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A B S T R A C T

Alkali silica reaction (ASR) is a nefarious one that has been observed in many dams. Its recent discovery in a
nuclear containment vessel structure (NCVS) in the U.S. has taken the industry by surprise, and has spurred
much interest. Of particular concern is whether the degraded concrete will result in diminished resistance to
seismic excitation of a NCVS.
This three parts paper will first contextualize fragility analysis within the general framework of the Seismic

Probabilistic Risk Assessment (SPRA) described by the Nuclear Regulatory Commission (NRC). Also reviewed are
the challenges confronting the nuclear industry in the twenty first century. The second part is an extensive
literature survey on published work related to seismic analysis of NCVS. Finally, the third part will develop a
detailed seismic analysis of a fictitious NCVS suffering from ASR. Starting with the theoretical underpinning and
concluding with the structure capacity and fragility curves.
The study will show that ASR can reduce the structural capacity of a NCVS, and the impact will be much

greater for high probability low intensity ground motions (such as the operating based one) than for the low
probability high intensity ones.

1. Introduction

1.1. Motivation

This paper introduction is best accomplished by quoting ASCE 4-16
(2016).

Regulatory government agencies are frequently faced with decisions re-
lated to the seismic design of operating nuclear facilities…As new in-
formation becomes available, the design basis may be challenged. …
Because of its pervasive nature, an earthquake will“seek out” facility
vulnerabilities…At issue is whether the changes can be accommodated
within the inherent capacity of the original design or whether facility
modifications are required…. current design practice does not provide a
picture of the actual margin to failure, nor does it provide enough in-
formation to make realistic estimates of seismic risk…The seismic
probabilistic risk assessment (SPRA) is an integrated process that in-
cludes consideration of the uncertainty and randomness of the seismic
hazard, structural response, and material capacity parameters to give a
probabilistic assessment of risk.

Until fairly recently, the only imaginable new information was in-
creased ground motion records and results of internal or external
stressors. Though potential concrete degradation (e.g. alkali silica re-
action; ASR) in a nuclear containment vessel structure (NCVS) has long
been recognized (Graves et al., 2013), there were no provisions to
handle this situation. Hence, when ASR was found in an NCVS, industry
and regulatory agencies entered into uncharted territory with (to the
best of the authors’ knowledge) practically no input from the research
community.
Such is the motivation for this paper.

1.2. Role of Fragility Analyses within the Probabilistic Risk Assessment 1

Whereas this manuscript focuses on the seismic capacity and fra-
gility analysis, it is important to contextualize their role inside the
broader scope of a seismic probabilistic risk assessment (SPRA) which is
a well-established methodology within the nuclear industry.
Probabilistic risk (or safety) assessment (PRA) consists of an analysis

of the operations of a particular nuclear power plant (NPP), which fo-
cuses on the failures or faults that can occur to components, systems or
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structures, and that can lead to damage and ultimately to the release of
radioactive material, especially the fission products and actinides
within the reactor fuel (Beckjord et al., 1993). Hence, the analysis seeks
to identify the initiating events and the sequence of possible events that
can lead to various levels of damage.
The first attempt to categorize accidents levels was the seminal

paper of Farmer (1967). Drawing on this early work, in 1972 the US
Atomic Energy Commission initiated the first comprehensive assess-
ment of the risks associated with nuclear power plants by examining the
system design and operating practices at two specific plants and using
composite models to represent site meteorology and population density.
The results were published in WASH-1400 (1975). This document
concluded that for plants analyzed, the risk of nuclear reactor accidents
is much smaller than other man-made and natural events to which
society is generally already exposed. Another important outcome of this
document was an extension of the work of Farmer (1967) to structure
NPP’s PRAs in three levels. Level 1: models the risk of damage of the
reactor cored (severe accident); Level 2: analyzes the progression of an
accident by considering how the containment structures and systems
respond to the accident, which varies based on the initial status of the
structure or system and its ability to withstand the harsh accident en-
vironment; Finally, Level 3: PRA is the consequence analysis resulting
from radioactive material released in a severe accident. Hence, the
safety philosophy of NPP design is built around the concept of defense-
in-depth, which includes the concept of multiple barriers (Ashar et al.,
2001). The NCVS being the final barrier against the release of radio-
active material to the environment.
The 1979 accident at Three Mile Island substantially changed the

character of the analysis of severe accidents worldwide. Kemeny (1979)
and Rogovin and Grampton (1980) (the major investigations of that
accident) recommended that PRA be used to complement the tradi-
tional deterministic methods of analyzing NPP safety and that prob-
abilistic safety goals be developed for nuclear plants. The first PRA
studies were limited to the assessment of events initiated by internal
plant faults but were later extended to include external event initiators
such as seismic leading to an SPRA (NUREG 1150, 2018). In common
practice today, the principal outputs of an SPRA are core damage fre-
quency (CDF) and large early release frequency (LERF) (NUREG-2201,
2016). In general for regulatory purposes it is adequate to only calcu-
late CDF and LERF and no detailed Level 3 are required.
ASME (RA-S, ASME, 2008) and EPRI (EPRI, 2003) have developed

guidelines and training for the performance of SPRA that are used by
virtually all utilities in the U.S. for the analysis of their plants. Fur-
thermore, prior to the Fukushima accident, all U.S. NPPs were required
to perform an analysis of the risk of external events, including seismic
through an Individual Plant Examination for External Events (IPEEE)
(IPEEE, 0000; EPRI, 2000). These assessments either used SPRA or a
simplified-SPRA approaches.
It should be emphasized that an SPRA is not performed for the

Operating Basis Earthquake (OBE) or Safe Shutdown Earthquake (SSE)
ground motions but only for the very low probability high intensity
ones (frequency on the order of ×1 10 6 per year or lower).
Finally, after Fukushima, plants were required to reevaluate the

potential impact of external events on their structures (EPRI, 2013) as
in some cases the seismic stressor may have been underestimated
(Hardy et al., 2015).
In response to severe unanticipated seismic loads: a) the NCVS may

fail to perform its function in maintaining leak tightness (liner damage
and concrete cracking); and b) an internal structure supporting vital
equipment (such as pumps, valves, pipes, or electrical cabinets) could
lead to severe fuel damage. It should be emphasized that should there
be no severe fuel damage (Level 1 above), it does not matter whether or
not the NCVS maintains its integrity. Thus, the principal risk measure,
CDF, is unaffected by NCVS integrity.

