
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

W911NF-18-2-0119

72674-SM-SR.2

919-660-5202

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

Approved for public release; distribution is unlimited.

UU UU UU

Final Report

UU

20-08-2023 5-Jul-2018 30-Dec-2022

Final Report: An Integrated Experimental and Computational 
Investigation of Fragmentation in Transparent Polymers

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
John Dolbowc. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

Duke University
C/O Office of Research Support
2200 W. Main St., Ste. 200
Durham, NC 27705 -4677

611102
665803



Agency Code:  21XD

Proposal Number:  72674SMSR

Address:  C/O Office of Research Support, Durham, NC  277054677 
Country:  USA
DUNS Number:  044387793 EIN: 560532129 

Date Received:  20-Aug-2023
Final Report for Period Beginning 05-Jul-2018 and Ending 30-Dec-2022

Begin Performance Period: 05-Jul-2018 End Performance Period:  30-Dec-2022

Submitted By:  John Dolbow
Phone:  (919) 660-5202

STEM Degrees:  2 STEM Participants:  3

RPPR Final Report 
as of 21-Aug-2023

Agreement Number:  W911NF-18-2-0119

Organization:  Duke University

Title:  An Integrated Experimental and Computational Investigation of Fragmentation in Transparent Polymers

Report Term:  0-Other
Email:  jdolbow@duke.edu

Distribution Statement:  1-Approved for public release; distribution is unlimited.

Major Goals:  The major goals of this project are to:

1) advance the capabilities of gradient-damage models to provide robust simulations of

fragmentation, with a particular emphasis on representing localized failure surfaces;

2) develop new methodologies to address the stochastic nature of fracture and fragmentation for quasi-uniform 
loading conditions;

3) construct a relatively simple, quasi two-dimensional fragmentation experiment, allowing for state-of-the-art 
measurements of stress fields over a range of strain rates, that can be widely employed for model validation.

Accomplishments:  We made significant progress in this project advancing goals 1) through 3).



On goal 1, we have established the ability of cohesive-based gradient-damage models to represent pervasive 
failure phenomena under quasi-uniform states of stress.  These problems are challenging to deal with for 
continuum-mechanics theories because in reality the bifurcations are driven by defects at length scales that are 
simply below the level of resolution in the models.  This is where goal 2 was essential, because what is needed is 
to introduce variations in material or fracture properties at the macro-scale.  Methods for doing this in a manner that 
is robust and allows for spatial convergence in quantities of interest are not trivial, however.



We developed new approaches in this work that connect variations in material properties to the resulting fracture 
patterns. The new approach relies on polynomial chaos expansion and a global sensitivity analysis to measure 
which factors in the variation of the output (i.e. damage fields) are connected to the variation of each input (Young's

modulus, fracture toughness) or any combination thereof.  For cohesive-based gradient damage models, the 
studies  we performed in this project demonstrated how both variations in critical fracture energies and thresholds 
for fracture influence fracture patterns.



We have also studied the sensitivity to the underlying regularized fracture model. In particular, we have compared 
energetic-based gradient damage models to more recent ones that employ a strength envelope in stress space to 
govern nucleation in the bulk.  These studies have shown that the different models do yield qualitatively and 
quantitatively different results, despite behaving similarly under biaxial states of stress.  We expect these results to 
be important when models are used to explain fracture patterns in fragmentation problems, for example.



Finally, for goal 3), we have developed a relatively simple fracture experiment.  It is not quite two-dimensional, but it 
is close.  The experiment consists of bonding a thin layer of a ceramic to an aluminum substrate, and subjecting the 
system to a rapid temperature change.  For specimens in which the aluminum substrate is a cylinder, we have 
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shown that pervasive fracture occurs in the ceramic film on the surface during the thermal shock.  We have also 
shown that qualitative aspects of the experiment can be reproduced by the strength-based gradient damage model.
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Training Opportunities:  This project provided training for PhD students Tianchen (Gary) Hu and Bo Zeng, as well 
as Masters student Casper Versteeg.  



PhD student Tianchen (Gary) Hu received training in the use of K-L expansion methods to construct fields with 
spatial variation. He also received training in numerical methods for fracture and constrained minimization 
problems.



PhD student Bo Zeng also received training in the use of K-L expansion methods to construct fields with spatial 
variation.  She also received training in the use of a strength-based model for crack nucleation and crack growth.  
Finally, she received training in the design and analysis of thermo-mechanical experiments.



