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Abstract Three computationalmethods formodeling
fracture are compared in the context of a class’ partici-
pation in the Third Sandia Fracture Challenge (SFC3).
The SFC3was issued to assess blind predictions of duc-
tile fracture in a complex specimen geometry produced
via additivemanufacturing of stainless steel 316L pow-
der. In this work, three finite-element-based methods
are investigated: (1) adaptive remeshing, with or with-
out material-state mapping; (2) element deletion; and
(3) the extended finite element method. Each student
team was tasked with learning about its respective
method, calibrating model parameters, and performing
blind prediction(s) of fracture/failure in the challenge-
geometry specimen. Out of 21 teams who participated
in the SFC3, three of the seven student teams from
this class project ranked among the top five based on
either global force-displacement or local strain pre-
dictions. Advantages and disadvantages of the three
modeling approaches are identified in terms of mesh
dependency, user-friendliness, and accuracy compared
to experimental results. Recommendations regarding
project management and organization are offered to
facilitate future classroom participation in the Sandia
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1 Introduction

The Sandia Fracture Challenge (SFC), hosted by San-
dia National Laboratories, is a well-established, inter-
national round-robin exercise designed to assess com-
putational approaches for predicting ductile fracture.
Each SFC relies on volunteer participants from around
the world to submit blind predictions of ductile frac-
ture for a non-trivial challenge scenario. In the first
SFC (Boyce et al. 2014), 13 teams participated, and the
teamswere asked to predict failure path and load versus
crack-opening displacement in a specimen geometry
that was designed such that different failure paths were
possible. Both the challenge-geometry and calibration
specimens were made of 15–5 PH stainless steel. One
of many important findings from the first SFC was
that geometric uncertainties impacted the predictions
of crack-path tremendously. In the second SFC (Boyce
et al. 2016), 14 teams participated, and the teams
were asked to predict global forces, crack-opening dis-
placements, and crack path for a Ti–6Al–4V sheet
of relatively complex geometry under quasi-static and
modest-rate dynamic loading. While the second SFC
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showed some improvements in predictions over the first
SFC, new sources of discrepancies emerged. For exam-
ple, one ofmany outcomes revealed through the second
SFC was that inaccurate treatment of boundary condi-
tions had a significant and negative impact on the frac-
ture predictions. The third SFC, or SFC3, Kramer et al.
(2019) was issued in 2017 and challenged teams to pre-
dict ductile fracture in additively manufactured 316L
stainless steel tensile specimens containing a complex
arrangement of internal cavities and channels.A total of
21 teams participated in the SFC3. Seven of the teams
were from the University of Utah and participated in
the SFC3 as a class project, marking the first time that
an entire class has participated in any of the SFCs. The
purpose of this manuscript is to describe—from both
technical and organizational standpoints—the experi-
ence and results from the University of Utah teams’
participation in the SFC3.

The participants from the University of Utah were
graduate students enrolled in an upper-level gradu-
ate course entitled “Fatigue and Fracture”, which is
offered nominally every other year through the Depart-
ment ofMechanical Engineering. In general, the course
introduces students to theory and application of frac-
ture mechanics and fatigue concepts. The course offer-
ing during the spring semester of 2017 happened to
coincide with the issuance of the SFC3. During that
semester, 20 students were enrolled in the course, all
of whom participated in the project. Of the 20 stu-
dents, all but three had previously taken a course on
the finite-element method, which was the method that
all teams used in carrying out their predictions. The
students were advised by three faculty members who
were experienced in the area of computational fracture
mechanics. However, neither the students nor the fac-
ulty advisors had previously participated in an SFC.

The objectives of the final class project, as articu-
lated to the students, were to:

• Learn about and become immersed in one of three
finite-element-based methods for predicting frac-
ture: adaptive remeshing (Ingraffea 2007; Spear
et al. 2011; Wawrzynek et al. 2009), element dele-
tion (Song et al. 2008; Lee et al. 2009), or the
eXtended Finite Element Method (Mohammadi
2008; Pommier 2011);

• Conduct outside-of-class research related to the
assigned fracture-simulation method;

• Think creatively about how to apply concepts from
lectures to the project;

• Compare and contrast fracture predictions among
the different computational methods.

From the perspective of the faculty advisors, the
objective was to organize the execution of the project
such that student participation was tractable within the
constraints of the course and the students’ knowledge
and experience.

In the following section, an overview of the chal-
lenge scenario for SFC3 is presented. Section 3 focuses
on theUniversity ofUtah teams’ predictions, beginning
with a description of how the project was organized and
managed throughout the semester-long course. Sec-
tion 3.1 includes a description of the general technical
approach that the students pursued. Specific details of
each simulation method, including approaches for cal-
ibrating damage and fracture parameters, are provided
in Sect. 3.2. Section 4 presents prediction results of
each team. Finally, Sect. 5 offers an in-depth discus-
sion of both technical and organizational aspects of the
project, and recommendations are provided for future
classroom participation in SFC or similar round-robin
activities.

2 Overview of the third Sandia Fracture Challenge

The intent of the SFC3 was to assess, through a blind-
prediction approach, the ability of the computational-
fracture-mechanics community to predict ductile frac-
ture in a challenge geometry produced via additive
manufacturing (Kramer et al. 2019). The geometry was
designed such that it would be nearly impossible to
manufacture using conventional, subtractive processes
and such that no closed-form solutions exist for predic-
tion of failure. The challenge geometry included a hole,
an internal cavity, and multiple internal channels. In
total, 36 challenge specimensweremanufactured using
laser powder bed fusion of 316L stainless steel powder.

In addition to the challenge specimens used to
assess blind predictions, two different types of cal-
ibration specimens (see Fig. 1) were manufactured
and tested to provide participants with data to cali-
brate their models. The calibration specimens included
both un-notched and notched samples tested in tension.
The un-notched samples were fabricated in both lon-
gitudinal and transverse directions, while the double-
notched samples were fabricated only in the longitu-
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Fig. 1 Build design for the
challenge and calibration
specimens that were
manufactured and tested as
part of the SFC3.
Calibration specimens
included un-notched and
double-notched tensile bars.
Specimens were
manufactured using laser
powder bed fusion of 316L
stainless steel powder.
Reprinted with permission
from Kramer et al. (2019)

dinal direction corresponding to the build direction of
the plate. The challenge-geometry specimenswere fab-
ricated and tested in the build direction of the plate.
Challenge-geometry and calibration specimens were
all manufactured in the same build, as shown in Fig. 1.
Details regarding specific data that were provided to
participants are described in Sect. 2.1.

The SFC3 was designed to highlight the role of
both intrinsic and extrinsic factors, such as material
and dimensional variations, on estimating the behavior
of additively manufactured samples. In addition to pre-
dicting global measures of load and displacement, par-
ticipants in SFC3 were asked to predict local measures
of strain, as described in Sect. 2.2. The participants
could optionally provide 20%-lower and 80%-upper
bounds on their predictions.

In the past, the SFC relied on predictions from vol-
unteer experts in the field of computational mechanics
to highlight the state-of-the-art and to uncover any lim-
itations of the current computational approaches. How-
ever, for the first time, the SFC3 served as a platform
for graduate students to put their knowledge of fracture
mechanics into practice in a classroom setting.

2.1 Data provided

An extensive amount of data was provided by San-
dia National Laboratories to all participants, and the
reader is referred to Kramer et al. (2019) for a com-
plete description of the provided data. In this work,

the faculty advisors elected to provide students with a
subset of data to ensure that the focus would remain
on the objectives of the course and that students could
tractably make predictions within the scheduling con-
straints of the course. For example, the Utah teams did
not use data pertaining to porosity, microstructure, and
surface roughness (from X-ray computed tomography
scans), since investigating the roles of these features
was beyond the scope of the course objectives. Here,
only the provided data or information that were used
by the University of Utah teams are described.

