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Abstract

The purpose of the two projects discussed in this report is to use the cohesive zone method
to evaluate fracture properties of geomaterials. Two experimental tests, the push-out test
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and the notched three-point bend test, were modeled computationally using finite element
analysis and cohesive zone modeling to extract load and displacement information and ul-
timately determine failure behavior. These results are to be compared with experimental
tests when they are available.

The first project used the push-out test to investigate the shear bond strength at the cement-
shale interface. The second project explored the effects of scaling a notched three-point bend-
ing specimen to study fracture toughness characteristics. The bond strength and fracture
toughness of a material and its interfaces are important parameters to consider in subsurface
applications so that zonal isolation can be achieved.
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Chapter 1

Computational Modeling of Push-Out
Test

Introduction

In the lifetime of a wellbore, there are many instances in which its integrity, or its
ability to achieve zonal isolation, can be threatened by changes in temperature and pressure,
chemical degradation, the construction of the wellbore and the state of the geomaterial before
cement placement [12]. These changes induce a stress differential within the cement-steel
and the cement-formation interfaces that influences their shear bond strengths [12]. Figure
1.1 shows a typical wellbore system which is made of a steel casing surrounded by a cement
sheath and located in the subsurface compromised of varying geomaterial. If a fracture or
microannulus is to occur within any of these regions (cement-steel or cement-formation),
zonal isolation is violated, and the mobility of fluid is made possible. Figure 1.1, instance
d. and e. shows fractures forming within the cement-formation interface, instance a. and
f. shows a formation microannulus and instance b. shows a microannulus between steel and
cement [11]. Most concerning is the potential for vertical movement of fluid through the
subsurface, originating from a flaw or microannulus in one of these interfaces, which poses a
threat to health and the environment [11].

One study that was done investigated the evolution of micro-annuli at the cement-steel
interface by subjecting a wellbore model to various confining pressure and casing pressures to
measure the response of the effective hydraulic aperture. For these experiments, it was found
that confining pressure has a larger influence on the formation of hydraulic apertures than
casing pressure [20]. Another study that was done compiled experimental data regarding
compressibility and permeability at the cement-steel interface and historical data from a CO2
injection site in Cranfield, Mississippi to produce a computational field model evaluating the
stress present in the wellbore system [19]. Similarly, this project will use a combination of
computational data and experimental data, as it is available, to evaluate the bond strength
at the cement-formation interface.

There are not many studies that have been done with respect to the cement-formation
interface. However, it is necessary to understand and consider the data obtained from the
cement-steel studies because the state of this interface influences that of the cement-rock
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Figure 1.1. Schematic of a wellbore system demonstrating
the various opportunities for microannulus or flaws to occur
within the cement-steel and cement-rock interfaces [11]

interface [12]. The cement-formation interface, like the cement-steel interface, is vital in
understanding and evaluating so that zonal isolation is accomplished and wellbore integrity
is not diminished.

To investigate the bond strength between two different materials is a challenging task.
Previous studies that have investigated the shear bond strength between two different ma-
terials concluded that the slant shear test was not an accurate experimental test to measure
materials of varying stiffness. This was due to the tests inability to measure high areas of
stress occurring along the interface [18]. The push-out test has been proposed to remedy this
problem and accurately measure the shear bond strength at the cement- rock interface [12].

The push-out test is an appropriate test to measure the shear bond strength of the
cement-shale interface because it can be subjected to a variety of temperature, pressure
and chemical conditions. Shale has been chosen as the formation material because it has a
significant presence in wellbore applications, accounting for up to 70 percent of the length of
their footings. Depicted in Figurel.2 is a schematic of the push-out test to be used for the
experimental portion of this project, which consists of a shale core surrounded by cement.
A load will be applied to the shale core and the displacement of the shale will be measured
by an LVDT.

12
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Figure 1.2. Schematic of push-out test to be used for
experimental test [1]

This project will help determine whether or not the push-out test is an accurate method
to measure bond strength between shale and cement by comparing the results from the
experimental and computational tests. It will also provide more knowledge about the shear
bond strength at the interface by exposing the system to different loading conditions to see
how the interface reacts to environmental changes.

