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ABSTRACT

Results are summarized of a study on concrete component aging and
its significance relative to continued service of nuclear power
plants (NPPs) beyond the initial period for which they were
granted operating licenses. Progress is presented of a second
study being conducted to identify and provide acceptance criteria
for structural safety issues which the USNRC staff will need to
address when applications are submitted for continued service of
NPPs. Major activities under this program include: development
of a materials property data base, establishment of structural
component assessment and repair procedures, and development of a
methodology for determination of structural reliability.

BACKGROUND

As of December 1987. there were ~119 nuclear power plants (NPPs) in the United
States (US) either under construction, operating at low-to-full power, or
awaiting an operating license. Together these units have a net generating
capacity of ~110 GW(e). Presently nuclear power provides ~17% of the elec-
tricity in the US with the total expected to increase to -20% in the not-too-
distant future. Despite the increasing role of nuclear power in electricity
production, the current trend is toward completion (or cancellation) of plants
that are under construction. No nuclear plants have been ordered in the US
since 1978. In fact, about 90 plants have been cancelled or indefinitely
deferred. Therefore, assuming no life extension of present facilities, a
potential loss of electrical generating capacity in excess of 75 GW could
occur during the time period 2005 to 2020 due to the expiration of operating
licenses (usually 40 years after issuance of the construction permit). A

•Research sponsored by the Office of Nuclear Regulatory Research. U.S, Nuclear
Regulatory Commission under Interagency Agreement 1886-8084-5B with the U.S. Department
of Energy under Contract DE-A005-84OR21400 with Martin Marietta Energy Systems. Inc.



potential timely and cost-effective solution is to extend the service life of
the existing NPPs (Ref. 1 estimates plant life extension could save US elec-
tricity consumers about $390B in 1986 $'s). Since the concrete components
provide a vital safety function in these facilities, any continued service
considerations must include an in-depth assessment of the safety-related con-
crete structures.

INTRODUCTION

Under the USNRC Nuclear Plant Aging Research (NPAR) Program,2 a study was
conducted to extend upon the work which was performed under an Electric Power
Research Institute (EPRI) sponsored program at ORNL on concrete material sys-
tems in nuclear safety-related structures.3 This dtudy provided recommenda-
tions that would lead to subsequent development of a methodology for assessing
and predicting the effects of aging on the performance of concrete-based mate-
rials and structures in NPPs. The approach followed was in accordance with
the NPAR Program strategy to evaluate the long-term environmental challenges
to light-water reactor (LWR) civil structures and consisted of six parts:
(1) description of primary safety-related concrete components in LWRs;
(2) review of the performance of concrete components in both non-nuclear and
nuclear applications; (3) identification and discussion of potential environ-
mental stressors and aging factors to which safety-related concrete structures
may be subjected in an LWR environment: (4) review of ths current state-of-
the-art for inservice inspection, surveillance, and detection of concrete
aging phenomena and structural adequacy; (5) discussion of remedial measures
for the repair, replacement, or retrofitting of degraded concrete components;
and (6) remarks concerning correlations between damage assessment and con-
tinued service evaluations. Results of this study were then utilized to help
formulate the Structural Aging (SAG) Program being conducted at ORNL to pro-
vide the USNRC with structural safety issues and acceptance criteria for use
in NPP evaluations for continued service.

DESCRIPTION OF SAFETY-RELATED CONCRETE COMPONENTS IN LWRs

A myriad of .concrete-based civil structures are part of an LWR system.
Although the particular components may vary somewhat according to the selec-
tion of the nuclear steam supply system (NSSS) and containment concept, the
seismic Category I structures generally fall into four primary categories:
reactor containment buildings, containment base mats, biological shield walls
and buildings, and auxiliary (balance-of-plant) buildings.

Reactor Containment Building

The containment building is one of the most important structures of a NPP
since it provides one of the final barriers against the release of radioactive
fission products to the environment under postulated design basis accident



(DBA) conditions. Containment designs are based on the pressure and tempera-
ture loadings associated with a loss-of-coolant accident (LOCA). resulting
from a double-ended rupture of the largest size pipe in the reactor coolant
system. The containment is also designed to retain its integrity under low
probability « 10'^) environmental loadings. Additionally, the containment is
required to provide biological shielding under both normal and accident condi-
tions and to protect the internal equipment from external missiles.

