ABSTRACT

The concept of building concrete pressure vessels for gas-cooled nuclear reactors originated in France in the early 1960's.
Shortly thereafter, prestressed concrete reactor vessels (PCRVs) began to be developed in this country, and recognition
of this as a highly specialized field requiring particular expertise resulted in authorization in 1966 from the U.S. Atomic
Energy Commission for Oak Ridge National Laboratory (ORNL) to conduct investigations in this area. A review of
available literature on containments utilized for water-cooled reactors (i.e., pressurized-water and boiling-water reactors)
initiated this activity. Following this review, various aspects of prestressed concrete pressure vessels were investigated
with respect to reliability, structural performance, constructability, and economy. These investigations were conducted
under the U.S. Department of Energy’s (DOE) High-Temperature Gas-Cooled Reactor (HTGR) and Gas-Cooled Fast
Breeder Reactor (GCFR) Programs. The overall objectives of these programs wereto: (1) provide technical support to
ongoing PCRV design activities, (2) contribute to the overall technological database, and (3) supply independent review
and evaluation. Activities under these programs addressed many aspects of concrete technology and included
investigations of high-strength and fibrous concrete materials; design, fabrication, testing, and analysis of models
ranging in intricacy from a reinforced concrete beam to a cavity closure for a complete PCRV; development and
evaluation of analytical methods to predict performance; evaluation of concrete behavior at elevated temperature and under
multiaxial stress states; development and assessment of concrete embedment instrumentation systems; and reviews of
relevant technology. ORNL’s pilot work in this area contributed to the design and construction of the first U.S. gas-
cooled reactor to use a prestressed concrete pressure vessel ~ Fort St. Vrain Nuclear Generating Station in Platteville,
Colorado, which started operation in 1976. Concrete pressure vessel research in support of HTGRs ended when the
concept of a modular HTGR started to be developed. Due to the smaller size of modular HTGRs, the concrete pressure
vessels lost their size advantage and pressure vessel designs turned to steel. The PCRV-related research was followed
by two additional DOE-sponsored programs - feasibility of use of prestressed concrete pressure vessels for coal
gasification plants and evaluation of concrete behavior at elevated temperature in support of the Clinch River Breeder
Reactor Project. Prestressed concrete pressure vessel designs were developed for two coal gasification processes:
Synthane and Hygas. In support of the Clinch River Breeder Reactor, normal and lightweight concrete mix designs were
developed and concrete mechanical and physical properties determined at temperature to 621 C. Prestressed concrete
pressure vessel activities then shifted to studies sponsored by the U.S. Nuclear Regulatory Commission (NRC)
addressing containments and other safety-related structures for light-water reactors. Activities included evaluations of
Regulatory Guides addressing containment inspections, and aging management of safety-related concrete structures and
containment pressureboundary components. Primary program accomplishmentsunder the concrete aging program include
formulation of a Structural Materials Information Center that contains data and information on the time variation of
material properties under the influence of pertinent environmental stressors and aging factors for 144 materials, an aging
assessment methodology to identify critical concrete structures and degradation factors that can potentially impact their
performance, guidelines and evaluation criteria for use in condition assessments of reinforced concrete structures, and a
reliability-based methodology for current condition assessments, estimations of future performance, and development of
in-service inspection/maintenance strategies for reinforced concrete nuclear power plant structures. In addition, in-depth
evaluations were conducted of several nondestructive evaluation and repair-related technologies to develop guidance on
their applicability. Containment pressure boundary component-related activities include development of a degradation
assessment methodology; reviews of techniques and methods for inspection and repair of containment metallic pressure
boundaries; evaluation of candidate techniques for inspection of inaccessible regions of containment metallic pressure
boundaries; establishmentof a methodology for reliability-basedcondition assessments of steel containmentsand liners;
and fragility assessments of steel containments with localized corrosion. The aging work for the NRC is currently
ongoing. Although activities address nuclear power plant concrete structures, almost all of the results are applicable to
general civil engineering structures.

Since initiation of the Concrete and Containment Technology Program at ORNL, over 350 technical reports or papers
have been prepared. Program personnel also have been actively involved in National and International technical
comimnittees with program results forming the basis for several documents published by these committees. Contained
in the balance of this report is a summary of activities that have taken place under this program.
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ABSTRACT

The concept of building concrete pressure vessels for gas-cooled nuclear reactors originated in France in the early 1960's.
Shortly thereafter, prestressed concrete reactor vessels (PCRVs) began to be developed in this country, and recognition
of this as a highly specialized field requiring particular expertise resulted in authorization in 1966 from the U.S. Atomic
Energy Commission for Oak Ridge National Laboratory (ORNL) to conduct investigations in this area. A review of
available literature on containments utilized for water-cooled reactors (i.e., pressurized-water and boiling-water reactors)
initiated this activity. Following this review, various aspects of prestressed concrete pressure vessels were investigated
with respect to reliability, structural performance, constructability, and economy. These investigations were conducted
under the U.S. Department of Energy’s (DOE) High-Temperature Gas-Cooled Reactor (HTGR) and Gas-Cooled Fast
Breeder Reactor (GCFR) Programs. The overall objectives of these programs wereto: (1) provide technical support to
ongoing PCRV design activities, (2) contribute to the overall technological database, and (3) supply independent review
and evaluation. Activities under these programs addressed many aspects of concrete technology and included
investigations of high-strength and fibrous concrete materials; design, fabrication, testing, and analysis of models
ranging in intricacy from a reinforced concrete beam to a cavity closure for a complete PCRV; development and
evaluation of analytical methods to predict performance; evaluation of concrete behavior at elevated temperature and under
multiaxial stress states; development and assessment of concrete embedment instrumentation systems; and reviews of
relevant technology. ORNL’s pilot work in this area contributed to the design and construction of the first U.S. gas-
cooled reactor to use a prestressed concrete pressure vessel ~ Fort St. Vrain Nuclear Generating Station in Platteville,
Colorado, which started operation in 1976. Concrete pressure vessel research in support of HTGRs ended when the
concept of a modular HTGR started to be developed. Due to the smaller size of modular HTGRs, the concrete pressure
vessels lost their size advantage and pressure vessel designs turned to steel. The PCRV-related research was followed
by two additional DOE-sponsored programs - feasibility of use of prestressed concrete pressure vessels for coal
gasification plants and evaluation of concrete behavior at elevated temperature in support of the Clinch River Breeder
Reactor Project. Prestressed concrete pressure vessel designs were developed for two coal gasification processes:
Synthane and Hygas. In support of the Clinch River Breeder Reactor, normal and lightweight concrete mix designs were
developed and concrete mechanical and physical properties determined at temperature to 621 C. Prestressed concrete
pressure vessel activities then shifted to studies sponsored by the U.S. Nuclear Regulatory Commission (NRC)
addressing containments and other safety-related structures for light-water reactors. Activities included evaluations of
Regulatory Guides addressing containment inspections, and aging management of safety-related concrete structures and
containment pressureboundary components. Primary program accomplishmentsunder the concrete aging program include
formulation of a Structural Materials Information Center that contains data and information on the time variation of
material properties under the influence of pertinent environmental stressors and aging factors for 144 materials, an aging
assessment methodology to identify critical concrete structures and degradation factors that can potentially impact their
performance, guidelines and evaluation criteria for use in condition assessments of reinforced concrete structures, and a
reliability-based methodology for current condition assessments, estimations of future performance, and development of
in-service inspection/maintenance strategies for reinforced concrete nuclear power plant structures. In addition, in-depth
evaluations were conducted of several nondestructive evaluation and repair-related technologies to develop guidance on
their applicability. Containment pressure boundary component-related activities include development of a degradation
assessment methodology; reviews of techniques and methods for inspection and repair of containment metallic pressure
boundaries; evaluation of candidate techniques for inspection of inaccessible regions of containment metallic pressure
boundaries; establishmentof a methodology for reliability-basedcondition assessments of steel containmentsand liners;
and fragility assessments of steel containments with localized corrosion. The aging work for the NRC is currently
ongoing. Although activities address nuclear power plant concrete structures, almost all of the results are applicable to
general civil engineering structures.

Since initiation of the Concrete and Containment Technology Program at ORNL, over 350 technical reports or papers
have been prepared. Program personnel also have been actively involved in National and International technical
comimnittees with program results forming the basis for several documents published by these committees. Contained
in the balance of this report is a summary of activities that have taken place under this program.
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1. INTRODUCTION

The ability of concrete to meet the requirements of the function for which it was intended depends on a variety of
factors, such as selection of the aggregates, cement, water, and admixtures used to make it; mixing and placing of the
concrete; correct curing; and proper design and reinforcement detailing. Concrete is strong in compression but has
relatively low tensilestrength so it is necessary to add reinforcingsteel or to use steel tendons to "prestress” it for certain
uses, such as pressure vessels. Concrete, whose strength, durability, and comparatively low cost make it one of the
most important building materials used in construction today, offers a number of attractive design and engineering
features for construction of containment and process vessels used innuclear and non-nuclear energy systems. Concrete
vessels can be fabricated in virtually any size and shape, they perform well from an operational safety standpoint, and
they are easily fabricated on site with relatively inexpensive materials.






2. CONCRETE PRESSURE VESSELS

Concrete pressure vessels are essentially spaced steel structures since their strength is derived from a multitude of linear
steel elements made up of deformed reinforcing bars or a combination of deformed steel bars and prestressing steel.

Nuclear power plantcontainmentshouse the primary circuit and have a relativelypassive function under normal operating
conditions. The primary purpose of a nuclear power plant containment is to prevent the release of fission products to
the environment and to provide a shield against radiation (i.e., separate the reactor and other safety significant systems
and equipment from outside environment). As such, the containment is designed for a series of postulated incidents or
accidents including leakage and even rupture of the primary cooling system and its consequences. The containment is
also designed to provide protectionagainst severe extreme events {(e.g. earthquakes, floods, tornados, and missile impact).
In the unlikely event that severe overpressurization should occur causing the concrete containment to begin to fail, it
does so in a slow, predictable manner, by cracking vertically in the side wall and slowly venting the excess pressure.

Even when a concrete vessel cracks, it is still a very significant structure in terms of safety, and continues to have the
capability to contain whatever is inside. In addition to design considerations, nuclear power plant containments are
constructed, operated, and controlled in such a way as to reduce the consequences of an accident to an acceptable level.

2.1  PRESRESSED CONCRETE REACTOR VESSELS (PCRYVs)

The design of PCRVs for high-temperature gas-cooled
reactor systems is based on the integral concept (i.e.,
the entire pressurized gas circuit composed of the reactor
core, primary coolant system, and portions of the
secondary coolant system is contained within a single
vessel). Prestressed concrete pressure vessels used for
High-Temperature Gas-Cooled Reactor (HTGR)
systems are generally massive, thick-walled, right
circular cylinders having flatheads. Initially they were
single-cavity, but have evolved to incorporate a multi-
cavity design. In the multi-cavity design the reactor is
located within a large central cavity that is surrounded
by smaller cylindrical cavities containing the primary
cooling system and housing auxiliary cooling loops or
pressure relief wells (Figure 1). The steam generators e RN g :
and helium circulators are located in the primary | e : Structure

cooling system cavities that are connected at the top and ‘

bottom to the central core cavity by radial ducts and are Figure 1. Cross-section of PCRV for HTGR.
sealed at the upper end by plugs that support the helium

circulators, A continuous welded steel liner is attached to the walls of each cavity and serves to contain the primary
coolant while the concrete vessel supports the liner and provides resistance to the coolant pressure loading. A thermal
barrier and network of cooling tubes are attached to the liner to maintain the specified temperature (<65 C) at the liner-
concrete interface during normal full-power operation.

2.2 CONCRETE CONTAINMENT VESSELS (CCVs)

Containments for light-water reactor plants are shell-type concrete structures, reinforced, or more frequently prestressed,
usually cylindrical in shape, with varying dimensions depending of the type of nuclear power plant and the specific
features of the containment (e.g., either single- or double-wall construction). Leaktightness is generally provided by a
mild steel liner thatis integral with, attached to, and supported by the concrete vessel at its inner surface. Containments
are complex structuresconsidering that they have numerous penetrations ranging in size from a few centimetersto several
meters in diameter, the magnitudes and numbers of loads imposed, and the specific regulationsand associated inspections
performed. Figure 2 presents examples of reinforced and post-tensioned concrete containments.



Reinforced Concrete Containment Prestressed Concrete Containment

Figure 2. Examples of reinforced and prestressed concrete nuclear power plant containments.



3. CONCRETE RESEARCH STUDIES

The concept of building concrete vessels for gas-cooled nuclear reactors originated in France in the early 1960's. Shortly
thereafter, prestressed concrete reactor vessels (PCRVs) began to be developed in this country, and recognition of this
as a highly specialized field requiring particularexpertise resulted in authorizationin 1966 from the U.S. Atomic Energy
Commission for ORNL to conduct investigations in this area. A review of available literature on containments utilized
for water-cooled reactors (i.c., pressurized-waterand boiling-water reactors) initiated this activity. Following this review,
various aspects of prestressed concrete pressure vessels  were investigated ‘with respect to reliability, structural
performance, constructability, and economy. These investigations were conducted under the High-Temperature Gas-
Cooled Reactor (HTGR) and Gas-Cooled Fast Breeder Reactor (GCFR) Programs. The overall objectives of these
programs were to: (1) provide technical support to ongoing PCRV design activities, (2) contribute to the overall
technological database, and (3) supply independent review and evaluation. The basic activities and their interaction for
meeting these objectives are shown in Fig. 3. Primary areas of interest were finite-element analysis methods
development, materials and structural behavior tests, instrumentation evaluation and development, and structural model
tests. ORNL.’s pilot work in this area contributed to the design and construction of the first U.S. gas-cooled reactor to
use a prestressed concrete pressure vessel—the Public Service Company of Colorado’s Fort St. Vrain Nuclear Generating
Station in Platteville, Colorado, which started operation in 1976 (Figure 4). ¢
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Figure 3. Basic program activities. Figure 4. Cross secﬁion of Fort St. Vrain
PCRYV for 330 MW{e) HTGR.

Concrete pressure vessel research in support of HTGRs ended in the early 1980s when the concept of a modular HTGR
started to be developed. Due to the smaller size of modular HTGRs, the concrete pressure vessels lost their size
advantage and pressure vessel designs turned to steel. The PCRV-related research was followed by programs assessing
the feasibility of use of prestressed concrete pressure vessels for coal gasification plants and evaluation of concrete
behavior at elevated temperature in support of the Clinch River Breeder Reactor Project. Prestressed concrete pressure
vessel designs were developed for two coal gasification processes: Synthane and Hygas. In support of the Clinch River
Breeder Reactor, normal and lightweight concrete mix designs were developed and concrete mechanical and physical
properties determined at temperatures to 621 C. Following this, prestressed concrete pressure vessel activities shifted
to studies primarily addressing containments for light-water reactors. Primary activities included evaluations of U.S.
Nuclear Regulatory Commission Regulatory Guides and aging of nuclear power plant containments and other safety-
related structures. This work is currently ongoing. :

To date, over 350 technical reports or papers have been prepared under the Concrete and Containment Technology
Program at ORNL. Program personnel also have been actively involved in National and International technical

4 Public Service Company of Colorado is now Excel Energy. Nuclear power operations at Fort St. Vrain came to a
close in 1989 due to series of problems at the plant. Plant decommissioning was completed in 1992.



committees with program results forming the basis for several documents publishedby these committees. More detailed
information on several of the research activities conducted under this program is provided below.

3.1 CONCRETE CONTAINMENT VESSELS FOR NUCLEAR REACTORS

Initial work under the concrete program addressed a review of then current practices in the design and construction of
prestressed and reinforced concrete secondary containments for water-cooled nuclear reactors. The review included the
identification of a wide range of design and construction factors, including [1,2]:

. different types of concrete containments;

d criteria used in the design of concrete containments;

. predicted environmental and service conditions likely to be encountered, along with an evaluation of the effects
of these conditions on structural behavior;

. modes of failure and the possibility of using models to study actual behavior;

. problems in earthquake- and tornado-resistant designs and in missile protection;

. material properties and methods of selecting critical materials for service in environments of interest;

. need and importance of quality assurance in both design and construction;

. codes and standards applied in concrete technology, and areas where these standards
appear to require augmentation or revision; and

. need for developing operational testing requirements for concrete containments.

3.2APPLICATION OF PRESTRESSED CONCRETE PRESSURE VESSELS
TO COAL GASIFICATION PLANTS

Utilization of PCRVs for commercial-size coal gasification systems was evaluated. Problem areas were identified, and
a test program defined for concept verification, and performance examination and demonstration. Conceptual designs
were developed for two gasifier vessels to provide vehicles for assessment: two-train plants based on the Hygas and
Synthane processes (Fig. 5). These systems require pressure vessels 47 to 82 meters high with an internal diameter of
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8 to 10 meters. In preparing these designs, extensive use was made of developments for gas-cooled nuclear reactor
containment vessels. Because of the harsh environment that they contain, gasifier vessels must also be accessible for
routine maintenance and repair. Results of these studies indicated that the use of prestressed concrete pressure vessels
in applications where large, heavy-walled steel vessels were formerly utilized is both technically and economically
feasible. A follow-up study was outlined to develop supporting design data, but was not implemented. More detailed
information on design of the prestressed concrete pressure vessels, and their insulation and liner systems, is
available [3].

3.3 ELEVATED-TEMPERATURE BEHAVIOR OF CONCRETE: AND
THE CONCRETE-STEEL REINFORCING BAR BOND

Studies have been conducted to determine the effects of elevated temperature on concrete materials and on the concrete-
reinforcing bar (rebar) bond.

3.3.1 Concrete Behavior At Elevated Temperature

A study was conducted to determine the influence of thermal exposures on the mechanical characteristicsof concrete and
to evaluate associated instrumentation, testing and sealing techniques. Tests were conducted on 15.2-by 45.7-cm long
sealed concrete cylinders (Fig. 6) to determine the effect of the following on the stress-strain relationship of concrete:
(1) sustained temperature of 149 C, (2) number of thermal cycles from 21 to 149 to 21 C (Fig. 7), (3) influence of
permitting moisture to escape freely from the concrete during heat treatment as compared to the case where the moisture
was contained by the presence of a sealing jacket, and (4) influence of testing the concrete at 149 C versus permitting
the specimens to cool to 21 C prior to testing. Results showed that: (1) the instrumentation, sealing and testing
techniques developed were successful; (2) thermal coefficient of expansion of concrete increased with a decrease in rate
of heating; (3) when moisture was not permitted to escape freely, significant residual expansion was observed after the
first thermal cycle and this expansion increased with number of cycles and/or duration of exposure; and (4) when the
moisture was contained within the specimen, the compressive strength was affected significantly with the longer the
duration of exposure at 149°C the lower the concrete strength and stiffness [4].
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Figure 6. Test specimen. Figure 7. Effect of temperature and thermal cycling.

3.3.2 Concrete-Steel Reinforcing Bar Bond

A series of bond pull-out tests was conducted to determine the effect of elevated temperature on the bond strength
between concrete and deformed steel reinforcement. In the tests 15.9 c¢m concrete cubes with a No. 6 deformed
reinforcing bar centrally located and extending through the cubes were cast using a 27.6 MPa limestone aggregate
concrete. The specimens were moist cured 90 days prior to heating. Two sets of three specimens each were heated at a
rate of 17 C per hour to temperaturesof 66 and 149 C, respectively. Each specimen was permitted to thermally stabilize



at the specifiedtemperature for 14 days and then transferred, while still hot, to a universal testing machine and evaluated
according to ASTM C 234 which provided the test specifications for comparing concretes on the basis of bond
developed with reinforcing steel (Fig. 8). Results indicatedlittle difference in bond strength between specimens tested
at 24 and 149 C; however, the bond strengths of specimens thermally stabilized at 66 C were consistently below the
comparable 24 C value (Fig. 9) [5].
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3.3.3 Clinch River Breeder Reactor Elevated Temperature Concrete Properties

In support of the design of the Clinch River Breeder Reactor with respect to postulated accident conditions, two test
programs have been conducted: (1) uniaxial compressive strength at temperatures reaching 760 C, and (2) variations
in mechanical and thermal properties at temperatures reaching 621 C.

A limited testing program was conducted as part of an ongoing investigation of the effects of elevated temperature on
mature limestone aggregate concrete compressive strength and modulus of elasticity. Twenty-four 15.2 by 30.5 cm
cylindrical test specimens were supplied by the Tennessee Valley Authority. The specimens having a design
compressive strength of 27.6 MPa had been cast during construction of the Watts Bar Nuclear Power Plant and varied
in age from 263 to 587 days at time of test. Priorto testing, the specimens were continuously moist cured. Two sets
of conditions were employed to determine the response of the concrete to sustained elevated temperature: (1) open-hot
(tested at temperature, moisture free to leave concrete) and (2) closed-cold (tested at room temperature, moisture loss
restricted). These conditions were selected to provide upper and lower bounds, respectively, on compressive strength.
Each open-hot specimen was contained within its own electrical resistance furnace. The closed-cold apparatus was
designed to simulate the moisture environment existing in mass concrete when a portion of the structure is subjected
to localized heating and subsequent cooling. For this test conditioneither two or three cylinders were sealed in stainless
steel pressure vessels. A pressure relief valve and condenser were used to control moisture. Both the open-hot and
closed-cold specimens were heated at a rate of 14 C/hr to the specified heat soak temperature (i.e., 177, 371, 566, and
760 C) where the temperature was maintained for 14 days. At conclusion of the heat-soak period, the open-hot
specimens while in their furnace were moved to the testing machine and tested in compression until failure (Fig. 10).
Axial strain was determined using a quartz rod-based system. Upon completion of the 14-day sustained heating period,
the closed cold specimens were permitted to cool to room temperature at a rate that did not exceed 14 C/hr. The
cylinders were instrumentedwith wire-resistancestrain gages and tested to failure in compression. As noted in Fig. 10,
both the open-hot and closed-cold specimens exhibited a steady decrease in compressive strength with increasing
exposure temperature. Modulus of elasticity results exhibited a similar trend [6].
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Figure 10. Open-hot test setup and residual compressive strength results

The second test program examined the variations in mechanical and thermal propertiesof a structurallimestone aggregate
and a lightweightinsulating concreteexposed to elevated temperaturesup to 621 C. Because of the temperature exposure
of interest, the program required the development of specialized test methods and instrumentation systems. Five test
series were conducted under this program: (1) unconfined compression, (2) “modified” shear, (3) concrete-steel
reinforcement bond, (4) sustained load, and (5) physicalproperties. Cylindricaltest specimens 0.30 by 0.15-m-diameter
were used forthe control (reference), unconfined compression, and sustained load test series. “S”-shaped parallelepiped
specimens were used for the “modified” shear tests and 0.3 m cube concrete specimens containing a No. 11 steel
reinforcing bar embedded vertically were used for the concrete-steel reinforcement bond tests. Either prismatic or
cylindrical test specimens were used for the physical property tests. Structural limestone aggregate specimens cured
in a lime-saturated water solution were used for all test series, with a minimum of three test specimens tested for each
test condition. Lightweightconcrete specimens cured in a lime-saturated water solution for 28 days, followed by storage
in an environmental chamber until testing, were evaluated only in the unconfined compression test series. Each
compression test specimen was contained within its own electrical resistance furnace. After installing thermocouples,
specimens were heated at 17 C/hr to their designatedthermal stabilizationtemperatures, whichranged up to 621 C. After
maintaining the thermal stabilization temperature for 14 days (28-days in some cases), the furnace containing a test
specimen was positioned in the testing machine, instrumentation calibrated, and the specimen loaded in compression
while at temperature until failure occurred (Fig. 11). Compressive strength, modulus of elasticity, and Poisson’s ratio
data were determined for each specimen. Specimen preparation, heatup, and thermal stabilization procedures for the
“modified” shear test series were similar to those for the unconfined compression test series. After 14-days thermal
stabilization, the furnace containing the specimen (Fig. 12) was positioned in the testing machine and the specimen
loaded in compression to failure. Relative shear strength was evaluated by dividing the maximum load by the area of

Figure 11. Unconfined compressive strength test setup.. Figure 12. Shear test furnaces during specimen heating.

the pre-designatedshear plane. The concrete-steelreinforcementbond test setup is shown in Fig. 13. The test procedure
consisted of placing the cubical test specimen containing a No. 11 steel rebar and several thermocouples into the test
furnace-platen assembly, heating the specimen at a rate of 17 C/hr to the thermal stabilization temperature, maintaining
the temperature for 14 days, calibrating the instrumentation, and loading the steel rebar while the concrete was
constrained. A continuous record ofload vs. concrete-rebardisplacementwas obtained during each test. Sustained load
tests were conducted using the test setup shown in Fig. 14. The testing procedure consisted of placing the cylindrical



test specimens containing thermocouples in their furnace-platen assemblies, loading the specimens to either 20 or 50%
their reference design compressive strength, heating the specimens at a rate of 17 C/hr to their scheduled thermal
stabilization temperature, and maintaining the temperature for 60 days followed by permitting the specimens to slowly
cool to ambient. Specimen load, length change, and temperature were continuously monitored throughout the testing
sequence. Due to the temperature levels of interest, test methods had to be developed for determining the

Figure 13. Concrete-rebar bond test setup. Figure 14. Sustained load test setup.

physical properties of the structural and lightweight concretes. Physical properties determined for these concretes
included total length change due to thermal effects and coefficients of thermal diffusivity and conductivity. Figure 15
presents a schematic of the hanging wire method used for measuring length change of the lightweight insulating
concrete. A fused-silica dilatometer test fixture was used for determining length change of the structural limestone
aggregate concrete (Fig. 16). Coefficients of thermal diffusivityand conductivity were determined using a variable state
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Figure 15. Hanging wire method for length change. Figure 16. Dilatometer-based apparatus.

method developed by Harmathy. The test setup is shown schematically in Fig. 17. Coefficients of thermal diffusivity

were also determined using the cooling test method shown inFig. 18. Additional details on the testing procedures as
well as mechanical and physical property test results from this program are available [7,8].
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3.3.4 Time-Dependent Deformations Under Elevated Temperature and Multiaxial Loadings

The time-dependent deformation of concrete was investigated by subjecting 15.2-cm diameter by 40.6 cm cylindrical
specimens to various stress conditions and elevated temperatures (Fig. 19). Variables included temperature (23.9 and
65.6 C), age at loading (90, 183 and 365 days), a variety of axial and radial load combinations from 0 to 24.8 MPa,
and two curing histories (air-dned and as-cast). Strains were measured using vibrating wire gages. Inthe investigation
1t was found that compressive and tensile total creep strains were generally larger for: (1) a test temperature of 65.6 C
than for 23.9 C, (2) an air-dried concrete than an as-cast concrete (except for low tensile creep), (3) increased time after

loading and (4) higher stresses for uniaxial and biaxial states of stress (Fig. 20} [9,10].
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3.4MODEL TESTING

A variety of tests have been conducted using scale models of either an entire concrete pressure vessel or a portion of the
vessel.

3.4.1 Size Effect

A series of small PCRV models was designed, analyzed, constructed, and tested to investigate the suitability of small-
scale (< 1:20) mortar and epoxy models for determining elastic stress distributions, cracking, and failure modes. The
primary objective of these tests was to demonstrate the adequacy and relative accuracy of two- and three-dimensional
elastic finite-element structural analyses when applied to relatively complex vessel shapes.

