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ABSTRACT
Proppants are used in oil and natural gas extraction to maintain the permeability of the
well after the opening pressure is released. In order to optimize proppant life and bed
permeability, a comprehensive methodology was developed that includes relevant
assessment of stresses and a material’s ability to resist them. Accordingly, the study first
focused on the stresses associated with particle interactions while under mechanical and
fluid loads associated with oil and natural gas extraction. A close-cubic pack finiteelement model was employed during this evaluation.

In order to apply the aforementioned finite-element model to the API 60 compaction test,
the area and volume independent characteristic strengths and the pressure distribution in
the test cell needed to be evaluated.

Strengths of proppants were first evaluated

experimentally by the diametral compression test. The specimen strengths were then
scaled via a finite-element model and the CARES parameter estimation software. A ballon-ring finite element model was also developed to scale strengths evaluated from the
ball-on-ring test.

An exponential decay pressure distribution was also found to

representative of the pressure distribution in the test cell.

After the procedure was developed to directly compare experimental and finite element
results, the model was verified using glass proppants. An API 60 test was first
completed. With the number of failed proppants measured and the failure probability
determined. However, a portion of the survived proppants were analyzed and found to
contain flaw or failures that left particles too large to be filtered out. Once the extra
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failed proppants were included, the experimental data was found to compare well with
the finite-element results. After verification, the model can be used to evaluate potential
proppants and possibly tailor proppant designs.
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CHAPTER 1
INTRODUCTION

1.1Purpose
In low, natural permeability geologic-locations, natural gas, and petroleum wells are
often fractured and propped to increase production. In such formations that present
extraction difficulties, the walls of the well are first fractured using a fracturing fluid
which is a hydraulic fluid that carries proppants. When the pressure is released, the
proppants resist the closure stress and hold the well open for the extraction of the oil.
Proppants are spherically shaped particles, which sustain the fracture at a width necessary
for the extraction of the gas or petroleum.

Optimizing the proppant properties and proppant pack properties can dramatically
increase the well production. Proppant behavior in the well is a function of the proppant
material choice, proppant porosity, proppant geometry, well geometry, and well closure
stress. Important material properties that must be considered for individual proppants
include the elastic modulus, strength, density, corrosion, and creep resistance. Proppant
pack properties that require consideration for enhanced production include permeability,
conductivity, and the effects of fines and fine migration. In most situations a series of
trade-offs must be considered when selecting proppants. For example, proppants with
lower densities are usually weaker, permeable proppants lose strength because of the
presence of pores, and strong proppants tend to be more expensive and can be more

1

susceptible to corrosion. Ceramic proppants generally exhibit favorable costs, strength,
corrosion resistance, and creep characteristics, especially compared to those made of
metals and polymers [2].

Improved performance can be achieved by considering the shortcomings of current
proppants, especially when fracture occurs.

In fact fractured fines block interstitial

volumes, perhaps accounting for the large losses in conductivity. Improved designs that
tend to fracture into larger fragments could help maintain the permeability of the well
when compared to proppants that fracture into small fines. Current proppant materials
are also very expensive. Desirable materials should be inexpensive, without sacrificing
the desired proppant properties.

Well production is directly related to conductivity or the capacity of fluids to flow
through the proppant pack.

For sustainable production levels, the proppant pack’s

integrity must be maintained to ensure adequate conductivity. Unfortunately proppant
pack integrity is hindered by failures and excessive proppant deformation that can block
interstitial volumes. Hence, fractures can cause losses in permeability as fines block the
interstitial volumes.

The properties of proppants mentioned above are commonly evaluated experimentally.
The diametral compression test and the compaction test are two common tests used to
evaluate the strength of proppants. The diametral compression test is used to measure the
bulk tensile strength of the material. A spherical particle is compressed between two
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platens until it fails, presumably from internal tensile stress. The compaction test, which
is also known as the bulk crushing strength method, is also used to evaluate proppant
material properties.

Several variations to the compaction test exist, but all involve

applying pressure to a pack of proppants inside a test die. The American Petroleum
Institute (API) developed the API 60 compaction test as a means to evaluate prospective
proppants. The actual service of proppants in a bed is more closely simulated by the
compaction test because it includes particle interaction effects, unlike the diametral
compression test.

In order to optimize proppant life and bed conductivity, a comprehensive methodology
will be developed that includes relevant assessment of stresses and a materials ability to
resist them.

The characteristic strengths of spheres will first be determined

experimentally by diametral compression tests. A diametral compression finite-element
model will then be developed to model the test. The simulation results will be used,
along with statistical software, to numerically calculate the effective surface area and
effective volume in order to obtain scaled characteristic strength values.

A sophisticated finite-element model in the form of a unit cell will be developed to model
the particle interaction in an API 60 particle compaction test. The model will consist of a
global coarse-mesh model and a fine-mesh one-eighth symmetry submodel. The model
will be designed to replicate the loading configuration that proppants will likely
experience in the test. Inputs to the model will include scale factors in three coordinate
directions for the central sphere of the unit cell, material properties, and imposed strains
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in the three coordinate directions. Variations in particle size and shape will also impact
particle arrangement and contact loads and the resulting propensity for damage and
failure. A results file will be produced after the simulation is run and will include the
stress distribution and corresponding magnitude. The output file can then be input into a
statistical software package for fracture to determine the failure probability of the unit
cell submodel. The failure probability will be compared with experimental results for
verification. After verification, the model will be useful for proppant selection based on
the predicted failure probability. The model will be designed to provide insight into the
stress distributions and locations of high tensile stresses which might act as crack
initiators. It also will have the capability to calculate changes in interstitial volumes,
which will be useful for selecting proppants that will maintain the pack permeability.
The proposed solution will help select proppants with optimized performance in service
applications.

1.2 Research Objective
The primary objective of this study is to develop and verify a model to simulate the
fracture probabilities seen in the API 60 compaction test. Sample proppants will be
tested individually to determine strength properties. The strengths will be scaled to unit
values and applied to a unit cell CCP type model. The simulation results files will be
used in conjunction with ceramic reliability software to predict the resulting failure
probability.

This failure probability will be extrapolated to calculate the failure

probability in the compaction test. The simulations and failure predictions are to be
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verified experimentally by compaction tests. Once the test is verified, it can be used to
optimize proppants.
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CHAPTER 2
BACKGROUND

2.1 Diametral compression test of spheres
Strength tests are commonly used to experimentally determine the limit of a material to
stress. For the testing of brittle materials, tensile tests are undesirable because of the
sensitivity of the sample to misalignment according to Shaw [3]. Brittle materials are
very sensitive to surface flaws and are easily damaged; as a result the three and four-point
bend test likely do not measure bulk material strength. Even carefully tested brittle
materials will exhibit a wide scatter, requiring a large sample size. For these reasons, a
strength test in which fracture is internally initiated, as apposed to a failure that begins at
the surface, such as the diametral compression test, is desirable. A comprehensive review
of the diametral compression test utilized in this study is available by Luscher et al. [1].

The diametral compression test, Brazilian (nut) test and indirect tensile test are all names
for a test that is an indirect test method to determine the tensile strength of high strength
brittle materials, such as ceramics and glass. The material to be tested is commonly
shaped into a sphere, disk or ring and compressed between two platens.

In brittle

materials, the tensile strength is usually orders of magnitude smaller in magnitude than
the compressive strength. Consequently, the test is based on the assumption that the
material fails due to the high tensile stresses in the center of the specimen and not the
higher magnitude compressive stresses.

The diametral compression test was studied by analyzing the fracture segments. During
the test, ejected fines and fragments were captured for analysis. The larger fragments
were easy to collect and analyzed in order to determine the characteristics and nature of
the failure.

The experimental work done by analyzing the results of diametral

compression tests and finite element models have been correlated and showed good
results [4, 5]. Analytical solutions have also been solved and compared to experimental
results [5-8].

The cause of the failure and ultimately the property measured by the diametral
compression test is an often debated aspect of the test. Researchers have attempted to
correlate a failure mechanism with the stress state of the diametral compression test. The
strength calculations based on the diametral compression test assume an internal, volume
based failure.

The presence and location of flaws and the stress state during the

compression test determine the origin of failure, and the property that is measured by the
test. During the diametral compression test, the maximum internal tensile stresses grow
perpendicularly to the loading direction and are proportional to the applied load. Failure
commonly occurs along the diametral plane of the applied load, and is assumed to be due
to internal tensile stresses [4].

