrupt changes in section, material incompatibility, and inadequate provision for deflection.

Poor construction practices and negligence can result from not following specified procedures or
carelessness. Poor construction practices do not lead directly to failure or deterioration of concrete but
can cause defects that lead to concrete cracking. Examples of concrete cracks that can result from poor
construction practices include: plastic shrinkage, plastic settlement, early thermal contraction, crazing,
and long-term drying shrinkage. The resulting concrete cracking then can enhance the adverse impacts of
mechanisms such as described in the next section and lead to concrete degradation. Poor construction
practices and negligence is best addressed through adequate quality assurance/quality control in
conjunction with an aggressive inspection program. Examples of poor construction practice include:
adding additional water to concrete to facilitate placement or finishing, improper mixing and curing,
improper consolidation, and improper location of steel reinforcement. Lack of knowledge about the
importance of careful selection and specification of materials and use of admixtures can also result in
durability issues. This can include improper cement contents, use of poor quality or contaminated
aggregates, incorporation of additives that can produce corrosion such as calcium chloride accelerators,
and incorrect water-cement ratios.

Improper or inadequate maintenance can also contribute to the deterioration of concrete structures.

Examples of inadequate maintenance include: moisture exposure and penetration caused by unrepaired
cracks, improper application of coatings, and failure to clean drains and drain pathways.
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4.3 Environmental Stressor Considerations

The longevity, or long-term performance of safety-related concrete structures is primarily a function of
the durability or propensity of these structures to withstand the potential effects of degradation. Table 4.1
presents a summary of the degradation factors that can potentially impact the performance of the basic
constituents that comprise safety-related concrete structures in nuclear power plants (i.e., concrete, mild
steel reinforcement, post-tensioning system, and liner/structural steel members). Also contained in the
table is a listing of primary manifestations of each degradation factor. More detailed information to that

summarized below is available elsewhere.48-93

Table 4.1 Primary degradation factors that can impact safety-related concrete structures

Material System Degradation Factor Primary Manifestation
Concrete Physical processes
Cracking Reduced durability
Salt crystallization Cracking/loss material
Freezing and thawing Cracking/scaling/disintegration
Abrasion/erosion/cavitation Section loss
Thermal exposure/thermal cycling Cracking/spalling/strength loss
Irradiation Volume change/cracking
Fatigue/vibration Cracking
Settlement Cracking/spalling/misalignment
Chemical processes
Efflorescence/leaching Increased porosity
Sulfate attack Volume change/cracking
Delayed ettringite formation Volume change/cracking
Acids/bases Disintegration/spalling/leaching
Alkali-aggregate reactions Disintegration/cracking
Aggressive water Disintegration/loss material
Phosphate Surface deposits
Biological attack Increased porosity/erosion
Mild steel Corrosion Concrete spalling/cracking/loss section
reinforcement | Elevated temperature Decreased strength
Irradiation Reduced ductility
Fatigue Bond loss
Post-tensioning | Corrosion Strength loss/reduced ductility
Elevated temperature Reduced strength
Irradiation Reduced ductility
Fatigue Concrete cracking
Stress relaxation/end effects Prestress force loss
Liner/structural | Corrosion Section loss
steel Elevated temperature Reduced strength
Irradiation Reduced ductility
Fatigue Cracking

4.3.1 Concrete Material Systems

The durability of concrete materials can be limited as a result of adverse performance of its cement-paste
matrix or aggregate constituents as a result of either physical or chemical processes. In practice, these
processes may occur concurrently to reinforce each other. In nearly all physical and chemical processes
influencing the durability of concrete structures, dominant factors involved include transport mechanisms
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within the pores and cracks, and the presence of water. Transport mechanisms important in the
consideration of durability of concrete include: 4

» diffusion of gases, CO,, O,, and water vapor through empty pockets, microcracks and the
interfaces between components;

» diffusion of ions (e.g., chlorides and sulfates) in the concrete pore solution and dissolved
gases;

e permeation of water or aqueous solutions under hydraulic head (submerged concrete or

water-control structures);55 and
» capillary suction of water (water absorption) or aqueous solutions in empty or
unsaturated capillaries.

Transport characteristics, however, do not provide information on the rate or extent of reaction, or the
total amount of substance reacting with the aggressive material, and therefore only provide an indication

of a material’s durability.54 Table 4.2 provides an indication of the influence of moisture (relative
humidity) on several deterioration processes in concrete.26

Table 4.2 Influence of moisture state on selected durability processes.