Five models were studied. The first was a small concrete vessel that served as the prototype for the other four. The
other four models consisted of two 1:2.75-scale mortar models; a 1:5-scale prestressed epoxy model; and a 1:5- scale
idealized, unprestressed, axisymmetric epoxy model :

(Fig. 21). Each model was extensively instrumented, and
the test results were compared with finite-element
predictions. The prototype and one mortar model were
pressurized hydraulically but, to examine possible
differences in structural behavior, the other mortar model
was tested pneumatically. The epoxy models were tested
in the elastic range only.  Structural behavior of the
small-scale mortar models closely duplicated that of the
concrete prototype, and the behavior characteristics of the
two mortar models indicated that failure, whether caused
by either pneumatic or hydraulic pressure, was gradual
and not catastrophic. The elastic stress distributions, et
load-deformation responses at higher pressures, modes of Figure 21. Prototype and model types.

cracking and pressure levels at which they occur, and even

the number and location of major cracks, were essentially the same in both the prototype and the models. The models
were analyzed elastically by using both two-dimensional (axisymmetric and plane) and three-dimensionalfinite-element
stress analysis computer programs developed for PCRV's. Comparison of the predicted behavior with test results
showed reasonably good agreement for most areas of the vessels, even with the two-dimensional analyses. The more
involved three-dimensionalanalyses predicted the elastic stresses and deflections in the heterogeneousvessels quite well.
The close agreement between model and prototype behavior points out the potential for use of small-scale models for
studying PCRV behavior. Further, the good agreement between the test results and the analytical predictions of the
model’s elastic behavior demonstrated the effectiveness and reliability of the finite-element computer analyses used to
evaluate PCRVs [11].

3.4.2Thermal Cylinder Experiment

The thermal cylinder experiment was designed for two
purposes. The first was to provide information for
evaluating the ability of analytical methods to predict
the time-dependent stress-strain behavior of a one-sixth
scale model of the barrel section of a single-cavity
PCRV. The second goal was to demonstrate structural
behavior under both design and off-design thermal
conditions. The model was a thick-walled cylinder
having a height 0f 1.22 m, thicknessof 0.46 m, and an
outer diameter of 2.06 m (Fig. 22). It was prestressed
both axially and circumferentially and subjected to
4.83 MPa internal pressure together with a thermal
crossfall imposed by heating the inner surface to
65.6 C and cooling the outer surface to 24 C. Since
the model was designed to study the behavior of the Figure 22. Thermal cylinder model.
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barrel section of a massive concrete structure, all exposed surfaces were sealed to prevent loss of moisture, and the ends
of the cylinder were insulated to preventheat flow in the axial direction. The experimentutilized information developed
from previous studies of concrete material properties, triaxial creep, instrumentation, analysis methods, and structural
models. The initial 460 days of testing was divided into time periods that simulated prestressing, heat-up, reactor
operation, and shutdown. At the conclusion of the simulated operating period, the model was repressurized and
subjected to localized heating at 232 C for 84 days to produce an off-design hot-spot condition. Comparisons of
experimental data with calculated values obtained using the SAFE-CRACK finite-element computer program showed
that it was capable of predicting time-dependent behavior in a vessel subjected to normal operating conditions [12].

3.4.3PCRYV Head Failure Studies

A series of head failure model tests was conducted to provide input for development of a method to permit reliable
calculations of the strength of PCRV end-slabs. Thirty-eight small-scale cylindrical vessels with flat end—slabs were
pressurized to failure (Fig. 23). The vessels were prestressed circumferentially and longitudinally, and the end-slab
contained no additional reinforcement. Experimental variables were the end-slab thickness, size and arrangement of
penetrations in the end-slab, and concrete strength. The penetrations, which were not reinforced by sleeves or liners,
were closed by steel plates at the pressurized surface of the end-slabs. Each vessel was pressurized to failure over a
period of approximately three hours (Fig. 24). The range of attained maximum pressures was from 12.4 MPa to
26.0 MPa. End slabs of test vessels tended to fail in shear so failures could be violent despite the use of fluid pressure.

Figure 23.. Head failure model Figure 24. Model post-test: end-slab flexure failure.
being prepared for test.

The failure pressures indicated decisively the effects of changes in slab thickness and concrete strength. However, end-
slab strength was relatively insensitive to changes in the amount of cross-section removed by the penetrations. An
axisymmetric nonlinearfinite-element model was developedto simulate the behavior of the physicalmodels. The finite-
element model was successful in indicating the observed changes in (a) internal stress paths, (b) internal strains, and
(c) slab deflectionsas well as the observed strength of the test vessels. A significant feature of the analyticalmodel was
that it used a very simple failure criterion for the concrete (i.e., Mohr in compression and limiting strain in tension).
Close agreement between experimental and analytical results confirmed that the overall nonlinear response phenomena
in thick end-slabs of prestressed concrete pressure vessels may be estimated satisfactorily without the necessity of
detailed information on the responses of concrete subjected to a three-dimensional stress field. Shear strength of the
test vessels was calculated successfully without any "calibration” constants derived from test results for the vessels.
Required input data were timited to information on the geometry of the vessel, effective prestress forces, compressive
strength of the concrete, and type of loading [13,14].

3.4.4 Moisture Migration

In an effort to obtain information regarding the nature of moisture movement and rate of moisture loss in a PCRV, an
experimental study of moisture migration in a pie-shaped specimen representingthe flow path through a cylindrical wall
in a PCRV was conducted. The test specimen was 2.74 m in length with cross-section dimensions of 0.61 by 0.61 m
on one end and 0.61 by 0.81 on the other end (Fig. 25). The specimen was sealed againstmoisture loss on the small
end (interior) and along the lateral surfaces, and exposed to the atmosphere on the other end (exterior). After monitoring
the temperature distribution for 17 months, a temperature gradient of 44 C was applied to the specimen and the
measurements continued for one year. At the end of the test, with the exception of zones nearest the ends or the
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specimen, moisture contents were fairly constant. Moisture contents for the two stations nearest the specimen ends were
approximately 15% less than the average moisture content for the remaining stations (Fig. 26). Based on this it was
concluded that moisture migration in thick sections of concrete, such as a PCRYV, is a slow process and is not likely
to be a significant factor with a temperature difference of 44 C or less [15].
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showing instrumentation locations.
3.4.5 PCRYV Concrete Closure Plugs
Under the Gas-Cooled Fast-Breeder Reactor (GCFR) c ey
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surfaces by a relatively thinsteel liner. A ring forging PCRY
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transfer resulting pressure loadings from the closure

plugs to adjacent axial prestressing tendons of the [ 300 MW(e) GCFR Nuclear

PCRV. Load transfer is accomplished by two-force Steam Supply System
members (i.e., toggles) that are inclined from the

vertical and induce radial compression loading into the

ring forgings at the top of the side liner wall; thus, Figure 27. GCFR PCRYV cross section
together with the lateral pressure of the coolant, they showing closure plug locations.

produce a circumferential prestress on the plugs that

remains directly proportionalto the pressure loading induced by the reactor coolant. Materials having similar properties
to those proposed for use in construction of the prototype closure plugs were used for fabrication of the models (e.g.,
reinforcing steel was simulated by extruding, heat treating, and deforming low alloy 2 1/4 CR-1 Mo stock wire; concrete
was simulated using a mortar mixture developed in the laboratory). Eachmodel was instrumented to provide axial and
radial displacements, and strain distributions in the liner and concrete. Strain and displacement data were recorded by
a data acquisition system as a function of pressure. Figure 28 presents a cross section of the test fixture containing the
full-thickness steam generator cavity closure plug model and shows some of the instrumentation used to provide axial
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and radial displacements, and strain distributions in the liner and concrete. Strain and displacement data were recorded
by a data acquisition system as a function of pressure. A view of the test fixture just prior to insertion of the 1:15-scale

steam generator cavity closure model for testing is shown in Fig. 29.

DCDT Gage n
Bridge Assembly ajsju
Shear Ring Pressure Ring
Bushing ™ Bushing
Shoe ~_| 9.5-mm Bail
Upger Pressure Ring
Bearing Ring
Lower
Bearing Ring O-Ring Seals
Mod e s Lower Stopper
B G Retainer
eam Gage 2
Plug Assembly 1% I?'m o | Lower Stopper
O-Aing Seal — \;“. m\\}i\}/\;{\\’, T e Upper pl;;er;im
. /I" 5\':' -m\“*i&“-'l‘:"’u 5 Lower Interim
interim Support 7’.7/ v ———"
W )
/ nstrumentation
) %lﬁr{"”’ —==""penetrations
vesser 1 S22 =

Pressurization Penetration

Figure 28. Schematic of closure plug model test fixture.

The test fixture was fabricated from a
modified HY-100 forging, designed to
permit pressurization to 138 MPa, and
contained penetrations in the bottom of
the vessel to permit pressurization and
entry for up to 24 (three-wire) channels of
instrumentation. A threaded bushing
assembly was used to secure the models
in the test fixture with sealing
accomplished by using elastomeric O-
ring seals. Figure 30 presents ‘a
schematic of the test facility where the
closure plug models were tested.

The 1:15-scale full-thickness steam
generator cavity closure plug model was
initially subjected to ten pressurization
cycles to 10.08 MPa. Afier each cycle
the pressure was reduced to 2 MPa. The
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Figure 29. Model prior to placement into
test fixture for pressurization.

s e = e ey Sabinet
390 kPa Air From - 3arricade
Diesel Generator i
Starting System ’ 320 NP2
: ¥ Sressure Gage

To 69 MPa
Pressure
" Element

Ground
Floor

SV Sy

Aentilation Fan % 3

& “Actuate Fan.
™ Sandbags i S

*1 Plug Mode!  —pe
3 +

: “*‘ Fixture

Limit Switch'to

1
WVirror

T Closure

Vessel Test

Test

2it

Autociave
nstrument
Lead-Thry Fittings

Figure 30. GCFR PCRYV closure plug mode! test facility.

¢leventh cycle was to continue pressurization in steps until the ultimate capacity of the model was reached; however,
the test was stopped at 75.84 MPa, which was about 7.5 times the prototype design pressure. Although the ultimate
capacity had not been reached, displacement gages were exhibiting significant nonlinearity and several strain gages on
steel components inferred that significant yielding had occurred. Figure 31 presents the model following pressurization
to 75.84 MPa, and Fig. 32 shows a view of the 0 to 180° cross section of the model after sectioning. Neither visual
cracking nor gross distortion were evident. Localized voids could be seenin the concrete underneath the inner and outer
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Figure 31. Model after pressurization Figure 32. Model after sectioning.
to 75.84 MPa.

ring forgings, and minor porosity was evident throughout the model. However, good embedment was evident at the
top embedment strain gage and at the shear console. The only detectable sign of distress in the model was a banding
on the slanted surface of the outer ring forging contact surface [16].

The second mode! represented a redesign of the steam generator cavity closure plug to a thickness of one-half that of
the original model. The primary purpose of this test was to demonstrate structural performance and ultimate load
capacity of the redesigned model [17]. Secondary objectives included obtaining data on crack development and
propagation, and mode of failure of the composite st essurization cycles to 10.08 MPa, the
model was pressurized to failure. No S e : :
visual indications of distress were
evident prior to failure, although
strains recorded by the embedded
concrete gages were approximately
1%, and the steel components
exhibited high inelastic strains.
Failure occurred by abrupt punching
shear at approximately 99.3 MPa
(about 9.9 times maximum cavity
pressure), thereby expelling the central
section with considerable force. The
failure surface was a truncated cone = , = et
(Fig. 33). Figure 33. Post-test view of inner and outer failed
sections of half-thickness model.

The GCFR central core cavity closure plug differed from the steam generator cavity closure plug in that it contained
fifty-five small diameter closely-spacedpenetrations,and the penetrations were pressurizedduring testing [18]. Figure 34
presents the prototype design forthe central core cavity closure plug. In fabricating the 1:20-scale model, all physical
features of the prototype were scaled by a factor of 20 except for the tubes for which the scale factor was19.3. It was
intended to pressurize the model until failure, but pressurization was interrupted at 38.2 MPa due to an excessively
leaking fitting on the pressurization line. After repairing the fitting, pressurization was resumed. Pressurization was
again interrupted at 41.3 MPa by an excessively leaking autoclave instrument penetration fitting on the test vessel. A
complete rework of the seal without loss of instrumentationwould have required removal of the model from the fixture.
Rather than proceed along this costly and time-consuming route, the decision was made to isolate the leads to this
fitting, repair the seal, and utilize spare leads on aother fittings where possible. After these modifications, pressurization
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Figure 34. Central core cavity closure prototype. Figure 35. Model after pressurization to 79.3 MPa.

was resumed. At 48.3 MPa pressurization was interrupted by the failure of an end-cap braze joint. Remedial work to
repair the joint was implemented and pressurization resumed. However, at a pressure of 58.4 MPa (pressure cycle 14)
seals in the pressure intensifier failed. Following repair of the intensifier, one final attempt was made to pressurize the
model to failure. At a pressure of 79.3 MPa the end-cap in another penetration tube partially failed to relieve the
pressure. Because at this point no practical way existed of ensuring the avoidance of further end-cap failures, the test
was terminated. In addition, considerable strain was evident in other tubes and a pressure level of almost eight times
maximum cavity pressure had been attained. Removal of the model from the test vessel showed no visible distress
except for some tube straining and the end-cap failures (Fig. 35).

3.4.6Grouted vs Nongrouted Tendons

Nongrouted tendons are predominantly used in this country as the post-tensioning system for prestressed concrete
pressure vessels because they are more easily surveyed to detect reductions in prestressing level and distress such as
would result from corrosion, should it occur, and they offer the potential for replacement, if required. However, grouted
tendon systems, in which a cement-based materialis used to fill the ducts of stressed tendons, offer advantagesthat may
make them cost effective for pressure vessel applications. Literaturewas reviewed to (1) provideinsight on the behavior
of grouted tendon systems, (2) establish performance histories for structures utilizing grouted tendons, (3) examine
corrosion protection procedures for prestressing tendons, (4) identify arguments for and against using grouted tendons,
and (5) aid in the development of the experimental investigation. The experimental investigation was divided into four
phases [19]: (1) grouted-nongrouted tendon behavior, (2) evaluation of selected “new” material systems, (3) bench-scale
corrosion studies, and (4) preliminary evaluation of acoustic emission as a potential technique for monitoring grouted
tendons in PCRVs. Summarized below are activities conducted under the experimental investigation.

3.4.6.1 Grouted-nongrouted tendon behavior

Grouted-nongroutedtendon behavior was evaluated using reinforcedconcrete flexural specimens 0.15-m wide by 0.30-m
deep by 3.1-m long containing a single seven-wire strand that had been post-tensioned to either 50, 60, or 70% its
ultimate strength. Figure 36 presents the test setup. A comparison of results for grouted and nongrouted tendon
flexural members for three different prestressing levels is presented in Fig. 37. Results of this series of tests indicate
that grouted tendon beams develop more cracks, but crack widths are smaller, which results in smaller localized strains
and less chance of penetration by corrosive environments; for the range of prestressing levels investigated, as the level
of prestressing increased, the first cracking and ultimate load values increased; and ultimate loads for grouted tendon
beams were larger than for nongrouted beams at the same level of prestressing.
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Figure 36. Setup for testing beams in tlexure. Figure 37. Effect of post-tensioning level.

3.4.6.2 Evaluation of selected “new” material systems

Materials evaluated for potential PCRV applications included polymer-silica and shrinkage-compensating cements as
grout materials and steel-fiber reinforced concrete as a structural material. The polymer-silica cement (inorganic
corrosion-resistant material) was selected because it was nonshrink, exhibited good bond to minerals, and had high-
temperature capabilities. Shrinkage-compensating cement was selected because it eliminates or reduces shrinkage and
its associated problems such as cracking or incomplete filling of voids for grout applications. Fibrous concrete was
evaluated because it has increased flexural strength, ductility (energy absorption), and resistance to penetration relative
to conventional concrete. The polymer-silica and shrinkage-compensating cements were tested to indicate prestressing
strand bond transfer lengths and prestressing strand pull-out bond strengths relative to a conventional grout material.
The bond transfer lengths were evaluated by fabricating 0.15-m wide by 0.30-m deep by 3.1-m long reinforced concrete
beam specimens that contained grouted prestressing wire strands (Fig. 38). The bond transfer length was evaluated by
determining the distance along the beam required for the tendon to achieve maximum stress after a simulated anchor
failure (i.e., < 40 pe change). The simulated tendon failure was induced by slowly cutting the prestressing strand at
the bracketshown in Fig. 38. For the test conditions evaluated, results indicated that the polymer-silica and shrinkage-
compensating cements exhibited improved bond to the prestressing steel relative to conventional grout material (i.e.,

required 39 and 53% the length required for commercial grout to develop complete prestressing-transfer length)
(Fig. 39).

The pull-out test specimens were fabricatedusing 152-mm-ODby 737-mm-long castiron pipes that had been filled with
concrete and contained a centrally-locatedseven-wire prestressingstrand that ran the length of the specimen and had been
stressed to either 50, 60, or 70% the strand strength. Figure 40 presents the tensioning fixture for the bond pull-out
specimens and Fig. 41 presents a specimen after removal from the tensioning fixture. The relative performance of the
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Figure 38. Bond transfer length test specimen. Figure 39. Relative bond transfer length results.
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three grout materials was evaluated using an apparatus and procedures similar to those found in ASTM C 234, “Test
for Comparing Concretes on the Basis of the Bond Developed with Reinforcing Steel.” Figure 42 presents the bond
pull-out test setup and Fig. 43 presents an example of results obtained. In general, results indicated that the bond
developed by the polymer-silica cement was superior to that developed by the shrinkage-compensating cement and the
commercial grout materials.

,  Hydraulic R
Figure 40. Bond pull-out tensioning fixture.

s R

Figure 41. Bond pull-out test specimen.
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Figure 42. Bond pull-out test setup. Figure 43. Relative load-slip

Fibrous concrete structural members 0.15-m wide by 0.30-m deep by 3.1-m long containing 1.5 % (by volume) steel
fibers (25.4-mm long) were fabricatedand tested using the test setup shownin Fig. 36. The beams were post-tensioned
to either 50, 60, or 70% the steel ultimate strength with the tendons either grouted or nongrouted. Figure 44 presents
results for grouted and nongrouted fibrous concrete and structural concrete beams. Results showed little difference
between the load-centerline deflection curves for the fibrous and structural concrete beams when comparing grouted and
nongrouted beams at the same level of prestressing. The primary differences were that both the grouted and nongrouted
fibrous concrete beams exhibited more ductility than their structural concrete counterparts, indicating that they had
increased toughness, and the first crack load was generally greater for the fibrous concrete beams.
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3.4.6.3 Bench-scale corrosion tests

Bench-scale tests were conducted to investigatethe corrosion behavior of a high-strengthsteel (ASTM A416 Grade 270),
typical of that used as tendon material in prestressed concrete pressure vessels [20]. The primary purpose of the tests
was to demonstrate the protection afforded by coating the steel with commercial organic petrolatum-based greases or
portland cement-basedgrout. Concentrations of the deleterious substances used were much higher than normally would
be encountered. The study utilized 305-mm-long wire segments obtained from the center, straight wire of a seven-wire
prestressing strand. Variables in the investigation were stress level [0 to 90% of wire ultimate tensile strength (UTS)],
coating materials (none, cement grout, selected commercial products), time of exposure, and environment [hydrogen-
sulfide saturated water at room temperature (3000 ppm, pH ~ 4), 0.2 M NH,NO; at 66°C, and 0.1 M NaC/ at room
temperature]. Two basic test series were conducted — stressed and unstressed. In the stressed test series, two test types
were employed. The first type utilized unprotected specimens that had been stressed to different percentages of their
UTS while in contact with water containing H,S. In the second type grout- or grease-protected specimens were loaded
to 60% UTS while exposed to water containing H,S, Fig. 45. In the second test series unstressed, protected or
unprotected, tendon wires were exposed to water containing H,S, 0.2 M NH NGO, at 66°C, and 0./ MNaC/¢ for relatively
long periods of time and then strained to failure. Figure 46 presents the test setup for exposing the unstressed tendon
wires to the NHsNO; and NaC/ environments. The greases used in these tests were commercially available petrolatum-

Figure 45. Stressed wire time Figure 46. Nonstressed tendon NH,NO,
to failure test setup. and NaC/ Exposure test setup.
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based corrosion inhibitors with polar agents to facilitate wetting of the wires and displacement of moisture. They were
applied according to the manufacturers' recommendations to a thickness of about 1 mm. Test specimens protected by
grout were prepared by casting 16-mm-diameter by 38-mm-long grout cylinders around the wires.  The area ofthe wires
not coated with grease or grout that could be contacted by the test solutions was covered with a polyurcthaneinsulating
paint. In some cases the effect of flaws in the coatings was evaluated. Flaws were placed in the organic coatings by
scraping the wire to which the coating had been applied with a similar wire so that a thin strip: of unprotected wire
resulted. In some cases the wires with flaws were permitted to stand 30 days priorto exposure to evaluate “self-healing”
characteristics of the greases. Flaws ranging in width from 0.1 to 3.2 mm were cast in the grout by using plastic shim
stock that was removed after the grout hardened. Figure 47 presents average times to failure and ranges in times to
failure for the uncoated wires tensioned to different percentages of their UTS. For protected specimens loaded to 60%
UTS while exposed to a corrosive environment, no failures occurred during the six-day exposure period and subsequent
tensile tests showed no degradation in load capacity or ductility. The organic corrosion inhibitors containing flaws
exhibited failure times ranging from 14 to 66 h; however, specimens that were allowed to “self-heal” prior to exposure
exhibited no property degradation due to exposure. Figure 48 presents the effect of grout flaw size on time to failure.
Protected, unstressed wires exposed to H,S for 77 days indicated no detrimental effects of corrosion; however,
unprotected specimens exhibited an 8% decrease in load capacity and a 60% loss in ductility. After 120 days exposure,
the unprotected wires exhibited decreases in load capacity of 11% and ductility of 70%, the grease-protected wires
experienced decreases in load capacity from 0 to 14% and decreases in ductility from 70 to 75%, and grout-protected
specimens exhibited no loss of load capacity but a 12% decreasein ductility. For unstressed wires exposed to NH.NO;
at 65 C, the unprotected wires lost 14% in UTS and 66% in ductility after 43 days with no further changes noted for
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the remainder of the 132-day test duration. The grease protected wires exhibited no loss of strength or ductility during
the 132 day duration of the test; however, after 87 days exposure the portland cement-based grout protected specimens
started to exhibit degradation of the grout with associated decreases in the wire strength and ductility. For unstressed
wires subjected to NaC/, after 107 days exposure the grease-and grout-protected wires exhibited strength losses up to
6% and 4%, respectively. Ductility decreasesfor the grease-protectedspecimens ranged from 11 to 24% while the grout-
protected specimens.exhibited a 4% decrease. Correspondingstrength and ductility decreases for unprotectedspecimens
were 8 and 60%, respectively. Study conclusions were that prestressingmaterials should be continuously protectedfrom
time of manufacture; exclusion of sulfide, nitrite, and chloride environments is required to prevent reduction in
mechanical properties of prestressing;and when properly applied, both Portland cement and organic corrosion inhibitors
provide positive exclusion of corrosive environments from prestressing materials.
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3.4.6.4 Acoustic emission evaluation

Acoustic emissions are small-amplitude elastic stress waves generated during material deformation resulting from a
mechanical or thermal stimulus. The stress waves are detected by transducers as small displacements on the specimen
surface. The emissions are classified as being either continuous or burst. Continuous acoustic emissions are low-level,
high-signal-density emissions such as might be observed during tension testing of unflawed specimens. Burst acoustic
emissions arc generated when a plastic zone or microcracks form at a crack tip, or when crack extension occurs.
Characterizationof the stress wave emissions provides an insight into the type of inelastic deformation that is occurring:
amplitude of the stress wave emission indicates the magnitude of flaw extension, rate of stress wave emission indicates
the rate of flaw propagation, and the total acoustic emission energy generated is proportional to the loss of structural
integrity. Flaws may be located by use of data from an array ofthree ormore coupled transducers (two or more for one-
dimensional source location). In order to demonstrate the feasibility of acoustic emission for monitoring concrete and
simple concrete models two series of tests were conducted: (1) plain concrete compression cylinders and (2) grouted
tendon beam structural models [21].

Three sets of four concrete cylinders 0.15 m diameter by 0.54 m long and three flexure prisms 0.15 by 0.15 by 0.91 m
were fabricated to obtain acoustic emission data on concrete under compressive and tensile loadings. The variable
between specimen sets was the water content, which was adjusted so that acoustic emission data could be obtained from
low-, medium-, and high-strength concretes (19.5, 36.8, and 50.8 MPa, respectively). Prior to testing, each cylinder
was instrumented with two 0.1-m gage-length wire-resistance strain gages placed at 180° intervals on the circumference,
alignedin the direction of loading,and wired in series to minimize any bending effects. Two 50 kHz resonant-frequency
transducers were attached to the specimen at a longitudinal spacing of 0.30 m, and two additional 50-kHz transducers
were attached to the upper and lower loading platens to minimize noise from the platen-cylinder interface (Fig. 49).
Three of the spemmens in each set were tested to failure §

in compression with load-strain and acoustic emission
data obtained. The fourth cylinder in each specimen set
was loaded to failure in cycles, with each succeeding
load cycle after an initial cycle to 20% of failure load
being incremented by 10% of the average failure load
for the first three cylinders tested. After completion of
a load cycle, the load was reduced to 22.2 kN prior to
initiation of a new cycle. Figure 50 presents acoustic
emission-event histograms, cumulative acoustic
emission-event counts, and normalized stress-strain as
a function of percent failure stress for the medium-
strength (36.8 MPa) concrete. Results indicate that, for
the specimens loaded to failure in one cycle, there was
good correlation between acoustic emission and stress-
strain curves for low- and medium-strength concretes;
that is, from 0 to 30% ultimate strength, the stress-
strain curves were essentially linear and acoustic
emission activity was small; from 30 to 70% ultimate strength, the stress-strain curves started to deviate from linearity
due to an increase in bond cracks between the aggregate and matrix and the acoustic emission activity increased; and
above 70% ultimate failure strength, there was a rapid deviation of the stress-strain curves from linearity due to a rapid
increase in matrix cracking and there was an associated sharp increase in acoustic emission activity. The high-strength
concrete specimens exhibited relatively uniform activity from initiation of loading until approximately 85 to 90%
ultimate strength, when the activity increased sharply. Results for the specimens cyclically loaded to failure with each
succeeding load cycle being to a higher load level indicated that the Kaiser effect (once a load has been applied to a
member and the associated acoustic emission activity ceased, no more emission will occur until the load level is
exceeded, even if the load is completely removed) apparently applies to concrete material systems when significant time
between load cycles has not lapsed. Prior to testing, the flexure specimens were instrumented with a 0.1-m gage-length
wire-resistance strain gage applied to the tensile face of the beam. Two 50-kHz resonant-frequency transducers were
attached to the specimen at a spacing 0of 0.5 m on the same surface as the strain gage. After placing in the test fixture
(Fig. 51), the specimens were loaded in flexure to failure with stress-strain and acoustic emission data obtained
throughout loading. Stress-strain curves obtained for all the flexure specimens were essentially linearup to failure. As
a result, acoustic emission activity was absent until just prior to failure, when a few (<10) events occurred.