Disks are commonly used during indirect tensile strength measurement tests. The tensile
strength for a disk can be calculated using Equation (2.1) [3].
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2P
π Dt

σt=

(2.1)

where P is the load at failure, D is the diameter of at failure and t is the thickness in the
case of the disk. The contact radius and maximum compressive stress are given in
Equations (2.2) and (2.3):

 3FR 
a= 

 4E * 

σ

c max

= 1.5

1/ 3

(2.2)

F
π a2

(2.3)
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1
1− ν
=
E*
E

2

+

1− ν
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E plate

(2.4)

where R is the sphere radius, F is the applied load, E is the elastic modulus, and υ is
Poisson’s Ratio. Approximate relations for the maximum tensile stress and maximum
shear stress are given in Equations (2.5) and (2.6) as:

σ

t max

τ

≈ 0.133σ

max

≈

1
σ
3

c max

c max

(2.5)
(2.6)
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The following relationship gives the contact radius a, the total displacement s (with half
of the displacement at each contact location), and the maximum contact pressure Pmax [8].

s=

a2
R

 9F 2
s = 
2
 16 RE *
Pmax =

3F
2π a 2

(2.7a)




1/ 3

(2.7b)

(2.8)

where F is the applied load, R is the radius, E* is as defined in Equation (2.4), and ν is
Poisson’s Ratio. The relevant geometry of the diametral compression test is shown in
Figure 2.1.

Figure 2.1: Diametral compression test geometry and pressure distribution in an elastic sphere according to
Hertz.
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In the diametral compression test, a sphere is compressed between two platens. One
platen moves relative to the other and compresses the sphere. The tests are commonly
displacement driven. During testing, the force at fracture is often measured with a load
cell and the contact radius can be either measured at fracture (if any marks are left on the
platen) or determined from Hertzian equations such as Equation (2.2), assuming the
contact remains fully elastic, according to Swanson and Cutler [9]. The particle tensile
strength, according to the diametral compression test, was solved by Hiramatsu and Oka
[10], and is the most common relationship used for calculating material strengths
measured in diametral compression tests.

σt =

0.725Fmax 0.9 Fmax
=
π R2
D2

(2.9)

where Fmax is the maximum load applied to the sphere during the test, R is the sphere
radius and D is the sphere diameter.

The state of stress in the center of the sphere in a diametral compression test where
failure is believed to originate is biaxial in nature. Below the contact area, the stress in
the sphere is highly compressive. A circle of tensile stresses originates just outside of the
contact area forming the tensile stress halo. The stress halo often creates fractured chips
because of the high tensile stresses on the surface. The fractured chips can in some cases
lead to a failure, in which case the bulk properties of the sphere would not be measured.
Another complex stress state arises in the form of a conical section beneath the contact
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region that develops when the sphere is compressed; this is commonly known as the
shear cone. The shear cone can be pushed though the sphere causing material flow along
logarithmical spirals, which bend back to the surface according to Schönert [11].
Material flow from the shear cone around the cone expands the outer part of the sphere
and creates tensile hoop stresses. In addition to creating tensile hoop stresses on the
surface, the shear cone can lead to the failure of the sphere due to the shear stresses that
are developed when it is pushed through the sphere. A failure by this mechanism would
not measure the bulk properties of the sphere.

High tensile stresses in the form of the tensile-stress halo are an area of concern for
researchers using the diametral compression test since the intended purpose is to measure
the bulk strength of the material. Surface failure can result from the formation of surface
chips, cracks, stress concentrators. In this case, the test is almost certainly not measuring
the bulk properties of the material. High contact stresses often lead to chipping and
failure at the contact region and are addressed by several different approaches. Shipway
and Hitchings [9] introduced soft platens and found they had a significant effect on the
tensile strength values obtained from the diametral impact test. Spheres tested with softer
platens formed plastic indentations on the platens as the load was increased. The spheres
became completely embedded in the softest platens and did not fracture. Additionaly, the
soft platen distributes the load and prevents shear failure at the points of contact.
Shippaway and Huthchings [12] reported that compression of glass spheres between
softer platens often fail due to surface flaws at the location of a critical maximum tensile
stress on the surface. Another common test approach is to make use of contoured platens
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that mimic the curvature of the sphere.

Darvell [13] commented on the effect of

flattening the contact area of the sphere. It was reported that by grounding the flats, the
apparent strength increased between three and nine fold. By grounding off the ends, the
possibility of the fracture initiating at the tensile stress halo region around the contact was
mitigated. Contact mechanics contribute significantly to the apparent strength of the
spheres in the contact region, as suggested by increase of strength with grounded
contacts.

Analytical models are often presented as viable alternatives to FEA in determining the
distribution of stresses in the spheres. However, no exact solution for the stress inside a
sphere exists. The most popular theoretical stress model is that presented by Hiramatsu
and Oka [10], who also developed a simple approximation for rocks, noting that the
approximate tensile strength is given by 0.9 times the critical load divided by the square
of the diameter. Most analytical solutions focus on estimating the energy required for
fragmentation. However, a common shortfall of theoretical solutions is the required
assumption of a contact radius; this assumption can lead to over or under estimation of
the maximum tensile stresses. Research has shown that theoretical solutions approximate
the experimental stress reasonably well. A popular solution developed by Hiramatsu and
Oka [10] was generalized by Chau et al. [6] to include the Hertz contact stress and was
found to agree with static experimental results. In both cases the stresses are expressed in
terms of an infinite series which must be truncated for computation. These solutions
assumed a constant pressure over the contact region, which is a generally better
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assumption for plastic deformation. In the case of elastic deformation, the assumption is
less valid, but sill provides insight into the stress distribution in the sphere [9].

The nature of flaw distributions has significant effects on the strength and of ceramics.
Flaws are often introduced during the manufacturing and processing phase prior to testing
or service. In processing and/or manufacturing specimens, different flaw populations can
be introduced, complicating the extrapolation of Weibull flaw distributions to samples of
different shapes and sizes according to Kschinka et al [14]. The strength of a particle
increases as its size decreases due to fewer defects. For sufficiently small diameters of
less than one millimeter, even brittle ceramics exhibit ductile behavior as observed by
Procopio et al [5]. Realizing that it is very difficult to study large size ranges of identical
geometries and materials, Evans and Jones [15] attempted to compare materials on an
effective volume or surface area basis.

By increasing the size of the samples by

appreciable amounts, the likelihood of defects increases.

The possibility of the

introduction of another flaw population or a significant flaw that will lead to failure also
increases as the size increases.

The photoelastic stress-freezing technique is commonly used to analyze the stress state in
a three-dimensional part with complex geometry. Utilizing the photoelastic technique is
the only way to experimentally measure local stresses without interference from the stress
measurement technique [8]. When thin model sections are viewed through polarizing
filters, a fringe pattern can be observed. According to the stress optic law, developed in
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1852 by Maxwell, the principal refractive indices and the principal stress differences, σ1 σ1 are coincident.

Fractographic evidence from compression tests is often used to determine details
including the nature of failure as well as the origin. Schönert [11] analyzed the crack
propagation of glass spheres by taking high-speed pictures with an image-converting
camera. In the images cracks, resulted in a black area as the light is not reflected back to
the camera, while cracks parallel to the camera appear as shadows, or are altogether
invisible. According to the recorded images, the main crack originated outside of one
contact location and propagated along the first principal stress trajectories. Once it
reached the other contact region, it propagated axially back towards the other contact
region and shortly after failed. More cracks were observed in higher strength materials.
The researcher also noted that the cracks were similar to those noticed in a twodimensional disk and considered them to be a three dimensional analog. Fine fragments
were created at the contact regions, resulting from a dense crack pattern caused by the
large amount of stored elastic energy. Schönert presents no evidence that the fracture
initiated at the center of the sphere.

Shipway and Hutchings [9] studied the fragments generated during compression tests of
various brittle materials, including sapphire and glass spheres.

When the platen

experienced only elastic deformation, conical glass fragments were formed, suggesting
failure by internal shear. In another study by Shippway and Hutchings [12], a conical
feature was again noticed on the spheres tested. In the same study, the surface was
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abraded and the conical fracture feature disappeared and the fracture apparently
originated at the surface of the sphere. In this case, the fracture in glass spheres initiated
at the conical region and was spread through the sphere by tensile stresses.

