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ABSTRACT

The Expanded Material Degradation Assessment Report, NUREG/CR-7153 Vol. 4, Aging of
Concrete and Civil Structures, identifies issues that are low-knowledge but high significance for
concrete and concrete degradation related to the long-term operation of nuclear power plant
(NPP) structures. Irradiation of reactor pressure vessel (RPV) concrete support structures
emerged as the highest research priority, mainly because there was insufficient data to increase
existing knowledge about the effects of irradiation on concrete mechanical properties. U.S.
Nuclear Regulatory Commission (NRC) staff is conducting research activities to investigate this
topic (see SECY-14-0016, January 31, 2014). This report reviews the state of knowledge
related to radiation-induced degradation, estimated radiation levels, a limited survey of reactor
support structures, and important design criteria. Collectively, this information provides a
general framework for understanding the effects of irradiation on RPV concrete support
structures.

This evaluation reviewed recently completed and ongoing license renewal-related research on
the characterization of the degradation of irradiated concrete in NPP structures near the RPVs.
A proper evaluation requires an understanding of (1) the effect of radiation on concrete (i.e.,
what degradation modes exist and which are the most important in a light-water reactor [LWR]
environment), (2) the radiation levels concrete structures experience in the near-RPV
environment, and (3) the functions those concrete structures must maintain over the course of
an 80-year reactor lifetime.

The highest estimated neutron fluence level at the outer face of the RPV wall was found to be
greater than 1 x 10" n/cm? (E > 0.1 MeV) for all pressurized-water reactors (PWRs) and, with
one exception, less than 1 x 10" n/cm? for all boiling-water reactors (BWRs). These estimates
are near or at the core mid-plane. The neutron fluence levels will rapidly decrease above the top
and below the bottom of the core. There are indications that streaming effects could increase
the fluence levels near RPV supports in these areas, but are not higher than the core mid-plane
values.

Neutron fluence levels above 1 x 10" n/cm? (E > 0.1 MeV) at the typical temperatures in LWR
cavities (below 100°C) can significantly degrade concrete’s physical and mechanical properties.
The onset of noticeable degradation can appear at fluence levels above 1 x 10'® n/cm?.
However, there is insufficient evidence to change the currently adopted value of 1 x 10'° n/cm?
as a damage threshold value for regulatory purposes. The contributing factors and degradation
mechanisms are not well understood. There is strong, but not conclusive, experimental
evidence that the primary effect is related to the disordering effect of neutrons on aggregate
mineral structures, especially those with a covalent bond structure such as that found in
siliceous aggregates with the quartz structure. Other issues are that aggregates are a mix of
different mineral types that vary from plant to plant. The differential expansion of minerals within
the aggregate may cause cracking.

Gamma dose levels above 1 x 102 Gy may result in the degradation of concrete properties, but
there is no data directly related to isolated gamma irradiation of concrete in an air environment.
The primary impact of gamma irradiation on concrete is water loss from the cement paste due to
heating and radiolysis, which results in some shrinkage of the cement paste. The loss of water
results in more open pore space within the cement paste, but this effect may be partially
counteracted by gamma-induced carbonation of portlandite to calcite, where the calcite
occupies slightly more volume than portlandite.



The synergistic effects of neutron and gamma radiation on concrete are not known at this time.
Most of the reviewed neutron irradiation data were obtained using a nuclear reactor as a source
which also produced gamma radiation. However, many tests did not track the corresponding
gamma dose or qualify the neutron spectrum, and the relative values of neutron irradiation and
gamma dose in the tests were not necessarily the same as those under commercial LWR
operating conditions. In addition, little neutron- or gamma-only data under LWR conditions is
available for comparison.

In addition, the extrapolation of experimental sample degradation to actual scale operating
conditions still requires study. Radiation-induced volume expansion of the aggregate is
considered to be one of the main contributors to the degradation. The aggregate expansion
under structural confinement will create internal stress fields which may extend much further
inside the bioshield, beyond the irradiated depth.

Other issues that remain to be investigated further are radiation rate effects and the lack of data
on the effects of irradiation at the interfaces of steel and concrete, such as at anchorages and
reinforcements.

The reactors that are more susceptible to concrete bioshield-support degradation are those in
which the reactor supports sit on the concrete bioshield close to, and directly exposed to, the
core radiation. The PWRs that rest on support skirts, neutron shield tanks, or pedestal (metal
column) supports may not have any significant long-term concrete irradiation degradation issues
because the distance from the core to the base of the reactor cavity is far enough to protect
them and/or shielding is provided by a neutron shield tank. However, the effect of irradiation on
concrete support structures near the core mid-plane requires evaluation, and the effect of
irradiation on steel structures and components continues to be considered along with its impacts
on concrete support structures.

This review indicates that all operating PWRs have the potential to generate neutron fluence
levels in the reactor cavity that could result in concrete degradation before 80 years of
operation. However, the extent of any potential degradation of concrete RPV supports cannot
be quantified in a general manner because plant-specific, detailed design information of the
RPV supports is necessary, knowledge of the radiation levels at plant-specific support locations
is largely unknown, and the effect and extent of nuclear irradiation on the concrete supports in
an LWR operating environment is not well understood and subject to uncertainty.

Although BWRs are expected to experience lower radiation levels than PWRs and are not likely
to experience issues related to concrete irradiation-induced degradation, certain aspects of a
given design may need to be addressed. Furthermore, there are NPPs that are operating under
off-normal conditions in some cases and that are monitored as part of their aging management
plans; these off-normal conditions could impact concrete irradiation degradation mechanisms.
Thus, the impact of nuclear radiation on critical concrete support structures should be
considered on a case-by-case basis as part of a Subsequent License Renewal application.



FOREWORD

The Office of Regulatory Research (RES) of the U.S. Nuclear Regulatory Commission (NRC)
initiated research on the effects of irradiation on concrete structures to support subsequent
license renewal activities for nuclear power plants in response to a 2015 user need request from
the Office of Nuclear Reactor Regulation (NRR). In the Staff Requirements Memorandum SRM-
SECY-014-0016, the Commission had directed the staff to keep the Commission informed
regarding progress on concrete research activities, including the effects of irradiation on
concrete. NUREG/CR 7153 Vol. 4, ‘Expanded Materials Degradation Assessment (EMDA):
Aging of Concrete and Civil Structures,” 2014, had identified irradiation-related concrete
degradation as an area of low knowledge and high significance. Irradiation-related concrete
degradation has been identified as a potential issue for two-loop and three-loop pressurized
water reactors because they accumulate higher neutron fluence in the concrete around the RPV
supports during long term operations.

Potential impacts of irradiation-related damage of concrete depend on several factors including
the type of concrete, type of aggregates, level of irradiation, and design configurations of the
RPV supports. Structures exposed to radiation are usually difficult to access for inspection
which limits the options for monitoring and aging management. The RES research program
addresses technical issues for which remaining uncertainties challenge applicants as well as
staff guidance and reviews. The planned and undertaken research activities leverage the
development of knowledge from domestic and international institutions through memoranda of
understanding (MOUSs) with the Electric Power Research Institute (EPRI) and the Department of
Energy (DOE) and a bi-lateral agreement with the Nuclear Regulation Authority of Japan
(NRAJ). To facilitate knowledge development, RES, DOE and EPRI have developed a joint
research roadmap, which is frequently updated to help timely exchange of technical insights,
resolution of issues, and avoidance of duplication of efforts.

The overall RES research program on irradiation-related concrete degradation involves
confirmatory reviews of research on the subject performed within the US and abroad as well as
independent research tasks to further knowledge aimed at clarifying regulatory guidance on
technical issues facing challenging uncertainties. The research results will be used to enhance
staff guidance for assessing the effects of concrete irradiation in structural safety evaluations for
subsequent license renewal and to describe programs that licensees can use to manage the
effects of concrete irradiation. The scope of the RES research activities on irradiation-related
concrete degradation includes, in addition to the cooperative research activities, the following
efforts:
1. Review of state of knowledge on radiation-induced concrete degradation and its
implications on NPP structures at Argonne National Laboratory (ANL) as reported in this
NUREG/CR (2016-2020)

2. Translation and review of the NRAJ report on the NRAJ-sponsored concrete irradiation
testing (2018-2019)

3. Review and feedback on selected EPRI reports (2017-2018)

4. Verification of radiation transport methodology through the concrete biological shield at the
Oak Ridge National Laboratory (ORNL) (2019-2020)



. Development of numerical models to derive damaged concrete properties for use in finite
element analysis frameworks at ANL and the University of Colorado
(2019 — 2020)

. Limited experimentation, modeling and numerical simulations of irradiated concrete
including concrete-steel bonding and methodology for structural evaluation at ORNL
(2019 — 2024)

. In-house assessment of structural capacity (on-going)

. Exploration of confirmatory harvesting opportunities to assess evidence of concrete
damage and site-specific effects.

Vi
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EXECUTIVE SUMMARY

The Expanded Material Degradation Assessment Report, NUREG/CR-7153 Vol. 4, Aging of
Concrete and Civil Structures, identifies issues that are low-knowledge but high significance for
concrete and concrete degradation related to the long-term operation of nuclear power plant
(NPP) structures. Irradiation of reactor pressure vessel (RPV) concrete support structures
emerged as the highest research priority, mainly because there was insufficient data to increase
existing knowledge about the effects of irradiation on concrete mechanical properties. U.S.
Nuclear Regulatory Commission (NRC) staff is conducting research activities to investigate this
topic (see SECY-14-0016, January 31, 2014). This report reviews the state of knowledge
related to radiation-induced degradation, estimated radiation levels, a limited survey of reactor
support structures, and important design criteria. Collectively, this information provides a
general framework for understanding the effects of irradiation on RPV concrete support
structures.

This evaluation is designed to review recently completed and ongoing license renewal-related
research on the characterization of the degradation of irradiated concrete in NPP structures
near the RPVs. A proper evaluation requires an understanding of (1) the effect of radiation on
concrete (what degradation modes exist and which are the most important in a light-water
reactor [LWR] environment), (2) the radiation levels concrete structures experience in the near
RPV environment, and (3) the functions those concrete structures must maintain over the
course of an 80-year reactor lifetime.

