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Abstract: The world’s fleet of operating nuclear power plants (NPP) has been in-service for 
more than 20 years.  In order to support the increasing demand for inexpensive power, many 
plants will be required to operate beyond 40 years, which was the original licensing period 
for existing NPPs.  Improved knowledge of the performance of irradiated concrete is required 
to form a technical basis for long term operation (operation to 80+ years) of nuclear plants 
around the world.  To date, operating experience (OE) of concrete subjected to irradiation has 
been acceptable, but there is an absence of data on this topic for extended periods of 
operation.  The lack of empirical data has contributed to the difficulty of quantifying the long 
term behavior of concrete that is experiencing irradiation.  Programs are in place that address 
other degradation mechanisms of concrete, but a clear and focused program is required on the 
effects of radiation.  This paper presents a review of the available literature on the topic of the 
long-term irradiation effects on the mechanical properties of concrete, and provides a 
proposed methodology for the characterization of irradiated concrete removed from shut 
down or decommissioned commercial plants. 

1. Introduction 

Concrete has been widely used in both the primary and secondary containment structures of 
nuclear power plants (NPPs) and as a radiation shielding material for decades.  However, 
despite the maturity of concrete as an engineering material with respect to its usage in the 
nuclear industry, only a limited amount of original research on the topic of the long-term 
effects of irradiation on concrete mechanical properties and structural bearing capacity of 
radiation shielding is available.  The continued operation of existing units is potentially 
challenged by a change in the physical, mechanical, or chemical properties of concrete 
structures that are exposed to chronic radiation.  In particular, the biological shield walls and 
vessel support structures are examples of concrete structures that are exposed to radiation and 
whose long-term integrity must be assured for continued operation.  Only recently has the 
issue of degradation of NPP structures within containment from irradiation garnered 
attention, mainly as a result of commercial owner/operators in the US recognizing the 
possibility that operating license extensions up to and beyond 60 years may require that the 
issue of concrete irradiation be addressed [1-4].  Concrete irradiation is an issue of global 
importance and international collaboration will be the most effective way to obtain sufficient 
experimental data to provide a clear basis for continued operation. 

Concrete consists of aggregates suspended in a cementitious material matrix and is inherently 
an inhomogenous material.  The composite nature of concrete aids in the ability to attenuate 
gamma and neutron radiation, but is also a source of scatter in experimental data on 
mechanical properties.  Concrete for radiation shielding is generally made with a Portland 
cement matrix.  Portland cement is primarily manufactured from a calcareous material [5-6].  
Limestone and chalk are the two principal examples of calcareous material.  Clay or shale 
provides the silica and alumina to Portland cement.  These aggregate materials are found in 
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sand and gravel that is typically obtained from a local quarry during the construction of a 
NPP.  This adds a level of variability to the determination of the effect of irradiation on 
concrete.  Since aggregate raw materials typically account for approximately 75% of the total 
concrete volume [5], a methodology for characterizing irradiated concrete must be able to 
account for this distinguishing feature of raw material compositional deviations from one 
location to another. 

The attenuation or absorption of radiation in a material results in the generation of heat.  The 
significance of this is that the heat generation may result in higher than expected stresses 
because of the temperature gradient across the concrete shielding [5].  In addition, heat from 
gamma radiation may result in dehydration of the concrete.  In order to determine the effect 
of irradiation on structural integrity, a method to distinguish between the effects of radiation 
and the effects of elevated temperature is beneficial.  However, the influence of radiation and 
temperature on concrete is very difficult to isolate experimentally, because both occur 
simultaneously.  In the development of a proposed methodology for the characterization of 
irradiated concrete, these are some of the experimental variables and obstacles that must be 
considered. 

2. Literature Review 

For the nuclear industry, H.K. Hilsdorf’s 1978 paper [6] describing the effects of nuclear 
radiation on the mechanical properties of concrete is a foundational publication.  Hilsdorf 
compiled and summarized previously published experimental data on the effect of nuclear 
radiation on concrete, taking into account test variables such as compressive strength, tensile 
strength, temperature, and radiation dose.  Hilsdorf plotted the available data to show the 
impact of irradiation on compressive strength, Figure 1.  Hilsdorf concluded that neutron 
radiation with a fluence of greater than 1x1019 n/cm2 (neutron per square centimeter) may 
have a detrimental effect on concrete strength and modulus of elasticity [6].  Additionally, the 
data Hilsdorf based his analysis on showed that in biological shield walls the neutron 
radiation fluence may exceed 5x1019 n/cm2.  Recently, O. Kontani and colleagues concluded 
that the test conditions from some of the experiments on which Hilsdorf based his 
conclusions were not representative of the typical operating history of a commercial nuclear 
reactor, and thus may not be applicable [7-8].  In commercially operating nuclear power 
plants, temperatures in the reactor building are normally kept below 65 degrees Celsius 
(150°F).A number of data points with fluence levels between 3x1019 n/cm2 and 1x1020 n/cm2 
included in Hilsdorf’s review were obtained from aluminous cement samples under irradiated 
temperatures between 150-200°C (300-390°F) [7].  Additionally, two outlier data points used 
by Hilsdorf to show a trend of decreasing compressive and tensile strength ratios with 
radiation dose [6] were based on experiments performed from samples made of liquid glass 
under irradiated temperatures of up to 500°C (930°F) [7-8].  From approximately 1980-2005, 
very little experimental research was performed on the long-term effects of radiation 
exposure on concrete.   