Gorham et al. [16] analyzed the fracture patterns in polymethylmethacrylate (PMMA)
spheres by loading them to a predetermined load, then unloading for examination. Four
different forms of failure were observed, and all appeared to be caused by different
mechanisms. The forms include failures with a circumferential and a median crack,
radial cracks with crazing, several circumferential and median cracks and a fractured
cone right under the contact. Generally, in all cases the contact regions were flattened.
Crazing and particle breakage occurred because of a median plane crack that initiated at
the center of the sphere. Gorham et al. noted that the compression tests, as opposed to the
dynamic tests, were dominated by plastic deformation. Many authors use the analogous
impact or dynamic test to gain valuable insight into the stress state and fracture
characteristics of a sphere [17-20].

In diametrical testing of glass spheres, Kschinka [14] concluded that the spheres failed
due to volumetric flaws. The volumetric failure is based on the conclusion that the
Weibull modulus, m, which was obtained from the overall strength/volume plot, agrees
with the Weibull modulus for each sphere’s size strength distributions. The conclusion
supports the theory that the spheres are failing due to the internal tensile stress, which the
indirect tests purport to measure. However, significant surface damage would introduce
flaws and increase the probability that a fracture would start there. The surface is also
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usually the location of the maximum tensile stresses, while the bulk of the internal
material is experiencing a tensile stress of a lower magnitude.

The exact mechanism of failure in the diametral compression test is highly disputed.
Many researchers believe that the indirect test provides no indication of the tensile
strength of the material [9, 12, 13]. Others believethat the indirect measurements are
effective means of measuring the tensile strength [4, 5], while Khanal et al [21] suspect
that the samples fail from either internal tensile-stresses, internal shear-stresses, or a by a
wedge created from the tensile hoop stresses. Kapu [22] suggested that the cones formed
at the contact resulted in shear deformation leading to the opening of cracks in the central
region. The cones that form at the contact are known as shear cones and were also
observed by Schönert [11].

Shipway and Hutchings [9] also concluded from

fractographic evidence that the spheres evaluated by the diametral compression test
appeared to be failing due to internal shear. They also noted that the surface tensile-stress
was the most likely cause of failure because of the significantly larger variations of the
internal tensile stress. Shipway and Hutchings finally concluded that for elastically
deforming platens, failure is most likely due to internal shear, while for materials with
significant bulk flaws, failure likely initiates because of internal tensile stresses.

2.2 Compaction/Packing
Compaction test or bulk crushing strength test are often used to determine the strength of
the proppant assemblages and can be used as an alternative to the diametral compression
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test. Stresses caused by particle interaction are considered one of the largest contributors
to proppant failures. In addition, the compaction test is used because it eliminates the
need for tedious diametral compression tests and includes the actual contact interactions
that the proppants would experience in service. Data obtained from bulk compaction
tests is also generally recognized as being more reliable than the single particle diametral
compression tests, according to Li et al [23].

Given theses benefits, a method for

evaluating the extent of crushing has been developed by an API committee, culminating
in the API 60 test.

The bulk crushing strength test is a common particle compaction test. The bulk crushing
strength is measured as the pressure that causes a given percentage, usually 0.5%, of the
spheres fail and become fines or broken material [8]. Compaction tests can also be
conducted in accordance to the API 60 compaction test. In this test, a cylindrical test cell
with a diameter of between 1.5 inches (3.81 cm) and 2 inches (5.08 cm) is filled by
weight with proppants. A punch is displaced from the top at a constant rate which then
compresses the spheres; the force on the punch and extension are measured as functions
of time. During the test, the pressure distribution is not constant throughout the bed. In
fact axial and radial pressure gradients exist due to the wall friction and force networks
developed,. The radial pressure distribution are parabolic in form, an example of which
is give in Equation (2.10) [24]:

σ z (r , z ) = r 2 f ( z ) + C ( z )

(2.10)
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Equation (2.10) is dependent on the axial, z and radial, r positions. The f(z) term is
specifically the axial pressure gradient while the term C(z) is a constant of integration
dependent on the position along the z-axis which is the axis of the displacement of the
punch. The axial pressure distribution is commonly assumed to decrease exponentially
away from the punch; the friction between the die wall and the spheres causes a decrease
in pressure with depth.

Particles under this type of uniaxial load exhibit fluid-like

characteristics, which covert axial stress into radial stress. The redistribution of stress
leads to the following axial pressure distribution [25]:

 4uzx 

P ( z ) = P0 exp −
 Dc 

(2.11)

In Equation (2.11), P0 is the pressure applied by the punch, z is the distance along the
axis, u coefficient of friction between the wall and the die (commonly assumed to be
between 0.5 and 0.7), x is the ratio of axial to radial stress and Dc is the diameter of the
compact. A common assumption is that the axial pressure distribution is in the form of
an exponential decay [24-27]. Gehin et al. [28] proposed that the axial stress, σz can be
related to the radial stress, σr, by a function of Poisson’s ratio, ν, according to Equation
(2.12).

σ

r

=

ν
σ
1− ν

z

(2.12)

18

The compaction of particles generally occurs in two stages even though the process is
also commonly defined in three steps: particle rearrangement, change of packing state
and plastic deformation [29]. In the first stage the particles are rearranged to form more
dense packing structures. In this stage there is very little deformation of individual
spheres, while they move relative to one another to form a more stable and ordered
arrangement. The compaction of particles is controlled by the particle size distribution of
the material [30]. In this stage it has been experimentally observed that the slope is
approximately 0.003-0.005, where the slope is defined as (ρ1-ρ2)/(log P2-log P1), ρ is the
relative density, and P is the compaction pressure [31]. A low slope indicates that very
little compaction occurs and very litminimal interstitial volume is lost in this step [32].
Provided that the width of the pack is more than a few sphere diameters, the spheres will
tend rearrange to form a close packed structure at the end of this stage [2]. In this
arrangement, 12 spheres are in contact with one central sphere forming six pairs of
diametral contact loadings. It is well known that no more than 12 monosize spheres can
be in contact with one sphere (the kissing or coordination number). The arrangement is
known as face centered cubic (fcc) or closed-cubic pack (ccp). The geometry of this
packing arrangement can be seen in Figure 2.2.
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Figure 2.2: Close cubic packing structure of spheres.

While the entire packing structure of a bed of spheres does not necessarily follow the
close packed structure, it is believed to be representative of the forces transmitted
between the spheres [2]. For systems with a variance in particle size, the level of
compaction is a function of the particle size distribution.

In the second stage, the spheres begin to deform and continue to rearrange as the closure
stress increases further. The slope, as defined earlier, is approximately 0.2 in the second
stage of compaction [32]. Interstitial voids decrease in volume as the spheres deform into
a more dense pack. Some of the spheres may then begin to fracture as the total stresses
on the proppants continue to increase. Schubarth et al. [33] further analyzed the closure
stress on proppant packs. As the spheres fracture, the remaining spheres in the
assemblage continue to rearrange to compensate for the voids created from the fractured
spheres.
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Ideally, for the purposes of proppant packs, the spheres should fracture into large pieces,
as opposed to small fines to prevent obstructions in the interstitial volumes. The fines are
considered one of the largest contributors to losses in proppant pack permeability. To
minimize the effects of fines, Gidley [34] recommends that proppants exhibit close sizing
and sphere-like geometry, which minimize permeability losses from fine entrapment in
interstitial voids. Gidley also noted that proppants vary in their generation of fines and
the effects that the fines have on permeability.

Reliable results in the diametral compression test are dependent on die size and geometry
considerations.

High aspect ratio (diameter to height) and narrow dies can lead to

packing density changes with height and are undesirable for compaction tests [32].
Ouwerkerk [8] noted that the bulk crushing strength value increases when the diameter of
the die was decreased. When small dies were used, the bulk property was not measured
due to the wall friction. For dies suitably larger than the spheres, simulations predict the
wall friction effects are nearly eliminated [32]. While there are effects from the walls of
the die, there is not expected to be any appreciable variation in the stresses for beds more
than a few bed layers thick [2].

Researchers have also assessed compaction behavior by noting the density of the
assemblage as a function of the applied pressure.