Whereas an SPRA study should include: 1) seismic hazard analysis;
2) structure/equipment fragility assessment; 3) accident sequence
analysis; and 4) consequence (risk) evaluation analogies with subse-
quently developed Performance Based Earthquake Engineering (PBEE)
for buildings is highlighted in Appendix B. Mostly inspired by PBEE,
this paper will focus on the first two ingredients of an SPRA.

1.3. Guidelines

The integrity of a NPP is ensured by many guidelines. All of them
have been written for the design of new structures, and only those re-
lated to SPRA address the existing NPPs.
General design principles are enunciated in Asme (2015). ASCE/SEI

43-05 (2005) stipulates that the seismic demand and structural capacity
evaluations should have enough conservatism to achieve less than 1%
probability of unacceptable performance for the design base earthquake
(DBE) and that than 10% probability of unacceptable performance for a
ground motion equal to 150% of DBE. These demands will necessitate
the elaboration of fragility curves. Analysis guidelines can be found in
ASCE 4-16 (2016) where a “non-mandatory” evaluation beyond the
design basis SPRA is suggested. A similar (but less explicit) set of
guidelines is given by IAEA (2009).

1.4. Anatomy of a probabilistic seismic analysis

With reference to the outcome of an SPRA mentioned above, this
study is limited to the first two components and four steps are defined
and then used, Fig. 1:

Aleatory Uncertainties represent variability that cannot be re-
duced but can be characterized. In this study, it is associated with
ground motion selection. This starts with the hazard curves, site iden-
tifications, deaggregation model, and site specific acceleration response
spectra. Finally, a set of real ground motions are selected and scaled to
be consistent in the aggregate with the design response spectrum
(Lapajne and Fajfar, 1997; Jayaram et al., 2011; Dolšek, 2012; Bradley
et al., 2017). Alternatively, one may generate synthetic ground motion
or even intensifying acceleration functions (Mashayekhi et al., 2018;
Rezaeian and Der Kiureghian, 2008).

Epistemic Uncertainties represent variability that can be reduced
by data collection or experimentation. In this study, it is associated with
material and modeling and is best accomplished through Monte Carlo
Simulation (MCS) Family (Vamvatsikos and Fragiadakis, 2010; Hariri-
Ardebili and Saouma, 2016). The finite element model preparation is
included in this block.

Finite Element Simulations where the preceding two uncertainties
are combined and dynamic analyses performed. Again, whereas re-
sponse spectrum method (RSM) was adequate early on (Ashar et al.,
2001), time history is now strongly recommended. The analyses should
be nonlinear so as to capture the various levels of engineering demand
parameters (EDP). Different techniques exist for multiple dynamic
analyses (Vamvatsikos and Cornell, 2002; Jalayer, 2003; Jalayer et al.,
2015; Zentner et al., 2011; Huang et al., 2017).

Post-Processing of the results to extract EDPs, construct capacity
functions (Hariri-Ardebili and Saouma, 2017), and finally compare the
results with multiple limit states (LS) functions and drive fragility
curves or surfaces Baker (2015), Porter (2017), Huang et al. (2011),
Huang et al. (2011). Finally, it should be noted that not all SPRA
encompass the epistemic uncertainties, and few of them perform a
nonlinear time history analysis.

1.5. Challenges

In the spirit of ASCE 4-16 (2016), the nuclear industry is confronted
with mounting challenges to the design basis of existing NCVS:
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Beyond Design Basis Loads Though severe accident management
guidelines have long been in place prior to the Fukushima accident, the
Tohoku earthquake2 highlighted the fact that for some operating nu-
clear power plants, available seismic data and models show increased
seismic hazard estimates (Miller et al., 2011). As a result, orders were
issued by the NRC to develop mitigation strategies for beyond design-
basis external events (ADAMS Accession No, 2012).

Accidental and unanticipated damage. A perfect example is the
delamination (or splitting crack along post-tensioning sleeves) resulting
from the cable de-tensioning of Crystal-River 3 (Progress Energy, 2009).
The reactor was ultimately decommissioned for financial reasons.

ASR Induced Ageing which has already affected an NCVS.
Accordingly, the NRC has issued notices alerting NPP operators of this
potential problem (ML112241029, 2011).

Second License Renewal Beyond 60 Years As of February 2018,
the NRC has renewed the operating licenses of 89 commercial nuclear
reactors through the process described in NRC (2015) (from 40 to
60 years). The NRC and the industry are currently focusing on “sub-
sequent license renewals” which would authorize plants to operate up
to 80 years. The NRC has developed guidance for staff and licensees
specifically for the subsequent renewal period. The first subsequent li-
cense renewal application, for the Turkey Point Units 3 and 4 reactors,
was submitted to the NRC in January 2018 (NRC Office of Public
Affairs, 2018). In anticipation for this requirement a joint NRC-DOE
(Department of Energy) effort objectively ranked the safety significance
of materials degradation issues, particularly as they relate to sub-
sequent license renewal. Using a Phenomena Identification and
Ranking Table (PIRT), ASR, acid attack and creep emerged as secon-
darily important mechanisms (following impact of irradiation) (Graves
et al., 2013).

Design Safety Issues May be a major challenge as one may be
applying modern safety issues (i.e. accounting for increased regional
seismicity or concrete deterioration) not fully grasped at the time of the
design.

These challenges beg for modern solutions suitable for the structural
safety assessment to generate fragility curves. At best, this will require
at a dynamic analysis. This can be carried out through anyone of the
following methods: a) static equivalent load; b) static pushover (linear
or nonlinear, monotonic or cyclic); c) RSM; and d) time history: linear
or nonlinear.
Historically, engineers have favored RSM as it was not CPU in-

tensive. However, one must recognize that the RSM is a very approx-
imate method which only produces positive values of displacements
and member forces which are not in equilibrium; thus demand/capacity
ratios have very large errors. Interestingly, Prof. Wilson is reported to
have said:

Ray Clough and I regret we created the approximate response spectrum
method for seismic analysis of structures in 1962…. At that time many
members of the profession were using the sum of the absolute values of
the modal values to estimate the maximum member forces. Ray suggested
we use the SRSS method to combine the modal values. However, I am the
one who put the approximate method in many dynamic analysis pro-
grams which allowed engineers to produce meaningless positive numbers
of little or no value…After working with the RSM for over 50 years, I
recommend it not be used for seismic analysis. (Wilson, 2014).

