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There are many serviceability and environmental phenomena that impact concrete properties
during aging such as creep, delamination, cracking, freezing/thawing, and alkali-aggregate reactions
(AAR) including ASR. The effects of environmental degradation on concrete durability have been
studied for bridges, dams, and other structures; however, the impact on nuclear structures has not received
similar attention or investigation, even though their safety critical function clearly warrants thorough
review of all possible degradation factors.

ASR is one of the most common causes of concrete deterioration in older concrete structures, and
occurs when certain types of silica-containing reactive aggregates react with the hydroxyl and alkali ions
in the concrete to form an expansive silica gel. After formation, the gel absorbs water, causing it to swell
and cause propagation of cracks within the aggregates and the surrounding cement paste. The gel then
migrates along the existing cracks, where it absorbs additional water causing additional swelling and
cracking, resulting in interconnection of the cracks ACI (2008). ASR will continue as long as the
concrete contains a sufficient supply of alkalis, reactive material, and a relative humidity above
approximately 80%, ACI (2008). Since its discovery of ASR by Thomas Stanton, ACI (2008), it has been
reported to affect various structures around the world. Recently, ASR has been reported in concrete
structures at Seabrook Station nuclear plant, in accordance with the plant’s Corrective Action Program.
ASR has also been detected in the Containment structure concrete at the Tihange-2 nuclear plant, FANC
(2013).

Empirical equations have been developed to estimate the concrete strength as a function of time,
ACI (1997). In order to obtain the aged concrete properties, the empirical equations may be used to
estimate the impact of aging and environmental factors. However, these equations cannot accurately
describe site-specific materials and conditions. The preferable method for assessing degraded and aged
properties of concrete is to extract and test concrete cores from the structure. To evaluate the impact of
ASR at Seabrook nuclear power station, the aged concrete properties are evaluated based on performing a
series of visual inspections, monitoring the surface cracking of ASR impacted regions, and correlating the
visual rating of aged concrete to the properties of cores from other structures constructed using the same
materials and subjected to the same environmental conditions. The aged concrete properties are used to
prepare models that are used for two-dimensional (2D) dynamic and three-dimensional (3D) static finite
element analyses to evaluate the impact of ASR on the seismic performance of the containment enclosure
building (CEB) at the Seabrook nuclear power station.

The complete process used to assess, evaluate, and manage ASR impacts to concrete structures of
the nuclear facility includes:

 Obtain limited concrete cores from the safety critical containment enclosure building
(CEB) and test for mechanical properties of the concrete.

 Conduct visual inspection of the entire surface of the CEB below grade, and classify
sections using the system of visual ratings.

 Obtain concrete cores from other structures exhibiting ASR related distress for additional
testing of concrete mechanical properties.

 Relate the visual signs of distress on the other structures to the mechanical concrete
properties, using the same system of visual ratings used for the CEB.

 Assign concrete material properties to zones of the CEB, using the correlation of the
visual ratings and the mechanical properties of the concrete.

 Create 3D finite element models (FEMs) of the CEB with design properties and with
ASR impacted properties.

 Create equivalent stick models with elements’ stiffnesses and eccentricities based on 3D
FEM.

 Calculate the dynamic responses of CEB using the stick models and apply the
accelerations as seismic loading to the 3D FEM along with non-seismic loadings.
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Figure 2. Seabrook Station Containment Enclosure Building - Exploded View

CONCRETE PROPERTIES

Alkali-silica reaction (ASR) is one of the two recognized types of alkali-aggregate reaction and is
a common cause of concrete deterioration. ASR occurs when silica-containing reactive aggregates react
with the hydroxyl and alkali ions in concrete to form silica gel. The gel absorbs water, causing it to swell
and crack aggregates and cement paste, allowing openings for additional expansion. Since the discovery
of the ASR in the 1940s, varies test methods to identify potentially reactive aggregate have been
developed. At the time of construction of Seabrook Station in 1983, multiple test methods were routinely
performed to identify potentially reactive aggregate sources; however, the concrete industry has since
learned that some of these test methods were not accurate or reliable for identifying slow-reacting
aggregates like those used to construct Seabrook Station.

After identification of orthogonal surface cracking patterns in the concrete that are indicative of
ASR, preliminary materials testing was conducted to evaluate the condition of the concrete structures at
Seabrook Station. This preliminary testing included limited petrographic examination of concrete cores.
The preliminary testing indicated that the concrete contained reactive coarse aggregate and that the level
of ASR distress varied by location. These findings led to more extensive investigations.

FHWA (2010) provides a systematic procedure for identification of the presence of ASR,
quantification of the level of distress, and strategies for its management in conventional highway
structures. The FHWA procedures include Level 1 routine visual inspection, Level 2 preliminary
investigation, and Level 3 detailed investigation. ASR distress is then quantified based on damage levels
seen in many transportation structures; however, these damage levels are not applicable to typical nuclear
structures.

Differences between transportation structures and nuclear structures, including concrete
thicknesses, reinforcement ratios, exposure conditions, typical compression loadings, and the availability
for destructive sampling, prevented direct application of the FHWA procedures and led to their
modification for application to nuclear structures. FHWA cracking index (CI) measurements were not
directly applicable for CEB due to the unusually high near-face reinforcement ratios. Therefore, a new
rating system was established based on the visual survey and laboratory test results that we conducted for
Seabrook Station. The rating system accounted for the different levels of concrete cracking and
mechanical property deterioration rates in concrete below the water level. Procedures were established to
(1) visually assess the CEB condition and classify the level of distress into zones with ASR distress
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impacted concrete structure meets the original design requirements. Structural monitoring is ongoing to
evaluate any changes in structure condition. Following are specific conclusions from this project:

The concrete CEB wall has varying identifiable degrees of ASR-related distress; however, there
is no visual sign of expansion-related distress that indicates impairment of the near-term structural
integrity of the CEB. We divided the near- and below-grade interior surface of the CEB wall into zones
based on signs of ASR-related concrete distress, such as cracking, efflorescence, and moisture staining.
CI values and typical crack widths at CEB wall surfaces are less than the minimum values specified in
Report HIF-09-004, FHWA (2010), as indicative of concrete likely undergoing ASR. Therefore a
modified version of CI procedures was developed for CEB walls which have significantly more
reinforcement than structures considered in the FHWA report.

Visual ratings for distress are correlated to material properties. Supplemental petrographic
analysis on core samples from wall structures other than the CEB wall reveal that the ASR distress is
more severe near the exposed face of the concrete (facing towards the interior of the hallway from which
it was removed) than at its center, which justifies the use of a visual rating system approach. Petrographic
analysis indicates that the petrology and mineralogy of rock samples are very similar for samples
retrieved from the CEB wall and other structures at Seabrook Station that are exhibiting ASR distress.

Natural frequencies and maximum accelerations of backfit, (undistressed) and ASR-distressed
models were calculated. Maximum acceleration profiles of backfit models closely match the
corresponding values reported in the original design. The overall responses of the CEB including
maximum acceleration and in-structural response spectra, were not significantly impacted by ASR, since
the ASR distressed areas are localized.

The ASR distress in concrete did not significantly impact the overall forces/moments in the wall;
however, the less-distressed areas attract more force since they become relatively stiffer the localized area
impacted by ASR. Structural capacities for both undistressed and ASR distressed cases have been
calculated in accordance with the requirements of ACI 318-71 based on original design parameters. Even
with redistributed forces, 99% of the finite elements describing the CEB structure have demand/capacity
ratios less than 0.50 for all load combinations, and the remainder of the elements had sufficient reserve
capacity to resist the added demands load redistribution due to ASR impact.
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