Figure 49. AE test setup: concrete cylinders.
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Figure 50. Acoustic emission test results: medium-sirength concrete. (Dashed lines for cumulative event
count are smoothed curves that have eliminated initial noise resulting from platen-cylinder interaction.)

Figure 51. AE test setup: flexure. Figure 52. AE multi-channel scurce-location system.

Selected beams of the grouted-nongrouted tendon test series were also monitored by acoustic emission as they were
tested to failure. Prior to testing, six 50-kHz acoustic emission transducers were attached to the bottom surface of the
beam to be tested. Two were attached near the major span reaction points and used as “slave” transducers to lock out
localized reactionnoises. The remaining four transducers were spaced at 0.6-m incrementsto monitor the central 1.80 m
of the beam and thus provide data on flexural crack locations. The acoustic emission system (Fig. 52) was programimed
for one-dimensional source location and the beam loaded in flexure to failure with acoustic emission source location
data obtained throughout the test. Figure 53 presents an example of load-centerline deflection data for a grouted-tendon
beam (see Fig. 55) and the corresponding acoustic emission cumulative eventcount (S number) and cumulative event
magnitude (Z voltage). Acoustic emission results correlated well with beam inelastic behavior (i.e., micro and
macrocracking). Figures 54 and 55 present typical acoustic emission data in the form of event activity as a function of
location along the length of the beam for a nongrouted and grouted tendon beam, respectively. Superimposedabove the
acoustic emission activity plots are photographs of the beams after testing so that the agreement between crack
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Figure 53. Beam load-deflection compared to AE results.

locations and acoustic emission active areas may be noted. Results indicate that, for nongrouted tendon beams where
only one or two major cracks occurred during testing to failure, acoustic emission-determinedcrack locations and actual
crack locations correlated very well. In grouted tendon beams tested to failure, four or more major cracks generally
formed, and the correlation between acoustic-emission identified crack locations and actual crack locations was not as
definite. Location of the first crack in the beam was accurate, but the accuracy decreased as more cracks formed. This
"smearing" of acoustic emission active regions was related to development of several cracks so that a source-initiated
stress wave had to travel around cracksto go from transducerto transducer, as required for source location, and, as noted
in Fig. 55, the initial main cracks branched and propagated horizontally as the cracking increased.

X = AE transducer location

k: E
e e
£ i
s g
B 1 2 Ll N TR i
w X X X w X X X X
< 0 45 90 135 180 < 0 30 60 90 120 150 180
Location on beam tensile surface, cn Location on beam tensite surface, cm
Figure 54. Nongrouted tendon AE result Figure 55. Grouted tendon AE results
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3.SMATERIALS EVALUATION AND TESTING

Materials development and testing activities have addressed development of high-strength concrete and fibrous concrete
materials, and evaluation of thermal barrier ceramic materials.

3.5.1 Development of High-Strength Concrete Materials and Model Testing Techniques

PCRYV design optimization studies for a 2240 MW (t) HTGR Steam Cycle/Cogeneration plant (Fig. 56) indicated that
significant size reductions (~ 1.3 m) could be effected through use of high-strength concrete (55 MPa) in conjunction
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Furthermore, this newer generation Figure 56. PCRV for HTGR steam cycle/cogeneration plant.

PCRYV included an asymmetric

cavity arrangement that was not supported by existing model test data that met the intent of the American Society of
Mechanical Engineers (ASME) Code for Reactor Vessels and Containments[22]. In support of the optimizationstudy,
high-strength concrete materials were developed and evaluated [23,24], and model testing techniques were developed
and demonstrated through testing of two PCRYV single-cavity models (i.e., high-strength concrete and fibrous concrete
models) [25].

3.5.1.1 High-strength concrete materials

The objective of the high-strength concrete materials program was to develop concrete materials having compressive
strength > 63.4 MPa using aggregate materials from sources in close proximity to areas representing potential sites for
an HTGR plant (i.e., Florida City, Florida; Port Arthur, Texas; Pennsylvania-Delaware border area; and Blythe,
California). Reference [22] requires that an average compressive strength at least 8.3 MPa greater than the specified
strength be produced in the laboratory. After conduct of tests to select the admixture exhibiting the best compatibility
with the Type II Portland cement chosen for use throughout the investigation, optimum cement contents were
determined using 9.5- and 38-mm maximum size Pennsylvania-Delaware border area aggregates. Optimum cement
contents were determined because there is an optimum cement factor for concrete mixes of equal workability and the
same consistency that use a specific aggregate of a certain maximum size (beyond the optimum cement factor additional
cement does not provide increased strength). Cementitious materials contents (90% cement plus 10% Type C fly ash,
by weight) ranged from 7 to 12 sacks/cu.yd. In the mixes the coarse aggregate content was held constant, the water
content was adjusted to maintain the slump at 89 +13mm, and the fine aggregate content was adjusted to account for
the changing cement and water contents. Figures 57 and 58 present compressive strength as a function of age and
cementitious materials content for the 9.5- and 38-mm maximum size aggregate mixes, respectively. Based on these
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Figure 57. Optimum cementitious materials  Figure 58. Optimum cementitious materials
test results: 9.5-mm maximum size aggregate. test results: 38-mm maximum size aggregate.

results ophmum cement contents selected for the 9.5- and 38-mm maximum size aggregate mixes were 530 and
586 kg/m’, respectively. The final series of tests evaluated the aggregate sources as well as the effect of the use of fly
ash as a partial replacement for cement. Utilizing aggregate materials from each of the four sources, specimens were
prepared in which from 0 to 40%, by weight, of the cement had been replaced by fly ash. Each of these mixes was
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designed for equal workability by adjusting the water content to maintain the slump at §9 + 13mm. Fine aggregate
contents were adjusted to account for the changing volume from mix-to-mix of the cement, fly ash, and water.
Compressive strength, modulus of elasticity, and Poisson's ratio results were obtained at concrete ages to 182 days
using both sealed and moist-cured specimens cast from each mix. Figures 59 and 60 present compressive strength test
results for 9.5- and 38-mm maximum size Pennsylvania-Delawareborder area aggregates,respectively. These test results
indicate that the desired compressive strength of 63.4 MPa at 91 days was easily achievable.
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Figure 59. Effect of partial cement replacement with Figure 60. Effect of partial cement replacement with
fly ash: 9.5-mm maximum size aggregate. fly ash: 38-mm maximum size aggregate.

Similar results were obtained with the other three aggregate sources. Other benefits attributed to the incorporation of
fly ash into the mixes include increased workability, reduced bleeding and reduced temperature rise of the fresh concrete.
When evaluating the Blythe, California aggregate materials sufficient test specimens were castso that the compressive
strength could be monitored over a five-year period. Figures 61 and 62 presents compressive strengthand modulus of
elasticity results, respectively, for specimens that were either moist cured in lime-saturated water or sealed with plastic
until testing. At the relatively low water-to-cement ratios used in this investigation (0.26<w/c<0.28), optimum
compressive strength results were achieved at a fly ash content of 30% for the moist-cured specimens and 20% for the
sealed specimens.
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3.5.1.2 Model testing techniques

Section 1II, Division 2 of the ASME Code [22] requires a model test whenever a model of a prototype with
characteristics similar to those of the current design has not been constructed and tested in accordance with Code
provisions, or if analytical procedures to predict ultimate strength and behavior in the range approaching failure are not
established. Because the newer generationPCRV design (Fig. 56) included an asymmetric cavity arrangement and offset
core, existing model test data that were developed for single-cavity and axisymmetric multicavity PCRV designs may
not meet the intent of the above requirements.

Using results of a review of PCRV-relatedmodel tests [26], it was established that two model testing areas may require
some development: circumferential prestressing and leak-tight liner systems. A test program was therefore undertaken
to establish satisfactory methods for circumferentially prestressing PCRV models ranging in size from 1:30- to 1:10-
scale, and for lining the models so that they would not leak prematurely to terminate a test [25]. Activities related to
circumferentially prestressing the models were merely to identify a prestressed concrete pipe manufacturer who could
apply prestress at a prescribed force level to models ranging in size from about 1- to 4-meters in diameter. Relative
to the liner system, a design was developed that incorporated the use of a 2.67-mm thick AISI 1008 drawing quality
steel in conjunction with a flanged head. The flanged head eliminated the cormer joint which had been a problem area
in prior model tests.

To demonstrate the validity of the above concepts, two ~1:30-scale single-cavity PCRV models were fabricated: one
using a high-strength concrete mix design and one to provide an indication of the merit of fibrous concrete (50-mm long
hooked and collated fibers, 1.1% by volume) for PCRV applications. The two PCRV models were identical in
geometry to those tested to investigate the shear strength of end slabs of PCRVs (see Fig. 23), except that the concrete
mix designs and liner were developed specifically for these two tests, and circumferential prestressing was applied by
a prestressed concrete pipe manufacturer. After filling with water, each model was hydraulically pressurized to failure.
The plain concrete model failed abruptly in the head region by shear of the concrete at a pressure 0of 24 MPa. The mode
of failure for the plain concrete models appeared to be influenced by the concrete strength with the failure tending to be
more of a "punching-shear” type than the cryptodome formation observed in earlier models fabricated from lower
strength concretes. Comparing results from this test with those obtained from models having identical geometries and
tested under a previous program [ 13,14] indicates that the concrete compressive strength directly influences the internal
failure pressure. The fibrous concrete model failed by rupturing twenty-three wraps of the circumferential prestress wire
at a pressure of 28 MPa. The head of the fibrous concrete model remained intact and the few cracks that developed
were relatively small and closed on depressurization. Figures 63 and 64 present the models after testing. Compressive
strengths of the plain and fibrous concrete at the time of testing were 79 and 69 MPa, respectively. Results
demonstrated that the circumferential prestressing and liner systems performed satisfactorily. It was also demonstrated
that the shear strength of the fibrous concrete was at least 15% greater than that of the plain concrcte at comparable
strength levels.
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Figure 63. PCRYV plain concrete Figure 64. PCRYV fibrous concrete
mode] post-test. model post-test.

3.5.2Testing of Thermal Barrier Hard Ceramic Pad Materials

The function of the HTGR thermal barrier is to protect the PCRV liner and adjacent concrete from overheating due to
high temperature helium. This protection is provided by a system of fibrous insulation blankets plus cover plates and
seals, and hard structural ceramics. In the bottom head region of the core outlet plenum the thermal barrier also functions
as a dissipater of hot gas streaks and provides structural support for the reactor core. A testing program was conducted
to determine the ability of typical ceramic pad configurations to withstand mechanical loading conditions. The
mechanical loading conditions were intended to provide a parametric representation of what would be induced into the
ceramic pads due to thermal gradients. Conical platens were used to induce mechanical loadings into the pads.

Structural response tests were conducted on pads fabricated from Grade 85 and 995 alumina, and fused silica hard
ceramic materials [27,28]. The pads were inthe form of right circular discs having an outside diameter of 216 mm, an
inside diameter of 76 mm, and a thickness of either 38,51, or 76 mm. Either two or four layers of woven silica fabric
having a thickness of 1.37 mm was used as the interface material between the pads and conical platens to provide more
uniform loading and to permit more pad rotational freedom. The ceramic pads were loaded to a maximum load of
890 kN using the test fixture presented in Fig 65. A breakdown of the components of the test fixture is shown
schematically in Fig. 66. Platen-to-platen displacements, pad strains and rotations, and acoustic emission activity were
monitored throughout loading. Flat platen loading did not produce failures of any of the materials. Specimens that
failed exhibitedonly one apparent mode of failure - failure in three or less cracked sectionswith the cracks not extending
completely through the specimen thickness over its entire diameter (i.c., specimen remained intact). Acoustic emission
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Figure 65. Ceramic pad test setup. Figure 66. Schematic of test fixture.
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actjvity for the fused silica material was much more intense than for the alumina material. As the number of interface
layers between the pad and platens increased the acoustic emission activity decreased and the load at which cracking
occurred increased. Also the acoustic emission results correlated well with sudden changes in strain versus load curves.
Although results were very limited, there was some indication that acoustic emission might be able to be used as a
potential nondestructive evaluation method to identify defective pads.

3.6 STATE-OF-THE-ART STUDIES AND TECHNOLOGY ASSESSMENTS

State-of-the-art studies and technology assessments have addressed evaluations of major PCRV components, concrete
embedment instrumentation systems, development of an optimized PCRYV, studies as part of an evaluation of pebble
bed versus prismatic fueled HTGRs, and pressure vessel concepts for application to HTGR modular reactor systems.

3.6.1 Major PCRYV Components:

Functions of a prestressed concrete reactor vessel are to: (1) resist the internal pressure of the coolant; (2) provide
radiation shielding for the reactor core; (3) contain radioactive products; and (4) contain the entire primary cooling
system-teactor, heat exchangers and pumps. The PCRV consists of three major component groupings: (1) concrete;
{(2) conventional mild steel reinforcement and post-tensioning system; and (3) liner, insulation, and cooling system.
The concrete provides radiation shielding, temperature shielding for the steel, a reaction medium for the post-
tensioning, and contributes to the overall strength of the vessel. Conventional steel reinforcement controls cracking and
the crack widths in the concrete, helps carry tensile forces where concrete has cracked, and can be used to carry excessive
compressive stress. The post-tensioning system inhibits concrete cracking and carries tensile forces associated with
internal pressurization. The liner produces a leak-tight barrier for the vessel coolant and forms a barrier against the
release of radioactive fission products into the concrete. The cooling and insulation systems prevent excessive
temperatures inthe concrete and steel. State-of-the-art assessments have been conducted for each of these major PCRV
components. :

3.6.1.1 Concrete properties in a nuclear environment
Two reviews of concrete properties in a nuclear environment have been conducted [29,30].

The first report presents results of a literature review to ascertain current knowledge regarding plain concrete properties
under conditions imposed by a mass concrete structure such as a PCRV. The effects of high temperature on such
properties as strength, elasticity and creep are discussed, as well as changes in thermal properties, multiaxial behavior,
and the mechanisms thought to be responsible for the observed behavior. In addition, the effects of radiation and
moisture migration were addressed. It was concluded that sustained exposure of normal concretes to current PCRV
operating conditions will not result in any significant loss of properties. However, lack of knowledge regarding effects
of temperatures exceeding 100 C, moisture migration, and multiaxial behavior precludes a statement advocating
operations beyond current design limits. Also included in the report are recommendations for future research on
concretes for PCRVs. ' '

In the second report concrete material systems were reviewed with respectto constituents, mix design, placing, curing,
and strength evaluations, and typical concrete property data are described. Specialty concrete material systems (high
strength, fibrous, polymer, lightweight, and refractory) werereviewed. Conclusions derived from the review were that:
{1) portland cement concrete property data for normal operating conditions are adequate (some additional multiaxial
property data are desirable); (2) portland cement concrete property data for elevated temperature conditions require
development, especially with respect to basalt and serpentine aggregate concretes; (3) multiaxial concrete property data,
especially at elevated temperatures, ate required for development of improved constitutive relations for concrete;
(4) additional data on effects of irradiation on concrete properties are required; (5) high-strength concretes (>41.4 MPa)
have applicationto PCRVs, but they need to be investigated to define their mechanical behavior more clearly, develop
fracture criteria, and assess current American Concrete Institute code applicability; (6) fibrous concrete exhibits
significant potential to effect improved PCRV performance at reduced costs as a result of property enhancements
provided by the fiber reinforcement; (7) polymer concrete and lightweight concrete material systems apparently have
limited application to PCRVs because of high costs and poor hot strengths of the former and low strengths of the later;
and (8) refractory concretes offer potential as thermal barrier materials for PCRVs, Examples of data identified in the
literature on the effects of elevated temperature and radiation are presented in Figs. 67 and 68, respectively.
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Figure 67. Data reported in the literature on the effects of elevated temperature on concrete compressive strength for
specimens tested either after returning to room temperature (cold) or tested at temperature (hot).
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Figure 68. Data reported in literature on effects of radiation on concrete compressive strength and modulus.
3.6.1.2 Steel reinforcement and post-tensioning systems

The design of prestressed concrete reactor vessels for HTGR systems is based on the integral concept; that is, the entire
pressurized gas circuit composed of reactor core, primary coolant system, and portions of the secondary coolant system
are contained within a single vessel. The PCRYV 1is, in essence, a spaced steel structure since its strength is derived from
a multitude of steel elements made up of deformed reinforcing bars and prestressing that are present in sufficient
quantities to carry tension loads imposed on the vessel. Bonded reinforcement (deformed bars) is provided in PCRVs
to: control the extent and width of cracks at operating temperatures, resist tensile stresses and computed compressive
stresses for elastic design, and provide structural reinforcement where required by limit condition design procedures.
Prestressing is applied to concrete members to eliminate or materially reduce tensile stresses in concrete (i.e., the
prestress forces inhibit concrete cracking, thus enabling the entire concrete cross section to share in the stiffness of the
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vessel over a wide range of elastic behavior). Figure 69 presents an example of a multistrand post-tensioning system.
The steel reinforcement and prestressing in PCRVs thus plays a vital role in assuring their structural integrity.

PCRV Code requirements in the United States, United
Kingdom, Germany and France have been reviewed with
respect to the bonded steel and prestressing systems [31].
Materials and fabrication procedures for production of
prestressing wire, strand, rope, strip, and bar tendons are
described. Material properties and the effect of elevated
temperature and irradiationon these properties are presented.
Available linear and circumferentialpost-tensioning systems
applicable to PCRVs are described (1.e., BBRV wire, VSL
strand, and Stresssteel wire and strand). Incidences of
tendon corrosion and corrosion-protection techniques used
in conjunction with prestressing steels in PCRVs are
identified as well as the various Code requirements. Also,
Code requirementsfor PCRYV structuralintegrity testing and
in-service surveillance are discussed.

Figure 69. Simultaneous stressing of
multistrand post-tensioning systems.

3.6.1.3 Liner, insulation, and cooling systems
Liner, insulation, and cooling systems for application to PCRVs have been reviewed [32].

The liner serves a number of separate functions: (1) part of the system of forms used in placing the concrete during
construction, (2) the barrier preventing the escape of primary coolant gas and gaseous fission products, (3) an essential
part of the system protecting the concrete from excessive temperature, and (4) aid in transferring the loads on the
penetration closures into the PCRV structure through shear anchors embedded in the concrete. The liner must also be
of sufficient thickness to withstand external pressure during partial evacuation of the vessel without the necessity of
extensive stiffeningribs and ties to preventits collapse; however, for cylindrical vessels it should be as thin as possible
in order to keep the loads on comer details and keying system to a minimum. Although other methods of lining a
vessel to accomplish the above functions have been considered (e.g., coating of the concrete with an impermeable
membrane), most of the concepts were rejected since they either transferred concrete cracking through the liner material,
they could not withstand the irradiation effects without deterioration, or they could not perform the liner secondary
functions. Although all operating PCRVs have been designed with an insulated liner that has welded cooling tubes
attached to the concrete side of the liner (cold liner), the Germans, Austrians, and French have conducted investigations
related to use of a hot liner for application to PCRVs. Advantages cited for the use of hot liner systems include:
(1) possibility of leak location, (2) earlier detection of leaks, (3) small contaminatedvolume, (4) accessible outer surface
of vessel, (5) clear separation of thermal barrier from the prestressed concrete (no pressurized flaws), and (6) no
uncontrolled moisture migration between the high (insulating) and low temperature concretes. In addition, a hot liner
by not having a thermal barrier between the liner and coolant gas should be easier to repair if a leak develops. For a
hot liner system to operate effectively, however, there are a number of requirements that must be met: (1) liner material
should have good ductility and weldability, and preferably remain elastic (stresses in the liner can be controlied through
the concrete temperature, designs can be developed that permit plastic flow); (2) the liner must be designed to withstand
between 800 and 1400 load cycles; (3) anchorage of the liner to the concrete must be designed to prevent liner buckling
(anchorage requirements are a function of liner thickness, liner material yield point, design life); (4) insulating material
between liner and structural concrete must be strong enough to withstand imposed mechanical and thermal stresses and
also be of low thermal conductivity; (5) cooling system must be designed to dissipate considerable heat (anchorages
transfer heat into the structural concrete); (6) since the liner is directly exposed to the coolant fluid, corrosion may be
an important consideration; and (7) potential cooling problems exist at closures. Problems related to research
requirements for development of the hot liner concept and potential hicensing difficulties have resulted in assessment
studies generally recommending that a cold liner concept be utilized for application to PCRVs. Hot liners may,
however, have application to PCPVs for non-nuclear applications such as coal gasification vessels where codification
requirements may not be as stringent as for nuclear pressure vessels. Figure 70 presents a comparison of hot- and cold-
liner concepts.

Basic requirements of insulation for PCRVs are as follows: (1) low coefficient of conductivity to minimize thickness;

(2) good stability under nuclearradiation so that the insulation will not affect the operation of the reactor by emission
of either water or dust; (3) ability to withstand the normal operating conditions and the greatly varying transient service
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Figure 70. Schematics of hot- and cold-liner concepts.

conditions, ranging from operation under vacuum to rapid variations in both temperature and pressure, and durability
and strength to sustain years of service without maintenance or repair; (4) ease of mounting and adaptation to the
configuration of the reactor; and (5) low cost. Pumice concrete has been used by the French in their EDF 3, St.
Laurent 1 and 2, and Vandellos reactors. Advantages claimed for pumice concrete are that: (1) it is not subject to
internal natural convection, provided it is properly grouted to the liner; (2) it has isotropic properties and is easier to
adapt to any geometric shape; and (3) it suffers less from partial deterioration due to radiation damage, friction,
decompression, or thermal cycling. Disadvantages of the system are its relatively high price, the thickness required
(50 cm, or more), and the complex castings required, especially under high-temperature conditions. Metallic reflective
insulation has been used in Bugey 1 (France), Schmehhausen (Germany), and the United Kingdom reactors at Oldbury,
Wylfa, Dungeness B, Hartlepool, and Heysham. The initial stainless steel foils investigated were formed from
alternating layers of corrugated and plain foil, but were later changed to layers of ribbed foils of approximately0.33 mm
thickness. Difficulties with this insulation system relative to pressure dependence of thermal conductivity, not being
able to deform the foil on a small radius that would guarantee complete line contact between corrugations and adjacent
foil, and presence of convection paths at vertical joints between foils forming a layer led to developmentof an improved
system that has been used in the United Kingdom, an insulationsystem made of alternating layers of 0.1 mm thick foils
separated by 1.3 mm thick wire mesh. The system is fixed to the liner by studs with a cover plate on the gas side and
with internal bellows-type seals. The basic philosophy of the system is to trap the primary coolant in cells within the
insulation, and hence achieve a thermal conductivityapproaching that of stagnant gas. The design is susceptible to flow
bypass through the insulation caused by pressure gradients in the primary circuit. Internal natural convection may also
occur if the internal seals are not well fitted. In addition, it is difficult to ensure that the insulationconforms to the liner
surface. Problems have also been experienced in several vessels during startup, and design of the insulation system to
withstand fatigue is difficult because ofhigh noise levels (> 160 dB) experiencedin the CO; reactors. Fibrous ceramic
insulation has beenused at Hunterston B, Hinkley B, and Fort St. Vrain. It has advantages of low conductivity, ability
to conform to liner surfaces, resistance to permeating hot gas flow, compatibility and stability in high temperature gas,
ease of installation, and its relatively low cost. Figure 71 presentsa fibrous ceramic insulation system for a steam cycle
high-temperature gas-cooled reactor. It consists of insulation blankets compressed uniformly against the liner by cover
plates, seal sheets, and multiple attachment devices. The fibrous ceramic material, which is generally an alumina-silica
mixture or a relatively pure silica felt, ranges in thickness from 50to 150 mm. The metallic components are designed
to suit the temperature; that is, carbon steel may be used to 425 C and Hastelloy X materials to 800 C. Disadvantages
of fibrous ceramic insulation are: (1) ensuring of compatibility of materials with the primary circuit, (2) limiting
particulate or dust release to the primary circuit, and (3) maintaining resiliency of the insulation pack to conformto the
liner surface thereby maintaining permeation resistance over the design life.
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Figure 71. Liner, insulation, and cooling system for HTGR-SC plant.

The concrete in PCRVs is heated in two ways: (1) heat transfer from the hot reactor gas, and (2) heat generated by the
neutron and gamma energy. Neither of these heat sources can be completely eliminated, but each can be reduced to an
acceptable level through material selection; that is, the heat flux from reactor coolant is reduced by insulation and the
nuclear heating by radiation shields. Since it is not economically feasible to prevent all heat from reaching the liner,
the liner must be cooled so that temperature gradients across the concrete wall do not lead to unduly high thermal
stresses. Heat that passes through the insulation is conducted along and through cooling tubes attached to the outer
surface of the liner and embedded in the concrete such as illustrated in Fig. 71.

3.6.2 Concrete Embedment Instrumentation Systems

Measurement of structural response (e.g., stress, strain, deflections) in concrete structures is more difficult than what
might appear superficially. Concrete is a heterogeneous material composed of a hydrated portland .cement paste matrix
that may contain unhydrated cement, voids, water, and fine and coarse aggregate particles. Behavior of the concrete
material system is a function of the relative quantities of its constituents and their response to loading and
environmental influences. Characteristics of concrete include a nonlinear stress-strain response, elastic modulus and
strength variation with age, time- and temperature-dependent deformations, and differences in tensile and compressive
behavior. To further complicate measurement, the concrete is usually under a complex state of stress, and any attempt
to measure one quantity tends to disturb the structure and can influence the results of another quantity.

Ideally, a device for embedment in concrete to indicate structural response should bond perfectly and should precisely
match concrete elastic and viscoelasticpropetties, coefficientsof thermal expansion,and materialvolume stability. Also,
the device should be unaffected by changes in environmental conditions, resistant to corrosion, easily handied, able to
survive placement, and relatively inexpensive. Monitoring capabilities should include high resolution, long-term
stability and reliability, and adaptability to automatic data acquisition. The capability of monitoring dynamic response
is also desirable. However, complete compatibility of an embedded instrument with the concrete it replaces cannot in
reality be achieved. As a result, instruments are designed to minimize errors introduced by physical property mismatch
or to ensure that differences can be represented using a well-defined relationship.

Various instrumentation systems for embedment in concrete are available commercially to indicate strain, stress, and
moisture. Temperature measurementcapability oftenis included in the stress or strain instrumentation, or readings may
be readily obtained using thermocouples or thermistors. PCRVs are designed so that concrete remains in compression,
but in the event the stress becomes tensile, surface cracks that develop may be easily detected by visual, gage, or
acoustic methods, and internal cracks could possibly be detected using acoustic, holography, or other methods.
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In order to evaluate the capability of various types of
concrete embedment instrumentation for monitoring
PCRVs for projected operating periods of 20 to
30 years, or more, an experimental investigation was
conducted in which selected commercially-available
embedment strain instrumentation were evaluated
[33,34]. Figure 72 presents examples of vibrating-wire
strain meters evaluated in the study. Included in the
study were seven types of vibrating-wire strain gages,
three types of unbonded wire gages, one polyester
encapsulated gage type, and one single-wire gage type.
The strain gages were evaluated with respect to general
gage performance, performance in a simulated PCRV

environment, and performance under extreme operating . . . . ]
conditions. Figure 72. Vibrating-wire strain gages.