Prior to 1965. installed capacity of nuclear power plants in the 50 to
400 MW(e) range utilized steel containments of various configurations. Their
designs conformed to the ASME "Unfired Pressure Vessel Code" (Ref. 4), with
the shells fabricated from welded steel plates up to 38 mm in thickness.
Support for the reactor vessel and shielding requirements was provided by
reinforced concrete. As the plant sizes were increased to 800 MW(e). shield-
ing requirements increased, and the practical limit for fabrication of steel
containments without requiring postweld heat treatment were exceeded. At this
time, it also seemed prudent to combine the containment and shielding func-
tions into a composite steel-lined reinforced concrete structure.

The first primary reinforced containments (RCCs) were built in the 1960's and
•typically consisted of a ~1.4-m-thick cylindrical reinforced concrete wall
with an ~l.l-m-thick hemispherical done and flat base slab. Grade 60 (Nos.
11, 14, and 18) steel reinforcing bars were normally utilized to resist hoop,
axial, seismic, and shear loadings. Leak tightness was provided by a steel
liner, which generally ranged from 6.35 to 12.7 mm in thickness depending on
the location. Concrete compressive strengths generally ranged from 20.7 to
34.5 MPa. Later concrete was partially prestressed in the vertical direction
only with mechanically spliced reinforcing steel in the hoop direction and
dome.

Fully prestressed concrete containments (PCCs) were first built in the late
1960's. The PCCs came into use because: the possibility existed of improved
optimization in selection of vessel geometry, fully prestressed concrete would
remain in compression (crack free) under postulated incident conditions, and
possibilities existed for reductions in costs and construction scheduling.
Design improvements have progressed to a third-generation PCC which Includes a
hemispherical dome and increased capacity prestressing tendons; i.e., the
number of buttresses and prestressing tendons have been reduced and the ring
girder at the intersection of the dome and wall has been eliminated. Leak
tightness is still provided by a steel liner. Steel reinforcing and concrete
materials are essentially the same as those used for RCCs.

Table 1 summarizes the containment types for US power reactors and Figures 1
and 2 present schematics of typical BWR and PWR containments.



Table 1. Containment Summary

Plant
type

BWR

PWR

HTGR

Containment
designation

Pre-Mark
Mark I
Mark II
Mark III

Large Dry
Ice Condenser
Sub-Atmospheric

Primary

TOTAL

Steel

1
22
1
2

9
8

-

43

Reinforced
concrete

2
6
2

11
2
8

-

31

Post-Tensioned
concrete

2

42

1

45

Total

1
24
9
4

62
10
8

1

119

Typical BWR Mark I
Containment

Typical BWR Mark I I
Containment

Typical BWR Mark I I I
Containment

Fig. 1. Schematics of typical BWR containments,



Large Dry Containment • Sub-Atmospheric Ice Condenser

Fig. 2. Schematics of typical PWR containments. \

Containment Base Mats

Base mats for reactor containment buildings are fabricated of reinforced con-
crete. Depending on the siting conditions, the base mats may be founded on
rock, soil or piles. Thickness requirements are controlled by the concrete
shear capacity, maximum allowable compressive strength of the concrete, maxi-
mum allowable steel area, and allowable soil-bearing area. In general, base
mats are circular in design with diameters which may be > 45 m and thicknesses
which range from ~2.6 m to 6.0 m. Concrete and steel reinforcement materials
for the base mats are essentially the same as used for the RCCs.

Biological Shield Walls and Buildings

Biological shield walls for commercial reactors are generally fabricated from
standard weight reinforced concrete. Thicknesses of the shield walls typi-
cally range from ~1.5 to 4 m. and the walls can either support all or part of
the reactor pressure vessel weight. Steel reinforcement is provided to take
flexural and seismic loads that would place portions of the wall in tension.
Concretes having compressive strengths from 27.6 to 41.4 MPa are nonnally used
for shield fabrication.

A shield building, or secondary containment, is a medium leakage reinforced
concrete structure that surrounds the steel containment vessel. Typically the



building is a reinforced concrete cylinder (wall thickness -0.9 m) with a base
slab and spherical dome (dome thickness ~0.6 m.) Concrete and steel rein-
forcement materials are essentially the same as for the RCCs.