ES.1 Effect of Radiation on Concrete

A collection of approximately 110 articles on neutron and gamma radiation damage to concrete
and/or its components was reviewed, and information on study conditions and concrete
performance was extracted for analysis. The effect of the water-to-cement ratio (w/c),
aggregate, aggregate type, aggregate fraction, and temperature on concrete subjected to
neutron and gamma irradiation was considered, focusing on the studies and data most relevant
to the conditions in a commercial LWR.

The primary limitation of this review has been the lack of applicable data to address a number of
variables, as discussed in Section 1.4. Even in some cases where data is available, there is a
wide scatter in results due to uncertainties associated with the details of each experiment and
the experimental measurements. In addition to the experimental variables considered (e.g.,
aggregate and cement paste types, temperature, aggregate fractions, and w/c), variables that
influence results include the actual gamma and neutron radiation spectra used in irradiation
experiments, sample preparation and curing procedures, sample size and shape, aggregate
variation, and testing methods and equipment. These could differ across studies, even when
measuring the same property.

ES.1.1 Neutron Radiation

Sections 3.1 and 4.1 cover the effect of neutron radiation on concrete and its components.
These effects are summarized in Section 4.4.1.

No weight loss due to neutron irradiation was observed. At temperatures below 100°C, it is clear

that neutrons have a much greater impact on aggregates than on cement paste because they
cause disorder within the crystalline framework of an aggregate. The generally amorphous
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nature of cement paste is affected to a much lesser extent. In particular, neutrons appear to
disrupt covalent aggregate crystal structures (e.g., silicates with a quartz lattice) much more
than ionic aggregate crystal structures (e.g., calcite). However, this appears to depend on the
mineral crystal structure. For example, some silicates that do not have the quartz structure show
little effect from neutron irradiation.

Disordering the aggregate crystal structure causes the aggregate’s volume to expand. The
relative onset of the quartz volume expansion under neutron irradiation also depends on
temperature. Aggregate volume expansion appears to cause some reduction of the tensile
strength and the elastic modulus of the aggregate. These impacts are noted at neutron fluence
levels greater than 1 x 10" n/cm?. Observed degradation included calcareous aggregate and
siliceous aggregates. Note that aggregates may be primarily calcareous or siliceous, but actual
compositions are site-specific involving a mix of minerals. Since some crystal structures are
more susceptible than others, differential expansion of the various minerals may lead to further
cracking of the aggregate.

Irradiating concrete with neutrons can lead to significant degradation of its mechanical
properties (compressive strength, tensile strength, and modulus of elasticity) at neutron fluence
levels greater than 1 x 10"® n/cm? at temperatures less than 100°C. The reduction in
compressive strength is due in part to the volume expansion of the aggregates, which results in
a bonding mismatch with the cement paste. The volume expansion of the aggregate may also
contribute to the reduction in tensile strength and the elastic modulus of the concrete. The effect
of the w/c and aggregate fraction of the concrete on the mechanical properties of concrete
under neutron irradiation shows no clear trends.

ES.1.2 Gamma Radiation

There is very limited data on the effects extended gamma irradiation has on concrete and its
components. This is discussed in Sections 3.2 and 4.2 and summarized in Section 4.4.2.

Cement paste and concrete experience weight loss due to the gamma radiolysis of water in the
cement paste pores. Cement paste also shows shrinkage due to water loss, but the limited data
on concrete shrinkage is inconclusive. Exposing Portland cement to higher radiation resulted in
the partial disappearance of the original hydrated minerals and the loss of chemically bound
water after a dose of 1.3 x 10® Gy. The loss of water and partial disappearance of the original
hydrated materials may result in more open pore space within the cement paste but this may be
partially counteracted by gamma-induced carbonation of portlandite to calcite, where the calcite
occupies slightly more volume than portlandite. A slight increase in the compressive strength of
concrete with a dose of 2 x 10® Gy was observed with an increase in carbonate formation.

Heating caused by gamma irradiation can also cause water loss and shrinkage of cement paste.
The very limited data show that there is no apparent change in aggregate and concrete volume
under gamma irradiation. Some experiments show a potential for concrete properties to
degrade at doses greater than 1 x 10® Gy, but these experiments were not consistent with the
conditions found in an LWR cavity. There are also no data on how the w/c and aggregate
fraction of the concrete affect the mechanical properties of concrete under gamma irradiation.

The effect of gamma irradiation on the important properties of concrete are indeterminate. The
data on compressive strength and the modulus of elasticity include neutron irradiation that could
be responsible for the relative decreases observed in concrete with increasing gamma dose.
The mechanical properties of cement paste do not appear to change significantly with gamma
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irradiation, despite the weight loss experienced by cement paste due to radiolysis. The
concurrent formation of calcium carbonate may account for this behavior. Data for gamma
doses approaching 10° Gy and beyond without companion neutron radiation are needed to
address this uncertainty.

ES.2 Radiation Levels near Concrete Support Structures

The highest radiation levels outside of the RPV are in the reactor cavity around the belt-line
region. For extended exposure periods, concrete support structures in this area are more
susceptible to potential radiation damage. Many reactor designs include concrete support
functions in close proximity to the highest radiation areas. As detailed in Section 5, boiling-water
reactor (BWR) and pressurized-water reactor (PWR) support designs were reviewed in
conjunction with estimated cumulative radiation exposures in the reactor cavity after 80 years of
operation for all commercial NPPs to provide a general understanding of the problem.

ES.2.1 RPV Support Designs

All BWRs share a similar design for the configuration of the bioshield around the RPV. The RPV
rests on a metal vessel support skirt, which is an integral part of the BWR RPV, on top of a
concrete reactor pedestal. The cylindrical concrete bioshield also rests on the reactor pedestal,
surrounding the core area of the RPV. The bioshield is a self-supporting structure and may be
anchored at the top to the containment structure to maintain horizontal stability of the bioshield.
In turn, horizontal stabilizers at the top of the bioshield may provide horizontal support for the
upper end of the RPV and allow for thermal expansion and contraction of the RPV in some
designs.

Six general RPV support system designs are used for PWRs. Four support types rest on the
bioshield itself, which provides structural support for the RPV. The two remaining types of
support system—skirt and column designs—rest on the concrete basemat, upon which the
bioshield also sits. The skirt design is similar to that used for BWRs; the column support design
has the RPV supported on the tops of steel columns, the bottoms of which are anchored on the
basemat. The columns either support a ring girder that encircles the RPV under the inlet and
outlet nozzles or are attached to supports under the inlet and/or outlet nozzles. Lateral support
of the columns could include anchoring or embedment of the columns in the biological shield.

ES.2.2 Radiation Levels in the Reactor Cavity

The neutron radiation levels at critical concrete structure boundaries in the vicinity of the RPV
have not been directly monitored in the past, although some ex-vessel neutron dosimetry has
been conducted in the core belt-line region. Concrete degradation, as a result of neutron
irradiation, is considered primarily due to interactions with fast neutrons (E > 0.1 MeV), as
discussed in Section 3.1. For this review, through a series of steps, data obtained for neutron
radiation for E > 1.0 MeV at the inner RPV wall is converted to an estimated fluence

(E > 0.1 MeV) in the vicinity of concrete support structures in the reactor cavity. In each step of
the calculation, there are variabilities and uncertainties that cannot be totally quantified at
present without further confirmatory research and plant-specific information. Thus, the method
used in this review is a rough approximation that is intended to produce reasonable results, but
may not be conservative.

The highest estimated neutron fluence level at the outer face of the RPV wall was found to be
greater than 1 x 10'"® n/cm? (E > 0.1 MeV) for all PWRs, and, with one exception, less than
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1 x 10" n/cm? for all BWRs. These estimates are near or at the core mid-plane. The neutron
fluence levels will rapidly decrease above the top and below the bottom of the core. There are
indications that streaming effects could increase the fluence levels near RPV supports in these
areas, but not higher than the core mid-plane values.

Few data are available on the expected gamma flux at the outer wall of a commercial RPV and
in the reactor cavity. Estimated maximum doses at the outer RPV wall for two- and three-loop
PWRs are on the order of 1 x 10" rad (1 x 108 Gy) and 4 x 10° rad (4 x 107 Gy), respectively,
for a hypothetical 80-year reactor life of 80 years (72 EFPY). Because the radiation damage
threshold for concrete is considered by some to be around 10" rad (108 Gy), there is the
possibility for some gamma radiation damage by the end of a PWR’s lifetime.

ES.3 Design Criteria, Degradation, and Modeling

Given the potential degradation characteristics of concrete after irradiation, a methodology is
needed to determine whether a specific concrete structure will meet its design criteria, which
includes the performance of its safety functions, over an extended period of operation in a
specific radiation environment. Because of the complexity of the interactions within the concrete
itself (e.g., cement paste-aggregate; irradiation effects; temperature and humidity effects), the
subsequent change in radiation transport in the concrete over time, and interactions of the
concrete with embedded reinforcement and anchorages, a better understanding of how
microscale interactions translate into macroscale performance is needed to better understand
and eventually quantify structural performance in a long-term radiation environment. Structural
performance is necessarily plant-specific and depends on the structural design details and
loads. Maximum potential loads on an RPV support structure can include those loads resulting
from postulated accident conditions such as a loss-of-coolant accident in combination with a
safe shutdown earthquake.

As discussed in Section 6, the combination of those loads and the resulting horizontal and
vertical loadings could result in forces in multiple directions that would be counteracted by
complex interactions of the concrete, including degraded concrete, with its metal reinforcement
and anchorages as well as other RPV support interfaces. It is necessary to understand how the
radiation-induced degradation affects the load carrying mechanisms and their continued ability
to resist the applied forces. Improved understanding of how microscale interactions translate
into macroscale performance will provide a better understanding and address uncertainties in
the quantification of the effects of the concrete irradiation on the load-carrying ability of the RPV
support structures and, therefore, on their structural performance in a long-term radiation
environment.