All SFC3 participants were provided with technical
drawings for the calibration and challenge-geometry
specimens, which can be found in the lead article
by Kramer et al. (2019). Additionally, force-versus-
displacement data were provided for the un-notched
and double-notched samples, which was used to cal-
ibrate material and damage/fracture models, respec-
tively. The Utah teams investigated both longitudinal
and transverse data for the linear-elastic material prop-
erties and concluded that anisotropy would be negligi-
ble in the elastic region. They did not, however, con-
sider the transverse data for the plastic region, even
though anisotropymight have been critical inmodeling
plastic flow. Thus, the Utah teams used the longitudi-
nal data from un-notched tensile tests to calibrate their
elastic-plastic constitutive models and the longitudinal
data from the double-notched tensile tests to calibrate
models for evolution of damage and fracture, which
will be discussed in detail in Sects. 3.2 and 3.3.
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2.2 Quantities of interest

All participants in the SFC3 were asked to report a
variety of quantities of interest (both local and global)
based on the challenge specimen to facilitate compar-
ison of the numerical analysis with the experimental
results. The local quantities of interest were unique to
this particular SFC. In SFC3, participants were asked
to report six distinct quantities of interest based on their
blind predictions of the challenge specimen: (1) force
at defined displacements (0.25, 0.50, 0.75 and 1.0mm);
(2) force andHencky (logarithmic) strain in the vertical
direction at defined point locations on the specimen sur-
face at four specific loads relative to peak load; (3) force
versus gage displacement; (4) force versus Hencky
strain in the vertical direction at defined point locations
on the specimen surface; (5) force and Hencky strain in
the vertical direction along four horizontal lines on the
specimen surface at four specific load levels relative to
peak load; and (6) images of the Hencky strain field
on the specimen surface at crack initiation and com-
plete failure. Figure 2 shows the locations at which the
quantities of interest were to be reported. The reader
is encouraged to see the lead article by Kramer et al.
(2019) for a complete descriptionof questions and asso-
ciated points/locations.All participantswere also asked

Fig. 2 Annotated surface of challenge geometry showing the
reference locations used for reporting the quantities of interest in
the SFC3. Reprinted with permission from Kramer et al. (2019)

to include the details of their model set up and parame-
ters used in their models. Furthermore, all participants
were asked to provide predictions of variability in their
result, in which only two of the Utah teams partici-
pated. The reported information was used as the basis
for assessment of each team’s predictive capability.

3 Methods

3.1 Project organization and management

The timeline for the class project was organized within
the schedule of the semester-long course, as follows.
The entire course spanned 16 weeks and was divided
into the following topic areas, or modules: linear elas-
tic fracture mechanics (LEFM), generalized (nonlin-
ear) fracture mechanics, fatigue, and special topics.
The lecture-by-lecture schedule included in the course
syllabus is provided in the “Appendix” for reference.
The project was first introduced to the students at the
end of the sixth week of class (February 15, 2017),
after the students had completed the module on LEFM.
Although all SFC3 predictions were due to Sandia
NationalLaboratories bymid-July of 2017, the students
were required to complete their predictions and submit
their final projects by the end of the semester onMay 1,
2017. Thus, the students had approximately ten weeks
to complete their predictions. Simultaneously, the stu-
dents had to complete weekly homework assignments
related to the above-mentioned topic areas.

The students were assigned to work in teams of two1

and to apply one of three finite-element-based meth-
ods (mentioned in Sect. 1) to complete their predic-
tions. The course instructor (Spear) was assisted by two
other faculty members (Czabaj and Newell) to advise
the teams. An undergraduate student (Ichi) was also
recruited to compile and format the necessary files for
submission after the semester had ended.

To accommodate the timeline described above and
to place emphasis on the learning objectives for the
project (namely, using fracture/damage models and
calibrating their respective parameters), the faculty
advisors performed some preliminary work that was
considered to be outside the scope of the student-

1 One of the teams (Team E) had four members to share the
load of modifying and running external scripts for material-state
mapping.
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*some teams revisted their calibration during this time

Learn/demonstrate 
method

Perform fracture/damage model 
calibration

Apply calibrated model 
parameters* to challenge 
specimen. Write report

Weeks 1-3 Weeks 4-7 Weeks 8-10

Fig. 3 Graphical representation of timeline showing the number of weeks allocated for each of three deliverables associated with the
SFC3 class project

learning objectives. Specifically, the advisors gener-
ated and shared CAD models of the double-notched
specimen, grips, and challenge-geometry specimen;
although, the latter was not disseminated to the stu-
dents until after they had tackled the calibration pro-
cedure. Additionally, the advisors performed an initial
calibration of material properties to capture the nomi-
nal elastic and plastic response of the un-notched ten-
sile specimens (i.e. prior to incorporating any fracture
or damage models). The students were encouraged to
revisit the material-model calibration and tune it fur-
ther once they incorporated their respective fracture or
damage models. The students were also provided with
Python scripts to extract, in a consistent manner, the
load versus extensometer readings from an Abaqus�

output database. Thus, the students’ primary focus was
on learning about, implementing, and calibrating their
fracture or damage models and understanding how
mesh sensitivity influences the predictions for a given
method.

Rather than setting one final deadline and deliver-
able for the students, several deadlines and deliverables
were defined throughout the semester to help maintain
tractability and facilitate progress. The high-level tasks
associated with each deliverable included: (1) learn-
ing about the assigned fracture-simulation method and
demonstrating its application, (2) identifying and cal-
ibrating the relevant fracture or damage parameters
based on experimental data from the double-notched
specimens, and (3) applying the calibrated parameters
to the challenge-geometry model to make blind predic-
tions. Figure 3provides a visual depictionof the amount
of time the students spent on each of these tasks.

The first deliverable for the project was due three
weeks after the project was introduced to the students.
In this deliverable, students were required to familiar-
ize themselves with the quantities of interest [described
in Sect. 2.2 and in Kramer et al. (2019)], develop a plan
for acquiring those quantities, perform at least one sim-

ulation of crack growth in the double-notched geom-
etry with an arbitrary set of fracture/damage parame-
ters, critically assess the differences observed between
experimental and simulated load-versus-extensometer
readings, and conjecture which model parameters
should be adjusted to improve comparison with exper-
iment. The students were not given formal instruction
on their assigned simulation method and were instead
prompted to perform outside-of-class research to learn
about the method and how to apply it. Most of the
students resorted to online tutorials, software docu-
mentation, and discussions with the faculty advisors
to rapidly familiarize themselves with the modeling
approaches. As mentioned previously, three of the stu-
dents had no prior instruction in any finite element
methods.

The second deliverable for the project was due four
weeks after the first deliverable. During that four-week
period, students focused on calibrating the damage or
fracture parameters (and on fine tuning the initial mate-
rial properties provided by the faculty advisors) using
experimental data for the double-notched tensile spec-
imens. Many of the teams accomplished this through
a trial-and-error approach, by adjusting the param-
eters of their models until they were satisfied with
the correspondence to the experimental load-versus-
extensometer curve(s). Some of the teams took a more
systematic approach by performing a sensitivity anal-
ysis to determine the influence that each parameter had
on the results and using the information obtained to
guide their parameter selection.

The final deliverable was due three weeks after
the second deliverable. During that three-week period,
students focused on applying their calibrated model
parameters to the challenge-geometry model. The stu-
dents were encouraged to perform a mesh sensitivity
analysis and, in the process of doing so, some real-
ized that they needed to revisit their calibration. For
their final deliverable, students submitted reports that
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followed a similar format as requested for the SFC3.
They also prepared and delivered brief oral presen-
tations describing their modeling process, calibration
approach, simulations, and final results. Each team also
answered questions raised by either faculty advisors
or their fellow classmates. The presentations offered
an opportunity for the teams to convene and debrief
regarding the differences and similarities among mod-
eling approaches.