3.6.2.1 General gage performance

Each type of gage was evaluated withrespect to sensitivity, accuracy, stability, response, data acquisition requirements,
adequacy of calibration, and durability (e.g., whether or not it is necessary for protection purposes to precast the gages
in briquettes). With the exception of calibration and stability, the evaluations were based on manufacturers' data, the
results of which are summarized in Table 1. Studies were also conducted to determine a satisfactory calibration
specimen. Prior to conduct of the test series to evaluate the gage calibration data a limited laboratory study was
conducted to selecta test specimen. Three sets of specimens were cast using the same mix (gravel/cement ratio = 2.64,
sand/cement ratio = 2.04) except for the water/cement ratio (0.575, 0.500, 0.425) that was varied to produce different
strength concretes. Each set of specimens consisted of cylinders having diameters of 0.05, 0.08, 0.10 and 0.15 m and
constant length-to-diameterratios 0of 3.54. One unbounded wire Type A strain gage, aligned with the longitudinal axis,
was embedded in each specimen. After curingin alaboratory environment, two 0.1-m surface strain gages were applied
to each specimen at 180° intervals and connected in series to eliminate bending effects. The specimens were loaded in
compression to failure with surface and embedded strain gage readings obtained at specific intervals. Results indicated
that surface strains were always less than embedded strains at the same stress level and that as the specimen diameter
increased there was a trend toward better agreement between experimentally determined and manufacturer's calibration
factors. For example, the differences in calibration factors for 0.08 and 0.15-m diameter cylinders were 45 and 8%,
respectively. Based on these results a 0.15 m diameter by 0.54 m long test specimen was selected to evaluate gage
calibration factors. No apparent strength affect was noted from these preliminary tests.

Table 1 General embedment strain meter performance characteristics.

Gage Strain Temperature Se(::vlv;!y e feadout
T Ga length range range m; age eadou!
ype fage fem) (i) © tactor roq'ts Comments
Electrical Resistance
Unbonded wire Type A 10to15 1,050 to 2,100 85 5 Bridge circuit Proven rellability
Unbonded wire T¥$§ B 101025  +500 1o -1,000 -30 to 470 +6 Bridge clrcuit Proven reliability
Unbonded wire TypeC ~ 5to 10 +5,000 -20 to +100 5to10 -25 Strain ir Temperature compensated
Polyester encapsulated 1to 13  -20,000 to +15,000 -20 to +60 10 211 Strain indicator Stability lnalgloist environment
(! e, g
of plastic
Single wire 51015 +20,000 -200 to >600 5to10 2 Strain indicator High-temperature use,
’ small cross section requires
Acoustic careful placement
Vibrating wire Type A 7to14 >1,000 80 0.5 096 xE-3  Period or frequency meter Used extensively, additional
sealing recommended
Vibrating wire Type B 14 >1,060 80 0.5 300xE-3  Period or frequency meter Used extensively, additional
sealing recommended
Vibrating wire Type C 12.7 4,000 -40 to +66 1.0 (from table}) Period or frequency meter  Wire tension easily adjusted,
’ temperature measurement
i 0.5 260 xE-3 Period or freq meter T
Vibrating wire Type D Rk 3,000 fr Y s!a'bility p;or =2 moﬁ.‘mu,
-40 10 +80 01 201 xE-3 Period or ¢ 2! renviron‘menl t
Vibrati ire T 000 0 + . .01 x E- eriod or frequency meter Temperature measuremen
V:bgti:g \xi: ngz ,E; ;2 :1"000 -10to 470 1 120 x E-3 Period or frequency meter femperature measurement
Vibrating wire Type G 1.3 2,000 -10 10 +70 (or +200) 1 3.00xE-3 Period or frequency meter  Temperature measurement

Calibration factors were determined for the strain gages noted in Table 1. One embedment strain gage was cast in each
cylindrical test specimen with the gages aligned with the cylinder axis. The concrete mix design consisted of Type I
Portland cement, 0.02-m maximum size crushed limestone aggregate, a gravel/cement ratio of 1.85, a sand/cement
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ratio of 2.84, and a water/cement ratio-of 0.56. After specimen
curing, three sets of 0.20-m-gage length mechanical gage points
were attached at 120° intervals and two 0.10-m electrical
resistance strain gages were attached at 180° intervals on each
specimen's circumference. Figure 73 presents a calibration test
specimen prior to testing. The test procedure consisted of:
taking zero readings; loading the specimen compressively in
22.2 kN increments to approximately 50% of ultimate load with
mechanical, surface, and embedded readings taken at each
increment; unjoading in 22.2 kN increments with readings taken
at each increment; and reloading the specimenin compression to
specimen failure with surface and embedded strain readings taken
at the same load increments. Average percentage differences
between manufacturer’s supplied calibration factor and the factor
calculated using surface strain output ranged from +5.7%
(polyester encapsulated) to ~25.7% (vibrating wire Types A

Figure 73. Calibration test specimen.
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Figure 74. Calibration results: VWSG Type G, specimen 1.

Figure 74 presents an example of results obtained for one of the vibrating wire strain gages. Results indicatedthat gage
calibration factors should always be determined using representative samples from the particular batch of gages. Also,
calibration test specimens should be of sufficient size to provide reliable results and should be fabricated using a
representative concrete mix.

The stability of embedded strain gages was evaluatedby using a copper-sealedcylindricalconcrete test specimen0.41-m
diameter by 1.02-m long. The specimen was cast using a 0.02-m maximum aggregate size concrete mix that had a
gravel/cement ratio of 2.60, sand/cement ratio of 2.02, and water/cement ratio of 0.48. Contained within the cylinder
were 18 embedment strain gages consisting of three unbonded wire Type A, one unbonded wire Type B, two unbonded
wire Type C, two polyester encapsulated, three single wire, two vibrating wire Type A, one vibrating wire Type B, two
vibrating wire Type F, and two vibrating wire Type G. Figure 75 presents the reinforcement cage and strain gage
locations prior to placing in the copper-lined cardboard mold for casting the concrete. Figure 76 presents the test
specimen after casting concrete and soldering the copper lid in place. Mechanical gage points were attached to the
cylinder at 120° intervals and three weldable strain gages had been attachedat 120° intervals to the steel reinforcement
cage used to maintain gage alignment during fabrication. Strain and temperature readings were monitored periodically
while the cylinder was maintained in a laboratory environment. Results of the stability test for the unbonded wire
resistance strain meters are presented in Fig.77. At conclusion of the test series, 4 of the 18 embedded strain meters
had failed, with failure defined as being cither excessive strain (arbitrarily selected as a strain drift rate in excess of
1 ne/3 days) or the inability to obtain a reading. Meter failures included two plastic encapsulated Type A (excessive
strain), one single wire (excessive strain), and one vibrating wire Type F (no reading). Two additional meters, an
unbonded wire Type C and a single wire, exhibited excessive strains for approximately 100 days in the first half of the
test series, but thereafter their readings returned within acceptable limits. Results from this phase of the study tend to
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Figure 75. Reinforcement cage used to
maintain gage alignment during
specimen fabrication.

indicate that the stability of
the strain meters under
controlled conditions (i.e.,
loaded neither by
application of extemnal
forces nor by temperature)
was generally good. The
one notable exception was
the plastic encapsulated
gage that had a tendency to
absorb moisture and thus
exhibited excesstvely large
systematic drift ermrors.
However, results obtained
from the calibration test
series indicate that for
short-term  tests, these
meters provide very good
results, and are among the
least expensive of the
embedment meter types.
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Figure 76. Gage stability test specimen.
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Figure 77. Gage stability test results:
unbonded wire resistance meters.

3.6.2.2 Gage performance in “simulated” PCRYV environment

A second 0.41-m diameter by 1.02 m cylinder was fabricated to evaluate gage performance in a “simulated” PCRV
environment in which specimens were subjected to both uniaxial compression and thermal loading. In an actual PCRV
loading would be multiaxial. Contained in the cylinder were 12 embedment strain gages consisting of one unbonded
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wire Type A, one unbonded wire Type B, one unbonded wire Type C, one polyester encapsulated,one single wire, one
vibrating wire Type A, one vibrating wire Type B, one vibratingwire Type D, one vibrating wire Type E, two vibrating
wire Type F, and one vibrating wire Type G. Also included were three weldable strain gages attached to the steel
reinforcement cage at 120° intervals, one stress meter, and three thermocouples. At a test age of 29 days, the cylinder
was heated by means of aninsulated heating blanket until it reached the desired test temperature of 65°C + 5°C where
it was maintained. Axial compressive loading of the cylinder was initiated 196 days into the test series. The specimen
was loaded in increments of approximately 2.42 MPa with each loading increment maintained for two to three weeks.
Temperature and strain readings were obtained just prior to, one hour after, and during each loading increment, and
periodically throughout the 377-day duration of this test series. Figure 78 presents the insulated test specimen
positioned in the testing frame and Fig: 79 presents results for the wireresistance, single wire, and plastic encapsulated
gages. At conclusion of the test series, 5 of 12 embedment strain meters were considered to have failed. These meters
included: a plastic encapsulated Type A (excessive strains), an unbonded wire Type B (no resistance ratio reading
obtainable), and vibrating wire Types A, D, and E (no reading obtainable). In addition, the single-wire and unbonded-
wire Type C gages were exhibiting significantly less compressive strains than the other functioning embedded meters.
The results for this phase of the investigation indicate that the majority of the meters performed adequately; however,
the 377-day duration of this test was considerablyshorter that the desired operating life fora PCRV of 30 years. Several
of the embedment strain meters could benefit from improved sealing techniques, especiallyif they are being relied upon
to help assure the safety and reliability of PCRV-type structures.
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Figure 78. Insulated test specimen: Figure 79. Example of results for
“simulated” PCRV environment. “simulated” PCRV environment.

3.6.2.3 Gage performance under extreme operating conditions
The stability of strain meters subjected to environmental conditions more severe than would be encountered during

normal operation was evaluated in this test series. Test environments included room-temperature alkaline-water
immersion, elevated-temperature alkaline-water immersion, and elevated temperature. Since these environments are
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relatively severe, they should provide an accelerated indication of the long-term performance of the meters with respect
to moisture penetration and elevated-temperature effects.

The effectivenessof the techniques used to prevent the ingress of moisture into concrete embedment strain meters, where
it either produces a breakdown of meter resistance to ground or causes corrosion, was investigated in this test series.
Each of the 12 types of meters presented in Table 1 was investigated. The test setup, including pertinent meter readout
instrumentation, is presented in Fig. 80. The procedure followed for this phase of the test series included: (1) adding
a small amount of unhydrated cement to the water bath to increase the pH of the solution; (2) placing samples of each
type of meter into the solution; (3) connecting the wire resistancemeters (plasticencapsulated Types A and B, unbonded
wire Type C, and single wire) and their dummy meters (to compensate for temperature fluctuations) to a switching and
balancing box; (4) connecting unbonded wire meters (Types A and B) and vibrating wire meters (Types A through G)
to a switching box; (5) zeroing resistance meter readings and obtaining reference (zero) readings for the unbonded wire
and vibrating wire meters; and (6) periodically monitoring strain output from each of the meters until either a meter
failed or the test series was completed. After a meter failed, with failure defined as the meter indicating excessive strain
output (> 3 wm/m/day) or the inability to obtain a reading, it was generally replaced with a meter of the same type. The
total duration of the room-temperature [26 + 5 C] alkaline-water immersion test was 590 days. During this time span,
a total of 39 meters were evaluated. Table 2 presents a sununary of the number of meters of each type tested and the
number and type of failures experienced, if any.

Table 2 Results of alkaline-water immersion test.

Hoom-temberature tievatea-lemperature
water bath water bath
Number  Number failed Number  Number tailed
1ype uage tested ({type tailure)* tested {type tallure)*
Unbonded wire Type A 4 0(0) 8 2(&3, (b)
Unbonded wire Type B 2 0] 2 20{
Unbonded wire Type C 1 0 1 0{0]
Polyester encapsulated 3 2?; 6 S{n
Single wire 9 a, 16 7(a
Acoustic

Vibrating wire T A 3 1{b; 3 (b
Vibraﬁng wire T;g: B 1 1}b; 0 D{b;
Vibrating wire Type C 2 0 2 D{O A
Vibrating wire Type D 2 b 1

Vibrating wire Type £ 1 1(a 1 (b
Vibrating wire Type F 3 0 4 1(b]
Vibrating wire Type G 2 0(0) 3 2(b}

’ n “Iype Tallure, @ = BXCESSIVE SIFAIN GMM, D = NO Feaqing obiainanie,
. . . . o X .
F]gure 80 Alkalme-water immersion test setup. Erratic readings at temperatures greater than manufaciurer’'s stated upper limit.

The effectiveness of meter sealing techniques was evaluated in a more severe test using an elevated-temperature water
bath. The procedure followed for this test series was the same as the one employed for the room-temperature alkaline-
water immersion test exceptthat the temperature of the alkaline-water bath was maintainedat approximately 66°C using
an immersion heater. The total duration of the test series was 440 days. During this time span, a total of 46 meters
were tested. Seventy-seven days prior to conclusion of this phase of the test series, the temperature of the water bath
was permitted to return to room temperature, and twenty-four days later the water was removed from the bath, and the
meters still under evaluation were permitted to air dry for an additional 53 days. The meters were periodically monitored
throughout this drying phase. The number of meters of each type tested and the number and type of failure experienced,
if any, are summarized in Table 2.

The elevated-temperature (T > 66 C) test series was conducted merely as an extension of the test series that evaluated
the performance of strain meters subjected to a “simulated” PCRV environment (Fig. 78). The meters evaluated were
those that were still operating at the conclusion of the initial series: one single wire, one unbonded wire Type A, one
unbonded wire Type C, one vibrating wire Type B, two vibrating wire Type F, and one vibrating wire Type G. The
testing procedureconsisted of maintaining the uniaxial compressive stress of 21.7 MPa on the 0.41-m-diam by 1.02-m-
long cylinder while incrementally increasing the cylinder temperature above its 66 C value. Temperature increments
were to nominal temperatures of 70, 75, and 80 C, with the cylinder temperature held at these values for periods of 10,
21, and 70 days, respectively. At the conclusion of the 101-day elevated-temperature test series (478 days total testing
for this specimen), the cylindertemperature was permitted to return to room temperatureover a 12-day interval. Uniaxial
compressive loading of the cylinder was then incrementally reduced, with loads held for several days at each increment.
The reduced loading levels were nominally 14, 7, and 0 MPa, with loads held at each increment for periods of 7, 8, and
26 days, respectively. Readings were obtained periodically throughout the elevated-temperaturephase of the test series.
Temperature and strain histories are presented in Fig. 79 for selected strain meters. During the 101-day duration of the
elevated-temperature test series, three additional strain meters failed and one was registering excessively low strains.
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Thus, by the conclusion of the test, only three meters were functioning in: addition to the weldable strain gages
contained on the reinforcementcage. Judging from the performance of the meters examined, it appears that the majority
of these meters could not provide reliable data throughout an anticipated 20- to 30-year operating lifetime of a PCRV;
selection of a strain meter should be based on its application, that is, a meter. may provide excellent results in short-
duration tests, but may exhibit unacceptable systematic drift in extended-time tests; and improved corrosion-resistant
materials and sealing techniques require development if the strain meters are to survive in PCRV environments,
particularly if temperature excursions are involved.

3.6.30ptimized PCRYV for HTGR/SC Plant

In conjunction with representativesof Gas-Cooled Reactor Associates and Stone and Webster Engineering Corporation,
a plan was developed for an optimized PCRYV for the HTGR steam-cyclereference plant [35]. The purpose of the study
was to identify desirable construction innovations and cost-effective changes in configuration, materials, and design
criteria, in order to provide the basis forthe evolution of more economical plants. Modularization, prefabrication, and
precasting sufficiently early in the design process to permit incorporation of essential features and to appropriately
influence the configuration and arrangement of components
were recommended. The potential cost savings realized
through a shortened construction interval is thought to be
substantially greater than the potential for reducing direct
costs of labor and materials in HTGR-SC plants. Prior
studies have indicated that, on a preliminary basis, the
HTGR nuclear island configuration should result in a
construction duration advantage of approximately six
months. The concept of modularization has proved that -
LWR construction times can be reduced significantly;
however, LWRs have been limited: with respect to
construction optimization due to the lead time of the steel
reactor pressure vessel and its restraint on the construction
schedule. The PCRV used with the HTGR does not
necessarily present the same optimization constraints
because of the field-intensive nature of this type of vessel.
Also, since the PCRV is the critical path item during a
substantial portion of the construction of an HTGR, it is
feasible and therefore a goal of this study to reduce the -
HTGR construction period by as much as one year. The
cost savings associated with any reduction in the
construction period are substantial. Estimates at the time
of this study indicated savings in the order of $4 to 5
million per month due to the effects of allowance for funds
used during construction (AFUDC) and escalation. Thus,
a one-year savings in construction time for an HTGR Figure 81." Elevation view of PCRV and
power plant could produce a total savings of $60 million. ~ containment structure for gas-reheat HTGR-SC plant.
Figure 81 presents the PCRV and containmentstructure for

a gas-reheat HTGR-SC plant.

F I I T 2 N N -

3.6.4Pebble-Bed-Fueled vs Prismatic-Fueled HTGRs

An assessment of PCRV and containment building capital costs was conducted as part of an overall comparison of
pebble-bed (PBR)- and prismatic (PR)-fueled HTGR's [36]. Because the PBR has a lower power density than the PR
(5.5 W/em® vs. 7.1 W/em®), it will have a larger core diameter for the same power rating, and thus will require a larger
core cavity than the PR. This will mean increased capital costs for the PCRV and containment building of aPBR. The
purpose of this phase of an overall assessment of the two HTGR types was to determine the significance of these
increased costs for both 1000 MW(t) and 3000 MW(t) power reference systems, considering a coolant outlet temperature
of 850 C. At the time ofthis study, results indicated that for the 1000 MW(t) plant, costs for the PBR would exceed
those for the PR by 7.2 to 9.0% and for the 3000 MW(t) plant, PBR costs would be greaterby 10.6 to 12.6%. While
these results are for gas turbine designs, the PCRVs and containment structures associated with the other reactor
applications, namely, steain cycle and process heat cases, should have relative cost differentialsabout the same as those
provided above,
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3.6.5Pressure Vessel Concepts for HTGR Modular Reactor Systems

Small modular reactor systems offer potential advantages relative to the larger HTGR-SC systems. Some of these
advantages include potential for complete replacement of individual units, an assured path of shutdown cooling, high
availability, reduced technical risks, and competitive capital costs and economics. As a part of an overall assessment
of modular reactor systems at ORNL, an evaluation of pressure vessel concepts for application to these systems was
conducted {37]. In comparing the various pressure vessel concepts several study parameters were utitized. They included
modular reactor systems with each module having a core thermal power of about 250 MW, core inlet temperature of
425 C, core outlet temperature of 950 C, core geometry of 6.34 m high by 3.5 m diameter, and a design pressure of
4.8 MPa. The primary system of each module is based on the design of the in-line reactor reformer arrangement and
cansists of a core, steam reformer, steam generator,and helium circulator. The entire primary coolant system is enclosed
in a pressure vessel. It is with respect to vessel concepts for the in-line design that this study was concerned.

Three pressure vessel concepts were considered: prestressed concrete, prestressed cast iron, and steel. Each of these
concepts was reviewed with respect to: (1) general description; (2) materials and fabrication; (3) design and analysis;
(4) experience; (5) advantages and limitations; (6) requirements for quality assurance, structural integrity testing, and
in-service inspection; and (7) failure modes and repair considerations. Based on this review, a qualitative comparison
of the vessel concepts was made and a rating assigned. Capital cost estimates were prepared for each of the vessel
concepts and results obtained at the time of this study indicated that approximate costs for the prestressed concrete,
prestressed cast iron, and steel vessels would be $§7.5 M, $7.8 M and $4.4 M, respectively. Results of this evaluation
indicate that, at present, the steel vessel appears to be the most favorable concept for the modular reactor system. This
is based on the steel vessel’s lower estimated capital costs and its established technology. Prestressed concrete reactor
vessels offer advantages with respect to safety, but the small size of the modular reactor system does not enable them
to be cost effective relative to the steel vessels. Prestressed cast iron vessels offer promise, but they also can not
compete economically with the steel vessels for small modular reactor systems and they suffer froma lack of developed
technology and experience, especially in the United States.

3.7 U. S. NUCLEAR REGULATORY COMMISSION-RELATED ACTIVITIES

Recent research sponsored by the U. S. Nuclear Regulatory Commission is directed at assessments of safety-related
nuclear power plant concrete structures and addresses regulatory guide-related evaluations (i.e., inspections of post-
tensioning tendons and containment leak-rate testing requirements) and aging management of safety-related concrete
structures and containment pressure boundary components.

3.7.11n-Service Inspections of Greased Tendons in Prestressed Concrete Containments

Thirty-eight of the operating nuclear power plant stations in the United States use a prestressed concrete containment
structure. Virtually all of these structures make use of post-tensioned unbonded prestressing tendons coated with some
type of corrosioninhibitor. The principal functionsof these structures are to (1) provide the reactor coolant system with
protection for such potentially disastrous events as aircraft impact, wind-generated missiles, and earthquakes, and
(2) prevent the release of radioactivity in the event of a loss-of-coolant accident. Because these functions are safety
related, the Code of Federal Regulations [38] requires in part that the containment be designed to permit a periodic
inspection of all important areas and that an appropriate surveillance program be developed. The U.S. Nuclear
Regulatory Commission (NRC) published Regulatory Guide 1.35, "Inservice Surveillance of Ungrouted Tendons in
Prestressed Concrete Containment Structures” with the intent that the Guide was to provide utilities with a basis for
developing surveillance programs that would be acceptable to the NRC and to provide reasonable assurance, when
properly implemented, that the structural integrity of the containment was being maintained. Because a variety of
factors suchas tendon corrosion,anchorage failure, and materialdefects can weaken structural integrity, the guide sought
to examine all sources of potential problem areas before they became critical. A random sample of tendons is selected
from the total accessible tendon population. Anchoragecomponents for each tendon in the sample are visually inspected
for defects or other abnormalities. Prestressing force for each sample tendon is measured (with corresponding elongation
measurements), a grease sample is obtained for laboratory analysis of impurities, and a wire sample is removed for
material property determinations. The prestressing forces, elongation, grease impurities, and material properties are
compared with allowablelimits. In the case of the prestressing forces,these limits vary with time and must be calculated
for the time of the surveillance, Fig. 82.
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revisions [39].In the study an analysis of the available
utility surveillance data and an evaluation of current
proposed guidelines was conducted. Comments from utility and industry personnel were factored into the analysis. The
results indicated that the majority of the few incidences of problems or abnormalities that occurred with the post-
tensioning systems were minor in nature and did not threaten the structural integrity of the containment. All of the
available surveillance reports concluded that the respective containments were in good condition. However, the
surveillance reports did reveal discrepancies between utilities in the interpretation of the results. Ewvaluation of the
proposed guidelines also revealed areas that could be modified to provide improved results; that is, some consideration
should be given to modifying the sample size, the tendon force levels should be evaluated both as a group and
individually, and the acceptable levels of impurities in the grease should be reexamined as more data become available.
Additional research on the long-term effects of the impurity levels on the effectiveness of the grease also seemed
justified. Furthermore, because only a limited amount of data were available during this study, perhaps the most
important suggestion was that more surveillance data should be examined before firm conclusions are drawn. Also,
there should be a continuing effort to utilize the information gained through containment inspection experience.

This activity was followed by a review of all the changes in Rev. 3 (Draft 2) ofthe Guide and conduct of a regulatory
analysis for all positions in the guide to determine if it was cost-effective to backfit the Guide to containments of
existing plants [40]: Revision 3 (Draft 2) of the Guide provided industry with clarification of certain issues not fully
addressed inRev. 2. Application of the revision to operating plants was intended to provide consistency in review and
a uniform standard for assessing the in-service condition of the ungrouted tendons in prestressed concrete containments.
Although Rev. 3 would effect increased costs to industry in certain areas (e.g., visual inspection of grease caps of all
vertical tendons, requirements for lift-off tests on second containmentwhere two essentially identical containmentsexist
at a site), a reassessment of requirements in other areas (e.g., tendon sample size, tendon detensioning) would produce
a net cost savings. Under the comparative regulatory analysis major decision factors affected by the proposed changes
in Rev. 3 were identified and differential risk and cost factors were addressed in relation to the current version of the
Guide that was in effect (Rev. 2). The backfit analysis was conducted in accordance with the requirements of the
“Backfitting” Rule, §50.109 (Code of Federal Regulations) for each of the revised or added positions contained in
Rev. 3 (Draft 2). Results obtained indicated that even though changes in the Guide were determined to produce an
unquantifiable change in public risk, it was concluded that a reduction in number of tendons to be detensioned and the
increased requirements for visual inspections, grease impurity levels, and prestress monitoring of the second containment
at a site will have a positive impact on safety and thus lower the risk. Containment availability also should be
enhanced. Backfitting of the revised guide was determined to be possible formost plants licensed since 1974; however,
backfitting of the Guide to plants licensed prior to 1974 (pre-guide plants) would have to be on a case-by-case basis.

Current basic requirements for inspection of ungrouted tendons in nuclear power plant containments are provided in
Section X1, Subsection IWL, “Requirements for Class CC Concrete Components of Light-Water Cooled Plants,” of
the ASME Code [41].

3.7.2Evaluation of Containment Leak-Rate Testing Criteria

Containment leaktightnessis verifiedperiodically through pressuretests and the measurementof the subsequent leakage.
The verification process is composed of three types of test: Type A tests of the entire containment system; Type B tests
of all containmentpenetrations, exceptisolation valves; and Type C tests of isolation valves. These tests are conducted
m accordance with Appendix J of the Code of Federal Regulations [38] with guidance provided by an industry standard,
ANSI/ANS-56.8 [42]. To assistin a revision of Appendix J, a review of the existing and proposed guidelines in light
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of utility test data and experience was conducted [43].

A review of 49 Type A test reports and 46 Type B and C test reports was accomplished. Exemption requests found
in 25 reports and 100 Licensee Event Reports (LERs) were alsoreviewed. Two major findingsof the data analysis were
that Type A test durations of less than 24 h are practical and that almost all Type A test failures and delays were caused
by excessive leakage through Type B- and C-tested components. Excessive valve leakage represented 38% ofthe LERs
and highlighted the need for improved maintenance, repair, and testing of these components. Excessive airlock leakage
was generally the result of worn, damaged, misaligned, or dirty door seals. It was concluded that Appendix J appears
to be very responsive to the results of test experience and technological changes. One major change is the requirement
that as-found leakages must be reported as well as as-left leakages. This will help eliminate the poor performance of
local leak testing programs. The clarification and rewording of several areas should help reduce the number of
exemptions requested. The introduction of a regulatory guide provides a vehicle for the Nuclear Regulatory
Comumission to specify any exceptions to the relevant industry standards and to resolve areas of conflict.

Appendix J was amended on September26, 1995 to provide a performance-basedoption (Option B). Under this option,
licensees with good integrated leakage-rate test results can reduce their Type A testing frequency from three times in a
ten-year interval (Option A) to one time, and Type B and C testing frequency also can be reduced based on operating
experience. However, if Option B is selected, the licensee must still perform a general visual examination of accessible
interior and exterior containment surfaces prior to the Type A test and during two other refueling outages prior to the
next test.