Auxiliary Buildings

Auxiliary buildings, or balance-of-plant structures, include functional units
such as the diesel generator building, control room or building, radwaste
facility, turbine generator building, and circulating water structures. In
general, these structures are box-shaped, shear-wall buildings constructed of
reinforced concrete, but they may contain steel beams that support the floor
slabs. Basic structural components include: exterior walls (~0.45 to 1.2 m
thickness) which protect safety class equipment and piping from external
events: internal walls (~0.3 to 1.2 m thickness) which resist internally gen-
erated loads, support gravity loads, and provide radiation shielding where re-
quired: base slabs (~1.8 to 8.2 m thickness): roof slabs (~0.46 m thickness):
floor slabs (~0.3 to 0.9 m thickness): and columns which provide intermediate
supports for floor slabs, and primary supports where walls are not available
or unusually heavy floor loads occur.

PERFORMANCE OF CONCRETE COMPONENTS IN BOTH NCN-NUCLEAR
AND NUCLEAR APPLICATIONS

Concrete in various forms has been utilized as a construction material for
several thousand years. When fabricated with close attention to the factors
related to -die production of good concrete, the concrete will have practically
infinite durability unless subjected to detrimental environmental influences.
Problems do occur, however, that can result in concrete distress. To trend
the type of problems that have been experienced with concrete materials and
structures, the literature was reviewed with respect to performance of both
general civil engineering structures and nuclear power plant applications.

General Civil Engineering Structures

Extensive reviews of incidences of errors in concrete structures in North
America (277 cases) and Europe (~800 cases) are reported in Refs. 5 and 6.
Error profiles developed from these studies are presented in Fig. 3. From
these results it was concluded that few structures actually fail in use, and
that the errors which occurred were generally the result of either construc-
tion problems (improper rebar placement, poor concreting) or design problems
(improper consideration of shrinkage or temperature effects, detailing).
Also, most of the errors could have been prevented by improved quality
assurance procedures. Although not aging related, if not detected, some of
these problems could have increased with time.



TYPE STRUCTURE

INDUSTRIAL BUILDINGS

HIGHWAY CONSTRUCTION

MISCELLANEOUS

GENERAL BUILDINGS

SERVICEABILITY CHARACTERISTIC

EXCESSIVE DEFLECTION

| COLLAPSE-LOSS SERVICEABILITY

1 SETTLEMENT

3 CRACKING

MOST ERRORS COULD HAVE BEEN PREVENTED BY ADDITIONAL CHECKING

Fig. 3. Error profiles for concrete civil structures.

Nuclear Powar Plant Applications

A review of the performance of concrete components in NPPs was conducted by
examining the open literature and several data sources: the nuclear power
plant reliability data system, nuclear power experience, construction
deficiency reports, periodicals, licensee event reports, and plant docket
files. The results of this survey are summarized in Fig. 4. Although the
vast majority of the problems detected did not present a threat to public
safety or jeopardize the structural integrity of a particular component, a few
incidences were identified that if not discovered and repaired could poten-
tially have had serious consequences. These incidences were all related to
concrete containments and involved two dome delaminations (Turkey Point 3 and
Crystal River" Unit 3), voids under tendon bearing plates (Calvert Cliffs),
anchor head failures (Beliefonte, Byron,, and Farley Units 1 and 2), and pre-
stressing tendon wire corrosion (Fort St. Vrain). With the possible excep-
tions of the anchor head failures at Farley, which occurred about 8 years
after posttensioning, and the prestressing tendon wire corrosion at Fort St.
Vrain, which was discovered during a scheduled ISI 5 years after start of com-
mercial operation, the errors were detected either during the construction
phase or early in the structure's life, were of no structural significance or
"easily" repaired, and were nonaging related.
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Fig. 4. Distribution of LWR concrete component problem areas.

POTENTIAL ENVIRONMENTAL STRESSORS AND AGING FACTORS

Nuclear power plants are generally designed for a plant life of about 40
years, which, with an anticipated availability factor of 80 to 90%, yields 32
to 36 full-power years. Over this period of time, changes in the concrete,
reinforcing steel and prestressing steel material properties will occur in all
likelihood as a result of aging or environmental effects. Concrete in many
structures can suffer undesirable degrees of change with time, but these
changes do not have to be detrimental to the point that the structure has
deteriorated and is unable to meet its functional and performance require-
ments.