A consequence of the lack of independent research on the topic of irradiated concrete is that 
most governmental documents, both in the United States and internationally, use the fluence 
values determined by Hilsdorf as their thresholds for safe operation.  Specification ACI 
349.3R-02 for the American Concrete Institute (ACI) [9], states that critical, cumulative 
fluence levels from historical testing results are 1x1025 neutrons/m2 (1x1021 neutrons/cm2 ) 
and 1010 rad (gamma dose).  A limit of 1x1017 neutrons/m2 (1x1013 neutrons/cm2) fluence is 
recommended for preventing any lifetime radiation-related degradation [9].  Both Nuclear 
Regulatory Commission[10] and IAEA [11] documents refer to the threshold levels from 
Hilsdorf as well.   
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Figure 1: Compressive strength of concrete exposed to neutron radiation fcu related to 
strength of untreated concrete fcuo (Reprinted from [6] courtesy of the ACI ) 

In approximately the past 10 years, the number of publications on the topic of concrete 
irradiation effects has increased.  Fillmore [12] and Acevedo [13] provide general literature 
reviews on the subject.  Additionally, the use of numerical modeling has been attempted by 
various researchers globally to investigate the effect of irradiation on concrete.  For example 
in Egypt, El-Khayett [14] investigated the radiation shielding of gamma rays and fast 
neutrons on concretes containing different lime/silica ratios using computational codes to 
generate a database of mass attenuation coefficients and removal cross-sections for a photon 
energy range from 1 keV to 100GeV.  Similar programs have begun in Europe [15], Asia [16-
17], and North America [18].  However, in order for these computer models to be validated, 
experimental data is needed to determine actual fluence levels and changes in material 
properties for irradiated concrete samples.  An effective source of irradiated concrete is from 
shut down and decommissioned commercial or government NPPs.  If concrete cores that 
included concrete that was irradiated in service were removed from such plants, data could be 
taken and made available to research teams around the world.  A primary requirement for 
cores is that they include an irradiated part of the core and an essentially unirradiated part of 
the same core so that the effects of irradiation can be clearly identified.  This can be achieved, 
e.g., by taking a core of the biological shielding and analyzing the section closest to the 
reactor vessel (irradiated) and comparing to material near the outside diameter of the 
biological shield (unirradiated).  Methods for uniformly removing and characterizing the core 
samples removed from decommissioned nuclear plants will aid in mitigating variability in 
collected data.   

3. Proposed Strategy 

A technical gap exists in the nuclear industry’s knowledge of the long-term effects of 
irradiation on the structural integrity of concrete located in safety critical regions of a nuclear 
reactor.  A main obstacle to understanding the effect of irradiation is the lack of available 
data from which to draw statistically relevant conclusions.  One approach to overcoming this 
obstacle is being implemented jointly by the Electric Power Research Institute (EPRI) and the 
U.S. Department of Energy (US-DOE).   
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The strategy being implemented will be to experimentally obtain more accurate information 
on the effects of irradiation.  This will begin with removal of concrete cores that have been 
exposed to irradiation at one end of the core (near the reactor) but have not been exposed to 
any significant irradiation at the other end of the core (away from the reactor).  Concrete 
cores that contain both irradiated and unirradiated concrete will allow the clear 
characterization of the difference between irradiated and essentially unirradiated concrete – 
for the same concrete.  Cores from different plants, though, are needed to achieve a sampling 
of accumulated radiation dose and to characterize the effects on different concrete mixes.   

