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ABSTRACT 

This document reviews aging and degradation mechanisms in post-tensioned reinforced 
concrete containment vessels (PCCVs) with emphasis on concrete creep effects. Background 
context is provided from regulatory and technical perspectives. Aging and degradation 
mechanisms in post-tensioned reinforced concrete structures, including PCCVs as well as 
others, are discussed for their significance. Material degradation modes with emphasis on 
concrete creep are described and analyzed for their impact on the integrity of PCCVs. Case 
studies are presented describing concrete creep effects in nuclear and non-nuclear post-
tensioned concrete structures. A thorough literature review of concrete creep rupture is 
presented that indicates that concrete subjected to stresses either in compression or tension 
above 70% of ultimate uniaxial capacity (in compression or tension, respectively) may be 
susceptible to creep rupture. 

Simulations and analyses of a 1:3-scale PCCV mockup constructed and tested by Électricité de 
France (EDF) were conducted as part of this study. The EDF project titled VeRCoRs consisted 
of physical examination and modeling, including pre-test analyses of time-varying strains in the 
mockup and comparing the model simulation results to experimental data. The entire mockup 
was modeled including concrete geometry, rebar geometry, post-tensioning (PT) tendons 
geometry, concrete creep and drying shrinkage, rebar and tendon elastic response, and internal 
pressurization tests. Simulation results conducted in ABAQUS revealed that simulation of 
concrete creep and drying shrinkage were required for agreement with the experimental data. 
Concrete creep was analyzed using the Bažant B3 model improved by updating with creep test 
data and implemented into ABAQUS utilizing a Prony series. Concrete drying shrinkage was 
implemented into ABAQUS using a Fick’s 2nd Law approach to simulate moisture diffusion. Both 
models showed excellent agreement with separate effects’ experimental data and overall PCCV 
behavior. A smaller simulation with higher discretization representative of the mockup was 
conducted to study the radial tensile stresses and strains created by hoop-tendon PT. The 
smaller simulation with higher discretization clearly indicates development of radial tensile 
stresses and radial creep strains in the wall of the PCCV. 

Current and experimental nondestructive evaluation and structural monitoring techniques that 
can be used in PCCVs are presented and described. Of note are the digital twin techniques 
used in the VeRCoRs mockup. Current pertinent research at the universities is also presented. 
This research involves post-tensioned wall experiments, both for straight slabs and for curved 
walls, as well as concrete creep prediction experiments utilizing time-temperature superposition 
principles. For the conditions of one set of experiments, wall delamination cracks initiated at 
circumferential compressive wall stresses between 0.13f’c and 0.23f’c, which is significantly less 
than the allowable 0.35f’c limit at initial prestress (before losses) provided in the American 
Society of Mechanical Engineers Boiler & Pressure Vessel Code, Section III, Division 2, Part 
CC-3431.  
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FOREWORD 

This report documents a research project sponsored by the U.S. Nuclear Regulatory 
Commission to study degradation modes of post-tensioned concrete containment vessels with 
emphasis on concrete creep and creep fracture. Sandia National Laboratories conducted the 
study with support from its subcontractors Structural Integrity Associates, Structural Solutions 
Consulting, and Moffatt & Nichol.  

The goal of this study was to address a knowledge gap identified in the Expanded Material 
Degradation Assessment (EMDA) Report, NUREG/CR-7153 Vol. 4, “Aging of Concrete and 
Civil Structures,” published in October 2014. The EMDA report identifies low knowledge but high 
significance issues in concrete and concrete degradation related to nuclear power plants 
(NPPs) long term operation. Concrete creep and potential creep fracture are issues that have 
been identified for prestressed concrete containment vessels (PCCVs) with sustained, multi-
axial loading. NPPs were originally licensed for 40 years of operation. Since then, most plants 
have undergone a license renewal process to extend the plant operation to 60 years and 
presently the NPPs have started license renewal for operation up to 80 years.  

This project evaluated concrete aging and degradation effects on PCCVs by taking advantage 
of an international activity (VeRCoRs) being conducted under the auspices of the Nuclear 
Energy Agency. VERCORS is a multi-year (2015-2025) experimental study aimed at 
understanding concrete aging effects including creep and shrinkage using a 1/3-scale model of 
a PCCV. Extensive related laboratory testing, instrumentation, and non-destructive examination 
(NDE) are also parts of this international research. 

To address the EMDA knowledge gap, the study used literature reviews, modeling and 
simulations, and expert analyses to: 

• Describe concrete creep and creep rupture phenomenology 

• Review PCCV material and systematic degradation mechanisms 

• Describe the implementation of complex concrete material properties including those 
related to creep and shrinkage into finite element simulations and subsequent 
comparisons to experimental data 

• Analyze PCCVs for susceptibility to concrete creep effects via calculations and simulations 

• Describe state-of-the-art nondestructive evaluation and monitoring techniques that could 
be used in PCCVs 

• Describe other pertinent and recent research into concrete creep and post-tensioned 
concrete structures 
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EXECUTIVE SUMMARY 

This document reviews aging and degradation mechanisms in post-tensioned reinforced 
concrete containment vessels (PCCVs) with emphasis on concrete creep effects. Nuclear power 
plants (NPPs) were originally licensed for 40 years of operation. The majority of the plants have 
undergone a license renewal process to extend the plant operation to 60 years, and many are 
applying for a subsequent license renewal (SLR) to extend operation to 80 years. The 
Expanded Material Degradation Assessment (EMDA) Report, NUREG/CR-7153 Vol. 4, “Aging 
of Concrete and Civil Structures,” published in October 2014, identifies low-knowledge but high 
significance concrete and concrete degradation issues related to operation up to 80 years. 
Creep and potential creep fracture are identified issues that are applicable for PCCVs owing to 
the sustained multi-axial loading from the post-tensioning (PT) system. This is more relevant for 
containment structures without reinforcement in the radial direction (a significant number in the 
U.S. fleet) and/or when pre-stressing systems require adjustment such as modifications for 
steam generator replacement. This research reviews results and progress of activities being 
done by universities, industry (primarily the Electric Power Research Institute (EPRI)), and the 
Department of Energy (DOE) as well as related research being done abroad with the goal of 
comprehensively characterizing the state of the art for creep and crack/fracture testing and 
modeling in concrete as relevant for PCCVs. Creep and creep-fracture can interact with other 
degradation mechanisms (e.g., corrosion, alkali-silica reaction, and freeze-thaw), but those 
interactions are not part of this research. 

Section 2 is a review and analysis of PCCV degradation mechanisms with weighted emphasis 
on concrete creep and creep fracture. A summary on concrete, rebar, tendon, and PCCV 
systemic degradation mechanisms is presented in Section 2.2, which also provides references 
for more detailed information. A detailed analysis of concrete creep, concrete creep effects in 
post-tensioned structures, and concrete rupture is discussed in Section 2.3. A growing database 
of creep in post-tensioned concrete bridges shows that many bridges experience more creep in 
late service life (25+ years of operation) than was predicted at the time of design by the 
designers. Some structures fail from excessive deflections that result in unplanned stress 
distributions, excessive strains, loss of post-tensioning stress, and excessive cracking.  

Concrete creep and concrete creep rupture are discussed in detail in Section 2.3.4 . Existing 
research indicates that concrete follows standard creep behavior: primary, secondary, and 
tertiary creep phases followed by rupture (depending on applied load). Design practices intend 
to limit the stresses in concrete, and these limits are all below what is required for concrete 
rupture. Tertiary creep and creep rupture will not occur if the concrete stress remains below a 
specific threshold. Concrete creep rupture is more probable at 70%, and significantly more 
probable at stresses above 75%, of ultimate uniaxial capacity in either compression or tension.  

In addition to the EMDA report, referenced above, the Organization of Economic Cooperation 
and Development / Committee on the Safety of Nuclear Installations (OECD/CSNI) has 
identified aging effects for PCCVs in a CSNI Activity Proposal Sheet (CAPS). Creep, shrinkage, 
drying, and moisture transport are identified as significant aging topics for study. The CAPS 
focuses on the VeRCoRs (In French: Vérification réaliste du confinement des réacteurs, In 
English: Realistic verification of the reactor containment) benchmark activities as an opportunity 
to study the life cycle of a realistic containment structure within a compressed timeframe. 
VeRCoRs is an Électricité de France (EDF) funded and executed multiyear, comprehensive 
study of a 1/3-scale PCCV that focuses on aging effects and computational modeling. This 
mockup is designed such that 1 year of aging in the mockup is equivalent to 9 years of aging in 
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a full-scale PCCV. The 1:9-time scale is a result of the rate at which drying occurs. Drying in 
concrete walls is directly proportional to the wall thickness squared; hence, reducing the size of 
the containment by a factor of 3 increases the rate of drying by a factor of 32=9. The increased 
drying rate increases cracking and creep in the containment. Until 2020, VeRCoRs was funded 
by EDF, and for the next 4 years it has been included as a part of the ACES project which is 
funded by Euratom/Horizon2020. The ACES project has been established with the goal towards 
improved Assessment of safety performance for long-term operation of nuclear Civil 
Engineering Structures. 

Section 3 describes simulations and analyses of the VeRCoRs 1/3-scale mockup performed by 
Sandia National Laboratories (SNL) and Moffatt & Nichol, and a separate limited scope study on 
delayed creep effects on PCCVs by Structural Integrity Associates (SIA) and Structural 
Solutions Consulting (SSC). Section 3.1 has a detailed description of the mockup. SNL’s 
analysis of the mockup is presented in Section 3.2. Section 3.2.1 includes geometry, mesh, and 
boundary condition information. Effects from initial PT stressing were considered with separate 
simulations; the details of which are in Section 3.2.2. Material properties including concrete 
creep and concrete drying shrinkage implementation are described in Section 3.2.3. Significant 
detail is provided to describe the concrete creep and concrete drying shrinkage models, both of 
which are required to achieve better agreement of the VeRCoRs simulation results with 
experimental data. Section 3.2.4 has the simulation timeline and Section 3.2.5 compares 
simulation results to experimental VeRCoRs data. An analysis of the VeRCoRs mockup by 
Moffatt & Nichol is presented in Section 3.3 which found that tensile radial strains develop in the 
containment wall but were below those required for fracturing of the concrete. Moffat & Nichol 
recommended an analysis with finer discretization. To assess the effect of a refined 
discretization, a representative thin-slice geometry from the PCCV is described in Section 3.4 
for investigating the radial tensile stresses and strains developed from PT hoop tendons in the 
PCCV. Section 3.5 presents creep effects in PCCVs performed by SIA and SSC. SIA has a 
proprietary concrete model called ANACAP that includes creep effects, nonlinear compressive 
stress-strain behavior of concrete, modeling of concrete cracking and shear degradation due to 
cracking, and interaction between concrete and reinforcement.  Section 3.6 presents the 
simulation and analyses conclusions. A conclusion of the analyses is that radial tensile strains 
and stresses can develop in PCCVs but not necessarily delamination. Additional research 
including improved material model and secondary creep effects can better determine the 
conditions in which the radial strains could lead to initiation of delamination cracking.  

Section 4 describes and reviews non-destructive evaluation (NDE) technologies including those 
used and studied in the VeRCoRs project. The US NPP industry lacks the experience of using 
sensors and instruments to monitor structural responses and aging effects. The use of sensors 
and instruments to monitor the structural performance, and any degradation thereof, is common 
in French NPPs. Monitoring by instrumentations and sensors is common in bridge industry in 
US and other countries. This monitoring data is expected to provide valuable insight for the 
evaluation of aging structures and the US nuclear power industry has started investigating the 
use of various types of sensors. EPRI has installed sensors in VeRCoRs mockup. As a part of 
the VeRCoRs project, promising NDE and digital twin technologies are evaluated in Section 4.  

Section 4.1 briefly describes current PCCV nondestructive evaluation (NDE) and monitoring 
techniques, though the reader is pointed to other references for more information. Section 4.2 
describes proposed and experimental NDE and monitoring techniques from EPRI and from the 
VeRCoRs project. 
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Section 5 describes select current research into concrete creep and into post-tensioned 
concrete structures. Section 5.1 describes post-tensioned curved reinforced concrete wall 
experiments performed at the University of Texas at Austin. For the conditions of one set of 
experiments, wall delamination cracks initiated at circumferential compressive wall stresses 
between 0.13f’c and 0.23f’c, which is significantly less than the allowable 0.35f’c limit at initial 
prestress (before losses) provided in the American Society of Mechanical Engineers Boiler & 
Pressure Vessel Code, Section III, Division 2, Part CC-3431. 

Section 5.2 describes two types of concrete creep experiments performed at Texas A&M 
University. The first—post-tensioned concrete slab experiments—indicate that wall thickness is 
extremely important in determining whether concrete creep or concrete drying shrinkage will be 
the prominent volume change phenomenon. The second—concrete creep material 
experiments—indicate time-temperature superposition principles apply to concrete; these 
concrete creep experiments indicate that creep can be predicted for significantly longer time 
frames by extrapolating the response of similar specimens at different temperatures. 

The overall conclusions of the report are as follows: 

• The U.S. NPP fleet is aging and is subject to material and systemic degradation.  

• Concrete creep follows general material creep trends: primary, secondary, and tertiary 
creep stages potentially followed by creep rupture under specific conditions. 

• Concrete tertiary creep and creep rupture are possible if the concrete is subject to a stress 
above a specific threshold. Concrete creep rupture is more probable at 70%, and 
significantly more probably at stresses above 75%, of ultimate uniaxial capacity in either 
compression or tension.  

• Concrete creep and concrete drying shrinkage models were required for better agreement 
of the VeRCoRs simulation results with experimental data. The models implemented in 
this report were successful in matching experimental data.  

• Radial tensile stresses and strains develop due to PT in the hoop tendons. A conclusion of 
the analyses is that radial tensile strains and stresses develop in PCCVs but not 
necessarily delamination. Additional research including improved material model and 
secondary creep effects can better determine the conditions in which the radial strains 
could lead to initiation of delamination cracking. 

• There are several NDEs, monitoring methods, and digital twin technology that can be 
applied to current and future PCCVs. 
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1    HISTORICAL AND REGULATORY CONTEXT 

1.1  Regulatory Context 

Nuclear power plants (NPPs) were originally licensed for 40 years of operation. Since then, the 
majority of the plants have undergone a license renewal process to extend the plant operation 
to 60 years and most other remaining NPPs are planning to do the same. Currently, subsequent 
license renewal (SLR) from 60 to 80 years have started.  

The Expanded Material Degradation Assessment (EMDA) Report, NUREG/CR-7153 Vol. 4, 
“Aging of Concrete and Civil Structures,” published in October 2014, identifies low-knowledge 
but high significance for concrete and concrete degradation issues related to SLR (US Nuclear 
Regulatory Commission, 2014). Creep and potential creep fracture are issues cited in the 
EMDA that are applicable for Prestressed Concrete Containment Vessels (PCCVs) owing to the 
sustained multi-axial loading. This is most relevant for containment structures without 
reinforcement in the radial direction (of which there is a significant number in the US fleet) 
and/or when pre-stressing systems require adjustment such as modifications for steam 
generator replacement (US Nuclear Regulatory Commission, 2010), repair, or loss of pre-stress. 
This research will perform a literature search for the results and progress of activities being 
done by the industry, namely the Electric Power Research Institute (EPRI), and the Department 
of Energy (DOE) as well as related research being done abroad with the goal of 
comprehensively characterizing the state of the art for creep and crack/fracture testing and 
modeling in concrete. It is also important to note that creep and creep-fracture may interact with 
other degradation mechanisms (e.g., corrosion, alkali-silica reaction, freeze-thaw) and study of 
creep and creep-fracture may necessarily involve the study of other related mechanisms or 
vice-versa. 

In addition to the EMDA report, referenced above, the Organization of Economic Cooperation 
and Development / Committee on the Safety of Nuclear Installations (OECD/CSNI) has 
identified aging effects for concrete containment structures in a CSNI Activity Proposal Sheet 
(CAPS). Creep, shrinkage, drying, and moisture transport are specifically identified as some of 
the several significant aging topics for study. This CAPS specifically focuses on the VeRCoRs 
(In French: Vérification réaliste du confinement des réacteurs, In English: Realistic verification of 
the reactor containment) benchmark activities as an opportunity to study the long term aging 
(drying and creep) of a realistic containment structure within a compressed timeframe, drying 
effects are about 9 times faster on the mock up because of scale effects. VeRCoRs is an 
Électricité de France (EDF) funded and executed multiyear, comprehensive study of a 1/3 scale 
PCCV that focuses on gaining insight into aging effects and computational modeling. 
Additionally, the proposed VeRCoRs activity includes many varied research activities with 
varying applicability to U.S. Nuclear Regulatory Commission’s (NRC’s) mission and work scope. 
Participation in the VeRCoRs benchmark activity provided information to address research 
questions aimed at improved understanding and characterization of creep and shrinkage in 
PCCVs of regulatory interest. 

The research under this agreement addresses technical issues related to ageing, shrinkage, 
creep, and their effects on PCCVs in the light of 80-year operating life. The scope of the 
research also includes independent confirmatory assessments of results by industry and other 
countries to provide additional insights to inform review guidance. It is expected that this study 
will contribute to maintaining and strengthening competence and improving practices for 
assessing aging effects for PCCVs. This research also gathers information on various 
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nondestructive methods and sensors that are included in VeRCoRs activity. EDF considers 
VeRCoRs as digital twins for structural evaluation and maintaining safety.  

There is limited technical basis regarding aging management of pre-stressing systems. 
Regulatory Guide (RG) 1.90, In-service Inspection of Pre-stressed Concrete Containment 
Structures with Grouted Tendons was recently updated based on literature search (2012), not 
on analytical or experimental results (US Nuclear Regulatory Commission, 2012). Similarly, RG 
1.35.1, Determining Pre-stressing Forces for Inspection of Pre-stressed Concrete Containments 
was reviewed in 2013 (US Nuclear Regulatory Commission, 2013). The current RG relies on 
experimental data from 1960s/70s. Knowledge gained from this project can support the update 
to RG 1.35.1. 

1.2  Technical Context 

Containment integrity and containment degradation research sponsored by the NRC at Sandia 
National Laboratories (SNL) and other DOE laboratories over the last three decades, which 
included various international and multi-organizational collaborative research programs, 
provided a good understanding of the performance of containments such as those used in U.S. 
NPPs under severe (beyond design-basis) accident conditions (US Nuclear Regulatory 
Commission, 2006) . Evaluating the performance of containment behavior in the extended 
timeframe is a current area of interest. 

There is need for review and improvement in the technical basis for evaluating creep, creep-
fracture, and other aging related concrete phenomena. Since the issuance of the EMDA report, 
joint research roadmaps have been created to coordinate activities between DOE, NRC, and 
industry. The most up-to-date roadmap for concrete creep and creep-fracture research lists 
several research gaps for the 2017-2021 timeframe. In the research roadmap the EDF funded 
and executed VeRCoRs benchmark is identified as the primary large-scale engineering 
validation effort. Strategic participation in this project can bring valuable knowledge for NRC’s 
work and enhance the understanding related to concrete in the context of long-term operation. 

In addition, the VeRCoRs benchmark endeavors to investigate the effect of temperature on the 
accident response of the containment. While computational models have been created to 
explore these effects in OECD/CSNI International Standard Problem #48 on containment 
Capacity and under USNRC-AERB Nuclear Safety Co-Operation Program, Standard Problem 
Exercise – 3 (www.sandia.gov/spe3/), there has been no experimental validation of these 
models. 

Furthermore, the US NPP industry lacks the experience of using sensors and instruments to 
monitor structural responses and ageing effects. The use of sensors and instruments to monitor 
the structural performance, and any degradation thereof, is common in French NPPs. 
Monitoring by instrumentations and sensors is common in bridge industry in U.S. and other 
countries. This monitoring data is expected to provide valuable insight for the evaluation of 
aging structures and the U.S. industry has started investigating the use of various types of 
sensors. EPRI have installed sensors in the VeRCoRs mockup. In addition, promising NDE 
technologies will be evaluated as a part of the VeRCoRs project. 

In addition to ageing, the effects of possible large-scale repair, modification activities for steam 
generator replacement, detensioning and retensioning, and replacing pre-stressing tendon 
systems over 80 years of operating life should be investigated. 
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1.3  NPP Operation Notable Issues 

This section lists NPP containment buildings that have reported issues with the post-tensioning 
(PT) systems and describes the issues. A complete list of operational plants with PCCVs is 
listed in Appendix B. A more detailed list of reactors and concrete component degradation 
occurrences can be found in Appendix C. 

1.3.1  Calvert Cliffs 

Each of the containments at the Calvert Cliffs NPP has a total of 876 tendons: 204 vertical, 468 
hoop, and 204 dome. In 1997, during a 20-year surveillance test, broken wires were discovered 
in Unit 1. The licensee also found a low liftoff value compared to the prestressing force for one 
of the three randomly selected vertical tendons. The low liftoff value was attributed to uneven 
shim stack heights on the two opposing sides of the anchor- head. In accordance with the 
requirement in the plant's Technical Specifications (TSs), the licensee tested two additional 
vertical tendons adjacent to this tendon. During liftoff testing of one of these tendons, a noise 
was heard—indicating tendon wires might have ruptured. A visual examination of the tendon 
showed three broken wires 5-7 inches below the bottom of the button-heads. Further 
examination of the wires at the top of other vertical tendons revealed additional wire breakage. 
The licensee expanded the liftoff testing and visual examination to 100 percent of the vertical 
tendons—revealing similar degradation of additional vertical tendons. As part of its corrective 
action, the licensee replaced 63 of the 202 vertical tendons in Unit 1 and 64 of the 204 vertical 
tendons in Unit 2. (US Nuclear Regulatory Commission, 1999). 

During a periodic tendon surveillance in 2008, five hoop tendons were found with a lift-off force 
below the lower limit expected value in Unit 1. All tendons were re-tensioned to acceptable 
values. No signs of abnormal degradation of the end anchorage or adjacent concrete surface of 
the containment had been found in any of these areas. No water was found, nor broken/missing 
wires that have not been previously noted. Despite lift-off force levels being lower than 
expected, all have been above the design basis accident load for each tendon. Therefore, the 
containment remained operable. (Baltimore Gas and Electric Company, 1997) 

1.3.2  LaSalle 

Each of the containment buildings at LaSalle NPP has a total of 308 tendons: 188 hoop and 120 
verticals. In 2003, seven tendons had failed, six were degraded with broken wires, and eight had 
internal corrosion. The observed damage was due to water-induced corrosion caused by failure of 
the water intrusion barrier gaskets and aided by a loss of the corrosion protective grease. Over 
the course of the containments’ (Unit 1 and Unit 2) life, vertical tendon liftoff forces have been 
found to be decreasing over time; however, the forces are still above design values. (Exelon 
Generation, 2016)  

1.3.3  Oconee 

In summer 1995, the licensee of the Oconee Nuclear Station, Duke Power Company, performed 
the sixth tendon surveillance of Oconee Unit 3. The licensee, using the averages of the liftoff 
forces obtained to that date, concluded that the mean liftoff force for each group fell below the 
required values. A subsequent trending analysis on the basis of individual liftoff forces indicated 
that the dome tendon force began to fall below the minimum required force about eight years 
after the structural integrity test (SIT). For other tendon groups in Unit 3, the tendon forces were 
not predicted to fall below the minimum required value until 40 years or more after the SIT. 
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Since Oconee Units 1 and 2 are identical to Oconee Unit 3, the licensee performed a trend 
analysis for each of these units and found that the vertical tendon forces in Unit 1 and Unit 2 
were predicted to fall below the minimum value at 30 years and 10 years after the SIT, 
respectively. The cause of these results is attributed to the repeated use of the same tendons 
for liftoff testing subjecting the tendons to cyclic loading. As a result, the tendons subjected to 
repeated liftoff tests are no longer considered representative of the tendon population. As part of 
its corrective action, the licensee reanalyzed the containment structure using state-of-the-art 
analysis techniques and committed to random tendon selection for future tendon surveillance in 
accordance with Regulatory Guide 1.35. 

In 1997, inspections precursory conditions of abnormal tendon degradation were observed. 
These conditions included higher than normal water content in tendon filler grease, presence of 
free water, grease leakage from the reactor building, lower than expected tendon elongation, 
and low filler grease reserve alkalinity. The engineering evaluation concluded that these 
precursor conditions did not result in loss of tendon prestress, and that the examined tendons 
were capable of performing their intended functions. (US Nuclear Regulatory Commission, 
2000)   

1.3.4  South Texas 

In 2004, six reactor containment building tendons (three vertical and three horizontal) were 
inspected for the surveillance. Excessive grease voids (11.4% and 19.8%) were found in two of 
the vertical tendons.  

By 2010, 140 liftoff tests had been conducted. All but two of these were acceptable (>95% of 
predicted force). The other two occurred in year 1 (Unit 2) and year 5 (Unit 1), both at 94% of 
predicted force. In years 10, 15, and 20 all tested tendons were found to be above the 
acceptance limit. Thus, no observations to date indicate unacceptable rates of degradation. 
(South Texas Projct Nuclear Operating Company, 2013)  
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2    POST-TENSIONED CONCRETE CONTAINMENT VESSEL 
DEGRADATION MODES 

A major design consideration of PCCVs is the protection of the post-tensioning system from 
degradation. Grouted or bonded tendons are used in many PCCVs in several countries 
including France, Belgium, South Korea, China, and Canada. Some of these containments do 
not have steel liners while the United States use steel liners as protection for leakage of 
radiation products. Only two PCCVs in the United States have bonded prestressing systems 
with the rest using unbonded tendons coated with corrosion-inhibiting wax or grease, enabling 
the tendons to be examined, retensioned, and replaced as necessary. PCCVs also have 
conventional reinforcement in addition to pre- and post-tensioning systems, but reinforcement 
congestion is an issue around equipment hatch openings.  

The first prestressed containment facilities (R.E. Ginna in 1969) included only vertical 
prestressing, but biaxially prestressed containments quickly became the primary PCCV type. 
Because these containments have nearly 1000 tendons anchored at a variety of locations on 
the structure, the installation, tensioning, and corrosion-proofing of the prestressing system was 
a time-consuming process. A typical cement used in PCCVs is Type II Portland cement due to 
its resistance to sulfate attack and low heat of hydration. PCCV concrete design often uses air-
entraining admixtures (AEA) and curing agents to prevent common modes of degradation. Each 
concrete containment in the United States has an interior steel liner (0.25-0.5 in thick) to serve 
as a leak tight vapor barrier; its strength is neglected in design. 

2.1  Post-Tensioning System Description 

Post-tensioned concrete structures use tension cables or tendons to introduce large 
compressive stresses in the concrete material. In the case of a nuclear plant, the reactor and 
the steam generators are contained in a large strong containment structure designed to contain 
possible radioactive material release under various postulated design loading combinations. 
The two typical approaches are to use reinforced concrete or to use post-tensioned concrete. 
PCCVs use tendons to carry a significant portion of the hoop stresses generated from internal 
pressure under accident conditions while reinforced concrete containments use primarily rebar. 

Excessive vertical and hoop tensioning can exaggerate the radial tension between the plane of 
the hoop tendons and outer surface of the concrete, which is of special concern for PCCV 
designs without radial tie bars. Figure 2-1 demonstrates the tensile stress that develops from 
hoop tensioning. The 2019 American Society of Mechanical Engineers (ASME) Boiler & 
Pressure Vessel Code (BPVC) Section III requires radial reinforcing steel and/or radial stirrups 
(see Figure 2-2) in the containment cylinder by prohibiting the reliance on concrete tensile 
strength to resist the external loads and moments or the forces and moments resulting from 
internal self-constraint (ASME, Boiler Pressure Vessel Code Section III, 2019). However, the 
radial reinforcement steel requirement was not required prior to 2019. Only a few NPPs have 
radial reinforcements in the containment cylinder, namely Farley, Vogtle, Summer, South Texas, 
Calvert Cliffs, Wolf Creek, and San Onofre (US Nuclear Regulatory Commission, 2010). It is 
very common to have radial reinforcements in containment domes because: 

1. Tendons are located closer to the inner radius. 
2. There are often three sets of intersecting tendons. 
3. The dome is thinner than the cylinder. 
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4. Radial stresses caused by prestress are even higher in domes than in cylinders. 
5. The ASME BPVC required radial reinforcement in concrete structures with double 

curvature (e.g., domes). 

 

Figure 2-1 Tensile and compressive stresses in concrete wall cross-section due to 
horizontal hoop tendons. (US Nuclear Regulatory Commission, 2010) 

 

Figure 2-2 PCCV structure (left) with a schematic of horizontal tendons and radial 
reinforcement (right). (Wang & Munshi, 2013) 
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Radial stresses in the containment wall are designed such that the tensile stress of the concrete 
is not exceeded. However, over-tensioning of hoop tendons or improper installation techniques 
could initiate delamination-type cracking in the wall of the containment. Over time and in 
combination with other operating conditions, such as ambient thermal cycling, this cracking 
could degrade the ultimate capacity to withstand pressurization and also render the PCCV more 
vulnerable to issues with structural modifications. Excessive vertical and hoop tensioning can 
also induce additional compressive creep strains (over that assumed in design). Under constant 
load, this additional compressive creep strain is generally not a problem and tends to relax the 
stress, but it could potentially contribute to structural issues if there is a change in loading, for 
example, de-tensioning for structural modifications. Upon load removal from de-tensioning, 
these compressive creep strains start to slowly dissipate (viscoelastic behavior). Excessive 
tensioning also means higher stress in tendons and, along with compressive creep in the 
concrete, will lead to a more rapid decay in the design prestress conditions. This can usually be 
corrected for PCCV designs with un-grouted tendons through scheduled inspection and re-
tensioning. However, repeated cycles of this can increase the risk for delamination cracking and 
generate additional compressive creep strains. It is also noted that the creep rate in concrete is 
generally sensitive to change in loading, that is, if the change is significant enough, the higher 
primary creep rate (consistent with the age of the concrete) can initiate. Repeated cycles of over 
tensioning would incrementally increase the age integrated total creep strains with 
corresponding changes in the rate of creep beyond that accounted for in the design leading to 
additional risks in detensioning. 