In the context of design, demand in seismic assessment has tradi-
tionally been determined through an RSA and results linearly super-
imposed to those obtained from a static analysis with factored loads.
Capacity in turn is assessed element by element in accordance with the
provisions of ACI 318-14 (2014), Fig. 2(a). The dichotomy of a linear
elastic analysis and a plastic design should be noted as it may cause the
violation of the consistency condition of plasticity. Finally, some con-
voluted (heuristic and approximate) adjustments are made for the stress
redistribution caused by cracking. The true structural safety factor re-
mains unknown, even more so when localized concrete damage impact
has not been properly accounted for.
Contrarily to the previous approach, a fragility analysis assesses the

entire structure through multiple nonlinear transient analyses that will
track the response throughout its load history. Ultimately probability of
localized failure will be quantified. In some types of analysis, the full
capacity curve of the structure (as opposed to element in the preceding

Fig. 1. Anatomy of a seismic probability risk assessment.

2 It should be emphasized that despite its magnitude Mw =9.0–9.1, the
earthquake did not directly cause substantial damage. Failure was caused by
the ensuing tsunami.
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approach) can be determined if needed, Fig. 2(b).
Strength is not the only criteria, so-called serviceability (unfactored

or service loads) is equally if not more important for NCVS. In this
context, this will govern the formation of concrete cracks that may
constitute a pathway for radioactive gas (in case of core damage, and
liner failure). However, cracks can not be estimated from a linear elastic
RSM-based analysis (neither the corresponding displacements), but can
only be captured from a nonlinear analysis where the large inelastic
displacements can be indeed captured.
Hessheimer and Dameron (2006) provided an excellent set of

guidelines for the nonlinear analysis of NCVS; however, it seems to
have been seldom consulted by published documents, and is by now
mostly obsolete. More recently a short EPRI report (EPRI, 2017) ad-
dressed concrete degradation, beyond-design basis analysis, forensic
analysis of concrete structures, and structural modeling. A compre-
hensive set of guidelines were submitted to the NRC by the authors
(Saouma, 2017b).

2. Literature review

To place this study in context, it is important that the literature be
properly reviewed. Hence this section will first address the seismic as-
sessment of NCVS in terms of seismic hazard analysis, numerical si-
mulations, and probabilistic risk assessment. Then, the analyses of
concrete structures (NCVS in particular) affected by ASR will be re-
viewed. Review will be limited to peer-reviewed journal articles.

2.1. Seismic assessment of NCVS

2.1.1. Seismic hazard analysis
A seismic risk analysis has to start with a crisp identification of the

site seismic hazard parameters (Verma et al., 2015). For nuclear sites,
many analyses have been reported in the literature in terms of both
deterministic and probabilistic seismic hazard analyses (PSHA). Ares
and Fatehi (2013) provided an excellent introduction to the proble-
matic of seismic hazard analysis.
Lapajne and Fajfar (1997) performed seismic hazard assessment for

an existing NCVS in Slovenia that included multiple models to handle
uncertainties in the data. Desai and Choudhury (2015) performed
PSHA, one-dimensional equivalent linear ground response analysis, and
developed the design uniform hazard response spectra (UHRS) of cri-
tical sites in Mumbai, India. Mohanty and Verma (2013) implemented a
similar research on Kakrapar NCVS in western India. Choi et al. (2003)
developed a probability-based scenario earthquakes for the Korean
NCVS site using PSHA data. The response spectra were further modified
by a factor correction to incorporate the near-fault earthquake effects.

Similar study was performed by Nakajima et al. (2007). Klügel (2005)
addressed the large scale PSHA of a Swiss NCVS and the corresponding
potential overestimation of the seismic hazard in low seismic activity
zones due to the inherent possibilities of unconstrained accumulation of
uncertainties. Similar research was reported by Renault (2014).

2.1.2. Numerical simulations
Broadly speaking, there are two models for the FE analysis of NCVS:

a) simplified LMSM approach; and b) detailed continuum model (using
either solid or shell elements). The latter may include structural com-
ponents (Frano et al., 2010; Nour et al., 2016; Sextos et al., 2017) and
non-structural ones (i.e. reactor vessel and steam generator). However,
it is a CPU intensive endeavor, specially in the nonlinear regime
(Nakamura et al., 2010). The former is a much simplified one that
consists of several lumped masses which form a column or tree as a
numerical equivalent substitute to the actual structure (Nakajima et al.,
2007; Lee et al., 2015; Park et al., 2017).
Modeling of foundation was addressed by Xu et al. (2005) who

performed FE simulation of deeply embedded and/or buried NCVS
structures. Simplified vs detailed soil-structure interaction (SSI) was
investigated, and the seismic-induced earth pressures on the buried
structures was quantified. Nakamura (2008) performed seismic re-
sponse analyses of a nuclear reactor building deeply embedded in in-
homogeneous soil considering frequency-dependent soil impedance in
the time domain. Coleman et al. (2016) developed a nonlinear SSI
model for NCVS which could be easily implemented in time-domain
numerical codes. Kumar et al. (2015) investigated the seismic response
of a NCVS modeled with both nonlinear Winkler springs, dashpots and
gap elements in the context of bi-directional ground motions. Kabanda
et al. (2015) performed a nonlinear time domain analysis focusing on
the SSI in a nuclear power facility by first comparing the response
through time and (simpler) frequency domains. They determined that
the equivalent-linear frequency domain analysis amplifies some fre-
quencies and results in higher structural acceleration than the nonlinear
time domain analysis method which should be the preferred method.
Ryu et al. (2010) proposed a 3D radial-shaped dynamic infinite ele-
ments fully coupled to finite elements for SSI analysis of NCVS system
in a horizontally layered medium. Nakamura et al. (2012) studied the
impact the irregular ground shape and adjacent buildings on the 3D
nonlinear seismic response of NCVS buildings and highlighted its in-
fluence.
Joint elements to model the soil structure interface was investigated

by Saxena et al. (2011). Base-isolation for NCVS has been numerically
explored by various researchers (Ebisawa et al., 2000; Huang et al.,
2010; Huang et al., 2013; Zhao and Chen, 2013; Perotti et al., 2013;
Chen et al., 2014; Kumar et al., 2017; Kumar et al., 2017). In particular,

(a) Safety assessment of one elment (b) Fragility Analysis of a structure

Fig. 2. Concerns with nonlinear analysis.
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Medel-Vera and Ji (2016) performed an extensive comparative study of
various seismic protection systems. Multiple adjacent NCVS require
special attention. This potential interaction was studied by (Hakata,
2004; Hakata, 2007; Le Duy et al., 2016; Schroer and Modarres, 2013).