Mechanisms (factors) that, under unfavorable conditions, can produce premature
concrete deterioration include: (1) freezing-thawing and wetting-drying,
(2) aggressive chemical and groundwater exposure (sulfates, chlorides,
leaching), (3) Kbrasion, (4) corrosion of embedments, (5) chemical reaction of
aggregates (alkali-, eminent- or carbonate-aggregate reactions), (6) vibra-
tions, and (7) miscellaneous (unsound cement, shrinkage cracking). In addi-
tion, for concrete components utilized in nuclear-safety-related structures,
an additional factor can be added, extreme environmental exposure (e.g., ele-
vated temperature and irradiation). Table 2 summarizes predominant environ-
mental stressors and the important material parameters affected for the con-
crete safety-related structures in LWR plants. Additional information on
deterioration mechanisms and their potential effects on concrete materials are
contained in Refs. 7-10.

DETECTION OF AGING OR ENVIRONMENTAL EFFECTS

Since the ability of a concrete component to meet its functional end perfor-
mance requirements over an extended period of time is dependent on the
durability of its constituents, techniques for the detection of concrete

.x.



Table 2. Predominant Environmental Stressors to Which
Safety-Related Components in a LWR may be Subjected

Structural

subsystem

Prestressed concrete

containment

Reinforced concrete

containment

Containment base mat

Biological shield wall

or building

Auxiliary buildings

Material

components

Concrete

Rabars

Prestressing

Concrete

Rebars

Concrete

Rebars

Concrete

Rebars

Prestressing

Concrete

Rebars

af c = concrete compressive strength

E = modulus of elasticity

Important

material

parameters3

fc.

fy.

fy.

fc.

fy.

%'

fy!

fy.

4;

D

Ec. v, CR
Eg, Ou» e

Eg, O|j. R

Ec. v
Eg, Ou• e

Ec. u
Eg. Ou. e

E c. v
Eg, Ou» e

Eg, Ou

E c > »
Eg. Ou» e

= temperature

= durability

Predominant

environmental

stressors^1

D,
C
C

D,
C

D,
C

T.
T.
T,

D.
C.

L
L
L

•-I 
i-l

L. S
L

I. L
I. L
I. L

L
L

i> = Poisson's ratio
CR = concrete creep
Ou = ultimate strength
e = elongation or ductility
R = prestressing relaxation
fy = steel yield strength

I = irradiation
C = corrosion
L = external, internal, or

dead loads
S = subgrade settlement

component degradation should address evaluation of the concrete, mild steel
reinforcing, prestressing system, and anchorage embedments. Concrete
cracking, voids and delaminations can be detected by visual inspections, non-
destructive testing (ultrasonic and stress wave, acoustic impact, radiography,
penetrating radar, thermal mapping), and core examination. In-situ concrete
strength determinations are through either direct (core tests) or indirect
techniques (surface hardness, rebound, penetration, pullout resistance,
breakoff resistance, and ultrasonic pulse velocity). The primary distress to



which mild steel reinforcement could be subjected would be corrosive attack.
Techniques available for corrosion monitoring and inspection of steel in con-
crete include visual, mechanical and ultrasonic tests, core sampling in con-
junction with chemical and physical tests, potential and thermal mapping, and
rate of corrosion probes. The condition and functional capability of unbonded
posttensioning systems is assessed through selection of a random, representa-
tive sample of tendons, examination of the anchorage assembly hardware of the
selected tendons, determination of the stress level in each sample tendon,
examination of previously stressed wires or strands from one tendon of each
type in the structure, and an analysis of a grease sample from each tendon in
the surveillance. The present basis for conducting tendon inspections is pre-
sented in RG 1.35, "Inservice Inspections of Ungroute-i T-snd.ns in PiRctresicu
Concrete Containments" and RG 1.35.1, "Determining Prestressing Forces for
Inspection of Prestressed Concrete Containments." Failure of an embedment
will generally occur as a result of either improper installation or deteriora-
tion of the concrete within which it is embedded. A combination of visual
examinations and mechanical tests is used to evaluate the general condition of
an embedment.

Table 3 summarizes primary and secondary nondestructive evaluation techniques
for inspection of concrete components. Quantitative interpretation of the
results obtained from many of these methods can be difficult, however, due to
the requirement for correlation curves. Also, many of the methods only make
surface determinations of concrete properties which can be quite different
from internal properties, particularly where a component may be several meters
thick. In addition, none of the techniques provide rate effect data which can
be used for continued service considerations.