2.2  Brief Summaries of Material Degradation Modes 

Material degradation modes in PCCVs are covered in great detail in (US Nuclear Regulatory 
Commission, 2014), (American Concrete Institute, 2018), and (Electric Power Research 
Institute, 2015). Brief summaries are presented here for the reader’s convenience.  

2.2.1  Concrete 

Concrete is susceptible to chemical attack and physical attack. The information presented in this 
section is summarized from (Mindess, Young, & Darwin, 2003) for the reader’s convenience. 

• Chemical attack: 
o Leaching and efflorescence 
o Sulfate attack 
o Alkali-aggregate reaction (AAR) 

• Physical attack: 
o Freezing and thawing 
o Wetting and drying 
o Temperature changes 
o Wear and abrasion 

Efflorescence in concrete is a whitish colored powdered deposition of salts on the concrete 
surface that is formed due to evaporation of water from the concrete. It is caused when water-
soluble salts present in the concrete material come on to the surface and water evaporates from 
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the concrete. Efflorescence, in itself, is an aesthetic rather than durability problem. However, it 
does indicate that substantial leaching is occurring within the concrete. Extensive leaching of 
salts, namely calcium hydroxide, from the interior of the concrete causes an increase in 
porosity, lowering the strength of the concrete and increasing the permeability, thereby 
increasing its vulnerability to aggressive chemicals. Leaching is most prevalent when the water 
can seep through the concrete, particularly under pressure. Concrete is not significantly leached 
by water flowing over its surface unless accompanied by physical abrasion from suspended 
solid matter. 

One of the most common forms of concrete chemical attack is the action of sulfates on 
concrete. Sulfates are often present in groundwaters, particularly when high proportions of clay 
are present in the soil, and seawater has sulfates as a major constituent. Sulfates present in 
rainwater from air pollution, or produced by biological growths, may cause slow deterioration 
even in concrete above ground. The damage caused by sulfate attack may involve cracking and 
expansion of concrete as a whole, as well as softening and disintegration of cement paste. 
Sulfate attack is a complex process that may involve all hydration products produced by 
Portland cement. Portland cement hydration products contain a compound called 
monosulfoaluminate. When additional sulfates are supplied to the pore water, the 
monosulfoaluminate converts to ettringite: long, needle-like crystals. The conversion is 
accompanied by a 55% increase in solid volume of the compound, causing a volume expansion 
within the paste that generates internal stresses and ultimately leads to cracking. Some sulfate 
attacks can weaken the cement paste without large volume changes or cracking; these attacks 
result in significant softening and disintegration of the primary hydration product calcium-silicate-
hydrate (C-S-H), leaving the cement paste in a puttylike state. The type of sulfate attack largely 
depends on the particular sulfates involved. 

AAR is a concrete degradation mode due to expansions caused by a chemical reaction between 
the alkalis contained in the cement paste and certain reactive forms of silica within the 
aggregate. The reaction between the silica and cement paste causes the formation of a ‘gel 
layer’ on the exterior of the aggregates; the gel layer has a larger volume than the constituents, 
causing internal stresses and eventually cracking and spalling. Various forms of silica have 
different reactivities, depending of the degree of crystallinity, internal porosity, crystallite size, 
and internal crystal strain. Different aggregates react at different rates, and damage due to AAR 
may not be apparent for many years after a structure is put into service. AAR has a significant 
effect on concrete compressive strength, tensile strength, and elastic modulus: all are reduced 
by up to 50% depending on the severity of the AAR (Trent, 2018). 

Porous materials containing moisture are susceptible to damage under repeated cycles of 
freezing and thawing. Hardened cement paste, which has a high porosity, is particularly 
susceptible to such conditions and can be destroyed in a single winter in northern climates. 
Fortunately, AEAs have proven to be an effective and reliable means of protecting concrete 
from freeze-thaw damage. PCCVs use AEAs to prevent freeze-thaw damage in the hardened 
cement paste. Porous aggregates can also be susceptible to freeze-thaw damage and are 
therefore not recommended for use in high-risk structures that are exposed to freezing 
temperatures. Further information on NRC recommendations for loss of material and cracking 
due to freeze-thaw damage can be found in (US Nuclear Regulatory Commission, 2010) (US 
Nuclear Regulatory Commission, 2017). For plants located in moderate to severe weathering 
conditions (weathering index >100 day-inch/year), a plant-specific program is not required if 
documented evidence confirms that the existing concrete had air content of 3 percent to 8 
percent (including tolerance) and subsequent inspection of accessible areas did not exhibit 
degradation related to freeze-thaw. 
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2.2.2  Rebar 

The information presented in this section is summarized from (Mindess, Young, & Darwin, 2003) 
(McCormac & Brown, 2009) for the reader’s convenience. 

The corrosion of reinforcing steel in concrete structures that are regularly exposed to salts is 
one of the most acute durability problems in North America. Bridge decks exposed to deicing 
salts and structures exposed to seawater, both in fluid form and brought to the structure by 
winds, are most at risk. Salts will penetrate into the pores or cracks of the concrete and slowly 
diffuse down to the reinforcement. Chloride ions, notably from NaCl, reduce the pH of the pore 
solution in concrete. The chloride ions penetrate the passive protective layer on steel 
reinforcement. Without the protective layer, water reacts with the steel to cause oxidation (rust). 
Oxidized iron has a larger volume than non-oxidized, causing severe volumetric expansion. The 
iron expansion causes concrete internal stress, and eventually concrete cracking and spalling. 
This reduces the concrete cover for the steel, accelerating corrosion. Also, the bond of the 
concrete to the steel is reduced, degrading the structural integrity. 

2.2.3  Tendons 

Unbonded tendons, as used in the U.S., are generally protected by a ferrous duct and 
anticorrosive grease around the strand. However, corrosion in steel prestressing (or post-
tensioning, the terms are used alternatively) tendons can occur due to pitting corrosion, general 
steel rusting, hydrogen embrittlement, stress-corrosion cracking, fretting fatigue, or corrosion 
fatigue. Tendons are typically subjected to a continuous applied stress level of no greater than 
70% of ultimate tensile strength. 

Stress relaxation occurs in post-tensioning strands and is a significant portion of the predicted 
stress losses in a PCCV (with concrete creep another major contributor). Tendon stress 
relaxation can often be predicted during design prior to construction, but concrete creep and 
total prestressing system stress losses is significantly more difficult to predict. 

Water penetrating the protective sheath and anticorrosive grease can cause the steel tendons 
to rust, lowering the effective cross-sectional area of the tendon and therefore its strength. 
Water buildup inside the tendon sheaths can also enable microbial attack on the anticorrosion 
grease, resulting in acid buildup that degrades the tendons. 

The susceptibility of steel to stress-corrosion cracking and hydrogen embrittlement generally 
increases with increasing strength. Hydrogen embrittlement is defined as the reduction in 
ductility due to the absorption of atomic hydrogen into the metal lattice. Hydrogen embrittlement 
can occur at any point in the components of the prestressing system’s life, even before 
installation.  

For stress-corrosion cracking to occur, the metal should be under tensile stress and 
simultaneously exposed to a corrosive environment. Corrosion products and weight loss at or 
near the failure may be negligible. The cracking takes the form of transgranular or intergranular 
cracking. Hydrogen embrittlement and stress-corrosion cracking manifest in similar ways: both 
occur by brittle fracture and may both have the same appearance (little necking).  

2.2.4  PCCV System Degradation 

Outside of specific material degradations, PCCVs are also subject to system-wide degradation.  
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The effects of elevated temperatures and freeze-thaw cycles on hardened concrete can alter 
(typically reduce) structural integrity by reducing the strength of concrete and the reinforcing 
steel and potentially permanently modifying the microstructure of PT tendons and concrete. 
Increased temperature can increase the creep rate of concrete as well as increase the stress 
relaxation in the tendons. Thermal load cycles can induce fatigue effects into the structure as 
well. Freeze-thaw cycles can result in eventual cracking, scaling, or disintegration of concrete if 
highly saturated concrete has insufficient entrained air in the cement paste or has highly porous 
aggregates.  

The containment inner steel liner and its anchorages are often 6 mm -13 mm (0.25 in - 0.5 in) 
thick, so there is little tolerance for material loss. In addition, the liner is an air-tight seal, so 
corrosion holes are functionally safety significant. Containment liners typically receive a 
protective coating on the exposed inner surface, but the surface in contact with the concrete is 
untreated.  

2.3  Concrete Creep and Creep Rupture 

This section provides a brief review of creep and creep rupture in metals, an overview of creep 
in concrete, a few examples of excessive creep in post-tensioned concrete structures, and a 
detailed literature review of creep rupture in concrete. Creep and creep rupture in metals is a 
rigorously studied field, so a review is provided to familiarize the reader with common 
mechanics of general creep and creep rupture. A review of creep in concrete is also provided to 
the reader to demonstrate how creep in concrete is similar to and differs from creep in metals. 
As this document is primarily focused on determining the effects of creep in post-tensioned 
concrete, a few examples of post-tensioned concrete structural failures related to creep are 
described. A brief review of the state of creep research in post-tensioned concrete containment 
vessels in the nuclear power industry is also presented. Finally, an extensive literature review 
on creep rupture in concrete is presented. The general conclusions are: 

• Concrete creep follows the common three-phase creep progression. The third phase, if 
stress conditions trigger its initiation, manifests in a drastically increasing creep rate 
potentially followed by rupture. If excessive creep is expected in any portion of a post-
tensioned concrete structure, monitoring systems are recommended. 

• Concrete creep rupture does not typically manifest below 60% of the ultimate uniaxial 
stress in either compression or tension. Concrete design codes in the U.S. limit the 
stresses in concrete, and these limits are below tertiary creep and creep rupture 
thresholds. However, if structural circumstances cause excessive deformations, the 
threshold stress for the onset of tertiary creep and subsequent creep rupture in either 
compression or tension may be exceeded. 

• Temperature effects on concrete creep rupture have not been studied; however, increased 
temperature does increase concrete creep strains. 

2.3.1  Introduction to Creep  

Materials are often placed in service at elevated temperatures and/or exposed to static 
mechanical stresses (e.g., turbine rotors in jet engines, steam generators that experience 
centrifugal stresses, and concrete structures subjected to constant dead weights or post-
tensioning forces). Deformation over time under such circumstances is termed creep. Defined 
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as the time-dependent and permanent deformation1 of materials when subjected to a constant 
load or stress, creep is normally an undesirable phenomenon and is often the limiting factor in 
the lifetime of a part, especially for mechanical systems. It is observed in all material types; for 
metals it becomes important only for temperatures greater than about 0.4Tm (Tm is the absolute 
melting temperature in Kelvin) (William D. Callister, 2007). Amorphous polymers, which include 
plastics and rubbers, are especially sensitive to creep deformation. If creep deformation 
advances too far, the material can rupture, or fracture, into multiple pieces. This phenomenon is 
termed creep rupture (or creep fracture, the terms are used interchangeably).  

One prominent example of long-term deformations from sustained or repeated loads is rutting in 
asphalt2 pavements. As heavy vehicles such as cargo trucks or aircraft repeatedly traverse the 
same area of pavement, the pavement under the highest stresses slowly deforms as shown in 
Figure 2-3.  

 

Figure 2-3 Asphalt pavement rutting on a primary highway. (Pavement Tools 
Cosortium, n.d.) 

The manifestation of concrete creep is similar to asphalt, but typically to a lesser order of 
magnitude. Asphalt binders are considered a plastic, fluid-like material while hydrated Portland 
cement is considered a brittle solid. That being said, concrete creep is an important 
consideration in structural concrete engineering. Concrete structures are typically designed for 
approximately 50 years of service life (Medeiros-Junior, de Lima, & de Medeiros, 2015), and 
structural concrete codes require designers to account for concrete creep effects. Increasingly, 
for major bridges, service life requirements are being set by bridge owners to 100 years or even 
longer (California Department of Transportation (CalTrans), 2000) (Port of Long Beach, 2010). 
Concrete elements under sustained loads such as beams, columns, or prestressed members 
are subject to significant creep over their service life. As creep advances, the stress state of the 
concrete elements, and of their reinforcement, can change. These altered stress states can 
sometimes alleviate danger zones by redistributing high stress from one area into neighboring 

                                                 
1 Some, but not all, creep deformation is recoverable.  
2 Technically asphalt pavement is “asphalt concrete.” Portland cement concrete is the usually grey material that 
most people label “concrete.” The term “concrete” in this document refers to Portland cement concrete. 
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elements. However, advanced creep could also reduce the capacity of concrete elements or 
add stress to neighboring elements that should not accrue more.  

While concrete creep is a well-studied phenomenon, there is a distinct knowledge gap in the 
field of concrete creep rupture (US Nuclear Regulatory Commission, 2014). Structural concrete 
elements include reinforcing elements, typically steel reinforcing bars. While concrete 
performance can be degraded due to creep rupture at elevated stresses and temperatures, 
there is no mention of concrete creep rupture in the structural concrete design code for the 
United States (American Concrete Institute, 2014).  

2.3.2  Creep Review 

Creep in concrete is an intricate topic due to the complexities of hydrated Portland cement 
(e.g., porosity and hydration states in the material). Therefore, before discussing creep in 
concrete, a brief introduction of creep and creep rupture of metals is presented. Creep and 
creep rupture of metals represents a more simplistic case of creep and is a more established 
field of study. An overview is beneficial to considering it for cement and concrete.  

2.3.2.1  Creep of Metals 

A typical creep test for metals (ASTM) consists of subjecting a specimen to a constant load or 
stress while maintaining the temperature constant; deformation or strain is measured and 
plotted as a function of elapsed time. 

Figure 2-4 is a schematic representation of the typical constant load creep behavior of metals; 
Figure 2-5 is a schematic representation of the typical creep rate vs time. Upon application of 
the load there is an instantaneous deformation, as indicated in the figure, which is mostly 
elastic. The resulting creep curve consists of three regions, each of which has its own distinctive 
strain-time feature. Primary or transient creep occurs first, typified by a continuously decreasing 
creep rate; that is, the slope of the curve diminishes with time. This suggests that the material is 
experiencing an increase in creep resistance or strain hardening—deformation becomes more 
difficult as the material is strained. For secondary creep, sometimes termed steady-state creep, 
the rate is constant; that is, the plot becomes linear. This stage of creep often has the longest 
duration. The constant rate of creep in this regime is explained based on a balance between the 
competing processes of strain hardening and recovery, recovery being the process whereby a 
material becomes softer and retains its ability to experience deformation. Finally, for tertiary 
creep, there is an acceleration of the creep rate and then ultimate failure. This failure is 
frequently termed rupture and results from microstructural and/or metallurgical changes, for 
example, grain boundary separation, and the formation of internal cracks, cavities, and voids. 
Also, for tensile loads in metals, a neck may form at some point within the deformation region. 
These all lead to a decrease in the effective cross-sectional area and an increase in strain rate. 
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Figure 2-4 Typical creep curve of strain vs time at a constant stress and constant 
temperature. The minimum creep rate ઢ૓/ઢܜ is the slope of the linear 
segment in the secondary region. Rupture lifetime tr is the total time to 
rupture. (William D. Callister, 2007) 

 

Figure 2-5 Typical creep rate vs time graph with primary, secondary, and tertiary 
phases.  

In metals, most creep tests are conducted in uniaxial tension using a specimen having the same 
geometry as for tensile tests. On the other hand, uniaxial compression tests are more 
appropriate for brittle materials; these provide a better measure of the intrinsic creep properties 
as there is not stress amplification and crack propagation, as with tensile loads. Compressive 
test specimens are usually right cylinders or parallelepipeds having length-to-diameter ratios 
ranging from about 2 to 4. For most materials creep properties are virtually independent of 
loading direction. 

Possibly the most important parameter from a creep test is the slope of the secondary portion of 
the creep curve (Δ߳/Δݐ in Figure 2-4); this is often called the minimum or steady-state creep rate ߳ሶ௦. It is the engineering design parameter that is considered for long-life applications, such as a 
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NPP component that is scheduled to operate for several decades, and when failure or too much 
strain lead to loss of function. On the other hand, for many relatively short-life creep situations 
(e.g., turbine blades in military aircraft and rocket motor nozzles (William D. Callister, 2007)), 
time to rupture, or the rupture lifetime tr, is the dominant design consideration (also indicated in 
Figure 2-4). Of course, for tr determination, creep tests must be conducted to the point of failure. 

2.3.2.2  Stress and Temperature Effects in Metals 

Both temperature and the level of the applied stress influence the creep characteristics (Figure 
2-6 and Figure 2-7). At a temperature substantially below 0.4Tm, and after the initial 
deformation, the strain in metals is virtually independent of time. With either increasing stress or 
temperature the following will be noted: 

• The instantaneous strain at the time of stress application increases, 

• The steady-state creep rate is increased, 

• The rupture lifetime is diminished. 

The results of creep rupture tests are most commonly presented as the logarithm of stress 
versus the logarithm of rupture lifetime. Figure 2-8 is one such plot for a nickel alloy in which a 
linear relationship can be seen to exist at each temperature. For some alloys and over relatively 
large stress ranges, nonlinearity in these curves is observed. 

A thorough treatment of creep rupture for weld material, and the original reference defining the 
rupture criteria for liner plate material can be found in (Manjoine, 1982). 

 

Figure 2-6 Schematic of influence of stress ࣌ and temperature T on creep behavior. 
(William D. Callister, 2007) 
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Figure 2-7 Experimental creep-strain time curves recorded for different stresses at 
373, 427, and 463 K for Al 2124. (Williams, Bache, & Wilshire, 2010) 

 

Figure 2-8 Stress (logarithmic scale) versus rupture lifetime (logarithmic scale) for a 
low carbon-nickel alloy at three temperatures. (Benjamin (Senior Editor), 
1980) 

2.3.2.3  Creep of Concrete 

Although all materials undergo time-dependent deformation under load, ceramics and metals 
have an almost negligible creep at room temperature. The fundamental origins for creep of 
concrete must be quite different, since significant volume changes occur at ambient 
temperatures and the variations in presence of moisture in the material play a major role.  

Portland cement concrete is comprised of a matrix of cement, sand, and aggregate; the cement 
part of the hardened matrix is referred to as the ‘paste’. It is commonly stated that concrete 
creep and drying shrinkage are interrelated phenomena because there are a number of 
similarities between the two. The strain-time curves are very similar, experimental parameters 
affect creep in much the same way as shrinkage, the magnitudes of the strains are the same, 
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and they include a considerable amount of irreversibility. Like shrinkage, creep is a paste 
property, and the aggregate in concrete serves to act as a restraint (Boresi & Schmidt, 2003).  

A typical concrete creep curve for concrete in compression is given in Figure 2-9. When a 
specimen is unloaded, the instantaneous recovery is approximately the same as the 
instantaneous strain on the first application of the load, but creep recovery, although it occurs 
more rapidly than creep, is by no means complete. A considerable portion of the total creep is 
irreversible (irrecoverable). Under typical service conditions such as columns or walls, concrete 
is most likely drying while under load, and it has been found that creep deformations are greater 
under such conditions than if the concrete is dried prior to loading. Terminology has been 
developed to consider this fact and is illustrated in Figure 2-10. If the free shrinkage (ߝ௦௛, 
determined while the specimen is unloaded but subjected to the same drying conditions) and 
basic creep (ߝ௕௖, determined while specimen is loaded but not drying) are added together, their 
sum is less than the total strain (ߝ௧௢௧) determined during simultaneous loading and drying. The 
excess deformation is called drying creep (ߝௗ௖). 

 

Figure 2-9 Typical creep curve for plain concrete. 

 
Figure 2-10 Creep of concrete under simultaneous loading and drying. 
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Several factors influence concrete creep and are summarized below.  

• Creep increases nonlinearly with stress as shown in Figure 2-11, though an approximate 
linear relationship can be assumed in the stress range typical in structures.  

• Increased time of moist curing decreases specific creep. 

• Specific creep increases with increasing water-to-cement ratio (w/c ratio). 

• Specific creep decreases with increasing concrete strength. 

• Total creep increases for samples of concrete at higher temperatures compared to 
samples of the same mixture (and same load) at lower temperature. 

• Creep increases with increased amounts of non-evaporable water in the cement pores. 

• Aggregate content and modulus of elasticity are the most important factors affecting creep 
of concrete. Increased aggregate content and/or aggregate stiffness decrease creep. 
Increased modulus of elasticity decreases creep. 

• The magnitude of creep strains in tension is greater compared to compression for any 
given load. 

• Flexural creep is complicated by the fact that part of the concrete is in compression and 
part in tension. 

• Under a uniaxial compressive stress, some lateral creep also occurs due to the lateral 
tension associated with Poisson’s ratio stress.  

 
Figure 2-11 Creep-stress relationship for concrete. (Mindess, Young, & Darwin, 2003) 
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Important to note in the description of concrete creep is that concrete does not creep at the 
same rate in different loading conditions. Concrete creep under compression is the “slowest” 
creep with creep under bending, tension, and shear being significantly “faster”. Work performed 
by (Kim, Park, & Lee, 2019) indicate that concrete bending creep and tensile creep are ~3x and 
~4x greater than compressive concrete creep, respectively (Figure 2-12). Work performed by 
(Mhamankar & Jones, 2019) indicate that concrete shear creep is ~13x greater than concrete 
compressive creep as shown in Figure 2-13. 

 

Figure 2-12 Comparison of specific creep in compression, tension, and bending. (Kim, 
Park, & Lee, 2019) 

 

Figure 2-13 Compressive, tensile, and shear specific creep plot. Figure courtesy of 
IASMiRT. (Mhamankar & Jones, 2019) 
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The reader should note that, while these factors are listed separately, many are coupled in 
certain circumstances. For example, increasing the time of moist curing and decreasing the w/c 
ratio often increases concrete strength, decreases specific creep, and decreases internal 
concrete porosity. A more detailed discussion on each factor and how they relate to each other 
can be found in (Mindess, Young, & Darwin, 2003).  

Zdenek Bažant states the following about concrete creep (Bažant Z. P., Creep and Shrinkage of 
Concrete, 1975):  

“The most obvious effect of creep to be considered in design is the growth of 
deflections, which is of concern, e.g., in large-span prestressed concrete bridges. 
Cases of deflections over one foot in excess of the predicted values have been 
experienced in some early long-span bridges. In concrete columns, compressed 
walls, and thin shells, creep magnifies the buckling deflections and internal forces 
due to unavoidable imperfections and leads to long-time instability under a load 
several times less than the short-time stability limit. In many structures, creep causes 
extensive redistributions of internal forces and, together with stresses induced by 
shrinkage and thermal dilations, may produce severe cracking and overload of some 
structural parts. A typical example is a bridge span whose halves are cast by 
cantilever method with the same slip form, one after the other; the younger half tends 
to deflect more but, because of the connection at midspan, produces a shear force. 
In all prestressed structures, creep and shrinkage cause a significant loss of 
prestressing force. In statically indeterminate structures, creep can be beneficial in 
reducing the forces induced by shrinkage, or the internal forces due to displacements 
imposed during the construction by jacks to rectify previous undesirable deflections 
or internal forces in the structure, or the forces due to differential settlements of the 
structure.” 

Bažant’s statements summarize creep analysis in general concrete engineering practice: creep 
can relieve some internal stresses in a structure, but creep can also cause problems in 
prestressed structures or in structures built in pieces over a long time period.  

For design of bridges for which creep effects are particularly important to assess accurately, the 
two most prevalent Codes in USA design practice are AASHTO and the CEB-FIP (American 
Association of State Highway and Transportation Officials, September 2017) (International 
Federation for Structural Concrete, October 2013). 

2.3.2.4  Effect of Temperature on Concrete Creep 

The properties of Portland cement concrete at elevated temperatures have been studied for 
decades. Extensive research exists analyzing concrete creep at elevated temperatures (Gross, 
1975) (Bazant, Theory of Creep and Shrinkage in Concrete Structures: A Precis of Recent 
Developments, 1975) (Bazant, Cusatis, & Cedolin, Temperature Effect of Concrete Creep 
Modeled by Microprestress-Solidification Theory, June 2004). A few select graphs and 
conclusions are presented here that summarize the general trend of concrete creep at elevated 
temperatures. 

As with metals, concrete subjected to elevated temperatures is susceptible to increased creep 
(Kodur, 2014). However, the mechanism of increased concrete creep in concrete is not the 
same as in metals. Under temperature ranges between ~20°C and 100°C, creep in concrete is 
affected by moisture movement in the cement matrix. The presence of water in the pores 
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creates a complicated creep strain response. At temperatures up to 160°F (71°C), concrete 
creep increases by a factor of ~3.5 (compared to creep at 70°F). Above 160°F (71°C), Nasser & 
Neville suggest that moisture evaporation from the cement gel pores increases the capillary 
suction effect in the cementitious matrix, causing a reduction in creep to a factor of ~1.7 (Figure 
2-14, (Nasser & Neville, 1966)). 

 

Figure 2-14 Increase in creep above the 21-day creep for different temperatures and 
stress-strength ratios of (a) 35%; (b) 60%; and (c) 70%. Temperature is in °F. (Nasser & Neville, 1966) 

Concrete creep at temperatures above 100°C (the boiling point of water) becomes increasingly 
more severe with higher temperatures as shown in Figure 2-15 and Figure 2-16. There are two 
creep effects in concrete at elevated temperatures: transient creep and creep at elevated 
temperatures. Transient creep occurs during the first time that concrete is heated at constant rate 
under load. Transient creep does not occur during subsequent cooling or immediate re-heating to 
the same maximum temperature (The International Union of Laboratories and Experts in 
Construction Materials, Systems and Structures (RILEM), June 1998). Concrete creep at elevated 
temperatures is generated upon maintaining a certain level of temperature for a certain amount of 
time.  

Yoon et al. in (Yoon, et al., 2017) determined that the amount of creep of high-strength concrete 
at elevated temperatures showed similar results at respective heating temperature levels 
regardless of the compressive strength. Increasing the temperature from 100°C to 600°C (212°F 
to 1112°F) increased creep strains by a factor of ~2 (compared to the strains at 100°C). Further 
increasing the temperature to 700-800°C (1292-1472°F) increased the creep strain by a factor of 
~5 (compared to the strains at 100°C).  
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Figure 2-15 Creep strain of high-strength concrete at ambient and elevated 

temperatures. (Yoon, et al., 2017)  

 
Figure 2-16 Creep of high-strength concrete at elevated temperature: (a) 200°C (392°F); 

(b) 400°C (752°F); (c) 600°C (1112°F); (d) 800°C (1472°F). Test specimens 
with f’c of 80 MPa and 100 MPa at 800°C fractured before creep could be 
measured. (Yoon, et al., 2017) 
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As a general conclusion, concrete creep increases significantly until 71°C (160°F). Between 71-
100°C (160-212°F), moisture evaporation effects cause the creep to slightly reduce (but still be 
greater than creep at normal temperature and pressure3 (NTP)). Above 100°C, concrete creep 
increases with increasing temperatures. A significant increase in creep strain occurs between 
700-800°C (1292-1472°F). 

2.3.3  Examples of Creep in Post-tensioned Concrete Structures 

Post-tensioning (or prestressing) can be defined in general terms as the preloading of a 
structure, before application of the service loads, to improve its performance in specific ways. 
Post-tensioning of concrete involves application of a compressive loading so that concrete 
tensile stresses that would otherwise occur are reduced or eliminated. The deflection of a 
member may also be controlled. Beams may be designed to have zero deflection at a specific 
combination of post-tensioning and external loading. Post-tensioned concrete is common in 
infrastructure with applications in slabs, floor beams, bridge decks and/or girders, and structures 
such as stadiums or airport terminals.  

2.3.3.1  Post-tensioned Concrete Non-Nuclear Structures 

One of the most widely used applications of concrete post-tensioning is in bridges. Furthermore, 
there is a growing database on creep in pre- or post-tensioned concrete bridges. Bažant has 
collected data from more than 60 bridges worldwide; most of these bridges deflected much 
more than predicted by calculation models in the design specifications (Bažant, Hubler, & Yu, 
2011) (Bažant, Hubler, & Yu, Pervasiveness of Excessive Segmental Bridge Deflections: Wake-
Up Call for Creep, 2011) (Bažant, Qiang, & Guang-Hua, Excessive Long-Time Deflections of 
Prestressed Box Girders. I: Record-Span Bridge in Palau and Other Paradigms, 2011). The 
data suggests no evidence of a finite asymptotic bound for concrete creep. Concrete creep 
becomes logarithmic after about 1000 days but does not exhibit asymptotic behavior. Most of 
the 60 bridges had already crossed their predicted 100-year maximum creep deflection, some 
within only 25 years of service. Excessive unexpected creep can result in uncomfortable riding 
conditions, excessive concrete cracking, service failure, or structural failure (collapse).  