The data is used to construct

compaction-response curves [31]. The notable disadvantage of the compaction tests is
that the material is only subjected to static compression without particle movement.
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While there is some degree of particle rearrangement, it may not be representative of the
behavior in a moving bed for which shear plays an important role [8].

In the diametral compression tests, the spheres are tediously tested one at a time while in
the compaction tests, the particles are tested in bulk, thus measuring the bulk strength.
Hence the compaction test provides a simple means of testing the variability in strength
of packs of spheres, without requiring the tedious testing of individual spheres in a
diametral compression test [35]. The two tests have been correlated with success using
different methods. When comparing diametral compression results to compaction tests,
Glass and Ewsuk [32] noted that the breakpoint scales with the granule strength. The
breakpoint is the knee in the relative density as a function of compaction pressure which
signifies a transition from the first to second stage of compaction. The breakpoint shown

Relative Density

graphically can be seen in Figure 2.3.

Region 1:
Rearrangement

Region 2:
Fracture and
deformation,
rearrangement
Log( Compaction Pressure )

Figure 2.3: Breakpoint displayed on graph of relative density as a function of the log of compaction
pressure.
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Li et al. [23] compared the two tests and concluded that there were many similarities.
The Weibull modulus, m, obtained from the two tests was nearly identical when small
sphere sizes were tested. However, as the sphere diameter increased, the two values
deviated, leading to the conclusion that the bulk crushing strength test was unreliable for
larger spheres due to the size effect of larger spheres in the container. Ouwerkerk [8],
however, maintains that numerical methods are the only way to correlate micromechanics into bulk properties.

Li et al. [23] analyzed the fragments formed after a bulk crushing strength test of alumina
and zeolite samples.

The fragments generally failed in large pieces that were

approximately hemispherical. The fragments were typical of brittle fracture; evidence
which supports that tensile stresses at the center of the sphere were the reason of fracture
in the compaction test.

Weibull statistics are commonly used in conjunction with sphere compaction tests to
determine the variability in strength of individual particles. In fact the probability of a
failure increases with the volume because the probability of a catastrophic flaw
increasing in the volume or on the surface increases. In compaction tests, the size and
shape of the particles can vary greatly. In testing glass spheres of uniform size and shape,
Glass et al. [35] noticed a very large variability in strength suggesting that even if
uniform loading is possible, not all spheres will break at the same stress.

They

hypothesized that the high variability in strength might be due to a large range in flaw
sizes. Weibull parameters that can describe this behavior are generally determined from
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bending tests of rectangular bars. However, some refinement may be required to apply
Weibull statistics to analyze sphere failure. The weakest link theory is also often used to
explain compaction tests. In the weakest link theory, the sphere bed is viewed as a chain,
where the failure of the weakest sphere leads to further compaction and rearrangement.

Numerical models for the compaction of particles generally fall into two categories of
approaches: discrete and continuous. Discrete models describe a narrow size range of
particles. The particles in the discrete model are either the same size, or of several size
classes. Fundamental to the discrete approach is the theory that every particle will pack
to the maximum density of the volume available to it [30].

Real distributions are

continuous, forcing researchers that use the discrete approach to define algorithms to
calculate properties in real distributions. Most particle size distributions are continuous
with all possible particle sizes present.

Monodispersions, a subcategory of discrete

models, is also widely applied. Recent research deals with either particle packing or
processing.

Li et al. [23] developed a model that, self-admittedly, requires a better description of the
particles in the bed and needs an exact solution for the elastic equation for the multipoint
contact configuration of the sphere.

However, the model can be correlated with

experimental results and relates the percentage of failed particles to a loading condition.
The model was shown to relate the single particle properties with the bulk performance of
a bed of particles. Martin et al. [36] used the discrete element method to develop a model
to analyze mixtures of monosize hard and soft particles. They concluded that the hard
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particles form a network that supports a large portion of the load. The softer particles
must undergo additional deformation in the presence of hard particles.

Suiker and Change [37] compared a simple micromechanically based continuum model
with a discrete element model. The continuum model is able to model the response
characteristics of a large assembly of particles, and correlated well with the discrete
element model. Antony et al. [38] noticed good agreement with they compared three
dimensional discrete element models with experimental results. Two-dimensional
models, however, significantly underestimated the stiffness of the bed. Kristiansen et al.
[31] was also successful in developing a discrete element model that agreed with
experimental findings.

2.3 The Sphere Contact Problem
The issue of contact between two spherical particles is an important component in the
mechanics of sphere packing. Sphere-sphere contacts are the largest source of individual
particle stress in sphere beds. The problem of spherical particle contact has been studied
extensively. Most of the work came from the research of powder compaction. The
sphere contact problem is of concern in the fields of proppants, ball bearings, abrasives,
and particle interactions during processing, transportation, and storage. Current research
has been applied to the cement, agricultural, oil, mineral, and chemical industries. Sphere
contact research techniques include photoelastic analysis, analytical/theoretical studies
[39-41], finite element modeling [40, 42], and experimental methods [8, 42]. Sphere
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contact problems are directly applicable to sphere assemblages. Understanding sphere
contact stress states is essential to verifying and interpreting sophisticated FEA models of
sphere assemblages.

A thorough quantitative understanding of the surface and volume stresses is essential to
understand the nucleation and propagation of flaws in contacting spheres. The problem
of sphere contact is highly nonlinear in terms of the relationship between displacement
and force; the nonlinearity arises because the stresses depend on the size of the contact
area size and the force applied, while the contact area size depends on the elastic
deformation [2]. Hertz first investigated the contact problem between spheres in 1882.
Hertz described the contact between two elastic bodies in contact assuming that the
characteristic dimension, the radius in the case of spheres, is much larger than the contact
circle radius [43]. Two spheres in contact are shown in Figure 2.4.

Contact
zone

Figure 2.4: The contact zone of two spheres compressed together.
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The stress distribution found in spheres during contact with other spheres is similar in
many ways to that experienced by a sphere during a diametral compression test. The
maximum tensile stresses usually exist outside the contact circle. The contact tensile
stress forms a halo around the contact region. The tensile halo stress drops to zero at a
depth of approximately 0.5 times the contact radius [44]. The halo tensile-stresses are
important for consideration because they correlate well with failure and contribute to
attrition [39]. General Hertzian solutions have been adapted for the case of two spheres
in contact. The contact radius and maximum compressive stresses are given:

a = 0.721( FK D E *)

σ

c max

1/ 3

(2.13)

F
π a2

(2.14)

D1 D2
D1 + D2

(2.15)

= 1.5

and

KD =

where F is the applied load, E* is as defined earlier in Equation (2.4), D1 and D2 are the
diameters of the two spheres in contact, respectively. The maximum tensile and shear
stresses are as approximated in Equations (2.5) and (2.6). Shih et al. [42] gave a useful
relationship for the stresses along the symmetry axis. The principal stresses, σr, σθ, and
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σz, and the maximum shear stress, τmax, are given as functions of the distance along the
symmetry axis from the contact point [42]:
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= − (1 + ν
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where, ν is Poisson’s Ratio, a is the contact radius, z is the distance along the symmetry
axis from the contact surface (r=0 is the center and r=a is the surface) and p0 is the
contact pressure at the center of the contact circle which is one and a half times the
average pressure over the contact area. The Hertzian pressure distribution in the contact
area as a function of the distance from the center, r, is given in Equation (2.19) [42].


p (r ) = p 0  1 −
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 r  
  
 a 

1/ 2

(2.19)

Equation (2.19) is the solution proposed by Hertz based on an elliptical pressure
distribution over the contact surface adapted for the elastic contact problem.
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Researchers have been attempting to correlate FEA results with analytical solutions. Li
et al. [40] attempted to use a FEA model to help develop suitable analytical solutions to
the problem of two spheres in contact. The FEA model was also compared to analytical
solutions developed by Matthews. Matthews’ solutions were developed for the study of
compacted nuclear fuels and were a function of the local creep and densification. The
work was based on the hypothesis that linear assumptions could be applied to nonlinear
deformation in cases involving linear rheological operators [45]. According to Li et al.
[40], the Matthews approach is valid when the contact area is relatively small compared
to the cross-sectional area of the particle. Li et al. modified the Matthews solution using
a regression analysis based on their numerical results to account for the strain rate effects.
The new solution is valid for larger contact areas and is limited by the normalized contact
radius value of about 0.5.