3.7.3Aging Management of Safety-Related Concrete Structures

Nuclear power provides in excess of 20 percent ofthe net electricity generation in the United States. Currently (2002)
about 25% of the 104 nuclear power plants that have been licensed for commercial operation are less than 20 years old,
with over one-third of the plants being over 30 years old. Starting in 2006, the first of these plants will reach the end
of its initial 40-year operating license period. By 2010 ten percent of the plants will reach the end of their initial
operating license period with this number rising to forty percent by 2015, Fig. 83. Faced with the prospect of having
to replace the lost generating capacity from other sources and the potential for substantial shutdown and
decommissioning costs, many utilities are expected to seek extensions to their initial plant operating licenses. In fact
this is what is happening. As of July 2002, 24 plants have either been through the license renewal process or submitted
an application to renew their operating license for an additional 20 years, and 23 additional plants have announced that
they intend to do so.

The importance of nuclear power and the necessity
for ensuring continued satisfactory operation is
thus clearly established. One of the primary
factors that could affect the continued operation
and development of nuclear power relates to aging
of the plants and its potential impact on
performance. Nuclear power plants are designed,
built, and operated to standards that aim to reduce
the releases of radioactive materials to levels as
low as reasonably achievable. Nuclear power
plants, however, involve complex engineering
structures and components operating in demanding
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throughout the operating life of the plant. It is Figure 83. Nuclear power plant initial
necessary that safety issues related to plant aging operating license expiration.

and continuing the service of the nuclear plants be

resolved through development of sound scientific and engineering understanding. One specific area that has been noted
is the aging behavior of structural materials — particularly those in pressure-retaining structures. Although major
mechanical and electrical equipmentitems in a plant could be replaced, if necessary, replacement of many of the safety-
related structural components would be economically unfeasible. Approval for a continuation of service must be
supported by evidence that these structures will continue to be capable of withstanding potential future extreme events.
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All commercial nuclear power plants contain concrete structures whose performance and function are necessary for

protection of the safety of plant operating personnel and the general public, and the environment. Typical safety-related
functions that the concrete structures provide include foundation, support, biological shielding, containment, and

protection against internal and external hazards. Each boiling-water reactor (BWR) or pressurized-water reactor (PWR)
unit in the U.8. is housed within a much larger metal or concrete containment. Concrete containments for PWRs are
fabricated from reinforced concrete, that in some cases may be post-tensioned. They all enclose the primary circuit that
includes the reactor pressure vessel, steam generators, etc. Three general categories of PWR containments exist: large
dry, ice condenser, and subatmospheric. The large dry containment is designed to have a capacity to contain the energy
of the entire volume of primary coolant fluid in the unlikely event of a loss-of-coolant-accident (LOCA). The ice

condenser containments channel the steam resulting from a LOCA through ice beds to reduce the pressure buildup and
thus the containment volume and pressure requirements. The subatmospheric containments are designed so that a

slightly negative pressure is maintained in the containment to reduce the volume requirements. Although the majority
of BWR plants utilize a steel containmentvessel, a number of units utilize either a post-tensioned-or reinforced-concrete
containment. With only one exception, all BWR plants in the United States that utilize a steel containment have

reinforced concrete structuresthat serve as secondary containmentsor reactorbuildings and providesupport and shielding
functions for the primary containment. The containments are divided into two main compartments — wetwell and

drywell. Aftera LOCA, the air and steam in the drywell are forced through a number of downcombers to a pool in the
wetwell, where the steam condenses. Water spray systems are provided and the auxiliary systems are generally housed
in the secondary containment. A myriad of other concrete-based structures are also contained as part of a light-water

reactor (LWR) plant (e.g., reactor pedestal/support, intake structures, and primary shield wall).

Nuclear safety-related concrete structures are composed of several constituents that, in concert, perform multiple
functions (e.g., load-carrying capacity, radiation shielding, and leaktightness). These constituents include concrete,
conventional steel reinforcement, post-tensioning steel, and steel liner materials. The concretes typically consist of a
moderate heat of hydration cement, fine aggregates (sand), water, various admixtures for improving properties or
performance of the concrete, and either normal-weight or heavyweight coarse aggregate. Both the water and aggregate
materials are normally obtained from local sources and are subjected to material characterizationprior touse. Mild steel
reinforcement is used primarily to provide tensile and shear load resistance/transfer and consists of plain carbon steel
bar stock with deformations (lugs or protrusions)on the surface. Minimum tensile yield strengths generally range from
270 to 415 MPa. The post-tensioningsystem consists of post-tensioning tendons that are installed, tensioned, and then
anchored to the hardened concrete forming the structure. The post-tensioning tendons provide primary resistance to
tensile loadings and also improve resistanceto shear forces that might develop during earthquake loadings. Three major
categories of post-tensioning system exist depending on the type of tendon utilized — wire, bar, or strand. Minimum
ultimate strengths of post-tensioning tendons generally range from 2,000 to 10,000 kN. The tendons are installed
within pre-placed ducts in the containment structure and are post-tensioned from one or both ends after the concrete has
achieved sufficient strength. After tensioning, the tendons are anchored by buttonheads, nuts, or wedges, depending
on the tendon type. With the exception of two plants (Robinson 2 and Three Mile Island 2), corrosion protection is
provided by filling the ducts with wax or corrosion-inhibiting grease. Metallic liners are provided on the inside surface
of the containments to provide a barrier against leakage. A typical liner is composed of steel plate stock less than
13—-mm-thick, joined by welding, and anchored to the concreteby studs, structural steel shapes, orother steel products.
The PWR containments and drywell portions of BWR containiments are typically lined with carbon steel plate. The
liner of the wetwell of BWR containments, as well as the LWR fuel pool structures, typically consists of stainless steel
plates. Certain LWR facilities have used carbon steel plates clad with stainless steel for the liner. Although the liner’s
primary function is to provide a leak-tight barrier, it also can act as part of the formwork during concrete placement.
Figure 84 shows a concrete containment under construction illustrating some of the key components (e.g., liner, steel
reinforcing, and concrete. '

Reinforced concrete structures at nuclear power plants historically have been designed in accordance with national
consensus codes and standardsin force at the time (e.g., American Concrete Institute 318, “Building Code Requirements
for Structural Concrete™). The rules in these documents were developed over the years by experienced people and are
based on the knowledge that was acquired in testing laboratories and supplemented by field experience. Design
principles have been dominated by analytical determinations based on strength principles. Durability considerations
require that the time element be factored into the design of reinforced concrete structures. Associated with the design
specifications developed for concrete structures in conformance with these calculations was a certain level of durability
(e.g., minimum concrete cover requirements to protect embedded steel reinforcement under different anticipated
environmental conditions). Although the vast majority of reinforced concrete structures, and particularly those associated
with nuclear power plants, have met and continue to meet their functional and performance requirements, several
instances can be cited where these structures have exhibited degradation. Primary mechanisms or factors that can
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produce premature deterioration of concrete
structures include those that impact either the
concrete or reinforcing steel materials. Degrada-

tion of concrete can be caused by adverse
performance of either its cement-paste matrix or
aggregate materials under chemical or physical
attack. Chemical attack may occur in several
forms: efflorescence or leaching, sulfate attack,
attack by acids and bases, salt crystallization, and
alkali-aggregate reactions. Physical attack
mechanisms for concrete include freeze/thaw
cycling, thermal exposure/thermal cycling,
abrasion/erosion/cavitation, irradiation, and fatigue
or vibration. Degradation of mild steel reinforc-
ing materials can occur as a result of corrosion,
irradiation, elevated temperature, or fatigue effects.
Post-tensioning materials are susceptible to the
same degradation mechanisms as mild steel
reinforcement, plus loss of post-tensioning force,
primarily due to tendon relaxation and concrete
creep and shrinkage. Figure 84. Concrete containment under construction.

Overall the performance of nuclear power plants concrete structures has been very good. Long-term performance
evaluations of these structures indicatethat they can continue to meet their functional and performance requirementsover
a period significantly longer than their initial design life. However, there have been several isolated instances that if
not remedied could challenge the capacity of the concrete containment and other safety-relatedconcrete structuresto meet
future functional and performancerequirements. In general, many of the reported degradation instances associated with
nuclear power plant concrete structures occurred early in the life of the structures and primarily have been attributed to
construction/design deficiencies, improper material selection, or environmental effects. Although the vast majority of
these structures will continue to meet their functional and performance requirements during their service period, it is
reasonable to assume that there will be isolated incidents where the structures may not exhibit the desired durability
without some form of intervention. Some general observations derived from condition surveys of concrete structures
in several nuclear power plants in both the U.S. and Europe werethat virtually all nuclear power plants have experienced
cracking of the concrete structures that exceeded typical acceptance criteria for width and length, numerous plants had
groundwater intrusion occurring through the power block or other subsurface structures, few plants had a comprehensive
program for conducting periodic inspections of the concrete structures (at the time the survey was taken), and aging
concerns exist for subsurface concrete structures as their physical condition cannot be easily verified [44].

Figure 85 presents examples of environmental stressor-related degradation that has occurred. Additional degradation
has included corrosion of post-tensioning tendon wires, low prestressing forces, freeze/thaw damage, and corrosion of

Leaching in
Tendon Gallery

Water Intake Structure Concrete Cracking
Rebar Corrosion with Grease Leakage

Figure 85. Examples of environmental stressor-related degradation.
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containment metallic liners [45]. As the nuclear power plant structures age, incidencesof degradation, particularlythose
related to environmental factors, are expected to increase. Some of the aging concerns that have been identified to date
include inaccessibility of reinforced concrete basemats for inspection to detect potential degradation resulting from
mechanisms such as leaching or sulfate attack, corrosion of steel in water-intake structures, and corrosion of embedded
portions of the steel pressure boundary (liner) due to a breakdown of the seal at the floor-to-liner interface. Incidences
of structural degradation related to the concrete components in nuclear power plants indicate a potential need for
improved surveillance, inspection/testing, and maintenance to enhance the technical bases for assuring continued safe
operation. Two NRC programs have been conducted for this purpose: concrete component aging and structural aging.

3.7.3.1 Concrete component aging program

Information provided in a report prepared for the Electric Power Research Institute (EPRI) indicated that concrete
durability (aging) under the influence of either material interactions, aggressive environments (freeze-thaw, wetting-
drying, or chemical), or exposure to extreme environments (elevated temperature, irradiation, or seismic) is one of the
key issues in continuing the service of nuclear power plants [46]. Although operating plants have reported little
difficulty with concrete materials, an evaluation of the long-term effects of the environmental challenges to which these
structures are subjected had not been adequately addressed.: As a result, NRC implemented a study under their Nuclear
Plant Aging Research (NPAR) Program to expand on the prior EPRI study relative to longevity and life extension
considerations of safety-related concrete components in light-water reactor (LWR) facilities and to provide background
that would logically lead to subsequent development of a methodology for assessing and predicting the effects of aging
on the performance of concrete-based materials and components {47]. The approach followed was in accordance with
the NPAR strategy to evaluate the long-term environmental challenges of LWR concrete facilities and thus provide the
background material to meet the previously stated objectives and consisted of: (1) description of primary safety-related
concrete components in LWRs; (2) review of the performance of concrete components in both nuclear and non-nuclear
applications; (3) identification and discussion of potential environmental stressors and aging factors to which concrete
safety-related components may be subjected in an LWR environment; (4) review of the current state-of-the-art for in-
service inspection, surveillance, and detection of concrete aging phenomena and assessment of structural adequacy;
(5) discussion of remedial measures for the repair or replacement of degraded concrete components; and (6) remarks
concerning correlations between damage assessment and life extension considerations.

Applications of safety-related concrete components to LWR technology were identified, and pertinent components
(containment buildings, containment base mats, biological shield walls and buildings, and auxiliary buildings), as well
as the materialsof which they are constructed {concrete, mild steel reinforcement, post-tensioning systems, embedments,
and anchorages) were described. Historical performance of concrete components was established through information
presented on concretelongevity, component behaviorin both LWR and high-temperaturegas-cooledreactor applications,
and a review of problems with concrete components in: both general civil engineering and nuclear power plant
applications. The majority of the problems identified with nuclear power applications were minor and involved either
concrete cracking, concrete voids, or low concrete strengths at early ages. Five incidences involving LWR concrete
containments considered significant were described in detail from occurrence and detection through remedial measures
used to restore structural integrity or continuity. These incidences were related either to design, construction, or human
error (not aging) and involved two dome
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Remedial measures for the repair or replacement of degraded concrete components were discussed, and examples of pre-
repair and post-repair structural performance presented to indicate the effectiveness of these measures. Finally,
considerations relative to development of a damage methodology for assessment of durability factor deterioration rates
and prediction of structural reliability are discussed. Conclusions and recommendations of the reportnote the need for
(1) obtaining aging data from decommissioned plants, (2) using in-service inspection programs to provide aging trends,
(3) developing a methodology to quantitatively and uniformly assess structural reliability as affected by aging or
degradation of structural materials, and (4) performing research in support of all these needs.

3.7.3.2 Structural aging program

The Structural Aging (SAG)Program had the overall objective of preparing documentation that provides NRC license
reviewers with (1) identification and evaluation of the potential structural degradation processes; (2) issues to be
addressed under nuclear power plant continued service reviews, as well as criteria, and their bases, for resolutionof these
issues; (3) identification and evaluation of relevant in-service inspection, structural assessment or remedial measures
programs; and (4) methodologies to perform current assessments and reliability-based life predictions of safety-related
concrete structures . To meet this objective, SAG Program activities were conducted under three task arcas:
(1) materials property data base, (2) structural component assessment/repair technologies, and (3) quantitative
methodology for continued service determinations {48].

Materials property data base. The
materials property database task has
developed a reference source that contains
data and informationon the time variation of
material properties under the influence of
pertinent environmental stressors and aging
factors. This source can be used to assist in
the prediction of potential long-term
deterioration of critical structural components
in nuclear power plants and to establish
limits on hostile environmental exposure for
these structures. Primary activities under
this task included development of the
Structural Materials Information Center,
assemblage of materials property data, and
material behavior modeling (i.e., review and
evaluation of service life models and
performance of post-tensioning systems).
Initial development of the Structural
Materials Information Center (SMIC) has
been completed [49]. Contained in this
reference are detailed descriptions of the
Structural  Materials  Handbook  and e
Structural Materials Electronic Data Base R S ’
that comprise the SMIC, Fig. 87. The Electronic Data Base

Structural Materials Handbook is an
expan'dable, hard-copy reference document Figure 87. Structural materials information center.
containing complete sets of data and
information for each material. The

Structural Materials ElectronicData Base is
an electronically-accessible version of the handbook that provides an efficient means for searching the data base files.

In parallel with efforts to develop the SMIC, activities were conducted to establish materials property data for input into
the SMIC. Two primary approaches were utilized — open-literature information and testing of prototypical samples.
To date, 144 material data bases have been developed (i.e., 128 concrete, 12 metallic reinforcement, 1 prestressing
tendon, 2 structural steel, and 1 rubber). Several of these databases relate to testing of samples associated with nuclear
power plant facilities. Summary descriptions of the material property data base files contained in SMIC are available
{50]. Figure 88 presents long-term concrete compressive strength results for data obtained from the literature as well
as from testing specimens obtained from nuclear power plants. Compressive strength data have been normalized to their
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28-day strength values.
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Figure 88. Long-term concrete compressive strength results

A review and evaluation of accelerated aging techniques and tests that can either provide data for service life models or
can be used by themselves to predict service life or performance of reinforced concrete was completed [51].
Models were identified and
evaluated for each of the
degradation processes that can
potentially impact the
performance of nuclear power
plant concrete structures. The
most promising approach for
predicting the remaining service
life of concrete utilizes models of
the  degradation  processes.
Figure 89 identifies techniques

¢ Estimates based on experience assembled
from laboratory and field testing

o Predictions based on performance
comparisons
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o Stochastic methods (based on premise that
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study.

Figure 89. Summary of the study reviewing and assessing service life models

Two studies have addressed aging of post-tensioning systems in nuclear power plants: factors affecting aging of post-
tensioning systems and an investigation of tendon corrosion inhibitor migration into concrete. Primary degradation
mechanisms considered under the first study were corrosion, loss of prestressing force, and (potential) loss of strength
and ductility of the post-tensioning elements [52]. Results indicate that deterioration of the system hardware has not
been significant. Wire (or strand) strength and ductility do not appear to lessen with time. Water has occasionally been
found in the anchorage end caps but has been of no consequence or produced only minor surface staining of load-bearing
elements. Tendon end-anchorage data tends to be quite scattered, but forces generally were above the required limits
although some of the older plants have experienced tendon forces below these limits. As a consequence, it was
recommended that additional studies be undertaken so that the tendon force can be determined in a manner that ensures
the average force (along the tendon length) can be computed with reasonable accuracy. Leakage of corrosion-inhibiting
grease has occurred at the tendon end caps due to overfilling or presence of defective gaskets. Grease has also been
observed on exterior concrete surfaces, apparently migrating through duct seams and concrete cracks to the surface,
Fig. 90. In an effort to determine if leakage of grease through a containment wall interacts with the concrete to affect
its strength or bond to conventional steel reinforcement, a limited study was conducted [53]. Concrete core samples
were obtained in four areas of grease leakage at the Trojan Nuclear Plant that was being decommissioned, Fig. 91.
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Figure 90. Grease leakage at Trojan Plant. Figure 91. Coring to obtain grease migration samples.

Leakage of grease from the tendon conduits probably initiated at this plant when there was a breakdown in the seal (taped
joint) between adjacent tendon sheaths due to build-up of excessive pressure. The grease then migrated through cracks
that had formed over the vertical tendons and appeared on the containment surface. Examination and testing of the core
samples indicated that migration of the grease was confined to the cracks and there was no perceptible movement into
the concrete. Also, there were no visible indications of chemical interactions between the grease and the concrete (i.e.,
absence of concrete spalling and pattern cracking). For this one plant, except for the loss of corrosion inhibitor from
the tendon conduit, the problem appears to be primarily related to aesthetics or maintenance, and not a potential
structural problem.

Structural component assessment/repairtechnologies. New structures can be designed for improveddurability based
on operating experience (e.g., use of high performance concrete materials). Existing structures, however, have already
been designed and constructed, so apart from possibly the addition of barrier materials and sealants to accessiblesurfaces
to prevent ingress of hostile environments, the most prudent approach to maintaining adequate structural margins is
through an aging management program that involves application of in-service inspection and maintenance strategies.

The objectives of this task were to develop a systematic methodology that can be used to make quantitative assessments
of the presence, magnitude, and significance of any environmental stressors or aging factors that can adversely impact
the durability of safety-related concrete structures in nuclear power plants; and provide recommended in-service
inspection or sampling procedures that can be utilized to develop the data required both for evaluating the current
condition of concrete structures and for trending the performance of these components. Associated activities included
an assessment of techniques for repair of concrete, and identification and evaluation of methods for mitigation of any
environmental stressors or aging factors that may act on critical concrete components.

A methodology was developed that provides a logical basis for identifying the critical concrete structural elements in
a nuclear power plant and the degradation factors that can potentially impact their performance [54]. Numerical ranking
systems were established to indicate the relative importance of a structure's subelements, the safety significance of each
structure, and the potential influence of the particular environment to which it is exposed. Results of this activity can
be utilized as part of an aging management program to prioritize in-service inspection activities. Figure 92 presents a
flow diagram of the degradation assessment methodology that can be used to provide a ranked ordering of concrete
structures and their subelements based on their aging significance.

Nondestructive test methods are used to determine hardened concrete properties and to evaluate the condition of concrete
in structures. Application of these methods for detection of degradation in reinforced concrete structures involves either
a direct or indirect approach. The direct approach generally involves a visual inspection of the structure,
removal/testing/analysis of material, or a combination of the above. Indirect approaches measure some property of
concrete (e.g., rebound number or ultrasonic pulse velocity) and relate it to strength, elastic behavior, or extent of
degradation through correlations that have been established previously. Many of the nondestructive test methods are
based on the indirect approach, in which a small number of destructiveand nondestructive tests are conducted in tandem
at noncritical locations in a structure to develop the required correlation curve(s). However, destructive tests may not
be possible in many areas of a nuclear power plant structure to develop the required curves so assessment of in-place
strength must be based on published relations. Capabilities, accuracies, and limitations of candidate techniques were
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established (e.g., audio, electrical, infrared
thenmography, magnetic, stress wave reflec-
tion/refraction, radioactive/nuclear, rebound hammer,
and ultrasonic) [55]. Information was assembled on
destructive (e.g., coring, probe penetration, and pull-
out) and emerging (e.g., leakage flux, nuclear magnetic
resonance, and capacitance-based)  techniques.
Recommendations were developed on . application of
testing methods to identify and assess damage resulting
from typical factors that can degrade reinforced
concrete. Also, statistical data were established for
nondestructive testing techniques commonly used to
indicate concrete compressive strength (i.e., break-off,
pull-out, rebound hammer, ultrasonic pulse velocity,
and probe penetration) [56]. This information is
required where destructive and nondestructive tests
cannot be conducted in tandem at noncritical locations
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to develop a regression relation between the parameter
measured and the concrete compressive strength. The
methods developed can be used to estimate variance in
strength or to yield information about distribution of
strength population that is required to calculate the
characteristic strength for use in structural integrity :
assessments. Environment-specificmethods are used where surfaces of structures are not accessible for direct inspection
due to the presence of soils, protective coatings, or portions of adjacent structures. These methods provide an indirect
assessment of the physical condition of the structure (i.e., potential for degradation) by quantifying the aggressiveness
of the environment adjacent to the structure (e.g., air, soil, and groundwater). If results of these tests indicate that the
environment adjacent to the structure is not aggressive, one might conclude that the structure is not deteriorating.

However, when conditions indicatethat the environmentis potentially conducwe to degradatxon,addmonal assessments
are required that may include exposure of the i

structure for visual or limited testing. In
general with respect to inspection of nuclear
power plant concrete structures . the
nondestructive evaluation methods are good at
indicating the relative concrete quality or
identifying cracking, voids, and
delaminations; however with respect to
determining concrete strength the methods
tend to be more qualitative for reasons cited
above. Figure 93 presents an application of
nondestructive testing to determine steel
reinforcement characteristics.

Figure 92. Degradation assessment methodology.

Figure 93. Location of steel reinforcement.

Damage repair practices commonly used for reinforced concrete structures in Europe and North America were reviewed
[57,58]. In Europe, activities have concentrated on repair of damage resulting from corrosion of steel reinforcement.
Basic repair solutions include: (1) realkalization by either direct replacement of contaminated. concrete with new
concrete, use of a cementitious material overlay,or application of electrochemicalmeans to accelerate diffusion of alkalis
into carbonated concrete; (2) limiting the corrosion rate by changing the environment (e.g., drying) to reduce the
electrolytic conductivity; (3) steel reinforcement coating (e.g., epoxy); (4) chloride extraction by passing an electric
cutrent {DC) from an anode attached to the concrete surface through the concrete to the reinforcement (chloride ions
migrate to anode); and (5) cathodic protection. Repair strategies and procedures were developed in the form of flow
diagrams. Information specifically addressing inspection, degradation, and repair of concrete structures in LWR plants
was assembled through a questionnaire sent to U.S. utilities. Responses provided by 29 sites representing 41 units
indicated that the majority of the plants perform inspections of concrete structures only in compliance with integrated-
leakage-rate test requirements (visual inspections), and surveillances of the post-tensioning systems of prestressed
concrete containments. The most common deterioration causes were drying shrinkage, acid/chemical attack, thermal
movement, freeze-thaw cycles, and seawater exposure. Most of the repair activities were associated with problems
during initial construction (cracks, spalls, and delaminations), with the repairs performed on an as-needed basis. When
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the performance of a repair was evaluated, visual inspection was used. Detailed information on repair materials and
techniques is presented elsewhere [58].

Assessing the ability of nuclear power plant concrete components to continue to meet their functional and performance
requirements is an essential part of an aging management program. Given the complex nature of the various
environmental stressors and aging factors that potentially can exert deteriorating influences on the concrete components,
a systems approach is probably best. Such an approach would encompass the development of: (1) a classification
scheme for structures and elements, and deteriorationcauses and effects; (2) a methodology for conducting a quantitative
assessment of the presence of active deteriorating influences; and (3) remedial measure considerations to reestablish the
capability of degraded structures or components to meet potential future requirements, such as a loss-of-coolantaccident
(LOCA). As items (1) and (3) have been addressed previously in this section, only pertinent aspects of item (2) are
addressed below (i.e., condition assessments, inspection methods, acceptance criteria, and scheduling). An example
illustrating development and application of an inspection program to a PWR with large-dry post-tensioned concrete
containment is provided elsewhere [59].

Determining the existing performance characteristics and extent and causes of any observed distress is accomplished
through a condition assessment. Common in the condition assessment approaches is the conduct of a field survey,
involving visual examination and application of nondestructive and destructive testing techniques, followed by
laboratory and office studies. Guidelines and direction on conducting surveys of existing general civil engineering
buildings are available [60,61].

Inspection and testing methods generally fall into three categories: (1) visual inspection, (2) nondestructive and
destructive testing, and (3) analytical assessments. Visual inspections are one of the most valuable of the condition
survey methods because many of the manifestations of concrete deterioration appear as visible indications or
discontinuities on exposed concrete surfaces. Visual inspections encompass a variety of techniques (e.g., direct and
indirect inspection of exposed surfaces, crack and discontinuity mapping, physical dimensioning, environmental
surveying, and protective coatings review). To be most effective, the visual inspection should include all exposed
surfaces of the structure; joints and joint materials; interfacingstructures and materials (e.g., abutting soil); embedments;
and attached components (e.g., base plates and anchor bolts). Degraded areas of significance are measured. The
condition of the surrounding structures should also be examined to detect occurrence of differential settlement or note
aggressiveness of the local operating environment. Results obtained should be documented and photographs or video
images taken of any discontinuities and pertinent findings. Nondestructive testing techniques employ specialized
equipment to obtain specific data about the structure in question, and in certain instances (c.g., inaccessible surfaces)
its surrounding environment (i.e., structure-specific or environment-specific). Destructive testing involves a direct
examination of the material sample removed and, as such, it provides information of significant value for use in aging
management programs. Both the presence and impact of deterioration can be determined quantitatively. Also,
supplemental testing can be done using these samples to indicate future performance (e.g., durability evaluationsthrough
accelerated testing techniques, and to determine the potential for alkali-aggregatereactions). Analytical methods involve
the use of supplemental calculations or analytical procedures to re-evaluate the behavior and resistance of the structure
(e.g., structural margins determinations). This re-evaluation may be required due to either a change in performance
requirements (e.g., plant modification)or the identification of deterioration. Finite-elementand ultimatestrength design
methods provide two techniques for re-analysis.

An approach has been developed for assistance in the classification and treatment of conditions or findings that might
emanate from in-service inspections of nuclear power plant reinforced concrete structures. This approach is based
primarily on the results of visual inspectionssince these inspections providethe cornerstoneof any condition assessment
program for concrete structures. Also, with the exception of some guidance on half-cell potential and ultrasonic pulse
velocity measurements, few standards have been published presenting acceptance criteria for results obtained from
nondestructive evaluation tests. The information below is provided only as a basis for development of acceptance
criteria as each structure is unique due to its application, geometry, materials of construction and environmental
exposure.

The visual-based approach uses a "three-tiered" hierarchy [59]. Through use of different levels of acceptance, minor
discontinuities can be accepted and more significant degradation in the form of defects can be evaluated in more detail.
The three acceptance levels include acceptance without further evaluation, acceptance after review, and additional
evaluation required. Inthe event that the conditions provided below are exceeded,or observed conditionsare determined
to be deserving further evaluation, a more detailed review is required. Structures that are partially or totally inaccessible
for visual inspections may require supplemental evaluations as environments may be present that are conducive to
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degradation. Provided below are guidance criteria for unlined concrete surfaces. Additional criteria for concrete surfaces
lined by metal or plastic; areas around embedments in concrete; joints, coatings, and non-structural components; and
post-tensioning systems are provided elsewhere [59].