2.1.3. Probabilistic risk evaluation
There has been a gradual shift toward probabilistic risk evaluations

in recent years. Kennedy and Ravindra (1984) were the first to in-
troduce the concept of seismic fragility for NCVS. Fragility curves are
conditional failure frequency curves plotted against peak ground ac-
celeration (PGA). This general framework accounted for both aleatory
and epistemic uncertainties. This first study was based on available data
combined with judicious extrapolation of design information from plant
structures and equipment. Medel-Vera and Ji (2016) proposed a very
comprehensive framework for seismic probabilistic risk analysis of
NCVS based on simulated accelerograms. This method neither used
ground motion prediction equations nor Monte Carlo simulation (MCS).
However, it demands longer use of computer resources as it is based on
large number of nonlinear dynamic analyses. Huang et al. (2011),
Huang et al. (2011) proposed a new procedure for probabilistic seismic
risk assessment of NCVS using elements adopted from performance-
based earthquake engineering of buildings. Seismic fragility of both
structural and non-structural components were studied using nonlinear
response history analysis combined with MCS. Zentner et al. (2011)
presented the application of probabilistic analyses on a NCVS compo-
nent based on MCS and fragility curves. They also discussed methods
for statistical estimation of fragility curves.
Choi et al. (2008) performed nonlinear LMSM seismic simulation of

a CANDU containment structure subjected to 30 near-fault earthquakes.
Fragility analyses were performed for both linear and nonlinear ana-
lyses. Hoseyni et al. (2014) developed seismic fragility curves for a
typical containment structure considering the SSI effect.
Aging and time-dependent response was first introduced by

Ellingwood (1998) within a probabilistic framework. Age-related de-
gradation of structures and passive components critical to the safe op-
eration of NCVS was investigated by Braverman et al. (2004) through
the development of fragility curves. Guimarães et al. (2006) further
proposed the application of an adaptive neural fuzzy inference system
to determine the fragility curves in degraded NCVS passive compo-
nents. Huang et al. (2017) investigated the long-term performance
(caused by shrinkage, creep, and relaxation of pre-stressing tendons) of
a typical NCVS structure using a nonlinear FE model.
Sensitivities and uncertainties of FE model were quantified by

Baušys et al. (2008). Response surfaces was used by De Grandis et al.
(2009) in determining seismic fragility functions for equipment com-
ponents in NCVS. System fragility, determined through combination of
component ones accounting for both aleatory and epistemic un-
certainties, was performed by Kim et al. (2011).

2.2. ASR analysis on concrete structures

Although there are many papers related to the experimental mate-
rial and structural assessment of ASR-affected structures, few of them
directly address numerical analyses. Majority of them addresses con-
crete dams (Léger et al., 1996; Saouma et al., 2007; Comi et al., 2009;
Sellier et al., 2009; Pan et al., 2014; Lamea and Mirzabozorg, 2016).
Few others address the impact of ASR on NCVS, i.e. Takatura et al.
(2005) in Japan and Chénier et al. (2012) in Canada. Structural re-
sponse of the bridge structures are reported in Li and Coussy (2002),
Omikrine et al. (2016), Wojslaw and Wisniewski (2014), Hariri-Ardebili
et al. (2018), while seismic response of a massive reinforced concrete
structure is addressed by Saouma (2014).
For dams, Pan et al. (2012) have shown that ASR will indeed reduce

their seismic load carrying capacity.
Probabilistic and statistical based analyses are becoming increas-

ingly necessary in light of the uncertainties associated with ASR

characteristics (Saouma et al., 2016; Hariri-Ardebili et al., 2018; Hariri-
Ardebili and Saouma, 2018).

3. Case study

3.1. Motivation and contributions

Following the extensive literature review, attention is now focused
on a specific case study. It is argued that whereas ASR per se may not
seriously jeopardize the structural integrity of a NCVS under vertical
service loads, this may not be the case under strong lateral (seismic)
loads. Indeed many NCVSs have limited shear reinforcements. The
major steps can be summarized as:

1. Prepare a detailed nonlinear finite element model including rock-
containment interaction, concrete material nonlinearity, and inter-
face joint around the NCVS.

2. Apply a pre-defined ASR expansion to the NCVS.
3. Develop two types of seismic excitations:
• Scenario-based stochastic ground motions
• Endurance time intensifying acceleration functions.

4. Determine the local and global failure modes.
5. Perform a set of nonlinear transient analyses using cloud computing
and data mine the results.

6. Develop appropriate capacity and fragility curves for sound and
ASR-affected NCVS.

For the first time, the integration of multiple state-of-the-art models
is achieved to perform a key component of an SPRA for an NCVS with
concrete deterioration.

3.2. Theoretical underpinnings of adopted model

Following the critical assessment of reported studies (state of the
practice), and arguing that the subsequent case study will be based on
the recommendations drawn from the state of the art approach above,
the models used in this study are next discussed.

3.2.1. ASR constitutive model
The theoretical underpinning of the ASR model used in this paper

has been presented by the authors separately (Saouma and Perotti,
2006; Saouma, 2014). The ASR expansion is considered to be a volu-
metric one:

= × × ×

× =

t RH f w f g RH t( , , ) ( | , |COD ) ( ¯ , ) ( ) ( , )

|
V
ASR

t t c I max c c

0 (1)

where is the final volumetric expansion as determined from la-
boratory tests at temperature 0. 0 1t is a parameter which re-
duces the expansion in the presence of large tensile stresses (macro-
cracks absorbing the gel), ft the tensile strength, and I the major
(tensile) principal stress. Similarly, 0 1c is a parameter which
accounts for the absorption of the gel due to compressive induced
stresses, ¯ and fc are the hydrostatic stress, and the compressive
strength of the concrete, respectively. g RH0 ( ) 1 is a function of the
relative humidity (set to zero if the humidity is below 80%), t( , ) the
kinetics law given by (Larive, 1998)

=
+

( )
( )t( , )

1 exp

1 exp

t

t

( )

( ( ))
( )

c

l
c (2)

where l and c are the latency and characteristic times, respectively.
The former corresponds to the inflexion point, and the latter is defined
in terms of the intersection of the tangent at l with the asymptotic unit
value of , Fig. 3(a). They are given by
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= =U U( ) ( )exp 1 1 , ( ) ( )exp 1 1
l l l c c c0