                                                 
3 Normal temperature and pressure: temperature 20°C (68°F) and pressure 1 atm. (National Institute of Standards 
and Technology (NIST), 2020) 
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Figure 2-17 Excessive deflections observed in four bridges in Japan. JRA represents 
the Japanese Road Association predicted deflection while B3 represents 
Bažant’s B3 creep model. (Bažant, Qiang, & Guang-Hua, Excessive Long-
Time Deflections of Prestressed Box Girders. I: Record-Span Bridge in 
Palau and Other Paradigms, 2011). With permission from ASCE.4 

As an example of the severity of excess deformations, Figure 2-18 shows creep effects visible 
to the naked eye on the Savines Bridge in France (Sellin, Barthélémy, Bondonet, & Cauvin, 
2015). Built in 1960, the Savines Bridge was one of the first post-tensioned concrete bridges 
constructed in France. At 40 years, Eurocode Standard EN1992-1-1 predicted a maximum 
deflection of ~50 mm while EN1992-2 without silica fume predicted a maximum deflection of 
~90 mm. The actual deflections of the bridge measured from 120-170 mm (Sellin, Barthélémy, 
Bondonet, & Cauvin, 2015). 

                                                 
4 This material may be downloaded for personal use only. Any other use requires prior permission of the American 
Society of Civil Engineers. This material may be found at 
https://ascelibrary.org/doi/pdf/10.1061/%28ASCE%29ST.1943-541X.0000487. 
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Figure 2-18 Present-day view of the Savines Bridge in France. (Sellin, Barthélémy, 
Bondonet, & Cauvin, 2015) 

One of the more severe cases, the Koror-Babeldaob (KB) Bridge in Palau, developed a 
midspan deflection of 1.61 m (5.3 ft) after 18 years. Completed in 1977, the KB Bridge was a 
cantilevered prestressed girder bridge with a 120.4 m (395 ft) long main-span cantilever. Mid-
span deflections were noticed to exceed predictions as early as 1985—8 years after 
construction. A remedial prestressing repair was completed in 1996 in an attempt to save the 
bridge. The bridge collapsed three months after completion of the repairs (Bažant, Qiang, & 
Guang-Hua, Excessive Long-Time Deflections of Prestressed Box Girders. I: Record-Span 
Bridge in Palau and Other Paradigms, 2011) (Tang, 2014). One popular theory as to how the 
bridge collapsed includes many factors, the primary of which are listed here: 

• Excessive concrete creep led to increased deflections across the span. 

• The prestressing tendons were found to have only 50% of the design stress. The minimum 
safety margin for the tendons was 90% of the design stress. 

• Excessive deflections from creep and loss of prestressing led to cracking in the top portion 
of the concrete girder, further reducing the girder stiffness.  

It is worth noting that forensic analysis of the KB bridge indicated that the prestressing tendon 
ducts in the top layer of the bridge may have delaminated from the concrete. There were about 
300 tendons in the top slab near the main pier of the bridge. They were arranged in four layers. 
Each tendon was placed inside a 47 mm (1.9 in) diameter metal duct. Bonding of these ducts to 
the concrete is usually weaker at the underside of the ducts (Figure 2-19). Due to the Poisson’s 
effect, a high compressive stress in the longitudinal direction after the repair could have 
accelerated the separation of the concrete from the tendon ducts. As a result, the concrete in 
this area might have formed layers between the rolls of ducts, and as such could not perform as 
a monolithic material as designed. 
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Figure 2-19 Possible delamination of the bottom of tendon ducts from concrete. (Tang, 
2014) 

A bridge in Cheviré, France also experienced unexpected excessive creep deformations 
(Raphael, Zgheib, & Chateauneauf, Experimental investigations and sensitivity analysis to explain 
the large creep of concrete deformations in the bridge of Cheviré, 2018). Built between 1988 and 
1991, the bridge consists of two viaducts of concrete formed over 22 spans, the largest of which is 
242 m (794 ft) long. The 242 m span consists of a 162 m (531 ft) steel span connected to two 
40 m (131 ft) concrete viaducts. A composite steel-prestressed concrete is used to build the deck. 
The deck has a depth varying between 4.55 m (15.0 ft) and 9 m (29.5 ft) and a width of 24.6 m 
(80.7 ft). A schematic of the bridge is shown in Figure 2-20. 

The vertical displacement of the free-end cantilever has been measured and monitored since 
1994. The predicted deflection during design for 3200 days of service was 3.01 cm (1.18 in); the 
measured deflection after 3200 days of service was 18.2 cm (7.17 in). Both major European 
design codes at the time of construction (BPEL and Eurocode 2) drastically underestimated creep. 
No major structural repercussions have occurred, but the bridge is being closely monitored. 

 

Figure 2-20 Elevation view of the bridge of Cheviré. (Raphael, Zgheib, & Chateauneauf, 
Experimental investigations and sensitivity analysis to explain the large 
creep of concrete deformations in the bridge of Cheviré, 2018) 
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The Parrotts Ferry Bridge in California, USA, was built between 1976 and 1979 and is a three-
span prestressed concrete continuous rigid frame bridge that is experiencing excessive 
deflections from creep at midspan. At 195 m (640 ft), the main span is one of the longest 
prestressed concrete beam bridges ever built in the United States. The central span sagged 
nearly 30 cm (12 in) five months after opening and up to 63.5 cm (25 in) as of 2015 
(HighestBridges.com, 2009) (Chen, Yang, & Liu, 2015). 

 

Figure 2-21 Parrotts Ferry Bridge showing deflection at midspan (inside the red circle). 
(HighestBridges.com, 2009) 
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Figure 2-22 Parrotts Ferry Bridge with a nearly 2-foot (61 cm) sag in the center. 
(HighestBridges.com, 2009) 

 

Figure 2-23 Brace installed on Parrotts Ferry Bridge (indicated by arrow) more than 10 
years after construction to support the center. (HighestBridges.com, 2009) 
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Another U.S. bridge that is experiencing excessive creep deformations is the Robert E. Lee 
Memorial Bridge in Richmond, VA. This precast concrete stringer bridge was completed in 
1989, provides six (6) lanes of vehicular traffic, and includes an underslung pedestrian 
suspension bridge as shown in Figure 2-24. Figure 2-25 shows the effect of creep between 
Pier 8 and Pier 9. As of 2011, the bridge span at the expansion joint had sagged a total of 
25 cm (0.82 ft) since its construction, bringing the expansion joint 14 cm (0.46 ft) below the 
reference line (Theryo, 2011). 

 

Figure 2-24 Robert E. Lee Memorial Bridge in Richmond, VA. Photograph shows the 
piers, underside, and pedestrian suspension bridge. (BridgeHunter.com, 
2017) 

 
Figure 2-25 Robert E. Lee Memorial Bridge deck profile on the east face of the curb 

showing the as-built and existing deck profiles relative to the reference 
line. (Theryo, 2011) 
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Design practice for long span post-tensioned cantilever (segmentally erected) bridges for which 
creep is particularly important to correctly assess, is well described in (Takacs, 2002). 
Discussion of post-tensioned bridge design and creep calculation in USA Bridge Design 
Practice can be found in (Goodyear & Smith, 1988). 

An example of structural failure outside of bridges due in part to excess creep is the collapse of 
Terminal 2E at Roissy-CDG airport in 2004 (Daou, Salha, Raphael, & Chateauneuf, 2019). The 
collapse occurred eleven months after its inauguration and caused four casualties. The failure of 
the terminal was investigated several studies (El Kamari, Raphael, & Chateauneuf, 2015) 
(Raphael, Faddoul, Feghaly, & Chateauneuf, 2012). A schematic of the terminal is shown in 
Figure 2-26. Studies indicate that:  

• The stresses and efforts calculated in the design phase were inaccurate; the load applied 
at the ultimate limit state was 4.5 times greater than the maximum permissible load.  

• Hasty construction practices lacked appropriate monitoring techniques. 

• Long-term concrete creep caused excessive unpredicted deformations that resulted in 
excessive forces in the struts that led to shear punching in the shell. 

• The maximum deflection occurred in the local area where the crash occurred. 

• Excessive deformation was a major cause of the structural damage, and thus, led to the 
terminal failure. 

 

Figure 2-26 Typical section of boarding area of a terminal at Roissy-CDG airport. (Daou, 
Salha, Raphael, & Chateauneuf, 2019) 

2.3.3.2  Concrete Nuclear Containment Structures 

Concrete nuclear containment structures in the U.S., were initially licensed for 40-year of 
operating life. However, many NPPs have been granted permission to continue operating to up 
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to 60 years, and some are expected to request a SLR to continue operations to 80 years. Most 
pressurized water reactor containment systems use PCCVs (KEPRI, 2000) (Pandey, 1997) 
(Lundqvist & Nilsson, 2011). As the PCCVs are subject to post-tensioning stresses for their 
entire operating life cycle (with brief detensioning allowed for inspections or equipment 
replacement as needed), concrete creep and creep-cracking has been identified as one of the 
aging effects (US Nuclear Regulatory Commission, 2014). In addition, the interior surface of the 
PCCVs are subject to elevated temperatures from reactor operations and sometimes external 
surface may be exposed to hot desert type climate. As discussed in 2.3.2.4, elevated 
temperatures accelerate creep rates in concrete. While extensive research has been performed 
to study corrosion effects in PCCVs (US Nuclear Regulatory Commission, 2015) (Dunn, 
Pulvirenti, & Hiser, 2011) (Petti, et al., 2011) (Pensado, et al., 2013) (US Nuclear Regulatory 
Commission, 1999) (US Nuclear Regulatory Commission, 2011) (Installations, NPP 
Containment Prestress Loss Summary Statement, 1999) (Installations, Bonded or Unbonded 
Technologies for Nuclear Reactor Prestressed Concrete Containments, 2015), little is known 
about the direct effects of creep in PCCVs.  

A delamination failure at Crystal River Nuclear Power Plant in 2009 indicated that creep may be 
an issue in long-term PCCV operations (US Nuclear Regulatory Commission, 2010). During a 
planned shutdown and after tendon detensioning, an opening was cut in the PCCV to replace a 
steam generator. While creating this opening, workers saw that there was a gap, or separation, 
affecting the outer layer of concrete in the building wall. This gap or separation in concrete is 
commonly referred to as a delamination. The delamination occurred on the plane formed by the 
post-tensioning tendon ducts, see Figure 2-27. The delamination occurred in an hourglass 
shape across the structure as presented in Figure 2-28.This plane is an area where the 
concrete stress state changes from pure compression to a state involving tension (US Nuclear 
Regulatory Commission, 2015). The delamination is a source for discontinuities in the cross-
section of the PCCV wall, effectively decoupling the in-plane compressive forces from the PT 
with the interior portions of the wall, thereby allowing for a multitude of problems to occur that 
could damage and failure to an extent requiring decommissioning of the PCCV. While several 
issues contributed to the delamination event, the importance of creep could not be determined. 
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Figure 2-27 Photograph of delamination crack running from horizontal tendon to 
horizontal tendon, parallel to the wall surface, approximately 10 inches 
from the exterior surface of the concrete. (US Nuclear Regulatory 
Commission, 2010) 
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Figure 2-28 Crystal River structure (top) and extent of delamination (bottom). (US 
Nuclear Regulatory Commission, 2010) 
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Leak tightness in PCCVs is assured in the United States by using steel liners inside the 
concrete containment. In a loss-of-coolant accident, prestressing tendons through the concrete 
theoretically maintain a compressive stress throughout the structure even if the interior is 
pressurized.  

Common practice in the U.S. is to use greased, or sheathed, tendon ducts. The tendon ducts 
are installed into the structure prior to concrete placement, and then the PT tendons are pulled 
through the ducts after the concrete hardens. The tendons are greased, tensioned, and locked 
off. The ducts are filled with grease for corrosion resistance. This method allows the tendons to 
be individually removed, inspected, and re-tensioned as needed throughout the life of the 
structure. Another practice in France and some other countries is to grout the tendons into the 
tendon ducts, filling the ducts with cementitious material. This method more thoroughly protects 
the tendons from corrosion, but the tendons cannot be re-tensioned if needed. More information 
can be found in (US Nuclear Regulatory Commission, 2015).  

In the past, concrete creep was not given much attention beyond design consideration for loss 
of prestress associated with uniaxial concrete stress; however, studies show that concrete 
creep in PCCVs is a complex and important design aspect that can have severe consequences 
on the structure (Bažant, Carreira, & Walser, Creep and Shrinkage in Reactor Containment 
Shells, 1975) (Bažant Z. P., Creep and Shrinkage Effects in Nuclear Reactor Containment 
Shells, 1974). More recent literature confirms that concrete creep is one of the, if not the, 
biggest time-dependent prestress loss mechanisms (Song, Kim, Byun, & Song, 2002) (Hu & Lin, 
2016) (Lundqvist & Nilsson, 2011). Some researchers have found that the creep-prediction 
equations in AASHTO LRFD, ACI Committee 209, the CEB/FIB-90 model code, and the BP 
Model all show a general tendency to decrease creep strain according to the loading ages and 
underestimate the creep of the reactor concrete (Song, Kim, Byun, & Song, 2002). However, 
other literature suggests that current models can overestimate total losses when concrete creep 
predictions are combined with concrete shrinkage and tendon relaxation (Lundqvist & Nilsson, 
2011).  

Concrete in PCCVs is typically in a biaxial or even triaxial stress state, but designers often use 
data from creep experiments in a uniaxial stress state (Lee, Song, & Han, 2004). According to 
(Mindess, Young, & Darwin, 2003), the behavior of concrete under multiaxial stress states is still 
not completely understood. Concrete under hydrostatic pressure, as exemplified in Figure 2-29, 
has a higher uniaxial compressive strength. Concrete under combined stress states such as 
compression-compression or compression-tension behaves as shown in Figure 2-30. Concrete 
under a 2:1 compressive biaxial stress condition has an approximately 30% increase in 
compressive capacity. Concrete under tension has a reduced compressive capacity; for 
example, concrete under 50% of its ultimate tensile capacity has approximately 50% reduced 
compressive capacity. However, if concrete is under biaxial compressive stress, the tensile 
capacity of the concrete in the third axial stress direction is unknown. 
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(a) 

 
(b) 

Figure 2-29 (a) Example concrete cylinder triaxial stress compressive test; (b) Ultimate 
axial stress vs applied lateral stress. (Javanmardi, 2020) 

 

Figure 2-30 Biaxial strength envelopes for two different types of concrete under biaxial 
stress. (Lee, Song, & Han, 2004) 
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Due to creep and shrinkage of the concrete and the relaxation of the prestressing steel, tendon 
forces decrease with time. Since the safety of the structure depends on these forces, being able 
to monitor or at least estimate the prestress losses is of utmost importance. Tendon relaxation 
can typically be predicted with a good measure of certainty, but concrete creep is much more 
difficult to predict. 

Creep and other concrete degradation mechanisms such as shrinkage or thermal effects are 
important in the early-age behavior of concrete nuclear containments and for large repairs and 
modifications. Benboudjema and Torrenti clearly outline cases in which differential strains occur 
between (1) concrete and reinforcement or (2) older and newer lifts of concrete (Benboudjema 
& Torrenti, 2008). Concrete lifts in PCCVs are often around 3 m (9.8 ft). Thick layers of an older 
concrete have different material properties such as strength and stiffness compared to a new 
layer of concrete. Shrinkage or thermal effects between the layers, with layers having different 
material properties in early age (within around 10 days), can cause cracks. However, early-age 
creep strains may relax internal differential stresses. Accounting for early-age creep-age is 
essential to predict induced stresses if autogenous shrinkage or thermal strains are restrained. 

2.3.4  Creep Rupture in Concrete 

Concrete creep is a well-defined phenomenon, though it is difficult to predict, and experts are 
still unsure exactly how concrete creeps. However, creep rupture in concrete is a little-studied 
field. Experts are not sure if structures subject to PT forces for their entire service lives are 
susceptible to concrete creep rupture (US Nuclear Regulatory Commission, 2014). It is known 
that concrete is susceptible to creep rupture, but as mentioned previously in this report, there is 
no mention of concrete creep rupture in the structural concrete design code in the United States 
(American Concrete Institute, 2014). The following documents from the American Concrete 
Institute (ACI) discuss creep and how to predict losses from concrete creep, but none mention 
creep rupture: Guide for Modeling and Calculating Shrinkage and Creep in Hardened Concrete 
(American Concrete Institute, 2008), Building Code Requirements for Structural Concrete 
(American Concrete Institute, 2014), Report on Evaluation and Repair of Existing Nuclear 
Safety-Related Concrete Structures (American Concrete Institute, 2005), and Code 
Requirements for Safety-Related Concrete Structures and Commentary (American Concrete 
Institute, 2013). 

Carpinteri et al. (Carpinteri, Valente, Zhou, Ferrara, & Melchiorri, Tensile and flexural creep 
rupture tests on partially damaged concrete specimens, 1997) performed extensive tensile and 
flexural creep tests until rupture on partially-damaged unreinforced concrete specimens. As was 
the case with the creep rupture of metals in sustained loading tests, the creep curves for 
concrete also display a three-stage process, according to the change of creep rate. Creep rate 
decreases gradually in the primary stage, is almost constant in the secondary stage, and 
increases rapidly until failure in the tertiary stage. Figure 2-31 and Figure 2-32 show results of 
concrete tensile creep tests. The flexural creep tests in the same paper showed similar three-
phase creep curve trends (primary, secondary, and tertiary). As the paper also performs tests 
on partially damaged specimens, one major conclusion is that concrete’s capability of resisting 
creep rupture under sustained loading decreases with increasing damage and decreasing load-
carrying capacity. Another document by Carpinteri analyzes concrete flexure creep rupture tests 
and develops a phenomenological model to predict creep curves as shown in Figure 2-33 
(Carpinteri, Valente, & Zhou, Crack Propagation in Concrete Specimens Subjected ot 
Stustained Loads, 1995). 
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Figure 2-31 Creep curves till rupture in tensile creep tests. (Carpinteri, Valente, Zhou, 
Ferrara, & Melchiorri, Tensile and flexural creep rupture tests on partially 
damaged concrete specimens, 1997) 

 

Figure 2-32 Sustained load level versus time to rupture in tensile creep tests. The 
hollow diamond dot denotes one test that did not reach final creep rupture. 
(Carpinteri, Valente, Zhou, Ferrara, & Melchiorri, Tensile and flexural creep 
rupture tests on partially damaged concrete specimens, 1997) 
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Figure 2-33 Mean experimental and simulated creep curves until rupture for a 

sustained load level of 80% of peak flexural strength. (Carpinteri, Valente, & 
Zhou, 1995) 

A paper by Mazzotti indicates that short-term uniaxial compression creep tests at low, medium, 
high, and very high stress levels leads to different material behaviors (Mazzotti & Savoia, 2002). 
For medium stress levels, creep strains can be much greater than those predicted by linear 
viscoelasticity; for very high stresses (more than 80-90% of short-term compression strength f’c), 
failure is reached by tertiary creep. Poisson’s ratio also varies with stress. For low stresses, it is 
a constant value; for medium to high stress levels, it varies during the loading phase and is 
almost constant during creep deformation; and very high stress levels cause a significant 
increase of Poisson’s ratio both in the loading and creep phases. Another paper by Mazzotti 
attempts to develop a model that can cover the whole range of concrete creep from viscoelastic 
behavior at low stress levels up to tertiary creep and creep rupture at high stress levels as 
shown in Figure 3-35 (Mazzotti & Savoia, Nonlinear Creep Damage Model for Concrete under 
Uniaxial Compression, 2003).  
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Figure 2-34 Simulation of compression creep tests at different stress levels (7-day age 

of concrete at loading). Data lines with an “X” at the end denote rupture. 
(Mazzotti & Savoia, Nonlinear Creep Damage Model for Concrete under 
Uniaxial Compression, 2003). With permission from ASCE.5 

Concrete creep rupture is not limited to concrete specimens with no reinforcement. Naguib and 
Mirmiran have developed a model to predict creep and shrinkage in concrete filled tubes 
(Naguib & Mirmiran, 2003) (Terrey, Bradford, & Gilbert, 1994). Their study of concrete-filled 
steel tubes in compression, both if the concrete is bonded (BCFT) or not bonded (unbonded, 
UCFT) to the steel, found that the concrete in BCFTs and UCFTs are both susceptible to creep 
rupture at high stress. The authors find that, for the same magnitude of sustained loads, BCFT 
is much more durable for creep rupture than its equivalent UCFT for diameter/thickness ratios of 
40 or less.  

A dissertation by Zhou looked at concrete creep rupture in flexure and tension in unreinforced 
specimens, among other things (Zhou, Time-Dependent Crack Growth and Fracture in 
Concrete, 1992). Figure 2-35 shows creep rupture results for flexure specimens without or with 
a notch. The results indicate a log-trend similar to all other creep rupture tests presented in this 
review. Figure 2-36 shows the familiar three-stage creep rupture data for a notched specimen. 

                                                 
5 This material may be downloaded for personal use only. Any other use requires prior permission of the American 
Society of Civil Engineers. This material may be found at 
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%290733-9399%282003%29129%3A9%281065%29. 



2-35 

  
(a) (b) 

Figure 2-35 Flexure concrete creep rupture applied stress vs time until rupture for 
(a) unnotched beams and (b) notched beams. (Zhou, Time-Dependent 
Crack Growth and Fracture in Concrete, 1992) 

 

Figure 2-36 Crack mouth opening displacement (CMOD) time until rupture curve under 
a sustained load. (Zhou, Time-Dependent Crack Growth and Fracture in 
Concrete, 1992) 

For concrete stressed more than 50% of the ultimate strength of the concrete, accumulated 
creep strain can drive existing microcracks into macrocracks that may in turn lead to failure 
(Mindess, Young, & Darwin, 2003). Micro-cracks develop due to various material degradation 
mechanisms, and continuing creep can turn these microcracks into full-fledged cracks over 
decades of structure service (Illston, 1965). In the anchor zones, this phenomenon is of 
somewhat less concern for grouted tendons than ungrouted tendons. Typically, in PCCVs, 
early-age concrete creep is avoided by waiting until the concrete has sufficiently aged before 
tensioning tendons. (US Nuclear Regulatory Commission, 2015) 
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To the authors’ knowledge, there are no examples of reinforced concrete structures failing 
specifically from concrete creep rupture. Concrete structure failures that involve creep typically 
fail from excessive deformations that reorient or redistribute stresses in the structure such that 
the stresses exceed capacity. However, it is unknown if creep rupture may be involved in said 
failures. Research has shown (e.g., Figure 2-32, Figure 2-34, and Figure 2-35) that concrete 
under large sustained stresses can have increased creep rates and significantly shorter times 
until creep rupture. Thus, structures experiencing excessive deformations and redistributed 
stresses may demonstrate creep rupture phenomena. Monitoring can provide opportunity to 
mitigate degradation and potentially prevent failure due to excessive deformations under such 
conditions. Given the primary, secondary, and tertiary phases of concrete creep rupture, 
monitoring a structure for increasing creep rate is suggested. 

Research summarized in this section indicates that concrete suffers creep rupture primarily 
when exposed to stresses above 70% of its ultimate uniaxial stress in either tension or 
compression. ACI 318 limits the maximum concrete compressive stress in flexure specimens 
immediately after transfer of post-tensioning at 60% of its maximum uniaxial compressive stress 
f’c (American Concrete Institute, 2014); the compressive stress is expected to reduce with time 
due to tendon steel relaxation and concrete creep (Nilson, 1987). ACI 318 also limits the 
maximum concrete tensile stress in flexure specimens immediately after transfer of post-
tensioning to 3ඥ ௖݂ᇱ. Concrete ultimate tensile stress in bending is typically estimated at 7.5ඥ ௖݂ᇱ 
(sometimes referred to as the Modulus of Rupture), so the tensile stress of the concrete is 
limited in design to ~40% of the ultimate uniaxial tensile stress. It should be noted, however, 
that in direct tension, many references report the direct uniaxial tensile capacity of concrete is 
approximately 4ඥ ௖݂ᇱ. ACI 349 (written for nuclear structures) makes no change to ACI 318 in 
these respects (American Concrete Institute, 2013). ASME BPVC (ASME, Boiler Pressure 
Vessel Code Section III, 2019) Div. 2 Figure CC-3421-1 limits primary membrane stresses and 
primary membrane plus bending stresses to 0.60 ௖݂ᇱ and 0.75 ௖݂ᇱ, respectively. Additionally, 
primary plus secondary stresses in the membrane and membrane stresses plus bending are 
limited to 0.75 ௖݂ᇱ and 0.85 ௖݂ᇱ, respectively. 

If continuing concrete creep from a sustained load causes excessive deformations, the 
maximum stress (that could cause onset of tertiary creep) may be exceeded in either 
compression or tension. 

2.3.5  Concrete Creep Rupture Conclusions 

The objectives of this section were to provide an overview on general material creep, general 
material creep rupture, creep in concrete structures, and creep rupture in concrete. 
Section 2.3.2 reviews creep behavior in metals including the three phases of general material 
creep and stress and temperature effects. Section 2.3.2 also reviews general creep behavior in 
concrete.  

Section 2.3.3 provides examples of unexpectedly high amounts of creep in post-tensioned 
concrete structures. A growing database of creep in post-tensioned concrete bridges shows that 
many bridges experience more creep in late service life (25+ years of operation) than was 
predicted by designers. Some structures fail from excessive deflections that result in unplanned 
stress distributions, excessive strains, loss of post-tensioning stress, and excessive cracking. 
Excessive creep can often be seen visually or by instrumented monitoring in bridges and 
massive structures. Section 2.3.3 also discusses how creep in concrete nuclear containment 
structures is a major concern for regulators as the structures are continuing to operate beyond 
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their design life. Research on the effects of creep in PCCVs is critical to extending the operation 
of the U.S. NPP infrastructure. 

Section 2.3.4 demonstrates that concrete creep rupture is a little-studied field. Design practices 
limit the stresses in concrete to below stresses required for concrete rupture. Tertiary creep and 
creep rupture will not occur if the concrete stress remains below a specific threshold. However, 
if continuing concrete creep causes excessive deformations, the threshold stress may be 
exceeded. Concrete creep rupture is significantly more probable at stresses above 70%, and 
almost guaranteed at stresses above 75%, of ultimate uniaxial capacity in either compression or 
tension.  

To the author’s knowledge, temperature effects on concrete creep rupture have not been 
studied. Little data, if any, exists analyzing concrete creep rupture at elevated temperatures. 
However, Section 2.3.2.4 indicates that concrete creep at temperatures above 100°C (212°F) 
increases with increasing temperature, up to a factor of ~5 at 800°C (1472°F). Concrete creep 
at temperatures between normal temperature and pressure (NTP) and 100°C can increase by a 
factor of up to ~2.5. 

2.4  Other Prominent Failure Modes of PCCVs 

The Crystal River 3 (CR3) delamination event in October 2009, as described in (US Nuclear 
Regulatory Commission, 2010), included a list of seventy-five (75) PCCV failure modes that 
were investigated to identify the cause of failure. ‘Failure modes’ is defined as a mode of 
performance loss that could contribute to structural functional failure. SNL published a report 
that analyzes each of the PCCV failure modes listed for applicability to PCCVs beyond the age 
of 40 years (Hogancamp, Flores, James, Dameron, & Jones, 2019). The main conclusions from 
the SNL report are included herein.  

The failure modes discussed in this section are related to issues that affect strength or integrity 
of the concrete, particularly in tension. For aging large civil infrastructure facilities, degradations 
are often coexistent, sometimes linked, and are cumulative. Looking at concrete, some failure 
modes contribute to demand (i.e., increased tensile stress), and others contribute to diminished 
capacity (e.g., age and wear-and-tear created microcracking). Combinations of failure modes 
will typically result in exaggerated damage and earlier performance loss; however, a very few 
combinations of failure modes can result in a net zero change in functional capacity. For 
example, tendon over-tensioning can cause high localized stresses, but concrete creep over 
time can redistribute the high localized stresses to the surrounding area and lower the stresses 
to a manageable level.  

An important note in this section is that the list of failure modes from CR3 does not include liner 
failure. Many PCCVs around the world, including all in the United States, require a steel air-tight 
liner on the inside of the PCCV that doubles as the inner formwork of the structure. The list of 75 
failure modes from CR3 does not include liner failure since the concrete delamination event 
would not be directly associated with a liner degradation mechanism. However, under slow 
pressurization the following event path can lead to functional failure of concrete containments 
with a steel liner: 

• Increased deformation associated with overstress or damage to a strength element of the 
containment wall; 

• Excess straining of the liner in the region of the increased deformation; 
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• Through-wall cracking of the concrete; 

• Local tearing of the liner and thus leakage through the liner and concrete. 