Methods

Learning ABAQUS

A cantilever beam example was used as an example to learn ABAQUS [2]. This was a
valuable exercise in learning the different modules of the program and how to analyze the
results. A distributed load of 500N was applied to a beam with dimensions and properties
shown Figure 1.3, Table 1.1, respectively. The left end of the beam was fixed and the load was
applied uniformly along the top surface of the beam as shown in Figure 1.4. The maximum
principal stress contours of the beam are shown below in Figurel.5 for the refined model.
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Table 1.1. Properties of material used for cantilever beam
example

i

Property Values Units
Elastic Modulus, E 3.024E+6 Pa
Poisson's Ratio 0.26

Density 1893 kg/m3

/

10m

/10 m

Figure 1.3. Dimensions and fixity of cantilever beam mod-
eled in ABAQUS. Note: Figure 3 is not to scale

Figure 1.4. Cantilever beam with fixed end and distributed
load as modeled in Abaqus
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Figure 1.5. The maximum stress contours of the cantilever
beam example

Different element sizes were used to make sure that the number of elements used for the
analysis produced an accurate result. Shown in Table 1.2 are the tests that were done and
their corresponding global seed sizes, number of elements and maximum stresses. The mesh
was considered accurate for this example when there was little change in maximum stress
based on the number of elements the model contained. Figure 1.6 shows the graph of number
of elements vs. maximum stress. It should be noted that one needs to perform uniform mesh
refinement analysis to investigate the convergence of this beam

Table 1.2. Global seed size, its number of elements, and
the maximum stress

Global Seed Size Number of Elements Maximum Stress (Pa)
2 500 1.84 E+4
1.5 1323 2.04 E+4
1 4000 2.28 E+4

0.75 8957 2.48 E+4
0.6 19363 2.68 E+4
0.55 23652 2.74 E+4
0.5 32000 2.83 E+4
0.45 43076 2.92 E+4
0.4 62500 3.04 E+4
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Figure 1.6. Graph of maximum stress vs. number of ele-
ments for the cantilever beam example

Cohesive Zone Modeling

The existing literature on fracture mechanics contains many methods of modeling pro-
cesses in hopes of explaining the complexities of crack initiation and propagation while also
pertaining to a variety of materials and environments. The cohesive zone method (CZM)
was introduced by Barenblatt [17] to account for assumptions about the length and energy
of the crack tip region and is often the preferred method of analyzing fracture processes due
to its applicability to numerical approaches. The main similarities between the majority of
these methods is their explanation of the traction-separation relationship. Figure 2.1 illus-
trates how both traction- the force at the interface, and separation- the distance between
the interfaces, respond to a change in the other [17].

Shown below in Figure 2.1 is a traction separation curve that explains fracture initiation
in terms of traction(T) and separation of the material (). The stiffness of a material increases
until it reaches its maximum traction(ro)at which point the traction then decreases until it
equals zero and complete separation has occurred [15]. This bilinear approach is useful for
brittle material such as concrete [21] [17]. Though this method assumes brittle behavior
of the fractures it still provides a representation of the fundamental concepts of fracture
processes. The area under this bilinear traction-separation curve is the fracture toughness,
or G, a measure of the materials ability to resist separation calculated by the following
equation 2.1.

G = 1/2 * To * 60
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The slope leading up to To, or the traction at which maximum separation occurs, is the
stiffness of the interface, or K. The separation traction is also the point at which maximum
stress, crmax, occurs. The following equation shows the relationship between these parameters

[9].

K = 
amax 

(1.2)
60

Physical crack tip

Inactive zone 'C'ohesive zo
v

Mathematical
crack tip

Cohesive
A crack tip

Active plastic zone

___y___

Fluid•filled fracture Fracture process zone
(broken cohesive zone) (unbroken cohesive zone)

Figure 1.7. Traction-separation curve, shown on the right,
and its corresponding locations within the fracture process
zone, shown on the left [21]

For this project, cohesive zone modeling was used to understand the failure behavior of
the cement-formation interface based on the law of traction separation. According to the
cohesive zone method, the interface will fail, or separate, when a critical traction is applied.
In the case of the cement-shale interface, the law of tractionseparation is a good method to
use because it accounts for a wide variety of input parameters as is necessary in the case of
two materials with different stiffness values [21].