REMEDIAL MEASURES

Objectives of remedial work are to restore the component's structural
integrity, to arrest the mechanism producing distress, and to ensure, as far
as possible, that the cause of distress will not recur. Basic components of a
program to meet these objectives include: diagnosis (damage evaluation),
prognosis (can repair be made and is it economical), scheduling (priority
assignments), method selection (depends on nature of distress, adaptability of
proposed method, environment, and costs), preparation (function of extent and
type of distress), and application.11

Typical types of distress that occur in LWR facilities include cracking,
spalling or delamination, nonvisible voids, and fracturing or shattering.
Although a wide variety of materials are available for the repair or mainte-
nance of concrete exhibiting distress, they generally include one or more of
the following materials: epoxy resins, shotcrete, preplaced aggregate con-
crete, epoxy ceramic foams, replacement mortar or concrete, wedge anchors and
additional reinforcement, and miscellaneous sealant materials.12 Selection of
the technique for repair of a concrete structure depends to a large degree on



Table 3. Nondestructive Evaluation Methods for
Inspection of Concrete Materials

Material and
characteristic

Concrete

General quality

Cracking/voids

Strength

Mild steel reinforcing

Location/size

Corrosion

Prestressing tendons

Loads

Corrosion

-

Concrete embedments

Available methods of detection

Primary

Ultrasonic pulse
velocity

Rebcund hammer
Penetrating probe

Visual inspection
Ultrasonic pulse
Acoustic impact

Penetrating probe
Rebound hammer

Pullout methods

Pachometer
Gamma radiography3

Visual inspection^
Electrical potential
measurements

Tendon liftoff tests

Visual inspections
Mechanical property
tests

Tendon load vs
elongation tests

Visual inspections
Mechanical testing

limited to concrete thickness <450 mm.
^Reflected through cracking and staining (

surface.

Secondary

Ultrasonic pulse echo
Gamma radiographya

Ultrasonic pulse echo
Gamma radiographya

Breakoff methods
Surface hardness methods

Ultrasonic pulse echo
Penetrating radar

Rate of corrosion probes

Load cells

Corrosion inhibitor
analysis

observed at concrete



the size, depth, and area of repair required. Existing elements can also
become inadequate due to either a change in performance requirements or occur-
rence of an overload condition. Under those conditions retrofitting may be
required to reestablish serviceability. Retrofitting can be accomplished by
either strengthening of existing elements. replacement, addition of new force-
resisting elements, a combination of element strengthening and addition, or
use of supplemental connecting devices.12

Reference 11 notes that a satisfactory repair meeting requirements for
strength, durability, appearance and economy can be effected if the cause of
the distress is eliminated,, the area is prepared by removal of degraded
materials, and the proper repair technique selecteu and correctly implemented.
A cursory examination of the effectiveness of various techniques was conducted
by reviewing the literature to identify examples where the performance of
structural components was compared before and after repair. Pertinent
examples identified included: (1) concrete-rebar bond;13 (2) reinforced
concrete beams, statically and cyclically loaded:14-15 (3) concrete joints
under static and dynamic loading;16-17 (4) shear walls under fire exposure;18

and (5) an earthquake-resistant structural wall.19 Results of these studies
indicate that remedial measures are capable of completely restoring a
coEpcaent's structural integrity, with many of the repaired components
exhibiting equal or improved performance.

REMARKS CONCERNING GORRELATICNS BETWEEN DAMAGE ASSESSMENT AND i
CONTINUED SERVICE EVALUATIONS

When concrete structures have been fabricated with close attention to the fac-
tors related to the production of good concrete (material selection, produc-
tion control, desirable properties, economy), the concrete will exhibit
infinite durability; however, where there has been a breakdown in one of these
factors or the component was subjected to an extreme environmental stressor,
distress can occur. It has also been established that various techniques are
available for identifying regions in structures subjected to deteriorating
influences and that remedial measures exist for providing a satisfactory-
repair. Where the system breaks down, however, is that a damage methodology
to provide a qnai-rHt-a-Hra measure of the ability of a structure to meet poten-
tial future requirements does not presently exist. Three areas, however, that
would provide significant input toward qualifying the ability of a LWR safety-
related concrete component to meet its functional and performance requirements
at some future time, based on its performance history or present status, can
be addressed: (1) development of a representative material properties data
base, (2) establishment and evaluation of an accelerated aging methodology for
concrete materials, and (3) formulation of a methodology to provide a quanti-
tative measure of structural reliability and residual life.