Shih et al. [42] compared experimental, analytical, and photoelastic results. The study
was focused on different size spheres in contact. It was determined that the stress
distribution and deformation of two dissimilar spheres in contact was nearly the same.
However, the shear stress distribution in the larger sphere was closer to that given by the
Hertz solution. The author noticed good agreement between analytical, numerical, and
photoelastic results.

Hills et al. [41] analyzed the effects of different contact conditions. The assumption of
negligible surface traction stresses is not normally restrictive.

However, in some

instances, appreciable error can result when they are neglected. Partial-slip, full-slip, and

29

full-stick situations were analyzed for dissimilar spheres in contact.

The analysis of

Johnson et al. [46] was adapted to include the interfacial shear tractions for a better
understanding of the induced stress field. It was found that the effect of friction was most
significant near the surface; however, because it is self-equilibrating, the far field effects
were insignificant according to Hills and Sackfield [41]. Tensile stresses at the surface
are usually very large, often leading to chips and cracks, sometimes resulting in failure.
Hence the surface tractions could have significant effects on the survivability of the
sphere.

Often, multiple particles contacts occur simultaneously. Gundepudi et al. [39] analyzed
the effects of increasing the number of contact points. As the number of contact points
increases, the maximum internal stresses generally decrease as the internal stress-state
approaches hydrostatic compression.

One notable exception is three-point, in plane

loading when the maximum tensile-stress is larger than was found in uniaxial
compression. The authors went on to develop a solution for the contact problem that is
easily adapted to various numbers of contact points, by means of superimposing an
existing solution developed for a uniformly distributed body force.

2.4 The Ball-On-Ring Test

Because ceramic failures often originate at the surface due to surface flaws, a method
where the strength of the surface of the material is measured is desirable in order to get a
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realistic strength measurement. As such, the biaxial flexure test is used as a method of
determining the strengths of ceramics. The biaxial flexure test is independent of edge
conditions and accounts for all surface flaws, regardless of their orientation [47]. The
strengths measured using these techniques are a function of both the surface conditions
and the internal microstructure.

Several different variations of the test exist. One very popular variation is the ring-onring test. In the test, a ring supports the outside of a disk of the material while a smaller
ring applies a displacement to the center of the disk. The stress distribution created is the
axisymmetric equivalent of the four-point bend test of a bar, since it results in a large
region of constant stress. However, if the failure originates under the inside of the outer
ring, the value of fracture stress can not be reliably measured [48].

Another variation of the biaxial flexure test is the ball-on-ring test. For this test the disk
is supported on its perimeter by a ring while a central ball applies the load in the center.
The ball-on-rings test is very similar to the ball-on-three balls test in terms of the
resulting stress distribution and the mechanisms of the failures of the disk. In the ball-onthree balls test, the support ring is replaced by three balls. A thorough procedure of ballon-ring test is given by Krohn et al [49].

In the ball-on-ring the test there is no singularity at the center. The stress distribution is
approximated by constant stress acting on a circle with radius b. Finite element studies of
the test have been conducted in attempts to measure the radius of the constant stress
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circle at the center. Results indicated that the radius was approximately between to onethird according to Shetty et al. [50] and equal to the thickness of the disk according to
McKinney and Herbert [51]. The maximum tangential and radial stresses are given by
Equation (2.20) [52].
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In Equation (2.21), P is the applied load, t is the disk specimen thickness, a is the radius
of the support ring, b is the region of uniform stress at the center, R is the radius of the
disk, and ν is the Poisson’s ratio of the material. Direct solutions for the stress-volume
and area-integrals for the ball-on-ring test do not exist.

The parameters can be

determined using numerical integration, or through finite element modeling.

2.5 Conductivity
Conductivity is the ability of the conduit, in this case the well, to transport a fluid.
Adequate conductivity is essential for economic productivity levels. It is affected by the
fluid properties and the conduit geometry. After the well is pressurized and fractured, the
fractured well becomes the conduit. The new well has a given conductivity, known as
the fracture conductivity, and is responsible for the productivity of the well. A number of
factors contribute to the fracture conductivity, and ultimately the productivity, of the
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well.

Important considerations include sustainable proppant designs, flowback, the

fracturing fluid, stress cycling, precipitates, and diagenesis.

Vincent [33] did an extensive review of 80 field studies demonstrating the importance of
fracture conductivity to productivity. Conductivity must be sustained throughout the test.
The dimensionless fracture conductivity variable, Cfd, is defined in Equation (2.21) [53].

C fd ∝ k f b f

(2.21)

The fracture conductivity is proportional to the proppant pack permeability, kf, and the
fracture width, bf. The conductivity can be increased by increasing permeability or
increasing the propped fracture width. Pores clogged by fines, residue build-up, and
excessive proppant fractures, can diminish permeability. According to Gidley [34] fines
began to dislodge at higher flow rates and often migrated to positions that reduce
permeability. Research into mitigating the effects of the controlling fines has included
surface modifications and the additions of an ultra-thin tackifying agent (UTTA) [54].
The addition of UTTA has been experimentally proven to be an effective means of
controlling fines.

Sustained conductivity is essential for production throughout the

lifetime of the well and for flowback during cleanup.

Sustaining fracture conductivity throughout production is vital in proppant design.
Studies have indicated that as little as 25% of the pack’s initial porosity exits after 40
days in a well at 300°F and a closure stress of 600 psi [54]. It is generally believed that
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most of the damage to proppants occurs during the initial loading; this however does not
explain the continued loss in conductivity with time. Conductivity losses with time are
often attributed to creep and chemical reactions between the fluids, proppants, and the
well. The largest source of conductivity losses is commonly attributed to the generation
and migration of fines. Surface-modification agents (SMA) are applied to proppants to
control the generation of fines. SMA treatments have also shown to result in better flow
characteristics around the proppants. Dusterhoft et al. [55] also realized an increase in
permeability after the SMA treatments providing increased conductivity and pack
permeability over a wide range of stresses. Sustainable fracture adds another dimension
to laboratory experiments designed to help predict proppant performance.

Flowback or proppants flowing out of the well, can be a serious problem during
production. Flowback causes losses in the proppant pack and can damage equipment,
both of which result in production declines. Simulations and laboratory work done
Asgian et al. [56] by has shown that flowback of plain proppants is directly dependent on
the ratio of the mean diameter to the grain width. In addition flowback is governed by
fracture width and the hydrodynamic and the net closure stress, as noted by Andrews and
Kjørhol [57]. No solution has been shown to be completely successful in controlling
flowback problems.

Moreover, no proppant selection criteria or method to prevent

flowback exists [57].

Two significant problems in dealing with flowback are:

closure stresses generally

increase with the production of the well, and proppant packs designed for production are
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often insufficient to clean up the fracture. The shortcomings of current proppant designs
in this regard highlights the need for new proppants that can sustain closure stresses for
the life of the well and the subsequent cleanup. One possible solution is the addition of
deformable proppants to the pack which has been shown in laboratory experiments to
increase its resistance to failure caused by flow conditions [58]. Furthermore, the
introduction of the soft proppants increases the friction between proppant grains. Higher
flow rates can be permitted through the proppant bed. Flowback is less likely because the
proppants are less likely to dislodge.

The drag forces at failure can be increased

300-400% [58].

The fluid is an essential part of the well fracturing process as it initiates the cracking of
the rock and carries the proppants into the well. After insertion into the well, the
proppants can maintain the fractured width after the initial pressure is released.
Fracturing fluids may contain a breaker to facilitate cleanup, water-based fluids, oil based
fluids, emulsions, and foam fluids [54]. Fluid residue and filtercake buildup, which
results from the fracture fluid leaking into the formation, can reduce fracture conductivity
up to 90%, according to Dulves and Kulper [53].

Residue often builds up on the

proppants while they are in a proppant bed. The residue is often in the form of a bulk gel
that can fill the pore spaces of the pack, reducing permeability, and conductivity.
Breakers are designed to eliminate the residue. However, experimental tests have shown
that breakers have resulted in only a marginal increase in conductivity [59].
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Stress cycling, due to oil extraction, and other natural phenomena is known to be a major
contributing factor to proppant pack failure. Stress cycling leads to high stress and can
also cause fines to dislodge and migrate. The addition of soft proppants by Rickards et
al. [54] addresses the problems caused by stress cycling as they act as cushions to the
effects of high stresses. Tests of various mixtures of proppants have shown that fewer
fines are created, corresponding to improved permeability.