Data on radiation-induced concrete degradation from operating experience is limited by the
inaccessible nature of the affected structures. Efforts to obtain suitable concrete samples from
decommissioned plants has been unsuccessful to date. Thus, appropriate concrete samples are
not available for large-scale testing. Current research is based on small-scale testing due to
space limitations in the test reactors, which also have higher temperature gradients than
commercial reactors, and modeling techniques to characterize the degradation and its
implications. By collecting the latest available data on irradiated concrete, this review provides a
foundation for future work in estimating macroscale performance based on microscale events.
The currently available models are valid only from the centimeter scale (the so-called
representative volume element) down to the micrometer scale. These models need to be further
developed in two directions in order to be used in structural analysis for concrete structures in
NPPs.
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One of these directions is to assess the effects of nuclear irradiation on the nanostructure of
C-S-H and on the expansion of aggregates. Current models depend on experimental results
summarized by several empirical equations for C-S-H and for aggregates. What happens in

C-S-H and aggregates under nuclear irradiation should be further studied and characterized.

The other direction is to extend the multiscale models up to the meter level (the macro-structural
level), because the degradation of concrete materials needs to be reflected in the structural
analysis, which is the ultimate goal of the multiscale analysis. To this end, the multiscale models
should be integrated with commercial finite-element software, or their results appropriately
accounted for in the modeling with that software, so engineers can use the available software as
a platform to examine the structural effects of nuclear irradiation.

ES.4 Recommendations and Conclusion

Neutron fluence levels above 1 x 10" n/cm? (E > 0.1 MeV) at the typical temperatures in LWR
reactor cavities (below 100°C) can significantly degrade concrete’s physical and mechanical
properties. The onset of noticeable degradation can appear at fluence levels above 1 x 108
n/cm?. However, there is insufficient evidence to change the currently adopted value of 1 x 10"°
n/cm? as a damage threshold value for regulatory purposes. The contributing factors and
degradation mechanisms are not well understood. There is strong, but not conclusive,
experimental evidence that the primary effect is related to the disordering effect of neutrons on
aggregate mineral structure, especially those with a covalent bond structure such as that found
in siliceous aggregates with quartz structure. Other issues are that aggregates are a mix of
different mineral types and vary from plant to plant. The differential expansion of minerals within
the aggregate may cause cracking.

Gamma dose levels above 1 x 108 Gy may result in the degradation of concrete properties, but
there is no data directly related to isolated gamma irradiation of concrete in an air environment.
The primary impact of gamma irradiation on concrete is water loss from the cement paste due to
heating and radiolysis, which results in some shrinkage of the cement paste. The loss of water
results in more open pore space within the cement paste, but this effect may be partially
counteracted by gamma-induced carbonation of portlandite to calcite, where the calcite
occupies slightly more volume than portlandite.

The synergistic effects of neutron and gamma radiation on concrete are not known at this time.
Most of the reviewed neutron irradiation data were obtained using a nuclear reactor as a source
which also produced gamma radiation. However, many tests did not track the corresponding
gamma dose or qualify the neutron spectrum, and the relative values of neutron irradiation and
gamma dose in the tests were not necessarily the same as those under commercial LWR
operating conditions. In addition, little neutron- or gamma-only data under LWR conditions is
available for comparison.

The synergistic effects of nuclear radiation and heat are also not well characterized. At
temperatures below 100°C, thermal effects can solely lead to some degradation in mechanical
properties. Higher temperatures correlate with a shift in the apparent onset of quartz volume
expansion under neutron irradiation to higher neutron fluence values.

Issues that remain to be explored include those related to degradation depth, steel reactor
cavity liners, and bonding between steel embedments and concrete. The neutron and gamma
radiation are attenuated as they pass into the bioshield or other concrete support structure. At
some depth, the radiation levels will be below those that cause degradation that could affect
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support functions. In addition, even if the degradation is limited to a short distance from the face
of the inner bioshield wall, it can lead to the development of internal stress and strain fields
within the bioshield that extend much further. For NPPs with a steel cavity liner, the liner could
constrain concrete expansion due to neutron irradiation at the bioshield surface, resulting in
additional stress and strain fields in the concrete. The liner would also have an effect on the
relative amounts of water present in the concrete by limiting movement of water and its
byproducts due to heating and radiolysis caused by gamma radiation. Steel embedments such
as rebar and anchorages are used throughout the bioshield and RPV supports and are essential
elements of the RPV support structures. Effects of irradiation degradation of concrete support
structures could be exacerbated by potential effects of the concrete degradation on the rebar-
concrete bond.

The reactors that are more susceptible to concrete bioshield support degradation are those
where the reactor supports sit on the concrete bioshield close to, and directly exposed to, the
core radiation. The PWRs that rest on support skirts, neutron shield tanks, or pedestal (metal
column) supports may not have any significant long-term concrete irradiation degradation issues
because the distance from the core to the base of the reactor cavity is far enough to protect
them and/or shielding is provided by a neutron shield tank. However, the effect of irradiation on
concrete support structures near the core mid-plane requires evaluation, and the effect of
irradiation on steel structures and components continues to be considered along with its impacts
on concrete support structures.

This review indicates that all operating PWRs have the potential to generate neutron fluence
levels in the reactor cavity that could result in concrete degradation before 80 years of
operation. However, the extent of any potential degradation of concrete RPV supports cannot
be quantified in a general manner because plant-specific, detailed design information of the
RPV supports is necessary, knowledge of the radiation levels at plant-specific support locations
is largely unknown, and the effect and extent of nuclear irradiation on the concrete supports in
an LWR operating environment is not well understood and subject to uncertainty.

Although BWRs are expected to experience lower radiation levels than PWRs and are not likely
to experience issues related to concrete irradiation-induced degradation, certain aspects of a
given design may need to be addressed. Furthermore, there are NPPs that are operating under
off-normal conditions in some cases, that are monitored as part of their aging management
plans; these off-normal conditions could impact concrete irradiation degradation mechanisms.
Thus, the impact of nuclear radiation on critical concrete support structures should be
considered on a case-by-case basis as part of a subsequent license renewal application.
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FSAR Final Safety Analysis Report
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RPV reactor pressure vessel

RVE representative volume element
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SSE safe shutdown earthquake
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1 INTRODUCTION

11 Background

As a fundamental building material, concrete is one of the primary structural materials used in
the construction of commercial nuclear power plants (NPPs). It is used in such applications as
building foundations, reactor containment, shielding, and for support of the reactor pressure
vessel (RPV).

The degradation of concrete over time at NPPs has been well studied in most areas and
depends on its environment [1]. Concrete degradation mechanisms include alteration/erosion,
chemical attack, thermal exposure, fatigue, cement-aggregate reactions, freeze/thaw cycles,
irradiation, leaching, volume changes, external loads, fire damage, steam impingement, and
settlement. Until recently, aging management of concrete degradation due to irradiation had not
been addressed in aging management programs at U.S. NPPs [2, 3].

Concrete has been used for radiation shielding for decades. A mix of cement and various
aggregates, concrete provides protection from both gamma and neutron radiation generated in
a nuclear reactor. In conjunction with its radiation resistance and protection, concrete’s relatively
low cost and its structural properties have led to its extensive use in the vicinity of the RPV.
Earlier work showed that the physical properties of concrete remain relatively unaffected by a
fast neutron fluence below approximately 1 x 10'® neutrons/cm? [4, 5]. However, a number of
studies involved conditions (e.g., temperature and humidity) that are non-representative of the
environment of concrete structures exposed to the highest radiation levels at an NPP [6, 7]. In
addition, gamma radiation is responsible for other aging mechanisms that must be considered
[8, 9]. Thus, there is some uncertainty related to the longer-term performance of structural
concrete in a high-radiation environment. Further information can be found in William et al. [10].

1.2 Subsequent License Renewal

NPPs were originally designed and licensed for 40 years of operation. Since then, most plants
have undergone license renewal to extend plant operation to 60 years; the few remaining NPPs
may do the same. The NRC has embarked on the subsequent license renewal (SLR) process of
reviewing license applications that would extend those reactors’ operating licenses for an
additional 20 years (80 years total) if approved. Research data indicate that radiation causes
degradation of concrete’s physical and mechanical properties.

When evaluating the reduction of strength and mechanical properties of concrete due to
radiation, “fluence limits of 1 x 10'® neutrons/cm? neutron radiation and 1 x 108 Gy (1 x 10'° rad)
gamma dose are considered conservative radiation exposure levels beyond which concrete
material properties may begin to degrade markedly” [3]. In addition, a neutron energy cutoff
level of E > 0.1 MeV was suggested for the fluence limit [3]. Further research is ongoing to
evaluate the safety performance of the RPV support structures.

Technical issues related to concrete degradation due to irradiation are one area where
evaluation is necessary for power reactor operation beyond 60 years. The highest fast neutron
fluence (E > 0.1 MeV) estimated in this study at the outside wall of a commercial U.S. NPP RPV
after 80 years of operation is about 7.5 x 10'® neutrons/cm? (8.0 x 10'® neutrons/cm? for

E > 1.0 MeV). Thus, operation of some NPPs over a period of 80 years could result in higher
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fluence levels than originally anticipated. This might impair the intended support functions of
concrete structures in the vicinity of the RPV.

1.3 Obijective and Scope

The objective of this evaluation is to conduct a confirmatory review of recently completed and
ongoing SLR-related research on the degradation of irradiated concrete material in NPP
structures close to RPVs. Our intention is to assess and evaluate the suitability and sufficiency
of the research to establish radiation levels that would not require subsequent evaluation of
structural significance and plant-specific irradiation-related aging management programs.

To reconsider established radiation levels that would not require subsequent evaluation for an
SLR [3], an understanding of both the degradation of concrete by radiation and the overall
configuration (structure/geometry and operating environment) of the NPPs is required.
Irradiation impacts on concrete depend, in part, on the concrete variability (e.g., aggregate type,
texture, cement types, and water content) and radiation energy, intensity, and duration (flux and
fluence). The review considers preliminary estimates for concrete radiation damage already
provided by the U.S. Department of Energy’s (DOE’s) light water reactor sustainability research
[11, 12], as well as research done by other domestic and international programs. The combined
effects of various processes (e.g., neutron and gamma irradiation, temperature, and humidity)
are considered.