Under normal operating conditions, a high level of confidence can be placed in
traditional material performance based on past experience. However, for con-
crete material systems used in LWR applications where operating conditions are



not necessarily considered normal because of potential elevated temperature
and irradiation exposure over a protracted period of time, the confidence
level vdll not be as high. This is not the result of obvious deteriorating
influences operating on these structures, but rather from the lack of a his-
torical material property data base that can be used to form the basis for
life extension considerations. Three plants in the U.S. that are currently
shut down (Dresden 1, Humbolt Bay and Shippingport), however, provide an
opportunity for making major contributions to the material properties data
base relative to aging effects. By obtaining concrete core samples from per-
trnent locations and conducting petrographic examinations and load-to-failure
tests, an indication of the significance of aging can be obtained. Also, pre-
stressing tendon inservice surveillance reports and containment integrated
leak-rate test reports would provide significant information useful in
trending material performance (concrete materials, prestressing materials,
corrosion inhibitors, seals and gaskets, etc.).

Prediction of the service life of a building component or material is
dependent on there being either sufficient available data on performance of
the component or material under representative conditions for the period of
interest, or accelerated testing methods can be used to develop the required
data. The amount of long-term data on the performance of concrete material
systems under conditions representative of an LWR environment are extremely
limited. Also, the data which can be derived from plants which are shut down
in all likelihood will be somewhat plant specific and probably not repre-
sentative for either all safety-related concrete components or potential
environmental stressors. Therefore, additional data must be developed. A
possible approach to the development of supplemental data is to use accel-
erated aging techniques. It is envisaged that the required accelerated aging
program would involve three major phases: (1) problem definition (material
and component characterization, degradation factor identification and simula-
tion, test performance requirement definition), (2) design and performance of
predictive service life tests, and (3) mathematical model development.
Results obtained from such a program will aid in describing and understanding
the phenomena of potential deterioration with the passage of time, assist in
determining the residual service life of materials and components in conjunc-
tion with actual degradation conditions, and help in establishing maintenance
cr remedial measure programs that will assist in either prolonging a compo-
nent's service life or improving the probability of the components surviving
an extreme event.

Assessment of functional and performance characteristics of concrete compo-
nents is an important consideration in the extension of the operating life of
nuclear facilities. Given the complex nature of the various environmental
stressors that can exert deteriorating influences on the concrete components,
a systems approach is probably best in addressing the evaluation of a struc-
ture for life extension considerations. Basic components of such an approach
would encompass development of: (1) a classification scheme for structures,



elements, and deterioration causes and effects: (2) a methodology for conduct-
ing a quantitative assessment of the presence of active deteriorating influ-
ences; and (3) the structural reliability techniques to estimate the ability
of a structure (component) to meet potential future requirements. Such an
approach is shown schematically in Fig. 5.

INSPECTION
STRUCTURAL ASSESSMENT CONTINUED SERVICE

AND REPAIR • EVALUATIONS

STRUCTURAL

COMPONENT

SAFETY

CONDITION

ASSESSMENT

STRUCTURAL
COMPONENT
RELIABILITY

DETERMI
NATION

Fig. 5. Schematic of concrete component evaluation methodology.

(XNCLUSICNS AND REOCMMENDATICNS

Conclusions

Based on the results of the NPAR investigation, the following conclusions can
be derived:

1. The performance of concrete-based components in both general civil
engineering and nuclear power applications has been exemplary. Distress
that has occurred was generally due to construction or material errors.

2. Techniques for detecting effects of environmental stressors on concrete
materials are sufficiently developed to provide qualitative data. How-
ever, quantitative interpretation can be complicated because of either (a)
the requirement for development of correlation curves; (b) embedment
(rebars, anchorages, etc.) effects on measured quantities such as time of
ultrasonic wave transmission; or (c) accessibility. Also, a methodology



for application of this technology to provide required data for either
structural reliability oi continued service assessments needs development.

3. Remedial measures for repair of degraded concrete components are capable
of completely restoring structural integrity •when proper techniques and
materials are used.

4. The durability of concrete constructions is affirmed by the presence of
many structures that liave been in existence for periods of time ranging
from several decades to several millennia; however, well-documented data
on concrete longevity tha.t can be used as a basis for life extension con-
siderations is almost nonexistent.

5. Primary effects that could lead to a loss of serviceability of concrete
components in LWR plants include concrete cracking and loss of strength
resulting from environmental stressors; however severity criteria for
degradation of these components need to be established (e.g.,
statistically-based crack width tolerances and corrosion inhibitor
impurity levels).