Ambient relative Relative severity of deterioration process*
humidity Carbonation Frost attack | Chemical Risk of steel corrosion

of concrete on concrete attack on | In carbonated In chloride-

concrete concrete rich concrete
Very low (<40%) 1 0 0 0 of
Low (40-60%) 3" 0 0 1 1
Medium (60-80%) 2° 0 0 3 3
High (80-90%) 1 2 1 2 3
Saturated (>98%) 0 3 3 1 1

*0 = insignificant, 1 = slight risk, 2 = medium risk, 3 = high risk.

tCorrosion risk in chloride-rich environments high if significant humidity variations.
“For 40-50% relative humidity, carbonation is medium.

©For 60-70 % relative humidity, carbonation is high.

Source: Diagnosis of Deterioration in Concrete Structures — Identification of Defects, Evaluation and
Development of Remedial Action, Technical Report No. 54, The Concrete Society, Century House,
Berkshire, United Kingdom, 2000. Permission to use this copyrighted material is granted by CEB and
Thomas Telford Services Ltd.

4.3.1.1 Physical Processes

Physical attack involves the degradation of concrete due to external influences and generally involves
cracking due to exceeding the tensile strength of the concrete, or loss of surface material. Load-induced
cracking is not considered as an aging mechanism.

Cracking Cracking occurs in virtually all concrete structures and, because of concrete’s inherently low
tensile strength and lack of ductility, can never be totally eliminated. Cracks and crack patterns have
different characteristics depending on the underlying cause. Cracks are significant from the standpoint
that they can indicate major structural problems (active cracks); provide an important avenue for the
ingress of hostile environments (active or dormant cracks); and may inhibit a component from meeting its
performance requirements (active or dormant cracks) (e.g., diminished leaktightness or shielding
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capacity). Figure 4.1a provides information on the types of cracks that can form in concrete structures’
and Figure 4.1b provides a description and appearance of several of the crack forms.2’
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Figure 4.1 Relationship between primary causes and types of cracks in concrete.

Source: (a) Durable Concrete Structures — Design Guide, Comite Euro-International de Beton, Thomas
Telford Service Publisher, London, United Kingdom, 1989; (b) H.-U. Litzner and A. Baker, “Design of
Concrete Structures for Durability and Strength to Eurocode 2,” Materials and Structures 32, pp. 323-
330, June 1999. Permission to use this copyrighted material in Figure 4.1a is granted by CEB and Thomas
Telford Services Ltd.

Figure 4.2 presents examples of the most common types of intrinsic cracks that form in concrete as well
as an indication of their potential time of occurrence.’:98 Reference 59 provides additional information
on cracking and its classification with respect to damage.*

Salt Crystallization Physical salt attack is caused by the movement of salt solution by capillary action
through the concrete and subsequent crystallization through drying. The process is repeated through
cycles of wetting and drying. Figure 4.3 presents a concrete slab after one-year exposure to cyclic

wetting and drying in sulfate solutions.60 Crystallization and recrystallization of certain salts (e.g., NaCl,
CaS04, and NaS04) can generate expansive forces that result in the physical breakdown of the concrete.
The mechanism is somewhat similar to freezing and thawing of water in concrete. Structures in contact
with fluctuating water levels or in contact with ground waters containing large quantities of dissolved
salts are susceptible to this type of deterioration. Above ground level the moisture is drawn to the
concrete surface where it evaporates leaving crystals of salt growing in the near surface pores. The result
is an area of deterioration just above ground level. The problem of salt crystallization is minimized for
low permeability concretes and where sealers or barriers have been effectively applied to prevent water
ingress or subsequent evaporation.

* Additional information on cracking is presented in Section 4.3.2.1 and Appendix C.
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Type of Cracking Designation Time of Occurrence

Plastic setiement A,B,C Ten minutes to three hours

Plastic shrinkage D,E,F Thirty minutes to six hours

Early thermal contraction G.H One day to two to three weeks

Long-term drying shrinkage [} Several weeks or months

Crazing J,K One to seven days - sometimes much later
Corrosion of reinforcement LM Several years, but my be sooner
Alkali-aggregate reaction N More than five years

Catresic
Plus rust stains

"™~ Plastic Shrinkage &8 - =
Cracksat  _= #
kicker joints P —

Figure 4.2 Examples of intrinsic cracks in a hypothetical structure.

Source: Adaptation of Fig, 3.3 in Durable Concrete Structures — Design Guide, Comite Euro-
International du Beton, Thomas Telford Service Publisher, London, United Kingdom, 1992. Permission
to use this copyrighted material is granted by CEB and Thomas Telford Services Ltd.