The failure mode most prominently analyzed in this report is described in Section 2.1 
(e.g., Figure 2-1). The hoop tendons create a radial tensile zone in the containment, and the 
delamination layer in the concrete at CR3 occurred directly along this zone. The risk from the 
tensile zone, particularly in containments with no radial reinforcement, can be exacerbated in 
the presence of other aging effects in the wall, such as AAR or delayed ettringite formation. 
AAR and delayed ettringite formation cause swelling of the concrete and create internal tensile 
stresses. If one of these degradation mechanisms (or both) are active in the containment wall, 
their development of internal tensile stresses will combine with the radial tensile zone created by 
the hoop tendons to potentially cause a delamination event. Section 3.5 discusses the effects of 
local defects (e.g., a small crack or void) on cascading delamination events in a PCCV. 

Modification or cutting of a PCCV structure may lead to unintended damage to the containment. 
All portions of the entire process incur risk—including de-tensioning tendons, the modifications, 
possible repairs, and tendon re-tensioning. Placing new concrete in contact with old concrete is 
worth noting as such a difference in contiguous/adjacent materials is a structural discontinuity 
and provides opportunities for stress concentrations, irregularities, and/or localized failure 
mechanisms. Any major modification is cause for some concern of long-term performance, and 
thus assessments are needed to ensure that the PCCV has either returned to a state 
compatible with the original design and/or is capable of operating within the applicable codes 
and regulatory limits for the extended operation timeline under consideration. 

Regarding monitoring and analysis, aging PCCVs are subject to failure modes that require time 
to develop (e.g., alkali aggregate reactions, sulfate attack, thermal fatigue, other forms of 
corrosion, etc). Many degradation modes can be detected via visual inspection if the 
degradation is progressing to a point where it needs repair. An adequate 
monitoring/maintenance system does not in itself guarantee that all problems will be detected in 
advance of any failure(s). However, inadequate monitoring and maintenance would more likely 
fail to detect damage progression that could otherwise have been mitigated, if not avoided all 
together. 

In every instance that a monitoring and inspection program detects a potential issue, the PCCV 
should be analyzed by an expert to determine the severity of the situation. 

2.5  PCCV Degradation Modes Conclusions 

• The effects of concrete creep and particularly concrete creep rupture on aging PCCVs 
have been little studied before this report. This report presents a thorough review of 
concrete creep, concrete creep rupture, and case summaries of post-tensioned concrete 
structures that have suffered from concrete creep effects. 

• Post-tensioned concrete structures are susceptible to creep effects that may not have 
been adequately predicted during design.  

• Design practices attempt to limit the stresses in concrete to stresses below what required 
for the occurrence of concrete rupture. Tertiary creep and creep rupture will not occur if 
the concrete stress remains below a specific threshold. However, if continuing concrete 
creep or other mechanism cause excessive deformations, the threshold stress in either 
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compression or tension may be exceeded. Concrete creep rupture is more probable at 
70%, and significantly more probable at stresses above 75% of ultimate uniaxial capacity 
in either compression or tension. 

• As of this publication, there is little research or literature on temperature effects on 
concrete creep rupture. 

• The ASME BPVC Section III Division 2 (ASME, Boiler Pressure Vessel Code Section III, 
2019) prohibits the reliance on concrete tensile strength to resist the external loads and 
moments or the forces and moments resulting from internal self-constraint. However, no 
radial reinforcement was required in the PCCV wall prior to 2019, leaving the concrete 
unreinforced in an area subject to tensile stresses.  

• PCCVs are subject to many degradation mechanisms ranging from individual material 
phenomena to system-wide issues. Every instance of a potential issue in a PCCV should 
be analyzed by an expert to determine the severity of the situation. 

• Liner is not a structural element, but excessive liner deformation may be an indication of 
issues related to containment structure. 
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3    SIMULATIONS AND ANALYSES 

As mentioned in Section 1.2 , the purpose of the research documented in this report was to 
study the effect of creep, creep-fracture, and other aging related concrete phenomena on the 
structural integrity of PCCVs. Particularly, the tensile creep strain immediately on the outside of 
the hoop tendons as described in Figure 2-1 was to be evaluated. Performing finite element 
(FE) analyses on PCCV structural models requires detailed material information, especially for 
the concrete. Therefore, NRC and SNL participated in an international PCCV experimental 
project sponsored by Électricité de France under the OECD/CSNI IAGE. The project provided 
participants with detailed experimental material information as well as PCCV structural 
monitoring data.  

Sections 3.1  to 3.4 describe the PCCV experiment, SNL’s simulation, comparisons of SNL’s 
simulation results with experimental data, analyses by Moffatt & Nichol, and an analysis of a 
thin-slice representative volume of a PCCV with finer discretization for additional insights. 
Section 3.5 summarizes the limited scope analyses performed by Structural Integrity Associates 
(SIA) and Structural Solutions Consulting (SSC) to examine the issue of creep in PCCVs in 
relation to the development of tensile strains adjacent to the outside of the hoop tendons and 
their potential to initiate delamination. These analyses used a finite element model based on the 
Crystal River Unit 3 PCCV and examined effects of de-tensioning of tendons associated with 
the cutting of a containment wall for steam generator replacement. Appendix C includes the SIA 
and SSC analyses. 

3.1  VeRCoRs Description 

The VeRCoRs project, properly titled Vérification Réaliste du Confinement des Réacteurs, was 
sponsored by Électricité de France (EDF). As part of EDF’s continuous effort on the safety and 
life extension of its NPP infrastructure, an experimental mock-up of a reactor containment 
building at 1/3 scale was built at the “Les Renardières” EDF Laboratory near Paris, France. The 
mockup shown in Figure 3-1 was finely instrumented and its behavior has been monitored from 
the beginning of construction. More than 700 sensors and 2 km of optic fiber cables were 
embedded in the concrete. Several measurements are collected every day on each sensor. 
Hundreds of samples of concrete have been prepared and tested to determine their material 
behaviors and properties, including, but not limited to, hydration, strength, fracture energy and 
elastic properties, drying, shrinkage (autogenous and drying), creep (basic and drying), and 
permeability. The VeRCoRs structure includes an outer containment structure to protect the 
interior from the environment and an inner PCCV 1/3 scale experimental mockup. 
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Figure 3-1 VeRCoRs mockup structure. In this image, the equipment hatch is located 
behind the interior stairs. (Corbin, 2018) 

The main objectives of the project were to study the following:  

• The behavior of the mockup at early age. 

• The evolution of the leak tightness under the effect of aging (drying effects are about 9 
times faster on the mock up because of scale effects); This mockup is designed such that 
one year of aging in the mockup is equivalent to nine years of aging in a full-scale PCCV. 
The 1:9 time scale is a result of the rate at which drying occurs. Drying in concrete walls is 
directly proportional to the wall thickness squared; hence, reducing the size of the 
containment by a factor of 3 increases the rate of drying by a factor of 32=9. The increased 
drying rate increases cracking and creep in the containment. 

• The behavior under severe accident conditions for which the thermo-mechanical loading is 
maintained for several days.  

The experimental campaign consisted of a daily measurement of all sensors and of a periodic 
air pressure test of the mockup. During this test, the containment was pressurized to 5.2 bar 
absolute (4.2 bar relative to standard atmospheric pressure). The containment was pressurized 
at 200 mbar/h, and a plateau at 5.2 bar absolute was held for 12 hours before deflation at 150 
millibar/hour. All sensors were interrogated every 30 minutes and the leakage was measured. 
The design pressure of the containment vessel is 5.2 bar absolute.  

A schematic of the VeRCoRs mockup is shown in Figure 3-2, Figure 3-3, and Figure 3-4. The 
PCCV was constructed as a monolithic structure in concrete lifts with rebar spanning all lifts. 

1/3 scale equipment 
hatch (behind stairs) 

Metallic structure 
with annular slabs 

1/3 scale airlock 

1/3 scale inner 
containment model 

Protection wall 

Base slab 

Block foundation 
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The slab was continuous with the pedestal. Rebars spanned all lift junctions, and there were no 
expansion joints. Areas of primary interest were labeled as the dome, the wall, the equipment 
hatch area, and the gusset. General dimensions and information are as follows: 

• Height including dome and base mat: 22.30 m 

• Inner radius: 7.30 m 

• External radius: 7.70 m 

• Inner volume: 3161 m3 

• Inner surface area: 1026 m2 

• Concrete volume: 463 m3 

• Cylinder wall thickness (standard section): 0.40 m 

• Base mat thickness (standard section): 1.50 m 

• Dome thickness (standard section): 0.30 m 

• Annular space between the inner and outer containments: 1.80 m 

• Four penetrations with diameters of 0.36 m, 0.5 m, 1.209 m, and 2.643 m (equipment 
hatch).  

• Two buttresses at 180°. 

 

Figure 3-2 (Left) VeRCoRs outline showing primary areas of focus; and (Right) post-
tensioning tendon schematic. Dimensions are listed prior to the figure. 
(Corbin, 2018) 

Dome 

Wall 

Hatch Area 

Gusset 

Hatch 
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Figure 3-3 Plan view at level 8.72 m and showing a schematic of the inner and outer 
containment walls as well as the equipment access openings. (Électricité 
de France, 2018) 
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Figure 3-4 Side cut profile of the VeRCoRs mockup showing both inner and outer 
containments. (Électricité de France, 2018) 

The primary dates for VeRCoRs activities are listed in Table 3-1.  

Personal 
Access 

+8.72 

Equipment 
Access 

+19.80 

+22.30 

+7.98 

0.00 

-1.00 
-0.33 
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Table 3-1 Primary dates for VeRCoRs activities. Times are listed as 24-hour clock 
system. 

Raft concreting 24 July 2014 

End of construction 06 May 2015 

End of prestressing 17 August 2015 
Reference date for strains 
 November 2015 02 (0 = ߝ)

 0 bar 4.2 bar (relative) 0 bar 
1st Pressure test 
‘Pre-op’ 

04 November 2015 
06:05 

05 November 2015 
01:15 

06 November 2015 
10:31 

2nd Pressure test 
‘VC1’ 

25 January 2016 
16:01 

26 January 2016 
19:35 

29 January 2016 
12:11 

Start of ambient air 
heating 12 April 2016 

3rd Pressure test 
‘VD1’ 

14 March 2017 
06:35 

15 March 2017 
09:05 

21 March 2017 
07:06 

4th Pressure test 
‘VD1 bis’ 

21 Marth 2017 
07:06 

22 March 2017 
09:06 

23 March 17  
22:05 

5th Pressure test 
‘VD2’ 

02 April 2018  
07:00 

03 April 2018  
09:00 

Not given 

 

The following pages describe the monitoring system and layout of the VeRCoRs mockup. The 
strain gages used to measure strains in the concrete were SG1 extensometer gauges 
manufactured by Geo Instrumentation. The gages were embedded in the concrete. In general, 
strain gages are named following the examples in Table 3-2. Each gage includes a local gage 
name, a local gage location (e.g., near the interior or exterior surface of the concrete), and a 
local gage measuring direction (e.g., the gage is measuring vertical or tangential strains). In this 
report, “tangential” strains are the same as “hoop” strains. Strain gages located in the center of 
the mockup, e.g., C95R, C195R, I94EM, I194EM, (in Table 3-4) measure in two directions 
separated by 90° (or 100 Gr). 

Table 3-2 Examples of strain gage names in the cylinder wall or the dome. 

Full Gage Name Local Gage Name Local Gage 
Location 

Local Gage 
Measuring Direction 

P2IV P2 I: internal V: vertical 
P1ET P1 E: external T: tangential* 
J2IT J2 I: internal T: tangential* 
H5EV H5 E: external V: vertical 
J2EM: J2 E: external M: meridional 
*In the cylinder wall, tangential strains are equivalent to hoop strains. 

The air conditions were controlled and monitored inside the mockup, both inside the experimental 
containment vessel and in the annular space between the experimental containment vessel and 
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its protective structure. Relative humidity (RH) was intended to be measured throughout the 
experiment. The RH measurements are particularly important due to the significant effect of 
concrete drying shrinkage on the experiment. In actual PCCVs, the annular space is held at a low 
vacuum and is effectively at a constant 0% RH. The temperature was measured using 30 PT100 
class A thermometers. Four plumb lines were included in the instrumentation program, each on its 
own vertical line and each with three tables at different heights measuring horizontal deflection of 
the PCCV walls. 

 

Figure 3-5 Strain gauges and thermometers in the base slab. The shape of the base 
slab is given as an indication. There is no gallery in the base slab of the 
mockup. Please see Figure 3-4 for the real shape of the base slab. 
(Électricité de France, 2018) 

1 radial + 1 tangential + 1 PT100 

2 perpendicular radials + 1 PT100 
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Figure 3-6 Strain gauges and thermometers in the base slab. The shape of the base 
slab is given as an indication. There is no gallery in the base slab of the 
mockup. Please see Figure 3-4 for the real shape of the base slab. 
(Électricité de France, 2018) 

1 radial + 1 tangential + 1 PT100 

2 perpendicular radials + 1 PT100 
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Figure 3-7 Strain gages and thermometers in the cylindrical part and dome. The shape 
of the base slab is given as an indication. There is no gallery in the base 
slab of the mockup. Please see Figure 3-4 for the real shape of the base 
slab. (Électricité de France, 2018) 

1 radial + 1 tangential + 1 PT100 

2 perpendicular radials + 1 PT100 
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Figure 3-8 Strain gages and thermometers at Section CC as described in Figure 3-7. 
(Électricité de France, 2018) 

1 vertical + 1 tangential + 1 PT100 
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Figure 3-9 Pendulums and Invar wires located between the inner and outer 

containments. The top of the pendulum is at 14.53 m. See Table 3-3 for 
more information. The shape of the base slab is given as an indication. 
There is no gallery in the base slab of the mockup. Please see Figure 3-4 
for the real shape of the base slab. (Électricité de France, 2018) 

Table 3-3 Pendulum and Invar Wire Information (See Figure 3-9 for more information). 

Types Lines (gradians) Measure’s Level (m) 
Invar wire 

95 

14.53 

Pendulums 
14.53 
8.86 

4 
Invar wire 

170 

14.53 

Pendulums 
14.53 
8.67 

4 
Invar wire 

295 

14.53 

Pendulums 
14.53 
8.67 

4 

Pendulum between 
containments 

Pendulum between 
containments 
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Types Lines (gradians) Measure’s Level (m) 
Invar wire 

370 

14.53 

Pendulums 
14.53 
8.67 

4 
 

Table 3-4 VeRCoRs strain gage location descriptions. 

Zone Strain gauge Radius 
(m) 

Height 
(m) Angle (gr) Direction 

Raft 

C1_CENTRE_95_R (C95R) 0 
-1.73 

95.0 Radial 
C1_CENTRE_195_R (C195R) 0 195.0 Radial 
E1_CENTRE_95_R (E95R) 0 

-1.15 
95.0 Radial 

E1_CENTRE_195_R (E195R) 0 195.0 Radial 

Gusset 

F1IV 7.24 
-0.88 

172.0 Vertical 
FIIT 7.24 172.0 Tangential 
F2EV 7.58 

-0.90 
172.3 Vertical 

F2ET 7.58 172.3 Tangential 
G1IV 7.40 

-0.25 
172.2 Vertical 

G1IT 7.40 172.2 Tangential 
G2EV 7.61 

-0.25 
172.3 Vertical 

G2ET 7.61 172.3 Tangential 

Cylindrical 
part (mid-

height) 

P1EV 7.65 
8.01 

389.3 Vertical 
P1ET 7.65 389.3 Tangential 
P2IV 7.31 

8.01 
387.8 Vertical 

P2IT 7.31 387.8 Tangential 
H1EV 7.58 

8.43 
172.0 Vertical 

H1ET 7.58 172.0 Tangential 
H2IV 7.42 

8.43 
172.0 Vertical 

H2IT 7.42 172.0 Tangential 
H5EV 7.65 

8.00 
369.0 Vertical 

H5ET 7.65 369.0 Tangential 
H6IV 7.40 

7.99 
367.7 Vertical 

H6IT 7.40 367.7 Tangential 

Equipment 
hatch 

M3EV 7.75 
8.70 

222.0 Vertical 
M3ET 7.75 222.0 Tangential 
M4IV 7.39 

8.69 
222.2 Vertical 

M4IT 7.39 222.2 Tangential 
M7EV 7.63 

10.40 
232.1 Vertical 

M7ET 7.63 232.1 Tangential 
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M8IV 7.38 
10.40 

232.1 Vertical 
M8IT 7.38 232.1 Tangential 

DOME 

I1_194_EM (I194EM) 0 
19.75 

194 Radial 
I1_94_EM (I94EM) 0 94 Radial 
I2_194_IM (I194IM) 0 

19.60 
194 Radial 

I2_94_IM (I94IM) 0 94 Radial 
J1EM 5.93 

17.80 
344 Meridian 

J1ET 5.93 344.0 Tangential 
J2IM 6.00 

17.73 
344 Meridian 

J2IT 6.00 344.0 Tangential 
 

 

Figure 3-10 Strain gages C95/195R, E95/195R, I94/194EM, and I94/194IM. 

 

C95/195R (bottom) 

E95/195R (top) 

I94/194IM (bottom) 

I94/194EM (top) 
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Figure 3-11 Strain gages F1IV/IT, F2EV/ET, G1IV/IT, G2EV/ET, H1EV/ET, H2IV/IT, 
H5EV/E, and H6IV/IT. 

 

Figure 3-12 Strain gages P1EV/ET, P2IV/IT, J1EM/ET, and J2IM/IT. 

F1IV/IT (inner bottom) 

G1IV/IT (inner top) 

F2EV/ET (outer bottom) 

G2EV/ET (outer top) 

H1EV/ET (outer) 

H2IV/IT (inner) 

H5EV/ET (outer) 

H6IV/IT (inner) 

P1EV/ET (outer) 

P2IV/IT (inner) 
J1EM/ET (outer) 

J2IM/IT (inner) 
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Figure 3-13 Strain gages M3EV/ET, M4IV/IT, M7IV/IT, and M8IV/IT. 

3.2  SNL VeRCoRs Simulation 

This section describes the VeRCoRs simulation created by SNL and its results compared to 
experimental data from EDF. 

3.2.1  Geometry and Mesh  

A 3D computer animated design geometry of VeRCoRs PCCV, including the concrete and PT 
tendons, was given to VeRCoRs participants. The FE meshes of the concrete and the PT 
tendons were developed by SNL. The rebar geometry and mesh were developed by SNL with 
reference to the VeRCoRs design drawings. The following sections detail the specifics of the FE 
mesh. 

The geometry and mesh were modeled with Cubit 15.5. The FE analysis simulation was 
performed using ABAQUS 2019. 

3.2.1.1  Concrete Containment Vessel  

The concrete containment vessel (CV) geometry with a ‘coarse’ mesh is shown in Figure 3-14 
and Figure 3-15. The CV was modeled using 8-noded hexahedral elements throughout. The 
‘coarse’ CV mesh included 138,384 elements with element edge lengths varying from ~0.09 m 
to ~0.41 m. The ‘coarse’ CV mesh included 3 elements through the thickness of the cylinder 
wall and the dome. The ‘fine’ cv mesh includes 1,463,472 elements and is shown (cut-view) in 
Figure 3-16. The cylinder wall and the dome were refined to include 9 elements through the 
thickness. The minimum element edge length in the ‘fine’ CV mesh was ~0.048 m. The 
elements in the pedestal, base, and buttresses were not refined in the ‘fine’ mesh; while this 
decision created a transition at the intersection between ‘fine’ elements and ‘coarse’ elements, 
the areas of interest were not affected.  

M3EV/ET (outer) 

M4IV/IT (inner) 
M7EV/ET (outer) 

M8IV/IT (inner) 
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Figure 3-14 PCCV with ‘coarse’ mesh. Units are in m. 

Pedestal 
Base 

Gusset 

Hatch Area 

Dome 

Buttress 
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Figure 3-15 Cut view of the PCCV with 'coarse' mesh. Units are in m. 

  

Figure 3-16 Cut view of the PCCV with ‘fine’ mesh showing the transition between 
coarse elements (in the basemat) and fine elements (in walls and dome). 
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Each penetration in the geometry included a single node at its center. These central nodes were 
tied to the interior nodes of the surrounding penetration as shown in Figure 3-17. Each node 
had an applied force during pressurizations in the simulation to account for the pressure that 
would be applied to the material passing through the penetration. This force boundary condition 
is described in more detail in Section 3.2.1.4 .  

 

Figure 3-17 Equipment hatch penetration central node tied to the surrounding faces. 

3.2.1.2  Rebar 

The rebar mesh consists of 35,172 4-noded surface elements as shown in Figure 3-18. The 
surface layers are geometric placeholders for the rebar. The elements associated with the rebar 
are called by ABAQUS as “surface elements” and are designed to be used in conjunction with 
the command *Rebar Layers in ABAQUS. The rebar layers are represented in ABAQUS as 
surface elements with potentially orthotropic properties depending on reinforcement ratios in 
each direction. The rebar layers have been added throughout the CV based on drawings 
provided by EDF. Each concrete surface in the CV has a corresponding internal rebar layer 
0.040 m inside the surface, and the pedestal contains several mats of rebar corresponding to 
actual rebar in the CV. Openings in the CV, such as the hatch door, are surrounded by an 
additional layer of rebar extending 0.75 times of diameter beyond the opening to account for the 
additional reinforcement. CV wall rebar, including the additional rebar around openings, consists 
of both hoop and vertical bars. Pedestal floor mat rebar and dome rebar consists of rebar layers 
in an X-Y grid. 



3-19 

 

Figure 3-18 Rebar surface layers used in the PCCV. 

Steel rebar diameter and spacing were determined upon review of EDF drawings. The vertical 
rebar in the cylinder used HA8 and HA10 bars (8 mm and 10 mm diameter, respectively) 
alternating inner and outer faces. The vertical rebar in the cylinder was spaced at 190 mm 
(inner) and 200 mm (outer). In the simulation, surface rebar layers were included equivalent to 
one vertical HA9 (9 mm diameter) bar was placed every 97.5 mm. 

Horizontal hoop rebar in the cylinder used HA6 and HA8 (6 mm and 8 mm diameter, 
respectively) bars alternating inner and outer faces spaced at 133 mm. In the simulation, 
surface rebar layers were included equivalent to one horizontal hoop HA7 (7 mm diameter) bar 
was placed every 67.5 mm.  

Dome rebar used HA8 and HA10 (8 mm and 10 mm diameter, respectively) bars alternating 
inner and outer faces spaced at 100 mm (lower) and 104 mm (upper) in both directions. In the 
simulation, surface rebar layers were included equivalent to one HA9 (9 mm diameter) dome 
rebar was placed every 51 mm in both directions for both upper and lower layers. 

The pedestal wall rebar used HA20 (20 mm diameter) bars placed at 200 mm for both vertical 
bars and horizontal hoop bars. The pedestal horizontal mats, interspersed throughout the 
pedestal, used either HA12 or HA16 bars spaced at 200 mm in both directions. The basemat 
rebar used surface rebar layers equivalent to HA20 rebar placed at 200 mm in both directions.  

The pedestal floor mat rebar was not constructed in an X-Y grid per EDF drawings. The floor 
mat rebar was constructed using a combination of concentric rings of rebar with a center X-Y 
grid as exemplified in Figure 3-19a. The simulation in ABAQUS instead used solely an X-Y grid 
as shown in Figure 3-19b. The difference in rebar layout in the pedestal did not have any impact 

Dome (top and 
bottom layers) 

Cylinder 

Pedestal 
(floor and 
wall mats) 

Equipment hatch 
rebar 

Base 
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on the behavior of the PCCV. The area of steel per area of concrete in the two rebar layouts 
remained unchanged. 

 
(a) 

 
(b) 

Figure 3-19  (a) Schematic of combined radial/X-Y floor mat rebar grid actually 
constructed in the CV. (b) Schematic of ABAQUS representation of floor 
mat rebar grid used in the simulation. 

3.2.1.3  Tendons 

The PT tendons geometry and mesh is shown in Figure 3-20. The tendons mesh contains 
44,466 2-noded beam elements with each element approximately 0.5 m long. The hoop tendons 
encircle the entire cylinder and are tensioned using protruding elements (not shown). Hoop 
tendons alternate on which side of the cylinder the strands protrude to evenly distribute PT 
forces. The vertical tendons and dome tendons in the CV are separated into three different 
groups: vertical tendons, dome tendons, and combined J tendons. Vertical tendons range from 
the bottom of the CV to the top of the cylinder. Dome tendons range across the dome and do 
not extend into the cylinder wall. Combined J tendons as shown in Figure 3-21 range from the 
base of the cylinder wall up and across the dome.  

 

Figure 3-20 VeRCoRs tendon geometry and mesh. 
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Figure 3-21 Example J-tendon ranging from the pedestal (bottom left) up and around 
the dome (top right) of the CV.  

The PT tendon elements were embedded into the surrounding concrete elements. Embedded 
elements are a precise representation of the grouted tendons used in the VeRCoRs experiment. 
Each element in each tendon was applied an initial stress as determined in Section 3.2.2 to 
apply the PT force to the CV.  

3.2.1.4  Boundary Conditions 

The displacement boundary conditions in the simulation are shown in Figure 3-22. Only six 
nodes were fixed against all displacements and rotations (encastre boundary condition). These 
six nodes were chosen to be the zero-displacement reference point because they are in the 
center of the base of the CV. Any effects that occur to the CV, including pressurizations, creep 
effects, drying shrinkage, and potential basemat uplift, will be relative to the fixed location of 
these six nodes (Figure 3-22a).  

The entire geometry was subjected to gravity at sea level: 9.81 m/s2. 

In addition, 1003 nodes in the bottom of the CV were fixed against Z-displacement (Figure 
3-22b). ABAQUS had trouble converging with only the six encastre nodes; a larger boundary 
condition was required to stabilize the simulation. These nodes were not expected to experience 
displacements in the Z-direction during the simulation. Simulations experimenting with various 
Z-displacement boundary conditions on the bottom of the CV indicated that, indeed, the number 
of nodes in the Z-displacement boundary condition had negligible effects on the simulation. No 
soil mechanics were simulated as the primary purpose of the simulations was to determine 
strains and stresses in the concrete cylinder and dome. Nodes that are not highlighted in Figure 
3-22 were unconstrained to allow for potential basemat uplift (none occurred). 
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(a) 

 
(b) 

Figure 3-22 (a) 6 encastre (fixed in all directions and rotations) nodes. (b) 1003 nodes 
fixed against movement in the Z-direction (vertical). 

An internal pressurization boundary condition was applied during pressurization steps. All nodes 
on the surface of the interior of the CV were assigned a uniform pressure according to the 
“Actual Load” shown in Figure 3-23. The pressure applied at each node was perpendicular to 
the surface. The theoretical pressurization history is described in Section 3.1 and show in Figure 
3-23 as “Theoretical Load”; however, the VeRCoRs organizing committee requested that the 
pressurization history follow the pressurization history shown as “Actual Load”.  

To account for the pressure applied to the equipment hatch and other penetrations, a force was 
applied to a node at the center of each penetration. The geometry of this boundary condition is 
described in Section 3.2.1.1 . Each node had an applied force during pressurizations in the 
simulation to account for the pressure that would be applied to the material passing through the 
penetration. For example, the equipment hatch is sealed with a steel door in the mockup. The 
steel door in the mockup does not align with the concrete. In this simulation, the steel door is 
omitted as it would provide negligible structural support to the hatch area. However, during a 
pressurization test, the equipment hatch door would accumulate a force that would be applied to 
the edge of the penetration concrete. The force applied to the node was determined by 
multiplying the applied pressure with the cross-sectional area of the penetration. 
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Figure 3-23 VeRCoRs pressurization curves. The Actual Load has a delayed start, a 

pressure hold at 2.0 bars relative, and a steeper decline post-4.2 bars 
relative. 

A RH boundary condition was applied to all of the surface interior and exterior nodes of the CV 
excluding the nodes on the base of the CV. The nodes on the base of the CV were excluded 
because these were 100% in contact with the ground and not exposed to the ambient air RH. 
The experimental RH data is shown in Figure 3-24. RH data points were recorded every 5 
minutes. Note that there are gaps in experimental data from January 22, 2016 – March 1, 2016 
as well as from May 17, 2016 – June 23, 2016. Also note that the simulation begins August 17, 
2015 and ends April 5, 2018. There are significant periods of time before and after RH data was 
recorded where the simulation does not have experimental data. 

 

Figure 3-24 Average relative humidity in contact with the VeRCoRs concrete. Gaps in 
data are shown between vertical lines. Dates are listed as Month-Year. 
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For the simulation, a moving average using data over 3 days was used to smooth the 
experimental data as shown in Figure 3-25. Smoothing the data over 3 days removed peaks 
that may or may not be representative of the behavior of the CV over the 3-day period. A data-
smoothing function was chosen because of the way that ABAQUS reads input data: when 
ABAQUS reads input data for a boundary condition, it reads only one data point and carries that 
data point until it reads another data point. If the raw RH data was used as an ABAQUS input, 
ABAQUS may by chance read a peak or a relative minimum data point and carry that value for 
several days of simulation. That peak or relative minimum would not be representative of the 
RH over the ABAQUS time step. Keep in mind that RH experimental data was recorded every 
five minutes. Using a data-smoothing function reduces the likelihood that ABAQUS reads a non-
representative data point. As will be discussed in Section 3.2.4 , ABAQUS time steps were 
limited to a maximum of ~4.1 days to increase simulation RH fidelity.  