Irradiated concrete that is removed from nuclear plants being decommissioned provides the 
best opportunity to characterize the effects of radiation.  Since the design and geometry of the 
reactor unit would vary from site to site, potential areas for removal of core samples, such as 
from the reactor cavity or near a water line penetration into the reactor, would need to be 
identified on a case-by-case basis.  The usefulness of the cores also depends on the extent to 
which original construction data and operating data can be obtained.  Operating data will be 
required to characterize the fluence through the concrete.  The operation temperature of the 
concrete will also be an important factor and calculations will be required to obtain the 
temperature distribution across the concrete core.  In order to develop as accurate as possible 
three-dimensional fluence transport models, and to use experimental data to validate and 
benchmark these models, the following nuclear plant data will be desired: 

− As-built drawings 
− NPP site-specific OE data 
− Data on operational history (i.e. run-times, temperature, and fluence) 
− Specifications for concrete used at site (aggregates specified and their weight percent 

composition, mix details) 
− Concrete pour history and batch records 
− Concrete test results after initial pours (28-day strength, slump, etc.) 
− Site photos and field inspection notes 

It is anticipated that this project will operate on an international level and that tests would be 
performed in the country where the concrete is obtained.  As such, “protocols” will be 
required prior to concrete core sample removal and testing.  These protocols will assure that 
core removal and testing that is performed anywhere in the world is performed consistently, 
thus providing confidence in the comparison of data from different sites.   

Protocols that will be provided prior to core removal and testing include the following: 

− Removal 
− Storage 
− Labeling 
− Shipping (both within a country and internationally) 
− Laboratory Testing 
− Quality Assurance 
− Data Collection 
− Fluence Calculations (computational and experimental) 

Once the cores are removed, the testing that will be performed will be critical to characterize 
mechanical damage due to irradiation.  A “Laboratory Testing Protocol for Radioactive 
Cores” is being developed.  The following tests were determined to be important to the 
complete characterization of irradiated concrete: 
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− Compression tests 
− Chemical characterization 
− Petrography 
− Microstructural examination 
− Nondestructive evaluation (NDE) 
− Thermal gravimetric analysis (TGA) 

It is anticipated that additional tests will also be specified.  The petrography and 
microstructural examinations of the cores will allow comparison of concrete aggregate 
materials located at different locations in the cores in a statistically meaningful way.  
Concrete materials from different sites will initially be classified based on their densities, and 
then further grouped based on value ranges for percent porosity (related to shrinkage and 
swelling), concrete age, compressive strength, and tensile strength.  The experimental data 
obtained following these tests can then be used to perform a sensitivity analysis on the 
concrete variables that most significantly affect irradiation levels (i.e. shielding capability) 
and overall structural capability.  The sensitivity analysis can be incorporated into computer 
simulations to minimize the effects of raw materials from different locations and 
design/geometry of different NPPs on experimental data scatter.  As more experimental data 
is obtained and the sensitivity analysis is refined, Bayesian statistics and Monte Carlo 
modeling can be used to make inferences on how best to accelerate irradiation of samples to 
mimic the expected doses after 80 or 100 years of service.   

 

4.  User Perspective 

Implementing this strategy would provide a clear indication of the changes that are seen and 
that should be expected in irradiated concrete for long term operation.  The results of these 
analyses would be expected to show one of four alternative outcomes described in Table I.   

Table I: Potential Outcomes and Expected Conclusions to Proposed Strategy for 
Characterizing Concrete Irradiation 

No. Potential Outcome Expected Conclusion 

1 

Changes in the physical, mechanical, 
and chemical properties of concrete due 
to long-term irradiation are benign and 
have no significant detrimental effect on 
the functionality of the concrete. 

No additional research required by 
industry.  Cores that have more time or 
more irradiation should be collected to 
validate the conclusion in the future. 

2 

Changes in the physical, mechanical, 
and chemical properties of concrete due 
to long-term irradiation affect only a 
localized region of the concrete and 
structural and shielding capabilities are 
not compromised. 

No additional research required by 
industry.  Cores that have more time or 
more irradiation should be collected to 
validate the conclusion in the future.   
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No. Potential Outcome Expected Conclusion 

3 

Experimental results are inconclusive as 
to whether long-term irradiation causes 
changes in the physical, mechanical, and 
chemical properties of concrete. 

Additional examination of concrete is 
warranted in order to make a conclusive 
determination.  Opportunistic removal of 
concrete from NPPs with extended 
service lives and/or high radiation 
fluences should be considered. 

4 

Changes in the physical, mechanical, 
and chemical properties of concrete due 
to long-term irradiation appear to have 
or do have a significant detrimental 
effect on structural and shielding 
integrity. 

Opportunistic removal of cores should 
be continued.  Development of a 
program for accelerated testing of the 
irradiated concrete required to enable 
accurate remaining life prediction of   
in-service units. 

 

5. Conclusions 

The implementation of this strategy will provide a clear indication of the changes that are 
experienced by the concrete during operation and that should be expected in irradiated 
concrete for operational timeframes beyond 60 years.   

This will be a multi-year program that will benefit from international collaboration.  With 
international collaboration and dissemination of technical results, significant progress on 
understanding the behavioral changes experienced by concrete when irradiated can be 
achieved in a relatively short time. 
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