Figure 4.3 Concrete slab experiencing deterioration due to salt crystallization.
(Arrows indicate concrete surface deterioration and lines the level of solution in wetting cycle.)

Source: L. Bucea, R. Khatri, and V. Sirivivatnanon, “Chemical and Physical Attack of Salts on
Concrete,” Urban Salt 2005 Conference, Parramatta, Australia, 8-9 February 2005.

Freezing and Thawing Attack Concrete, when in a saturated or near saturated condition, can be
susceptible to damage during freezing and thawing cycles produced by the natural environment or
industrial processes. Damage can occur in both the cement paste and aggregate phases of the concrete.
Structures constructed without adequate air entrainment and portions of structures where moisture can
accumulate are at greatest risk. The damage is incurred after an extended number of cycles and is
observed on exposed surfaces of affected structures. One hypothesis is that the damage is caused by
hydraulic pressure generated in the capillary cavities of the cement paste while critically saturated as the
water freezes and expands about 9%. When the pressure exceeds the tensile strength of the concrete the
cavity will dilate and rupture.
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Damage to concrete resulting from freezing and thawing attack can take several forms:* expansion,

internal cracking, and spalling; scaling associated with application of salt; and pop-outs.61:62 Internal
damage is confined primarily to the mortar and is associated with freeze-thaw damage of young concrete
or mature cement paste that does not have a pore structure capable of resisting stresses that develop due to
freeze-thaw occurrence. Scaling is delamination of the concrete surface. Weakness may exist at the
surface due to an inherent weakness of the concrete due to excessive water, excess mortar, or treatment
during construction. The surface layer may become detached if the stresses occurring exceed the tensile
or bond strength holding the layer to the substrate. Scaling may develop from a shallow surface feature
into internal damage. It often is associated with application of de-icing chemicals that cause the
temperature of the concrete surface to change rapidly which induces a thermal shock that can cause
cracking and surface scaling. Also, if salts are present in the pore solution the osmotic pressure is
increased since moisture tends to move toward zones of higher salt concentrations. A pop-out is a small
volume of concrete that has separated from the body of the concrete to leave a roughly conical depression.
The most common cause of pop-outs is stress resulting from freeze-thaw action within the coarse
aggregate particle that causes cracking of the particle and simultaneous fracture of the concrete between
the particle and nearest concrete face. Aggregates that produce pop-outs are generally sedimentary (e.g.,
cherts, sandstones, shales, and limestones), but can be calcareous or siliceous or gravel or crushed rock,

and have a high porosity.63 Internal damage occurs in the form of cracking, is confined to mortar, and is
associated with freeze-thaw damage to cement paste that does not have a pore structure capable of
resisting the stresses that develop. Figure 4.4 presents a schematic of the types of freeze-thaw damage as

well as examples.61

"

. Pop-out
Lﬁ‘% p-out..

D-cracking

Internal damage
and scaling

Figure 4.4 Types of freeze-thaw damage.

Source: Adaptation of figure in T. A. Harrison, J. D. Dewer, and R. V. Brown, “Freeze-Thaw Resisting
Concrete — Its Achievement in the UK,” CIRIA C559, Concrete Society, London, United Kingdom, 2001.

Factors controlling the resistance of concrete to freeze-thaw action include air entrainment (i.e., size and
spacing of air bubbles) as opposed to entrapped air, water-cement ratio, curing, strength, and degree of
saturation. Selection of durable aggregate materials is also important. Guidelines to evaluate if the

concrete was produced to provide resistance to freezing and thawing attack are available. 5,64,65

*+ Pattern or “D”-cracking can also occur but it is predominately associated with pavements and is characterized by
cracks developing toward the base of a slab at the edges and joints under permanent high moisture conditions. The
cracks may then spread inwards and upwards eventually reaching the concrete surface.
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Abrasion/Erosion/Cavitation Progressive loss of material at the concrete surface can occur due to
abrasion, erosion, or cavitation. Abrasion generally refers to dry attrition due to rubbing or grinding of
aggregate or other debris on the concrete surface, while erosion is normally used to describe wear by the
abrasive action of fluids containing solid particles in suspension. Mechanical abrasion is usually
characterized by long shallow grooves in the concrete surface and spalling along monolithic joints.
Concrete surfaces abraded by water-borne debris are generally smooth and may contain localized
depressions. Cavitation is the formation of bubbles or cavities in a liquid. In hydraulic structures, the
liquid is water, and the cavities are filled with water vapor and air. The cavities form where the local
pressure drops to a value that will cause the water to vaporize at the prevailing water temperature.
Formation of these cavities is usually triggered by concrete surface irregularities that are subjected to
high-velocity water flow. Cavitation bubbles will grow and travel with the flowing water to an area
where the pressure field will cause collapse. When a bubble collapses or implodes close to or against a
solid surface, an extremely high pressure is generated, which acts on an infinitesimal area of the surface
for a very short time. A succession of these high-energy impacts will damage almost any solid

material.66 Figure 4.5 presents examples of concrete abrasion-erosion. 66,67

Figure 4.5 Abrasion-erosion of concrete: (a) abrasion-erosion damage in a
concrete stilling basin and (b) erosion of conventional concrete.