A compilation of the different reactor types, their structural configuration and layouts, concrete
variability, and operating environments (neutron and gamma irradiation levels, temperature,
humidity) is part of this evaluation. The compilation of the irradiation environments includes a
determination of the neutron fluence and gamma dose estimates in the vicinity of RPVs for
operation up to 80 years, as well as a discussion of the associated uncertainties for the concrete
structures of interest. In combination with the review of information on the radiation effects on
concrete and its functions, an attempt was made to identify radiation levels that would not
require subsequent evaluation of structural significance. The radiation effects on concrete
components and any embedded steel include both structural (strength, stiffness, and the
concrete-steel bond for both structural reinforcement and anchoring elements) and shielding
properties. However, the present study is only concerned with the potential effects on concrete’s
structure.

As a baseline, Chapter 2 of this report briefly summarizes concrete composition, non-radiation
processes that contribute to its degradation, and the general type of concrete used in the
construction of U.S. NPPs. How gamma and neutron radiation interact with concrete is
discussed in Chapter 3. Chapter 4 covers the impacts of irradiation on concrete properties.
Discussions on the designs of concrete RPV support structures and estimates of the potential
radiation levels in reactor cavities appear in Chapter 5. Examples of potential accident loads on
concrete support structures and the need for estimating and extending nano- and microscale
impacts from irradiation degradation to the macroscale for structural analysis are provided in
Chapter 6. Chapter 7 covers plant-specific considerations related to concrete support
configurations and potential radiation levels. Conclusions are summarized in Chapter 8.

1.4 Study Limitations

The analysis and conclusions presented in this review are limited by the complexity of the
problem and the corresponding research in this area to date. The primary limitation of this
review has been the lack of applicable data to address the influence of a number of variables.
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Even in cases where data is available, there is often a wide scatter in the plotted results due to
both uncertainties associated with experimental measurements and uncertainties related to the
details of each experiment. Acknowledging these limitations will give the reader a better
appreciation of the available data’s relevance to the degradation of concrete in general and in a
light-water reactor (LWR) in particular.

1.4.1 Variability and Uncertainty

In addition to the experimental variables considered, such as aggregate and cement paste
types, temperature, aggregate fractions, and water-to-cement ratio (w/c), variables that
influence results include: (a) the actual gamma and neutron radiation energy distributions used
in irradiation experiments, (b) sample preparation and curing procedures, (c) sample size and
shape, (d) aggregate type, and (e) testing methods and equipment that could differ across
studies when measuring the same property.

The neutron fluence values reported in different studies on concrete or its components were
based on different neutron energy levels. Some values correspond to reported energies

>1 MeV, while others do not even provide the information. Thus, the effects reported for the
same material and neutron fluence levels could have different results in different studies. The
best way to ensure the consistency of the neutron energy level for all the tests is to obtain the
neutron energy spectrum during each test. Unfortunately, only a few studies provide this
information.

The various fabrication procedures and pretreatments can cause inconsistencies of the
reference properties of samples across studies. For instance, some cement paste and concrete
specimens were cured for several months and others were aged for more than 1 year. Some
samples were preheated to different temperatures before testing, and some were only cured at
ambient temperature.

The samples tested in the various studies varied in shape; most samples were cylinders or
cubes, in sizes ranging from several millimeters up to 400 mm. The size and geometry of these
samples may influence property tests. They limited the types of tests conducted, as well as the
size and shapes of aggregates in concrete samples, which in turn limits their applicability to
real-world conditions.

A number of studies tested mortar samples in place of concrete samples. Mortar is composed of
cement, fine aggregate, and water (no coarse aggregate). This practice enabled the testing of
smaller samples in reactors with limited sample space, but could affect the outcome of property
tests, as mentioned in the previous paragraph.

The range of aggregates considered in testing was quite broad. Due to the limited number of
data points, it is difficult to delineate or eliminate the effect of aggregate type. Behavior within a
particular rock group could vary considerably, because the mineral/chemical compositions of
aggregates could be quite different, even if they share the same name. Many studies did not
provide detailed information about the chemical compositions of the aggregates.

Testing methodology and equipment for some properties could also differ between studies. For
example, the values of tensile strength in the figures could represent either splitting tensile
strength or flexural strength. However, because relative values are used, the effects of testing
methods should not be very significant.



1.4.2 Relevant Data

This review is concerned with the potential degradation of concrete support structures in an
LWR radiation environment. Consequently, the data of interest is related to the concrete used to
construct existing NPPs and how it ages in an indoor environment at a temperature of about
65°C (150°F) in gamma and neutron radiation fields due to uranium fission.

Concrete is primarily a two-component system with aggregate bound in a cement paste matrix.
Ordinary Portland cement, typically with a w/c of about 0.45, was the type used in

U.S. commercial NPP construction. The aggregates used at each NPP were typically obtained
from nearby quarries, which resulted in a range of aggregate types being used.

Experimental data from irradiation (neutron and/or gamma) studies of any type of concrete or its
cement and aggregate components is scarce. Thus, this review includes data from experiments
where some parameters may not have been within the envelope defined by LWR operations
(e.g., temperatures less than or greater than 65°C [150°F]). Such results could represent
potential off-normal operating conditions or have the potential to provide insight into various
aspects of radiation effects. For example, very few comprehensive studies examined irradiation
effects on the mechanical properties of concrete and its cement paste and aggregate
components separately to elucidate potential degradation mechanisms. One of these studies
involved a temperature well above LWR conditions and cement and aggregate types not used in
U.S. NPPs; however, some degradation mechanisms could still be relevant. As another
example, the w/c at most NPPs was originally around 0.45. Over time (decades), that value will
likely exhibit a gradient from the surface of the bioshield into the bulk material and be plant-
specific, changing due to relative humidity (RH) conditions, the temperature in the reactor cavity,
the presence of a reactor cavity liner (if used in the NPP design), and potential off-normal
conditions (e.g., water leaks or elevated temperatures). In the end, collective studies may show
trends that pass into the envelope defined by LWR operations or show similar mechanisms or
effects.

1.4.3 Complete Datasets

Most studies do not have complete sets of data. To properly analyze the radiation impacts on
concrete, it is necessary to understand the effects on concrete itself and its components
(cement and aggregates). However, most studies are not comprehensive; they do not
separately test the three primary mechanical properties (the elastic modulus and the
compressive and tensile strengths) of the concrete and/or do not separately test its cement
matrix and the aggregates used.



2 CONCRETE

Concrete is a two-phase composite material with aggregates as inclusions in a cement paste as
a matrix. The two phases have different transport, thermal, hygro, and mechanical properties,
and thus respond differently to temperature change, moisture fluctuation, and nuclear
irradiation. The aggregates in concrete expand with increasing temperature and prolonged
nuclear irradiation. Cement paste may expand if the thermal expansion is dominant and may
shrink if the moisture loss is dominant.

The combined effect of the deformation mechanisms of the two phases depends on many
factors such as heating/cooling rate, wetting/drying rate, irradiation intensity, aging and
exposure periods, and composition of the concrete. For example, the thermal incompatibility
between the two phases causes a very large mismatch in the deformation between aggregates
and cement paste; this results in micro-cracks in the interface transition zone around
aggregates. Subsequent and simultaneous heating and drying (especially under an accidental
condition), irradiation, and loading may cause coalescence of such cracks to form discrete large
cracks. This, in turn, can lead to fracture and spalling of concrete and other degradation of
concrete structures, including the potential loss of bonding to metal embedments. This chapter
provides a brief description of concrete and its components in a non-irradiation environment.

2.1 Cement Paste

Cement paste is a porous material formed by the hydration reactions between Portland cement
and water. It is composed of several hydration products of Portland cement: calcium hydroxide
(CH) particles, which are needle- or plate-shaped crystals; calcium silicate hydrate (CsH2Ss, or
simplified as C-S-H), which has a nonstoichiometric amorphous structure; ettringite (CsASsH32)
particles, which are needle-shaped crystals formed with a large volume expansion. There are
also other minor chemical compounds, water, and pores in the cement paste.

Calcium hydroxide and ettringite are crystalline materials, but C-S-H is not. The atomic structure
of C-S-H is important because C-S-H binds all of the concrete components together and
produces the strength of the concrete. Based on adsorption/desorption test data for cement
paste, the internal structure of C-S-H has been estimated as layered structures with plate-like
solid layers or randomly shaped flexible layers (see Figure 2-1).

There are several types of water in cement paste, which is very important for the durability of
concrete. The following types of water are found in concrete paste: (1) Chemically combined
water, the water consumed during hydration reactions, which becomes part of the solid
components; the loss of chemically combined water under high temperature is called
dehydration, and is associated with major strength reduction of cement paste and concrete.

(2) Capillary water, the water in capillary pores, which is evaporable during air drying; the loss of
capillary water is the primary reason of drying shrinkage. Capillary water is also referred to as
free water. (3) Interlayer water between the solid layers of C-S-H. This interlayer water is not
evaporable under regular air drying, but is mobile under very low RH and/or vacuum drying. The
loss of interlayer water may cause excessive drying shrinkage.

The amount of water used in the cement paste is characterized by the w/c. A high w/c creates a
different elemental composition in the concrete (i.e., a higher content of O and H in the
concrete). Light elements like H attenuate neutrons more effectively than other elements in the
concrete, which reduces overall damage to the concrete. The value found at most NPPs is
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typically about 0.45 per ACI 318 [13]. This value achieves the desired compressive strength,
and it allows the paste to remain workable when the water and cement are mixed. However, for
durability, the w/c may be lower.

2.1.1 Thermal Effects

Temperature rise could potentially occur in the reactor cavity and is associated with nuclear
irradiation. Therefore, changes in the properties of cement paste under elevated temperatures
(greater than room temperature) should be assessed. There are two possible damage
mechanisms in cement paste under high temperature conditions: phase transformation and
spalling damage. Explosive spalling can occur at a very high heating rate that could only occur
under potential NPP accident conditions. Concrete spalling can also occur under other
degradation mechanisms, most notably in reinforced concrete or with other embedded metals
where corrosion products build up at the metal-concrete interface, exerting outward pressure.
Spalling may also occur due to chemical attack, due to compressive stresses in concrete, or
from the vaporization of moisture (expansion) in the cover concrete. We will only consider phase
transformations in this section; these data will be used later to analyze the test data from
concrete under nuclear irradiation.