Unlined concrete surfaces thatare exposed for inspection are generally acceptable without further evaluation
if the following criteria are met:

Absence of leaching and chemical attack;

Absence of abrasion, eroston, and cavitation;

Absence of drummy areas (poorly consolidated with paste deficiencies);

Popouts and voids less than 20 mm in diameter or equivalent surface area;

Scaling less than 5 mm i depth;

Spalling less than 10 mm in depth and 100 mm in any dimension;

Absence of any signs of corrosion in reinforcing steel system or anchorage components

(including concrete staining or spalling);

Passive cracks less than 0.4 mm in maximum width ("passive cracks" are defined as those

having an absence of recent growth and absence of other degradation mechanisms such as

leaching at the crack)

i.  Absence of excessive deflections, differential settlements, or other physical movements that
may affect structural performance; and

j.  Absence of cement-aggregate reactions, chemical attack, ﬁre damage, or other active

degradation mechanism.

= mmenoop

Findings listed below require review and interpretation in order to evaluate acceptability. Such a review involves
determining the likely source of degradation, its activity level, and its net effect on the component. Based on results
of the review and evaluation, possible approaches include acceptance as-is, further evaluation using enhanced visual
inspection (e.g., magnification),scheduling follow-up inspections at a later date, or use of nondestructive or destructive
testing techniques. An analyticalassessment of the necessity for repair may also be required. The analytical assessment
should examine the impact of existing degradation on the performance characteristics of the structure. Accessibility of
the components in question also will enter into the decision process relative to the action to be taken.

Unlined concrete surfaces exhibiting the following surface conditions shall be reviewed to determine if they
are either acceptable, require further evaluation, or require repair. Discontinuities exceeding the quantitative
limits below require additional evaluation.

Appearance of leaching or chemical attack;

Areas of abrasion, erosion, and cavitation degradation;

Drummy areas that may exceed the cover concrete thickness in depth;

Popouts and voids greater than 20 mm but less than 50 mm in diameter or equivalent surface area;
Scaling greater than 5 mm but less than 20 mm in depth;

Spalling greater than 10 mm but less than 20 mm in depth, and less than 200 mm in any

planar dimension;

Corrosion staining on concrete surfaces;

Passive cracks greater than 0.4 mm but less than 1 mm in maximum width; and

i.  Passive settlements or deflections exceeding the original design limits or expected value.

"o o o

TER

Conditions outside the criteria provided in the previous two sections must be evaluated to determine the appropriate
course of action. This generally will involve extensive application of both nondestructive and destructive testing
methods. Detailed analytical evaluations frequently will be required to better characterize the current condition of the
structure and provide the basis for formulation of a repair strategy (if needed). Even if the analysis results indicate that
the component is acceptable at present, additional assessments should be conducted to demonstrate that the component
will continue to meet its functional and performance requirements during the desired service life (i.e., take into account
the current structural condition and use service life models to estimate the future impact of pertinent degradation factors
on performance). If the structure's desired service life is short, and its loss of function due to degradation is occurring
at a rate such that sufficient structural margins will be maintained during this period, no action may be required.
However, when the opposite is true and loss of function due to degradation is occurring at a rate such that structural
margins will not be adequately maintained during the desired service life period, analytical and test results should be
utilized to develop an in-service inspection/repair strategy that maintain structural margins over the desired service life.
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In-service inspection programs for nuclear power plants have traditionally focused on the concrete containment vessel.
Schedules for the containment-related inspections are considered to be "outage based” in that most or all of these
inspections are performed during planned plant outages (e.g., refueling) to provide improved plant access. The plant
owner does have the option of electing to perform certain inspections (e.g., tendon surveillances) at other times as long
as the Code-mandated frequencies and schedules are met. Information on recommended frequencies and schedules for
conducting inspections of safety-related concrete structures other than containments has been developed [59]. These
schedules take into account the relative aggressiveness of environmental conditions and physical exposures of these
structures, and help assure that any age-related degradation is detected at an early stage of development so appropriate
mitigative actions can be taken. Ten-year inspection intervals are recommended for structures located below-grade or
in a controlled interior environment. Five-year inspection intervals are recommended for other structures. These
frequencies may be modified to smaller intervals if plant environments are particularly severe or degradation has been
observed to occur. When the observed degradation exceeds criteria provided previously, increased visual inspections
should be supplemented by nondestructive, and possibly destructive testing. Reliability-based methods also can be
used to schedule inspections of safety-related concrete structures. These methods assess the reliability of the nuclear
power plant reinforced concrete structures in terms of damage state and rate of degradation, inspection method
detectability functions, remedial actions, and frequency of inspection. Optimized strategies for inspection and
maintenance can be developed that minimize future costs associated with inspection, repair, and loss of service, while
maintaining the component probability of failure at or below a target value over the service life of the structures[62-64].

Quantitative methedology for continued service determinations. The overall objective ofthis task was to develop
a methodology to facilitate quantitative assessments of current and future structural reliability and performance of
concrete structures in nuclear plants.  Specific objectives associated with accomplishing this goal include
(1) identification of models to evaluate changes in strength of concrete structures over time and (2) formulation of a
methodology to predict structural reliability of existing concrete structures during future operating periods.

Structural loads, variations in engineering material properties, and strength degradation mechanisms are random in
nature. Time-dependent reliability analysis methods provide a framework for performing condition assessments of
existing structures and for determining whether in-service inspectionand maintenance are required to maintain reliability
and performance at the desired regulatory level.

The strength, R(t), of the component and the applied loads, S(t), both are functions of time. At any time, t, the margin
of safety, M(t), is

M(t) = R(t) - S(t). 1)

Making the customary assumption that R and S are statistically independent random variables, the (instantaneous)
probability of failure is,

P() = PIM() <0] = [ R0 £x) . .

0

in which FR(x) and fg(x) are the probability distribution function of R and density function of S. Equation 2 provides
one quantitative measure of structural reliability and performance, provided that Pr can be estimated and validated.

For service life prediction and reliability assessment, one is more interested in the probability of satisfactoryperformance
over some period of time, say (0,t), rather than the snapshot of the reliability of the structure at a particular time
providedby Eqgn. 2. Indeed,it is difficultto use reliability analysisfor engineeringdecisions without having some time
period (say, an in-service inspection or maintenance interval) in mind. The probability that a structure survives during
interval of time (0,t) is defined by a reliability function, L(0,t). If, for example, n discrete loads Sy, $2,..., Sp occur
at times t1, t2,..., ty during (0,t), the reliability function becomes,

L(0,t) = P[R(t,) > S,y R(t, ) > S, | €)

If the load process is continuous rather than discrete, there is an analogous but more complex expression. The
conditional probability of failure within time interval (t,t+dt), given that the component has survived during (0,t), is
defined by the hazard function:
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h(t) = -d(In L(0,t))/dt. @

Solving for L(0,t) yields,

L(0,t) = exp [—Jﬂ h(x)dx} ' )

0

The hazard function is especially useful in analyzing structural failures due to aging or deterioration. For example, the
probability that time to structural failure, T§, occurs prior to a future maintenance operation scheduled at t+At, given

that the structure has survived to t, can be evaluated as,
t+At
P[Tf <t+ At] T >t]=1-exp [—J— h(x)dx]‘ (6)

The hazard function for pure chance failures (case 1 in next section) is constant. When structural aging occurs and
strength deteriorates, h(t) characteristicallyincreases with time. In-service inspection and maintenanceimpact the hazard
function, causing it to change discontinuously at the time an inspection is performed. The main difference between
time-dependent reliability of undegrading and degrading structural components can be characterized by their hazard
functions.

Significant structural loads often can be modeled as a sequence of load pulses, the occurrence of which is described by
a Poisson process with mean rate of occurrence A, duration T, and random intensity S; (see Fig. 94). Such a simple

load process has been shown to be an effective model for extreme loads on structures, since normal service loads
challenge the structure to only a small fraction of its strength. With this assumption, the reliability function becomes
[62]

L(0,t) = J.:exp (alt[l -t J: F (rg) dtD f, (r) dr, )

in which fR(r) is the probability density function of initial strength, R(0), and g(t) equals the mean of R(t)/R(0), a
function describing the degradation of strength in time (see Fig. 94). The limit state probability, or probability of
failure during (0,t), canbe determinedas F(t)= 1 - L(0,t); it should be noted that F(t) is not the same as Pf(t) in Eqn. 2.
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Figure 94. Mean degradation functions of one-way slab. Figure 95. Failure probability of one-way slab.

Time-dependent reliability concepts are illustrated with a simple example of a concrete stab [62,63] that was designed
using the requirements for flexure strength found in ACI Standards [65,66]:

09 Ry =14Dy+ 1.7 Ly, 8
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in which Ry, is the nominal or code resistance, and Dy, and Ly, are the code-specified dead and live loads, respectively.
The strength of the slab changes in time, initially increasing as the concrete matures and then decreasing due to
(unspecified) environmental attack, this situation is illustratedconceptuallyin Fig. 94. In the absence of in-servicedata,
the behavior of the resistance over time must be forecast from mathematical models describing the degradation
mechanism(s) present. In that sense, the reliability estimates are “apriori” in nature. Additional data would cause these
estimates to be revised, as described later.

Figure 95 presents a comparison of limit state probabilities for intervals (0,t) for t ranging up to 60 years. Three cases
are presented (see Fig. 94): (1) no degradation in strength ( i.e., R(t) = R(0), a random variable); (2) R(t) initially
increasing with concrete maturity and then decreasing; and (3) R(t) decreasing linearly over time to 90% of its initial
strength at 40 years. The statistics used in the illustrations that follow are summarized in Table 3 [67]. Neglecting
strength degradation entirely in a time-dependent reliability assessment can be quite unconservative.

Table 3. Statistical properties of strength and load.*

Parameter Rate of Duration Main Coef. Pdf
Occurrence of Var.
Flexure Strength — — 1.12 Mn 0.14 Lognormal
Shear Strength — — 1.7V, 0.18 Lognormal
Dead Load — — 1.0 Dy 0.07 Normal
Live Load 0.5/yr 3 mo. 041, 0.50 Type 1
Earthquake Load 0.05/yr 30 sec. 0.08 Egge 0.85 Type 1

* Nominal values M,, V,, and P, are the capacities that would be computed according to Code requirements [65,66].

In the probability-based method described above to estimate the strength degradation of a component and to evaluate the
effect of periodic maintenance from a reliability point of view [62,62] it was assumed that strength degradation at any
section is caused by one randomly occurring defect of random intensity. Such a model is reasonable when the degradation
is such that at most one defect or zone of damage is likely to occur within a given cross section. However, there are cases
where several defects or zones of damage may contribute in reducing strength. The evaluation of the (random) residual
strength of a large wall requires that the cumulative effect of defects in a cross section be considered. Recent research has
provided a method whereby the impact of randomly occurring multiple defects on structural capacity can be considered[68].

A low-rise shear wall with a height-to-width ratio equal to one is 250 + + t
considered. It is subjected to vertical load, D, that is uniformly ©  Vecchio and Coll :
distributed on the top of the wall, and in-plane lateral load, V, that is 2o LP_carternt et

concentrated at the top of the wall. The shear strength of concrete walls
can be estimated from empirical models [65,69]. These models are not
sufficient to analyze the strength of deteriorating low-rise shear walls.
Although finite-element analysis is versatile and able to provide detailed
information on the shear resistance mechanisms, it requires lengthy
computational effort, especially when adapted to reliability analysis. A
recent theoretical approach for evaluating shear strength of reinforced
concrete components determines the ultimate shear strength as the sum of
the forces sustained by truss, Vi, and arch, Vg, mechanisms [70-72]. It

Measured

@owT g

is assumed that the wall fails if all the reinforcing bars yield in tension n

and the concrete arch crushes in compression. According to the lower " 50 W0 150 200 250
bound theorem of plasticity [73], this approach provides a conservative Cotcmtated

estimate of the shear strength. These models were modified for the Figure 96. Comparison of measured
reliability analysis of a degrading low-rise shear wall [68]. Figure 96 and calculated shear strength.

shows that the strength predicted by this method compares well to
experimental tests of low-rise shear walls [74,75].

A wall subjected to expansive aggregate reaction or chemical attack suffers aloss of concrete section. Ifthe wall is not
heavily reinforcedin the transverse direction, the contribution of the truss mechanismis small. Thus, it can be assumed
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that only the strength of the arch mechanism decreases due to the loss of concrete section while the strength attributed
to the truss mechanism is independent of the degradation. If the wall is reinforced in the longitudinal direction, the
vertical reaction is sustained by the longitudinal reinforcement, and degradation of concrete outside the concrete strut in
the arch mechanismcan be neglected. Assuming that the stress in the concrete strut is uniform, the degradationfunction
of the shear wall can be given by:

V, + Vu(t) - Vt + Gu(t) . Va(o)

oy

G(t) =
() w0 Vu()

)

in which Vg is the initial shear strength of the wall, V4(t) is the shear strength of the arch mechanism at time t,
and Ga(t) is the degradation function of the shear strength of the arch mechanism.

For illustration, assume that:

*  The wall is subjected to time-invariant dead load, D, that is uniformly distributed, and intermittent lateral
load V, that is concentrated at the top of the wall and may act either in-plane or out-of-plane.

»  The wall is designed for in-plane shear due to the safe-shutdown earthquake based on the current design
requirements of ACI 349 [66],

09Rn = ESS (10)

in which Ry, is the nominal shear strength and Egg is the structural action due to safe-shutdown earthquake.
The statistical characteristics of the shear strength and the earthquake load are shown in Table 3. The basis
for the statistics used in the illustration is presented elsewhere [63]. It is assumed that Egg = 3D =
3.21 MN.

*  The mean initiation rate of local damage per unit surface area due to expansive aggregate reaction is time
invariant and is 0.1/m?/year.

*  The defect intensity is modeled as,

Y(t) = C(t - T)? v

in which C is a time-invariantrandom variable described by a lognormal distribution with mean value, m,
of 2.22 x 10~%/year and coefficientof variation, V¢, of 0.5. This value resultsin an average defect size large
enough after several years following its initiation to be found by visual inspection.

+  The 28-day specified compressive strength of concrete equals 27.6 MPa. The corresponding mean
compressive strength at 28 days is 28.7 MPa [76]. The specified yield strength of the reinforcement is
414 MPa and the mean is 465 MPa.

» ~ Compressive strength of the concrete increases during the first 10 years, but does not change thereafter.
Using published informationon concrete strength gain [77] and assuming the concrete and curing conditions
are similar to this study, the mean compressive strength (in units of MPa) at time t is evaluated by

15.51+3.951nt, t<10 years

E[fc(t)]z{ g (12)

t=210 years

in which t is in days. The concrete section area decreases with time as damage accumulates. Other
engineering properties of the wall are assumed to be time-invariant.

The mean degradation in shear strengthof the wall in which expansiveaggregate reactions occur is illustratedin Fig. 97.
Also illustrated in the figure is the mean degradation in wall shear strength evaluated when the cumulative effect of
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large variability in earthquake load intensity [68].
However, the hazard function increases rapidly after
about 50 years when the cumulativeeffect of defects
1s considered. Forecasts of reliability of the type
illustrated in Figs. 95 and 98 enable the analyst to
determine the time period beyond which the desired
reliability of the structure cannotbe ensured. At sucha time the structure should be inspected. Intervals of inspection
and maintenance that may be required as a condition for continued operation can be determined from the time-dependent
reliability analysis. In-service inspection and maintenance are a routine part of managing aging and deterioration in
many engineered facilities; work has been conducted to develop policies for offshore platforms and aircraft [78,79] When
a structure is inspected and/or repaired, something is learned about its in-service condition that enables the probability
distribution of strength to be updated. The density function of strength, based on prior knowledge of the materials in
the structure, construction, and standard methods of analysis, is indicated by fR(r). Scheduled inspection, maintenance,
and repair cause the characteristics of strength to change; thisis denoted by the (conditional) density fr(r|B), in which
B is an event dependent on in-service inspection. Information gained from the inspection usually involves several
structural variables including dimensions, defects, and perhaps an indirect measure of the strength or stiffness. If these
variables can be related through event B, then the updated density of R following in-service inspection is,

Figure 99. Hazard function of wall
in shear without repair.

fe(riB) = P[r <R <r+dr, B]/P[B] = ¢ K(r) fi (r), (13)

in which fR(r) is termed the prior density of strength, K(r) is denoted the likelihood function, and ¢ is a normalizing

constant. The time-dependent reliability analysis then is re-initialized following in-service inspection/repair using the
updated fr(1|B) in place of fR(r). The updating causes the hazard function (e.g., Fig. 99) to be discontinuous.
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Uncertainties in methods of in-service inspection/repair affect the density fr(r|B). Using a combination of methods
usually is more effective from a reliability point of view than using one method. When there are limited resources, it
often is most effective to select a few critical safety elements and concentrate on them [54,67]. Optimal intervals of
inspection and repair for maintaining a desired level of reliability can be determined based on minimum life cycle
expected cost considerations. Preliminary investigations of such policies have found that they are sensitive to relative
costs of inspection, maintenance, and failure {63]. If the cost of failure is an order (or more) of magnitude larger than
inspection and maintenance costs, the optimal policy is to inspect at nearly uniform intervals of time. However,

additional research is required before such policies can be finalized as part of an aging management plan.

3.7.3.3 Concrete aging conclusions

Summarized below are major conclusions that can be derived from the concrete aging activities:

The performanceof the concrete structuresin nuclear power plants has been good. The majority of the identified
problems initiated during construction and were corrected at that time. However, as these structures age,
incidences of degradation due to environmental stressor effects may threaten their durability. Items of note
would be corrosion of steel reinforcement following carbonation of the concrete or ingress of chloride ions,
excessive loss of post-tensioning force, leaching of concrete, and leakage of post-tensioning system corrosion
inhibitor through cracks in the concrete.

Techniques for detecting the effects of environmental stressors are sufficiently developed to provide quahtatlve
data. Areas of conceminclude massive members that contain large quantities of steel reinforcement (e.g., the
basemat) and members that are inaccessible (e.g., portions of the steel pressure boundary that are embedded
in concrete). Despite the limitations associated with many of the techniques, their proper use and application
provides vital input for assessing the structural condition of reinforced concrete members. Frequently,
increased confidence in results can be provided by using a combination of methods.

Methods for use in conductingcondition assessmentsof reinforcedconcrete structuresare fairly well established
and generally start with a visual examination of the structure's surfaces. Condition assessments provide an
effective aging management tool in that when a discontinuity is detected, a maintenance activity can be
implemented to prevent the discontinuity from becoming a defect that requires a major repair. To be of most
use, the condition assessments should be conducted at regular intervals. Established condition assessment
methods, however, have been application-specific(e.g., parking structure decks). Few standards or criteria are
available for interpreting the results obtained from the condition assessments. Due to the importance of
condition assessments in effectively managing aging of structures and the likelihood for incidences of
degradation to increase as the nuclear power plant structures age, it seems prudent that condition assessments
of these structuresshould be conducted periodically. Structures identifiedto be ofhigh safety significance and
potentially at risk should receive the most detailed and frequent inspections. The inspection interval for firture
inspections could be increased based on a proven performance history.  Evaluation of structures having limited
accessibility for visual examinationsor conduct of other nondestructive evaluationscould start with an indirect
approach such as monitoring the structure's ambient environment to determine if it is potentially aggressive.
More detailed examinations would be required if the environment is found to be potentially aggressive.
Techniques for repair of concrete structures are well established and when properly selected and applied are
effective. Specific criteria that may be used to determine when a repair action should be implemented generally
are notavailable (i.c., parameters that relate damage state such as crack width to environmental exposure). Data
on the Jong-term effectiveness or durability of remedial measures is required. Effective implementation of a
repair strategy requires knowledge of the degradation mechanisms and the environment of the structure at the
macro and micro level, proper preconditioningof the structure to be repaired, comect choice of repair technique
and material, and workmanship of good quality.

A reliability-based methodology has been developed that can be usedto facilitate quantitative assessments of
current and future structural reliability and performance of concrete structures in nuclear power plants. The
methodology is able to take into account the nature of past and future loads, and randomness in strength and
in degradation resulting from environmental factors. The methodology can be used as a basis for selecting
appropriate periods for continued service and/or determining optimum intervals and extent of inspection and
repair activities. Inspection/repair strategies can be developed to minimize expected future cost while keeping
the failure probability of the structure at or below an established target failure probability durmg its anticipated
service period. Implementation and extension of the method to realistic condition assessments is difficult due
to a lack of supporting quantitative data on strength degradation models, including initiation and rate of
damage growth, the mean occurrence rate of loads, and cumulative density function of the intensity of time-
varying loads. Despite the large uncertainties, the state of the art has now advanced to the point where
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estimated risks can be evaluated in a relative sense, and perspectives on alternate risk management strategies
can be developed. Additional validation of these reliability models through application to laboratory or
prototypical structures would further enhance their usefulness.

3.7.4 Aging Management of Containment Pressure Boundary Components

Each boiling-waterreactor (BWR) or pressurized-water reactor (PWR) unit in the United States is locatedwithin a much
larger metal or concrete containment that also houses or supports the primary coolant system components. Although
the shapes and configurations of the containment can vary significantly from plant-to-plant depending on the nuclear
steam supply system vendor, architect-engineeringfirm, and owner preference, leak-tightnessis assured by a continuous
pressure boundary cousisting of nonmetallic seals and gaskets, and metallic components that are either welded or bolted
together. Nonmetallic components are used to prevent leakage from pumps, pipes, valves, personnel airlocks,
equipment hatches, manways, and mechanical and electrical penetration assemblies. The remaining pressure boundary
consists primarily of steel components such as metal containmentshells, concrete containment liners, penetrationliners,
heads, nozzles, structural and nonstructural attachments, embedment anchors, pipes, tubes, fittings, fastenings, and
bolting items that are used to join other pressure-retaining components. Each containment type includes numerous
access and process penetrations that complete the pressure boundary (e.g., large opening penetrations, control rod drive
removal hatch, purge and vent system isolation valves, piping penetrations, and electrical penetration assemblies).
Ensuring that the capacity of these components has not deteriorated unacceptably due to either aging or environmental
stressor effects is essential to reliable continued service evaluations and informed aging management decisions.

Metal containments are free-standing, welded steel structures that are enclosed in a reinforced concretereactor or shield
building. The reactor or shield buildings are not part of the pressure boundary and their primary functionis to provide
protection for the containment from external missiles and natural phenomena (e.g., earthquakes, tornadoes, or site-
specific environmental events). Thirty-nine of the nuclear power plants presently licensed for commercial operation in
the U.S. employ a metal containment. These containmentsfall into six general categories: (1) BWR Mark I, (2) BWR
Mark 11, (3) BWR 1L, (4) BWR and PWR spherical, (5) PWR cylindrical with hemispherical top and ellipsoidal base,
and (6) PWR cylindrical with hemispherical dome and flat base. Figure 100 presents a cross-section of a BWR MK 1
steel containment. Leak-tightness of reinforced or post-tensionedconcrete containments is provided by steel liner plate.
A typical liner plate 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), structural steel shapes, or other steel products.

The ASME Code [22] only permits the use of certain
materials for fabrication of containment pressure
boundary components. These materials must conform
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ASME SA-516 (Gr. 60 or Gr. 70) materials. Stainless steel [ASTM SA-240 (Type 304)] also has been used as liner
material in some of the reinforced concrete containments.

If undetected, service-related degradation can affect the ability of the containment pressure boundary to perform
satisfactorily in the unlikely event of a severe accident by reducing its structural capacity or jeopardizing its leak-tight
integrity. Degradation is considered to be any phenomenon that decreases the load-carrying capacity of a pressure-
retaining component, limits its ability to contain a fluid medium, or reduces its service life. | The root cause for
component degradation can generally be linked to a designor construction problem, inappropriate material application,
a base-metal or weld-metal flaw, maintenance or inspection activities, or an excessively severe service condition.
Component degradation can be classified as either material or physical damage [80]. Material damage occurs when the
microstructure of a metal is modified causing changes in its mechanical properties. Degradation mechanisms that can
potentially cause material damage to containment steels include (1) low-temperature exposure, (2) high-temperature
exposute, (3) intergranular corrosion, (4) dealloying corrosion, (S) hydrogen embrittlement, and (6) neutron irradiation.
Material damage to the containment pressure boundary from any of these sources is not considered likely, however.
Physical damage occurs when the geometry of a component is altered by the formation of cracks, fissures, or voids, or
its dimensions change due to overload, buckling, corrosion, erosion, or formation of other types of surface flaws.
Changes in component geometry, such as wall thinning or pitting caused by cotrosion, can affect structural capacity
by reducing the net section available to resist applied loads. In addition, pits that completely penetrate the component
can compromise the leak-tight integrity of the component. Primary degradation mechanisms that potentially can cause
physical damage to containment pressure boundary components include (1) general corrosion (atmospheric, aqueous,
galvanic, stray-electricalcurrent, and general biologieal); (2) localized corrosion (filiform, crevice, pitting, and localized
biological); (3) mechanically-assisted degradation (erosion, fretting, cavitation, corrosion fatigue, surface flaws, arc
strikes, and overload conditions); (4) environmentally-induced cracking (stress-corrosion and hydrogen-induced); and
(5) fatigue. Material degradation due to either general or pitting corrosion represent the greatest potential threat to the
containment pressure boundary.

Although performance of the containment pressure boundary has been good, as plants age, degradation incidences (e.g.,
corrosion) are starting to emerge. To date, there have been over 30 reported occurrences of corrosion of steel
containments or liners of reinforced concrete containments. In two cases, thickness measurements ofthe walls of steel
containments revealed areas that were below the minimum design thickness. Two instances have been reported where
corrosion has completely penetrated the liner of reinforced concrete containments. Examples of specific problems
identified include corrosion of the steel containment shell ‘in the drywell sand cushion region (Oyster Creek), shell
corrosion in ice condenser plants (Catawba and McGuire), corrosion of the torus of the steel containment shell
(Fitzpatrick, Cooper, and Nine Mile Point Unit 1), and concretecontainment liner corrosion (Brunswick, Beaver Valley,
North Anna 2, Brunswick 2, and Salem). Transgranular stress corrosion cracking in bellows has also occurred (Quad
Cities 1 and 2, and Dresden 3). As the nuclear plant containments age, degradation incidences are starting to occur at
an increasing rate. More detailed information on documented instances of containment pressure boundary degradation
is available [81]. Figure 101 presents examples of containment pressure boundary degradation due to corrosion.

Figure 101. Containment pressure boundary corrosion examples.
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Operating experience has demonstrated that periodic inspection, maintenance, and repair are essential elements of an
overall program to maintain an acceptable level of reliability over the service life of a nuclear power plant containment,
or in fact, of any structural system. Knowledge gained from conduct of an in-service condition assessment can serve
as a baseline for evaluating the safety significance of any degradation that may be present, and defining subsequent in-
service inspection programs, and maintenance strategies. Effective in-service condition assessment requires knowledge
of the expected type of degradation, where it can be expected to occur, and application of appropriate methods for
detecting and characterizing the degradation.