Sources: (a) Guide to Concrete Repair, U. S. Department of the Interior, Bureau of

Reclamation, Technical Services, Denver, Colorado. 1996; (b) J. E. McDonald, “An Evaluation of
Materials for Repair of Erosion Damage in Hydraulic Structures,” High-Performance Materials and
Systems Research Program, U.S. Army Corps of Engineers, Waterways Experiment Station, Vicksburg,
Mississippi, 1980.

Resistance of concrete to abrasion and erosion is dependent on the quality of the concrete (low porosity,
high strength) and in particular the aggregate particles used in the mix. While good quality concrete may
show good resistance to abrasion and erosion, it may still suffer severe loss of surface material due to
cavitation. The best way to guard against the effects of cavitation is to eliminate the cause(s) of
cavitation. Reference 68 provides additional information on the effects of erosion on concrete structures.

Thermal Exposure/Thermal Cycling Under elevated-temperature exposure, portland cement paste
experiences physical and chemical changes that contribute to development of shrinkage, transient creep,
and changes in strength. Key material features of hydrated portland cement paste affecting the properties
of concrete at elevated temperature are its moisture state (i.e., sealed or unsealed), chemical structure (i.e.,
loss of chemically bound water from the C-S-H in the unsealed condition, CaO/SiO2 ratio of the hydrate
in the sealed condition, and amount of Ca(OH)2 crystals in sealed or unsealed conditions), and physical
structure (i.e., total pore volume including cracks, average pore size, and amorphous/crystalline structure

of solid).69
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When concretes are exposed to high temperatures, changes in mechanical properties and durability occur.
Nonlinearities in material properties, variation of mechanical and physical properties with temperature,
tensile cracking, and creep effects affect the buildup of thermal forces, the load-carrying capacity, and the
deformation capability (i.e., ductility) of the concrete structural members. The property variations result
largely because of changes in the moisture condition of the concrete constituents and the progressive
deterioration of the cement paste-aggregate bond, which is especially critical where thermal expansion
values for the cement paste and aggregate differ significantly. The bond region is affected by the surface

roughness of the aggregate and its chemical/physical interactions.69 Chemical interaction relates to the
chemical reactions between the aggregate and cement paste that can be either beneficial or detrimental.
Physical interaction relates to dimensional compatibility between aggregate materials and cement paste.
Behavior of concrete at high temperature depends on exposure conditions (i.e., temperature-moisture-
load-time regime). Curing influences the degree of hydration, while the temperature and load history
prior to exposure to elevated temperature could have a significant affect on the behavior of the portland
cement paste, and therefore the concrete. Concrete at elevated temperature is sensitive to the temperature
level, heating rate, thermal cycling, and temperature duration (as long as chemical and physical
transformations occur). Table 4.3 presents a summary of environmental factors that affect heated concrete

and provides an indication of their relative influence.69

Table 4.3 Influence of environmental factors on heated concrete

Factor Influence Comment
Temperature Fkk » Chemical-physical structure and most properties
level *x * Properties (e.g., comp. strength and modulus) of some concretes when

heated under 20-30% load can vary less with temperature — up to about
500°C — than if heated without load

Heating rate *x e <2°C/min: second order influence

okl « >about 5°C/min: becomes significant tending toward explosive spalling
Cooling rate * e <2°C/min: negligible influence

*x  >2°C/min: cracking could occur

Fxk » Quenching: very significant influence
Thermal *x » Unsealed concrete: significant influence mainly during first cycle to
cycling *x given temperature

» Sealed concrete: influence in that it allows longer duration at temperature
for hydrothermal transformations to develop

Duration at *x » Unsealed concrete: only significant at early stages while transformations
Temperature decay
kel « Sealed concrete; Duration at temperatures above 100°C lead to
continuing hydrothermal transformations
Load-Temp. Fkk » Very important
sequence
Load level Fkk » <30%: linear influence on transient creep at least in range up to 30% cold
strength
Fxk » >50%: failure could occur during heating at high load levels
Moisture *x » Unsealed: small influence on thermal strain and transient creep
level particularly above 100°C
Fkk « Sealed: very significant influence on structure of cement paste and

properties of concrete above 100°C

***first order influence, **second order influence, *negligible influence

Source: G. A. Khoury, “Performance of Heated Concrete—Mechanical Properties,” Contract
NUC/56/3604A with Nuclear Installations Inspectorate, Imperial College, London, August 1996.
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A good summary of the degradation reactions that occur in Portland cement concrete is provided in