Computational Modeling of the Push-Out Test

To obtain numerical information, ABAQUS [2] a commercial finite element analysis pro-
gram, was used to model the push-out test. In ABAQUS, the cohesive zone of a model can
be represented in a variety of ways. For the problem of the push-out test, the cohesive zone
was modelled as its own separate part of zero thickness, with its own material properties,
otherwise known as the cohesive crack method [21]. However, the cohesive zone can be
modeled as a node-to-surface (or surface-to-surface) interaction in which its properties are
defined within the interaction properties window [18].
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The push-out test was modelled as shown in Figure 1.8. The model consists of five parts,
two identical blocks representing the cement, one block with dimensions representing the
shale, and two parts of zero thickness, representing the cement-rock interface. Dimensions
of the setup are shown in Table 1.3 [21]. All of the parts were modeled as two dimensional
planar shells.

40 mm

25.4 mtti

48.0 mm

A A

Figure 1.8. Abaqus model with boundary conditions and
displacement

Table 1.3. Dimensions of the push-out test simulation in
ABAQUS

Part Dimensions(mm)
Cement 11.3x40
Shale 25.4x40

Cohesive Ox40

• shale

• cement

• cohesive zones

—30, displacement

The cement ends were fixed according to the ENCASTRE type boundary condition,
meaning that all displacements and rotations at these nodes were constrained, and placed
in the automatically created initial step. A displacement was added to the top surface of
the shale and characterized as a displacement/rotation boundary condition. This boundary
condition was placed under the analysis step having a uniform distribution and a negative
magnitude in the y-direction of 0.005 m/s.

Important values to consider when modeling the cohesive zone are the properties of
the interface and bulk materials (cement and shale), and values that describe the damage
initiation and evolution of the crack such as fracture energy and maximum traction [9]. In
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the absence of experimental data, values from Wangs PhD. dissertation were used in this
simulation as inputs for these values. However, if experimental data was available, these
values could be determined by back calculating from the load displacement curve [18].

Each part was assigned a section with its respective material. The cement and shale
sections were specified as solid, homogeneous sections with a linear elastic response and
material properties seen in Table 1.4. The cohesive part was specified as a cohesive section
with a traction separation response. The cohesive interface was assumed to have MAXPS
(max principal stress) damage behavior, meaning the maximum principal stress was specified
as well as a damage evolution relating to its fracture energy. The cohesive material was also
assumed to follow the traction separation law as dictated by the inputs for the modulus of
elasticity to shear modulus ratios. The input values for the cohesive zone material are shown
in Table 1.5 [21].

Table 1.4. Input material properties of shale and cement

Property Part Value Units
Modulus of Elasticity, E Shale 3.25 E+6 KPa

Cement 4.023 E+6 KPa
Poisson's Ratio,v Shale 0.26

Cement 0.26
Density Shale 2000 kg/m3

Cement 1893 kg/m3

Table 1.5. Input material properties for the cohesive zone

Property Value Units
Maximum Principal Stress 420 KPa

Fracture Energy 100 Joules/m2

There were four tie constraints, one for each edge of the cohesive zone, used in this model.
Tie constraints were used so that the cement and shale parts could interact with the cohesive
part even though they have different mesh sizes and element types. The master surface was
defined as the non-cohesive part, either the cement or shale, and the slave surface was defined
as the cohesive part. This was done because the cohesive zone will have a smaller mesh size
than the cement and shale parts.

The interaction between the cement and shale allowed small sliding and its discretization
method was surface to surface. The master surfaces were chosen as the cement parts and
the slave surface was chosen as the shale part. Although it did not a make a difference in
the results, this method was used for consistency. This interaction consisted of distinctive
properties so its behavior could be accurately modeled as cohesive. These properties include
determining the cohesive behavior of the interaction by allowing any slave nodes experiencing
contact to be eligible slave nodes and specifying the stiffness coefficients as uncoupled with
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a value of 3e6 KPa. The geometric properties of the interaction were also specified and the
default out-of-place surface thickness or cross-sectional area was kept as the default value,
1

A step was created for the analysis of the push-out test and described as static, general.
This step also utilized the automatic stabilization and allowed damping factors from previous
general step to be allowed in the analysis. The maximum ratio to strain energy used for this
step was the default value of 0.05. The nonlinear geometry option was also turned on in the
case that large deformations occurred. The loading or displacement conditions were placed
in this step.