3.2 General technical approach

TheUtah teams (denoted here and in the leadSFC3 arti-
cle (Kramer et al. 2019) as “Teams E–K”) employed
three different finite-element-based approaches to sim-
ulate fracture for the SFC3. All teams were required
to use Abaqus� (Abaqus 2014) as the solver for
several reasons: (1) the faculty advisors were expe-
rienced with Abaqus�, (2) the software was avail-
able to every student, and (3) Abaqus� offered sev-
eral approaches for modeling ductile fracture. Three
teams employed an adaptive-remeshing technique that
required the use of a fracture-based remeshing soft-
ware called FRANC3D (Wawrzynek et al. 2009) in
conjunction with Abaqus� version 6.14 as the finite-
element solver. One of the adaptive-remeshing teams
(Team E) employed an in-house, material-state map-
ping code to facilitate mapping of state variables
from one mesh to the next following remeshing. The
other two adaptive-remeshing teams (Teams E* and
E**)2 did not employ material-state mapping; how-
ever, they developed unique approaches to incorpo-
rate the effects of elasto-plastic crack propagation. The
remaining teams employed damage or fracture simu-
lation tools implemented within Abaqus�, in which
cases the models were not remeshed during fracture
simulation. Three of the teams (Teams F–H) used the
element-deletion capability within Abaqus� version
6.14, and three teams (Teams I–K) used the Abaqus�

2 The predictions from Teams E* and E** were not submitted to
the SFC3 because the teams neglected to write out logarithmic
strain, which was a required quantity of interest for participation
(see Sect. 2.2). Consequently, any results involving logarithmic
strain described in this manuscript do not include predictions
from Teams E* and E**. The team names are assigned “E*” and
“E**” to associate them with “Team E”, originally named in the
lead SFC3 article (Kramer et al. 2019), since all three teams used
the adaptive-remeshing technique.

version 6.14 implementation of the eXtended Finite
Element Method (XFEM).

Each Utah team modeled the material as isotropic,
homogeneous, and rate-independent with an elastic-
plastic constitutive response (namely, J2 plasticity). All
teams used a piecewise (tabulated) user-defined plas-
ticity model in Abaqus to define the hardening behav-
ior. As described in Sect. 3.1, the faculty advisors
performed an initial material-model calibration (not
accounting for fracture or damage evolution). In this
initial calibration, the elastic modulus was determined
based on the unloading portion of the stress-strain
data from un-notched, longitudinal, tensile tests of AM
316L. The Poisson’s ratio was taken to be 0.3, which is
within the range of values reported for 316L stainless
steel. The post-yield stress-strain response was approx-
imated based on the provided experimental data from
the un-notched, longitudinal samples. To account for
significant necking in the samples between the point of
peak stress and final rupture, the tabulated stress val-
ues were adjusted until the force-elongation response
of the finite-element model matched the experimental
data. This “true-stress” versus strain response was pro-
vided to the student teams as a starting point for their
project. However, the teams were not required to use
the providedmodel, and some teams elected to calibrate
their own model instead.

Following an initial material-model calibration,
each team then set out to calibrate the fracture/damage
parameters associated with their respective simulation
method. All teams used the same idealized geome-
try of the double-notched sample based on the tech-
nical drawings provided by Sandia National Labora-
tories. A slight notch radius was defined in the geom-
etry based on representative notch radii shown in the
optical micrographs provided by Sandia for the double-
notched samples. During the process of calibrating the
fracture/damage parameters, the teams made further
adjustments to their initial material models with the
objective of capturing the first part of the load-versus-
extensometer curve, i.e. up to the point of peak-applied
load, for representative double-notched tensile sam-
ple(s). The teams assumed that any subsequent drop
in load (resulting in a deviation between simulation
and experiment) was associated with either crack ini-
tiation or an increment of crack extension, which is
consistent with basic theory of fracture mechanics.
“Initiation” is used here to mean the first instance
or appearance of a discontinuity in the model, and
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Table 1 Summary of elastic constants used in the final challenge
model

Young’s modulus
[E (GPa)]

Poisson’s
ratio (ν)

Team E (adaptive remeshing) 93.9a 0.3

Team E* (adaptive remeshing) 407b 0.3

Team E** (adaptive remeshing) 183 0.3

Team F (element deletion) 173 0.3

Team G (element deletion) 194 0.3

Team H (element deletion) 160 0.3

Team I (XFEM) 173 0.3

Team J (XFEM) 173 0.3

Team K (XFEM) 200 0.3

aTeam E used the initial part of the stress-strain curve (instead
of the reloading portion) to estimate the modulus
bTeam E* calibrated Young’s modulus by fitting the elastic por-
tion of the force-displacement curve of a representative double-
notched sample

“extension” is used to mean any subsequent propaga-
tion of an existing discontinuity. The objective of the
fracture/damage parameter calibration was then to try
and match the remaining portion of the load-versus-
extensometer curve following peak load for a represen-
tative double-notched sample(s). Table 1 provides the
modeled elastic properties, andFig. 4 shows the plastic-
ity and hardening responses used by each team for the
final challenge model. Details regarding the method-
specific calibration procedures and the final calibrated
fracture/damage parameters are provided in the next
section.

All teams used the same, idealized geometry for the
challenge model. The geometry was modeled based on
the technical drawings provided by Sandia National
Laboratories. No flaws, including surface roughness
or porosity, were included in the challenge-geometry
model. Teams G and J used quarter symmetry to
decrease the computational cost. They ensured that
their results were not impacted by additional con-
straints due to the symmetry boundary conditions by
running a preliminary full-sized, uncracked model for
comparison. All other teams used the complete geom-
etry.

All teams applied approximately the same boundary
conditions. Specifically, the teams attempted to repli-
cate the applied boundary conditions from experiment
by constraining their models in the regions of contact

Fig. 4 Approximation of true stress versus plastic strain curves
used in Abaqus� metal plasticity models for the final challenge
model

Fig. 5 A representative depiction of boundary conditions
applied to the challenge-geometry model. Node sets correspond-
ing to the regions of contact with the carbide pads from the grips
had boundary conditions applied to represent realistic conditions
from experiment. Here, all highlighted nodes were fixed in the
x and z directions. Highlighted nodes on one of the grip ends
were additionally fixed from displacement in the y direction,
while non-zero displacement was applied in the y direction to
highlighted nodes on the opposite grip end

between the specimen and the carbide pads of the grips,
as shown in Fig. 5.
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3.3 Method-specific technical approaches

3.3.1 Adaptive remeshing (with and without
material-state mapping)

Generally, in the adaptive-remeshing approach (Ingraf-
fea 2007), crack initiation involves the explicit inser-
tion of a crack(s) in a location(s) specified by the
user. Following crack insertion, crack propagation is
predicted point-wise along a three-dimensional crack
front based on a user-specified growth criterion, and the
geometry and mesh of the model are updated accord-
ingly for each new increment of crack growth. The
adaptive-remeshing technique used by Teams E, E*,
and E** required the teams to define the conditions
for crack initiation (i.e. at what numerical time step
and spatial location to manually insert cracks into the
model) and crack propagation (i.e. at what numerical
time step to propagate the crack(s) and in what direc-
tion the crack(s) should kink). All three teams used
Abaqus/Standard� as the finite-solver and the soft-
ware FRANC3D (Wawrzynek et al. 2009) to facili-
tate remeshing following incremental crack growth.
FRANC3D currently supports prediction of linear-
elastic crack growth, such that any evolved variables,
including displacements and plastic strains, are reset to
zero following incremental crack growth and remesh-
ing. This results in a sequence of simulations corre-
sponding to different crack lengths with initially unde-
formed and unstressed states. Thus, to incorporate the
effects of plasticity during crack extension, all three
teams implemented creative solutions in their predic-
tions, described below.