0
0

0

(3)

expressed in terms of the absolute temperature ( = +K T C273o o ) and
the corresponding activation energies. Ul and Uc are the activation en-
ergies, minimum energy required to trigger the reaction for the latency
and characteristic times, respectively. Once the volumetric ASR strain is
determined, it is decomposed into a tensorial strain in accordance to the
three weight factors associated with the principal stresses. Finally, de-
gradation of the tensile strength and elastic modulus is accounted for as
follows, Fig. 3(b):

= × = ×E t
E

t
f t

f
t( , ) 1 (1 ) ( , ),

( , )
1 (1 ) ( , )E

t

t
f

0 ,0
t

(4)

The model has been implemented by many (Pian et al., 2012; El
Mohandes and Vecchiol, 2013; Rodriguez et al., 2011; Pan et al., 2013;
Huang and Spencer, 2016; Huang et al., 2015; Ben-Ftima et al., 2016).
The effect of temperature and relative humidity on the kinetics of the
reaction is illustrated by Fig. 3(a) where the decrease in RH, results in a
decrease of peak ASR while a lower temperature will slow the reaction.
The anisotropic expansion model was recently validated by Liaudat
et al. (2018) and the finite element code has been validated through a
battery of problems in Saouma and Hariri-Ardebili (2016).

3.2.2. Dynamic excitation
Two approaches are pursued in this study. The first is based on

endurance time analysis (ETA), and the second on a stochastic ground
motion generation model.

3.2.3. Endurance time analysis
ETA is a dynamic pushover procedure which is used to estimate the

seismic performance of structures when subjected to pre-designed in-
tensifying excitation called Endurance Time Acceleration Function
(ETAF) (Estekanchi et al., 2007). These simulated acceleration func-
tions shake the structure from a low excitation level – with a structural
response in the elastic range – to a high excitation level which causes
failure. This full spectrum of response ranges is experienced during a
single dynamic analysis, and thus, the structural performance is as-
sessed on the basis of the time that it can sustain the imposed artificial
excitation before a failure (yet to be defined).
The algorithm for an ETAF generation is fully described by Hariri-

Ardebili et al. (2014). Fig. 4(a) shows the acceleration time history of a
sample ETAF including the linear envelope, whereas the acceleration
response spectra at different times are shown in Fig. 4(b). At any given
time, the acceleration response spectrum of the ETAF remains propor-
tional to the target. The following (semi-) linear correlation can be

established between time and PGA or spectral acceleration (Hariri-
Ardebili et al., 2016):

= =t t
t

S T t t
t

S TPGA( ) PGA , ( , ) ( )a a
trg

trg

trg

trg

(5)

where the subscript trg refers to a known or target value.
The raw data from ETA can be further post-processed and presented

in the form of so-called ETA function (maximum absolute values of EDP
during the time interval from 0 to t):

t t(QoI( )) max{Abs(QoI( ): [0, ])} (6)

where QoI refers to quantity of interest (or engineering demand para-
meter, EDP).
ETA function can be converted to capacity function easily following

two simple steps: 1) convert “time” to IM using Eq. 5, 2) invert the QoI-
IM coordinate to IM-QoI. Finally, ETA functions are constructed based
on a stochastic process, so at least three of them are required to reduce
the statistical variation.

Stochastic Ground Motion Model There are two general classes of
strong ground motion simulation techniques: physics-based and sto-
chastic models. The former simulates ground motions by modeling the
fault rupture, the resulting wave propagation, and the near-surface site
amplification and is computationally expensive. The latter is empirical
and directly simulate the ground motion. It is computationally in-
expensive, and is equally applicable for high and low frequency motions
(Yamamoto and Baker, 2013).
In this paper, the stochastic model proposed by Rezaeian and Der

Kiureghian (2008), Rezaeian and Der Kiureghian (2010) is adopted. It is
a fully non-stationary stochastic ground motion model based on a
modulated filtered white-noise process including time-varying para-
meters. The temporal and spectral non-stationary characteristics are
completely decoupled and this facilitates the identification of the model
parameters. In addition, the limited number of parameters have phy-
sical interpretations.
In the continuous form, the model is formulated as:

=x t q t
t

h t w d( ) ( , ) 1
( )

[ , ( )] ( )
h

t

(7)

where x t( ) is the ground acceleration, q t( , ) is a deterministic time-
modulating function with parameters controlling the shape and in-
tensity, w ( ) is a white-noise process and its integral presents a filtered
white-noise process, and t( )h

2 is the variance of the integral process.
Since the right hand side expression is normalized by t( )h , thus q t( , )
presents the standard deviation of x t( ).

• The modulating function has three parameters, = I D t( , , )A mid5 95
which represent the Arias intensity, the effective duration, and the
time at the middle of the strong-shaking phase.

Fig. 3. Main characteristics of the proposed ASR model.
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• The selected filter also has three parameters, = w w( , , )mid which
represent the filter frequency at time tmid, the rate of change of the
frequency with time, and the damping ratio of the filter. These
parameters control the predominant frequency and bandwidth of
the signal process.

The ground motion model parameter vector can be summarized as
I D t w w{ , , , , , }A mid mid5 95 . The predictive relationships are devel-

oped by fitting the stochastic model to a subset of the next generation
attenuation relationships strong motion database. These predictive
models are connected with the following earthquake and site char-
acteristics: 1) moment magnitude (Mw); 2) distance to rupture (Rrup) in
[km]; 3) shear wave velocity 30m under the surface (VS30) in [m/s]; and
4) fault mechanism (Fmech) either srtike-slip or reverse. The empirical
equations have the following generic form:

= + +F µ M R V F[ ( )] ( , , , ; )w rup S mech
1

30 (8)

where represents one of the six model parameters, [.] is the standard
Gaussian cumulative distribution function (CDF) and F is the CDF of .
µ is the predicted mean as a function of the earthquake and site char-
acteristics and represents the vector of regression coefficients.
Furthermore, and are normally distributed zero-mean random
variables and refer to the inter-event and the intra-event errors, re-
spectively. The regression coefficients, the variances of the error terms,
and the correlations between the model parameters can be found in
Rezaeian and Der Kiureghian (2008), Rezaeian and Der Kiureghian
(2010).