The primary effect of heating in the temperature range experienced by concrete in a NPP
reactor cavity is loss of capillary water, which results in drying shrinkage. The hardened cement
paste, through the loss of chemically combined (bound) water, will only become dehydrated
when the temperature is higher than the regular operating temperature of 65°C (150°F). Initially,
elevated temperatures drive out the capillary water in pores and accelerate the diffusion of
water in cement paste. At the regular operation temperature, chemically bound water is not
affected by temperature. However, as temperatures rise above this level, chemically bound
water eventually will begin to be lost before all of the capillary water is gone. Given sufficient
time at slightly higher temperatures, by about 105°C, all of the capillary water will be driven out
[14]. All of the hydration products, such as C-S-H, decompose under high temperatures. The
decomposition processes of the hydration products at various temperature ranges are listed in
Table 2-1 [15].

On heating ordinary Portland cement up to 100°C, ettringite had disappeared by 90°C with an
increase in portlandite and calcite formation due to their precipitation caused by the loss of free
and chemically bonded water, as well as contributions of Ca*? from the ettringite [16]. At
temperatures up to 200°C, hardened cement paste exhibits a small volume expansion, and
contracts at higher temperature [17].

The chemical reactions for the decomposition processes can be described as follows:
Decomposition of C-S-H: 3.4Ca0 - 25i0, - 3H,0 — 3.4Ca0 - 25i0, + 3H,0 1 (2-1)
Decomposition of CH: Ca(OH), = Ca0 + H,0 T (2-2)

The formation of CaC0sis due to the accelerated carbonation reaction of CH:

Ca(OH), + CO, + H,0 - CaC05 + 2H,0 (2-3)

Then, CaC05; decomposes at high temperatures as shown in Table 2-1.



The new phases formed during the phase transformations have densities, strengths, and
stiffnesses that differ from those of the original phases in the cement paste. For example, cracks
and voids form in cement paste along with the decomposition of CH.

Interlayer
water

The basic layer
is two or three
layers of

a) particles
formed plates

Mindess and Young (1981)

Adsorbed water

(a) XXXXXRXX Saturated

(b] S KK .
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(d) s Dry = Feldman and Sereda
et (1968)
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Calcium silicate hydroxide _ Chen et al. (2014)
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Figure 2-1 (a, b) Proposed Internal Layer Structures and (c) Scanning Electron Image of
Hardened Cement Paste (Sources: (a) [18] Figure 4-6(a) from Concrete, Mindess,
S., & Young, J. F. (1981) Prentice-Hall, NJ. reprinted by permission from the
American Concrete Institute; (b) [19] Reprinted by permission from Springer Nature
Matériaux et constructions, “A model for hydrated Portland cement paste as
deduced from sorption-length change and mechanical properties,” R. F. Feldman
and P.J. Sereda, 1968; (c) [20] Republished with permission of ICE Publishing from
Magazine of Concrete Research, 68(22), “A nano-model for micromechanics-based
elasticity prediction of hardened cement paste.” J. Chen et al., 2014; permission
conveyed through Copyright Clearance Center, Inc.)
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2.1.2 Carbonation

Over the last 40 years, the corrosion of reinforcing steel has become one of the most important
problems surrounding the durability of concrete structures. The initiation of steel corrosion has
many possible influential factors. One of them is the carbonation reaction [21, 22]. Not only can
rust formation associated with steel corrosion reduce the cross-sectional area of the steel, but
the strength of cementitious materials is also reduced due to the volume expansion associated
with the rust formation. Usually, the steel in cementitious material is protected by a thin layer of
oxide that forms on the steel surface due to the highly alkaline environment of the pore solution.
The hydration reactions of cement drastically increase the pH of the pore solution from 7 to
about 13. This increase is the result of the generation of calcium hydroxide during the hydration
process [23-26].

Carbonation reactions can change the behavior of cement paste from several aspects. The
general carbonation reactions can be expressed as [27]:

CO, + H,0 & H,CO5 & H* + HCO3 & 2H* + CO3~ (2-4)
Ca(OH), + 2H* + CO2™ - CaC05 + 2H,0 (2-5)
Ca(OH), + H* + HCO3 — CaCO; + 2H,0 (2-6)
C—S—H+2H' 4+ C0% - CaCOs + SiO,OH, (2-7)
C—S—H+H"+HCO; > CaCOs + SiO,OH, (2-8)
CO, + H,0 + CaCO; & Ca®* + 2HCO3 (2-9)
2H* + CaC0; & CO, + Ca®* + H,0 (2-10)

The CO:; first dissolves in water to form carbonic acid and its dissociation products (hydrogen,
carbonate, and bicarbonate ions) as shown in Equation (2-4) [27]. In the next steps,

Equations (2-5) to (2-8), the acid reacts with the calcium hydroxide first to generate the calcium
carbonate. Then the calcium silicate hydrate (C-S-H) gel (the main product of the hydration
reaction of Portland cement) reacts with the acid to produce the amorphous silica gel and
calcium carbonate.

The calcium carbonate is very stiff and can increase the overall strength of the cement paste,
but it can also decrease the tensile strength and the modulus of elasticity. The generation of the
amorphous silica and calcium carbonate decreases the permeability as they precipitate in the
open pores. The process usually ends at this stage in regular Portland cement concrete in
aboveground structures where the moisture level is low. If the cement paste is in contact with
liquid water or the moisture content is high, which is a common environmental condition
underground, the reaction process will continue (Equations (2-9) and (2-10)).

Because the pH of the pore solution drops as the calcium hydroxide and alkali phases are
depleted in the reactions up through Equation (2-8), bicarbonate (HCO3) becomes
thermodynamically favored over carbonate (CO3%) in a wetter environment [27]. At the end of
the process in this case, the calcium carbonate content will decrease with a rise in dissolved
calcium, and the strength of the cement paste will decrease as well. This demonstrates that, for
normal Portland cement concrete in NPPs whose moisture content is very low, carbonation
could have both positive and negative effects on concrete durability: carbonation reactions
reduce pH value and destroy the passive oxide film on the surface of steel which can initiate the
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corrosion of reinforcing steel, but it can also densify the concrete and reduce its porosity and
permeability.

Based on previous research, the rate of the carbonation reaction is very important [28, 29].
Several other influential factors were considered: RH, temperature, w/c, types of cement used,
CO; content of the atmosphere, and so on [30]. For example, with increasing temperature, the
rate of the carbonation reaction increases. Equation (2-11) is an empirical equation developed
based on available test results:

§ = AT + Fy, (2-11)

where § is the carbonation depth (mm), T is the temperature (°C), A is the influential factor of
temperature to carbonation depth (mm/°C), and F; is a constant (mm). The carbonation reaction
involves water, and the reaction cannot proceed if the internal RH is lower than 50%. Between
RH levels of 50% and 75%, the reaction rate varies. At higher humidity levels, the reaction rate
can reach the maximum. However, the diffusion of CO; in concrete (the supply of CO,) is slower
at high internal RH.

The w/c is very influential among the mix design parameters of concrete. With a higher w/c, the
rate of carbonation reaction is higher; this effect is because the porosity of concrete is higher
with a higher w/c.

The initial CO- content in the air is an important environmental parameter. Equation (2-12) is an
empirical equation developed for evaluating the carbonation depth (x), taking into account the
CO- content in the air and other influential parameters:

x = ([2(c ~ e)VE = AVE, (2-12)

where x is the carbonation depth (m), D is the diffusion coefficient of CO- in concrete (m?/s), a is
the necessary amount of CO for the carbonation of the alkaline components (g/m?®), ¢ is the
CO;, concentration of the surrounding air (g/m?), ¢z is the CO, concentration at the carbonation
front (g/m3), t is the time (s), and A is the carbonation constant [31, 32].

In addition, many researchers have started to conduct accelerated experimental studies to
analyze changes in the chemical composition of concrete by using thermogravimetry (TG)
and/or differential scanning calorimetry (DSC) analysis [33, 34]. Using TG and DSC,
researchers can follow the loss in sample mass as a function of increasing temperature (TG)
and measure the heat flow into or from the sample as the temperature increases (DSC). This
combination of methods provides key thermodynamic data to aid in determining the chemical
reactions that are taking place.

2.1.3 Alkali-Silica Reaction (ASR)

An ASR is a deleterious chemical reaction between the alkali hydroxide in Portland cement and
certain siliceous rocks and minerals present in aggregates, such as chalcedony and opal [35].
ASR was first reported by Stanton [36] in 1940. The product of ASR, referred to as ASR gel,
expands with time. The pressure the expansive ASR gel imposes on the surrounding matrix
causes many cracks in the concrete. This reduces the stiffness and strength of unconfined
concrete and may affect the stability and safety of structures [37].



ASR is a chemical reaction between amorphous or poorly crystalline silica present in a reactive
aggregate and the alkali and hydroxyl ions in the pore solution of concrete [38]. The ASR
process is complex and includes several phases. The process can be summarized in two main
steps [39-41], as shown in Figure 2-2 and Equations (2-13), (2-14), and (2-15). The aggregate
siloxane networks are attacked by hydroxyl ions in the first step to generate alkali silicate and
silicic acid. In these equations, R* denotes a metal ion, such as a sodium or calcium ion
(Na*,Ca?*) (Equation (2-13)). Then the silicic acid reacts with more hydroxyl ions to produce
the alkali-silica gel (Equation (2-14)). The alkali-silica gel absorbs free water, either from the
internal moisture in the concrete or from the outside environment, in the second step where n is
the hydration number in Equation (2-15). Through the absorption of water, the ASR products
swell and induce cracking in aggregates and in the cement paste around them, resulting in the
deterioration of concrete [42, 43]:

= Si-0-Si = +R* + OH™ —= Si-0-R + H-0-Si =, (2-13)
= Si-0-H + R* + OH™ »= Si-0O-R + H,0, (2-14)
= Si-0-R + nH,0 »= Si-0~-(H,0), + R* (2-15)

There are several factors that may influence the rate of ASR expansion, and they can be
divided into three groups. The first group is cement properties, especially the alkali content of
cement. The second group is the aggregate properties such as mineralogy and aggregate size.
The last group is the environmental conditions such as temperature and moisture.

forms , +H,0 )

alkali cement + cracking of the
reactive aggregate ASR gel aggregate and paste

Figure 2-2 ASR Process

Almost all of the alkali in concrete comes from Portland cement. It has been proven that the
higher the content of alkali in the Portland cement, the more powerful the ASR that takes place.
Past research shows that water-soluble alkalis occupy around 45% to 80% of the total alkali
content in Portland cement [36]. We considered 0.6% of the equivalent alkali content (the
equivalent alkali content in Portland cement is expressed as %Na.O + 0.658 x %K>0, by ASTM
C150) as a dividing value for the alkalis in Portland cement. Portland cement with an equivalent
alkali content higher than 0.6% is a high-alkali cement.