Team E used in-house codes (Spear et al. 2011)
to facilitate material-state mapping following adaptive
remeshing and to predict crack propagation based on
a nonlinear fracture parameter. To define the condi-
tions required for crack initiation, Team E first sim-
ulated a representative double-notched sample with-
out any cracks. Crack initiation was assumed to occur
at the numerical time step when the simulated load
began to exceed the experimental load at a given
increment of applied displacement. At that time step,
the team calculated the volume-averaged value of
maximum-principal strain within a cylindrical volume
(0.1 mm radius) surrounding each notch. A radius of
0.1 mm was chosen to match the length of the initial
crack to be inserted, which was 0.1 mm for both the
notched specimen and challenge geometry. The cal-

culated value of volume-averaged maximum principal
strain (0.087) then served as the crack-initiation cri-
terion for the challenge-geometry simulation. In the
challenge model, a volume of the same radius was
evaluated at each potential initiation site, and cracks
of radius 0.1 mm were inserted (initiated) at loca-
tions meeting the same conditions as determined from
the double-notched simulation. Crack propagation was
determined based on critical crack-tip displacement
(CTD), accounting for all three modes of displacement
(Sutton et al. 2007; Lan et al. 2007; Spear et al. 2011):

CT D =
√
CT D2

I + CT D2
I I + CT D2

I I I .

A calibration procedure similar to that used for ini-
tiation was implemented by Team E to determine the
critical CTD required for crack propagation, such that
the load-versus-extensometer curve for the representa-
tive double-notched sample could be reproduced. The
critical value of CTD was found to be 0.02 mm evalu-
ated at a distance of 0.01 mm behind each crack-front
node. Since the model was remeshed after each incre-
ment of crack growth, in-house codes were used tomap
the displacements to the new mesh from the numeri-
cal time step at which propagation was predicted. Sub-
sequently, the mesh-to-mesh solution mapping func-
tion in Abaqus� (version 6.14) was invoked to map
remaining state variables onto the deformed mesh. The
reader is referred to Spear et al. (2011) for specific
details regarding the codes and procedures used to map
material-state variables following crack propagation
and remeshing by FRANC3D.

BecauseTeamsE* andE** did not employmaterial-
state mapping, the material state was reset to zero
following each increment of crack propagation and
remeshing. To account for the plasticity that would oth-
erwise accrue with crack extension, the teams sought
to calibrate apparent R-curves by applying a post-
processing step that is best illustrated by Fig. 6. First,
the teams simulated an uncracked double-notched
specimen and identified the point at which crack initi-
ation was assumed to occur (i.e., where the experimen-
tal and simulated force-displacement curves diverged).
The teams then traced an elastic-unloading curve from
the point of crack initiation, as shown in the Fig. 6,
to identify a displacement value that would represent
the effect of any residual strain in the model. Following
crack insertion, remeshing, and simulation from a zero-
state, both teams applied an offset to the simulated dis-
placement curve by an amount equal to the aforemen-
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Fig. 6 Method used for calibrating R-curvewhen using adaptive
remeshing without material-state mapping: a Team E*, b Team
E**. Points of intersection between each crack-length-dependent

reloading curve and the experimental force-displacement curve
mark the crack-extension condition KI (a) = KIc(a)

tioned displacement value. Subsequently, the objective
was to find the amount of displacement needed such
that the offset force-displacement curve from simula-
tion intersected the experimental curve, thereby indi-
cating a critical state for crack extension. In the case
of Team E*, the process was repeated by tracing the
elastic-unloading curve from each point of crack exten-
sion to the displacement axis and offsetting the next
simulation response by that displacement amount, as
indicated in Fig. 6a. For Team E**, however, the simu-
lated response corresponding to each new increment
of crack extension was offset only by the original
amount of displacement corresponding to crack initia-
tion, as indicated in Fig. 6b. After performing a suffi-
cient number of crack-growth simulations to capture
the majority of the experimental force-displacement
curve, both teams then used FRANC3D to calculate
the mode I stress intensity factor,3 KI , at the numer-
ical time step where each intersection point occurred.
These values of KI were considered to be the appar-
ent fracture toughness, KIc, corresponding to different
crack lengths. The teams then plotted the KIc versus
crack extension, da, to derive an apparent R-curve that
could be used to predict crack extension in the chal-

3 Despite violation of the small-scale yielding assumption, KI
is used as a surrogate to represent the relevant crack-front fields.

lenge model. The resulting R-curves for both teams
are shown in Fig. 7. Note in Fig. 7a that Team E*
calibrated a decreasing R-curve, which is physically
unrealistic. From an energy-balance perspective, Team
E* effectively “redistributed” the energy dissipation
that was likely associated with plastic deformation in
the real specimen to energy dissipation by fracture,
which resulted in a decreasing fracture toughness with
increasing crack extension. The implications of this
approach are discussed further in Sect. 4.1.

For all three adaptive-remeshing teams, quadratic
tetrahedral elements (C3D10) were used for the major-
ity of the challenge-geometry model. Along the crack
front, a template of wedge, hexahedral, and pyramid
elements were used, as described by Wawrzynek et al.
(2009). In the regions nearest the crack front, the teams
used element sizes on the order of 0.01 mm, and the
meshes was coarsened dramatically with distance from
the crack surface. The total number of elements in
the challenge-geometry models increased with simu-
lated crack advancement, which is characteristic of the
adaptive-remeshing technique.

Teams E, E*, and E** used the information gleaned
from their respective calibration procedures to predict
crack initiation and growth in the challenge-geometry
model. All three teams inserted cracks in locations of
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Fig. 7 Calibrated R-curves from carrying out the method shown in Fig. 6: a Team E*, b Team E**. The points are colored to correspond
with the intersection points shown in Fig. 6a, b, respectively

maximum principal strain, and all three teams used the
maximum tangential stress criterion (Erdogan and Sih
1963) implemented within FRANC3D to predict the
local kink angle point-wise along the three-dimensional
crack fronts. Team E propagated the cracks when the
average CTD, evaluated 0.01mm behind each crack-
front node, reached the critical value of 0.02mm.
Teams E* and E** used their calibrated R-curves
to predict when crack extension should occur for a
given crack length (i.e., when KI (a) = KIc(a) by
evaluation of their respective R-curves). In generat-
ing their final load-versus-extensometer curves for the
challenge-geometry model, Teams E* and E** applied
their displacement-offset method by identifying the
applied displacement at which KI (a) = KIc(a) for a
given crack length, extending the crack and remeshing,
offsetting the subsequent reloading curve as described
above, re-evaluating the R-curve to identify again
when KI (a) = KIc(a), and repeating. Since multi-
ple reloading curves were generated, the critical points
from all curves were connected to form the final, pre-
dicted, force-displacement curve. The end result was
a single curve that represented the entire load-versus-
extensometer response of the challenge model.

3.3.2 Element deletion

Teams F–H simulated fracture for the SFC3 using ele-
ment deletion, implemented within Abaqus/Explicit�

version 6.14. In this approach, fracture was simulated
through automated degradation of element stiffness,
which was controlled by damage initiation and evolu-
tion criteria. In Abaqus�, initiation of element removal
was determined by defining equivalent plastic strain
at the onset of failure. After damage initiation, ele-
ment stiffness degradation was determined using either
a displacement- or energy-based damage evolution law.