3.2.4. Fragility analysis
The fundamentals of seismic fragility analysis have best been for-

mulated by Kennedy and Ravindra (1984) and then refined by Porter
et al. (2007) and Baker (2015). Amongst the three general numerical
methods to generate fragility curves (Hariri-Ardebili et al., 2016) the
so-called cloud method is adopted as it may be most suitable for the
quantification of intermediary limit state (LS) functions (Jalayer et al.,
2015; Mackie and Stojadinovic, 2005). Cloud-based fragility function
for conditional seismic demand with a log-normal distribution (Cornell
et al., 2002) can be expressed as:

=qoi
qoi

[QoI |IM] 1
ln( ) ln( )QoI|IM

QoI|IM (9)

where (.) is the standard normal CDF, QoI|IM is the median value of
QoI given IM and QoI|IM the logarithmic standard deviation and can be
estimated as

qoi a
n

(ln( ) ln( . IM ))
2

i
b

QoI|IM

2

(10)

where n is the number of transient analyses, and a and b are regression
parameters from = a. IMb.

3.2.5. Some considerations for seismic analyses
Of particular concerns in a dynamic analysis, specially when mass is

assigned to the foundation, are: a) potential rocking that may cause
uplift of the foundation or the NCVS itself; b) radiation damping; c) free
field modeling; and d) necessity to assign the proper boundary condi-
tions to the model.
Rocking of the NCVS itself, Fig. 5(a), is addressed by inserting zero

thickness joint elements around the NCVS to mitigate it. Rocking of the
foundation, Fig. 5(b), necessitates a two step analysis. First a static
analysis (dead load and ASR) is performed with adequate vertical
support, Fig. 5(c), to be followed by a dynamic one. The dynamic
analysis is a restart with the initial state variables (stains/stresses) and
the supports removed and replaced by nodal equivalent forces,
Fig. 5(d). Furthermore, the dynamic analysis has the radiation damping
achieved through properly tuned dashpots (Lysmer and Kuhlemeyer,
1969). The absence of vertical support will prevent the effect of
“hammering” on the foundation by the inertial forces. Free field is not
modeled in this investigation as it increase computational effort sub-
stantially, (Saouma et al., 2011).

3.3. Case study

3.3.1. Finite element mesh description
In light of recent evidence that ASR can reduce the shear strength by

up to 20% (Saouma, 2017a), the impact of such a loss on the structural
capacity of a NCVS excited by earthquakes is next ascertained through a
state of the art driven analysis of a generic NCVS with dimensions in-
spired from NUREG/CR-6706 (2001). The structure will be first sub-
jected to 40 years of ASR expansion followed by multiple seismic ex-
citations (with or without ASR induced damage), and results will be
compared with the response of the NCVS subjected to the same seismic
excitations but without prior ASR expansion (Fig. 6B, C, and A re-
spectively).
Outline of the analysis procedure is partially shown in Fig. 1 where

after identification of the physical model site characteristics, probabil-
istic seismic hazard analysis and seismic hazard de-aggregation are
performed. Then, ASR properties are identified, and dynamic excita-
tions are generated through: a) ETAF, and b) scenario-based stochastic
ground motions. Then, the FE analysis is performed in the cloud (i.e.
using multiple CPU’s) and finally capacity and fragility curves are de-
rived for ETA and stochastic models, respectively. In each case, three
analyses were performed, Fig. 6.
The selected and partially buried NCVS is schematically shown in

Fig. 7(a). Note that only the concrete underneath the soil level will be

Fig. 4. Characteristics of a sample ETAF.
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subjected to ASR (as a result of the high relative humidity likely to be
present in the surrounding foundation). Material properties are sepa-
rately shown in Appendix sA.
The potential secondary stresses induced by the uplift forces (caused

by the eccentricity of the resulting inertial force), Fig. 7(b), will be
mitigated by the insertion of cohesive based joint elements (Cervenka
et al., 1998) where necessary. A 3D continuum model, Fig. 7(c) is
prepared. Reinforcement is modeled as “smeared” by altering the
stiffness matrices of those continuum elements they cross. A 0.5% re-
inforcement was assumed in both directions.
Different material groups are defined in the FE model. Concrete was

modeled by four distinct groups according to location, mesh densities,
and whether it is reactive, Fig. 7. The dome is assumed to be linear
elastic, whereas the wall and the base are modeled as nonlinear using
the well-tested smeared crack model (Cervenka and Papanikolaou,
2008) of the FE code ATENA (Červenka and Jendele, 2016).

ASR is captured by the constitutive model described above,
(Saouma and Perotti, 2006). It is assumed that the NCVS operates for
40 years during which it undergoes a relatively mild total expansion of
0.3% uniformly distributed over the “contaminated” zone as an addi-
tional internal strain. In actuality, ASR is not so uniform and is more
likely to be “spotty” to reflect the usage of reactive aggregates in some,
but not all the pours. This stochastic process is not accounted for in this
study, however a separate study indicates that a sparsely distributed
ASR expansion may be more detrimental than a uniformly distributed
one (due to the induced strain discontinuities) (Hariri-Ardebili et al.,
2018). Accompanying this expansion are two levels of concrete de-
gradation zero and 30% reduction of E and ft after 40 years. The
40 years expansion is simulated in two weeks increments assuming a
constant temperature and RH. The external average temperature at the
site is estimated to be 11°C (external face of NCVS), the internal tem-
perature is in turn estimated to be 25°C. Hence, an average mean yearly

Fx=Max

ax

(a) Rocking of the NCVS

Fx=Max

ax

(b) Rocking of the foundation

Joints

(c) Static Analysis

ax

a y

(d) Dynamic Analysis

Fig. 5. Potential rocking and two part analyses to mitigate rocking, radiation damping and rigid body motion.
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temperature of + =(25 11)/2 18 °C is assumed. Note that in a more
refined analysis, the temperature distribution across the wall should be
considered, and monthly average temperatures should also be refined.
Rock (both the foundation and lateral) is assumed to be linear

elastic. Interface joints are placed around and below the NCVS to
capture potential uplift of lateral separation of the container from the
adjacent rock.

3.3.2. Stochastic seismic excitations
Selection of the “right” earthquake records is a critical (and often

underestimated) task. A multi-step approach is followed:

1. Site Characteristics are first determined assuming that the NCVS is
located in New Hampshire, USA (coordinates ° N42 53 56 and

° W70 5103 ). The corresponding site conditions are then estimated
from the opensha code (Field et al., 2003) which requires VS30 (shear
wave velocity 30m below the surface) determined from the topo-
graphic slope site classification map method (Wald and Allen,
2007), Fig. 8(a).