Each part of the model was meshed independent of the other parts. Single bias meshing
was used in the cement parts of the model. This means that the mesh seeding became more
frequent, or the element sizes became smaller, as the cement approached the interface. This
was done by seeding the entire part and then seeding the top and bottom surfaces of the
part on edge. The mesh was then applied to the cement. The shale was seeded according
to double meshing. Like the cement, the top and bottom surfaces of the shale were seeded
on edge however, instead of having only one end of decreasing mesh sizes, both edges had
decreasing mesh sizes as they approached the interface for it is surrounded by cohesive zones
on both sides.

A uniform mesh was used for the cohesive part. Also, because the cohesive part has
zero thickness, the mesh size was smaller for this area than it was for the cement and shale
parts. The cohesive was modeled as a cohesive mesh element. This was done because the
interface has different properties, mentioned above that must be represented. Figure 1.9
demonstrates the single and bias mesh technique used for the cement and shale parts for
the coarsest meshing case. The locations of the cohesive zones are in the areas of increased
mesh density. Table 1.6 contains the number of elements and nodes of this model.

l
w
;
i
r
A
N
=
 

Figure 1.9. The meshing used to model the push-out test
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Table 1.6. Number of element and nodes for each section
of most refined case of the push-out simulation

Part Number of Elements Number of Nodes
Cement 220 253
Cohesive 133 268
Shale 440 495

Results and Discussions

A mesh sensitivity test was conducted to ensure that changing the mesh size would not
affect the data output. Table 1.7 and 1.8 shows each part of the model and the number
of elements that result from decreasing the seed size and therefore increasing the number
of elements in each part. The number of elements is based on the global size of each seed.
Figure 1.10 shows the graph of each refinement test and its force vs displacement curve.
Case 1 represents the least refined model and Case 4 represents the most refined model.
The difference between the peak loads of each model decreased meaning that the model is
becoming more accurate and the refinement was stopped at Case 4 due to the limitations
of the computing system. Figure 1.11 shows the stress contours of the maximum principal
stress for the most refined case (Case 4).The location of this maximum value occurred at
the node that was analyzed for further displacement and loading tests as well as the mesh
refinement

Table 1.7. Each mesh refinement job and its corresponding
max. and min. global seed size

Job Name Part Min. Global Seed Size Max. Global Seed Size
Case 1 Cement 0.0003 0.003

Cohesive 0.0003 0.0003
Shale 0.0003 0.003

Case 2 Cement 0.0003 0.002
Cohesive 0.0003 0.0003
Shale 0.0003 0.0003

Case 3 Cement 0.00035 0.0015
Cohesive 0.00035 0.00035
Shale 0.00035 0.0015

Case 4 Cement 0.0003 0.001
Cohesive 0.0003 0.0003
Shale 0.0003 0.001
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Table 1.8. Each mesh refinement job and its corresponding
number of elements and nodes

Job Name Part Number of Elements Number of Nodes
Case 1 Cement 90 110

Cohesive 80 162
Shale 190 220

Case 2 Cement 130 154

Cohesive 100 202

Shale 100 202
Case 3 Cement 160 187

Cohesive 114 230
Shale 320 363

Case 4 Cement 220 253
Cohesive 133 268
Shale 440 495
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- C as e 2

— Case 3
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0 0 .5 1 1.5 2 2.5 3 3 .5 4 4 .5 5 5 .5
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Figure 1.10. Mesh refinement analysis for a displacement
of 0.005 m/s
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Figure 1.11. Maximum principal stress distribution for a
displacement of 0.005 m/s.

The load vs displacement curve obtained from the literature is shown in Figure 1.12 and
that obtained from this project is shown in Figure 1.12. The red box in Figure 1.12 from
position 0 to 5 mm should be taken into consideration when comparing with the results from
the computational test since that is the information available for this model as a result of
0.005 m/s displacement applied to the model. The fracture initiation behavior of the two
plots are similar, as are their peak forces, however, it is unclear whether or not their softening
behavior is similar.