Two element-deletion teams (Teams G and H) used
critical fracture energy to initiate onset of element
degradation, while one team (Team F) used critical
displacement. Teams F and H used quadratic tetra-
hedral elements (C3D10 and C3D10M, respectively)
and Team G used linear tetrahedral elements (C3D4)
to mesh the challenge geometry. Because of the inter-
dependency between mesh size and element-deletion
parameters, calibration of damage parameters had to
be performed in conjunction with a mesh-convergence
study, carried out as follows. Prior to calibration, all
teams performed a mesh convergence study on the
double-notched specimen models to ensure satisfac-
tory specimen response and “smooth” shape of the
simulated fracture surfaces. An initial calibration of
the element-deletion parameters was then performed
with the converged mesh by modifying the parame-
ters until the simulated load-extensometer response of
the double-notched model matched that from experi-
ment. After this initial calibration, the converged-mesh
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Fig. 8 Effect of mesh size on location and roughness of predicted failure surface using element deletion. Meshes have the following
number of elements: a 22,553; b 29,548; c 107,186; d 147,558; e 838,178

Table 2 Summary of parameters used by the element-deletion teams

Damage initiation Damage evolution

Fracture strain Stress triaxiality Strain rate (s−1) Type Displacement at
failure (mm)

Fracture energy
(J/m2)

Team F (nominal) 0.430–0.480 0.0–1.0 0.00127 Displacement 0.0175 –

Team F (lower) 0.300–0.350 0.0–1.0 0.00127 Displacement 0.03 –

Team F (upper) 0.435–0.485 0.0–1.0 0.00127 Displacement 0.02 –

Team G (nominal) 0.311 0.33 0 Energy – 3673

Team H (nominal) 0.48 0.33 0 Energy – 3100

Team H (lower) 0.46 0.33 0 Energy – 3100

Team H (upper) 0.52 0.33 0 Energy – 3100

Multiple entries indicate that multiple simulations were conducted to provide upper- and lower-bound predictions

size and element-deletion parameters were applied to
the challenge-geometry model. Due to the complex
shape of the challenge geometry, the teams used ele-
ments that were, on average, smaller than those used
in the double-notched specimen model. The smaller
element sizes were determined by performing a mesh-
convergence study on the challenge-geometrymodel to
ensure that the locations of damage/fracture initiation
were converged. Interestingly, all three teams found
that by using the initial element size deemed converged
for the double-notched model, failure initiated near the
central, internal, elliptical void, regardless of element-
deletion parameters used. As the mesh was refined, the
failure-initiation location transitioned upward towards
the void with the smaller, circular cross section. This
dependence of failure path on mesh size is shown in
Fig. 8. In light of this discovery, all three teams per-

formed a second round of parameter calibration on the
double-notched model using a smaller mesh size. The
calibrated parameters used in the challenge-geometry
model are summarized in Table 2 for Teams F–H.

In addition to the nominal fracture predictions for
the challenge-geometry model, Teams F and H made
additional upper- and lower-bound predictions by cal-
ibrating two additional sets of damage parameters. To
do so, both teams selected two experimental curves
from the double-notch data that represented upper- and
lower-bound responses. They then re-calibrated their
damage parameters (i.e., fracture strain and, in the case
of Team F, displacement at failure) to match the experi-
mental bounds. Each team applied the parameters from
the nominal, upper-, and lower-bound calibrations in
three separate predictions of the challenge geometry.
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Table 3 Summary of parameters used by the XFEM teams

Damage initiation Damage evolution

Max principal stress (MPa) Max principal strain Tolerance Type Displacement at failure (mm)

Team I 1200 – 0.1 Displacement 0.08

Team J – 0.35 0.05 Energy 0.08

Team K 1200 – 0.1 Displacement 0.10

3.3.3 Extended finite element method (XFEM)

Teams I–K adopted an XFEM approach to predict the
fracture behavior in the SFC3. In this approach, ele-
ments must be enriched a priori with a step function
that enables the representation of a discontinuity (Moës
et al. 1999; Sukumar et al. 2000; Ingraffea 2007). The
onset and/or growth of the discontinuity is determined
from either a displacement- or energy-based fracture
criterion. The increment of crack evolution is dictated
by the size of the enriched elements, and crack initia-
tion and growth can only occur in regionswith enriched
elements. In that regard, the XFEM approach for crack
growth can exhibit mesh sensitivities.

Teams I–K used the implementation of XFEM
within Abaqus/Standard� (version 6.14), which sup-
ports prediction of both fracture initiation and propa-
gation. The model geometry was discretized using lin-
ear hexahedral elements with reduced-order integra-
tion (C3D8R) in the enriched regions where cracks
were expected to initiate and propagate. For the rest
of the domain (i.e., where cracks were not expected
to initiate or propagate), Teams I and J used linear
tetrahedral (C3D4) elements. Team K used quadratic
tetrahedral (C3D10) elements away from where frac-
ture was expected, which resulted in disconnectedmid-
side nodes on the boundary between different element
types. However, this transition region was sufficiently
far away fromwhere fracturewas expected to occur that
Team K deemed this mismatch acceptable. Performing
a mesh convergence study for the XFEM teams proved
to be difficult due to the strong interdependence among
damage parameters, mesh size/configuration, and plas-
ticity. This interdependency led to difficulties in achiev-
ing converged numerical solutions for much of the time
spent working on the project. Thus, it was intractable
for the XFEM teams to perform a mesh convergence
study in their abbreviated timeline for the SFC3, but

all recognized the need to do so in order to obtain an
accurate prediction of fracture initiation and growth.

Two of the XFEM teams (Teams I and K) used max-
imum principal stress (MaxPS) as their fracture/failure
criteria, and one (Team J) used maximum principal
strain (MaxPE). The teams defined a damage toler-
ance of either 5% or 10%, allowing cracks to initiate
within the range of 5% or 10%, respectively, of the
specified fracture/failure threshold. The teams speci-
fied either displacement-based or energy-based dam-
age evolution criterion with threshold values listed in
Table 3. Similar to the other simulation approaches, the
objective of the calibration procedure for the XFEM
teams was to iteratively modify the damage initia-
tion and evolution parameters until the simulated load-
versus-extensometer response for an idealized double-
notchedmodelmatched the response froma representa-
tive experiment. The calibrated parameters used in the
challenge-geometry model are summarized in Table 3
for Teams I–K.

4 Results and discussion

Figure 9 demonstrates the project evolution in terms of
submitted deliverables for three representative teams,
one from each type of simulationmethod. As described
in Sect. 3.1, the first deliverable of the project was for
the teams to learn about their respective method based
on outside-of-class research and to demonstrate appli-
cation of the method to the double-notch geometry.
Force-versus-extensometer results from the first deliv-
erable are shown in Fig. 9a, d, g for the three represen-
tative teams. As shown in the plots, the first attempt at
applying each method did not yield satisfactory results
when compared with experimental data. Thus, after
learning how to apply their methods, each team spent
a considerable amount of time examining the influ-
ence of the model parameters on the global force-
versus-extensometer curves. Figure 9b, e, h show the
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Fig. 9 Load-versus-extensometer results from a series of deliv-
erables representing the evolution of the SFC3 class project for
three representative teams: a, b, c Team E (adaptive remeshing);
d, e, f Team H (element deletion); g, h, i Team K (XFEM).
Deliverable 1: a, d, g first attempts at applying the respective

simulation methods; results are for the double-notch geometry.
Deliverable 2: b, e, h calibration results based on the double-
notch geometry. Deliverable 3: c, f, i blind predictions for the
nominal response of the challenge geometry compared to exper-
imental data provided after predictions were submitted

teams’ submissions for the second deliverable, which
was a calibration of their respective fracture or damage
parameters using experimental data from the double-
notch tests. It is noted that some of the teams revisited
their calibration after submitting their second deliver-
able. For example, as mentioned in Sect. 3.3.2, some of
the teams found that smaller element sizes were needed
for convergence of the challenge-geometry model than
what was needed for convergence of the double-

notch geometry. Consequently, the teams whose pre-
dictions exhibited mesh dependencies found that they
needed to re-calibrate their damage/fracture models for
the double-notch geometry after modifying the mesh
refinement. Thus, the results from the second deliver-
able shown in Fig. 9b, e, h do not necessarily reflect
the final parameters that were used for the blind pre-
dictions. The third deliverable for the project was to
provide blind predictions for the challenge geometry.
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Fig. 10 Predictions of load versus gage displacement com-
pared to experimental measurements for the challenge-geometry
specimens from the SFC3. a Predictions from University of
Utah teams only. b Predictions from all participating teams in

the SFC3. Predictions are color-coded based on the simulation
approach used. Note that Teams E* and E** participated in the
class project but did not submit predictions to the SFC3 and are
therefore not counted among the official participant list