2. The seismic hazard de-aggregation (probability of occurrence in
terms of distance and magnitude of earthquake) is determined next.
Using the USGS 2008 Interactive Deaggregations service (USGS 2003,),
the modal distance (R), magnitude (M), and inter-event term ( 0)
contributing to the 50%/50 yr shaking are computed. Fig. 8(b)
shows a de-aggregation seismic hazard plot where peaks correspond

to magnitude-distance combinations that contribute more to the
hazard. This was determined from3 USGS (2017).

3. Collecting a set of ground motion records is the last step. Ground
motions are either selected (PEER ground-motion database is used
in most of the cases (PEER, 2017)) or artificially generated. As al-
ready stated, two stochastic techniques are used in this paper:
(a) ETAFs: Six different randomly generated ETAFs, with main
characteristics previously explained were used. Schematically,
all the ETAFs are analogous Fig. 4(a) as the base of all of them is
a random white noise.

(b) Stochastic Ground motions: Two scenarios, based on Fig. 8(b),
were considered: a) S1: = =M R7.0, 10 , Fig. 9; and b) S2:

= =M R5.5, 50 , Fig. 9(b); where M refers to the magnitude,
and R the distance. In both cases a total of =N 25sim samples are
selected to properly address the record-to-record (RTR) varia-
bility. S1 scenario is stronger than S2, and thus, more damage is
expected for that. All generated (Rezaeian and Der Kiureghian,
2008) ground motions were far-field resulting from a strike-slip
fault, and a shear wave velocity VS30 of 760m/s.

3.4. Results

Analysis was performed by the code Merlin (Saouma et al., 2010)

3 
m 15

 m
20

 m 25
 m

40
 m

19 m

0.76 m

1.4 m

Side and base joints

Base
Wall below grade (coarse)

Wall above grade (fine)
Wall above grade (coarse)
Dome

ASR-affected

Wall below grade (fine)

Grade level

(a) Geometry and dimensions

F=ma

(b) Potential uplift modeled by
joint elements

(c) Half 3D model with lateral viscous dampers and con-
tainer mesh (with ASR expansion)

Fig. 7. Geometry, material groups, role of joint elements, and finite element mesh.

3 The site was being upgraded in the Fall 2017, and subsequent results are not
exactly the corresponding ones.
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which to the best of the authors knowledge is the only code that has
been “validated” by performing nearly all the analyses proposed by the
RILEM (Saouma et al., 2017). Three sets of analyses were performed: 1)
Static+ASR, 2) Static+Dynamic, and 3) Static+ASR+Dynamic
(100 for the stochastic ground motions, and three for each of the six
ETA).

3.4.1. Static+ASR analyses
In this first analysis, 40 years of ASR in the NCVS is simulated.

Fig. 10(a) shows swelling of the container along with a closeup on the
concrete-rock separation. Clearly ASR expansion interacts with the
structure in what may be a priori counter-intuitive: a) the mat expands
in a concave shape due to the structural constraints of the cylindrical
vessel, Fig. 10(b)-1; b) the wall pushes against the adjacent rock, but is
constrained by both the base mat and the upper portion of the enclosure
not subjected to expansion, Fig. 10(b)-2, causing strong curvature, joint
opening, and ensuing stress discontinuities; and c) sliding of the NCVS
itself, Fig. 10(b)-3. Furthermore, the evolution of concrete cracks is
shown in Fig. 10(c). It should be noted that cracking starts at the central
region of the mat base and along a ring on the wall next to soil level.

3.4.2. Impact of ASR on capacity curves: ETA method
Impact of ASR on the structural response of the NCVS can now be as-

certained by comparing “Static+Seismic” with “Static+ASR+Seismic”

for displacement and stresses for six different ETA functions. Three sets of
simulations are compared: a) Static+dynamic analysis (Referred to Dyn. in
the plots); b) Static+ASR with degradation of ft and E over time+dy-
namic analysis; and c) Static+ASR (without material degradation)+
dynamic analysis.

Displacements: The absolute value of the (horizontal) displace-
ments corresponding to peaks in (the six) ETAFs is first extracted. Eq.
(6) is used to determine the maximum QoI (i.e. displacement). The
mean of those six ETAFs for each of three assumptions are computed,
Fig. 11(a). These are ramping curves as the dynamic acceleration is
indeed defined as a linearly increasing one (Fig. 4(a)). To better grasp
the impact of ASR, results are normalized with respect to the one
without ASR (dynamic only), Fig. 11(b). The deviations are time-de-
pendent and, as expected, model with ASR degradation is much more
impacted than the one without. On average, and for this case study,
ASR with degradation results in ∼20% change, whereas the one
without has ∼8% variation with respect to the “Dyn. only” model. If
material degradation is ignored (which is an erroneous abstraction)
displacements are still lower than those cases without ASR, but greater
than ASR with degradation. Note that discrepancy with respect to the
case without ASR starts at around 9 s (i.e., until this point the ASR had
little impact on deformation). The impact of ASR (with and without
degradation) is time-dependent due to the complexities of the internal
stress states induced by it or resulting from the seismic excitation,

(a) Map of estimated VS30 (b) Seismi de-aggregation

Fig. 8. Seismic hazard characterization around the nuclear site.

Fig. 9. Acceleration and displacement time history of 25 random signals for each scenario.
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Fig. 11(b).
Stresses: Time history of maximum principal stresses are recorded.

The ASR affected responses result in higher stresses than those without
degradation, and additional substantial damages will be induced by the
ASR (with internal damage accounted for). At the base, Fig. 12(a),
maximum principal stresses are positive (cracking) and attenuate with
time. Stresses are at first low when ASR dominates, but then suddenly
increase with a localized damage at time 17 s. At the grade elevation,
Fig. 12(b), stresses are much higher without ASR, and then gradually
decrease with no indication of failure. Note that the tensile strength is
3.1MPa. On the other hand, in the presence of prior ASR expansion, the
stresses are negative, and a sudden localized failure appears at t=14 s.
For a point above grade, Fig. 12(c), stresses are higher in the absence of

ASR and there is indication of a localized failure at =t 15 s. In the
presence of ASR, the failure is delayed to about 17 s. Finally, at the base
of the dome, Fig. 12(d), the ASR stresses are substantially higher than
without and localized failure occurs around 17 s. For this case, ASR has
reduced the stresses at the base, but substantially increased them at the
base of the dome. Indeed, stress attenuation with time is the direct
result of a nonlinear analysis where upon cracking there is a substantial
stress redistribution resulting in localized stress reduction.