An essential element in the assessment of the integrity (or in the determination of available safety margins) of a
containment pressure boundary is knowledge of the damage state of its materials of construction. Future condition
assessments require not only knowledge of the current damage state, but knowledge of the change in damage state with
time. In-service inspections and testing are performed to measure the current state of damage. Changes in damage state
with time can be estimated through approaches such as physical models, correlation relations, or trending analyses.
Many of the existing in-service inspection techniques have been developed primarily for the detection and assessment
of fabrication-related flaws under controlled conditions. These techniques may not be adequate for use in helping to
effectively manage the aging of the containment pressure boundary in nuclear power plants. In addition, accessibility
of the containment pressure boundary may be restricted due to the presence of coatings, its location below water level
or embedded in concrete, or certain areas may be accessible only from one surface. Because of the safety significance
of the containment pressure boundary, the in-service inspections generally require a higher level of reliability and more
quantitative definition of defects present then those associated with the general manufacturing sector. Basic approaches
used to quantify the extent of damage present, or its change with time, include nondestructive examination, destructive
testing, and in-service monitoring. Inaccessible areas of the containment metallic pressure boundary require special
considerations.

As a part of the overall NRC research program to benchmark existing design criteria and evaluate containment
performance under severe accident conditions, research is being conducted at ORNL related to condition assessment,
in-service inspection, repair practices, and performance of degraded containments (i.e., corroded) during events at or
beyond the design basis. This research is being conducted under The Inspection of Aged/Degraded Containments
Program and has objectives of (1) understanding the significant factors relating corrosion occurrence, efficacy of
inspection, and structural capacity reduction of steel containments and liners of concrete containments; (2) providing
the NRC reviewers a means of establishing current structural capacity margins or estimating future residual structural
capacity margins for steel containments and liners as limited by liner integrity; and (3) providing recommendations,
as appropriate, on information to be requested of licensees for guidance that could be utilized by NRC reviewers in
assessing the seriousness of reported incidences of containment degradation. In meeting these objectives, activities are
conducted under two primary task areas: (1) steel containment/linerassessment and root-cause resolution practices and
(2) reliability-based condition assessment.

3.7.4.1 Steel containment/liner assessment and root-cause resolution practices

The overall objectives of this task are to (1) identify procedures to quantitatively assess the presence, magnitude, and
significance of any degradation factors that could impact structural capacity margins; and (2) provide data for use in
current and future structural condition assessments. In addition, techniques will be established for (1) characterization
of steel containment, steel liner, coating, and sealant materials; (2) mitigation of environmental stressor or aging factor
effects; and (3) root-cause resolutions. Activities include characterization of containment pressure boundary materials,
development of a degradation assessment methodology, evaluation of nondestructive and déstructive examination
techniques, inaccessible area considerations, in-service monitoring, and repair practices.

Characterization of containment pressure boundary materials. Characterization of containment pressure boundary
materials has addressed the collection and presentation of data and information on these materials, and quantifying the
effects (if any) of degradation factors such as corrosion on their properties. Desired data and information requirements
for characterization of containment pressure boundary materials have been developed (i.e., general information covering
a description of the material, processing information, and baseline data; material composition in terms of chemistry;
and mechanical, physical, and other properties). Structural steels acceptable for use in the construction of the
containment pressure boundary have been identified along with their corresponding ASME and ASTM specifications
(e.g., carbon steel, ASME SA-36, and ASTM A 36). Potential nuclear power plant-related degradationfactors for these
materials have been identified, with corrosion being the most important. Two options were identified for presentation
of the materials property data and information —-incorporate additional chapters into the existing Structural Materials

60



Information Center [49], or use of object-oriented relational database software to develop a customized database.
Recommendations to guide the collection and incorporation of data and information into a database on containment
pressure boundary materials have been developed [82].

Degradation assessment methodology. A degradation assessment methodology intended for use in characterizing the
in-service condition of metal and concrete containment pressure boundary components and quantifying the amount of
damage present has been developed [83]. Because information required to characterize and quantify the condition of
degraded components must be established on a case-by-case basis taking into consideration unique containment design
features and plant operating constraints, the methodology does not include a step-by-step procedure, but has been
developed in the form of general, non-prescriptive guidance.

Condition assessments are an essential element of both continued service evaluations and informed aging-management
decisions. From an aging management perspective, metallic pressure boundary components that exhibit satisfactory
long-term performance and do not experience in-service degradation can be considered acceptable for continued service.
However, components found by in-service testing or examination to be deteriorated or damaged must be evaluated to
determine whether continued service is appropriate or whether repairs, replacements, or retrofits are needed. More
detailed acceptance standards and evaluation
criteria for use in determining the acceptability
of degraded components for continue service are mm
provided in Section X1, Division 1, Subsection ¢

IWE of the ASME Code [84]. A diagram that
illustrates the continued service evaluation
process presented in Subsection IWE is shown
in Fig. 102, Continued service evaluations are Yes
performed by qualified engineers and authorized
personnel who determine the adequacy of
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detecting damage, classifying the types of
damage that may be present, determining the
root cause of the problem, and quantifying the
extent of degradation that may have occurred.

Knowledge gained from condition assessments

can serve as a baseline for evaluating the safety significance of any damage that may be present and deﬁmng in-service
inspection programs and maintenance strategies. Condition assessment results can also be used to estimate future
performance and remaining service life. Four primary topics are associated with in-service condition assessment of metal
and concrete containment pressure boundary components — damage detection, damage classification, root-cause
determination, and damage measurement. Additional details on each of these topics and their interaction are provided
elsewhere [83].

Figure 102. Degradation assessment methodology based on
ASME Section X], Subsection IWE.

Nondestructive examination techniques. Nondestructive examination is used to identify potential challenges to
structural or leak-tightintegrity in time to take remedial action. It also plays an important role in structural reliability
assessment, especially when combined with failure analysis techniques such as fracture mechanics. Nondestructive
examination methods for metallic materials (i.e., steel containments and liners of reinforced concrete containments)
principally involve surface and volumetric inspections to detect the presence of degradation (i.e., coating deterioration,
loss of section due to corrosion, or presence of cracking). The surface examination techniques primarily include the
visual, liquid penetrant, and magnetic particle methods. Volumetric methods include ultrasonic, eddy current, and
radiographic. Provisions are also included in the ASME Code for use of alternative examination methods provided
results obtained are demonstrated to be equivalent or superiorto those of the specified method. Acceptance standards
are defined in Article IWE-3000 of the ASME Code. In order to obtain repeatable and reproducible nondestructive
examination results using any of the methods described below, several factors must be understood and controlled:

material evaluated, evaluation procedure utilized, environment, calibration/baseline reference, acceptance criteria, and
human factors. Figure 103 presents several of the nondestructive examination methods discussed below. The most
common nondestructive examination techniques in civil structures are visual inspection, liquid penetrant, magnetic
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particle, ultrasonic, eddy current, and radiography [85].

Visual inspection is one of the most common and least expensive methods for evaluating the condition of a weld or
component (e.g., presence of surface flaws, discontinuities, or corrosion). It is generally the first inspection that is
performed as part of an evaluation process. It is beneficial for performing gross defect detection and in identifying areas
for more detailed examination. It can identify where a failure is most likely to occur and when failure has commenced
(e.g., rust staining or coating cracks). Once a suspect area is 1dent1ﬁed all surface debris and protective coatings are
removed so that the area can be inspected in more detail. Visual e be perfi rmed either with th
unaided eye or optical magnifiers. Inspection 22
mirrors, video cameras, and boroscopes can be
used for inspection of areas with limited
accessibility. Three classifications of visual
examinations are specified in the ASME Code:
(1) VT-1 (detect discontinuities and imperfections
on the surfaces of components such as cracks and
corrosion), (2) VT-2 (detect evidence of leakage
from pressure-retainingcomponents), and (3) VT-3
(determine general mechanical and structural
condition of components and their supports). The
effectiveness of a visual inspectionis dependent on
the experience and competence of the person
performing the inspections.  Also, without
material or component removal, visual inspections Figure 103. Examples of NDE methods.
are limited to accessible areas.

Liquid penetrant testing can be used to detect, define and verify surface flaws in solid or essentially nonporus
components (e.g., cracks, porosity, laminations or other types of discontinuities that have a capillary opening to the
surface). Indications of a wide spectrum of flaw sizes can be found with little capital expenditure regardless of the
configuration of the test article or the flaw orientation. The procedure consists of cleaning the surface to be examined
followed by application of a liquid penetrant. Surface defects or cracks absorb the penetrant through capillary action.
After a dwell period, excess penetrant is removed from the surface and a developer is applied that acts as a blotter to
draw penetrant from the defects to reveal their presence. Colored or fluorescent penetrants may be utilized, with white
light or black light, respectively, used for viewing. Effectiveness of the method is dependent on the properties of the
penetrant and the developer. Limitations of the technique are that operator skill requirements are fairly high, only
surface flaw defects can be detected, the area inspected mustbe clean as scale or paint film may hide flaws, results are
affected by surface roughness and porosity, and no permanent record of inspection is provided.

Magnetic particle testing is used to detect surface and shallow subsurface discontinuities in ferromagnetic materials. A
magnetic field is induced into the ferromagnetic material and the surface is dusted with iron particles that may be dry,
suspended in a liquid, colored, or fluorescent. The magnetic lines of force (flux) will be disrupted locally by the
presence of the flaw with its presence indicated by the iron particles that are attracted by leakage of the magnetic field
at the discontinuity. The resulting magnetically-heldcollection of particles forms a pattern that indicates the size, shape,
and location of the flaw. Effectiveness of the method quickly diminishes depending on flaw depth and type, and
scratches and surface irregularitiescan give misleading results. Special equipment, procedures, and process controls are
required to induce the required magnetic fields (e.g., use of proper voltage, amperage, and mode of induction). Also,
linear discontinuities that are oriented parallel to the direction of the magnetic flux will not be detected.

Ultrasonic testing uses sound waves of short wavelength and high frequency to detect surface and subsurface flaws, and
measure material thickness. The most commonly used techniqueis pulse echo in which sound is introduced into the
test object and travels through the material examined with some attendant loss of energy. Reflections (echoes) are
returned to the receiver from internal imperfections or the component’s surfaces. The returning pulse is displayed on
a screen that gives the amplitude of the pulse and the time taken to return to the transducer. Inclusions or other
imperfections are detected by partial reflection or scattering of the ultrasonic waves, time of transit of the wave through
the test object, and features of the spectral response for either a transmitted or reflected signal. Operator interpretation
is made by pattern recognition, signal magnitude, timing, and probe positioning. Flaw size, distance, and reflectivity
can be interpreted. The technique has good penetration capability, high sensitivity to permit detection of very small
flaws, good accuracy relative to other nondestructive examination methods, only one surface has to be accessible, and
rapid results are provided. For thickness measurements digital meters are commonly used. In the pulse-echo mode an
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ultrasonic transducer transmits waves toward the metal surfaces, signals are reflected from the front and back surfaces,
and the difference in arrival times of the two signals is used to indicate the thickness. Metal loss is then calculated
by taking the difference between the as-built thickness and the thickness measured. Two types of systems are available
commercially — ultrasonic thickness gage (digital display) and digital gage (A-scan, echo signals are displayed on an
oscilloscope). Ultrasonic testing is commonly used in nuclear plants to monitor wall thinning of the containmentvessel
caused by corrosion. Rough surface conditions such as could be present on the surfaces of the metal components of
BWR containment systems present problems relative to signal scattering. Because of its complexity, ultrasonic testing
requires considerable technician training and skill. Also, good coupling between the transducer and component
inspected is important, defects just below the surface may not be detected, and reference standards are required.

Eddy current inspection methods are based on electromagnetic induction and can be applied to electrically-conductive
materials for detection of cracks, porosity, and inclusions, and to measure the thickness of nonconductive coatings on
a conductive metal.: In the flaw detection mode eddy current can detect surface connected or near surface anomalies. It
is based on the principle that alternating current flow in a coil proximate to an electrical conductor will induce current
flow in the conductor. The current flow (i.e., eddy current) creates a magnetic field that opposes the primary field
created by the alternating current flow in the coil. The presence of a surface or near surface discontinuity in the
conductor will alter the magnetic field (i.e., magnitude and phase) and can be sensed as a change inthe flow of current
in a secondary coil in the probe or change of inductance of the probe. The output signal from the detection circuit is
fed to an output device, typically a meter, oscilloscope, or chart recorder. Flaw size is indicated by extent of response
change as the probe is scanned along the test object. Eddy current techniques do not require direct contact with the test
piece, and paint or coatings do not have to be removed priorto its application. For surface discontinuities of a given
size, the sensitivity of eddy current decreases with distance below the surface. Best results are obtained when the
magnetic field is in a direction that will imercept the principal plane of the discontinuity. Also, the technique requires
calibration, is sensitiveto geometry of the test piece, results may be affected by material variations, no permanent record
1s provided, and demagnification may be necessary followmg inspection.

Radiographic techniques involve the use of penetrating gamma or X-radiation and are based on differential absorption
of the radiation. X-radiographic inspection is applied to the detection of surface connected and internal anomalies as
well as the internal configuration of a test object. The source is placed close to the material to be inspected and the
radiation passes through the material and is captured on film placed on the opposite side of the test article from the
source. A two-dimensional projection of the area being inspected is displayed on the film (permanent record). The
thickness, density, and absorption characteristics of the material affect the intensity of radiation: passing through an
object. Possible imperfections are indicated on the film as density changes (i.e., series of gray shades between black
and white). The choice of type of source is dependent on the thickness of material to be tested. Gamma rays have the
advantage of portability. Gamma radiometry systems consist of a source that emits gamma rays through the specimen
and a radiation detector and counter. Direct transmission or backscattering modes can be used to make measurements.
The count or count rate is used to measure the specimen dimensions or physical characteristics (e.g., density and
composition). Primary limitations of radiography are that radiation protection has to be observed while applying the
method, personnel must be licensed or certified, results are not immediately available, the structure must be accessible
from both sides, and detection of crack-like anomaties is hxghly dependent on the exposure geometry and orientation
of the crack with respect to incident irradiation.

Acoustic emission inspection is based on monitoring and interpretation of stress waves generated by a structure under
load. Acoustic emissions are small amplitude stress waves resuilting from release of kinetic energy as a material is
strained beyond its elastic limit (e.g., crack growth and plastic deformation). Material stress can come from mechanical
or thermal loading, as well as from a variety of othermeans. The stress waves propagate throughout the specimen and
may be detected as small displacements by piezo-electrictransducers positioned on the surface of the material. A typical
system consists of a number of sensors, preamplifiers, signal filters, amplifier, and a recording system. Signal
measurement parameters most commonly used to interpret results include ringdown counts (threshold-crossingpulses),
energy counts (area under rectified signal envelope), duration (elapsed timne for ringdown counts), amplitude (highest
peak voltage), and rise time (time from first threshold crossing to signal peak). Primary applications of acoustic
emission inspection include continuous monitoring or proof testing of critical structures, monitoring of production
processes, and experimental research related to material behavior. Acoustic emission advantages are that it is extremely
sensitive, the entire structure can be monitored, it is relatively unobtrusive, onset of failure can be identified, and
triangulation can be used to identify source location. Certain aspects of the corrosion process are detectable by acoustic
emission (e.g., stress-corrosion cracking, hydrogen cracking, and gas evolution) [86]. Disadvantages are that it requires
considerable technical experience to conduct the test and interpret results, background noise can interfere with signals,
and a material may not emit until the stress level exceeds a prior applied level (i.e., Kaiser effect).
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Thermographic inspection methods are applied to measure a variety of material characteristics and conditions. In the
flaw detection mode they are used for detection of interfaces and/or variation of properties of interfaces within layered
systems. The test object must be thermally conductive and reasonably uniform in color and texture. The procedure
volves inputting a pulse of thermal energy that is diffused within the test object according to thermal conductivity,
thermal mass, inherent temperature differentials, and time of observation. The thermal state of the test object is
monitored by a thermographic scanner camera that has infrared energy spectrum detection capability. Interpretation of
results is done through visual monitoring of the relative surface temperature as a function of time and relating the time-
dependent temperature differences to the internal condition of the test object. Results are recorded as a function of time
and the process is relatively rapid. Specialized equipment is required and since the method is a volume inspection
process, resolutionis lost near the edges and at locations of nonuniformgeometry change. Thermal inspection becomes
less effective in the detection of subsurface flaws as the thickness of the object increases. Pulsed infrared techniques have
been developed that can perform inspections through the thickness of test objects. The process basically entails
providing heat through a thermal pulse or step heating, and dynamically collecting infrared images of the material
surface. To be successful the heat applied at the top surface must penetrate to the bottom surface with a temperature
differential of several degrees for good infrared contrast.

Electrochemical corrosion monitoring techniques are available to make measurements directly related to corrosion rate
rather than indirectly in terms of the flaws produced by corrosion. Potential surveys, linear polarization, and AC
impedance are techniques that have been utilized. Electrochemical potential measurements using a standard half-cell
(e.g., copper-copper sulfate) can be used to locate anodic portions of a structure (i.e., potential gradients indicate
possibility of corrosion). The linear polarization resistance method impresses DC current from a counter electrode onto
the working electrode (e.g., steel structure). Current is passed through the counter electrode to change the measured
potential difference by a known amount with the working electrode being polarized. An electronic meter measures the
potential difference between the reference electrode and the working electrode. Measurements as a function of DC
voltage applied across the cell provide an indirect measure of the corrosion current. The AC impedance-polarizing
technique utilizes an alternating applied voltage with the data analyzed as a function of frequency. The AC technique
provides polarization resistance as well as information on polarization mechanisms at the anode and cathode that is
important for interpretation of the AC impedance data. The technique requires rather sophisticatedequipment (e.g., AC
frequency generator and analyzer system) and the Tafel slopes must be known to convert AC impedance data into
corrosion rate information [87]. Each of these methods requires contact with the part of the structure monitored, and
where corrosion rates are provided the rates are only since equipment installation and initiation of monitoring.

Destructive examination techniques. Tests that alter the shape, form, size, or structure of the material being tested
are considered destructive tests. These tests may be performed to determine mechanical, physical, chemical, thermal,
or other properties of the material, or to examine the material for microstructural imperfections, voids, or inclusions.
Destructive tests are commonly used to determine mechanical properties of metallic materials and can involve tension,
compression, ductility, shear, torsion, bend, creep, stress-relaxation, hardness, fatigue, or fracture testing. These tests
are usuvally conducted in room-temperature air, but they can also be performed at higher or lower temperatures or under
other environmentalconditions. Test methods that require the removal and testing of representativeportions of material
from a component are also considered destructive tests when the affected component is rendered useless or unfit for
future service. As part of a damage assessiment process, tension, hardness, and metallographictesting may be conducted
on material samples removed from containment pressure boundary components. Measurements obtained during tension
testing can be used to develop stress-strain curves and to establish mechanical property values such as the modulus of
elasticity, uitimate tensile elongation, ultimate tensile strength, yield strength, and reduction of area. Property values
obtained from tension testing are generally used to determine conformance or nonconformance with material
specifications. However, test results can also be used to compare the performance and properties of replicate specimens
tested under a variety of exposure conditions or using different testing methods. Replicate specimen results can provide
a basis for establishinglimits on environmentalexposure, working stresses, or operatingtemperatures. Hardness testing
(e.g., Brinell or Rockwell), that uses small diamond points or hardened round steel balls to produce permanent
indentations or deformations in the surface of the material being tested, is widely used for determining the relative
quality of a metallic component and to establish the uniformity of its material properties. It is relatively easy to
perform, requires very little material or surface preparation, and usually causes minimal surface damage to the material
or component. Metallography is the branch of science that relates to the constitution and structure, and their relation
to the properties of metals and alloys. Testing is wsually performed in a laboratory where metallic specimens are
prepared for microscopic examination. These examinations are conducted to reveal the constituents and structure of the
material. Metallography is probably the most useful destructive testing method available for identifying differences in
material microstructure caused by exposure to high temperatures or severe environments.
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Inaccessible area considerations. Inspection of nuclear power plant structures can be difficult becanse there are a
number of functionally different components in a variety of environments. In the previous section several techniques
commonly used to assess civil structures were identified. Application of these techniques, however, generally requires
that at least one surface of the component inspected be accessibleand the techniques aremost effectivewhen an approach
is utilized in which the structures have been prioritized with respect to such things as aging significance, environmental
factors, and risk. Guidance on component selection is available [83,88]. Once the components have been selected for
inspection, however, there are several locations in nuclear power plants where performing the inspections may not be
straight forward. Inspection of inaccessibleportions of metal pressure boundary componentsof containments(e.g., fully
embedded or inaccessible containment shell or liner portions, the sand pocket region in Mark 1 and II drywells, and
portions of the shell obscured by obstacles such as platforms or floors) represents one of these conditions.

Embedded metallic portions of the containment pressure boundary may be subjected to corrosion resulting from
groundwater permeation through the concrete; a breakdown of the sealant at the concrete-containmentshell interface that
permits entry of corrosive fluids from spills, leakage, or condensation; or in areas adjacent to floors where the gap
contains a filler material that canretain fluids. Although no completely suitable technique for inspection of inaccessible
portions of the containment metallic pressure boundary have been demonstrated to date, preliminary investigations have
been conducted using high-frequency acoustic imaging, magnetostrictive sensors, electromagnetic acoustic transducers,
and multimode guided waves.

Exploratory analytical and experimentalsimulations have been conducted to investigate the feasibility of high frequency
acoustic imaging techniques for the detection and localization of thickness reductions in the metallic pressure
boundariesof nuclear power plant containments [89,90]. The analytical study used an elastic layered media code
(OASES Code, Massachusetts Institute of Technology) to perform a series of numerical simulations to determine the
fundamental two-dimensional propagation physics. The analytical simulation suggests that for the case of steel-lined
concrete containments (Fig. 104), the thin steel liner and additional concrete backing contribute to give unacceptable
loss of signal to the concrete. Approximately 100 dB of signal loss is incurred for small degradations near the concrete
interface. Due to this loss, it appears unlikely that acoustic imaging technology can be applied to this scenario. For
embedded steel containments, analytical simulation (Fig. 105) suggests that significant degradations (i.e., 2 mm) of
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—15 dB. This yields signals that are 10-15 dB above the expected effective noise level due to surface imperfections.
It was concluded from this that given enough sensor input power, acoustic imaging technology can be applied to this
scenario. The study also concludedthat currently available sensors cannot be used in array configurations to interrogate
a large area (global inspection) due to their intrinsic narrow beam pattern, which does not allow steering. This limits
these sensors to spot detection and mapping scenarios, where degradation is already suspected. For wide-area surveys,
the use of scannable sensors appears to be applicable, but they will require development. The sensors would be
manufactured by bonding many signal wires to a solid piezo-electric block on a substrateand then cutting the block into
individual sensors, leaving a line array of sensors in the substrate. The competing signals from unfocused source
transducers and wave guide signal distortion remain as two significant barriers for localizing and characterizing
degradations.

The experimental study utilized a commercial ultrasonic testing system to carry out several full-scale tests. The
experimental studies were designed to also effectively restrict case scenarios to two dimensions. Measurements of
0.5 MHz shear wave levels propagatedin 25-mm-thick steel plates embeddedin concrete showed 1.4 to 1.6 dB of signal
loss for each centimeter of two-way travel in untreated plates (compared with prior numerical predictions of 3-4 dB) and
1.3 dB of signal loss per centimeter of two-way travel in steel plates embedded in concrete prior to concrete setting (i.e.,
plastic). Scattered signals from simulated degradations of different shape and size were investigated (Fig. 106). For
a 70° wedge, the retums from the rectangular slot were, averaged over source location, around 5 dB higher than
those from the rounded slot and 9 dB higher
than for the “V” shaped slot of similar depth.

Also shown in Fig. 106 is the effect of notch o E._”“:imi
depth and wedge angle. For the 45° wedge . = | E —_—

pair, the retums from the 4-mm deep notch
were, averaged over source location, about , o

3 dB lower than those from the 8-mm deep s i . ZZE-—._fL
notch and about 6 dB lower that those from the L . - - I
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requires no surface preparation. In addition, it has a sensing and inspection range from a single sensor that can exceed
several hundred feet on bare metals, the sensor can detect defects on the inside and outside diameters of pipe surfaces,
and it can inspect structures whose surfaces are not directly accessible due to the presence of paint or insulation. Its
primary application has been to piping systems [91]. A preliminary study -has been conducted to investigate the
feasibility of applying magnetostrictivesensor technology to inspection of plate type materials and evaluate its potential
for detecting and locating thickness reductions in the containment metallic pressure boundary resulting from corrosion
[92]. Figure 108 presents the experimental setup used to demonstrate the capability of guided wave generation and
detection in plate-type materials. ‘Pulse-echo magnetostrictive sensor data for notches ranging from 10- to 30-cm long
are presented in Fig. 108. The notches were placed into a 6.11 m long by 1.23 m wide by 6.35-mm thick plate at a
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v.2u
Permanent Supports 0.15
Magnets
Receiving
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Figure 108. Magnetostrictive sensor test setup used to generate and detect waves.

distance equal to 4.06 meters from the probe end on the plate. Asnoted in the figure, the peak-to-peaksignal amplitude
increased as the notch length increased. In addition, potential approaches for guided-wave inspection, modeling of
guided-wave dispersionin plates with different boundary conditions (e.g., free standing and backed by concrete on one
or both sides), and assessment of magnetostrictive sensor-based system requiremerts for practical implementation were
evaluated. It was concluded that guided waves provide an effective means of inspection of the metallic pressure
boundary in a nuclear plant and are capable of performing global, long-range inspection of plates, including areas that
are difficult to access because of the presence of other equipment or attachments, or the presence of concrete on one or
both sides. Limited modeling studies suggest that a low-frequency Ao mode wave would be best suited for inspection
of containment pressure boundaries that are either backed on one or both sides by concrete. Other frequencies or modes
such as Se would have the inspection range significantly reduced because of the increased wave attenuation due to the
concrete presence. As a result of developmentof this technology for commercial applicationsrelated to piping systems,
tatloring an existing system to containment pressure boundary inspection should be straight-forward. Field validation
of the techmque is required, however.

waves) is more sensitive than techniques which utilize
shear waves (e.g., electromagneticacoustic transducers),
provides a global inspection technique for » Plate #1
characterizing corrosion damage, follows the contour of
the structure, can travel long distances (e.g., 100 m
depending on frequency and mode characteristics), and
can interrogate different regions or cross sections (i.c.,
depths) of the component inspected [93-97]. The
guided plate waves can be excited at one point on the iate w2
structure, propagate over considerable distances, and be
received at a remote point on the structure. This
technique has been used with success to detect defects
in piping materials, but its applicability to plate-type
materials until recently has not been demonstrated. As o
a result, a limited investigation was conducted to
demonstrate the feasibility of the pguided wave
technique for identification and location of thickness
reductions in the metallic pressure boundary of nuclear

The guided wave technique (multi-mode guided plate f.m. -
‘ 8
]

Plate #3

Figure 109. Schematics of plate specimens used to
benchmark several aspects of guided wave inspection.
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power plant containments [98]. The specimensare shownin Fig. 109 and include a bare plate with two defects, a plate
coated with concrete with one defect, and a plate with concrete but no defects. Each plate was 25-mm thick by 203-mm
wide by 914-mm long. The fabricated specimens provided a benchmark for studying several aspects of guided wave
inspection, including sensitivity, transmission ability across defects, inspection reliability, and penetration ability. The
plates were interrogated using both horizontal shear and Lamb guided waves.