Figure 1.13 suggests that the interfacial deformation is constant and that traction never
reaches zero. However, this could change if a different displacement was applied to the
model, or if the model was run longer, which is a topic requiring further investigation. The
nonlinearity in the softening process (after the peak stress has been reached) could be a
result of a mixture tensile and shear loading
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Figure 1.12. Force vs position graph for push-out test
experiment [12]
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Figure 1.13. Force vs displacement results for one compu-
tational test of the push-out experiment.
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Conclusion

The load/displacement behavior of the cohesive interface is similar to that described by
the existing experimental data within the literature only in its initial linear trend up to its
peak force, or up to the separation initiation. The softening of the interface is not similar to
that explained by other scholars [12] [21]. Reasons for this may include that the push-out test
does not account for any tensile force, which is a main contributor of fracture propagation
and possibly interfacial deformation

Future Work

Of interest to this project is the injection of a repair material at the interface and its
ability to reduce the likelihood of fracture initiation. This option has been investigated
in the case of the steel-cement interface and it would be interesting to see how the repair
material interacted with the cement-formation interface [13]. The shear bond strength is a
good characteristic of the interface to compare between the samples with and without the
repair material because shear force is the driving mechanism behind fracture initiation. It
also may be of interest to explore the compressive strength of the interface since this is the
property that dictates propagation of fractures [21].

Once more information about the experimental tests are available, this model can be
used to simulate conditions that were tested in the lab to gather more information on the
interfacial strength. Also, the load/displacement behavior at the cement-shale interface
obtained from the computational tests along with experimental data, when available, can
contribute to ongoing research about the necessary characteristics of the seal repair material
and/or other solutions to achieve zonal isolation.
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Chapter 2

Scaling Effects of the Notched Three
Point Bending Test

Introduction

Fracture mechanics is a field gaining lots of attention due to the many subsurface applica-
tions such as CO2 sequestration, oil and gas production, and hydraulic fracturing presenting
situations where fractures processes occur. These practices create a need for the phenomena
of rock fracture to be understood and further investigated so that they can be carried out
in a manner that is safe and effective. There are many methods whose goal is to explain
fracture processes based on specific parameters and assumptions.

One of these methods, as explained in Chapter 1, but will be explained again here for the
readers convenience, is the cohesive zone method (CZM). The existing literature on fracture
mechanics contains many methods of modeling the cohesive zone method (CZM) in hopes
of explaining the complexities of crack initiation and propagation while also pertaining to a
variety of materials and environments. CZM was introduced by Barenblatt [17] to account
for assumptions about the length and energy of the crack tip region and is often the preferred
method of analyzing fracture processes due to its applicability to numerical approaches. The
main similarities between the majority of these methods is their explanation of the traction-
separation relationship, see Figure 2.1, and how both traction„ the force at the interface,
and separation, the distance between the interfaces, respond to a change in the other [17].

Shown below in Figure 2.1 is the traction separation curve that explains fracture initiation
in terms of traction (t) and separation of the material (). The stiffness of a material increases
until it reaches its maximum traction (to) at which point the traction then decreases until it
is equals zero and complete separation has occurred [15]. Figure 2.1 shows that the stiffness
before and after separation is linear, suggesting that the stiffness does not change. This
bilinear approach is useful for brittle material, such as concrete, when the original stiffness
of the material is known [21] [17]. Though this method assumes brittle behavior of the
fractures, it still provides a representation of the fundamental concepts of fracture processes.
The area under this traction-separation curve is the fracture toughness, or G, a measure of
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the materials ability to resist separation calculated by the following equation

G= 1/2*To*o (2.1)

The slope leading up tom, or the traction at which maximum separation occurs, is the
stiffness of the interface, or K. The separation traction is also the point at which maximum
stress,amax, occurs. The following equation shows the relationship between these parameters
[15]:

amax
K =  r

00
(2.2)

Physical crack tip

Inactive zone Cohesive' zo

Mathematical
crack tip

Cohesive
A crack tip

Active plastic zone

Fiuld.filled fracture Fracture process zone
(broken cohesive zone) (unbroken cohesive zone)

Figure 2.1. Traction-separation curve, shown on the right
and its corresponding locations within the fracture process
zone, shown on the left [21]

An approach to modeling fracture processes that uses CZM, linear softening cohesive
fracture modeling (LCFM), involves certain assumptions to be made about the failure be-
havior of the material [7]. Both Rinehart et.al and Borowski focused on the influence of the
geometry of a specimen in their studies, using linear softening cohesive fracture modeling
(LCFM) techniques to explain fracture processes in the N3PB and short rod (SR) exper-
imental tests of Indiana Limestone specimens. In order to understand fracture mechanics
over a wide range of situations, it is important that the most thorough investigation of ex-
perimental results and assumptions made in modeling methods is conducted so that accurate
prediction of fracture processes is possible [7] [8].