In addition proppant

flowback occurs at higher flow rates and the overall performance of the well increases.
The addition of deformable beads also increases proppant conductivity, reduces the
effects of stress cycling and reduces proppant flowback [57].

Geochemical precipitates can in some cases cause proppant degradation leading to
decreased conductivity. While the presence and timing of precipitates is unpredictable,
they can lead to corrosion and can weaken proppants increasing the likelihood of fracture.
Fines are produced because of the high stresses that result from particle interactions.
Fines can migrate through the pack and block pores, decreasing permeability, and can
also act as nucleation regions for geochemical precipitates [60]. Diagenesis, the chemical
transformation of sediments into rock that can result in significant changes in mineralogy,
is a similar problem. When the rock is cracked and filled with proppants, the conditions
are right for a diagenetic reaction to occur, which will begin filling the proppant pack
porosities [61]. High closure stress and temperature can accelerate diagenesis.

36

CHAPTER 3
PROBLEM STATEMENT

The following theoretical and experimental studies will be conducted to develop a
method to model the API 60 compaction test.
1.The strengths of proppant materials must first be determined experimentally for
various proppants. The strengths must then be scaled to the unit strengths for area
and volume, which can be done by finite element modeling. To do so, the finite
element stress and geometry information will be stored in a results file and used with
the CARES/WeibPar software package to scale the strengths to the unit area and
volume.
2.A CCP finite element, unit-cell model of contacting spheres will be presented and
used to model the compaction test.

A preliminary study will be conducted to

investigate the effects of different geometries, sphere sizes, and pore pressures. A
preliminary verification will also be done based on the well-established Hertzian
equations for sphere-sphere contact.
3.The pressure distribution for the compaction of spheres in a cylindrical vessel will
be determined using a combination of experimental and numerical techniques. Once
the pressure distribution is determined, it can be applied to the CCP model to
determine the failure probability as a function of location in the cylinder.
4.Once the pressure distribution is determined, it can be applied to the model and
used as experimental verification. The unit cell model will be applied at different
locations in the test die to determine the failure probability at that location. After
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determining the failure probability at the different locations an overall failure
probability can be determined and compared to the experimental results.
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CHAPTER 4
MODELING

4.1 Diametral Compression Model

The diametral compression test is often used to experimentally determine the strengths of
ceramic specimens. The specimen strengths in ceramics are highly dependent on the
volume and surface area of the sample being tested. According to the Weibull analysis
outlined in the next section, increasing the volume raises the probability that a fatal flaw
will be present and cause failure. The nature of flaw distributions is accounted for by
Weibull statistics through stress-volume and stress-area integrals.

In order to scale a specimen strength to a unit-volume or area-strength, stress-volume and
stress-area integrals needed to be evaluated first.

The results files produced by a

diametral compression finite element model was first input into CARES parameter
estimation software to determine the effective area and volume integrals that in turn was
used to scale the specimen strengths, as will be shown in the next section.

The compression of the sphere or proppant between two rigid platens was simulated with
a finite element model, written in ANSYS Parametric Design Language (APDL).
Because of the nature of flaw distributions and the geometry of the test, the effective area
and volume integrals were dependent on the material properties, the size of the sphere
and the amount of deformation of the sphere.

Reflecting the importance of these
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parameters, the input file allowed for user specified values for Poisson’s Ratio, Elastic
Modulus, sphere diameter, and strain.

The strain was applied in the form of a

displacement to the top rigid platen before the resulting stress and deformation can be
analyzed. The model was verified by comparing simulation results with the analytical
solutions from Hertzian Equations for sphere-flat surface contact in addition to Equation
(2.9).

The model utilized the axisymmetric nature of the problem. A single plane of the sphere
was analyzed, as the stresses did not vary with the angle of rotation and were only a
function of the radius and angular position in the plane. The problem was further
simplified by recognizing the half-symmetry of the axismmyetric problem. The edges of
the quarter plane of the sphere were rigidly constrained because of the assumed
symmetry and the displacement was applied to the top of the platen. Axisymmetric twodimensional elements were used to model the three-dimensional problem. PLANE82
elements were used, which are eight-nodded structural solid elements that are often used
to mesh irregular shapes and have two degrees of freedom at each node. In addition to its
plane element capabilities, it can be used in axisymmetric form by resetting one of the
key options as was done in the model.

TARGE169 and CONTA172 contact pair

elements were utilized as well. These elements were used to represent two-dimensional
target and contact surfaces and overlayed the edges of the solid elements. The geometry
of the model with a sample mesh and a sample simulation are shown in Figure 4.1.
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a.

b.
Figure 4.1: (a) Meshed geometry of diametral compression model. (b) First principal stress distribution of
solution.

The surface of the sphere used in the CARES analysis was analyzed with a separate
macro. In order to ensure that only the surface of interest was analyzed it must be
selected by the macro is called to distinguish it from the other. The macro determined the
surface area of the elements which comprised the selected areas in order to include the
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surface in the probability calculations. Upon completion of the macro, the data was
stored in a file to be analyzed by the CARES reliability software along with the stress and
geometry data from the volume elements.

Near the contact area, a high density mesh was necessary. The area of the contact of the
sphere with the platen experienced the largest stress and geometry gradients; a dense
mesh was necessary to capture them. The CARES software required the convergence of
the stress and geometry for stress-area and volume-integral calculations. Consequently, a
higher density mesh was required in terms of geometry convergence, as the stress quickly
converged with increasing mesh density. Increasing mesh density and comparing the
scaled characteristic strengths as the mesh density was increased was done to verify
geometry and stress convergence. Once the point was reached where doubling the mesh
density did not result in changes of the scaled characteristics strength, convergence was
reached. For accurate results, a mesh density study was necessary for every prospective
test material.

As expected the stress area and volume integrals converged with increasing mesh density.
In order to declare convergence, the mesh density can be doubled without an appreciable
change in the stress integral. An example study is shown in Figure 4.2, for the stress area
and volume integral. In the plot, the stress-area integral converged immediately, while
the volume integral slowly converged as the mesh was doubled from 600 to 1,200
elements.
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Figure 4.2: Sample plot of convergence of (a) area and (b) volume stress integrals.

The diametral compression test and corresponding model provided a means to obtain
scaled characteristics strength values to be input into the compaction test model to
determine the failure probability.
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4.1.1 Volume and Surface Reliability Analysis

The diametral compression test was used to determine the specimen characteristic
strength. The characteristic strength was defined as the strength at which 63.2% of the
specimens fracture for that particular surface area and volume.

In this study, the

specimen characteristic strength was experimentally determined from diametral
compression tests for the samples of interest. The strength and Weibull modulus were
first determined for a set of samples before the strength can be scaled in order to account
for size and flaw distribution variations between the samples.

The weakest link theory is commonly used to describe the statistical nature of failures. In
a component, the failure is dependent on independent links, each having a failure
probability of ΔPfV. The following analysis was derived for volume based failures, but
can be easily adapted for a surface analysis by simply replacing the volume parameters
with surface area parameters. The volume dependent survival probability the i th link is
then:

( PsV ) i = (1 − ∆ PfV ) i

(4.1)

For a structure with n independent links, the total survival probability is the summation of
individual survival probabilities of the independent links:
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PsV = exp −



( PsV ) i 
i= 1

n

∑

(4.2)

It is necessary to next define the crack density function, NV(σ). The crack density
function represents the number of flaws per unit volume with strength equal to or less
than σ. Under uniform tensile stress, the failure probability of the ith link representing the
unit volume, ΔVi is given in Equation (4.3):

( PsV ) i = ( N V (σ

)∆ V ) i

(4.3)

The survival, PsV, is found by substituting Equation (4.3) into Equation (4.2):

PsV = exp{ − N V (σ )∆ V }

(4.4)

The failure probability, PfV, is determined by subtracting Equation (4.4) from a failure
probability of one (100%).