Figure 9c, f, i show the nominal predictions for each
team compared to the experimental results, which were
released after the blindpredictionswere submitted. Fig-
ure 9 clearly illustrates the progress made throughout
the semester by participating in the SFC3.

4.1 Predictions and comparison of methods

The load-versus-extensometer predictions for the chal-
lenge geometry are plotted for all nine University of
Utah teams, along with the experimental results, in
Fig. 10a. Figure 10b additionally shows the predictions
of all other teamswhoparticipated in theSFC3 (Kramer
et al. 2019). As shown in Fig. 10, all Utah teams rea-
sonably predicted the global response until an average
gage displacement of about 0.5 mm, at which point
discrepancies among the fracture methods and param-
eters begin to manifest. Given that the teams all fol-
lowed approximately the same calibration procedure
for the constitutive model (and, in fact, started with
nominally identical material properties), it is not sur-
prising that the predictions are quite similar until that

point. One important takeaway from this observation is
that thorough calibration of the elastic-plastic constitu-
tive model (prior to onset of fracture/damage) seemed
to be as important as, if not more important than, the
fracture model, given that the specimens experienced a
significant amount of plastic deformation prior to onset
of fracture.

The choice of fracture-simulation technique
impacted the shape of the force-displacement curve
for each team, as shown in Fig. 10. With the excep-
tion of Team J, predictions from element-deletion and
XFEM teams all exhibit a fairly sharp transition in
the force-displacement response, marked by an abrupt
and sustained load drop. This is in contrast to the
much smoother response of Teams E and E*, both of
which are adaptive-remeshing teams. Team E** has
the most divergent prediction among the University
of Utah teams. This is related to the manner in which
Team E** calibrated and subsequently applied their R-
curve. Recall, both Teams E* and E** developedmeth-
ods to calibrate their R-curves by accounting for loss
of prior plasticity following adaptive remeshing. As
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shown in Fig. 6b and described in Sect. 3.3.1, TeamE**
implemented an offset approach (to account for plastic-
ity effects) in which the simulated load-displacement
response for every crack-growth increment was shifted
from zero to the displacement corresponding to elastic
unloading at crack initiation. On the other hand, Team
E* applied progressively larger displacement offsets
as the crack(s) propagated. Consequently, the result-
ing fracture toughness values (i.e., computed KI val-
ues when the offset load-displacement curves inter-
sected the experimental curve) were larger and increas-
ing for Team E** and smaller and decreasing for Team
E*, shown in Fig. 7. By Team E**’s approach, sig-
nificantly more displacement is required to reach the
condition for crack extension. This results in excessive
ductility in the predicted global response, as shown in
Fig. 10. Interestingly, TeamE* has a slightly better pre-
diction of load versus displacement than even Team E,
who incorporated material-state mapping. Note from
Figs. 6a and 7a that Team E*’s calibration method
results in a decreasing R-curve, indicating that the
resistance to fracture actually decreases with increas-
ing crack growth. Physically, fracture toughness has
been shown to increase with crack extension for some
materials due to the increase in energy dissipation asso-
ciated with inelastic processes (viz., plastic deforma-
tion) near the crack tip. For Team E*, the reduction in
plasticity-induced energy dissipation with increasing
crack length is offset by reducing the fracture tough-
ness, resulting in an artificial (yet calibrated) decreas-
ing R-curve. While this result is likely non-physical, it
appears that as long as the blind prediction is carried
out in the same manner as that used to calibrate the R-
curve, the predicted response of the specimen actually
matches experiment fairly well. This result suggests
that it might be possible to simulate accurately the duc-
tile tearing response using an adaptive-remeshing tech-
nique without the need to map material state variables.
The validity of this statement hinges, of course, on the
calibration procedure used, as highlighted above. This
could potentially be a meaningful finding given the
computational expense associated with material-state
mapping, and the authors suggest that the approach
implemented by Team E* be explored further.

As shown in Fig. 10b, the University of Utah
teams performed comparably to or better than many
of the teams who participated in the SFC3. The excep-
tion to this is Team E**, whose prediction was dis-
cussed above. According to the lead SFC3 article by

Kramer et al. (2019), two University of Utah teams
ranked within the top five out of 21 participating teams
based on an average-error ranking system of the force-
displacement predictions; Teams H (element deletion)
and K (XFEM) ranked 5th and 4th, respectively.

Figures 11 and 12 show the vertical logarithmic
strain measured along horizontal lines H3 and H4
(defined in Fig. 2) at peak load from both experiment
and simulation of the challenge-geometry specimens.
With the exception of Team E (adaptive remeshing),
the University of Utah teams all captured the local
strain measurements in their predictions fairly well.
Team F (element deletion) had the best strain pre-
dictions among the University of Utah teams. In fact,
Team F was ranked 4th out of 21 participating teams
based on an average R-squared error measure of strain-
displacement response described in the lead SFC3 arti-
cle (Kramer et al. 2019).

The discrepancy in Team E’s prediction of log-
arithmic strain is related to the material-state map-
ping routine in Abaqus�, which the team leveraged
in their simulations. Following crack extension and
remeshing, Team E applied an in-house code to map
the displacements from the previous mesh to the new
mesh, thereby creating a deformed mesh with new
surface area corresponding to crack extension. Once
the deformed mesh was generated, the material-state
mapping routine within Abaqus� (version 6.14) was
invoked to transfer remaining state variables from the
previous simulation to the new, deformed mesh. Inter-
estingly, it was discovered through this SFC3 exercise
that the solution-mapping algorithm in Abaqus� did
not map logarithmic strains, which are a function of the
deformation gradient. However, the stresses and plastic
strains were mapped, as expected. Consequently, Team
E’s predictions of strains start out relatively close to the
experimental values, but begin to underpredict dramat-
ically at and after peak load, following crack growth
and adaptive remeshing (Fig. 13).

In addition to reporting strain values along specific
paths at specific load levels, all SFC3 participants were
asked to provide figures of the full-field strain maps
at crack initiation and final failure. Logarithmic strain
maps predicted by the participating Utah teams are
shown in Figs. 14, 15 and 16.