Figure 3-25 only indicates a change from initial RH rather than absolute RH values as shown in 
Figure 3-24. This is because ABAQUS assumes all starting values as zero. The simulation is 
also assumed to be ‘zero’ starting point when it begins, so only changes in RH need to be used 
as inputs. The initial RH inside the concrete is assumed to be the first RH measurement data 
point provided by EDF: 65%.  

ABAQUS linearly interpolates between the two bounding data points for time steps during the 
gaps of RH data. For time steps before and after RH data was available (before October 9, 
2015 and after December 14, 2016), ABAQUS assumes the nearest data point value. That is, 
ABAQUS assumes that the initial change in RH is ~0.09, and it assumes that the final change in 
RH is ~ -0.3. 

 

Figure 3-25 Change in relative humidity inputs for ABAQUS. A moving average (MA) of 
3 days of data was utilized to smooth the experimental data. Dates are 
listed as Month-Year. 
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3.2.2  Tendon Initial Post-Tensioning Stress and Tendon-Pulling Algorithm 

The PT tendon material and jacking information was provided by EDF as shown in Table 3-5. 
While equations exist to estimate the stress along each PT strand based on geometry, tendon 
material properties, and friction/wobble coefficients, SNL implemented a more accurate method 
for obtaining the initial stress states along the tendons (Jones, Dameron, & Sircar, 2015). In a 
separate simulation, the PT tendons were not embedded into the concrete elements, and the 
displacement of each node along the tendons was restricted to moving only along the tendon 
profile. A jacking force as dictated by Table 3-5 was applied to each end of each tendon, and 
the tendons were assigned a friction coefficient between tendon and concrete based on the 
friction and wobble coefficients provided by EDF. The tendon-jacking simulations were carried 
out by Moffatt & Nichol of San Diego, CA. The tendon stresses resulting from the tendon jacking 
and anchor set are shown in Figure 3-26 through Figure 3-33. Tendon stresses after anchor set 
were included as initial tendon stress conditions in the simulation. As the tendons were grouted 
in the VeRCoRs experiment, the tendons in the simulation were not allowed to slip in the 
concrete. 
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Table 3-5 Post-tensioning data provided by EDF. 
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Figure 3-26 Set 1 of 2 hoop tendon stress after jacking. 

 

Figure 3-27 Set 1 of 2 hoop tendon stress after anchor set. 
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Figure 3-28 Set 2 of 2 hoop tendon stress after jacking. 

 

Figure 3-29 Set 2 of 2 hoop tendon stress after anchor set. 



3-29 

 

Figure 3-30 J-tendon stress after jacking. 

 

Figure 3-31 J-tendon stress after anchor set. 
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Figure 3-32 Vertical tendon stress after jacking. 

 

Figure 3-33 Vertical tendon stress after anchor set. 

3.2.3  Material Properties 

The material properties and constitutive model for each material used in the simulation are 
described in detail in the following sections.  

3.2.3.1  Rebar Model 

The rebar in the simulation was modeled as linear elastic. Given the conditions of the 
experiment, the rebar was not expected to approach stresses incurring any material 
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nonlinearity. The only information provided by EDF about the rebar material properties was the 
yield strength and Young’s modulus. The density and Poisson’s ratio were assumed from 
standard values in engineering practice.  

• Density: 7850 kg/m3 

• Young’s modulus: 200.0 GPa 

• Poisson’s ratio: 0.3 

• Yield strength: 500 MPa 

3.2.3.2  Tendons Model 

The tendons in the simulation were modeled as purely elastic. Under the conditions in this 
simulation, the tendons were not expected to approach stresses incurring any material 
nonlinearity. Detailed tendon information is presented in Table 3-5. The elastic information is 
listed here. The density and Poisson’s ratio were assumed from standard values in engineering 
practice. 

• Density: 7850 kg/m3 

• Young’s modulus: 190.0 GPa 

• Poisson’s ratio: 0.3 

3.2.3.3  Concrete Model 

The concrete composition provided by EDF is listed in Table 3-6. “Total water” is what is 
included into the mixture, but some water adheres to aggregates and to the side of the mixer, so 
not all of the “total water” can react with the cement. The water-to-cement ratio is calculated 
using the “Effective water”. 

Table 3-6 VeRCoRs concrete composition. 

Component Kg/m3 
Cement CEMI 52.5 N CE CP2 NF Gaurain 320 

Effective water  167.2 

Total water  197.6 

Sand 0/4 rec GSM LGP1 830 

Aggregate 4/11R GSM LGP1 445 

Aggregate 8/16R Balloy 550 

Admixture: Sikaplast Techno 80 2.4 
 

The concrete in the simulation was modeled using a combination of three constitutive models: 
elastic for instantaneous response, viscoelastic for creep effects, and drying shrinkage based on 
RH.  
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Two separate simulations were run in parallel to fully capture the concrete behavior. The two 
simulations were identical in every way (e.g., initial conditions, PT, mesh, geometry, boundary 
conditions, time steps…) except for the concrete material properties and the internal 
pressurizations. In one simulation, the concrete was defined with a linear elastic constitutive 
model combined with a thermal6 constitutive model and subjected to internal pressurizations as 
prescribed in the VeRCoRs experiment. In the second simulation, the concrete was defined with 
a viscoelastic constitutive model and was not subjected to internal pressurizations. Creep is 
most prominent over long-term loads such as PT and gravity; therefore, excluding internal 
pressurizations from the viscoelastic simulation has a negligible effect on total results. 

Two simulations were used due to the mathematical formulation of the ABAQUS viscoelastic 
material model. The reader is directed to the ABAQUS user’s manual for specific viscoelasticity 
mathematical formulations (Dassault Systemes, 2013), but a more general description is written 
here. A viscoelastic constitutive model responds elastically to an initial applied force or stress. 
The model then continues to accrue time-dependent deformation based on the applied stress 
(Figure 3-34). Viscoelastic constitutive models are often used in simplistic creep simulations. 
More complicated simulations with widely varying load scenarios will progress to viscoplastic 
constitutive models, but those were deemed excessive for the requirements of these 
simulations. For the majority of time in the simulations representing the VeRCoRs experiment, 
the primary stress was due to gravity and PT. Therefore, the ABAQUS viscoelastic model was 
chosen to model the creep behavior of the concrete. 

 

Figure 3-34 (a) Applied stress and (b) induced strain as functions of time over a short 
period for a viscoelastic material.  

The reason that two simulations were required to capture the concrete behavior is that the 
ABAQUS viscoelastic constitutive model stifled the elastic response of the concrete as time 
progressed. As discussed in Section 2.3.2.3 , concrete creep is a reactionary effect. Concrete 
creep, and creep in general, is a response to an application or removal of stress. If a sample of 
concrete is under stress, and another stress is applied, the elastic response of the material for 
                                                 
6 The ABAQUS thermal equation was used to model the drying shrinkage. See Section 3.2.3.3.2 . 
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both stresses will follow the same governing equation: simply, ߪ =  However, the ABAQUS .ߝܧ
viscoelastic constitutive model was not responding elastically to new applied stresses after the 
beginning of the simulation. Using the ABAQUS viscoelastic constitutive model, the response to 
the first applied load was elastic as indicated in Figure 3-34. However, if a new load was applied 
later in the simulation, there was no elastic response, only a viscoelastic (or creep) response to 
the pressurization stress.  

Therefore, two simulations were run:  

• One simulation to capture: 
o The elastic response to PT and pressurizations; and 
o The drying shrinkage mechanism. 

• One simulation to capture the viscoelastic (creep) response to PT and pressurization 
stresses. 

3.2.3.3.1  Elastic Concrete Model 

The elastic material parameters for the concrete were taken from data provided by EDF. The 
concrete was not allowed to crush or crack in the simulations. Compressive strength, density, 
and elastic moduli were provided for several batches. As the values were similar, the average 
was taken for all concrete in the PCCV. No Poisson’s ratio information was provided, so it was 
assumed based on standard values from (Mindess, Young, & Darwin, 2003). 

• Density: 2390 kg/m3 

• Young’s modulus: 34.26 GPa 

• Poisson’s ratio: 0.20 

3.2.3.3.2  Relative Humidity and Drying Shrinkage Concrete Model 

The drying shrinkage mechanism in concrete is based on the inherent capillary porosity within 
cement, the moisture content inside said porosity, and the effects of capillary action. Cement 
paste is inherently porous due to the chemical reaction of Portland cement and water. Moisture 
in these pores creates a capillary effect similar to the schematic shown in Figure 3-35. If the 
pores in the concrete contain some moisture, but not enough to be fully saturated, the pores will 
be experiencing capillary suction. The capillary action in the pores creates a suction force that 
shrinks the concrete. This capillary suction force within the concrete is directly related to the 
moisture content in the pores as shown in Figure 3-36. Assuming that the reaction of the 
cement within the concrete is complete, concrete can shrink or swell depending on the 
difference between the moisture content within the cement pores and the moisture available 
outside the specimen. If the concrete is losing moisture to the atmosphere (drying), then the 
capillary suction force within the pores will increase and the specimen will volumetrically shrink. 
Conversely, if the concrete is absorbing moisture from outside the specimen, then the capillary 
suction force within the concrete will decrease and the specimen will volumetrically swell. More 
information on moisture transport and capillary action in concrete is available (Bazant & Jirasek, 
Moisture Transport in Concrete, 2018). 
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Figure 3-35 Capillary action of (left) water and (right) mercury, in each case with 
respect to a polar surface such as glass. 

 

Figure 3-36 Cement pore capillary pressure vs degree of saturation. (Bazant & Jirasek, 
Moisture Transport in Concrete, 2018) 

The most common method of measuring moisture content in cements and concretes is to 
measure the RH in the sample. Therefore, by utilizing a RH boundary condition, the drying 
shrinkage or moisture swelling of the concrete can be simulated. 

Moisture transport within the concrete was modeled utilizing the following thermal equation in 
ABAQUS. ߲ݐ߲ݑ = ݇ܿ௣ߩ ∇ଶݑ 

Where  

 ;is the temperature as a function of space and time ݑ •
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• డ௨డ௧  is the rate of change of temperature at a point over time; 

• ∇ଶݑ are the second spatial derivatives of temperature in the x, y, and z directions; 

• ݇ is the thermal conductivity; 

• ܿ௣ is the specific heat capacity; and 

 .is the mass density ߩ •

A change in temperature alters the volume of the specimen according to  

ߙ = 1ܸ ൬߲ܸ߲ܶ൰௣ 

Where V is the volume, T is the temperature, and ߙ is the coefficient of thermal expansion. 

Note that the thermal equation in ABAQUS is exactly the same as Fick’s 2nd Law of Diffusion: ߲߲ݐܥ = γ∇ଶܥ 

Fick’s 2nd Law of Diffusion is commonly used to model diffusion of various properties in 
materials including but not limited to electricity, heat, and moisture. Therefore, the thermal 
equation in ABAQUS can be used to model moisture transport with the following change of 
definitions: 

 ;is the RH as a function of space and time ݑ •

• డ௨డ௧  is the rate of change of RH at a point over time; 

• ∇ଶݑ are the second spatial derivatives of RH in the x, y, and z directions; 

• ݇ is the RH ‘conductivity’; 

• ܿ௣ is the ‘specific RH capacity’; and 

 .is the mass density ߩ •

 .’is the ‘coefficient of drying shrinkage expansion ߙ •

A cylinder of concrete was cast, cured for 28 days, and then exposed to a dry environment of 
50% RH for 762 days by EDF for the VeRCoRs experiment (Corbin, 2018). See Figure 3-37 and 
Figure 3-38. The experimental data and the ABAQUS simulation results are presented in Figure 
3-39. The ABAQUS simulation geometry and mesh is presented in Figure 3-40. The material 
properties used in the simulation were as follows: 

• Density: 2390 ௞௚௠య 

• Young’s modulus: 34.26 GPa 

• Poisson’s ratio: 0.20 

• RH ‘Expansion coefficient’: 0.0014 ௠య୼ோு  
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• RH ‘Conductivity’ (Wang & Xi, 2017): 1.0 x 10-10 ோு௠∙௦∙୼ோு  

• Specific RH capacity’: 0.0004 ோு௞௚∙୼ோு 

While the ‘conductivity’ term could be found in literature, the specific ‘RH’ capacity and the ‘RH’ 
expansion coefficient were curve-fitted utilizing an iterative approach. Changing the specific RH 
capacity altered the x-axis stretch of the results while changing the specific RH expansion 
coefficient altered the y-axis strain of the results. Simply, the RH capacity term governs how 
much moisture a “block” of concrete can absorb, while the RH expansion term governs how 
much a “block” of concrete strains for any given absorbed moisture. Figure 3-39 indicates that 
the simulation is accurate. 

 

Figure 3-37 Drying shrinkage concrete cylinder specimen. 

 

Figure 3-38 Drying shrinkage concrete cylinder specimen strain gages and liner 
variable differential transformers (LVDTs) for measuring axial strain and 
radial displacements, respectively.  

Strain gage 

LVDTs 
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Figure 3-39 Drying shrinkage concrete cylinder EDF experimental data and ABAQUS 
simulation results. 

 

Figure 3-40 ABAQUS drying shrinkage cylinder geometry and mesh. Specimen is 
0.16m diameter and 1.00 m tall. 

3.2.3.3.3  Creep Concrete Model 

The creep concrete model used in these simulations is based on the Bazant B3 model (Bazant 
& Baweja, Creep and Shrinkage Prediction Model for Analysis and Design of Concrete 
Structures: Model B3, 2000). The B3 model is a predictive model based on many material 
properties commonly measured in concrete such as the water-to-cement ratio, compressive 



3-38 

strength at 28 days, the aggregate-to-cement ratio, the concrete age at loading during creep 
tests (if tests are performed), and Young’s modulus. The model also uses several fit coefficients 
that were developed by comparing the predictive capabilities of the model to creep test data 
from concrete specimens and structures in literature. Most importantly, the B3 model 
acknowledges that even with extremely detailed information about the mixture proportions and 
aging characteristics of the concrete, no predictive model will yield data that is better than 
experimental data. Therefore, the B3 model incorporates a method to improve the model’s 
prediction by updating with creep test data. Essentially, the model uses a material-property-
based algorithm in combination with experimental data to more accurately provide an 
extrapolated creep prediction.  

The EDF drying creep test experimental setup is shown in Figure 3-41 and Figure 3-42. The 
EDF basic creep test experimental setup is identical to the drying creep test except that the 
basic creep test specimen was sealed to prevent drying. The data for both experiments is 
presented in Figure 3-43. 

 

Figure 3-41 EDF creep test configuration. Specimen is 0.16 m diameter and 1 m tall. 

 

Figure 3-42 EDF creep test strain gages and liner variable differential transformers 
(LVDTs) for measuring axial strain and radial displacements, respectively. 

Strain gage 

LVDTs 
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Figure 3-43 EDF creep test experimental data. 

As the VeRCoRs CV was exposed to a dry environment on both inner and outer concrete 
surfaces, the concrete was assumed to undergo drying creep during the experiment. Therefore, 
the experimental data for drying creep was used to update the B3 model’s predictions. 

Wolfram Mathematica 12.0 was used to calculate the B3 model predictions. Figure 3-45 shows 
the B3 drying creep prediction based solely on material inputs compared to the EDF 
experimental drying creep data. As can be seen, the B3 model does not accurately predict the 
creep based solely on material inputs7. However, as mentioned before, the B3 model includes a 
correction factor to use experimental data. The B3 model’s correction factor is a regression 
between the model’s prediction of a concrete mixture’s creep and the experimental creep data 
for the same concrete mixture, i.e.,  ܻ = ܺܣ ൅  ܤ

wherein X is the model prediction without correction, A and B are correction constants, and Y is 
the corrected model prediction. Figure 3-44 shows an example presented in (Bazant & Baweja, 
Creep and Shrinkage Prediction Model for Analysis and Design of Concrete Structures: Model 
B3, 2000) for how the use of short-time test data can improve the model’s prediction. In this 
example, a 28-day compressive creep test was performed on an unreinforced concrete cylinder. 
The concrete mixture was input into the B3 model, but as can be seen the prediction did not 
accurately represent the experimental results. The regression described above was utilized 
using only the first five experimental data points, and the improved (corrected) model then 
accurately predicts the remaining experimental data points. In Figure 3-44, J(t,t’) is represented 
as Y in the above description. The B3 model prediction with the correction factor was used in 
the analysis of the VeRCoRs mockup. 

                                                 
7 Predicting concrete creep using only material inputs is, under the current state of the art, extremely difficult.  
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Figure 3-44 Example of improving the prediction of creep by the use of short-time test 
data. (Bazant & Baweja, Creep and Shrinkage Prediction Model for Analysis 
and Design of Concrete Structures: Model B3, 2000) 

Figure 3-46 shows that, after updating with experimental data, the B3 model accurately matches 
the EDF drying creep data. After updating with experimental data, Figure 3-47 shows the B3 
model’s prediction of concrete creep for up to 80 years of sustained load. 

 

Figure 3-45 Creep strains from (top) the EDF drying creep (DC) experiment and 
(bottom) the B3 prediction prior to updating with experimental data. 
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Figure 3-46 Creep strains from the EDF drying creep (DC) experiment and the B3 
updated prediction. 

 

Figure 3-47 Updated B3 creep prediction through 80 years of creep. 

Now that the B3 model matches the EDF drying creep experimental data and can predict creep 
for up to (and over) 80 years, the data must be input into ABAQUS. The B3 model was fitted 
with a time-domain Prony series for input into ABAQUS. A Prony series is a summation of 
several exponential terms that can simulate creep data and is implemented into ABAQUS as 
follows: 

݃௥ሺݐሻ = 1 − ෍ ݃̅௜௉ ൭1 − ݁ି௧ఛ೔ಸ ൱ே
௜ୀଵ  



3-42 

Where N, ݃̅௜௉, and ߬௜ீ  are material constants (Dassault Systemes, 2013). The updated B3 model 
creep data was used to create a “relaxing” shear modulus of elasticity. As the concrete 
deformed, the elastic modulus could be said to “relax”. The “relaxing” elastic modulus was 
converted to a shear modulus using Poisson’s ratio, and the results are shown in Figure 3-48.  

Several iterations were run to determine the number of Prony series terms for fitting the B3 
model data. 8 Prony series terms were determined to be adequate to match the data as shown 
in Figure 3-48; the addition of more terms beyond 8 did not significantly decrease the error 
between the B3 model data and the Prony series. The Prony series terms are listed in Table 
3-7. 

 

Figure 3-48 EDF drying creep "relaxing" shear modulus G compared to the Prony 
series fit equation. 

Table 3-7 Prony series terms for ABAQUS viscoelastic model. 

gi ࣎࢏ 

0.113569 9120.8 
0.149441 119170 
0.287218 1030100 
0.191331 7859700 

0.0779597 58408000 
0.0454469 3128500000 

 

An ABAQUS simulation of the drying creep test was performed to verify that the Prony series 
model was matching the experimental data. As the cylinder geometry was the same for the 
drying shrinkage and creep tests, the ABAQUS geometry and mesh can be seen in Figure 3-40. 
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As in the EDF experiment, an axial stress of 12 MPa was applied to one end of the cylinder 
while the other was restrained in the axial direction. The axial strain was output from an element 
in the same location as the experimental strain gage. The results can be seen in Figure 3-49. 
The creep data matches well with the ABAQUS simulation results.  

 

Figure 3-49 ABAQUS simulation results vs EDF experimental data for drying creep. 

3.2.4  Simulation Timeline (Start, End, Steps) 

The timeline of primary events on the VeRCoRs mockup is presented in Table 3-1. The 
VeRCoRs simulation step history used in the simulation is presented in Table 3-8. Time 
between pressurizations is described as ‘dormant period’; gravity and post-tensioning are still 
active in the dormant periods. 

Table 3-8 VeRCoRs simulation step history. 

Step 
Title Date Begin Date End Total Time 

(days) Description 

Initialize N/A N/A 10 seconds Ramp gravity and post-tensioning 
loads 

0 8/17/2015 11/2/2015 77.00 Post-tensioning complete, await first 
pressurization 

1 11/2/2015 11/4/2015 2.253 Strains reference date 11/2/2015 
2 11/4/2015 11/6/2015 2.411 Pressurization ‘Pre-op’ 
3 11/6/2015 1/25/2016 80.00 Dormant period 
4 1/25/2016 1/28/2016 2.411 Pressurization ‘VC1’ 
5 1/28/2016 3/14/2017 411.2 Dormant period 
6 3/14/2017 3/16/2017 2.411 Pressurization ‘VD1’ 
7 3/16/2017 3/21/2017 4.611 Dormant period 
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8 3/21/2017 3/23/2017 2.411 Pressurization ‘VD1 bis’ 
9 3/23/2017 4/2/2018 374.6 Dormant period 
10 4/2/2018 4/4/2018 2.411 Pressurization ‘VD2’ 

 

3.2.5  Comparison of Experimental Data with Simulation Results 

The experimental VeRCoRs strain gage data is compared to the simulation results as 
exemplified in Figure 3-50. Missing experimental data due to gage malfunction or some other 
technical issue is shown as a sudden change to zero; two examples are shown in Figure 3-50. 
Pressurizations are marked by sudden peaks in the data. Not all graphs show pressurization 
peaks since not all strain gages were significantly impacted by the pressurization (e.g., gage 
C95R). The date for setting the strain equal to zero is November 2, 2015. Relative humidity data 
was available for only a portion of the simulation. Two pressurizations were performed in close 
proximity in March 2017. 
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Figure 3-50 VeRCoRs strain gage data comparing experimental data with simulation 
results. 

Moffatt & Nichol performed a brief sanity check on the concrete strain during pressurizations in 
the PCCV as shown in Figure 3-52. The calculations follow the procedure detailed in (US 
Nuclear Regulatory Commission, 2003). Assuming elastic behavior during a pressurization, the 
estimated hoop strain at mid-height in the cylinder wall away from all penetrations and structural 
changes is 209.6 ߝߤ. The strain gage closest to this type of estimate—mid-height in the cylinder 
away from buttresses and penetrations—is H1ET (location shown in Figure 3-11). The strain of 
H1ET during the first pressurization ‘Pre-Op’ in November 2015 is shown in Figure 3-51. The 
pressurization history is slightly different between the experiment and the simulation. The 
experiment’s exact pressurization history during ‘Pre-Op’ is unknown as only the pressurization 
history shown in Figure 3-23 was given to VeRCoRs participants. The experimental change in 
strain magnitude during pressurization was 205 ߝߤ while the simulation predicted a change of 
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 These changes in strain magnitude during pressurizations are in close agreement with .ߝߤ 191
each other and with the calculated value. Therefore, the VeRCoRs PCCV can be assumed to 
behave elastically during pressurizations, and the elastic response of the simulation closely 
matches the experiment. 

 

Figure 3-51 Strain gage H1ET strains during the first pressurization ‘Pre-Op’. 
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Figure 3-52 Moffatt & Nichol calculations for concrete hoop strain in the VeRCoRs 
PCCV during a pressurization away from penetrations or buttresses. 
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The full time history of gage H1ET is shown in Figure 3-53 (gage is located mid-height in the 
cylinder wall away from structural changes). The EDF experimental data matches well with the 
simulation results that include both drying and creep effects, particularly when the RH data is 
provided. The drying shrinkage effects were immediately noticeable upon implementation of the 
first available RH data in the code in October 2015. Periods of time with missing RH data, such 
as the times indicated in the figure, made a significant impact on the simulation response. If the 
RH changed significantly and the data was not available, the simulation results strayed from 
experimental data.  

Also notable in Figure 3-53 is the importance creep in the overall strain magnitude. The line that 
shows simulation data without creep effects typically does not agree with experimental results.  

 

Figure 3-53 Time history of gage H1ET showing EDF experimental data, the simulation 
results, and the simulation results excluding creep effects. 

Missing RH data 

RH data begins 
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Figure 3-54 Comparison of EDF experimental data and SNL simulation results for strain 
gages J1EM and J1ET. 

3.3  VeRCoRs Analysis by Moffatt & Nichol  

Moffatt & Nichol analyzed SNL’s simulation results as a third-party reviewer. The full document 
is presented in APPENDIX D , and select information is presented here.  

First, Moffat & Nichol analyzed the strains on the interior and exterior surfaces of the VeRCoRs 
PCCV. The strains were analyzed at the end of each analysis step. For the pressurization step, 
an additional time increment at peak pressurization was extracted. On the interior and exterior 
surfaces, strain concentrations were found adjacent to the equipment penetrations (as seen in 
other containment vessels and as dictated by linear elasticity). Away from equipment 
penetrations, strains are fairly uniform. There is evidence of significant vertical bending at the 
wall-base juncture and adjacent to penetrations, but the strain magnitudes are not large enough 
to indicate damage. As the priority of this document is not focused on surface cracking, and as 
the analysis by Moffatt & Nichol indicates that no significant cracking would have occurred from 
the pressurizations, the reader is directed to APPENDIX D  for the detailed cracking analysis.  

Some noteworthy tensile strains were also observed in the radial direction of the finite element 
model. These are of particular interest for investigation of the potential of delamination-type 
failure. Two plots have been extracted from ABAQUS highlighting the mentioned strains as 
shown in Figure 3-55. These plots were taken after 575 days of simulation, roughly 60% of the 
total simulation time. This particular step represents a time after significant shrinkage has 
occurred, and after two full pressure cycles have taken place, but at the zero pressure unloaded 
conditions. The plots in Figure 3-55 show a pronounced band of elevated radial tension within 
the interior of the cylinder wall and within the interior of the tendon anchorage. The magnitude of 
this tension is in the range of approximately 0.000100 strain. So, although it is significant 
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enough to be captured numerically, it is insignificant with respect to cracking or delamination. In 
earlier time steps of the simulation (not shown here), this interior band of radial strain is not 
present. Therefore, this observed phenomenon is driven by drying shrinkage and exacerbated 
by the tendons pressing inward on the interior of the wall and by related Poisson effect. 
However, the relatively coarse mesh size (5 elements though the wall thickness with only 2 
crossing the hoop tendons) may have limitations to capturing the detailed development of radial 
tensile creep strains. In short, Moffatt & Nichol recommended a finer mesh size for the radial 
tensile creep strain analysis.  
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Figure 3-55 Moffat & Nichol ABAQUS plots of tensile "radial" strains in the containment 
vessel. 
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3.4  PCCV Thin-Slice Analysis 

In response to the recommendation from Moffatt & Nichol for a finer mesh analysis of radial 
tensile creep strains in the containment, a finite element simulation was developed based on the 
VeRCoRs mockup that focused specifically on the effect of hoop tendons on tensile strain 
development in the wall of the containment vessel. The section of the PCCV selected for the 
analysis is shown in Figure 3-56. This section is away from penetrations but does include the 
buttresses. 

 
Figure 3-56 Thin-slice section of the VeRCoRs PCCV selected for fine mesh analysis. 

3.4.1  Geometry and Mesh 

The thin slice was 1.0 m high and shared the same diameter geometry as the VeRCoRs PCCV 
as shown in Figure 3-57. Two layers of rebar were included in the simulation, one on the interior 
face and one on the exterior face of the concrete with cover of 0.040 m as shown in Figure 3-58. 
Eight tendons were included in the simulation as shown in Figure 3-59, four interior tendons and 
four exterior tendons. As the buttresses and surrounding regions were not priority in this 
simulation, the tendons were simplified in this simulation as perfect circles rather than protruding 
from the buttresses. The tendons were vertically spaced at 0.153 m intervals, similar to the 
VeRCoRs PCCV. A cut view of the geometry including the concrete, rebar, and tendons is 
shown in Figure 3-60. The concrete mesh is shown in Figure 3-61. The concrete contained 
70,752 8-noded hexahedral elements. Each rebar layer contained 1,626 4-noded surface 
elements. There were 4 layers of rebar: 2 on each face, one hoop and one vertical layer on 
each face, totaling 6,504 4-noded surface elements. Each tendon contained 287 2-noded beam 
elements, totaling 2,296 elements for all 8 tendons. The average element edge length for all 
geometries was 0.140 m. Tendons and rebar were embedded in the concrete with no slip 
allowed.  
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No vertical tendons were explicitly modeled in this simulation. A uniform vertical compressive 
pressure was applied to capture the effect of vertical prestressing in the concrete as described 
in Section 3.4.2 .  

 

Figure 3-57 Thin slice of the VeRCoRs PCCV concrete geometry. 

 

Figure 3-58 Thin slice of the VeRCoRs PCCV rebar geometry. 
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Figure 3-59 Thin slice of the VeRCoRs PCCV tendon geometry. 

 

Figure 3-60 Cut view of the thin slice geometry including concrete, rebar, and tendons. 
The tendons are the small circular highlighted spots. The rebar layers are 
the black lines 0.040 m away from each concrete face. 
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Figure 3-61 Cut view of the thin slice geometry showing concrete mesh. The lighter 
spots are the tendon locations. 