Rinehart concluded that the N3PB test is not accurately described by LCFM due to
the assumption that failure mode is constant [7]. Borowski explained that this may be due
to assignment of a single elastic moduli across the entire specimen when the assignment of
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separate elastic moduli, one for tension and another for compression, reduces the disparity
between computational data and experimental data [8]. This project will focus on the size
effects of the N3PB to see how it influences fracturing behavior as it was cited by both
Rinehart and Borowski as a topic that required more analysis in determining if LCFM is an
appropriate method to model the N3PB experiment [7] [8].

Many studies [4] [16] [14] have explored the effects of scaling on the NP3PB test for
concrete using various types of cohesive zone modeling procedures. Findings from these
studies indicate that the softening curve, or the point at which traction decreases while
separation continues to increase, changes based on the size of the N3PB concrete specimen [4].
This study critiqued a previous study [14] in which various assumptions about the size effects
for the N3PB test lead to the formation of equations that produced illogical or incorrect
values of important fracture process parameters such as fracture energy (G) and interface
stiffness (K). A challenge posed in this study was the ability of a single equation to produce an
accurate representation of these parameters for any specimen size or cohesive zone length [4]
and is a topic of interest in this project.

Even though, there exist numerous studies that have investigated the size effect of the
N3PB for concrete, very few of these studies have been applied to geomaterial. Incorrect
assumptions that define the fracture as brittle, a result of the fracture process zone rela-
tive to that of the bulk material, may lead to incorrect analysis and may have significance
in determining the most appropriate method of cohesive zone modeling for the N3PB ex-
perimental test. Also, another challenge when modeling fracture processes is limitations of
sample preparation and acquisition of geomaterial, not present in concrete, and could benefit
from the research done on sizing effects [7].

The N3PB, Figure 2.2, consists of a limestone section containing a notch, or a preexisting
crack, in the middle of the specimen [4]. The cohesive zone, which represents the fracture
process zone, is located in the middle of the specimen with a width smaller than that of the
notch but whose length and depth extends throughout the entirety of the specimen. Figure
2.3 shows a cross sectional view of the notch and the cohesive zone within the specimen [7].
In this project, the N3PB simulation will be modeled computationally using the cohesive
zone method, similar to that used in Chapter 1 for the push-out test using ABAQUS [2],
which involves modeling the fracture process zone as a cohesive zone. A number of scaling
cases will be conducted, changing both the limestone section and the cohesive zone width
to see if and how size affects the load displacement curve and therefore fracture processes
within the specimen.
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Methods

Base Case Reproduction and Scaling Cases

First, Rinehart et al.s computational test data was reproduced to ensure that the base
case, or the case representing the specimens original non-scaled dimensions, could be used
as an accurate reference to which the scaled cases could be compared. Figure 2.4 shows the
reproduced base case to be the same as Rinehart et al.s so the reproduced case was selected
as a base case for further analysis.
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Figure 2.4. Force vs displacement base case verification

Once the base case was determined, the scaling factors could be applied to the specimen.
There were two different types of scaling cases applied to the specimen for this study. The
first set of cases involved scaling the entire beam but keeping the dimensions of the cohesive
zone the same. The second set of cases scaled the width of the cohesive zone by first scaling
the width of the notch but keeping the dimensions of the beam constant. Descriptions of
each case, the part that was scaled, and the magnitude of the scaling is shown in Table 2.1 .
The journal files, created in CUBIT, for each case can be found in Appendix B. Figure 2.5
and Figure 2.6 show the Case 0 (Base case) and Case 1 specimens and their dimensions as
modeled in CUBIT [3].
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Table 2.1. Each scaling case and its description