Some interesting comparisons can be made among
the different simulation approaches by investigating
Figs. 14, 15 and 16. Qualitatively, the shapes of
the strain fields are similar across all Utah teams at
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Fig. 11 Predictions of vertical logarithmic strain along the hor-
izontal line H3 (see Fig. 2) at peak applied load compared to
experimental measurements for the challenge-geometry speci-
mens from the SFC3. a Predictions from University of Utah
teams only. b Predictions from all participating teams in the
SFC3 (Kramer et al. 2019). Predictions are color-coded based
on the simulation approach used. Note that Teams E* and E**
participated in the class project but did not submit predictions
to the SFC3 and are therefore not counted among the official
participant list

Fig. 12 Predictions of vertical logarithmic strain along the hor-
izontal line H4 (see Fig. 2) at peak applied load compared to
experimental measurements for the challenge-geometry speci-
mens from the SFC3. a Predictions from University of Utah
teams only. b Predictions from all participating teams in the
SFC3 (Kramer et al. 2019). Predictions are color-coded based
on the simulation approach used. Note that Teams E* and E**
participated in the class project but did not submit predictions
to the SFC3 and are therefore not counted among the official
participant list
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Fig. 13 Team E’s predictions of vertical logarithmic strain along the horizontal line H3 (see Fig. 2) compared to experimental mea-
surements at four load levels relative to peak load: a 75%, b 90%, c 100% (peak load), d 90% (after peak load)

crack initiation. However, there are differences in the
predicted crack path and fracture-surface roughness
among the various methods. First, note that the Utah
teams all predicted crack initiation to occur near the
four internal corners where the two angled channels
intersect the through-thickness hole, regardless of the
initiation criterion or simulation method employed.
Following initiation, the adaptive-remeshing andXFEM
teams predicted crack propagation along a nominal
Mode I path, i.e. approximately normal to the applied-
loading direction (see Fig. 16). This result was some-

what surprising given that the internal cavities and
angled channels within the specimen were expected
to cause a deflection in the crack path. The element-
deletion teams, on the other hand, predicted the crack
path to follow the path of the angled channel within
the specimen. Teams F and H also predicted a slight
deflection upward just prior to complete failure (see
Fig. 15). Interestingly, both types of predicted crack
paths (nominally Mode I and angled along the chan-
nel) were observed among the 36 specimens tested by
Sandia for the SFC3 (Kramer et al. 2019).
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Fig. 14 Prediction from
adaptive-remeshing
simulation (Team E) of the
logarithmic strain in the
nominal (vertical) loading
direction: a at crack
initiation and b at final
simulated crack increment
(cracks are internal and thus
not visible from front
surface)

Fig. 15 Predictions from element-deletion simulations of the logarithmic strain in the nominal (vertical) loading direction at crack
initiation (top row) and at complete failure (bottom row): a, d Team F; b, e Team G; c, f Team H
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Fig. 16 Predictions from XFEM simulations of the logarithmic strain in the nominal (vertical) loading direction at crack initiation (top
row) and at complete failure (bottom row): a, d Team I; b, e Team J; c, f Team K

In general, element-deletion simulations result in
more tortuous crack-surface predictions than either
XFEM or adaptive remeshing. In some cases, this tor-
tuosity can appear to be quite realistic. However, this
effect is a visual manifestation of removing elements
from an unstructured mesh and is an artifact caused by
themesh dependency of the approach. As expected, the
predicted fracture-surface roughness tends to decrease
with additional mesh refinement in this approach, as
depicted earlier in Fig. 8.

Based on the experience of participating in the
SFC3, the University of Utah teams have identified
advantages and disadvantages of all three simula-
tion approaches. Among the three methods (adaptive
remeshing, element deletion, and XFEM), adaptive
remeshing exhibits the least mesh sensitivity, which
is corroborated elsewhere in the literature (Ingraffea

2007). However, this approach is most computation-
ally expensive, especially if material-state mapping
is employed. In fact, the computational expense pre-
cluded the adaptive-remeshing teams from being able
to simulate crack growth to complete separation of the
challenge specimen (Fig. 14). Another important point
regarding adaptive remeshing is that the technique is
capable of predicting arbitrary crack propagation, but
not crack initiation. Thus, the usermustmanually insert
initial crack(s) using FRANC3D.

Similarly, the Abaqus� implementation of XFEM
(version 6.14) offers both advantages and disadvan-
tages.Onedisadvantage is that themethod exhibits con-
siderable mesh dependency. For example, the imple-
mentation within Abaqus� seemed to work well with
hexahedral elements but not with tetrahedral elements,
which presented modeling challenges since tetrahedral
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elements were more amenable to meshing the complex
challenge geometry. Additionally, the students found
that the XFEM simulations were very sensitive not
only to element type but also to element (mesh) size. In
fact, some students found that the numerical solution
would diverge if the mesh was too fine. The reason for
these observed mesh dependencies remains unclear. In
some cases, e.g. Fig. 16f, XFEM failed to completely
separate elements even after meeting the failure crite-
rion. Despite these mesh-related hurdles, the Abaqus�

implementation of XFEM (version 6.14) was able to
seamlessly handle plasticity with fracture and seemed
to work well once an appropriate mesh was in place.

Perhaps the greatest advantage of element deletion
was that it had a lower learning curve compared to
the other methods, rendering it an attractive method
for beginning practitioners. The method is relatively
straight-forward to implement within Abaqus�, and
as a result, the element-deletion teams were the only
teams who were able to complete more than one sim-
ulation on the challenge geometry within the project
timeframe. Consequently, this method seems to lend
itself nicely to investigating sources of variability and
performing parametric studies. The obvious disadvan-
tage of element deletion, which was discussed earlier,
is the pronounced mesh sensitivity. Additionally, it is
important to note that element deletion does not techni-
cally simulate the evolution of a fracture surface. Nev-
ertheless, it is shown to be a valuable tool for predicting
ductile failure of metals.

4.2 Organization, management, and recommendations

In terms of organization and management of the SFC3
class project, the authors offer recommendations based
on what worked and what could be improved for future
participation in an SFC or similar round-robin activi-
ties.When theSFC3wasfirst issued bySandia, a signif-
icant amount of data and information was provided by
the organizers to all participants. The faculty advisors
felt that simply releasing all this information and data
to the students without carefully guiding their partici-
pation could lead to analysis paralysis.4 Thus, it is rec-
ommended that the faculty advisors take the following
steps in a classroom setting to prevent such a scenario:

4 Analysis paralysis is a feeling of being overwhelmed (often
caused by information overload) that leads to complete inaction.

• Decide what aspects of participation are necessary
or valuable for the course objectives, and actively
assist students with other tasks that do not directly
meet those objectives. For example, as described in
Sect. 3.1, the faculty advisors generated CADmod-
els and performed an initial material-model cali-
bration for the students so that the students could
spend their time on calibrating their damage or frac-
ture models, which was consistent with the course
objectives.

• Control the rate and influx of information. For
example, the faculty advisors generated a CAD
model of the challenge geometry early on in the
semester, however, elected not to provide that to
the students until they had finished calibrating their
models against the double-notched specimen data.
This allowed the students to maintain focus on one
task at a time.

• Give students access to the information packet pro-
vided by the organizers, but discuss with students
what information or data can be neglected in light
of the course objectives. For example, the faculty
advisors suggested that the students neglect (unless
they chose otherwise) the X-ray tomography data
and digital image correlation data provided in the
original information packet (Kramer et al. 2019),
as discussed in Sect. 2.1.

• Set clear and intermediate deliverables through-
out the semester that allow the students to tackle
individual tasks on their way to meeting the final
goal. For example, the SFC3 project was broken
down into three specific deliverables, as described
in Sect. 3.1.

Given the scheduling constraints of the course and
the limitations of both time and experience, the above
recommendations are considered essential to maintain
tractability of classroom participation on a project of
this magnitude.