3.4.2  Boundary and Initial Conditions 

The entire bottom surface of the geometry was fixed against movement in the Z-direction 
(vertical). A uniform vertical compressive pressure of 5 MPa was applied across the entire top 
surface of the geometry to account for the compressive stress from the vertical tendons. The 
VeRCoRs concrete in this region of the PCCV sustained compressive stresses ranging from 4-8 
MPa immediately after loading as shown in Figure 3-62 with the majority of stresses at ~5 MPa, 
so 5 MPa was used as an average value for this simulation. Since this simplified simulation was 
proof-of-concept rather than looking for specific numerical values representative of the 
VeRCoRs mockup, the PT tendons were subjected to an initial stress of 1000 MPa as an 
averaged value compared to the VeRCoRs mockup tendons. Five nodes on the exterior edge of 
one buttress were fixed in all directions to ensure numerical stability for this simulation.  
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Figure 3-62 Slice of the VeRCoRs PCCV simulation immediately after post-tensioning 
and gravity showing vertical stresses in the concrete. Vertical compressive 
stresses in the concrete range from 4 to 8 MPa.  

The simulation was allowed to progress for 40 years of simulation time. No pressurizations 
occurred. The only change over time was concrete creep.  

3.4.3  Material properties 

The material properties used in this simulation are the same as those used in the VeRCoRs 
simulation described in Section 3.2.3 . 

3.4.4  Results  

The radial stresses immediately after loading (including both vertical pressure and tendon 
prestress loads) are shown in Figure 3-63. In this image, positive values indicate tensile 
stresses while negative values indicate compressive stresses. Radial stresses range from 
approximately 273 kPa in tension to 663 kPa in compression. The tendon locations are 
indicated in Figure 3-63b. As can be seen, the region of tensile stress lies immediately on the 
outside (radially) of the hoop tendons with higher compressive stress immediately in the inside 
(radially) of the hoop tendons.  

Figure 3-64 shows the radial strains in the thin-slice PCCV simulation immediately after 
application of loads. These results indicate that all radial strains were positive due to the 
Poisson effect from the vertical pressure. However, the effect of the hoop tendons on the radial 
strains is evident as the changes in radial strains follow the same pattern as changes in the 
radial stress in Figure 3-63. 
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(a) (b) 

Figure 3-63 (a) Radial stresses in the thin-slice PCCV simulation after application of 
loads. (b) Same image as (a) but with the tendon locations indicated. 

 

Figure 3-64 Radial strains in the thin-slice PCCV simulation after application of loads. 
Tendon locations are indicated. 
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Figure 3-65 shows the radial creep strains in the thin-slice PCCV simulation after 40 years of 
applied load. The creep strains immediately behind the post-tensioning tendons in Figure 3-65 
(~6 x 10-5) are on the same order of magnitude as the elastic response strains at the same 
location in Figure 3-64 (~1.2 x 10-5), but the creep strains are ~5x larger than the elastic strains. 
The creep strains from post-tensioning being significantly larger than the elastic strains indicate 
that creep could be an issue in PCCVs that do not have radial reinforcement.  

While the Moffatt & Nichol simulations in Figure 3-55 showed radial tensile strains (~1 x 10-4) of 
similar magnitude to the combined strains from Figure 3-64 and Figure 3-65 (~0.72 x 10-4 
combined), the strain profiles between the two simulations are different enough to warrant a 
brief discussion. Moffatt & Nichol summarized that the radial strains present in Figure 3-55 were 
driven by drying shrinkage. With only 5 elements through the thickness, the inner and outer 
elements shrank due to drying, pulling the inner elements into a radial tensile strain profile. 
However, Figure 3-64 and Figure 3-65 clearly show the effects of the post-tensioning tendons 
on the radial strain profile. The location of each tendon shows a reduced radial tensile strain 
“inside” the tendon and an increased radial tensile strain “outside” the tendon. While these 
strains are all likely too small to cause delamination failure without exacerbation, they do 
provide a layer of increased tensile strain that could be a weakness in the structure.  

 

Figure 3-65 Radial creep strains in the thin-slice PCCV simulation after 40 years of 
applied loads.  

Figure 3-66 shows the effect of the applied vertical load on radial stresses in the thin slice PCCV. 
Bear in mind that the applied compressive vertical stresses in this thin-slice simulation ranged 
from 0-5 MPa, values which are representative of the compression applied from PT tendons but 
also considerably lower than the uniaxial compressive strength of the concrete. With a vertical 
load of 5 MPa, the maximum radial tensile stress is 264 kPa. With a vertical load of 2.5 MPa, the 
maximum radial tensile stress is 261 kPa. With no vertical load, the maximum radial tensile stress 
is 259 kPa. The change in compressive vertical stress on the thin PCCV slice has little effect on 
the radial tensile stresses, likely due to the relatively low applied vertical stresses.  
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(a) 

 
(b) 

 
(c) 

Figure 3-66 Radial stresses in the thin-slice PCCV simulation with varying vertical 
compressive loads: (a) 5 MPa, (b) 2.5 MPa, and (c) no vertical compressive 
load. 

3.5  Limited Scope Study of Long-Term Effects of Creep on Post-tensioned 
Containments 

Creep and creep rupture of concrete were identified in the EMDA report, NUREG\CR-7153, Vol. 
4, as an area of low-knowledge and potential high significance (US Nuclear Regulatory 
Commission, 2014). A limited scope study on the effects of delayed creep in post-tensioned 
concrete containment vessels has been performed in collaboration with SIA and SSC. Jointly 
SSC with SIA have specialized experience of analyzing complicated concrete structural damage 
and material topics and specifically they have specialized knowledge of the CR3 PCCV 
delamination events. The SSC owner, Mr. Randy James, has some experience with the CR3 
event as well as intimate knowledge of the ANACAP model and its use in the analysis of NPP 
structures, which were useful to define the models and scope of the analyses for the limited 
scope study. The effort consisted of simulations of various scenarios including possible existing 
defects, variations of facture properties and creep compliance, and/or detensioning sequence of 
groups of tendons (Table 3-9) into a PCCV structure in order to understand the sensitivity of 
each scenario on the creep response of the PCCV under those conditions. SIA has a 
proprietary concrete model called ANACAP that includes creep effects, nonlinear compressive 
stress-strain behavior of concrete, modeling of concrete cracking and shear degradation due to 
cracking, and interaction between concrete and reinforcement. A summary is presented here. 
See Appendix C for the full report. 

Per the SIA/SSC report’s Background section: 

The effects of creep on the long-term integrity of PCCVs is complicated and not 
intricately analyzed by structural engineers. While creep is included in the design basis 
for pre-stress loss in PCCVs, the long-term effects on the structural integrity have not 
been critically studied. The general sense has been that creep is mostly a shorter-term 
effect, and the effects of creep should decrease over time as the structure ages and 
the rate of creep dissipates. However, the delamination cracking that developed in the 
containment at Crystal River during a construction modification (see Figure 2-28) 
raised concerns about the possible longer-term effects of creep, especially when there 
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are changes in the loading. Research is needed to further investigate the effects of 
creep and identify situations where the integrity and pressure capacity of PCCVs may 
or may not be of some concern in the longer term.  

This study is a limited scope to examine the issue of creep in concrete containment 
vessels and identify any need for further research. This effort is not an attempt to 
reconstruct all the circumstances that occurred in the Crystal River delamination 
problem as a kind of “root cause” analysis. Rather, the intent is to consider 
representative conditions for a situation where a known problem develops in order to 
show that the modeling employed can provide an indication of potential problems. 

Table 3-9 Summary of Analyses (copy of SIA/SSC report Table 4-1) 

Case Section 
Case A1 – Baseline Case, No Creep 4.1 
Case A2 – Baseline Case, With Creep 4.2 
Case B1 – Delamination During Initial Tensioning 4.3 
Case B2 – Investigating Potential Delamination After Initial Tensioning 4.4 
Case B3 – Intentional Delamination After Initial Tensioning 4.5 
Case B4 – Intentional Delamination After 6.5 Years 4.6 
Case B5 – Intentional Delamination Prior to Detensioning 4.7 
Case B6 – Intentional Delamination After Detensioning 4.8 
Case C1 – Differential Creep Compliance (0.5x & 1.0x) 4.9 
Case C2 – Differential Creep Compliance (1.0x & 2.0x) 4.10 
Case C3 – Differential Creep Compliance (1.0x & 0.5X) 4.11 
Case C4 – Not Used 4.12 
Case C5 – Differential Creep Compliance (0.5x & 3x) 4.13 
Case D1 – Not Used 4.14 
Case D2 – Not Used 4.15 
Case D3 – Time Dependent Material  4.16 
Case D4 – Time Dependent Material, Differential Creep Compliance (0.5x & 1.0x) 4.17 
Case D5 – Time Dependent Material, Differential Creep Compliance (1.0x & 2.0x) 4.18 
Case Fb2 – Variation of Case B2 4.19 
Case Fc1 – Variation of Case C1 4.20 
Case Fc2 – Variation of Case C2 4.21 
Case Fd3w – Variation of Case D3 4.22 
Case Fd4w – Variation of Case D4 4.23 
Case Fd5w – Variation of Case D5 4.24 
 

3.5.1  Single-Element Test Simulations 

SIA/SSC begins their efforts by performing single-element test simulations to demonstrate the 
ANACAP concrete creep model capabilities. Simulations showed ANACAP’s capability to 
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include concrete material properties that evolve over time. In practice, concrete material 
properties change over time. Excluding degradation, concrete increases in strength and elastic 
modulus as it ages. Although commonly designs are based on the 28-day material properties of 
concrete; SIA/SSC included in the study the effects of time-dependent material properties in an 
aging PCCV. 

Single-element test simulations were performed to validate the capability of ANACAP for 
simulating time-dependent creep properties. Increasing the elastic modulus as the concrete 
ages alters the concrete’s response to physical stimuli. The example scenario used by SIA/SSC 
subjects the element to an arbitrary compressive load, holds the load constant for 30 years, and 
then release the load. The load initially displaces the element by an axial strain of 500 ߳ߤ. 
Unloading the element after 30 years, including an aging elastic modulus, returns the element to 
an axial strain of 95 ߳ߤ. Because the elastic modulus has increased with age, the concrete 
element does not return to zero strain upon unloading. Similarly, the creep modulus of concrete 
decreases as concrete ages; young concrete subjected to a given load will creep more over 
time than old concrete subjected to the same given load. The single-element simulations also 
exemplify the effect of a time-dependent creep modulus, indicating that aging concrete will 
creep less than young concrete. 

The single-element test simulations also illustrate that cracking damage in ANACAP is based on 
mechanical strains (total strains minus creep strain) where the crack initiation criteria are not 
dependent on creep response. That is, ANACAP captures cracking damage when mechanical 
strains are induced or affected by creep response, but it does not alter the input crack initiation 
criterion because of creep. Current literature on concrete creep does not provide a definitive 
conclusion about the effect of concrete creep strains on specimen fracture strain. In other 
words, research is unclear about the question, “If a concrete specimen is allowed to creep under 
a constant but relatively low stress, would the creep strain that accumulates cause the 
specimen to fail at lower ultimate stress relative to a specimen subjected to the same loads but 
without time to creep?” Therefore, the fact that ANACAP does not correlate or adjust tensile 
capacity with creep strains is important to note and is not in disagreement with current theory. 
Tensile cracking in ANACAP is governed by the magnitude of the load in the directions of 
principal mechanical strain. Cracks are assumed to form perpendicular to the directions of the 
largest tensile strains. Multiple cracks are allowed to form at each material point, but they are 
constrained to be mutually orthogonal. If cracking occurs, the normal stress across the crack is 
reduced to zero and the distribution of stresses around the crack is recalculated through 
equilibrium iterations. This allows stress redistribution and load transfer to reinforcement or 
other load paths in the structure. Once a crack forms, the direction of the crack remains fixed 
and can never change or heal. However, a crack can close, resisting compression and shear, 
and re-open under load reversals.  

3.5.2  Model of Containment Structure 

A representative containment structure was used in this study. Elements of the model are 
described below. Figures depicting the model are shown in Figure 3-67, Figure 3-68, and Figure 
3-69. 

• Buttresses: The model assumes six vertical buttresses equally spaced along the 
circumference. The buttresses are 6 ft wide and 5 ft 10 in thick. The buttresses are 
modeled as elastic with a Young’s Modulus of 4∙106 psi. 
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• Ring Girder: The model includes a 6 ft tall, 5 ft 10 in thick girder at the top of the panel to 
represent the ring girder (or the stiffened equipment hatch in the quarter-symmetric 
model). The girder is modeled as elastic with a Young’s Modulus of 8∙106 psi. This 
modulus is a factor of 2 greater than the other concrete components to account for 
additional stiffness provided by the adjacent concrete elements not explicitly modeled. 

• Steel Liner: A 3/8 in steel liner (modeled as a membrane) is bonded to the inner diameter 
of the structure. The liner is modeled as elastic-plastic ( ௬݂ = 50 ksi, ௨݂ = 75 ksi at 20% 
strain) with a Young’s Modulus of 30∙106 psi.  

• Containment Wall: The containment wall is modeled as 3.5 ft thick and is modeled with the 
ANACAP concrete constitutive model. Unless otherwise stated, the concrete is assumed 
to have a 5 ksi strength, 4∙106 psi Young’s Modulus, and a Poisson’s Ratio of 0.2. The 
containment wall is modeled with quadratic solid elements. 

• Containment Wall Reinforcement: The containment wall includes vertical and horizontal 
reinforcement. The reinforcement is modeled as elastic- plastic ( ௬݂ = 60 ksi, ௨݂ = 75 ksi at 
10% strain) with a Young’s Modulus of 29∙106 psi. The horizontal rebar is modeled as #9 
@ 12 in on each face. The vertical rebar is modeled as #9 @ 10 in on each face. Rebar is 
modeled as linear truss elements. Tie bars (stirrups) are not included in the model. The 
reinforcement is embedded in the concrete through an embedment constraint providing 
strain compatibility between the concrete and rebar. 

• Containment Wall Tendons: The containment wall includes vertical and horizontal 
tendons. The tendons are modeled as elastic-plastic ( ௬݂ = 200 ksi, ௨݂ = 235 ksi at 10% 
strain) with a Young’s Modulus of 28∙106 psi. Both horizontal and vertical tendons have a 
cross-sectional area of 10.9 in2. Vertical tendons are spaced radially every 2.5°, which 
roughly equates to a 35.2 in circumferential spacing. Horizontal tendons are located in 
alternating layers spaced at 12.75 in and 25.5 in respectively. The vertical and horizontal 
tendons are located 15.2 in and 10 in from the containment wall outer radius, respectively. 
The tendon prestress is applied through an imposed temperature change of 810°F, which 
for a 6.5∙10-6 in/in/°ܨ expansion coefficient, equates to 5.27∙10-3 in/in or 147 ksi or 1600 kip 
per tendon. This roughly equates to 1 ksi and 2 ksi compression in the vertical and 
horizontal directions, respectively. The tendon force is not altered to account for friction, 
wobble, steel relaxation, etc. The tendons are embedded in the concrete through an 
embedment constraint and are modeled as linear truss elements. No reduction in concrete 
area (accounting for tendon ducts) is included. 
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Figure 3-67 Schematic of modeled region. 
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Figure 3-68 FEM - Concrete geometry. 
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Figure 3-69 FEM - Vertical and horizontal rebar (left) and tendons (right). 

The structure is modeled with quarter symmetry. A vertical boundary is included at the base of 
the model (Δݕ = 0). A circumferential boundary is included at the buttress and containment wall 
(Δθ = 0). These boundary surfaces are highlighted in Figure 3-70. 
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Figure 3-70 FEM - Vertical (left) and circumferential (right) boundary conditions. 

Unless otherwise stated, the creep compliance used in the assessments is that indicated in 
Figure 3-71 (e.g., creep compliance = (total strain – initial strain) / initial strain). The creep 
model includes both primary and secondary creep and treats both as fully recoverable with a 
viscoelastic formulation.  
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Figure 3-71 FEM—Creep compliance (Top = 30 year, Bottom = 1 year). 



3-68 

Each analysis is segregated into multiple analysis steps. The first steps apply gravity and the 
tendon tensioning force. The analyses are then permitted to run through the creep steps that 
span ~30 years. At the end of ~30 years several tendons (both horizontal and vertical) are 
removed to represent de-tensioning that would occur before an equipment opening would be cut 
into the containment wall. The tendons that are de-tensioned are shown in Figure 3-72 with the 
approximate location of the proposed equipment opening also highlighted. These analyses do 
not include effects of cutting the opening. The tendons are both tensioned and de-tensioned by 
applying a temperature load to the tendon elements. 

 

Figure 3-72 FEM—De-tensioned tendons (left) and future concrete opening (right). 

3.5.3  Summary of Assessments and Findings 

Twenty-one analysis variations (Table 3-9) were considered in this study. Variables considered 
included concrete fracture strain, creep compliance factors, differential creep, time dependent 
concrete material properties, and tendon removal sequence. Results were obtained from the 
ABAQUS ODB file (i.e., strain magnitudes and contours) and the ABAQUS MSG file (number of 
concrete cracks). Investigation of the MSG file was required as the ODB file does not present 
mechanical strain, which causes crack formation, but total strain. The MSG file reports the 
number of cracks opened (and closed) from the ANACAP concrete model for the three 
directions allowed in the model. The references in the SIA/SCC report for 1, 2, and 3 cracks 
refer to cracks in the three principal strain directions where crack 1 is in the maximum principal 
strain direction for the uncracked system, crack 2 is then relative to that rotated system, and 
crack 3 would be perpendicular to both direction 1 and 2. By comparing the opening and closing 
of these cracks with the calculated strain directions, the type of induced cracking (bending or 
radial/delamination) can be determined. It is also noted that some plots in the SIA/SSC report 
show radial strains much higher than the cracking strains but without cracks reported. This 
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again is due to the plots only showing total strains and not just the mechanical strains that 
induce cracking. In addition, some references are made to radial mechanical strains higher than 
the fracture strain, but no cracking is initiated. This is due to the crack initiation criteria where 
split cracking can initiate near a free surface where there is little tensile stress but requires 
sufficient tensile strain that is about twice the fracture strain to initiate split cracking. This is 
illustrated in Figure 3-4 of the SAI/SSC report in Appendix C. Select SIA/SSC conclusions are 
as follows. 

• The radial strain profile after detensioning is significantly different if creep is included in the 
analysis (Case A1 vs A2, Figure 3-73 and Figure 3-74 respectively), and the profile with 
creep better resembles the hourglass shape found in the delamination cracking pattern at 
Crystal River (see Figure 2-28 for the hourglass delamination shape). 

 

Figure 3-73 Case A1—Radial displacement after initial stressing (top left) and after 
detensioning (top right); radial strain after initial stressing (bottom left) and 
after detensioning (bottom right). 
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Figure 3-74 Case A2 – Radial strain before (top left) and after (top right) detensioning; 
radial strain after 1250 hours (bottom left) and 5250 hours (bottom right) of 
creep recovery. Note that the strain profile now resembles the hourglass 
shape seen at Crystal River. 

• A sufficiently large concrete fracture strain capacity is required during initial tendon 
stressing or delamination may occur (Case B1, Figure 3-75) due to radial tensile strains 
that develop on the outer side of hoop tendons. Delamination, when it occurs, appears to 
follow the radial strain contour which is observed in actual delamination failures. 



3-71 

 

Figure 3-75 Case B1—Crack propagation (radial strain) at end of initial stressing. In this 
analysis tensile strain was iteratively reduced to allow a crack to form at 0 
years, and then an assessment was performed to observe how the crack in 
the containment wall might propagate due to creep. 

• After initial stressing, creep appears to reduce the radial mechanical strain, resulting in a 
lower likelihood of delamination (Case B2, Figure 3-76). However, if a local defect is 
introduced just after initial tensioning (i.e., early in the creep analysis), there may still be 
sufficient mechanical strain demand to cause widespread delamination (Case B3, Figure 
3-77). 
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Figure 3-76 Case B2—Radial strain after detensioning (left) and after 5250 hours of 
creep recovery (right). 
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Figure 3-77 Case B3—Crack propagation (radial strain) at end of initial stressing (top 
left) and start of creep strain (bottom right). 

• If a local defect is introduced in a manner similar to Case B3 but significantly after initial 
tensioning (6.5 years after initial tensioning (Case B4), just prior to detensioning (Case 
B5), or immediately after detensioning (Case B6)), a cascading delamination event was 
not observed. See Figure 3-78. 
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Figure 3-78 Case B5—Radial strain after introduction of local defect (left) and 1250 hrs 
after detensioning (right). 

• Removing the horizontal tendons while leaving the vertical tendons in place shows an 
increase in mechanical radial strain after detensioning and an increase in total radial strain 
during the creep recovery steps. The effects of creep coupled with the sequence and 
timing of tendon detensioning may play a role in exacerbating delamination cracking. 

• Differential creep analyses, wherein a lower creep factor was assigned to the outer 
concrete elements, caused a delamination failure to occur during the creep steps. The 
outer diameter concrete elements appear to act as a displacement restraint, leading to the 
development of mechanical strain as the interior concrete elements creep inwards. 

3.6  Simulation Conclusions 

• When RH data was available, the VeRCoRs simulation results aligned well with 
experimental data. Missing RH data skewed the simulation results away from the 
experimental data.  

• The implementation of the Bažant B3 concrete creep model (with its correction factor) into 
the simulation via a Prony series was successful in modeling the creep response of the 
PCCV. Figure 3-53 indicates that incorporating the creep response was necessary to 
match experimental data.  

• The implementation of concrete drying shrinkage strains using Fick’s 2nd Law of diffusion 
via the ABAQUS thermal equation was successful in modeling the concrete drying 
shrinkage response of the PCCV. Figure 3-53 indicates that incorporating drying shrinkage 
was necessary to match experimental data. 

• The mechanical response of the PCCV to the internal pressurizations in the simulation 
matched the experimental response as shown in Figure 3-51 and the calculations 
performed by Moffatt & Nichol as shown in Figure 3-52. 
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• The Moffatt & Nichol analysis indicates that the PCCV strains are likely within design limits 
during pressurizations at design pressure of 4.2 bar, and no significant cracking is 
expected. 

• The PCCV thin-slice analysis, which is representative of the VeRCoRs PCCV, clearly 
indicates the development of tensile stress and tensile creep strain zones in the radial 
direction in the PCCV wall.  

• The SIA/SSC analyses indicate that cascading delamination events can occur under 
certain circumstances. However, not all structural defects in the delamination plane are 
guaranteed to lead to cascading delamination events such as seen at Crystal River. If a 
local defect is introduced into the structure just after initial tensioning, a cascade 
delamination may occur. However, if a local defect is introduced into the structure 
significantly after initial tensioning, a cascading delamination event may not occur. 

• The SIA/SSC differential creep analyses, wherein a lower creep factor was assigned to the 
outer concrete elements, caused a delamination failure to occur during the creep steps. 
This material scenario could potentially exist if a large thermal or humidity gradient exists 
radially across the PCCV concrete. A large humidity gradient is not expected due to the 
extremely low transport properties in mass concrete, but a thermal gradient scenario may 
warrant further investigation. 

• Additional research can better determine the conditions in which these radial strains and 
creep effects could lead to initiation of delamination. 
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4    NONDESTRUCTIVE EVALUATION AND MONITORING TECHNIQUES 

Since the degradation mechanisms for concrete tend to be variable in distribution and severity, 
monitoring and evaluation of containment structural health provides updated and complimentary 
information of predictive structural modeling. In this section, state of the art monitoring and 
inspection techniques are presented including both NDE techniques and long term continued 
sensing technologies. Particularly, the techniques used in the VeRCoRs experiment are 
described and evaluated. 

4.1  Brief Summary of Current Techniques in Practice 

Current NDE and monitoring techniques in NPPs have the capacity to utilize a wide array of 
technologies. Concrete inspections in NPPs are most often strictly visual, and any visible 
anomalies will require further NDE inspection. Visual cues of concrete degradation include 
spalling, efflorescence, surface staining, and cracking. Existing concrete NDE techniques such 
as impulse response, half-cell potential, cover meter, and hammer sounding have been used in 
NPPs. Hammer sounding is very easy to perform and is typically done by plant personnel. 
However, more advanced NDE techniques require a higher level of experience with and 
knowledge about equipment than does a routine hammer sounding inspection (Electric Power 
Research Institute, 2015).  

Tendon inspections are performed by tendon lift-off tests, and tendons with low stress levels or 
obvious signs of corrosion at the tendon jacking location (such as free water or rust) indicate 
further inspection is necessary. Steel liner inspections are performed visually and any visual 
indication of corrosion or structural changes (such as liner bulge) warrant further inspections. 
Monitoring techniques of PCCVs range from routine visual inspections, strain gages on tendons 
and embedded in concrete, temperature sensors, humidity sensors, etc. However, monitoring 
equipment in NPPs are susceptible to damage, degradation, and failure (Electric Power 
Research Institute, 2014).  

A thorough presentation of NPP aging management plans (AMPs), which includes monitoring 
and inspection techniques, can be found in: 

• American Society of Mechanical Engineers (ASME) code Section XI IWE (steel) and IWL 
(concrete) (ASME, Boiler Pressure Vessel Code Section XI, 2011) 

• Standard Review Plan for Review of License Renewal Applications for Nuclear Power 
Plants NUREG 1800 Rev 2 (US Nuclear Regulatory Commission, 2010) 

• Generic Aging Lessons Learned (GALL) Report NUREG 1801 Rev 2 (US Nuclear 
Regulatory Commission, 2010) 

• Generic Aging Lessons Learned for Subsequent License Renewal (GALL-SLR) Report 
NUREG 2191 Volume 1 and 2 (US Nuclear Regulatory Commission, 2017) (US Nuclear 
Regulatory Commission, 2017) 

• Standard Review Plan for Review of Subsequent License Renewal Applications for 
Nuclear Power Plants NUREG 2192 (US Nuclear Regulatory Commission, 2017) 
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• Non-destructive Testing of Nuclear Power Plant Concrete Structures State of the Art 
Report  (Wiggenhauser, et al., 2013) 

Information on current concrete NDE and monitoring techniques are available in literature such 
as provide by the American Concrete Institute, the American Society for Nondestructive Testing, 
the Federal Highway Administration, and (Maierhofer, Reinhardt, & Dobmann, 2010). Some 
examples of non-destructive testing and evaluation in NPPs include: 

• Locating steel reinforcement and identification of its cover and depth. 

• Locating tendon ducts, both metal and plastic, and (if tendons are grouted) identification of 
the condition of the grout materials. 

• Detection of cracking, voids, delamination, and honeycombing in concrete structures. 

• Detection of inclusions of different materials or voids adjacent to the concrete side of the 
containment liner. 

• Identification of corrosion occurrence on the concrete side of the containment liner. 

4.2  Select Proposed and Experimental Techniques 

This section summarizes proposed and experimental NDE and monitoring techniques. 
Emphasis in this section is on information from the VeRCoRs project and a parallel project by 
EDF titled the Non-Destructive Evaluation of Containment Nuclear Plant Structures (ENDE) 
project aimed at developing NDE for containment enclosure applications.  

4.2.1  Electric Power Research Institute 

EPRI is researching nondestructive evaluation techniques for concrete and large concrete 
structures. EPRI is also conducting research on the efficacy of current NDE practices. 

In an extensive review of automated and remote inspection techniques, EPRI has reviewed over 
a dozen proposed, prototype, and commercial systems for inspecting large concrete structures 
(Electric Power Research Institute, 2013) (Electric Power Research Institute, 2014). These 
systems are designed to reduce time and costs as well as inspect the structures without putting 
personnel at risk (i.e., no scaffolding is required). The reports reviewed tethered and untethered 
robotic crawlers with various adhesion mechanisms, helicopters and multi-rotors/quadcopters, 
and cable-guided systems. Each system was assessed for accuracy, ease of implementation, 
cost, time requirement, and NDE capabilities (e.g., weight capacities and concrete contact). The 
reports also reviewed various location tracking systems and their capacity to be integrated with 
the inspection systems. Location tracking systems included satellite GPS, wired and non-wired 
total stations, and stationary and/or mobile multi-camera systems. The report describes an 
integrated remote inspection system capable of traversing large curved concrete structures. 

Another EPRI report reviews concrete NDE techniques for their accuracy in various concrete 
mockups with cracks, voids, delamination, and honeycomb defects (Electric Power Reseach 
Institute, 2015). Evaluated NDE techniques included sounding, impulse response, impact echo, 
ultrasonic shear wave, ground-penetrating radar, and ultrasonic pulse velocity. Each technique 
was tested on various concrete mockups constructed with defects. The mockup defects 
included delamination, horizontal or vertical cracks, voids of various sizes, and honeycomb 
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defects (a void in concrete that is filled with a loose or solid material but is distinctly separated 
from the surrounding concrete). While the reviewed NDE techniques performed with varying 
accuracy and precision, the concept of concrete mockups specifically designed with included 
defects is a valuable method to verify and validate NDE techniques prior to performing 
inspections in NPPs.  

4.2.2  VeRCoRs and ENDE 

The information and images in this section are summarized from (Corbin, 2018) (Garnier, et al., 
2018) (Henault, et al., 2018). 