7A35mm/---

11.09mm

14.79 nun/

11.0925 mm
►
•

11.0925 nun
v

Case Description
Case 0 Base Case
Case 1 Beam 2:1
Case 2 Beam 4:1
Case 3 Beam 1:2
Case 4 Beam 1:4
Case 5 Cohesive Zone 2:1
Case 6 Cohesive Zone 1:2

44.37 mm

Figure 2.5. Base Case model

88.74 mm

Figure 2.6. Case 1 model

 ►

[ Cohesive zone

Cohesive zone

Scaling the brick only required the length, width and height of the specimen to be mul-
tiplied by the appropriate scaling factor as indicated by its case. However, scaling of the
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cohesive zone required more detail. Unlike the limestone specimen, changing of the cohesive
zone changes the fracture behavior as explained by the cohesive zone method and its traction-
separation curve. Changing the dimensions of the cohesive zone will change the shape of the
traction-separation curve, however energy must be conserved and the area underneath the
curve, or the fracture energy (G), must remain constant.

The original thickness of the cohesive zone was calibrated by Rinehart et al., in response
to convergence difficulties arising from very small width in the cohesive zone. It was found
that a cohesive zone width that was 10 percent of the width of the notch was the best option,
resulting in a width of 0.09 mm used for the base case [7].

To change the width of the cohesive zone in a way that ensured fracture energy remained
constant, the input file had to be changed accounting for the change in certain parameters.
The fracture energy was found by integrating the load displacement curve resulting in a value
of 0.0298 N/mm [7]. This value, along with the new length of the cohesive zone used in the
following equation to find the new maximum traction, which is dependent on the cohesive
zone length seen in equation 2.3.

ME*G
6 cz — 2

To
(2.3)

Properties were determined through calibration process performed by Rinehart [7] and
used in the test of the limestone (bulk material) and cohesive zone as shown in Table 2.2
and Table 2.3. The limestone was assumed to a have an elastic, isotropic behavior and
the cohesive zone was modeled based on its damage evolution, or maximum stress and
displacement possible at failure.

Table 2.2. Limestone Material Properties

Property Value Unit
Elastic Modulus,E 7 GPa
Poisson's Ratio,v 0.28 -

Table 2.3. Cohesive Zone Material Properties

Property Value Unit
Elastic Modulus, E 38.9 GPa
Nominal Stress 5.9 GPa

Max. Displacement at Failure 0.0115 mm

Two different biases were used, extending in the x-direction, to cut down on computa-
tional cost and time while ensuring that the mesh of the cohesive zone was consistent to that
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of its adjacent mesh in the rest of the specimen. Bias 1 was defined as the fine mesh and
bias 2 was defined as the coarse mesh. Biasl was determined based on a ratio corresponding
to the original width of the notch (0.9mm). For each scaling case, the bias of the meshing
had to be altered due to the change in size of the specimen or cohesive zone. Each case and
its bias are shown in Table 2.4.

Table 2.4. Scaling cases and their corresponding bias mesh-
ing, number of elements and nodes

Case Bias 1 Bias 2 Number of Elements Number of Nodes
Base Case 0.9/4 Biasl*4.65 37856 42600
Case 1 0.9/4 Biasl*4.56 75488 84180
Case 2 0.9 Biasl*6.5 120288 133680
Case 3 0.9/4 Biasl*1.3 37856 42600
Case 4 0.9/8 Biasl*1.2 38304 43110
Case 5 0.9/4 Biasl*2 . 75 51296 57480
Case 6 0.9/15 Biasl*8.7 93408 104010

Results and Discussion

Figure 2.7 shows the effects of scaling on the limestone section of the beam. The exper-
imental data is depicted by the dotted curves whereas the computational tests, labeled as
Case 1, Case 2, Case 3, and Case 4, as well as the base case, are represented by a solid curve.
It is evident that changing the specimen size has an effect on the N3PB test based on the
difference in the peak force and corresponding displacement as compared to the base case.