Additionally, the authors recommend that the fol-
lowing steps be taken, which were not taken in this
work. First, the authors recommend that experience
with finite-element analysis be a pre-requisite for par-
ticipating in the project; experience with the intended
software (Abaqus�, in this case) would be a plus.
Recall that three of the 20 students had no such expe-
rience prior to taking the course. While those students
were intentionally paired with someone who did have
prior experience with finite-element analysis, it was
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often difficult for those teams to distribute the work-
load in ways that other teams could, which caused
frustration for some of the students. Another recom-
mendation would be to start the entire project earlier
in the semester by having the students work through
faculty-developed tutorials. While the initial intent of
the instructor was to commence the project after the
students had developed an understanding of LEFM
theory, it seems, in retrospect, that this is not neces-
sary. Furthermore, the students were instructed, in this
work, to leverage existing tutorials and documentation
to develop an understanding of the implementation of
their respective methods. However, many of the stu-
dents found the existing tutorials to be lacking for vari-
ous reasons. Thus, the faculty advisors should develop
specific tutorials that would provide more immediate
guidance for the students early in the semester. Doing
so would allow for more time to be spent troubleshoot-
ing and calibrating the damage or fracture models, as
well as exploring the effects of material and geometri-
cal variability on the predictions.

5 Conclusion

This manuscript describes the participation of an entire
class of 20 graduate students at the University of Utah
in the Third Sandia Fracture Challenge (SFC3). The
purpose of the SFC3, which was issued in 2017 by
Sandia National Laboratories, was to assess the abil-
ity of the computational-fracture-mechanics commu-
nity to predict ductile fracture in a complex specimen
geometry producedvia additivemanufacturingof stain-
less steel 316L powder (Kramer et al. 2019). Similar
to previous SFCs, the SFC3 was conducted in a blind,
round-robin style approach, where volunteer partici-
pants from around the world could submit predictions.
In the SFC3, 21 teams participated, and seven of those
teams comprised students from the graduate course
at the University of Utah. When the SFC3 was first
issued, participants were provided with a substantial
amount of data, including mechanical-response data of
un-notched and notched tensile specimens. The par-
ticipants were then asked to make blind predictions
of both global and local quantities of interest in the
challenge geometry. Participants could optionally sub-
mit upper- and lower-bound predictions in addition to
nominal predictions.

The University of Utah teams were advised by three
faculty members, who helped to organize the project
within the scheduling constraints of the course. The
class was divided into teams and assigned one of three
finite-element-based methods to apply to the SFC3:
adaptive remeshing, element deletion, or the eXtended
Finite Element Method (XFEM). Three primary deliv-
erables were defined for the student teams: (1) learn
about and demonstrate application of the assigned
method, (2) calibrate the relevant fracture or dam-
age parameters based on experimental data of double-
notched specimens, (3) apply the calibrated parameters
to the challenge-geometry model to make blind predic-
tions of fracture.

In general, the University of Utah teams performed
comparably to or better than many of the SFC3 par-
ticipants. Out of the 21 teams who participated, three
of the seven teams from Utah ranked among the top
five based on either global force-displacement or local
strain predictions, according to the lead SFC3 article by
Kramer et al. (2019). One important conclusion from
the student predictions is that thorough calibration of
the elastic-plastic constitutive model (prior to onset of
fracture/damage) seemed to be as important as, if not
more important than, the fracture model, given that the
specimens experienced a significant amount of plastic
deformation prior to onset of fracture.

Based on the students’ experiences participating
in the SFC3 as a class project, advantages and dis-
advantages were identified for all three simulation
approaches. Adaptive remeshing (performed using
FRANC3DandAbaqus/Standard� version6.14) exhib-
ited the least mesh sensitivity by allowing for com-
pletely arbitrary crack propagation. However, it was
the most computationally intensive of the approaches,
especiallywhenmaterial-statemappingwas employed.
Two R-curve-calibration approaches were proposed
for using adaptive remeshing without material-state
mapping; one of which yielded promising results and
should be explored further. XFEM (performed using
Abaqus/Standard� version 6.14) exhibited mesh sen-
sitivity and required much practice to generate appro-
priate meshes that would accommodate fracture in
the challenge geometry. However, once an appropriate
mesh was generated, XFEM seamlessly handled the
plasticity-to-fracture transition. Element deletion (per-
formed using Abaqus/Explicit� version 6.14) exhib-
ited significant mesh sensitivity. However, it had the
shallowest learning curve and seemed to be a suitable

123



192 A. D. Spear et al.

option for beginning practitioners of computational
fracture mechanics (although, it should be noted that
the method does not technically predict the evolution
of fracture surfaces based on fracture mechanics).

From a management and organizational standpoint,
recommendations are offered for future classroom par-
ticipation in the SFC or similar round-robin activities.
In general, the recommendations are related to ensur-
ing that classroomparticipation is tractable for a project
of this magnitude and that focus remains on meeting
the course learning objectives. The recommendations
for faculty advisors include actively assisting students
with tasks that do not directly meet the course learning
objectives, controlling the rate and influx of informa-
tion so students are not overwhelmed to the point of
inaction, discussing with students what information or

data can be neglected in light of the course objectives,
and setting clear and intermediate deliverables through-
out the semester that allow students to tackle individual
tasks on their way to meeting the final goal.
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Appendix

See Fig. 17.
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Lecture Date Topic Description

1 M: Jan. 9 Introduction Administrative items; intro. to/history of fracture mechanics

2 W: Jan. 11 Crack-driving forces: energy approach Energy balance and energy release rate (G)

M: Jan. 16

3 W: Jan. 18 Crack-driving forces: stress approach Stress fields and stress intensity factors (K)

4 M: Jan. 23 Crack-driving forces: stress approach Crack-tip displacement fields; relationship between K & G

5 W: Jan. 25 Crack-resisting forces Fracture toughness, toughness testing (experimental methods) lab

6 M: Jan. 30 Crack-resisting forces Crack stability, R-curves

7 W: Feb. 1 Predicting crack growth Computational fracture mechanics

8 M: Feb. 6 Predicting crack growth Computational fracture mechanics (FE-based method)

9 W: Feb. 8 Predicting crack growth Mixed-mode crack growth

10 M: Feb. 13 Predicting crack growth Mixed-mode crack growth

11 W: Feb. 15 (Flex lecture) LEFM Review, Discuss final projects

M: Feb. 20

12 W: Feb. 22 Generalized (nonlinear) fracture parameters Intro. to generalized (nonlinear) fracture mechanics, J-integral

M: Feb. 27

13 W: Mar. 1 Generalized (nonlinear) fracture parameters J-integral (experimental determination)

14 M: Mar. 6 Generalized (nonlinear) fracture parameters J-integral (FEA determination)

15 W: Mar. 8 Predicting generalized crack growth Crack opening disp., traction laws and cohesive zone models

M: Mar. 13

W: Mar. 15

16 M: Mar. 20 Intro. to fatigue; Total-life approaches Intro. to fatigue and fatigue design philosophies; Stress-life approach

17 W: Mar. 22 Total-life approaches Strain-life approach

18 M: Mar. 27 Damage-tolerance approach LEFM-based approach to fatigue

19 W: Mar. 29 Damage-tolerance approach Regime II (Paris Law)

20 M: Apr. 3 Residual stresses Effects and analysis of residual stresses

21 W: Apr. 5 Materials science perspective on fatigue Material deformation, micromechanics of crack nucleation, Stage I/II

22 M: Apr. 10 (Flex lecture) NLFM and Fatigue Review

W: Apr. 12

23 M: Apr. 17 Fractography Post-mortem characterization of failure surfaces

24 W: Apr. 19 Guest lecturer from Composites Lab Fracture and delamination in composite materials

25 M: Apr. 24 Course content review and debriefing

T.: May 2

Spring Break (no class)
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EXAM 1 (Topics in Linear Elastic Fracture Mechanics)
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Fig. 17 Lecture-by-lecture schedule of the Fatigue and Fracture course offered at the University of Utah in the spring semester of 2017
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