4.2.2.1  VeRCoRs Monitoring 

The complete monitoring system in the VeRCoRs mockup is as follows: 

• 1 meteorological station 

• For the ambient air measure: 10 thermometers, 10 RH sensors, 1 atmospheric pressure 
gage, and 1 flow meter 

• 12 pendulums (4 plumb lines, each with 3 tables at different heights) 

• 4 vertical Invar wires (Figure 4-1) 

• 336 embedded GEO INSTRUMENTATION SG1 strain gages—the distance between the 
external wall and strain gages is 7.6 cm while the distance between the internal wall and 
strain gages is 7.3 cm 

• 221 PT100 thermometers 

• 2 km of optic fiber 

• 31 time domain reflectometry sensors 

• 30 pulse sensors for permeability measures 

• 6 dynamometers for instrumented tendons 

• 160 strain gages on rebar 

The location of the primary sensors in the mockup are detailed in Section 3.1 . The strain gages 
in both the concrete and on the rebar are used to measure mechanical strains in response to 
internal pressurization tests and to material mechanical property phenomena (e.g., concrete 
creep and drying shrinkage). The Invar wires run from the bottom to the top of the containment 
and measure the change in containment height; Invar is used because its coefficient of thermal 
expansion is small, and the material does not significantly expand/contract with changes in 
temperature. The pendulums are used to measure horizontal displacements at various heights 
of the containment. Similar to the Invar wire shown in Figure 4-1, the pendulums were 
suspended from the top of the containment. The horizontal distance between the pendulum wire 
and the containment wall measured horizontal displacements of the containment wall. 



4-4 

 

Figure 4-1 End of vertical Invar wire for measuring containment vertical change in 
height. 

4.2.2.2  Evaluation of Non-Destructive Examinations (ENDE) 

In parallel with the VeRCoRs mockup, EDF sponsored the ENDE project aimed at developing 
NDE for containment enclosure applications. ENDE consisted of testing concrete specimens 
under various conditions and transferring the techniques to the VeRCoRs mockup. 

Ten NDE techniques were implemented by ENDE: transmitted ultrasonic waves, surface waves, 
impact echo and diffuse waves, time reversal TREND, nonlinear acoustics Coda Wave 
Interferometry, acoustic emission, ground penetrating radar, resistivity, and Torrent 
permeability. The most promising method that was applied to the VeRCoRs containment was 
acoustic monitoring and surface wave measurements. Stress was evaluated using a 
combination of three pieces of equipment that measured the velocity of ultrasonic pressure 
waves, the velocity of ultrasonic surface waves, and the capacitive permittivity (Figure 4-2). 
Figure 4-3a shows the evolution of the surface wave velocity with the stress for different 
damage levels on the tested pieces. The acoustoelasticity that results in the increase of the 
velocity of the waves with the stress indicates concrete damage. Figure 4-3b shows the 
evolution of the diffusivity with increasing stress. In both cases, the sensitivity to damage is 
greater than that to stress.  

Data measurement and 
acquisition hardware 

Invar wire 
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Figure 4-2 (a) and (b) Ultrasonic surface wave measurements, and (c) capacitive 
measurement. (Garnier, et al., 2018) 

  

Figure 4-3 (a) Ultrasonic surface waves and (b) ultrasonic diffusivity D versus the 
stress and the concrete damage. (Garnier, et al., 2018) 

Three-point bend tests were monitored using acoustic emission as shown in Figure 4-4. Each 
incident was recorded, and the data was combined into a crack location image as shown in 
Figure 4-5. Acoustic emission techniques were found to be useful for estimating position and 
dimension of a crack so long as the monitoring system was active prior to acoustic energy 
release.  

 

Figure 4-4 3-point bending test of concrete specimen monitored with acoustic 
emission. (Garnier, et al., 2018) 
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Figure 4-5 (a) Cumulated events and (b) decorrelation of waves during a 3-point 
bending test. (Garnier, et al., 2018) 

Surface wave propagation can also be used to estimate crack location as shown in Figure 4-6. 
The surface wave weakens (attenuates) when the receiver is too far from the source emitter.  

 

Figure 4-6 (a) Seismograms of a crack and (b) definition of the signal weakening vs 
source/receiver distance. (Garnier, et al., 2018) 

The surface wave stress evaluation technique was applied to the VeRCoRs mockup at two 
points A1 and C3 (not defined). The results are shown in Figure 4-7. Surface wave 
measurements were conducted on the PCCV wall before, during, and after a pressurization test. 
In Figure 4-7a, the surface wave speed reduced between June 2016 and March 2017, 
correlating to a decrease in the water saturation of the concrete. During the pressurization test 
to 4.2 bar in March 2017, the stress decreased at maximum pressure. The stress is initially 
between 8 and 12 MPa compressive, and the stress theoretically reduces to 0 at maximum 
pressure. Therefore, the lower surface wave velocity at maximum pressure follows the trend 
presented in Figure 4-3: lower stress correlates to lower surface wave velocity. Figure 4-7b 
shows the surface wave velocity as a function of pressure, also implying that lower surface 
wave velocity indicates lower stress. 
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Figure 4-7 (a) Surface wave evolution with the dates of measurement for points A1 
and C3. (b) Surface wave evolution for one point obtained by monitoring 
the concrete during a pressurization test. (Garnier, et al., 2018) 

Cracks in the PCCV wall during pressurization were also evaluated utilizing surface wave 
attenuation measurements. Figure 4-8 shows the change in surface wave velocity during a 
pressurization test for a small portion of the PCCV wall. The bottom of the figure (0 bar) has 
relatively few changes in surface wave velocity, indicating sound concrete. The top of the figure 
(4.2 bar) has many changes in surface wave velocity, indicating that the concrete is becoming 
damaged or is being subjected to local stress variations (which also indicates damage).  

 

Figure 4-8 Evolution of the surface wave attenuation variations measured along the 
horizontal profile as an increasing pressure function. (Garnier, et al., 2018) 

4.2.2.3  VeRCoRs Integrated Leak Rate Testing 

One of the aims of the VeRCoRs project is the assessment of the leakage rate over time. Once 
per year, and integrated leak rate test (ILRT) was performed on the VeRCoRs mockup, 
pressurizing it to 4.2 bar relative (5.2 bar absolute). The ILRT test is equivalent to the Type A 
test defined in appendix J of (US Nuclear Regulatory Commission, 2019) and in French codes 
RCC-G, ETC-C, and RCC-CW. EDF was focused on new methods to assess the leakage rate 
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during ILRTs. Figure 4-9 shows the pressure cycle for the VeRCoRs pressurization test VC1. 
During the ILRT, the pressure was gradually increased. Once the maximum pressure was 
reached, the pressurized air entrance valve was shut down. A stabilization period was 
necessary for the temperature and humidity to reach a steady state in the containment volume. 
The global leak rate is measured by the so-called “absolute pressure decay method” which 
consists of measuring pressure decrease of the dry air containment in the PCCV and correcting 
them based on mean temperature and hygrometry variations. The uncertainty of the global 
leakage rate is ~1%.  

 

Figure 4-9 Pressure cycle for VeRCoRs pressurization test VC1. (Henault, et al., 2018) 

Another measurement system, called SUGTEN, allowed EDF to collect the air flow going from 
the pressurized PCCV to the annular space between the inner and outer walls of the mockup. In 
steady state conditions and considering a constant permeability, the measured flow rate plots as 
a straight line against the difference between the squares of pressure as shown in Figure 4-10. 
Given that the leak rates during the pressurizations were observed to be linear in Figure 4-10, 
no significant damage was assumed to have occurred during the tests. However, the curves 
differ from each other, suggesting that the air flow permeability of the structure increased with 
time. ILRTs VC1, VD1, and VD1bis occurred in January 2016, mid-March 2017, and late-March 
2017, respectively.  
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Figure 4-10 SUGTEN measurements during VeRCoRs ILRTs for both ascending 

(montee) and descending (descente) pressures. (Henault, et al., 2018) 

In addition to measuring the flow rate from the PCCV as a whole, EDF implemented a method 
to detect and measure the flow rate from individual cracks as shown in Figure 4-11. A soap-
water mixture was sprayed on the exterior surface of the PCCV during the ILRTs, and air leaks 
were revealed by soap bubbling. A collection box was then attached to the surface of the PCCV 
around the leak, and a flowmeter measured the air flow from the leak flowing through a flow 
pipe from the collection box.  

 
(a) 

 
(b) 

Figure 4-11 (a) Leaking zones revealed by soap bubbling. (b) Flow rate measurement 
with collecting box and flowmeter. (Henault, et al., 2018) 

New techniques implemented in the VeRCoRs mockup for crack detection included a 
combination of fiber optic and acoustic sensors. The acoustic emission technique is a passive 
method used for many applications, one of which is detecting local cracks in concrete or in 
prestressed cables in large scale civil structures. Several high-sensitivity accelerometers were 
fixed to the external concrete wall to measure vibrations induced by the release of acoustic 
energy. Measurements were analyzed during the pressure steps at 2 and 4.2 bars when 
ambient noise level was lower since the pressurizer was not operating. An example of the 
acoustic data is presented in Figure 4-12. Acoustic emission data in a zone without leaks is 
mostly constant, but acoustic emission data in a zone with high leakage has significant changes 
between applied pressure magnitudes. 
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Figure 4-12 Evolution of the amplitude spectrum for two sensors located in two 
different areas (with and without leakage). Measurements were obtained 
during an IRLT conducted on the VeRCoRs mockup in 2017. (Henault, et al., 
2018) 

Vertical cracking was observed by visual inspection on the concrete surface in the gusset zone 
in the structures’ early age; the cracks were a result of the geometric discontinuity between the 
raft and the cylinder wall, leading to stress concentrations and localized material failure. Air 
leakage through these cracks increased during each subsequent ILRT. EDF decided to use 
Rayleigh measurements through fiber optic cables embedded throughout the structure to 
determine vertical crack paths.  

Fiber optic cables were embedded throughout the PCCV and connected to data acquisition 
units (DAQs) as shown in Figure 4-13. All fiber optic cables were monitored for temperature and 
strain profiles in the structure, and the gusset fiber optic cable was also used for Rayleigh 
measurements. The Rayleigh measurement DAQ was able to monitor the strain in the fiber 
optic cables. As the cables were embedded in the concrete, strains in the cables measured 
cracks in the concrete including detection, localization, and opening quantification.  
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Figure 4-13 (Left) Rayleigh measurement DAQ. (Center) Fiber optic installations in 
VeRCoRs. (Right) Temperature and strain DAQs. (Henault, et al., 2018) 

Using various data processing techniques, the Rayleigh measurement DAQ was able to 
determine crack widths along the entire length of the fiber optic cables. Figure 4-14a shows the 
location of the fiber optic cables in the gusset. Figure 4-14b and Figure 4-15 show the cracks 
measured with the Rayleigh DAQ. In Figure 4-15, cracks that appear in all three fiber optic 
cables indicate through cracks.  

 

Figure 4-14 (a) Localization of the outer (extrados), middle (median), and inner 
(intrados) fiber optic cables in the gusset zone as presented by EDF. 
(b) Radial map of cracks obtained with Rayleigh measurements at level -
0.2m at 3 different depths. (Henault, et al., 2018) 
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Figure 4-15 Map of cracks obtained with Rayleigh measurements at level -0.2m at 3 
different depths (straight lines) compared with local flow rate 
measurements (dotted lines). Blue zones correspond to zones with 
questionable data for Rayleigh measurements due to noise or fiber cut, 
grey zones correspond to the two buttresses. (Henault, et al., 2018) 

The air leak flow rates in select vertical cracks in the gusset were measured using the device 
shown in Figure 4-16a. The air leak flow rate and the crack opening width are shown in Figure 
4-16b as functions of the pressure during the VeRCoRs VD2 ILRT. 

 
(a) 

 
(b) 

Figure 4-16 (a) Flowrate monitoring installation of a vertical leaking crack in the gusset. 
(b) Flowrate and crack opening as functions of relative pressure during the 
VD2 ILRT. (Henault, et al., 2018) 
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5    OTHER RECENT OR ONGOING RESEARCH INDPENDENT OF NRC 

This section lists selected recently completed research conducted by other research 
organizations and not sponsored by the NRC, which is pertinent to PCCVs including effects of 
creep. The following is provided not as a comprehensive discussion of all related research 
efforts, but to highlight other experimental research projects potentially beneficial for the design 
and maintenance of PCCVs with respect to delamination and concrete creep. 

5.1  Experiment on Post-Tensioned Wall at University of Texas at Austin 

Research was conducted at the University of Texas at Austin (UT Austin) on the behavior of 
curved post-tensioned concrete structures without through-thickness reinforcement (Choi, 
Woods, Hrynyk, & Bayrak, 2017) (Ebrahimkhanlou, Choi, Hrynyk, Salamone, & Bayrak, 2019) 
(Woods, 2016). In the experiment, two curved post-tensioned concrete wall assemblies were 
constructed and tested to delamination failure under monotonically increasing prestressing 
loads as represented in Figure 5-1. The second specimen was twice the size of the first to study 
size effect—reinforcement ratios were held constant. Acoustic emission sensors were included 
to monitor the onset of delamination in PCCVs. No vertical PT was used in the experiment. The 
research focused on: 

• Investigating the structural behavior of curved post-tensioned concrete structures and the 
radial stress distribution owing to the prestressing tendons by: 

o Providing experimental data on curved post-tensioned concrete structures without 
radial reinforcement; 

o Evaluating patterns of crack propagation due to the development of localized 
tensile stresses; 

o Investigating the relationship between the tensile strength of concrete and the 
delamination failure load of curved post-tensioned structures. 

• Classifying and interpreting acoustic emission data in post-tensioned concrete 
containment structures.  

 
Figure 5-1 Schematic of delamination cracking in a post-tensioned concrete 

containment structure. (Ebrahimkhanlou, Choi, Hrynyk, Salamone, & 
Bayrak, 2019) 
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Plans of the two curved post-tensioned walls constructed at UT Austin are shown in Figure 5-2. 
The instrumentation plans for the walls are shown in Figure 5-3. 

 
Figure 5-2 Summary of dimensions and reinforcement details. Duct numbering starts 

from the top duct (e.g., Duct 1 is the top duct). (Choi, Woods, Hrynyk, & 
Bayrak, 2017) 

 
Figure 5-3 Summary of mechanical instrumentation plan including strain gages on the 

vertical reinforcement, out-of-plane deformation sensors, and embedded 
concrete strain gages. (Choi, Woods, Hrynyk, & Bayrak, 2017) 
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The PT loads measured from both ends of the structures revealed a 46.8% friction loss for 
Specimen 1 and a 45.2% friction loss for Specimen 2; these friction losses were greater than 
estimated using design codes. The delamination failures of the walls (shown in Figure 5-4 and 
Figure 5-5) occurred abruptly and were violent/explosive in nature. The delamination failure of 
both specimens initiated approximately at the 15° location of the wall section. The delamination 
crack initiated at the top duct first and propagated toward the bottom duct, possibly due to the 
different boundary conditions at the top and bottom of the wall. The sustained concrete tensile 
stress/tensile capacity ratio for Specimen 1 (smaller) and Specimen 2 (larger) were 0.69 and 
0.55, respectively, indicating a size effect that is seen in most other concrete specimens: larger 
specimens fail at lower normalized stresses than smaller specimens.  

 
Figure 5-4 Specimens after delamination failure: (a) Specimen 1—delamination crack 

formed from 0° to 68°; (b) Specimen 2—delamination crack formed from 0° 
to 78°. (Choi, Woods, Hrynyk, & Bayrak, 2017) 

 
Figure 5-5 Typical sectional crack pattern: (a) Specimen 1 at 15° location; and 

(b) Specimen 2 at 8° location. (Choi, Woods, Hrynyk, & Bayrak, 2017) 
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The vertical strains at the duct locations were monitored to estimate when the internally 
developed bending moments and shear forces led to concrete cracking. The vertical 
reinforcement strain measurements produced near-linear load-strain responses prior to the 
development of longitudinal cracking of the wall at the duct locations as shown in Figure 5-6. 
The normalized tensile stress-vertical strain responses initially showed near-linear trends and 
then the slopes gradually changed. This response is likely indicative of delamination crack 
initiation in the vicinity of the duct. It is assumed that the formation of the first horizontal crack 
approximately coincided with the slope change observed from the tensile stress-vertical strain 
response. The first horizontal crack was estimated to form at approximately 32% of the failure 
load for Specimen 1 and at 50% of the failure load for Specimen 2. Until 87% load for both 
specimens, the slope continued to change due to further cracking. Above ~85% of ultimate 
failure load, the walls quickly delaminated. 

 

Figure 5-6 Measured vertical strains versus normalized tensile stresses: (a) Specimen 
1 and (b) Specimen 2. (Choi, Woods, Hrynyk, & Bayrak, 2017) 

The tensile strength normalized delamination failure load was shown to decrease as the 
specimen size increased. Through-thickness expansions, radial strains, and vertical 
reinforcement strain measurements were found to be good indicators of delamination crack 
initiation and growth. Wall delamination cracks initiated at compressive stress levels between 
0.13 and 0.23f’c, which is significantly less than the 0.35f’c limit provided by ACI 359-15. (ACI-
ASME Joint Committee 359, 2015). 

Eight (8) acoustic emission sensors were installed on Specimen 2 as shown in Figure 5-7. After 
significant post-processing of the test data, not discussed here, the authors were able to 
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distinguish between shear and tensile microcracking. The crack detection information is shown 
in Figure 5-8. The sensors were also able to detect the formation of macro cracks as shown in 
Figure 5-9. According to the work completed at UT Austin, acoustic emission monitoring could 
be used in PCCVs during repair or routine maintenance operations involving tendon 
detensioning, tendon retensioning, or internal pressurizations to detect potential delamination 
cracks.  

 

Figure 5-7 Acoustic monitoring plan and section view of Specimen 2. 
(Ebrahimkhanlou, Choi, Hrynyk, Salamone, & Bayrak, 2019) 
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Figure 5-8 Location of acoustic emission data clusters: (a) cluster 1, before 
delamination; (b) cluster 2, before delamination; (c) cluster 1, after 
delamination; and (d) cluster 2, after delamination. The color map indicates 
the density of clusters. (Ebrahimkhanlou, Choi, Hrynyk, Salamone, & 
Bayrak, 2019) 

 

Figure 5-9 Location of acoustic emission data cluster 3 (macro cracking). 
(Ebrahimkhanlou, Choi, Hrynyk, Salamone, & Bayrak, 2019) 
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5.2  Experiments at Texas A&M University 

5.2.1  Post-Tensioned Slab Experiments 

Texas A&M University, in collaboration with SNL and Idaho National Labs, conducted a study 
focused on observing the effects of concrete creep with three large-scale reinforced concrete 
wall sections (Kelley, 2018). Concrete strain, temperature, and RH values through the 
thickness, as well as the strain in select PT bars, were measured once per hour. The specimens 
are shown in Figure 5-10 through Figure 5-14. The design of Specimen 1 was based on SNL’s 
1:4 experimental specimen (US Nuclear Regulatory Commission, 2003), both with wall 
thicknesses of 33 cm (13 in). Specimen 1 used the same reinforcement ratio as in SNL’s 1:4 
experimental specimen. Specimen 2 was designed with 3x the thickness and 1/3 of the steel 
reinforcement ratios of Specimen 1 to capture the effects of changing geometry and 
reinforcement ratios. The level of applied stress to Specimen 1 and Specimen 2 was effectively 
equivalent. Specimen 3 was constructed to serve as a control specimen, containing no 
reinforcing steel and no PT bars, to determine how the concrete behaves independent of 
applied loads (including post-tensioning loads) and reinforcement. One side of each of the three 
wall specimens was sealed with water-resistant wrapping to mimic 1-dimensional drying in 
typical US PCCVs due to the internal steel liner. The specimens were located outside without 
cover in College Station, TX, USA. The concrete mixture for all specimens was based on the 
VeRCoRs concrete mixture. 

 

Figure 5-10 Texas A&M Specimen 1 dimensions. (Kelley, 2018) 
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Figure 5-11 Texas A&M Specimen 1 post-tensioning bar layout. (Kelley, 2018) 

 

Figure 5-12 Texas A&M Specimen 2 dimensions. (Kelley, 2018) 
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Figure 5-13 Texas A&M Specimen 2 post-tensioning bar layout. (Kelley, 2018) 

 

Figure 5-14 Texas A&M Specimen 3 dimensions (Control Specimen). (Kelley, 2018) 

Data from all operating gages was collected from the day concrete was poured on July 7, 2017 
through September 2019; as of this publication, data was being recorded for the foreseeable 
future. The DAQ system is solar powered with a stand-alone battery and stand-alone recording 
system. All concrete gages experienced a sharp increase in strain (tensile and compressive) 
as a result of the concrete pour. Over the month of curing, the gages stabilized, reflecting 
strains induced from the temperature changes internally. During PT, the x-direction concrete 
gages generally measured compressive strains, whereas the y-direction and z-direction 
gages varied in compression and tension and had much smaller strain magnitudes. There 
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were significant changes in the strain readings during PT steel seating and also some changes 
due to probable early age creep of the concrete. The data (if available) from the concrete strain 
gages at the geometric center of each specimen is shown in Figure 5-15 through Figure 5-20. 
Compressive strains are negative. Daily and seasonal changes in temperature are apparent in 
the data as sinusoids. Seasonal changes are seen as low-frequency sinusoids with one period 
per year; daily changes in temperature are seen as high-frequency sinusoids with one period 
per day. Each gage’s data shows a slow drift between September 2017 and September 2019. 
Some drifts are tensile, and some are compressive. The drift in data is due to two factors: 
concrete drying shrinkage and concrete creep. Specimen 1, the thinnest specimen, is more 
susceptible to drying shrinkage that Specimen 2 and Specimen 3. The X-direction drift strains in 
Specimen 1 and Specimen 2 are compressive, indicating that the combination of both drying 
shrinkage and creep strain caused compressive strains. However, the Z-direction drift strains in 
Specimen 1 and Specimen 2 are opposite: compressive in Specimen 1 and tensile in Specimen 
2. Theoretically, the drying shrinkage strains in the specimens are compressive while the Z-
direction strains are tensile due to the Poisson effect from PT. The compressive Z-direction drift 
strains in Specimen 1 (Figure 5-16) indicate that drying shrinkage is more prominent than the 
Poisson tensile creep strains. The tensile Z-direction drift strains in Specimen 2 (Figure 5-18) 
indicate that, in the larger specimen, the Poisson tensile creep strains are more prominent than 
the drying shrinkage strains. The difference in reinforcement ratios between Specimen 1 and 
Specimen 2 reduce the PT magnitude of the strains but not the drift direction. Specimen 3, 
which has no reinforcement or, is more susceptible to temperature fluctuations. Specimen 3’s 
drift strains are due to drying shrinkage as no PT forces were present to cause significant creep 
strains. 

 

Figure 5-15 Specimen 1 X-direction (horizontal) concrete strain data. Dates are shown 
as Month/Day/Year. Figure courtesy of Dr. Joseph Bracci, Texas A&M 
University. 



5-11 

 
Figure 5-16 Specimen 1 Z-direction (Poisson direction) concrete strain data. Dates are 

shown as Month/Day/Year. Figure courtesy of Dr. Joseph Bracci, Texas 
A&M University. 

 
Figure 5-17 Specimen 2 X-direction (horizontal) concrete strain data. Dates are shown 

as Month/Day/Year. Figure courtesy of Dr. Joseph Bracci, Texas A&M 
University. 

 
Figure 5-18 Specimen 2 Z-direction (Poisson direction) concrete strain data. Dates are 

shown as Month/Day/Year. Figure courtesy of Dr. Joseph Bracci, Texas 
A&M University. 
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Figure 5-19 Specimen 3 Y-direction (vertical) concrete strain data. Dates are shown as 
Month/Day/Year. Figure courtesy of Dr. Joseph Bracci, Texas A&M 
University. 

 

Figure 5-20 Specimen 3 Z-direction (Poisson direction) concrete strain data. Dates are 
shown as Month/Day/Year. Figure courtesy of Dr. Joseph Bracci, Texas 
A&M University. 

5.2.2  Creep Prediction Experiments 

In addition to performing post-tensioned concrete slab experiments, Texas A&M University 
performed cementitious material experiments to improve long-term creep predictions. The 
information presented in this section is summarized from (Baranikumar, Torrence, & Grasley, 
Using Time-Temperature Superposition to Predict Long-Term Creep of Nuclear Concrete, 2019) 
(Baranikumar, Torrence, & Grasley, 3D Creep Response of Nuclear Concrete, 2019). 

As mentioned in Section 2.3.2 , concrete creep is difficult to predict even with accurate concrete 
mixture proportions and known environmental conditions, not to mention the sensitivity of 
concrete creep to temperature. Several publications summarized in (Baranikumar, Torrence, & 
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Grasley, Using Time-Temperature Superposition to Predict Long-Term Creep of Nuclear 
Concrete, 2019) indicate that concrete behaves as a thermo-rheologically simple material: 
during similar deformation processes at different temperatures, the same sequence of molecular 
events occur with different speed and can be correlated using temperature dependent shift 
factors. The shift factor is not necessarily a linear function of temperature (i.e., the rate at which 
events occur between 20°C and 40°C need not be the same as the rate between 40°C and 
60°C). In concrete, the slope of creep strain against temperature is not linear between 27°C and 
100°C because the rate of increase of creep accelerates as the temperature increases.  

The temperature properties of thermo-rheologically simple materials can be used to describe 
the material behavior at various time or temperature scales using the time-temperature 
superposition principle (TTS). TTS is used to determine temperature-dependent mechanical 
properties for various thermo-rheologically simple materials from known properties at a 
reference temperature. In essence, the creep behavior of concrete at 80°C in a short-term test 
can be used to predict the behavior of the same concrete at 20°C for long-term applications. 
Creep tests can be performed on a specific concrete mixture at various temperatures, and the 
data from all tests can be post-processed into a single master curve for a given temperature. 

The creep experimental work at Texas A&M University described in this section used mortar 
specimens with mixture proportions designed based on the VeRCoRs mockup. Mortar cylinder 
specimens were subjected to uniaxial creep tests at various temperatures: 20°C, 60°C, and 
80°C. The average creep strain data at different temperatures is presented in Figure 5-21. 
Creep compliance curves were generated from the data, and the fitted creep compliance curves 
obtained at 60°C and 80°C were shifted along the logarithmic time axis to obtain a master curve 
at 20°C as shown in Figure 5-22. 

 

Figure 5-21 Average creep strain data at different temperatures. Figure courtesy of 
IASMiRT. (Baranikumar, Torrence, & Grasley, Using Time-Temperature 
Superposition to Predict Long-Term Creep of Nuclear Concrete, 2019) 
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(a) 

 
(b) 

Figure 5-22 (a) Creep compliance functions shifted along the logarithmic time axis; 
(b) Master curve of creep compliance using TTS. Figures couresty of 
IASMiRT. (Baranikumar, Torrence, & Grasley, Using Time-Temperature 
Superposition to Predict Long-Term Creep of Nuclear Concrete, 2019) 

Using the TTS technique, the creep compliance of mortar specimens measured at temperatures 
up to 80°C for a period of 200 days were used to obtain a master curve to predict long-term 
creep compliance corresponding to 6000+ days at 20°C.  

5.3  Other Research Conclusions 

• There are several PCCV monitoring and NDE techniques that have been successfully 
implemented in experiments and/or are in development. Many of these techniques can be 
used on or added to existing PCCVs. 

• EPRI has constructed various concrete mockups constructed with defects. The mockup 
defects included delamination, horizontal or vertical cracks, voids of various sizes, and 
honeycomb defects (a void in concrete that is filled with a loose or solid material but is 
distinctly separated from the surrounding concrete). While the reviewed NDE techniques 
performed with varying accuracy and precision, the concept of concrete mockups 
specifically designed with included defects is a valuable method to verify and validate NDE 
techniques prior to performing inspections in NPPs. 

• UT Austin has performed experiments on curved post-tensioned walls and has shown that 
wall delamination cracks initiated at compressive stress levels between 0.13 and 0.23f’c, 
which is significantly less than allowable 0.35f’c limit at initial prestress (before losses) 
provided in the ASME BPVC, Section III, Division 2, Part CC-3431. 

• According to the work completed at UT Austin, acoustic emission monitoring could be used 
in PCCVs during repair or routine maintenance operations involving tendon detensioning, 
tendon retensioning, or internal pressurizations to detect potential delamination cracks 

• Texas A&M University is performing experiments to study concrete creep effects in post-
tensioned concrete slabs. Thin slabs are more impacted by drying shrinkage than by 
concrete creep, while thick slabs are more impacted by concrete creep than by drying 
shrinkage.  
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• Texas A&M University has shown that creep tests can be performed on a specific concrete 
mixture at various temperatures, and the data from all tests can be post-processed into a 
single master curve for a given temperature. This allows concrete creep data gathered over 
a limited amount of time to be accurately extrapolated over a significantly longer amount of 
time. 
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6    CONCLUSIONS 

The U.S. NPP fleet is experiencing aging and degradation. NPPs undergo inspections to 
determine adequate intended performance and to search for potential degradation. While most 
degradation events are routine and can be corrected with relatively less effort, degradation of 
prestressing system, if it were to occur, could require more rigorous corrective actions.  

6.1  Literature Review Conclusions 

• The effects of concrete creep and particularly concrete creep rupture on aging PCCVs have 
been little studied before this report. This report presents a thorough review of concrete 
creep, concrete creep rupture, and case summaries of post-tensioned concrete structures 
that have suffered from concrete creep effects. 

• Post-tensioned concrete structures are susceptible to creep effects that may not have been 
adequately predicted during design.  