6. A damage methodology to provide a quantitative measure of the durability
of a structure with respect to meeting potential future requirements such
as a loss-of-coolant accident (LOCA) does not presently exist.

Recommendations

The following recommendations are made:

1. Existing facilities that have been shut down after an extended period of
service should be used to obtain aging-related data for concrete mate-
rials (e.g., Shippingport, Dresden 1, and Humbolt Bay). Also, these
facilities can be used to evaluate the applicability of various techniques
(either existing or in the developmental stage) for detecting the effects
of environmental stressors — primarily elevated temperature and irradia-
tion — on the concrete materials. By comparing results from the non-
destructive examination and tests with those obtained from core tests,
considerable insight can be gained toward evaluating the ability of these
tests to provide quantitative data useful for residual life assessments.

2. Accelerated aging techniques should be investigated as a method for
supplementing the extremely limited data base on concrete aging. This
technique would also have application to other materials that may exhibit
aging effects in NPPs; e.g., seals and gaskets.

3. Available prestressing tendon inservice inspection records and data
obtained during containment integrated leak-rate tests should be examined
as potential sources of information for trending concrete component



behavior. Also, for plants that are likely candidates for continued ser-
vice evaluations (e.g., plants with lengthy construction periods), con-
sideration should be given to increased emphasis on inservice inspections
to provide trending information that could potentially shorten the process
required for continued service evaluations.

4. Criteria on durability factor significance need to be established (i.e.,
identification of the various deterioration phenomena acting on a partic-
ular structure and the assignment of a weighting factor to each of the
phenomena based on its significance relative to continued service
considerations).

5. A methodology needs to be developed to provide a quantitative measure of
structural reliability, either now or at some future time. Such a method-
ology would use a systems approach and encompass: component clas-
sification; techniques for quantitative determination of presence, magni-
tude and rate effects of deteriorating influences; and structural
reliability assessments. By using trending of environmental stressor data
(concrete aging), the scheme would enable (a) an assessment of the ability
(probability) of various safety-related concrete components to meet their
design requirements (e.g., LOGA) later and (b) prediction of a component's
residual life. For example, an estimation would then be made of the time
when the influence of an environmental stressor would produce an unaccept-
able decrease in concrete strength. This could be a limiting value below
that specified in the design as necessary to ensure that the structural
component meets tjth normal operating and accident condition requirements.

IMPLEMENTATICN OF NPAR PROGRAM RESULTS

Results of the NPAR Program were utilized to help formulate the USNRC Struc-
tural Aging Program (SAG). The overall objective of this program is to pro-
vide the USNRC with structural safety issues and acceptance criteria for use
in NPP continued service evaluations. Potential Regulatory uses include: im-
proved predictions of long-term material performance, establishment of limits
on exposure to environmental stressors, and reduction in total reliance by
licensing on inspection and surveillance. The damage inspection methodology
to be developed will provide a quantitative measure of structural reliability,
either at present, or at some future point in time. Furthermore, results of
the SAG Program will provide an improved basis for the USNRC staff to permit
continued operation of NPPs either near, at, or beyond their nominal 40-year
design life.

Basic components of the SAG Program include three primary activities:
(1) establishment of a material properties data base (MPDB), (2) assessment of
structural component assessment and repair technology, and (3) development of
a quantitative methodology for structural aging determinations. The MPDB will
be in the form of an expandable handbook containing data obtained from



existing data bases, decommissioned plants, and accelerated aging tests. The
data will provide a basis for trending the performance of concrete components
under the influence of aging factors and/or environmental stressors; i.e., the
MPDB would form the basis of an "expert system" of rules, frames or semantic
nets to be developed under the third activity of the SAG Program. Under the
structural component assessment and repair technology activity, recommended
inservice inspection tests, test intervals and acceptance and rejection
criteria will be provided as well as guidance on detection and potential tech-
niques for mitigation of environmental stressors or aging factors. Also,
recommendations will be provided on remedial actions according to type and
extent of deterioration. Formulation of a quantitative methodology for struc-
tural aging determinations will include: development of algorithms for deter-
mination of aging effects on concrete material properties; development of
modeling techniques to predict future performance of a concrete structure,
given a certain state of damage resulting either from aging or extreme loading
effects; and evaluation of the synergism of factors leading to aging (natural
internal chemical, external stressor or environment, service wear and
testing).
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