For aggregates, there are two main parameters which can dramatically affect the ASR: the type
of aggregate and the aggregate size. The potentially susceptible types of aggregate that can
cause ASR are the porous and non-crystalline forms of silica and silicates, such as volcanic
glass and opal. The size of the aggregate particles matters because the rate of ASR depends
on the surface area of reactive aggregates. Some researchers [44, 45] report that the expansion



may be larger when the aggregate size is smaller, which corresponds to a larger surface area
given a fixed volume of aggregate. However, some studies found that there is a pessimum size
for reactive aggregate, where the ASR affected concrete can reach the maximum expansion.
The pessimum size is about 37.5 um for certain types of reactive aggregates [46-49]. Previous
studies showed that the critical RH is 80% at 23°C [50]. The temperature is also very important
during the ASR; a higher temperature can accelerate the expansion rate [51].

2.2 Aqgregates

For normal weight concrete, there are two common aggregate groups by mineralogical
composition: (1) siliceous aggregates such as quartzite, gravel, granite, and flint; and

(2) calcareous aggregates such as limestone, dolomite, and anorthosite. Under nuclear
irradiation, the atomic structure of some aggregates can be converted from a crystalline
structure to a distorted amorphous structure with a decrease in specific gravity and an increase
in volume [5]. It is generally understood that siliceous aggregates, for example, quartzite,
expand under intensive neutron irradiation (as discussed in Section 3.1.3.1), expand under high
alkali and moist environments (the so-called alkali-silica reaction), and experience a phase
transformation at approximately T = 570°C.

Figure 2-3 shows the responses of unirradiated concrete with different aggregates at elevated
temperatures. The combined effect of the deformation mechanisms of concrete depends on
many factors, such as heating rate, holding period, and composition of the concrete. At the
range of service temperature (T < 65°C), the difference between the thermal strains shown in
Figure 2-3 is not large. As temperature increases, the difference becomes larger, so the thermal
response of concrete shares the same trend as the response to neutron irradiation.
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e Quartzite concrete, Schnexder [RILEM)
~—#— Hydrated cement paste, DAStb vol 60 5
=—@= Carbonate, DA{Sth vol 60 ;
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Figure 2-3 Thermal Strain (&7) for Different Concretes, Aggregates, and Hydrated
Cement Paste (Source: [52])



Aggregates can also be classified by size as fine or coarse. The dividing size is 4.75 mm, which
is the size of the opening of a No. 4 sieve for concrete structures in the U.S. construction
industry. The aggregate size is important because, with a fixed volume fraction of aggregate, a
smaller size of aggregate particles corresponds to a higher surface area, which can accelerate
chemical reactions between the aggregate and the chemicals in surrounding cement paste.

2.3 Bioshield Concrete

The composition of the concrete in the bioshields at commercial NPPs followed the appropriate
recommendations at the time of their construction. Hardened cement paste, fine aggregate,
coarse aggregate, and water are the primary constituents of concrete for both nuclear and non-
nuclear structures. Concrete strength is affected by many factors, such as quality of raw
materials, w/c, coarse/fine aggregate ratio, aggregate/cement ratio, compaction of concrete,
temperature, RH, and curing of concrete. Reducing the w/c increases the concrete strength but
reduces the concrete workability. Aggregate quality, size, shape, texture, and strength are
additional factors that determine the strength of concrete. The presence of salts (chlorides and
sulphates), silt, and clay also reduces the strength of concrete. Section 2.3.1 provides an
overview of the concrete guidelines and specifications used for the construction of NPPs in the
United States. A review of available information on the composition of concrete at existing NPPs
is provided in Section 2.3.2.

2.3.1 Codes, Standards, and Guidelines

The codes of the American Concrete Institute (ACI) 318 series, ACI 349 series, and the
American Society of Mechanical Engineers (ASME) Code Section lll, Division 2 (Code for
Concrete Containments) are the three main design codes used in the design and construction of
U.S. nuclear concrete structures. The designs of older plants were mainly based on ACI 318
(Building Code Requirement for Reinforced Concrete) such as ACI 318-63 and ACI 318-71, the
versions published in 1963 and 1971, respectively.

Applicable codes, standards, and guidance documents are listed in the NPP design documents,
and a summary may be found in respective updated safety analysis reports. The applicable
code should be considered when evaluating the effects of radiation-related degradation.

Appendix A lists some of the industry specifications for concrete, cement, aggregates, and
water related to concrete structures at NPPs.

2.3.2 Bioshield Concrete Composition

There is only limited information from a few NPPs on the actual composition of the concrete
they used. In most cases, the materials used were what was locally available [53]. The available
information for some existing and past NPPs is summarized in Table 2-2. Some information can
also be extracted from the design specifications. Table 2-3 provides the design specifications for
a sample of NPPs, as provided in their Final Safety Analysis Reports.

At present, the focus is on determining the predominant nature of the aggregate used in
bioshield construction for the reactors considered to be susceptible to concrete degradation
associated with irradiation. The primary concern is the higher propensity of damage to siliceous
aggregates, with more covalent type bonding, from neutron irradiation as compared to more
calcareous aggregates, with more ionic type bonding. The cement used for most plants
conforms to ASTM C150, Type Il (Type Il Portland cement), as shown in Tables 2-2 and 2-3.
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With the exception of some early experimental reactors, as noted in Evans et al. [53] and later
by Esselman and Bruck [12], the aggregates used in NPP construction are most likely obtained
locally to minimize transportation costs. Therefore, where documentation is not available, a
good indication of what types of aggregates (primarily siliceous vs calcareous) may have been
used in a NPP’s construction is the type of aggregate present in the local area. Although the
specific quarries used during NPP construction may not still be operating (decades later), similar
operations in the same types of rock formations are expected to be present in support of local
present-day construction. For example, a search for aggregate quarries in the Palo Verde and
Wolf Creek areas found that siliceous aggregates are currently produced in the Palo Verde area
and calcareous aggregates are currently produced in the Wolf Creek area. These findings agree
with the types of aggregate identified for these NPPs in Table 2-2. Thus, for those commercial
reactors identified as potentially having greater concrete radiation damage, the type of
aggregate used (calcareous versus siliceous) can be determined by analyzing samples
obtained from an unirradiated portion of the bioshield or relevant support structure, if
documented concrete compositions are not available. If it is not feasible to obtain such samples,
a first-order approximation would be to generate an estimate based on past or present-day
quarry activities in the local area.

Siliceous aggregate properties could also be used, if a bounding analysis would be appropriate.
However, minerals in the natural world are not pure compounds. A calcareous mineral deposit
could have a predominant percentage range of calcium/magnesium compounds with inclusions
of silicates and other compounds. For example, the calcareous aggregate used at Turkey Point
(see Table 2-2) was found to have a calcium content of 29.4% and a silicon content of 8.5%
[53]. Similarly, a siliceous mineral deposit could have a predominant percentage of silicate
compounds with lesser amounts of other compounds, including those with calcium or
magnesium. For example, the siliceous aggregate used at Waterford (see Table 2-2) was found
to have a silicon content of 32.4% and a calcium content of 12.0% [53]. Thus, a rigorous
assessment of irradiation impacts on aggregates in concrete requires knowledge of the actual
mineral composition of the aggregate—which is unknown in most cases. However, as
mentioned above, it may be possible to perform a detailed examination of a concrete sample
from an unirradiated portion of the bioshield. Section 3.1.3.1 covers some information on the
effects of the relative amounts of quartz in aggregate.



3 INTERACTION OF RADIATION WITH CONCRETE

Nuclear reactors emit various types of radiation. Concrete in the vicinity of the RPV is mainly
affected by two of them, namely neutron and gamma-ray radiation. These two types of radiation
interact differently with matter. This chapter discusses the fundamental mechanisms through
which each type of radiation interacts with concrete and its components. Potential alteration of
the physical structure and chemical makeup of concrete and its components is covered.

3.1 Neutron Radiation

Neutrons are a product of, and necessary contributor to, the nuclear fission reaction employed
in commercial nuclear power reactors. Most neutrons begin as fast neutrons (E > 0.1 MeV), as
shown in Figure 3-1. This distribution is modified as neutrons pass through internal reactor
components, out through the RPV wall, and into the reactor cavity. A summary of the
fundamental mechanisms through which neutrons interact with matter is given in Section 3.1.1.
Sections 3.1.2, 3.1.3, and 3.1.4 discuss our understanding of how neutron radiation affects
cement paste, aggregates, and concrete, respectively, found in the reactor cavity. Estimated
neutron radiation levels in the reactor cavities of commercial boiling-water reactors (BWRs) and
pressurized-water reactors (PWRs) are discussed in Section 5.2.1.
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Figure 3-1 Neutron Energy Distribution Associated with Uranium Fission
(data from NRC [60])

3.11 Interaction with Matter

Neutrons are subatomic particles, and in combination with protons, they constitute the nuclei of
atoms. The nucleus of an atom consists of Z protons, where Z is referred to as the atomic
number, and N neutrons, where N is referred to as the neutron number. A neutron has
essentially the same size and mass as a proton and is a neutral particle (it has no electrical
charge).



Neutron interactions with matter can be classified in two general categories: absorption and
scattering. In absorption, the incident neutron is absorbed into the target nucleus to form what is
commonly considered to be a compound nucleus in an excited state. This excited state relaxes
through (1) the emission of a particle (i.e., a neutron, proton, or alpha particle), (2) the emission
of a gamma-ray photon (known as gamma-ray capture), or (3) the breakup into two somewhat
equivalent parts (i.e., fission) [61].