• Design practices attempt to limit the stresses in concrete to stresses below what required 
for the occurrence of concrete rupture. Tertiary creep and creep rupture will not occur if the 
concrete stress remains below a specific threshold. However, if continuing concrete creep 
causes excessive deformations, the threshold stress in either compression or tension may 
be exceeded. Concrete creep rupture is more probable at 70%, and significantly more 
probable at stresses above 75% of ultimate uniaxial capacity in either compression or 
tension. 

• As of this publication, there is little research or literature on temperature effects on concrete 
creep rupture. 

• The ASME BPVC Section III Division 2 (ASME, Boiler Pressure Vessel Code Section III, 
2019) prohibits the reliance on concrete tensile strength to resist the external loads and 
moments or the forces and moments resulting from internal self-constraint. However, no 
radial reinforcement was required in the PCCV wall prior to 2019, leaving the concrete 
unreinforced in an area subject to tensile stresses.  

• PCCVs are subject to many degradation mechanisms ranging from individual material 
phenomena to system-wide issues. Every instance of a potential issue in a PCCV should 
be analyzed by an expert to determine the severity of the situation. 

6.2  Simulation Conclusions 

• When RH data was available, the VeRCoRs simulation results aligned well with 
experimental data. Missing RH data skewed the simulation results away from the 
experimental data.  

• The implementation of the Bažant B3 concrete creep model (with its correction factor) into 
the simulation via a Prony series was successful in modeling the creep response of the 
PCCV. It should be noted that calibration of the B3 concrete creep model was required, and 
the calibration technique is included in the B3 model publication. Figure 3-53 indicates that 
the creep response was required to match experimental data.  
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• The implementation of concrete drying shrinkage strains using Fick’s 2nd Law of diffusion 
via the ABAQUS thermal equation was successful in modeling the concrete drying 
shrinkage response of the PCCV. Figure 3-53 indicates that drying shrinkage was required 
to match experimental data. 

• The mechanical response of the PCCV to the internal pressurizations in the simulation 
matched the experimental response as shown in Figure 3-51 and the calculations 
performed by Moffatt & Nichol as shown in Figure 3-52. 

• The Moffatt & Nichol analysis indicates that the PCCV strains are likely within design limits 
during pressurizations at design pressure, and no significant cracking is expected. 
However, their analysis was limited to a minimally discretized global response, and they 
anticipated the need for enhanced discretization to capture radial creep strains. 

• The PCCV thin-slice analysis, which is representative of the VeRCoRs PCCV with finer 
discretization, clearly indicates the tensile stress and tensile creep strain zones in the radial 
direction in the PCCV wall.  

• In the PCCV thin-slice analysis, the creep strains immediately behind the post-tensioning 
tendons are on the same order of magnitude as the elastic response strains at the same 
location, but the creep strains are ~5x larger than the elastic strains. The creep strains from 
post-tensioning being significantly larger than the elastic strains indicate that creep could be 
an issue in PCCVs that do not have radial reinforcement.  While these strains are all likely 
too small to cause delamination failure without exacerbation, they do provide a layer of 
increased tensile strain that could be a weakness in the structure.  

• The limited scope SIA/SSC analyses indicate that cascading delamination events can 
occur under certain circumstances when a local defect is introduced. However, not all 
structural defects in the delamination plane may lead to cascading delamination events 
such as seen at Crystal River. If a local defect is introduced into the structure just after 
initial tensioning, a cascade delamination may occur. If a local defect is introduced into the 
structure significantly after initial tensioning, a cascading delamination event may not occur. 

• The SIA/SSC differential creep analyses, wherein a lower creep factor was assigned to the 
outer concrete elements, caused a delamination failure to occur during the creep steps. 
This material scenario could potentially exist if a large thermal or humidity gradient exists 
radially across the PCCV concrete. A large humidity gradient is not expected due to the 
extremely low transport properties in mass concrete, but a thermal gradient scenario may 
warrant further investigation. 

• Additional research can better determine the conditions in which these radial strains and 
creep effects could lead to initiation of delamination. 

6.3  Nondestructive Evaluation, Monitoring, and Other Research Conclusions 

• There are several PCCV monitoring and NDE techniques that have been successfully 
implemented in experiments and/or are in development. Many of these techniques can be 
used on or added to existing PCCVs. 

• EPRI has constructed various concrete mockups with defects. The mockup defects 
included delamination, horizontal or vertical cracks, voids of various sizes, and honeycomb 
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defects (a void in concrete that is filled with a loose or solid material but is distinctly 
separated from the surrounding concrete). While the reviewed NDE techniques performed 
with varying accuracy and precision, the concept of concrete mockups specifically designed 
with included defects is a valuable method to verify and validate NDE techniques prior to 
performing inspections in NPPs. 

• UT Austin has performed experiments on curved post-tensioned walls and has shown that 
wall delamination cracks initiated at compressive stress levels between 0.13 and 0.23f’c, 
which is significantly less than allowable 0.35f’c limit at initial prestress (before losses) 
provided in the ASME BPVC, Section III, Division 2, Part CC-3431. 

• According to the work completed at UT Austin, acoustic emission monitoring could be used 
in PCCVs during repair or routine maintenance operations involving tendon detensioning, 
tendon retensioning, or internal pressurizations to detect potential delamination cracks 

• Texas A&M University is performing experiments to study concrete creep effects in post-
tensioned concrete slabs. Thin slabs are more impacted by drying shrinkage than by 
concrete creep, while thick slabs are more impacted by concrete creep than by drying 
shrinkage.  

• Texas A&M University has shown that creep tests can be performed on a specific concrete 
mixture at various temperatures, and the data from all tests can be post-processed into a 
single master curve for a given temperature. This allows concrete creep data gathered over 
a limited amount of time to be accurately extrapolated over a significantly longer period of 
time.  
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APPENDIX A  

This appendix presents the strain gage data given by EDF for the VeRCoRs mockup as well as 
comparisons between the EDF data and simulation results. Strain gage experimental data was 
not provided for H2IT, M3EV/ET, M4IV/IT, M7EV/ET, or M8IV/IT. 

A.1  EDF Strain Gage Data 

This section presents the raw VeRCoRs EDF strain gage data. 

 

Figure A-1 EDF strain gage data for C95R and C195R. 
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Figure A-2 EDF strain gage data for E95R and E195R. 

 

Figure A-3 EDF strain gage data for G1IV and G1IT. 
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Figure A-4 EDF strain gage data for G2EV and G2ET. 

 

Figure A-5 EDF strain gage data for F1IV and F1IT. 
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Figure A-6 EDF strain gage data for F2EV and F2ET. 

 

Figure A-7 EDF strain gage data for H5EV and H5ET. 
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Figure A-8 EDF strain gage data for H6IV and H6IT. 

 

Figure A-9 EDF strain gage data for P1ET and P1EV. 
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Figure A-10 EDF strain gage data for P2IV and P2IT. 

 

Figure A-11 EDF strain gage data for H1EV, H1ET, and H2IV. 
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Figure A-12 EDF strain gage data for I94EM and I194EM. 

 

Figure A-13 EDF strain gage data for I94IM and I194IM. 
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Figure A-14 EDF strain gage data for J1EM and J1ET. 

 

Figure A-15 EDF strain gage data for J2IM and J2IT. 
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A.2  EDF Strain Gage Data Compared to Simulation Results 

This section presents the raw VeRCoRs EDF strain gage data compared to the simulation 
results. 

 
Figure A-16 Comparison strain gage data for C95 and C195R. 
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Figure A-17 Comparison strain gage data for E95R and E195R. 

 

Figure A-18 Comparison strain gage data for G1IV and G1IT. 

 

Figure A-19 Comparison strain gage data for G2EV and G2ET. 
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Figure A-20 Comparison strain gage data for F1IV and F1IT. 

 

Figure A-21 Comparison strain gage data for F2EV and F2ET. 
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Figure A-22 Comparison strain gage data for H5EV and H5ET. 

 

Figure A-23 Comparison strain gage data for H6IV and H6IT. 
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Figure A-24 Comparison strain gage data for P1EV and P1ET. 

 

Figure A-25 Comparison strain gage data for P2IV and P2IT. 
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Figure A-26 Comparison strain gage data for H1EV, H1ET, and H2IV. 

 

Figure A-27 Comparison strain gage data for I1_94EM and I1_I194EM. 
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Figure A-28 Comparison strain gage data for I2_94IM and I2_I194IM. 

 

Figure A-29 Comparison strain gage date for J1ET and J1EM. 
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Figure A-30 Comparison strain gage data for J2IM and J2IT. 
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APPENDIX B  

Operational Plants with Post-Tensioned Concrete Cylinder Vessel (PCCV) 

Number  Reactor Name  Status  Primary 
Containment  Construction Type  

 
1 Arkansas Nuclear 1 Operational  Large Dry  Post-Tensioned Concrete   

2 Arkansas Nuclear 2 Operational  Large Dry  Post-Tensioned Concrete   

3 Braidwood 1 Operational  Large Dry  Post-Tensioned Concrete   

4 Braidwood 2 Operational  Large Dry  Post-Tensioned Concrete   

5 Byron 1 Operational  Large Dry  Post-Tensioned Concrete   

6 Byron 2 Operational  Large Dry  Post-Tensioned Concrete   

7 Callaway Operational  Large Dry  Post-Tensioned Concrete   

8 Calvert Cliffs 1 Operational  Large Dry  Post-Tensioned Concrete   

9 Calvert Cliffs 2 Operational  Large Dry  Post-Tensioned Concrete   

10 Farley 1 Operational Large Dry Post-Tensioned Concrete  

11 Farley 2 Operational Large Dry Post-Tensioned Concrete  

12 Fort Calhoun Operational  Large Dry  Post-Tensioned Concrete   

13 Ginna Operational  Large Dry  Post-Tensioned Concrete   

14 H.B. Robinson 2 Operational  Large Dry  Post-Tensioned Concrete   

15 Joseph M Farley 1 Operational  Large Dry  Post-Tensioned Concrete   

16 Joseph M Farley 2 Operational  Large Dry  Post-Tensioned Concrete   

17 La Salle 1 Operational  Large Dry Post-Tensioned Concrete  

18 La Salle 2 Operational Large Dry Post-Tensioned Concrete  

19 Millstone 2  Operational  Large Dry  Post-Tensioned Concrete   

20 Ocnee 1 Operational  Large Dry  Post-Tensioned Concrete   

21 Ocnee 2  Operational  Large Dry  Post-Tensioned Concrete   

22 Ocnee 3  Operational  Large Dry  Post-Tensioned Concrete   

23 Palisades  Operational  Large Dry  Post-Tensioned Concrete   

24 Palo Verde 1 Operational  Large Dry  Post-Tensioned Concrete   

25 Palo Verde 2 Operational  Large Dry  Post-Tensioned Concrete   

26 Palo Verde 3 Operational  Large Dry  Post-Tensioned Concrete   

27 Point Beach 1 Operational  Large Dry  Post-Tensioned Concrete   

28 Point Beach 2 Operational  Large Dry  Post-Tensioned Concrete   

29 South Texas Project Operational  Large Dry  Post-Tensioned Concrete   

30 South Texas Project Operational  Large Dry  Post-Tensioned Concrete   

31 Summer 1 Operational  Large Dry  Post-Tensioned Concrete   

32 Three Mile Island 1  Operational  Large Dry  Post-Tensioned Concrete   

33 Turkey Point 3 Operational  Large Dry  Post-Tensioned Concrete   
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34 Turkey Point 4 Operational  Large Dry  Post-Tensioned Concrete   

35 Vogtle 1 Operational  Large Dry  Post-Tensioned Concrete   

36 Vogtle 2 Operational  Large Dry  Post-Tensioned Concrete   

37 Wolf Creek  Operational  Large Dry  Post-Tensioned Concrete   
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APPENDIX C  

This appendix includes a list of reactors and concrete component degradation occurrences as listed in NUREG/CR 4652 (Oak Ridge 
National Laboratory, 1986). 

Reactor Plant Docket No. 
Year of 

commercial 
operation 

Year of 
occurrence Summary description 

Yankee Rowe 50-29 1961 1967 A 15 ft. shrinkage crack, covered with fiberglass and recoated 

San Onofre 1 50-206 1968 1976 
Voids at 14 locations in diesel generation building center wall; 

areas from 1ft2  with 3-4 in penetration to several square feet with 
full penetration; repaired with dry pack, grout, or concrete 

Ginna 50-244 1970 1981 Excessive loss of pre-stressing, tendons re-tensioned with no 
recurrence noted in subsequent inspections 

Indian Point 2 50-247 1974 1974 Concrete temperature local to hot penetration > 150 °F but < 200 
°F, no safety problem due to relatively low periods of exposure 

Turkey Point 3 50-250 1972 

1968 Voids below containment wall and near reactor pit, repaired with 
high-strength grout, guniting, or dry packing 

1970 Dome delamination; delaminated concrete removed, additional 
rebars provided, concrete replaced 

1974 Grease leakage from 110 of 832 tendons at casing, tendon 
casings repaired and refilled 

1975 
Concrete spalling at horizontal joint at containment ring girder with 

cavities 1 to 2 in wide by 3 to 4 deep, no threat to structural 
integrity, repaired by dry packing 

1982 Small void under equipment hatch barrel, no threat to structural 
integrity, repaired by grouting 

Turkey Point 4 50-251 1973 1981 Approximately 0.4 ft2 of concrete with inadequate fines, area 
removed and refilled with concrete 

Palisades 20-255 1971 1975 63 of 3780 buttonheads inspected found split, no threat to 
structural integrity 

Fort St. Vrain 50-267 1979 1984 

Tendon wire failures noted because of tendon corrosion caused 
by microbiological attack of corrosion inhibitor, analysis revealed 

sufficient tendons intact to provide structural integrity, and 
surveillance increased, and tendons inserted by nitrogen blanket 
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Oconee 2/3 50-270/278 1974 
1982 

During final reactor building interior inspection, 2 vertical tendons 
in secondary shield wall of unit 2 were found failed and some 

tendons in units 2 and 3 were exhibiting corrosion near stressing 
washers; tendons are not required to meet shield wall functions 
but were replaced and bottom grease caps redesigned to permit 

water drainage; surveillance was increased 

1983 4 tendons in reactor building found ungreased, tendons inspected, 
and grease applied 

Peach Bottom 2/3 50-277/278 1974 1969 
Aluminum pipe used to place concrete caused concrete strength 
reduction up to 50%, low-strength concrete in biological shield 

wall and floor slab of turbine building replaced 

Surry 1 50-280 1972 1979 
Cracking in concrete supports for 2 heat exchangers caused by 

thermal expansion of heat exchanger shells, cracks repaired and 
supports modified 

Three Mile Island 1 50-289 1974 

1975 2 of 6 concrete footings for rigid pipe supports cracked due to 
design deficiency, footings were replaced using a new design 

1974 
Cracking < 0.010 in. wide in containment building ring girder and 

around tendon bearing plates, cracks repaired and monitored 
during subsequent surveillance 

Zion 1 50-295 1973 1972 

Excessive pitting observed in some tendon wires of unit 2 during 
installation, cause was outdoor storage in conjunction with high 

precipitation and inadequate protection, defective tendons 
replaced 

Crystal River 3 50-302 1978 

1974 
28 day concrete strength was low  due to failure of cement to 

meet specifications; design review revealed strength attained to 
be adequate; cement inspection increased 

1976 

Dome delaminated over 105 ft. area due to low concrete 
properties, radial tension due to pre-stressing, and biaxial failure 
criterion; upper delaminated section removed, additional rebars 
provided, concrete replaced, dome re-tensioned, and structural 

integrity test conducted 

Salem 2 50-311 1981 1974 
Incomplete concrete pour near equipment hatch due to use of 

wrong concrete mix, voids repaired with high-strength non-shrink 
grout 

Rancho Seco 50-312 1975 1974 Concrete surface temperature >150 °F during initial power 
escalation 
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Cook 1/2 50-315/316 1975/1978 1974 
Cracking in spent fuel pit wall and slabs framing into pit walls, 

cause was thermal expansion and hydrostatic pressure, no threat 
to structural integrity 

Calvert Cliffs 1/2 50-317/318 1975/1977 1971/1972 

11 of top bearing plates of units 1 and 2 depressed into concrete 
because of voids; 190 plates of each containment exhibited voids 

upon inspection; tendons de-tensioned, plates grouted and 
tendons re-tensioned 

Three Mile Island 2 50-320 1978 

1974 

4 of 6 sets of compression cylinders had low f'c because of 
mishandling and inventory control at cement silo, 90-d strengths 

were acceptable and concrete in-place determined to have 
adequate strength; cement storage and sampling techniques 

improved 

1975 

Void 3in. high x 6 ft. wide x ( 3 to 5 ft.) deep occurred in south 
exterior wall of fuel-handling building, cause was improper 

placement, void determined not to be a threat to structural or 
shielding effectiveness; void refilled 

1976 
Void 3 to 4 ft. into concrete 1.5 ft. high by 6 to 8 ft. wide in north 
exterior wall of fuel transfer canal, void repaired, no structural or 

shielding effectiveness threat 

Hatch 1 50-321 1975 

1981 Cracks in concrete wall around base plate 

1981 
Concrete in pedestal for several recirculation line snubbers 

exhibited spalling and cracking due to design deviation, 1 in. 
plates with 4 wedge anchors installed on top of existing plates 

Shureham 50-322 UC 1974 
Unconsolidated and honeycombed areas in first lift of reactor 

support pedestal, voids repaired after determining that they were 
not a threat to structural integrity, placement procedures improved 

Brunswick 1/2 50-324/325 1977/1975 1974 

Voids occurred behind liner during construction of suppression 
chamber, grout injected into voids through holes drilled in liner, 

some grout in unit 1 did not harden but was left in place to provide 
limited resistance 

Sequoyah 2 50-328 1982 1978 

Concrete in outer 1 to 2 in. of unit 2 shield building was 
understrength because of exposure to freezing temperatures at 

early concrete age, determined not to affect shield building 
capability 

Midland 2 50-330 Cd 1975 Rebar spacing deficiencies in reactor containment building, 
determined error not significant enough to affect safety 
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Duane Arnold 50-331 1974 1974 Hairline cracks in floor under torus, cracks permitted to self-heal 

Fitzpatrick 50-333 1975 1973 

Horizontal crack from hairline to 3/8 in. wide in reactor pedestal 
extending into concrete 9 to 30 in., cause believed to be welding 

procedure causing tension; structural integrity of pedestal not 
impaired, crack sealed by epoxy injection 

Beaver Valley 1 50-334 1977 1982 
Void 37 in. long x 3 ft. deep in outer containment wall in concrete 
ring around equipment hatch, no threat to structural integrity, void 

repaired 

St. Lucie 1 50-335 1976 

1974 

Concrete spalled because of scaffolding fire in annulus between 
containment vessel and shield building, area affected ~ 11ft. X 2 

ft. x 1in., temperature reached 300 to 350 °F inflicting only 
superficial damage, spalled are replaced 

1978 
Hairline crack ~ 1/24 in. wide by 39 in. long in east wall of reactor 

containment refueling canal near embedded steel plate, crack 
repaired by grouting and column added to support platform girder 

North Anna 2 50-339 1980 1974 

Cracks > 1/16 in. in containment floor slab occurred around 
neutron shield tank anchor bolts, following pressure testing of seal 
chambers, cause was inadvertent pressurization, cores showed 

cracks extended into concrete vertically, cracks no structural 
threat, routed and sealed to prevent fluid penetration 

Ferni 2 50-341/342 1985 

1972 

Cracks < 1/32 in. wide in basement floor slab permitted 
groundwater to seep into building, cracks caused by shrinkage, 
cracks repaired by pressure grouting after determining that they 

were no threat to structural integrity 

1984 
Voids detected around one of auxiliary building watertight doors, 
defective concrete removed by chipping and area grouted, other 

doors inspected 

Davis Besse 1 50-346 1977 1982 
2 concrete expansion anchors  and upper part of base plate 

pulled from wall ~ 3/8 in. because of improper installation, anchors 
replaced and torque checked 

Farley 1 50-348 1977 
1985 Cracks detected in 6 containment tendon anchors during refueling 

outage 

1980 Portions of unit 1 walls had areas where vertical reinforcing and 
grout were missing, corrective action taken 
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San Onofre 3 50-362 1984 1983 
Tendon liftoff force in excess of maximum value listed in technical 
specifications, cause was lower relaxation rate than expected, no 

threat to structural integrity 

Farley 2 50-364 1981 1985 

3 anchors heads on bottom ends of vertical tendons failed and 18 
cracked with several tendon wires fractured, occurred about 8 

years after tensioning, cause attributed to hydrogen stress 
cracking, all tendons and anchors heads from same heat 

inspected with no further problems noted, 20 tendons replaced 

Hatch 2 50-366 1979 

1979 
Approximately 10% of failures occurred during testing of 183 

anchor bolts because of improper installation, failed bolts replaced 
with wedge anchors 

1982 

Main steam pipe hangers had significant concrete spalling around 
embedded plate with concrete missing 2in. adjacent to plate, 

cause was defective concrete material or faulty placement, plate 
redesigned 

McGuire 1 50-369 1981 1976 

2 buttonheads failed during stressing of CRDM missile shield 
tendons at underside of bottom plate and 2 wires failed in another 

tendon near base anchor, additional failed wires found during 
checking, cause was excessive corrosion, design modified to 
replace tendons with 1 3/8 in. threaded rods that were grouted 

into place 

La Salle 1/2 50-373/374 1982/1984 1976 

Low concrete strength at 90 d, in-place strength determined 
acceptable from cores and cement contents for future pours 

increased, strength low in only small percent of pours so did not 
threaten structural integrity 

Waterford 3 50-382 1984 

1976 

Improper concrete placing sequences used in foundation met 
forming a cold joint and not achieving stepped bedding planes, 

core drilling revealed fine cracks and honeycombed areas, 
defective concrete removed and replaced, supervision and 

inspection increased 

1976 
Improper placement of concrete in reactor auxiliary building 
interior wall resulted in honeycombed areas, voids, and cold 

joints; unsound concrete removed and repaired 

1977 Crane boom fell during construction on common foundation 
structure wall causing concrete cracking and spalling over area 12 
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in. x 4 in. x 1 in., rebars and concrete removed and replaced over 
entire height of damaged area for a length of 31 ft. 

1977 
Low concrete compressive strength in 5.5 yd3 of concrete in wall 
contiguous with portion of condensate storage pool wall and wall 

of refueling water pool 

1977 
Low concrete strength in reactor auxiliary building slab, cores 
yielded satisfactory strength, amount of sand in future mixes 

increased as well as mixing requirements 

1984 
Spalled concrete observed in corbel exposing and displacing 

rebars and cracking in plane of anchor bolts, no loss of structural 
support, area repaired 

Susquehanna 1/2 50-387/388 1983/1984 1976 

Coarse aggregate with excessive fines used because of quality 
control deficiency, concrete strength exceeded requirements so 

structural integrity not affected, aggregate material for future 
batches replaced 

Summer 1 50-395 1984 

1976 

Voids located behind liner plate of reactor containment building 
wall, windows cut in liner revealed voids up to 8.5 in. deep, cause 
was use of low slump concrete with insufficient compaction, voids 

chipped and cleaned to sound concrete, filled with non-shrink 
grout and liner repaired with all welds leak tested 

1977 

Excessive heat from welding caused liner attached to concrete on 
inside face of concrete primary shield wall cavity to buckle and fail 
stud anchors and crack concrete, liner and concrete to depth of 6 
in. removed, new liner plate welded in place and space filled with 

high-strength grout 

Hanford 2 50-397 1966 1973 Deficiency in vertical cad weld splice sleeves in reactor building 
mat 

Catawa 2 50-414 UC 1976 
Cement used in reactor building base slab had been 

contaminated by fertilizer, 7 d strengths exceeded 28-d design 
values, cement feed transferred to another silo 

Grand Gulf 1/2 50-416/417 1984/UC 

1975 7 of 19 cylinders for control building base slab  concrete did not 
meet 28-d design strength, 90-d values were acceptable 

1976 
Voids found beneath drywell wall embed and shear key because 
of too stiff concrete mix; holes drilled through embed and used to 
fill voids with high strength grout; voids below shear key repaired 
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by removing central portion of plate, chipping to good concrete, 
adding rebars, replacing concrete and liner, and leak testing liner 

Bellefonte 1/2 50-438/439 UC 

1984 
Expansion shell anchor failures occurred in control building 
concrete because of low surface concrete strength, anchors 

replaced by more deeply embedded bolts or grouted anchors 

1976 
8 rock anchor heads failed during construction because of 

possible stress corrosion cracking, anchor heads replaced with 
cleaner steel 

Seabrook 1/2 50-443/444 UC/C 1983 

Cracking occurred in walls at end of stiffening slabs separating 
pump cells in category 1 service water and circulating water 

pumphouse, cause was shrinkage and temperature variations, 
stiffening slabs were modified 

Commanche Peak 
1/2 50-445/446 UC 

1975 Cold joint formed in reactor mat, concrete removed, rebars 
exposed and new joint poured 

1976 

Voids 3/8 to 5/8 in. found under sump plates in concrete base 
mat, voids filled with neat cement grout using holes drilled through 

plates 
 

 
1976 

Concrete not properly compacted around one of valve isolation 
embeds forming a void, faulty material removed by chipping and 

replaced by mortar or concrete 

1976 

Inadequate concrete compaction under containment wall for 190 
ft. at 6 to 7 ft. below the top of the mat, 12 by 20 ft area south of 
reactor pit, 6 by 12 area south of north sump and 4 by 6 ft. area 

north of north sump; core holes drilled for inspection in 
conjunction with analytical evaluations revealed base mat was 
adequate for all loading conditions; cores filled with mortar and 

interconnecting voids grouted 

1976 Excessive mortar used in concrete placement in preparing joint at 
reactor cavity wall, not determined to be structurally detrimental 

1976 
Fresh concrete placed in area of standing water, because 

concrete forced water ahead of placement, it was not considered 
detrimental, excess water removed 

1976 Hardened concrete observed splattered on rebars, extent of 
occurrence considered minor with bond reduction insignificant 
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Byron 1 50-454 1984 1979 
4 anchor head failures occurred in first year after stressing, cause 
was use of vanadium grain refinement process in conjunction with 

temperatures not high enough 

Clinton 50-461 UC 1984 

Embed plate on outside of drywell wall pulled from concrete 
because a failure of several Nelson studs occurring as result of 
weld shrinkage, concrete excavated along plate edges, embed 

plate redesigned and grout placed into area where concrete was 
removed 

Wolf Creek 50-482 1985 

1978 

Low concrete strength in reactor building base mat with some 90-
d values below 28-d values, in-situ strength tests indicate 

concrete exceeded design values and low 90-d strengths were 
due to testing conditions 

1978 
Voids up to 6 ft. wide and through-wall thickness occurred under 

equipment and personnel hatches in reactor containment building, 
voids repaired, and quality assurance program updated 

Callaway 1 50-483 1985 1977 

19 randomly located areas of honeycombing extending to bottom 
layers of rebar in reactor building base mat in annular area of 
tendon access area, cause was use of low slump concrete in 
congested area, defective material removed from 33 of 172 

tendons and voids repaired 

South Texas 1/2 50-498/499 UC 

1977 Crack in fuel handling building wall due to shrinkage, no structural 
significance 

1977 
Rebars improperly located in buttress region of unit 1 

containment, detailed analysis of as-built condition determined 
that no safety hazard to public occurred 

 
 
 

1978 

Unconsolidated areas occurred in bottom surface of concrete slab 
in south unit 1 fuel-handling building; material removed by 

chipping to expose rebars, surface was epoxy-sealed followed by 
epoxy injection and a combination of dry packing  and epoxy 

injection 

1978 

Voids occurred behind liner plate of unit 1 reactor containment 
building exterior wall because of planning deficiencies, long pour 

time and several pump breakdowns; sounding and fiberoptic 
exam through holes drilled in liner plate were used to determine 

extent, areas were repaired by grout injection 
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1979 

Voids were detected in 12 areas behind liner plate of reactor 
containment building exterior wall with cause being attributed to 

temporary weldments, normal concrete settlement/shrinkage, and 
liner movement; construction and quality control procedures 

strengthened 

1983 

Rust and pitting were observed on tendons for units 1 and 2 while 
in storage at fabricating plant, cause was delayed and improper 

corrosion inhibitor application and storage in a facility without 
temperature and humidity control; detailed exam of 14 tendons 

revealed pitting up to > 0.4 mm but strength and ductility 
exceeded limits; damage tendons were replaced and controlled 

storage conditions utilized with properly applied corrosion inhibitor 

Palo Verde 2/3 50-529/530 UC 1984 
Honeycombing around vertical tendon sheath block outs with 
most voids at buttress/ shell interface above last dome hoop 

tendon, condition was localized so area repaired 

Marble Hill 50-546 Cd 

1979 High concrete pour rate may have bowed liner 

1979 A 12in. void extending 20 x 4.5 ft. in axial direction in base slab for 
auxiliary building, void repaired by shotcrete injection 

1979 

Numerous surface defects (~4000) and inadequate patching 
resulting from poor concrete compaction and improperly prepared 
construction joints; breakdown in quality control and construction 

management attributes as cause; internal concrete inspection 
revealed it to be of high quality with higher than required strength; 
patches removed and replaced using good construction practices; 

providing good workmanship is used in repair and procedures 
followed, consultants determined structural integrity and shielding 

requirements should be met. 
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