Ref. 70. Upon first heating, substantial water evaporation occurs from the larger pores close to the
concrete surface. Then, from 100°C onward, the evaporation proceeds at a faster rate with water being
expelled from concrete near the surface as a result of above-atmospheric vapor pressure (i.e., steam flow).
At 120°C the expulsion of water physically bound in the smaller pores, or chemically combined, initiates
and continues up to about 500°C where the process is essentially complete. From 30°C to 300°C, in
conjunction with evaporation, dehydration of the hardened cement paste occurs (first stage) with the
maximum rate of dehydration occurring at about 180°C [Tobermorite gel is stable up to a temperature of
150°C (Ref. 71)]. In the temperature range from 450°C to 550°C there is decomposition of the portlandite
[i.e., Ca(OH)2 — CaO + H20)]. At 570°C the a. — f inversion of quartz takes place with the
transformation being endothermic and reversible. A further process of decomposition of the hardened
cement paste takes place between 600°C and 700°C with the decomposition of the calcium-silicate-
hydrate phases and formation of $-C2S. Between 600°C and 900°C the limestone begins to undergo

decarbonation (i.e., CaCO3 — CaO + CO2). The rate of decomposition and the temperature at which it
occurs are not only dependent on temperature and pressure, but also on the content of SiO2 present in the

limestone. Above 1200°C and up to 1300°C, some components of the concrete begin to melt. Above
1300°C to 1400°C concrete exists in the form of a melt. Apparently liquifaction of the concrete

commences with melting of the hardened cement paste followed by melting of the aggregates.72'74 The
melting points of aggregates vary greatly. At 1060°C basalt is at the lower limit of all types of rock, with

quartzite not melting below 1700°C.7>

The response of concrete in terms of strength loss has been divided into three ranges: 20 to 400°C, 400 to

800°C, and above 800°C.76 In the first range, it was noted that normal strength concretes (<50 MPa)
exhibit a slight loss of strength (~15%), whereas higher strength concretes (80 to 100 MPa) maintain their
strengths. In the second range, both concretes lose most of their original strength, especially above
600°C. It is within this range that dehydration of the calcium-silicate-hydrate gel is most significant.
Above 800°C only a small fraction of the original concrete strength remains. As some aggregates in

concrete change color at elevated temperatures (e.g., sedimentary and metamorphic),*:77 the color

changes can be used to estimate the temperature reached.* It has been indicated that up to 300°C the
concrete color will be normal, its condition unaffected, with surface crazing around 290°C; from 300 to
600°C the concrete will be pink to red and apparently sound, but its strength will be significantly reduced;
from 600 to 900°C the concrete will be gray to buff, and weak and friable; and above 900°C it will have a

buff color (limestone becomes white) with little to no strength.79180 The extent of color change varies
with type of fine and coarse aggregate. Knowing the magnitude of thermal exposure, a rough estimate of
the residual mechanical properties of concrete can be made. Because concrete’s in situ compressive
strength generally exceeds design requirements, the modest strength reductions resulting from
temperature exposures up to 300°C often can be tolerated.

Figure 4.6 presents the effect of temperature on the residual compressive strength” of several unsealed
ordinary concretes made with various normal weight aggregate materials and tested at room temperature

after heat treatment.81 Table 4.4 presents additional information on upper and lower limits for ordinary

concretes that were unsealed during heating.81 However, applicability of information such as presented
in the above figure and table need to evaluated for each concrete because a concrete’s residual strength
after elevated temperature exposure depends on a number of factors such as the temperature attained, type

* It should be noted that not all aggregates (e.g., igneous) exhibit color changes as a function of temperature.
* Other methods for indicating the magnitude of concrete thermal exposure include differential thermal analysis, X-

ray diffraction, thermoluminescence test, and thin-section pet1rog1raphy.78
# Residual ratio (%) = 100 x (value after heating)/(value before heating).
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and porosity of aggregate, rate of heating, permeability, use of pozzolans, moisture state, mix proportions,
and loading and sealing conditions during heating.
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Figure 4.6 Effect of temperature on residual compressive strength: unsealed specimens.