Horizontal shear (SH) guided waves have particle displacements in the shear horizontal direction, which is perpendicular
to the propagation direction. SH waves are sensitive to the transverse boundary conditions. Therefore transducer
couplant for SH waves should be a highly viscous
material. The coupling problems once limited the
applications of SH waves. With the advancements of
electomagnetic acoustictransducers (EMATSs), however,
SH waves once again are receiving a lot of attention
because ofthe couplant-free advantage of EMATs. The
grid distance of the EMATs used in the experiment was
12.7 mm, which determines that the corresponding o 200
frequency for generating the non-dispersive SH wave
mode is around 200-250 kHz. The non-dispersive SH Plate #1: Two Defects Without Concrete
wave mode has the same phase velocity as the SH bulk
wave velocity (200 m/s), and a uniform energy
distribution across the plate thickness. The obtained
RF waveforms are shown in Fig. 110 for the plate
containing two defects and the plate containing a defect
embedded in concrete. The reflected echoes for the bare
plate with two defects indicates that both defects can be
detected by using the SH waves. Because the non-
dispersive SH wave mode has a uniform particle 35 200 400 600 800 1000
displacement distribution, some energy can pass the Time (usec)

first defect and be reflected by the second defect. The -

backwall echo shows a good penetration ability of the Plate #2: One Defect With Concrete
SH wave mode. Also shown in the figure is the defect
echo for the plate embedded in concrete.
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Figure 110. Experiinental results using
horizontal shear waves

Unlike SH waves, Lamb waves have particle displacements in both parallel and perpendicular directions to the
propagation direction. Lamb waves are sensitiveto both transverse and normal boundary conditions. Common couplant
can be used for generating Lamb waves. The frequency and wedge angle determines the generated Lamb wave mode.
Two wedge angles were considered at the frequency of 565 klHz. When the wedge was set to 62 degrees, it generated
the Ao and So modes simultaneously, which have the same phase velocity (3030 m/s) at the working frequencyand then
degenerates into pseudo-surface waves. As the pseudo-surface wave has energy distribution close to the plate boundary,
it is very sensitive to the defect close to the boundary, however, it is not sensitive to the defects on the other side of
the plate. If the transducer is placed on the opposite side of the plate to the defects (bottom) both defects are ignored
and only a backwall echo is received. If the transducer is placed on the same side of the plate as the defects, only the
first defect echo is received because most of the energy close to the plate boundary is reflected by the first defect. This
is a different case than for SH waves because of the uniform energy distribution of the SH wave mode. In order to
obtain a fairly uniform energy distribution across the plate thickness for Lamb waves, the wedge angle was changed to
38 degrees. Once again, the tone burst frequency was 565 kHz. Figure 111 presents the pulse echo signals for the plate
with two defects and the plate containing one defect embedded in concrete. The phase velocity and group velocity of
the generated Lamb waves are 4385 nv/s and 2220 m/s, respectively. For the plate embedded in concrete but without
defects, multiple echoes are received from the plate-concrete interfacebefore the backwall echo (Fig. 111). This indicates
one of the disadvantages of this Lamb wave mode in that it is sensitive to the plate-concrete interface. However, this
problem could be overcomeby setting a threshold for a defect call (e.g., echoes from defects less than 30% of the cross-
section thickness are ignored).

In-service menitoring. In-service monitoring involves examination of a component while it remains in service. It is
generally used for repeated examinations of a flawed component or suspect area to monitor change with time. Data
collection can be performed on a case-by-case basis at irregular intervals or at prescribed times using a computer-
controlled data acquisition system. Results from in-service monitoring can provide valuable information for
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assessing the current condition of a degraded component,

. . . 1st detect
estimating its remaining useful service life, and making 3 F’ = nd defe
informed aging-management decisions. An example of in- = 2 i | 5
1 E’ f i
0 §:=' b

service monitoring would be on-line electrochemical ,
measurements to establish the average degradation rate of a T T
Fepested echo
0 200 400 600 80O 1000

component caused by corrosion, or the cumulative metal
loss or the instantaneous corrosion rate of a component 3
Time (usec)
Repair practices. Whenever damage is detected, corrective Plate #1: Two Defects Without Concretel

under actual service conditions.
actions are taken to identify and eliminate the source of the :
s Ml N A
il

Ampiitude (V)

problem and thereby halt the degradation process. When
significant wall thinning, cracking, surface defects, or 3 Y
leakage is detected and containment structural or leak-tight it
integrity is potentially jeopardized, defective arcas are
evaluated, repaired, or replaced before the plant is returned
to service. The primary mechanism of concern to the i
containment pressure boundary is corrosion. Methods to Y 200 400 600 8OO 1000
prevent the occurrence of corrosion primarily include the Time (usec)

application (or maintenance) of coatings to exposed steel Plate #2: One Defect With Concrete
that is at risk, and use of cathodic protection systems (i.e., .
impressed current or sacrificial anode). Repair methods
generally include: (1) defect removal by mechanical means . (nlerface
in which the unacceptable flaw is reduced and the resultant :
section thickness created by the removal process remains.

equal to at least the minimum design thickness; (2) repair b hnresmanss omiiith
welding in which the design section thickness is
reestablished (e.g., cladding); and (3) component
replacement with items that meet acceptance standards. 200 400 600 800 1000
Repair options for restoring damaged bellows include Time (usec)

replacement of penetration assembly, bellows replacement, Piate #3: No Defect With Concrete
installation of new enveloping bellows, in-place welding ;

repairs, removal of severe dents, and blending the surface.

Ampiitude (V).

Amplitude (V).

Detailed information on repair of the containment pressure Figure 111.  Experimental resuits using
boundary components is available [99]. Lamb guided waves.
3.7.4.2 Reliability-based condition assessments

The objectives of this task are to (1) identify mathematical models from principles of structural mechanics to evaluate
degradation in strength of containment pressure boundary structures over time; (2) recommend statistically-based
sampling plans for inspection of steel structuresto ensure that any damage present will be detected with a specified level
of confidence; and (3) develop reliability-based methods to assess the probability that steel containment capacity has
degraded below a specified level. This task is aimed at providing quantitative evidence that the strength of the
containment pressure boundary is sufficientto withstand operating and environmental events with a level of reliability
that is sufficient for public health and safety.

Structural aging may cause the integrity of the containment pressure boundary to evolve over time. In particular, a
hostile service environment may cause structural strength and stiffness to degrade from corrosion, fatigue, chemical
attack, or internal material changes. Any evaluation of the reliability or safety margin of the containment during its
service life must take into account these effects, plus any previous challenges to its integrity that may have occurred.
The stochastic nature of degradation also must be taken into account: in structural condition assessment, in evaluations
of proposals for service life extension, and in development of risk management policies and procedures. Numerous
uncertainties complicatethe evaluation of aging effects in structures. Among these are inherent randomnessin structural
loads, lack of in-service records of performance, epistemic uncertainties in available models for quantifying time-
dependent material changes and their contribution to pressure boundary degradation, inaccuracies of nondestructive
evaluation techniques applied in difficult field circumstances, and shortcomings in existing methods for repair and
retrofit.
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Predictive models of structural performance should be based on principles of structural mechanics, supported by
cxperimental data, to enable the changes in the structure that occur over time to be evaluated in terms of inmitial
conditions, applied load history, and the operating environment. Unfortunately,state-of-the-art mechanics methods and
finite-element modeling generally have not been sufficiently utilized by developers of fragility curves and much work
still needs to be done in this area. For some mechanismsof degradation,such as stable crack growth under cyclic load,
the mechanics of deterioration are reasonably well established. The behavioral models of other mechanisims are less
certain or even unsuitable for structural analysis purposes. In some cases the models currently available for structural
evaluation purposes are phenomenological in nature.

Surveys of steel containments and liners indicates that corrosion is the most significant damage mechanism affecting
the nuclear power plant containment pressure boundary {§1]. Uniform corrosion causes a thinning of the shell, leading
eventually to gross inelastic deformations or instability of the shell. Pitting corrosion is a localized effect, leading to
leakage or loss of the pressureboundary. In either case, the penetration, X(t), of the corrosion can be modeled by the
kinetic equation,

X(t) = C (t-T)" (14)

in which C = rate parameter, m = time-order parameter, and T; = random corrosion initiation period. The units in
Eqn. (14) are such that X(t) is in um when t and T; are in years. The rate parameter depends on the nature of the
environment, and must be determined experimentally. Typical values for uniform corrosion are in the range 100 to
200 pm.  Similarly, T, depends on the nature of the environment, and the effectiveness of protective coatings or
electrochemical devices. The time-order parameter, m, typically is about 2/3 for carbon steels, and may be treated as
deterministic. Statistics of the parameters C and T, must be determinedfrom experimentaldata, and depend on whether
the corrosion mechanism gives rise to uniform or pitting corrosion. One must be cautious about extrapolating
laboratory data to a prototype. Two examples will be considered: a time-dependent reliability analysis of an
axisymmetric cylindrical steel ring-stiffened shell and a fragility assessment of a steel containment subjected to internal
pressurization.

Structural aging and deterioration (due, e.g., to corrosion) cause the reliability of that structure to deteriorate with time.
This canbe illustrated with a time-dependentreliability analysis of an axisymmetriccylindrical steel ring-stiffenedshell,
structurally similar to a steel containment. The shell has a radius, r, and thickness, h,, with a hemispherical end closure
of the same thickness. It has ring stiffeners of cross-sectional area, A, placed circumferentially at intervals of S), and
vertical stringers of area A; placed at intervals S; circumferentiallyin the cylindrical portion of the shell. While a finite-
element analysis of shell behavior often is required, particularly when the shell contains changes in thickness or
penetrations, a simpler limit analysis is conservative and sufficient for purposes of this illustration. The shell is
fabricated of SAS516/Grade 70 steel, which has a specified yield strength of 262 MPa and a tensile strength o483 MPa.

The design equation for this shell is [100],

Sme = Fyu/SF = Gy + Opa (15)
in which S, = allowable stress, Fy, = specified yield strength (here, 262 MPa), SF = 1.97 is the safety factor at first
yield, and o4 and o = stresses caused by dead load and accidental pressure load, respectively. Assuming that Gq4

<< Op, the design thickness of the shell (based on an elastic analysis for design purposes) is,

he = Pur/Smc (16)

Using the nominal (design) values in Table 4, h, = 35 mm.
Accidental pressure loads due to loss-of-coolantaccidents are accompanied by a rise in pressure (and temperature)within
the containment. As the shell begins to deform due to pressure buildup, attachments begin to fail well before general

shell rupture. Thus, the governing limit state is one of excessive general inelastic deformation. The limit pressure,
P,, corresponding to the onset of critical deformation for an axisymmetric shell is,

Py = Fy(h(t)r)y a7

in which Fy = (random) yield strength, vy is a factor that takes into account the plastic deformation of the shell and
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Table 4. Statistical data for steel cylinder.

Probability
Coefficient Distribution
Variable Nominal Mean of Variation Function
Radius, r 17m 17m - -
Thickness, hy 35 mm 35 mm - "
Stringer area, Al 155 cm? 155 cm? - -
Stringer spacing, S 3m 3m - -
Yield strength, Fy 262 MPa 288 MPa 0.07 Lognormal
Corrosion rate, C - 300 um/yr 0.30 Lognormal
Initiation ‘time, Ty - 10 yr ’ 0.30 Lognormal
Peak pressure, Pa 0.28 MPa 0.22 MPa 0.20 Type 1
the contributions of the stiffness [101]:
v = (2V3) + A\/(S:h(1)). (18)

The parameter h(t) is the random thickness of the shell at time, t, taking into account any corrosion loss: h(t) = h-X(1))
(cf Eqn. 14). The margin of safety at any time thus is,

M(t) = P,(t) - P(t) (19)

in which P(t) = random pressure arising from the accident. Substituting Eqn. (17) into Eqn. (19) yields,
M(t) = Fy(h(t)/r)y - P(t). (20)

With the margin of safety thus defined, the time-dependent reliability analysis can proceed using stochastic methods
similar to those already developed for the analysis of degrading reinforced concrete structural components and systems
[67,102,103]. The probability of surviving interval of time (0,t) is defined by the reliability function, L(1):

L) = PIM{t) > 0, M(t) > 0, ..., M(ty) > 0] n

in which t,, to, ..., ty are the times at which the extreme loads occur. Accidents are extremely rare and, for purposes
of reliability analysis, their occurrence can be modeled as a Poisson process [ 104]. Table 4 summarizes statistical data
on other parameters required to evaluate Eqns. (20) and (21). The corrosion rate parameter C = 300 pim/yr leads to'a
loss of 10% of the shell thickness in 60 years. Dimensional variabilities are insignificant in nuclear power plant
construction, and thus structural dimensions are assumed to be deterministic.

Figure 112 shows the effect of corrosion rate and mean rate of occurrence of accidental pressurization on cumulative
failure probability (CFP), defined as' 1-L(t). The reliability of the shell is found to depend significantly on the corrosion
rate, severe corrosion causing an increase in the CFP of four orders of magnitude. Sensitivity studies conducted with
this simple model allow insights and perspectives that can guide and channel subsequent finite-element analyses of
degraded steel containments, which are computationally more involved. For example, preliminary results indicate that
the random corrosion initiation period, Ti, in Eqn. 14, is ‘more significant for structural reliability assessment than
the corrosion rate parameter, C, for steel plates with thicknesses that are typical in nuclear powerplants (25— 35 mm).
Moreover, as observed earlier with nuclear power plant concrete structures {481, the conditional failure rate of an aging
structure increases nonlinearly with time. Finally, curves such as those presented in Fig. 112 can be used to schedule
in-service inspection and repair, once a target reliability goal is identified.
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In contrast to corrosion, some damage mechanisms,
such as fatigue crack initiation, clevated temperature
creep, and irradiation effects involve microstructural

changes in the steel that either may not become {Corrosion Rate, C, pm/yr J

detectable with common nondestructive examination 10-3 P

methods until significant damage has already occurred, 2= 300 //
. . . 10-4 3= 600 -

or may become evident only at the point at which e

damage is accelerating rapidly. Continuum damage 10-5 :_‘“‘ _“‘D"(;‘o 017)': A ﬁ:—;

mechanics (CDM) deals with the characterization and 0.0020/yr -

analysis of growth of strength-reducing microstructural
defects with the help of macroscopic state variables
[105]. CDM makes it possible to predict the effects of
damage processes on structures prior to the
development of detectable flaws. Expressions for
damage can be developed from principles of
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thermodynamics, and have been validated with limited o= o=

experimental data [106]. Damage accumulation can be 10 b p” ” " = .
described by a stochastic differential equation, which " Time, years

can be solved numerically [107]. Statistical data are

necessary to support the predictive damage models and

reliability analyses described above. Quantification of Figure 112. Time-dependent reliability of steel
uncertainties in loads, degradation mechanisms, and cylindrical shell: effect of corrosion and load rate.

structural response is essential.

The second example addresses a fragilityassessment of a steel containmentsubjected to internal pressurization. Fragility
analysis is an essential ingredient of a fully coupled risk analysis. A probabilistic safety assessment (PSA) is a
structured framework for evaluatinguncertainty, performance,and reliability of an engineered facility. The move toward
quantitative risk assessment has accelerated in recent years as the benefits have become increasingly apparent in many
fields [108]. The recently issued Regulatory Guide 1.174 [109] defines the NRC’s position on risk-informed decision-
making regarding proposed changes to the licensing bases of operating nuclear plants.

The PSA process is initiated with the identification of limit states (LS) or conditions in which the system ceases to
perform its intended function(s) in some way. For structural components and systems in nuclear power plants, such
limit states may be cither strength or deformation-related, as large (inelastic) deformations affect the integrity or
operability of mechanical or electrical systems that are attached to or otherwise interface with the structure. With the
limit states identified, the limit state probability is expressed as,

P(LS] = % P[LS|D =x] P[D = x] (22)

in which D describes the intensity of demand on the system (hazard), and P[LS|D = x] is the conditional limit state
probability, or the fragility, of the system.

The fragility displays, in probabilistic terms, the capability of an engineered system to withstand a specified event with
intensity x (sometimes referred to as a review-level event), one that often is well in excess of the design-basis event.
Thus, it defines safety margins against specific identified events probabilistically for decision and regulatory purposes
in a manner that effectively uncouples the system analysis from the hazard analysis. The fragility modeling process
leads to a median-centeredestimate of system performance, coupled with an estimate of the uncertainty in performance.
The fragility of a structural component or system often is modeled by a lognormal cumulative distribution function
(CDF), described by,

FR(x) = & [In (x/mc)/Bc] (23)

in which ®( ) = standard normal probability integral, m¢ = median capacity(expressed in units that are consistent with
the demand, x, in Egn. (22), and B¢ = logarithmic standard deviation, which is approximately equal to the coefficient
of variation (COV) in capacity, V¢, when V¢ < 0.3 and provides a measure of uncertainty in capacity.
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The strengths of steel and concrete structural materialsand components are random variables, and their median (or mean)
strengths are well in excess of the nominal values specified for nuclear power plant design [110]. If these median
strengths are used in structural analysisin lieu of specified nominal strengths, one often can obtain a reasonableestimate
of the median capacity, mc, in Eqn. (23) [111]. The uncertainty in capacity displayed by Eqn. (23) arises from
numerous sources. Some of these uncertainties(denoted by COV Pr) are inherent (aleatory)in nature, and are essentially
irreducible under current engineering analysis procedures. Other uncertainties (denoted by COV Py) arise from
assumptions made in the analysis of the system and from limitations in the supporting databases. Such knowledge-
based (epistemic) uncertainties depend on the quality of the analysis and data, and generally can be reduced, at the
expense of more comprehensive (and costly) analyses. The role of epistemic uncertainty on fragility can be displayed
in one of two ways. In the first, a family of fragilities is generated, one for each modeling assumptlon In the second
(and simpler) approach, the aleatory and epistemic uncertainties are combined in the form Bc” = P&’ + Bu’, and only
one (mean) fragility curve is generated - The second approach is taken herein. -

The fragility assessment is illustrated using a PWR ice condenser steel containment, which has been modeled to be
somewhat similar to one of the reference plants in the NUREG-1150risk study [112] and has been thoroughly analyzed
in several independent studies. The steel containment is designed for an internal pressure of 74 kPa, has an internal
diameter of 35 m, springline height of 35 m, and the elevation of the apex of the spherical dome is 53 m. The steel
in the shell is A516/Grade 60 plate, varying in thickness from 35 mm at the basemat to 12 mm at the springline.

Vertical and circumferential stringers are welded to the extenor of the shell at approximately 1.2 m vertical and 3 m
horizontal intervals.

The containment must confine radioactive material in the event of an accident, so the performance limit is loss of shell
integrity or ability to perform this essential function [113]. This performance limit mustbe related to structural limit
states that can be identified from nonlinear finite-element analysis, along with local or general structure or material
failure criteria. Tests of internally pressurized scaled model containments have indicated that the governing failure mode
invariably is one of tensile instability.- In a recently published study [111], the tensile instability limit state for
containment fragility analysis was defined by,

€= E&p f] fz f4 (24)

in which €, = effective plastic strain, €= uniaxial limit strain, f| = factor to correct uniaxial limit strain for triaxiality
effects, f; = factor that accounts for bias.and uncertamty in the finite element analysis, and f; = factor to account for the
reduction in steel ductility as a result of corrosion. The commercially available nonlinear finite-element program
ABAQUS was used to perform the numerical experiments of the pressurized containment, and appropriate post-
processing of these experiments led to the fragilities.

First, the containment fragility in the undegraded (uncorroded) condition is considered to establish a benchmark. This
analysis is compared to results obtained from previous containment analyses {114,115} and in the Individual Plant
Examination [116].: Then, corrosion patterns consistent with field inspection fmdmgs in similar containments are
postulated (e.g., 10 % and 25% loss of containment shell thickness behind the ice basket, and the 50% loss adjacent
to an upper floor). The fragilities are reassessed for each corrosion pattern and compared to the undegraded benchmark
condition. Uncertainties are propagated using a

Latin Hypercube sampling plan and points of 500 F
failure are identified through post-processing the
structural response data calculated by ABAQUS. T
The analysis is described in more detail elsewhere a 90F
[111]. X

9 400 |
The fragility of the containment in the as-built =
condition is shown in Fig. 113. The mean (and "“; & Uncorroded (benchmark)
median) capacity is 455 kPa, and the logarithmic o 350 R 10% loss at ice basket
standard deviation B¢ is 0.04. The median is o # 25% loss at ice basket
consistent with values obtained elsewhere by other ‘300 } ' + 50% loss at upper floor
investigators. The estimated 5-percent and 2- e dendd 1 ]
percent exclusion limits are 427 kPa and 421 kPa, 01 051 .2 5 .8 .9.95 99
respectively. For comparison, median fragilities ~ Cumulative Probability

based on simplified critenia such as first yielding

or 2% strain in the circumferential direction, which Figure 113. Containment fragilities for

postulated corrosion.

73



can be modeled by simple yield analysis of the shell, are 290 kPa and 365 kPa, respectively. These simplifiedanalyses
lead to conservative estimates of the margin of safety. Fragilities for the other cases are also presented in the figure.
In comparison,for a postulated25% loss of shell thickness behind the ice basket the mean (median)capacity is 386 kPa,
and the logarithmic standard deviation has increased to 0.06. The 5-percent and 2-percent exclusion limits for this
postulated degraded condition have decreased to 352 kPa and 345 kPa, respectively,or by approximately 18% from the
as-built condition.

3.7.4.3 Application of results

Information developed can be used in evaluations of (1) in-service inspection techniques and methodologies that have
been utilized as part of an overall program to ensure that the containment pressure boundary will continue to provide
the required safety margins, and (2) root-cause resolutionpractices that have been applied to restore containmentpressure
boundary components that have been damaged or degraded in service. Methods established under the reliability-based
condition assessment activity will provide a means of establishing the current capacity margin for the pressure boundary
components of a structure or estimating future residual capacity margins. Program results also can be used to address
the significance of incidences of reported containment degradation. Potential regulatory applications of this work
include (1) improved predictions of long-term material and structural performance and available safety margins at future
times; (2) evaluation criteria for safety assessment of issues related to containment degradation incidents; (3) capability
for assessment of structural integrity through a combination of reliability-based condition assessment and
inspection/surveillance(pre- or post-accident)with possible lengtheningof inspection frequencies for some components;
and (4) improvements in damage inspection methodology through potential incorporation of resuits into national
standards that could be referenced by standard review plans.

3.8 TECHNICAL COMMITTEE ACTIVITIES

Internationally, about 25% of nuclear power plants have been operating for over 20 years, with some having been in
operation for over 30 years. Although the individual national programs (e.g., United Kingdom, France, and
Switzerland) focus on the plants within each country, there are common generic aging effects. Issues presentedby aging
nuclear power plants are therefore of international interest and experience and information has been exchanged with a
view of determining best practice. The principal organizations that have involved in these activities include Réunion
Internationale des Laboratoires d’Essais et de Recherches sur les Matériaux (RILEM), Organization for Economic Co-
operation and Development - Nuclear Energy Agency (OECD-NEA), and International Atomic Energy Agency (IAEA).
Program personnel have been heavily involved in each of these activities.

RILEM Committee TC-160 MLN, “Methodology for Life Prediction of Concrete Structures in Nuclear Power Plants,”
was established in 1994 as a result of a proposal prepared by ORNL personnel to review existing guidelines and
procedures used to monitor and evaluate concrete structures in nuclear power plants as well as their performance history.
In order to provide the basis for development of a life prediction methodology, a series of state-of-the-art papers related
to current practices for aging management of concrete structures in nuclear power plants has been prepared (e.g., service
life, instrumentation systems, creep methodologies, and probabilistic methods) [117]. The committee also organized
an international conference [118] and a workshop [119] on life prediction and aging management of concrete structures.

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD-NEA has established a task group to study
aging of nuclear power plant concrete structures. The basic mandate of this task group is to review current international
(and, where appropriate, national) activities in the area of aging (both structural and functional), and to formulate
recommendations for a medium-to-long term program of work. A task group report has been prepared that addresses
the mandated items [120]. Recommendations of this group are being implemented through a series of workshops
addressing specific issues associated with aging: prestress losses in nuclear power plant containments, development
priorities for non-destructiveexaminationof concretestructures, response of degraded structures (including finite-element
analysis techniques), instrumentation and monitoring of concrete structures, and repair and condition assessment of
concrete structures. Recently a second task group report has been published that addresses aging of concrete structures
used to construct nuclear power plant fuel cycle facilities [121]. ORNL personnel have been major contributors to each
of these reports and have participated in several of the workshops.

To assist Member States in understanding aging of structures, systems, and components important to safety, the Safety
Division of the International Energy Agency (IAEA) initiated pilot studies related to evaluation and management of the
safety aspects of nuclear power plant aging. Concrete containment buildings were included in these studies. Under
Phasc I, assessments of the current knowledge on age-related degradation, and its detection and mitigation, were
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conducted, and recommendationsdevelopedfor Phase Il studies. Phase 11 activities (comprehensive aging studies) were
implemented through IAEA Co-ordinated Research Programs (CRPs) that took place over a three- to five-year period.
Under the CRP involving nuclear power plant concrete containment buildings two primary activities took place. The
first activity developed a questionnairethat was sent to approximately200 plant owners/operators to obtain information
regarding aging and its management (i.e., general plant information; inspection, investigation, and preventative
maintenance; and age-related degradation experience). Responses representing over 150 nuclear power units were
provided from 15 countries. General conclusions resulting from responseswere that over halfthe plants responding had
some form of aging management program in place, but only about 10% addressed the concrete structures; visual
examinations, leakage-rate testing, and testing of post-tensioning systems were the commonly used methods of
inspection; utilities whose containments were instrumented generally used longer inspection intervals; and concrete
cracking was the most common form of degradation. Under the second activity results of the questionnaire and
experience of the CRP participants were used to identify current practices for detecting and mitigating the effects of
aging, and to provide the technical basis for developing and implementing a systematic aging management program for
concrete containment buildings. Drawing on international experience and best practice, a framework for an aging
management program for concrete containment buildings was developed thatis based on an understanding of the issues
involved [122]. In a related activity, an aging management program for metal components of boiling-water reactor
systems was also developed [123]. ORNL personnel have been major contributors to both these reports.

ORNL personnel have also been actively involved in a number of American Concrete Institute and American Society
of Mechanical Engineers technical committees. This has included Chairpersons of two committees (ACI 361,
“Composite Concrete and Steel Pressure Vessels for General Industrial Use,” and ACI 126, “Database Formats for
Concrete Materials Properties”) and Secretary of ACI 365, “Service Life Prediction.” ORNL have been one of the
primary authors of several technical reports issued by these committees {ACI 361 R-86, “Composite Concrete and Steel
High-Pressure Vessels for General Industrial Use;” ACI 365.1 R-00 “State-of-the-Art Report on Service Life of
Concrete;” ACI 126.1R-97,“Guide to a RecommendedFormat for the Identificationof Concrete in a MaterialsProperty
Database;” and ACI 126.3-99, “Guideto Recommended Format for Concrete in a Materials Property Database”). Work
conducted under the Structural Aging Program has been incorporated into ACI 349.3R-96, “Evaluation of Existing
Nuclear Safety-Related Concrete Structures.” ORNL also participates in American Society of Mechanical Engineers
Section XI technical committees (Working Group on Containment and Subgroup on Plant Life Extension).
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