Two types of scattering are possible—elastic and inelastic—as depicted in Figure 3-2. Elastic
scattering can also be broken down into two types. Potential elastic scattering is analogous to
the collision of two billiard balls, where some of the kinetic energy of the incident neutron is
transferred to the target nuclei and the overall energy is conserved [62]. In this case, the
neutron and target nucleus do not touch; instead, they interact through short-range nuclear
force without any electrostatic (Coulomb) influences because the neutron does not carry an
electric charge. However, a neutron does have a magnetic moment that can give rise to
scattering associated with magnetic materials [63]. This interaction of the neutron is with the
electronic moment—the unpaired spins among the outer electronic cloud—of a nucleus. Such
interactions are minimal in a material such as concrete.

\@

Elastic scattering

Figure 3-2 Neutron Interactions with Matter

Resonance (or compound) elastic scattering involves the absorption of the incident neutron by
the target nucleus to form a compound nucleus, followed by the emission of a neutron. This
second type of elastic scattering is much less common than potential elastic scattering because
it is highly dependent on resonances with the energy levels of the target nucleus, which will vary
with Z and N.

Inelastic scattering is similar to absorption and resonance elastic scattering in that the incident
neutron interacts with the target nucleus to form an intermediate compound nucleus. The
compound nucleus then emits a neutron with lower kinetic energy than the incident neutron. The
compound nucleus is then in a lower excited state and finally emits gamma-ray(s) to reach a
stable (ground) state.



Neutron radiation is attenuated through collisions with atomic nuclei as the neutrons pass
through matter and are relatively immune to local charging effects. The result of a collision
between a neutron and a nucleus is dependent, in part, on the kinetic energy of the neutron.
Neutron energies have been characterized into a number of different categories and/or energy
ranges dependent on the application. There is no one standard definition. Some of the more
common terms are listed in Table 3-1. Other classification schemes used have fewer energy
ranges. One example is that from Hilsdorf et al. [4] where:

e Thermal neutrons Energy < 1eV
e Epithermal neutrons 1 eV < Energy < 0.1 MeV
e Fast neutrons Energy > 0.1 MeV

The current work follows the example of Hilsdorf et al. [4], who collapsed their three energy
ranges to two; neutrons with energies up to 0.1 MeV are characterized as thermal neutrons, and
neutrons with energies greater than 0.1 MeV are characterized as fast neutrons. SLR guidance
also uses 0.1 MeV as the lower-end cutoff energy for damaging neutron flux [3]. However, the
works cited in this report do not always base their definitions of fast versus thermal neutrons on
the same cutoff energy level (0.1 MeV). For example, some studies consider fast neutrons to
have E > 1.0 MeV.

The attenuation of a neutron beam through collisions in a material such as concrete results in a
loss of kinetic energy that either directly or indirectly translates into vibrational/thermal energy
(heat generation). The amount of heat generation depends on the relative overall energy levels
of the initial and final products associated with a given collision mechanism.

3.1.2 Cement Paste

The general overall structure of cement paste is an amorphous matrix with small crystallite
inclusions, as discussed in Section 2.1. Within this matrix, water molecules are chemically
bound, found in capillaries, or found between the C-S-H layers. The amorphous nature of the
cement paste and its water content are the principal features of cement paste that are
responsible for its end state after interacting with neutron radiation.



Table 3-1 Classification of Neutrons

Type Energy
Thermal ~0.025 eV
Epithermal 0.025-0.4 eV
Cadmium 0.4-0.6 eV
Epicadmium 0.6-1 eV
Slow 1-10 eV
Resonance 10-300 eV

Intermediate 300 eV—-1 MeV
Fast 1-20 MeV

Relativistic >20 MeV

Comments

Neutrons that are in thermal equilibrium with their
surroundings. The Maxwell-Boltzmann equation is used to
describe such a distribution. At room temperature, energies
are approximately 0.025 eV.

Generally the transition region between thermal and slow
neutrons with energies up to approximately 1 eV.

Neutrons that are strongly absorbed by cadmium, <0.6 eV.

Neutrons which are not strongly absorbed by cadmium,
>0.6 eV.

Neutrons of energy slightly greater than thermal, <1-10 eV
(sometimes up to 1 keV).

Usually refers to neutrons that are strongly captured in the
resonance of U-238 and of a few commonly used detectors
(indium, gold, etc.).

Neutrons that are between slow and fast.

Generally neutrons with energies in the range of about 0.1 to
10-20 MeV. This energy range dominates the energy
spectrum produced by fission sources such as nuclear
reactors.

Generated by cosmic rays in the atmosphere.

Sources: [62, 64]

3.1.2.1  Dimension Change

Neutron bombardment can alter the position of individual target nuclei in the cement paste, but
that interaction does not change the original amorphous nature of the cement paste. However,
neutron irradiation may lead to water loss due to (1) a high hydrogen cross-section (likelihood of
interaction between an incident neutron and a target nucleus), (2) potential small temperature
increases due to neutron attenuation, and (3) radiolysis due to secondary gamma-ray formation.
Thus, the overall impact is expected to be one of dimensional shrinkage, as shown in

Figure 3-3. Note that the experiments by Dubrovskii et al. [65], which included gamma
irradiation along with the neutron irradiation, demonstrated that the primary cause of the
shrinkage was the exposure temperature, not the radiation exposure. In more recent
experiments, Maruyama et al. [66] confirmed some shrinkage of cement paste due to irradiation,
although low levels of gamma radiation were also present during the experiments.
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Figure 3-3 Dimensional Change of Cement Paste Induced by Neutron Irradiation

3.1.2.2 Weight Loss

Figure 3-4 shows the weight loss due to irradiation for cement paste. The weight loss for
hardened cement paste was about 10% or less. There is no clear trend for the effect of neutron
radiation on weight loss of hardened cement paste. The sample weight losses observed by
Alexander [67] were all within the range experienced by temperature control samples.

Kelly et al. [68] noted that the weight losses in their experiments may have been due to a drying
effect caused by the helium carrier gas used to collect any gases given off during neutron
irradiation. Two samples in Maruyama et al.’s experiments [66] (included in Figure 3-4) actually
experienced weight gain during irradiation that was attributed to condensation or flooding
occurring within the sample capsules. Weight loss is mainly due to dehydration of the cement
paste, which also leads to shrinkage, as discussed in the previous section.
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Figure 3-4 Weight Loss of Cement Paste Induced by Neutron Irradiation (see text for
discussion on sample data from Maruyama et al. [66])

3.1.3 Aggregates
3.1.3.1  Dimension Change

Dimensional changes in siliceous aggregates are much more pronounced than in calcareous
aggregates caused by fast neutrons because of their primarily covalent bond nature as opposed
to the ionic bonding which is prevalent in calcareous aggregates (e.g., calcite [CaCO3]) [69].
Neutron irradiation studies on quartz (a predominant form of crystalline SiO.), the primary
constituent in many siliceous aggregates, show significant expansion of samples that are
subjected to fast neutron fluence in excess of 1 x 10'® n/cm? [70-72], as shown in Figure 3-5.
The dimensional change of unirradiated quartz is also temperature dependent [72]. It manifests
in the shift in dimensional change with neutron fluence as a function of temperature in

Figure 3-5. Wittels [71] also showed that dimensional changes in quartz is structure dependent,
because a more compact crystalline form of silica, the rare mineral coesite, was observed to be
stable after being subjected to neutron fluence levels that completely disorder quartz.
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Figure 3-5 Dimensional Change of Quartz with Fast Neutron Irradiation (£> 0.01 MeV)
(Source: [72])

Figure 3-6 shows the dimensional changes of other aggregates. Aggregates such as the
thermally altered tuff and felsic sandstone investigated by Maruyama et al. [66] show the largest
changes. These aggregates have large quartz contents: approximately 92% for the thermally
altered tuff and on the order of 40% for the felsic sandstone, which also contained other silicate
materials. Maruyama et al.’s work also drew a correlation between the degree of expansion and
the quartz content of the aggregate for a given neutron exposure.

Figure 3-7 shows an expanded view of dimensional changes in aggregates that omits the data
from Maruyama et al. Silicate aggregates such as flint (a cryptocrystalline ' form of quartz) and
the dolerites displayed an increase in dimension with neutron fluence to a lesser degree [68].
Serpentine, a mineral that contains a number of related silicates, expanded somewhat with
neutron fluence [73] at temperatures above 200°C, whereas temperature-control samples
showed no change. Dubrovskii et al. [65] investigated the dimensional change of hematite ore at
different temperatures and observed some increase in size after neutron irradiation. Hematite
has more of an ionic structure, but the ore in question had a silica content of about 7% [65].

Kelly et al. [68] observed some expansion for calcareous aggregates such as limestone.
However, Maruyama et al. [66] did not observe any expansion of limestone samples when
irradiated with neutrons, as shown in Figure 3-6.

1 Cryptocrystalline refers to a form composed of microscopic crystals. Such a configuration would not have exactly
the same properties as a macroscopic crystal. In this case, expansion under neutron irradiation would not be
expected to be as significant as it is for larger crystals.
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Figure 3-6 Dimensional Change of Aggregates with Fast Neutron Irradiation
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Figure 3-7 Dimensional Change of Aggregates Less Influenced by Neutron Irradiation

3.1.3.2 Weight Loss

No significant weight loss was observed for aggregates. No change in weight was observed for
serpentine (Elleuch et al. [73]). Felsic sandstone showed changes within £0.2% up to a fast
neutron fluence of 8.25 x 10" n/cm? (Maruyama et al.[66]).



3.1.4 Concrete

Concrete is an admixture of cement, fine and coarse aggregate, and water, as described in
Section 2.3. However, in testing irradiated concrete specimens, mortar—which is made of
cement, fine aggregate, and water (no coarse aggregate)—was often used because of sample
size limitations. This substitution introduces uncertainty into the evaluation of such results, as
discussed in Section 1.4.1.

3.1.4.1  Dimension Change

On average, concrete exhibits an overall increase in volume when irradiated by fast neutrons,
as shown in Figures 3-8 (T < 100°C) and 3-9 (T = 100°C). Whereas the cement paste in
concrete decreases slightly in volume, the increase in volume for concrete is driven by
aggregate expansion, which in turn disrupts the aggregate—cement bonding. As was the case
for aggregate expansion, the extent of concrete expansion appears to be correlated with the
silicate content of the aggregate [66]. We expect that the silicate content in these aggregates is
in crystalline quartz form, because vitreous (amorphous) silica is relatively unaffected by
neutron bombardment at 25°C and is subject to slight compaction [70].