Source: R. Blundell, C. Diamond, and R. G. Browne, “The Properties of Concrete Subjected to Elevated
Temperature,” CIRIA Underwater Engineering Group, Technical Note No. 9, Concrete Society, London,
United Kingdom, 1976.

Table 4.4 Residual ratios for compressive strength, tensile strength, and
modulus of elasticity of ordinary concrete at elevated temperature: unsealed specimens.

Temp- Residual ratio (%)*

erature Compressive strength Tensile strength Elastic modulus
(°C) Lower | Upper | Average | Lower | Upper | Average | Lower | Upper | Average

limit limit limit limit limit limit

20 100 100 100 100 100 100 100 100 100
50 70 95 85 65 75 70 70 95 85
90 65 90 80 65 80 75 70 85 80
100 65 90 80 70 80 75 65 90 75
200 85 110 100 60 85 70 50 70 60
300 70 100 85 50 70 60 40 60 50
400 55 95 75 35 55 45 30 55 40

Source: R. Blundell, C. Diamond, and R. G. Browne, “The Properties of Concrete Subjected to Elevated
Temperature,” CIRIA Underwater Engineering Group, Technical Note No. 9, Concrete Society, London,
United Kingdom, 1976.

In addition to potential reductions in strength and modulus of elasticity, thermal exposure of concrete can
result in cracking, or when the rate of heating is high and concrete permeability low, surface spalling can

occur. Elevated temperatures diminish the bond between concrete and steel reinforcement.82-84
Elevated temperatures also are important in that they affect the volume change and creep of concrete.85
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Thermal cycling, even at relatively low temperatures (i.e., 65°C), can have deleterious effects on
concrete's mechanical properties (i.e., compressive, tensile and bond strengths, and modulus of elasticity

are reduced).86 Most reinforced concrete structures are subjected to thermal cycling due to daily
temperature fluctuations and are designed accordingly (i.e., inclusion of steel reinforcement). At higher
temperatures (200 to 300°C), the first thermal cycle causes the largest percentage of damage, with the
extent of damage markedly dependent on aggregate type and is associated with loss of bond between the

aggregate and matrix.87 Thermal cycles also can become important if the deformation of the structure
resulting from the temperature variations is constrained.

Additional information on the effects of elevated temperature on concrete materials and structures is
available.88,89

Irradiation lIrradiation in the form of either fast and thermal neutrons emitted by the reactor core or
gamma rays produced as a result of capture of neutrons by members (particularly steel) in contact with
concrete can affect the concrete. Changes in the properties of concrete appear to depend primarily on the

behavior of the concrete aggregate that can undergo a volume change when exposed to radiation.90 The
fast neutrons are mainly responsible for the considerable growth, caused by atomic displacements, that
has been measured in certain aggregate (e.g., flint). Quartz aggregates that contain crystals with covalent
bonding should be more affected by radiation than calcareous aggregates that contain crystals with ionic

bonding.91 Furthermore, when nuclear radiation is attenuated or absorbed in the concrete almost all the
absorbed radiation is converted into heat. Nuclear heating occurs as a result of energy introduced into the
concrete as the neutrons or gamma radiation interact with the molecules within the concrete material. The
heat generated may have detrimental effects on the physical, mechanical, and nuclear properties of the
concrete. Reference 92 indicates that nuclear heating is negligible for incident energy fluxes less than

1010 Mev/ecm2 per s. Determination of whether any deterioration that may occur in concrete properties
is due to radiation damage or thermal effects can be difficult.

Prolonged exposure of concrete to irradiation can result in decreases in tensile and compressive strengths
and modulus of elasticity. Figure 4.7 presents a summary of the effects of neutron radiation on the

compressive strength and modulus of elasticity of several concretes.90 Results in the literature90 indicate
that: (1) for some concretes, neutron radiation of more than1 x 10*° neutrons/cm? or 10* rads of dose for
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Figure 4.7 Effect of neutron radiation on concrete compressive strength
and modulus of elasticity relative to unirradiated and unheated control specimen results.