Figure 2.7 indicates that with an increase in specimen size (Case 1 and Case 2) the peak
force will also increase. The opposite is observed for Case 3 and Case 4; when the specimen
size was decreased, there was a decrease in the peak force. The magnitude of the scaling
also is significant. For Case 2, which involved scaling the specimen by a factor of 4, the peak
force was around 500N whereas for Case 1, in which the specimen was scaled by a factor of
2, the peak force was around 160N. Case 2 results in a peak force almost four times larger
than that of Case 1. Also, Case 1 results in a peak force more than double the peak force of
the Base Case computational test. A 150N peak force for Case 1 was observed compared to
50N peak force for the Base Case.

Scaling the specimen by a factor to make it smaller produced a similar trend. The smaller
the beam, the smaller the peak force observed. Case 3 shows a peak force of 25 N, which
is about half of the peak force of the Base Case. Case 4 shows a peak force half of about
10N, which is around half of the peak force for Case 3. Based on Bazant's law of size effect,
size effect occurs when there is a discrepancy in energy release rates between specimens [6].
There are two instances in which size effect can occur, one of them being from a statistical
representation of the material such as location and magnitude of voids, cracks, etc. the other
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is from the energy distribution within the material [6].

These results for Cases 1-4 are not consistent with the results produced by Bazant's
work [5]. Bazant showed that with an increase in specimen length, there will be an increase
in nominal strength whereas the opposite occurred in this analysis of Cases 1-4 [5]. This
could be due to neglecting to address certain assumptions when investigating the law of size
effect [10]. The assumptions that must be made include that: fracture energy, G,does not
rely on the specimen size, the produced energy due to fracture propagation depends on the
length and area of the fracture process zone,specimens must be geometrically similar and
failure cannot occur in order to be considered for the size effect law to be applicable [10].

Also, in this analysis, the size effect of scaling the specimen only and not the cohesive
zone could be due to a number of factors, conversely explained by Bazant's size effect law.
Bazant's work is applicable for small beams rather than larger beams so it may be that the
tests done for the beams of increasing size ie: Case 1 and Case 2, do not provide an accurate
representation of specimen sizes that can be analyzed using this size effect law [6].
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Figure 2.7. Force vs displacement curve for Cases 1, 2, 3
and 4

Figure 2.8 illustrates the effect that scaling the cohesive zone has the on the load dis-
placement curve for the N3PB test. For Case 5, which contained a larger cohesive zone, the
peak force was around 27N, about half of the original peak force obtained from the Base
Case. However, for Case 6, which included a smaller cohesive zone, the load displacement
curve was slightly changed and the peak force only decreased by a small amount to 48N.
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This is different from Cases 1-4 which show a trend based on the magnitude of the scaling.
See Figure 2.9 for the load displacement curve comparison for all of the cases. Also different
between scaling the specimen versus scaling the cohesive zone is that the type of scaling
factor (larger or smaller) produces opposite results.

As previously mentioned, the change in a specimen size of a geometrically similar spec-
imen creates a difference in energy release rates, influencing the nominal stress of the spec-
imen [6]. However, in Case 5 and Case 6, the specimen size did not change, the length of
the cohesive zone did, and the nominal stress was still effected. This could be explained by
the cohesive zone length equation seen in equation 2.3 which is dependent on the fracture
energy and fracture energy. When the cohesive zone length increases, the fracture energy
increases, requiring a larger nominal stress.
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For the cases that scaled the limestone specimen and kept the cohesive zone the same,
there was a consistent trend that suggests that with an increase in specimen size, the peak
force will increase accordingly. These results not only indicate the trend of the sizing effect
but its significance as well. In the case of scaling the cohesive zone and keeping the entire
specimen the same size, there was a difference in its influence on the peak force; when
increasing the size of the cohesive zone, the peak force decreased and vice versa for scaling
the specimen. However, more tests need to be run to see if there is a trend between the
magnitude of the scaling and the peak force. These results can be used to further analyze
some of the assumptions made in LCFM about size of the specimen and cohesive zone,
relative to the size of the fracture.

Future Work

Continuing this study would include investigating the scaling effects for the short rod
test. This would hopefully indicate whether or not LCFM is a valid approach to cohesive
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zone modeling in the event of different geometry and specimen sizes of experimental tests.
A journal paper with Elisa Borowski will use findings from this paper to further investigate
size effects of the notched three point bending and short rod experimental tests.
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