MS student Casper Versteeg  received training in dynamic fracture mechanics, as well as code development in 
C++.

Results Dissemination:  Our efforts on this project have been disseminated in a number of important ways.



Casper Versteeg's masters thesis on dynamic fracture is hosted by Duke University libraries.



Bo Zeng's masters thesis on this topic is hosted by Duke University libraries.



Tianchen Hu's doctoral dissertation, involving parts of this project, is hosted by Duke University libraries.  



Our primary mechanism for dissemination has been through the journal publication describing it:



T. Hu, J. Guilleminot, and J. Dolbow (2020). "A phase-field model of fracture with frictionless contact and random 
fracture properties: Application to thin-film fracture and soil dessication," Computer Methods in Applied Mechanics 
and Engineering, volume 368, number 113106.



PhD Student Gary Hu presented the results from this project at the 15th US National Congress on Computational 
Mechanics, in Austin, Texas in July of 2019.



PI Dolbow gave an invited seminar at the University of Texas Austin that primarily focused on the aforementioned 
paper. This was delivered on February 18, 2020.



PI Dolbow gave a presentation based on the work done in this project at the virtual World Congress on 
Computational Mechanics, held in January of 2021.



PhD student Bo Zeng presented the results from this project at the 15th World Congress on Computational 
Mechanics, in Yokohama Japan (virtual) in July of 2022.  



PhD student Bo Zeng presented the results from this project at the 17th US National Congress on Computational 
Mechanics, in Albuquerque, NM in July of 2023.  



At least one more manuscript describing the results from the most recent strength-based studies and the thermo-
mechanical experiment is expected to result from this project.
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Abstract

Many fracture problems of interest are characterized by the response of systems that are
rapidly over-stressed, in which the state of stress is in excess of the strength of the material.
This is obviously an unstable configuration, and the system tends to respond by failing once the
strength has been exceeded for a sufficiently long period. Moreover, failure tends to be pervasive,
characterized by the formation of many cracks that interact with one another in non-trivial ways.
These problems are difficult to model with state-of-the-art continuum mechanics theories because
in reality the fracture process is triggered by defects at scales that are simply not resolved. This
project advanced a class of gradient-damage models to describe this class of problems, along
with methods to introduce stochastic variations in material properties. These models were
then deployed to investigate the sensitivity of fracture patterns in thin films subjected to bi-
axial states of stress to underlying variations in material and fracture properties. Our studies
reveal a sensitivity to variations in the critical fracture energy, but also the strength model
for the material. Finally, a relatively simple thermo-mechanical experiment was developed to
investigate the ability of these models to explain fragmentation in an actual system.

1 Introduction
The response of structures and materials to rapid loading conditions has been a topic of interest

to the engineering and materials science communities for decades. The primary application of

interest has been the response of structures to a range of extreme loading conditions, from rapid

impact to explosive blasts. These problems tend to be characterized by pervasive failure, in which

initially intact structures break apart and interact in non-trivial ways as part of a fragmentation

process. Fragmentation involves a wide range of phenomenon, from the initiation of small flaws from

defects, to rapid crack growth and coalescence, to the formation of smaller structures that interact

through contact. Quantities of interest include basic fields at the macroscopic level, such as how

the distribution of fragments is impacted by the strain rate, the maximum velocities fragments can

attain, and etc. These problems are challenging and expensive to study experimentally, and so quite

a bit of work has focused on the development of simulation-based science. While numerical analysts

have had success “tuning” existing models and methods to particular systems, truly predictive

capabilities have remained elusive.

PI Dolbow’s lab has become a leader in the development of gradient-based damage models

to simulate this class of phenomena. Nevertheless, much work remains to make these approaches

truly predictive and useful for practical simulations of pervasive failure. A significant challenge with

quasi-brittle materials concerns the relatively small size of the fracture process zone. Even with

modern computational resources, resolving such length scales presents significant challenges in three
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dimensions. In addition, fragmentation problems are not deterministic. The response of the system

can be thought to be composed of two pieces: a mean response that is fairly deterministic, and a

stochastic perturbation whose magnitude depends on a whole host of factors. The latter includes,

for example, the distribution of defects at small length scales and uncertainty surrounding residual

stress fields. While the latter is often overlooked in simulations, it can play a significant role in

impacting the fragmentation response.