Source: H. K. Hilsdorf et al., The Effects of Nuclear Radiation on the Mechanical Properties of Concrete,

ACI SP-55, Douglas McHenry International Symposium on Concrete and Concrete Structures, American
Concrete Institute, Farmington Hills, Michigan, 1978.
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gamma radiation may cause a reduction in compressive strength; (2) tensile strength of concrete is
significantly reduced at neutron fluences exceeding 10" n/cm” with the decrease of tensile strength
caused by neutron radiation more pronounced than the decrease of compressive strength; (3) resistance of
concrete to neutron radiation apparently depends on the type of neutrons (slow or fast) involved, but the
effect is not clarified; (4) resistance of concrete to neutron radiation depends on mix proportions, type of
cement, and type of aggregate; (5) the effect of gamma radiation on concrete's mechanical properties
requires clarification; (6) the deterioration of concrete properties associated with a temperature rise
resulting from irradiation is relatively minor; (7) coefficients of thermal expansion and conductivity of
irradiated concrete differ little from those of temperature-exposed concrete; (8) when exposed to neutron
irradiation, the modulus of elasticity of concrete decreases with increasing neutron fluence; (9) creep of
concrete is not affected by low-level radiation exposure, but for high levels of exposure creep probably
would increase with exposure because of the effects of irradiation on the concrete's tensile and

compressive strengths;* (10) for some concretes, neutron radiation with a fluence of more than 1 x 10"
neutrons/cm? can cause a marked increase in volume; (11) generally, concrete’s irradiation resistance
increases as the irradiation resistance of the aggregate increases; and (12) irradiation has little effect on
shielding properties of concrete beyond moisture loss caused by a temperature increase. Furthermore,
there is an indication that nuclear radiation can significantly increase the reactivity of silica-rich

aggregates to alkali (i.e., alkali-silica reaction).102 Results from an investigation of the effect of y-
irradiation on the strength of a nuclear power plant concrete indicate that for a dose up to 6 x 10° Gy the
compressive, splitting-tensile, and flexural strength of concrete decreased with dose, reaching a reduction

of about 10%, 5%, and 5%, respectively, at the maximum dose.103 |t was noted in the reference that
interaction of concrete with irradiation generated a succession of chemical reactions starting with
radiolysis of water and terminating in formation of calcite crystals that decrease both the size of pore
space and the strength of the concrete.

Section Ill, Division 2 of the American Society of Mechanical Engineers Pressure Vessel and Piping
Code gives an allowable radiation exposure level of 10 x 10% nvt.104 The British Specification for

Prestressed Concrete Pressure Vessels for Nuclear Reactors105 states that the maximum permissible
neutron dose is controlled by the effects of irradiation on concrete properties, and the effects are
considered to be insignificant for doses up to 0.5 x 10'® neutrons/cm?. Table 2.7 from Ref. 106 provides
data for estimated radiation environments at the outside surface of light-water reactor pressure vessels for
a 1000 MW(e) plant operating at a capacity factor of 80%. These results indicate that radiation levels
may approach the limits provided above in a concrete primary shield wall after 40 years of operation

(32 equivalent full-power years). However, these values are upper limits and probably higher than would
be experienced because of the attenuating effects that would occur due to the presence of air gaps,
insulation, etc., that could be positioned between the pressure vessel and concrete structures.

More detailed information on the interaction of radiation and concrete is available in Ref. 91.

Fatigue/Vibration Concrete structures subjected to fluctuations in loading, temperature, or moisture
content (that are not large enough to cause failure in a single application) can be damaged by fatigue.
Fatigue damage initiates as microcracks in the cement paste, proximate to the large aggregate particles,
reinforcing steel, or stress risers (e.g., defects). Upon continued or reversed load application, these
microcracks may propagate to form structurally significant cracks that can expose the concrete and
reinforcing steel to hostile environments or produce increased deflections. Ultimate failure of a concrete
structure in fatigue will occur as a result of excessive cracking, excessive deflections, or brittle fracture.
As concrete ages and gains strength, for a given stress level the cycles to failure will increase. If the
concrete is reinforced or prestressed, properties of the steel tend to control structural performance since

* Gamma rays produce radiolysis of water in cement paste that can affect concrete's creep and shrinkage behavior to
a limited extent and also result in evolution of gas.
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the steel carries the tensile loads. Concrete exhibits good resistance to fatigue, so fatigue failure is
unusual and concrete structures are designed using codes that limit design stress levels to values below

concrete's endurance limit.107,108 However, as structures age, there may be instances of local fatigue
damage at locations where reciprocating equipment is attached, or at supports for pipes that exhibit flow-
induced vibrations.

Settlement All structures have a tendency to settle during construction and early life. Settlement may
be caused by errors in design of the foundations, either due to incorrect assumptions about the properties
and distribution of the soils and rocks below the structure, or errors in the structural design of elements

such as pile caps.56 In general, most of the settlement will occur within a few months after construction
and become negligible after this period.

