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DELAMINATION IN A PRESTRESSED CONCRETE WALL
— A MULTI-BILLION DOLLAR DISTRESS
IN A NUCLEAR POWER PLANT

ROZWARSTWIENIE SCIANY Z BETONU SPREZONEGO MULTI-MILIARDOWY
PRZYPADEK W ELEKTROWNIJ ADROWEJ

StreszczeniePo 35-ciu latach eksploatacii elektrowsdljowej w Stanach Zjednoczonych rozpgioz
wymiarg generatora pary. Znajdujegsbn obok reaktoragfrowego w budynku ochronnym, ktory,
jak prawie we wszystkich elektrowniacddjowych USA, jest skonstruowany z betonwegpnego jako
cylinder z kopul. Poniewa zagszczenie urgdze i rurocggéw wewntrz budynku jest bardzo de
wyjecie starego generatora pary i wprowadzenie nowezgzmtwor drzwiowy przygotowany w kon-
strukcji okazuje si bardzo pracochtonnym i trudnym przegaticciem. Sgd bardzo cgsto praktykuje
si¢ w elektrowniach amerykakich wycinanie na okres wymiany generatorgkakego otworu wcianie
budynku ochronnego. W opisywanym przypadku, podergsnania otworu (8x9 m) betogtiany
cylindra (grubé¢ 102 cm) rozwarstwiat siw ptaszczynie przebiegajcej w pobliu ptaszczyzny pio-
nowych i poziomych kabli spzajacych tj. okoto 20 cm od powierzchni zeytrenej cylindra. Wielo-
krotne préby stabilizacji rozwarstwienia, poprzetzatensywnymi wysitkami obliczeniowymi nie daty
satysfakcjonujcych rezultatéw. Napggenia w w/w ptaszczinie przy zmianach wynikagych z prac
budowlanych, a przede wszystkim rogiania pojedynczych kabli, powodowaty dalsze rozweiestia.
Poziom ryzyka zwjzany z lokalnymi naprawami bez pregia zjawiska jako fenomenologicznego jest
zbyt wysoki. S4d rozpatruje si naprawa powtoki poprzez wprowadzanie konwencjagdnzbrojenia
radialnego, co wize st z ogromnym nakfadem finansowym i trudoiami dos¢pu do powierzchni
sciany w wielu miejscach, gdzie inne budowle przgieglo powtoki budynku ochronnego.

Abstract After 35 years in operation of a US nuclear poplant (NPP), the steam generator was to
be replaced (steam generator replacement, SGRit&am generator is located next to the reactateéns
the containment structure which, as is typical & NPP is a concrete cylinder shell with a dome
constructed of prestressed concrete. In ordecititéde the removal of the old and installatiortioé new
steam generator, an opening was cut out in thie wadl of the containment cylinder. A plane of coste
delamination followed closely by a plane of thed®an location was found in the de-stressed area
of the wall. Efforts to stabilize the delaminatiprocess and provide a reliable repair solutioredhil
The estimated cost of repair exceeded the econaahie of the reactor unit, and the owner decided on
its decommissioning.

1. Introduction
1.1. Concrete as a major element of nuclear poweitgnt structural reliability and safety

Key structures
The evolution of nuclear power plant constructieshniques has resulted in today’s
unquestioned demand for a full containment striectover high radio activity systems.
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Concrete, initially conventionally reinforced andgressively prestressed, has become the
structural material/method of choice. The governasgumptions have been related to its
internal pressure and temperature handling abiblyghness against external impact, and low
sensitivity to environmental deterioration procassadeed, the fleet of over 40 year old US
nuclear power plants attests to the success iremmgtation of these assumptions. The most
noteworthy and visible among the US nuclear powantpstructures is the containment
structure. Typically it consists of a cylindricanecrete shell, monolithically cast with a heavy
concrete mat foundation and enclosed by a moncdillyiconnected spherical dome (Figure 1).

Unique characteristics and expectations

The massive structure provided many challengdsadgltine early stages of its development.
Namely, the large dimensions of the monolithic cinee heavily reinforced or elaborately
prestressed, which assures high integrity and tigakness. While some of the containment
structures consist of primarily free standing sf@elssure shield housed inside the concrete
containment, often the steel container is fullyegrated as a liner to the cast against the
concrete containment structure. Thus, the needinfderstanding concrete curing temperatures
and long term creep effects became even greatsstoe the relatively thin steel liner was not
subjected to excessive compression stresses letwinger buckling. The thick wall of the
containment structure required by the adopted desigproach requires either a large
concentration of reinforcement near the externafase of the conventionally reinforced
structure or large post-tensioning cable condwtsaf post-tensioned structure. The radial
stresses being considered negligible often allofeedin assumption that no radial reinfor-
cement was needed. That thinking was not satigfatboauthors of later-design and conven-
tional radial reinforcement was placed tying theegrr surfaces of the shell structure.