PfV = 1 − PsV = 1 − exp{ − NV (σ ) ∆ V }

(4.5)

A three-parameter power function was developed by Weibull to determine the crack
density function. The three-parameter power function is rarely used in as processed
ceramics, so a two-parameter distribution is given:
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 σ 
NV = 

 σ oV 

mv

(4.6)

The scale parameter, otherwise known as the scaled characteristic strength, σoV, is the
stress at which 63.2% of the samples of unit volume will fail. The Weibull Modulus, mV,
is a measure of the variation in strengths in different samples and is inversely related to
the strength variation.

The uniaxial inert strength distribution for volume flaws is given in general form in
Equation (4.7) and on a volume basis in Equation (4.8) as:


σ
Pf = 1 − exp − Ve 

σ

f

θ


 σ
PfV = 1 − exp − Ve  f

 σ θV





m





mv





(4.7)





(4.8)

Where Ve is the effective volume or stress volume integral, σo is the volume or area scaled
characteristic strength, σf is the extreme fiber fracture stress, σoV is the volume Weibull
scale parameter and σθV is the specimen characteristic strength. The effective volume is
defined as:
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 σ ( x, y , z ) 

Ve = ∫ 
 σ f

V


mV

dV

(4.9)

The effective volume is the equivalent volume under a uniform uniaxial tensile stress of
magnitude σf that is needed to give an identical probability of failure.

The scaled characteristic strength can be obtained from Equation (4.10), where σov is the
scaled characteristic strength.

σ

oV

=σ

θV

Ve

1 / mv

(4.10)

The same approach is used for a probabilistic failure analysis of the surface area. As
mentioned earlier, the equations can be easily converted for surface area by simply
replacing the volume parameters by surface parameters.

The analysis was applied with the CARES [62] failure prediction software to predict the
unit area and volume stress integrals, without additional software. Equation 4.8 was
rearranged to solve for the effective volume (or the effective area in the case of an area
analysis).

 σ
Ve = − ln (1 − PfV ) ⋅  f
 σ oV





−m

(4.11)
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An ANSYS simulation was first run in order to produce the results files. Following the
simulation, a characteristic strength was randomly chosen that resulted in a failure
probability between, but not equal to, zero and one. The resulting failure probability was
represented by Pf in the above equation. The strength input into CARES to obtain the
aforementioned failure probability is σov in the above Equation. The maximum stress in
the material, output by CARES, is σf. The Weibull Modulus of the material is m. The
chosen value of strength was arbitrary, as the failure probability was dependent on the
strength. Any changes in the strength were offset by the resulting changes in the failure
probability and did not change the effective volume. The same procedure could be
applied to the analysis of the area, but with the volume parameters replaced by area
parameters.

4.2 Ball-On-Ring Finite-Element Model

As discussed earlier the biaxial flexure test is often used to measure the strength of
ceramic materials. A reliable method of directly comparing the strengths evaluated using
the ball-on-ring and the diametral compression tests was required, because many samples
had already been evaluated using the diametral compression test. The method described
here accounts for the size effects of Weibull statistics and the geometric differences
between the disk and sphere samples.

In order to compare the strengths, the unit

characteristic strengths of the ball-on-ring disk samples first needed to be determined.
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The unit characteristic strengths are a measure of the strength of a unit area or volume of
a material in uniform tension. As such, they are independent of the size and geometry of
the sample and are only a function of the material. Consequently, the unit strengths could
be used as an intermediate step for converting the strength from one test to another, since
it was the same for both geometries. The characteristic strengths were first evaluated
from the ball-on-ring test. In order to calculate the unit characteristic strengths, the stress
area and volume integrals must be evaluated, which were done using finite element
modeling and the CARES parameter estimation software, as already discussed.

Analytical solutions do not exist for the ball-on-ring test to directly evaluate the unit
volume and area integrals. On the other hand, analytical solutions do exist for the stress
state; however, because of the inherent approximations of the solutions and possible
errors from numerical integration, the analytical approach is less reliable than finite
element solutions.

Consequently, the ball on ring test was modeled using an

axisymmetric ANSYS finite element model. Axisymmetric volume and contact elements
model introduced in the diametral compression model section were used to construct the
finite element model.

Axisymmetry geometry was used similarly to the diametral

compression model, but there was no possibility of further simplification using
symmetry. A figure showing the geometry is shown in Figure 4.3. The large central
sphere applied the load to the disk, while the disk was supported by circular ring, shown
at the bottom-right of the Figure.
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Figure 4.3: Ball-on-ring finite element model geometry.

A stress-state analogous to the three-point bend test is created from the reactions resulting
from the displacement of the sphere and the resultant reactions at the ring. The stresses
varied linearly through the thickness of the sample, with the bottom experiencing high
tensile stresses. At regions of high stress gradients, which occur at the center of the disk,
the mesh density was greatest.
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4.3 CCP Model
A versatile CCP model was developed to analyze a unit cell of spheres in contact as in a
compaction process. Also written in the form of an APDL script file, the model was used
to analyze the static structural response of 12 contacting spheroids in a unit cell
configuration. Figure 4.3 shows a unit cell of the CCP structure with 12-quarter spheres
contacting one complete central spheroid. The model included inputs for material and
geometric properties so that it could be applied to solve a broad range of problems and
was verified using the analytical Hertizan Equations given in Equation (2.13) to Equation
(2.15).

Figure 4.3: Model of CCP unit cell structure. Twelve-quarter spheres contacting one complete center
sphere.

The FEA model was specifically designed so that the diameter of the central sphere could
be adjusted to model size variations, while the contacting spheres on the outside of the
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cell were always the same diameter. Scaling factors could also be applied to the central
sphere to model the affects of a unit cell which contained a sphere with an irregular
shape. The capability of simulating the effects of pore pressure was been built-in to
better represent a unit cell in service. The model required inputs for material properties
including elastic modulus, Poisson’s Ratio, and the coefficient of thermal expansion, with
all values scaled for unit consistency. External forces were not applied to the boundaries
of the CCP cell. Instead, the net compressive forces in the coordinate directions were
obtained in post-processing, and depended on the specified input strains and the unit cell
stiffness. As a result, the corresponding strain for a given load had to be determined by
iteration. In order to sum the forces at the nodes, the nodes on one of the faces were first
selected. The force from the selected face gave the equivalent force in the direction
perpendicular to the face of the selected nodes. For example, if the nodes were in the x-y
plane, the resultant force summed at the nodes was the force in the z direction.

Given the complexity of the model and the ensuing responses of the individual proppants,
a single simulation was solved using two models. A global or macro-scale model was
first used to determine the force reactions and the required mesh density based on the
forces at the contact locations. The resulting forces were then applied as boundary
conditions to a one-eighth symmetry sub model. The volumes of the models were
meshed with SOLID187 elements; the SOLID187 is a three-dimensional 10-noded
tetrahedral structural element. The element is well suited to model irregular shapes, such
as spheres. Each node has three translational degrees of freedom in the nodal x, y, and z
directions [63]. CONTA174 and TARGE170 elements are used for the contact and target
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elements of the contacting areas.

Contact and target elements must be applied to

compatible volume elements, in this case SOLID187 elements. Weak spring elements
were used to bind the spheres together to improve contact stability. The mesh of the
global model was coarse and did not capture the peak stresses at the contact locations.

The global model utilized quarter symmetry for the spheres on the edges of the cell, while
the submodel employed one-eighth symmetry for all the spheres and is one quadrant of
the global model. The geometry of the submodel is shown in Figure 4.4.

Figure 4.4: Geometry of one quadrant of 1/8th symmetry submodel.

Symmetry boundary conditions were applied if strains were not prescribed. In the cases
where strain was not applied in one or two of the coordinate directions, the Poisson’s
expansion was restricted and forces were applied to resist the expansion. For both
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models gravity as applied in the event that the central sphere was not large enough to
contact all spheres.

Force reactions determined from the global model were applied as boundary conditions to
a one-eighth symmetry submodel which is shown in Figure 4.5 and contains a finer,
adaptive mesh. Mesh refinement at the contact locations was based on the contact
pressures calculated from the global model. Nodes with contact pressure were stored in a
data file which was used to determine where the mesh refinement needed to take place.
A desired level of mesh refinement could be obtained by the user by setting the number
of refinement passes, refinement level, and refinement depth parameters at the top of the
input file.