Cracking: of the structure is shown Fig. 13 at different times. In
general, the crack pattern of ASR affected models are different and the
previous observations are qualitatively confirmed by the crack profiles.
Indeed, the damage index (DI), ratio of the cracked sections to the total
area, is highest when ASR (with damage) preceded the seismic

(a) Swelling of
contaminated
zone

(b) Evolution of joint opening/sliding due to ASR

(c) Internal crack propagation (left to right)

Fig. 10. Response of NCVS under static+ASR analysis after 40 years.

Fig. 11. ETA-based displacements and the mean differences.
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excitation. The ASR has a much higher impact of that portion of the
NCVS below grade than above (where no ASR is modeled).
The sound NCVS experiences the major cracks at the soil level at

about 12.8 s, while at the corresponding time the ASR-affect NCVS had
already some major cracks though all the top-wall. Results of ETA
analysis prove that “endurance” of the NCVS is reduced when it is
subjected to initial ASR.

3.4.3. Impact of ASR on fragility curves: stochastic analysis
As previously mentioned, two scenarios are selected, S1 and S2 and

for each one, 25 random ground motions are generated. Then, each set
is applied to the virgin NCVS (i.e. without ASR) and then to the ASR
affected one (with material degradation). Thus, a total of × =4 25 100
simulations are performed.
Although it is possible to perform the fragility analysis based on

various QoIs, the displacement response is selected as: 1) it is a global
metric capturing the structural response; and 2) it is simple and
straightforward to use in the probabilistic model.
Figs. 14(a) and (c) show the peak displacements for each of the 25

stochastic ground motions versus the PGA for scenario S1
( = =M R7.0, 10 ) and S2 ( = =M R5.5, 50 ), respectively. These
figures call for the following observations: a) The minimum intensity of
the records in S1 group (PGA ∼0.13 g) is nearly identical to the max-
imum PGA in S2; b) Relative displacements (with respect to the base)

max in S1 is distributed between 5 and 55mm, while in S2 they range
from 1 to 10mm (with only one exception at about 16mm); and c) For
the lower intensity case (S2), displacements of ASR affected NCVS are
consistently higher than sound ones, however for the higher intensity
(S1), 5 out of 25 models show lower displacements for ASR-affected
NCVS.
Fragility curves, Eq. (9), require a limit state (LS) value (by QoI in

the equation). Ideally, this should be a concrete crack opening. Should
the steel liner leak tightness be also jeopradized, then and only then
there could be leakage. However, such LS are not codified in nuclear
engineering (as opposed to relative drifts for instance for buildings).
Hence, and due to software current limitation, a displacement based LS
at the top of the dome was adopted and values arbitrarily assumed (and
shown in the respective figures). Resulting fragility curves are shown in
Fig. 14(b) and (d). For scenario S2, the probability of exceedance of a
specific LS function is always higher for ASR-affected NCVS. On the
other hand, under scenario S1, the impact of ASR on the probability of
exceedance is much smaller than under scenario S2. This would imply
that ASR has a higher impact for low intensity earthquake events (such
as design based earthquakes) than for high ones (associated with the
low probability events used in an SPRA).
Finally, when both the ground motion intensity and the LS threshold

are not known, then a corresponding fragility surface combining the
two parameters can be generated to address the increased uncertainties,
Fig. 15.

4. Summary and conclusions

This paper was an attempt to perform a modern analysis by in-
tegrating advanced computational models for ASR, seismic hazard
analysis, nonlinear structural analysis, soil-structure interaction, and
damage analysis resulting in fragility and capacity curves. The major
limitation of this study is the adoption of a displacement-based limit
state whereas a crack opening (facilitating leak) would have been more
appropriate.
The major conclusion of this paper is that ASR will undoubtedly

impact the safety of a structure. That impact will increase with a de-
crease in the ground motion intensity. This would imply that ASR can
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Fig. 13. Crack profile from a sample ETA simulation at identical time steps.

Fig. 14. Displacement-based fragility curves.
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be more damaging for a design base earthquake than for higher in-
tensity one associated with an SPRA.
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Appendix A. Material properties

.

Appendix B. Performance based earthquake engineering

Interestingly, what started with the nuclear industry was subsequently embraced by the building community under the label of Performance
Based Earthquake Engineering. By analogy, FEMA P-750 (2009) provides minimum recommended requirements necessary for the design and
construction of new buildings to resist earthquake ground motions, and to provide reasonable assurance of seismic performance. Applied Technology
Council (2012) describes a general methodology and recommended procedures to assess the probable seismic performance of individual buildings.
Performance is measured in terms of the probability of incurring casualties, repair and replacement costs, repair time, and unsafe placarding. The
methodology and procedures are applicable to new or existing buildings, and can be used to: (1) assess the probable performance of a building; (2)
design new buildings to be capable of providing desired performance; or (3) design seismic upgrades for existing buildings to improve their per-
formance. Finally, Deierlein et al. (2010) is a guide for practicing engineers for the nonlinear structural analysis for seismic design.Table A.1, Table
A.2, Table A.3.
An incomplete comparison between SPRA and PBEE is shown in Table A.4. It should be noted that SSI and rocking (addressed below) should be

included as part of and SPRA, and that only PBEE requires nonlinear analysis for a full assessment.

Fig. 15. Displacement-based fragility surfaces.

Table A.1
Concrete mechanical properties.

Characteristics Symbol Unit Base Wall below Wall above Dome

Mass density Gg/m3 0.002250 0.002250 0.002250 0.002250
Modulus of elasticity E MPa 39,000 39,000 39,000 39,000
Poisson’s ratio – 0.2 0.2 0.2 0.2
Tensile strength ft MPa 3.1 3.1 3.1 3.1
Fracture energy (Exponential softening) GF MN/m 1.2e−4 1.2e−4 1.2e−4 1.2e−4
Compressive strength fc MPa −31.0 −31.0 −31.0 −31.0
Critical displacement in compression wd m −0.0005 −0.0005 −0.0005 −0.0005
Factor beta for return direction – 0.0 0.0 0.0 0.0
Factor e for roundness of failure surface e – 0.55 0.55 0.55 0.55
Onset of nonlinearity in compression fc0 MPa −20.0 −20.0 −20.0 −20.0
Plastic strain at compressive strength cp – −1e−3 −1e−3 −1e−3 −1e−3
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Appendix C. Supplementary data

Supplementary data associated with this article can be found, in the online version, athttps://doi.org/10.1016/j.nucengdes.2019.02.011.
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