Uniform settlement will not normally cause structural distress, although if excessive it can result in
damage or misalignment of connecting services or structures. Differential settlement is more of a concern
as it can cause misalignment of equipment and lead to overstress conditions in structures (e.g., cracking
such as illustrated in a building structure in Fig. 4.8). The amount of settlement is dependent on the
physical properties of the foundation material at the site, which may range from bedrock (minimal
settlement expected) to compacted soil (some settlement expected). Settlement is generally allowed for in
the design of the structures and is not expected to be significant. When a structure such as a nuclear
power plant is sited on soils, the potential for settlement is acknowledged and monitoring programs may
be implemented to confirm that design allowables are not exceeded.

Crack due to
differential
settiement |:]

Figure 4.8 Example of differential
settlement cracking in a building
structure due to inadequate

oose soil - poor foundation design.

4.3.1.2 Chemical Processes

Well-designed and constructed concrete generally performs well when exposed to various atmospheric
conditions, water, and soil. Concrete is rarely, if ever attacked, by solid, dry chemicals. However, some
chemical environments can reduce the service life of even high-quality concrete. To produce significant
degradation of concrete the aggressive chemicals must be in solution and sufficiently concentrated or
reach a critical concentration after evaporation of the solution. Also, for maximum effect the chemical
solution needs to be circulated in contact with the concrete. In addition to the specific nature of the
chemical involved, the degree to which concrete resists attack is dependent on the temperature of the
aggressive solution, the water/cement ratio of the concrete, the type of cement used, the degree of
consolidation of the concrete, the concrete permeability, and the degree of wetting and drying of the
chemical on the concrete.
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Chemical attack involves the alteration of concrete through chemical reaction with either the cement paste

or coarse aggregate, or embedded steel reinforcement.”” Generally, the attack occurs on the exposed
surface region of the concrete (cover concrete), but with the presence of cracks or prolonged exposure,
chemical attack can affect entire structural cross sections. Chemical causes of deterioration can be
grouped into three categories: (1) hydrolysis of cement paste components by soft water; (2) cation
exchange reactions between aggressive fluids and the cement paste; and (3) reactions leading to formation

of expansion products.109 Figure 4.9 presents a summary of the types of chemical reactions responsible

for concrete deterioration and the detrimental effects that can occur.110 Chemical attack of concrete may
occur in several different forms as highlighted in the following sections.

DETERIORATION OF CONCRETE BY CHEMICAL REACTIONS
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A: Softwater attack on calcium hydroxide and C-S-H present in hydrated portland cements;
B(I): acidic solution forming soluble calcium compounds such as calcium sulfate, calcium acetate, or calcium bicarbonate;
B(ID): solutions of oxalic acid and its salts, forming calcium oxalate;

B(III): long-term seawater attack weakening the C-S-H by substitution of Mg++ for Ca*t+;
C(1): sulfate attack forming ettringite and gypsum;

C(2): alkali-aggregate attack;

C(3): corrosion of steel in concrete; and

C(4): hydration of crystalline MgO and CaO.

Figure 4.9 Types of chemical reactions responsible for concrete deterioration.

Source: P. K. Mehta and B. C. Gerwick, Jr., "Cracking-Corrosion Interaction in Concrete Exposed to
Marine Environment," pp. 45-51 in Concrete International 4(10), American Concrete Institute,
Farmington Hills, Michigan, October 1982. Permission to use this copyrighted material is granted by the
author.

Efflorescence and Leaching Efflorescence is a crystalline deposit of salts, usually white, that occurs on
or near the surface of concrete following the percolation of a fluid (e.g., water) through the material,
either intermittently or continuously, or when an exposed surface is alternately wetted and dried. It forms
due to crystallization of the dissolved salts, usually calcium, sodium, or potassium carbonate, as a result
of evaporation of the fluid or interaction with carbon dioxide in the atmosphere. Occasionally
efflorescence may be a symptom of chemical reactions such as sulfate attack or it may indicate leaks in a
water-retaining structure or undesired leakage of moisture through a structure. To establish that damage
has occurred, it is essential to demonstrate that deleterious reactions have occurred in the interior of the

** Corrosion of embedded steel reinforcement due to carbonation of the concrete or the action of chloride ions is
covered under the section addressing mild steel reinforcement.
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concrete or at its surfaces in contact with sulfates in the surrounding soil. 111 Typically, however,
efflorescence is primarily an aesthetic problem rather than affecting the concrete mechanical properties or
durability. In rare cases, excessive efflorescence deposits can occur within the surface pores of the

concrete causing expansion that may disrupt the surface.112 Figure 4.10 presents an example of
efflorescence in a water structure.

Figure 4.10 Efflorescence in water structure.

Source: Dam Safety: Problems in Concrete Materials, Fact Sheet 03-06, Indiana Department of Natural
Resources, Division of Water, Indianapolis, August 23, 