For those high-temperature samples (up to approximately 350°C) with an observed dimensional
change of about 6% or higher (Dubrovskii et al. [74]), as seen in Figure 3-9, the change was
attributed solely to the neutron irradiation because the high-temperature control samples
showed no change in dimension. For the samples with sandstone aggregates, the data from
Dubrovskii et al. [74] show a clear trend of expansion with increasing neutron fluence

(E > 0.8 MeV) in Figure 3-9. Based on the reported neutron energy distribution in

Dubrovskii et al. [74], this trend could be shifted by a factor of about 3.4 higher, if converted to
neutron fluences where E > 0.1 MeV. This is just one example where there could be significant
uncertainties when comparing studies where the neutron fluence energies are not the same
and/or are not well characterized.

3.1.4.2 Weight Loss

Figure 3-10 shows the weight loss due to irradiation for concrete and mortar. The weight loss for
concrete and mortar is generally less than 5%. As with the hardened cement paste, the effect of
neutron radiation on weight loss of concrete exhibits no clear trend. Temperature control
samples (not shown in the graph) exhibit the same variation in weight loss as irradiated
samples. There are no obvious differences between the temperature control groups and the
irradiated groups. Any weight loss is mainly due to dehydration of the cement paste (type
identified in Figure 3-10 for each dataset) in concrete under high temperatures.
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Neutron Fluence (n/cm?)
Sym 1st Author Year Energy Level Max. T(C} Ag. Frac. W/C Ratio Aggregate Cement Type
©  Dubrovskii 1967 =0.8 MeV 50 0.76 0.5 Sandstone, Riversand(quartz) Portland cement
O Fujiwara 2009 =0.1 MeV 50 to 56 0.79 0.55 Gravel, Sand Cement
A Kelly 1969 Fast 30 0.67 0.36 Flint Portland cement
Kelly 1969 Fast 50 0.67 0.36 Limestone Portland cement
¥ Kelly 1969 Fast 30 N/A NIA Light weight rock, Sand Portland cement
©  Pedersen 1971 Fast 80 0.68 0.4 Quartz Portland cement
Thermally altered tuff, high early-strength
O Maruyama 2007 0.1 MeV 661073 0.77 0.5 Sandstone ordinary Portland cement
O Maruyama 2017 =01 MeV 66 to 73 077 05 Felsic sandstone, Sandstone high eary-strength

ordinary Portland cement

Figure 3-8 Dimensional Change of Concrete and Mortar Induced by Neutron Irradiation
(7<100°C)
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Neutron Fluence (n/cm?)
Sym 1st Author Year Energy Level Max. T(C) Ag.Frac. W/C Ratio Aggregate Cement Type
O  Cristiani 1971 Fast 100 0.67 0.5 Limestone Portland cement
O  Cristiani 1971 Fast 125 0.67 05 Limestone Portland cement
A Dickeman 1951 Thermal 120 N/A MNIA
Dubrovskii 1966 =0.7 MeV 550 N/A MNIA Chromite Portland cement
4 Dubrovskii 1966 =0.7 MeV 550 NfA NIA Chromite Liquid glass
¢ Dubrovskii 1967 =0.8 MeV 50 0.76 0.5 Sandstone, Riversand(quartz)  Portland cement
O Dubrovskii 1967 =0.8 MeV 150 0.76 05 Sandstone, Riversand{quartz)  Portland cement
O Dubrovskii 1967 =0.8 MeV 275 0.76 05 Sandstone, Riversand{quartz)  Portland cement
Dubrovskii 1967 =0.8 MeV 350 0.76 0.5 Sandstone, Riversand(quartz)  Portland cement
£ Dubrovskii 1968 =0.01 MeV 350 N/A MNIA Serpentine Portland cement
<4 Dubrovskii 1970 =0.8 MeV 100 0.8 1.01 Hematite Portland cement
€ Dubrovskii 1970 =0.8 MeV 200 0.8 1.01 Hematite Portland cement
©  Dubrovskii 1970 =0.8 MeV 400 0.8 1.01 Hematite Portland cement
Elleuch 1972 =1 MeV 240 0.74 0.38 Serpentine Aluminous cement

Figure 3-9 Dimensional Change of Concrete and Mortar Induced by Neutron Irradiation

(T2 100°C)
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Neutron Fluence (n/fcm?)

Sym 1st Author Year Energy Level Max. T (C) Aq. Frac. WIC Ratio Cement Component

O Batten 1960 Thermal 30 067to0.84 045to0.5 Partland cement

O Batten 1960 Thermal 30 0.84 0.5 Aluminous cement

A Dubrovskii 1967 =0.8 MeV 50 to 350 0.76 0.5 Partland cement
Dubrovskii 1970 =0.8 MeV 100 to 400 0.8 1.01 Portland cement

+  Kelly 1969 Fast 50 0.67 0.36 Portland cement

< Alexander 1963 Thermal, Fast 20to 100 MNIA A Portland cement

O  Alexander 1963 Thermal 100 MN/A MNIA High-alumina cement

O  Alexander 1963 Thermal 100 MIA MNIA Low-heat-slag cement
Alexander 1963 Thermal 100 MN/A MNIA Supersulphate cement

@ Mauyama 2017 >0.1MeV 66 to 73 0.77 05 high early-strength ordinary

Partland cement

Figure 3-10 Weight Loss of Concrete and Mortar Induced by Neutron Irradiation

3.2 Gamma Radiation

By definition, gamma-rays are photons that originate from nuclear transitions. Thus, gamma
radiation is high-energy electromagnetic radiation with photon energies typically above 100 keV.
At these energies, their wavelengths are less than 10 picometers, which is on the atomic scale,
resulting in strong interactions with matter. These energies are also well above the ionization
threshold of inner-shell electrons. Section 3.2.1 provides a summary of the fundamental
mechanisms through which gamma-rays interact with matter. Sections 3.2.2, 3.2.3, and 3.2.4
describe our understanding of how gamma radiation impacts cement paste, aggregates, and
concrete, respectively, in the reactor cavity.



3.21

Interaction with Matter

As shown in Figure 3-11, gamma radiation interacts with matter through three primary
mechanisms [75], each involving the ejection of an electron:

Photoelectric effect—A gamma-ray is absorbed, and an electron is subsequently
ejected; the sum of the binding energy of the ejected electron and its subsequent kinetic
energy equals the energy of the incoming gamma-ray. In general, the probability of
photoelectric absorption decreases with increasing photon energy. Relative to atomic
weight, the probability (or cross-section, the probability of interaction) of photoelectric
absorption is roughly proportional to Z"/E,” where Z is the atomic number, E, is the
energy of the incident gamma-ray, n varies from 4 to 5, and m varies from 3 to 4 [75-77].
This relationship helps to explain the preferred use of higher Z materials (better
absorption) such as depleted uranium in gamma shielding applications.

Compton scattering—A gamma-ray is inelastically scattered (deflected) by interaction
with an electron which is ejected. The deflected photon’s energy is reduced (i.e.,
decreased frequency, increased wavelength) by the amount of the original binding
energy of and the kinetic energy associated with the ejected electron. Because the
cross-section of scattering increases with electron density, the probability for scattering
increases linearly with Z.

Pair production—An incoming photon interacts with the strong electromagnetic field
surrounding the nucleus of an atom, undergoes a change of state (creation of matter
from energy), and is transformed into a matter—anti-matter pair (electron and positron
being the most common manifestation). In this case, the incoming photon energy must
be greater than 1.022 MeV, because the rest mass of an electron or positron is
equivalent to 0.511 MeV (using E = mc?). The cross-section of pair production increases
with energy and is approximately proportional to Z? once the 1.022-MeV threshold
energy is met [76].

Other interactions of gamma radiation with matter include coherent (Bragg or Rayleigh)
scattering, photodisintegration, and nuclear resonance scattering [75, 76]. However, these latter
interactions are minor compared to the three primary mechanisms.

Figure 3-12 shows which of the three mechanisms predominates as a function of energy and
atomic number. The left line in the figure denotes where the photoelectric cross-section equals
that for Compton scattering, and the right line denotes where the Compton scattering cross-
section equals that for pair production. As discussed above, the photoelectric effect is more
prevalent at lower energies, decreasing with energy; Compton scattering occurs over all energy
ranges with higher probability for larger Z values; and pair production becomes significant
quickly after the 1.022-MeV threshold is exceeded.
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Figure 3-11 Gamma-Ray Interactions with Matter
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In all cases, electrons are ejected and their kinetic energy absorbed by the surrounding system.
Typically, a K-shell electron is ejected from an atom by an incident gamma-ray [78] through
either the photoelectric effect or Compton scattering, leaving the atom in an excited state.
Subsequent relaxation of the atom results in the transition of an L-shell electron to fill the K-shell
vacancy, which in turn results in the emission of an x-ray photon (x-ray fluorescence) (primarily
in heavier elements, >90% for Z > 60 and <10% for Z < 17) or an Auger electron (primarily in
light elements) [78]. An x-ray or Auger electron can go on to eject an electron in a lower-energy
shell with similar results. Overall, the initial ejected electron and additional ejected electron due
to x-ray fluorescence or as an Auger electron go on to collide with other electrons in the
surrounding material which in turn are ejected (secondary electrons). This process continues
until the kinetic energies of the secondary electrons are below the ionization energies of the
surrounding material. In solids, such as concrete, the majority of the x-rays and ejected and
secondary electrons generated due to incident gamma-rays are retained in the material, leading
to the generation of heat as the kinetic energies of the electrons dissipate through collisions and
subsequent vibrational relaxation of the affected compounds.

For molecular compounds, the ejection of an electron or electrons and subsequent relaxation
could lead to dissociation (radiolysis, breakup of a molecular bond) if the energy level of the
excited state is greater than the bond energy. Covalent compounds are more likely to be
affected than ionic compounds because the ejection of an electron in a shared covalent bond
could readily lead to dissociation of the bond, whereas ionic compounds are held together by
electrostatic attraction and the ejection of one electron from one of