2 Objectives of the Proposed Research
The objectives of this research project, broken down by project years, are as follows:

• To develop new methodologies to address the stochastic nature of fracture and fragmentation

for quasi-uniform loading conditions. (year 1)

• To advance the capabilities of gradient-damage models to provide robust simulations of frag-

mentation, with a particular emphasis on representing localized failure surfaces. (year 2)

• To construct a relatively simple, quasi two-dimensional fragmentation experiment, allowing

for state-of-the-art measurements of stress fields over a range of strain rates, that can be

widely employed for model validation. (year 3)

3 Findings

Our primary tool for developing new models and methods in this project concerned a thin film

bonded to an elastic substrate and subjected to biaxial tension, as shown in Figure 1. This did

represent a departure from our original plan to study thin spinning disks of material. This departure

was made because the biaxial stretched layer has been widely studied by other researchers, and it

contains many of the same features. In particular, it gives rise to pervasive failure under the action

of a spatially uniform state of stress.

Figure 1: Two-dimensional model for thin-film cracking. A mismatch in material properties between the
film and the elastic underlayer gives rise to a biaxial state of stress in the film.

We developed methods to introduce spatially-correlated fields for the critical fracture energy

Gc and the energetic trheshold for damage, ψc. The resulting fracture patterns predicted by the

2



model, using various kernels for the K-L expansion (squared exponential vs. exponential) are shown

in Figure 2. Our studies indicate that the fragment distribution is mostly sensitive to variations

in the critical fracture energy. Moreover, the fracture pattern itself appears to show much more

sensitivity to the squared exponential kernel than the exponential kernel.

Figure 2: Damage elds resulting from six pairs of realizations with dierent correlation models and normalized
correlation lengths.

These kinds of models were employed to determine the optimal set of hyperparameters to

match an actual experiment of pervasive failure in a thin film. The procedure for identifying these

hyperparameters is summarized in Figure 3, and the results comparing the simulated fracture

pattern to the experiment are shown in Figure 4.

For the second objective, our work focused on applying analogous methods to an emerging

phase-field model for fracture that incorporates a strength envelope for fracture. This work was

a collaboration with Professor Oscar Lopez-Pamies group at the University of Illinois, who has

developed the new model. Their model is attractive as, in addition to being more physical, results

in fracture patterns that are much more localized spatially. Figure 5 compares the resulting frag-

ment counts using the cohesive based gradient damage model to the nucleation model employing

a strength envelope. Interestingly, despite both models being tuned to behave similarly under bi-

axial tension, there are qualitative and quantitative differences in the results. These findings may

indicate that other quadrants of the stress space play an important role that is under-appreciated.
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Figure 3: Procedure for finding the optimal hyperparameter to match the experiment.

Figure 4: a) Estimated PDFs of the dimensionless fragment size extracted from the experimental result and
the calibrated stochastic model. b) Fracture morphology obtained using the calibrated fracture properties.
c) Photograph of cracks from a thin film experiment.

For the third objective, in the last year of the project, we developed a relatively simple thermo-

mechanical experiment of thin film fracture. In particular, the setup consists of mounting a thin

film of ceramic to an Aluminum base, as shown in Figure 6. The thin film is made of a ceramic

material called BegoStone which is commercially available. It was selected here instead of a trans-

parent polymer because it has a very high contrast in coefficient of thermal expansion compared

to the Aluminum. As shown in the Figure, the layer was polished down to a uniform thickness of

approximately 0.6 mm. Then the sample is thermally shocked to a temperature of 250 Celsius, and

the fracture pattern on the surface is captured.

A comparison of the fracture pattern that appears in the experiment compared to the model-

based simulation calculations (using the new nucleation model) is shown in Figure 7. We find that

the results of the experiment are reproducible, and that the model appears to provide a reasonable

match with both qualitative and quantitative aspects of the fracture pattern on the surface of the

layer.
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Figure 5: Comparison of fragment counts with time for the cohesive model vs. a nucleation model employing
a strength envelope.
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Figure 6: Experimental setup for thermo-mechanical fracture. a) Layers are of a ceramic slurry are first
deposited on top of aluminum cylinders. b) The layers are subsequently polished down to yield a thin film
on top of the thick substrate. c) A reference sample is used to monitor the surface temperature during the
experiment. d) The inside of the thermal chamber, and 2) the use of a camera outside the thermal chamber.
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Figure 7: a) resulting fracture pattern on the surface of the BegoStone layer in the thermo-mechanical
experiment. b) A simulation result using the nucleation model. c) A detailed view of the experimental
surface, with measurements of the fragment sizes.
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