The containment structure is not the only critimaé in the nuclear power plant. A number
of vaults, buildings, and conduits are built in thenity of the reactor/containment building.
All those structures reduce accessibility to cotecurfaces of the containment and other
auxiliary facilities. Any above ground inspecticpair is greatly impaired. The issue becomes
even more critical when underground structures fanddations are in the need of inspec-
tion/monitoring/repair.

Environment

Massive structures of the nuclear power plant e&pee, due to their wall thickness, sub-
stantial temperature differences between the ortemd exterior surfaces. Also, the humidity
conditions can be very different. While the thicklls provide for low average temperature
and/or moisture gradient, near surface gradiemsbeasubstantial due to exposure to rapid
environmental condition changes. Nuclear powertplare typically located in the vicinity of
a reliable water supply, as their needs for cooliader, heat exchanger water, and emergency
cooling water are major. Thus, the structures &englaced in areas of high ground water
conditions, brackish water or in close proximitythe sea shore. Portland cement used for the
mixing of the concrete is particularly challengelden the surface of the concrete is exposed to
such aggressive conditions. The combination ofstirtace stress imposed by localized high
temperature and moisture gradient, and the demandréack control pose a formidable
challenge to the design team. The surface is tWdse to crack-free; the cracks are to be tight
so that environmental attack on the reinforcemadtfeeeze-thaw damage are precluded.

1.2. Growing number of reported cases of NPP condaeedistress and deterioration

The assumption could safely be made that constatetures, which make up the main
component of nuclear power plants, have receivaigstf-the-art engineering attention and
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would be sound and reliable for any reasonable érpectancy, and yet a number of recently
identified problems in nuclear power plants in btite US and Europe indicate that second
order effects or an inadequate level of investayated to failures severe in consequences.

Recent reports by the United States Nuclear Remyl&ommission (US NRCXiscuss
concrete degradation issues due to Alkali-Silicad®en (ASR) at the Seabrook Nuclear
Power Plant. Reportedly the plant concrete wasywed with reactive aggregate which, over
the last 30 years has caused sufficient surfaceagarto the finished surfaces to alert the
authorities and initiate a fully-fledged investiget The ASR is particularly present in
underground areas of the structures exposed tomdroater.

Another US NRC communication addresses laminackang in the cylinder of the
concrete shield structure of the Davis-Besse Nudbeaver Plant in Ohid.The delamination
was discovered while preparing the shield buildfog the Replacement Reactor Vessel
Closure Head. The crack was discovered during yieohkcutting of a temporary opening in
the 760 mm thick reinforced concrete shell. Theachehation followed the external reinfor-
cement layer (with about 75 mm concrete coverpfa to two meters around the cut opening.

In preparation for a steam generation replacemenéct at the Crystal River 3, Florida,
NPP, hydro-cutting of an opening in the prestressetrete containment structure was carried
out2 A lamellar crack (delamination) parallel to theesral surface and coinciding with the
location of the prestressing tendons was discovdiee unstable delamination cracking was
found unpredictable and difficult to repair and thvét was declared not economically viable
to repair and subject to decommissioning.

2. Containment Building Wall Delamination

The 860 MWe pressurized water reactor (Figurddrfed commercial operation in 1977.
In 2009 a refueling operation started which inctlitlee replacement of the two steam gene-
rators located inside the containment structure.rélactor system is housed inside a secondary
containment structure providing safety in casecofdental heat and/or pressure releases from
the reactor system. The Steam Generators areaglatet inside the containment.

Figure 1. Overall site view.
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The containment structure is about 48 m tall, 2@ternal diameter, cylindrical prestressed
concrete shell with wall thickness of 1100 mm, wétlprestressed concrete, 900 mm thick
dome monolithically connected to the walls, andhvan interior 10 mm welded steel liner
anchored into concrete structure. The concreteswadlve vertical buttresses positioned at
60-degree intervals. The prestressing of the comevas carried out in the vertical direction
through 144 evenly spaced tendons, and in the dvtat direction with 282 hoop tendons.
The horizontal tendons span 120 degrees betweebutiesses. The horizontal tendons are
placed in couples at 1-meter interval. The tendmeshoused in 130 mm diameter conduits.
The tendons are made of 163 wires 7 mm in diameter.

2.1. Delamination discovery

As was typical for the 1970’s design, the replagetof the 500-ton steam generator was
envisioned at the time of construction of the asitbeing done via an access hatch. However,
over time it was determined that the congestionpgiing and equipment inside the
containment structure, and the auxiliary faciligndity on the outside, would make the transfer
of the steam generator very difficult, and a methas developed of cutting a temporary
opening in the containment shale at a high elemagioove the ground level. The planned
opening was 8200x7600 mm (Figure 2). To start thténg of the opening detensioning of
tendons crossing the future opening area was dastie Two tendons were detensioned using
hydraulic ram, 25 tendons were detensioned usiagpd| cutting. The concrete was then
removed using hydraulic pressure.

Figure 2. Original access hatch with the tempo&igam Generator Replacement opening

Upon removal of the concrete using hydraulic jetdlition, a delamination running
generally along the plane of the tendons was ifiedt{Figure 3). The delamination, while
initially thought to be limited to the immediatecinity of the opening was found to cover
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nearly the entire area between the two buttressbselen which the opening was cut.
Moreover, when detensioning and re-tensioning veaser out in the repair effort, new areas
of delamination in other bays were identified thgbwltrasound testing.

2.2. Analysis

Deformation survey of the entire area surroundhgy temporary opening, and delami-
nation mapping were carried out. Numerical analygs carried out using non-linear finite
element models of the entire structure, detailedehof the temporary hatch area, and micro-
level model for the tendon and surrounding concrietgeed with accurate input of concrete
properties and refined modeling of the conduiisas possible to reproduce delamination of
the concrete coincidental with the weekend plantheftendon location subject to transition
from radial compression of the inward located ceteto radial tension of the outward located
concrete. The deformation of the structure was beéyits over 30 years of operation and
strongly influenced by long-term creep.

2.3. Economic risk management

The cost of the construction of the facility wd®8 min USD. The facility provided service
for over 30 years. The replacement of the steansrgéors was a step towards the extension
of the US NRC operating license beyond the year62@darking the end of the 40-year
operating license issued initially for the generatunit.
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The containment repair plans included numeroadstrboth experimental carried on the
structure and on full scale mock-up wall segmeantsl analytical consisting of large number
of repair scheme and post-tensioning restorati@magos. In the final conclusion a repair
consisting of pin ties installed with epoxy bondimgthe radial direction of the wall was
considered a reliable and constructible solutioowkler, large areas of the containment
structure external walls were not accessible becatiattached buildings. The owner was told
that the uncertainty as to how many such ties wbakk to be installed and how well they
might provide constraint to new concrete delamoreti upon re-post-tensioning of the
structure might have a significant impact on thsta@j the repair. Indeed, a probabilistically
defined range of $1,500 min USD (repair) to $3,40@ USD (replacement). As a conse-
quence of those very high numbers and with a largkable spread in the final cost, the owner
decided to apply for permission to decommissionuthié

3. Summary and Conclusion

Designing of thick-wall reinforced or prestressethcrete containment structures creates
opportunities for second order stresses to becoprerary cause of distress under ordinary
operational conditions. Temperature, shrinkage, enegp are the primary driver of those
conditions. However, high gradient stress revefsain compressive to tensile causes
conditions which can lead to split cracking ancad@hation such as observed in the described
case. Torturous stress flow path should be avoideatiose areas. The large diameter and
closely spaced prestress tendon conduits creatgldia of such discontinuity where the
compressed inner portion of the cylindrical wallsyaulling inwards on the external portion
of the wall.

In conclusion, nuclear power plant primary safsigcrete structures have to be subject to
advanced design procedures far beyond those typisahilar structures primarily due to far-
reaching consequences of safety concerns in cadesefved cracking. The need for thorough
evaluation of materials intended for concrete nairrot be underestimated as shown in cases
where mildly reactive aggregate after decades efaipn have led to alkali silica reaction
driven surface deterioration. The exorbitant cossoaiated with nuclear power plant
construction is by no means a guarantee of pepedbrmance of the structures subject to
long term effects of rheological and environmegtanges.
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