According to mesh density studies, parameters values of three, two, and two, respectively
produced accurate results. The number of refinement passes determined how many times
the mesh refinement loop was executed. A second user input, the mesh refinement level,
determined the degree to which the mesh was refined and the refinement depth
determined how far away from the contact the elements were refined, in terms of
numbers of elements. Finally, the desired quadrant for the analysis was selected and the
extra volumes were deleted, leaving the one-eighth symmetry submodel. Surfaces to be
analyzed by CARES need to be grouped into a single component before the surface
analyzing macro is called.

Surface elements were analyzed by the macro and the

dimensions were stored in a surface data file, with a *.sur extension.

After the
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completion of the macro, the boundary conditions were reapplied and the submodel was
solved.

The mesh of the submodel was considerably more refined than for that of the global
model as can be seen in Figure 4.5.

Figure 4.5: Close-up of refined mesh in the area of contact.

A CARES macro was incorporated and called by the input file to determine the surface
area of the elements for the surface analysis. Because of its fine mesh density and
utilization of symmetry, the submodel was used for the analysis. Code was included in
the input file to identify the curved exterior surfaces of the 1/8th spheres, four total, before
the macro was called.
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Similarly to the diametral compression model, the data from the volume and surface was
stored in results files. Output files of the ANSYS simulation for the submodel were then
input into the CARES software. The scaled characteristic strengths from the diametral
compression model were input along with the symmetry factor. Because all of the
sections of the submodel added up to half of a sphere, the symmetry was equal to two if
all the spheres were equally sized. The symmetry factor had to be adjusted accordingly if
size or geometry factors were applied.

4.4 Compaction Model
A model was developed to deduce the response of the cell during the compaction test.
Developed as an APDL ANSYS script file, the model was designed to model the
interaction between the proppants and the test die. Axisymmetry was again used and the
model was constructed similarly to the diametral compression and ball-on-ring models.
Figure 4.6 shows the geometry of the model with a sample mesh.
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Figure 4.6: Geometry of the finite element model.

An exponential decay model for the compaction pressure distribution was applied to the
inside face of the cell wall to simulate the influence of the proppants. A model for the
pressure distribution, which resulted from the compaction of the proppants was applied to
the wall. Friction was also applied node by node to account for the interaction between
the wall and particles. The friction coefficient between the proppants and the wall was
assumed to be equal to the normal force multiplied by the coefficient of friction of steelceramic contact approximated to be μ=0.7 [64]. The friction at the base of the wall was
accounted for by modeling the wall-base interface as a contact problem in ANSYS with
the coefficient of friction specified as that of steel-steel contact, μ=0.6 [64]. The model
used quad-shaped, PLANE82 elements.
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An important quality of the model was the ability to approximately determine the force
transmitted to the bottom of the cell. The friction at each node was totaled during the
simulation. The force transmitted to the bottom can then be determined by a simple
equilibrium calculation. By understanding that the forces acting on the proppants are the
friction and the force applied to the piston, the force at the bottom of the pack was simply
the force of friction, minus the applied force. The sum of the frictional forces at the wall
was stored in the component “fricttot”, which can be accessed using the *status
command. The ANSYS macro code for all of the models just discussed is given in
Appendix B.
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CHAPTER 5

EXPERIMENTAL PROCEDURE
AND MODEL VERIFICATION

5.1 Diametral Compression Test
Diametral compression tests provided an effective means of determining the internal
tensile strength of spherical samples. The experimental procedure outlined by Luscher et
al. [1] was followed for the experiments done in this research. Several different sieve
size fractions of aggregates were first examined and hand sorted under a
stereomicroscope to ensure identical specimen geometry for strength testing. Sphere
diameters were individually measured using Fowler & NSK Digitrix II Micrometers.
The spheres were then placed between two noncompliant silicon-carbide platens that
have an elastic modulus of 378GPa. Double-sided tape was used to secure the platens to
the upper and lower platens of the Instron Model 4202. A 1000N load cell was fitted to
the Instron. The setup is shown in Figure 5.1.
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Figure 5.1: Experimental setup for diametral compression test [1].

Once the proppant was in place, the upper platen was lowered and stopped just before
making contact with the proppant.

The test began when the Instron was activated

through its computer control interface and was performed at a crosshead speed of
0.127mm/min. Cross-head extension and load were recorded until the proppant failed.

Several different commercially available proppants were tested. Forty runs were done for
each proppant; this was considered a sampling size large enough to obtain statistically
significant results.

Load-time traces were electronically recorded for all tests on a

spreadsheet. A macro was used to extract the diameter and strength at failure. The
completion of the test was marked by the failure of the proppant. The deflection of the
proppant was determined from the loading path of the crosshead between the start of
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loading and failure, assuming an ideally stiff test fixture. The tensile strength of the
spherical proppant could then be calculated using Equation (2.9). As mentioned earlier,
large compressive stresses are present at the points of contact; the principal assumption of
this test, however, was that failure is initiated by the large tensile stresses in the center.
The localized tensile stress at the center of the proppant, which are perpendicular to the
axis of the applied loading, lead to the failures from internal flaws held in tension.

5.1.1 Determining Stress Area and Volume Unit Strengths
In order to take into account the size effects of the spheres in the compaction test, the
characteristic strength values needed to be scaled to unit values. The scaling is done to
determine the unit area and volume characteristic strengths from the specimen
characteristic strengths measured experimentally by the diametral compression test. The
procedure was outlined in the previous section.

The fracture stress was first calculated for each run using Equation (2.9). From the
experimental data, the specimen characteristic strength, the strength at which 63.2% of
the samples theoretically should fail, and Weibull Modulus was determined. However,
the input for the diametral compression model required a strain and not stress; a
limitation which was met by applying a strain and determining the force by summing the
nodes in post-processing. The nodes at the top of the platen were first selected using the
following command ‘nsel,s,loc,y,t’. Once the nodes were selected, the forces could be
summed using the ‘fsum’ command. The force summations in the three directions were
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then output on the screen with the applied force acting in the y direction; the desired force
can be obtained by iteratively varying the applied strain.

It should be noted that the average proppant diameter was used for all calculations
because the simulation could not be run for every experimentally measure strength.
However, exact elastic properties were often unknown and were generally difficult to
measure, given the small amount of volume of the proppants. As such, when values
could not be measured, the properties were obtained from earlier research and/or
approximated from the available literature. When necessary, the following assumptions
were used based on published research are as follows: the Poisson’s ratio was assumed
to be 0.2 and elastic moduli used for high and low strength proppants are 134 MPa and
277 MPa, respectively according to Luscher [65].

The diametral compression

experimental data and the results obtained from the simulations, including the scaled
strengths, are given in Table A1.

5.2 Ball-On-Ring Strength Scaling

A ball-on-ring model was developed to help scale ball-on-ring measured strengths to
equivalent diametral compression strengths. A simulation of the ball-on-ring model was
first run in ANSYS with an arbitrary displacement applied, as the stress volume and area
integrals are generally independent of the stress magnitude and depend only on the stress
distribution. Upon the completion of the simulation, the stress-volume and stress-area
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integrals were calculated using the procedure outlined at the end of Section 4.1.1. The
unit volume characteristic strength could then be calculated using Equation (4.10).

With the unit characteristic strengths calculated for the material of interest, the equivalent
diametral compression specimen characteristic strength could be evaluated. The stressvolume and stress-area integrals must be determined at the characteristic strength of the
sphere because the sphere stress distribution is a nonlinear function of the applied strain
and is therefore highly dependent on the deformation. With the appropriate unit strength
parameters and Weibull modulus entered into CARES, the strain applied to the diametral
compression model was varied until the overall failure probability of the sphere was
approximately 63.2%; in other words the failure probability at the characteristic strength
of the sphere was of interest. At this point, the stress-area integral of the sphere was
calculated using the procedure outlined in Section 4.1.1. The specimen characteristic
strength was then determined from the unit-volume and unit-area stress integrals using
Equation (4.10).

Upon completion, the equivalent specimen characteristic strength for a given sized sphere
was evaluated for a strength measured from the ball-on-ring biaxial flexure test. The
procedure provided a means for directly comparing the material strengths measured using
different tests without scaling both sets of data to the unit values.

5.3 The API 60 (Compaction) Test
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The procedure of the API 60 compaction test is specified by the American Petroleum
Institute [66]. Proppant dimensional qualities such as size, sphericity and roundness are
closely controlled by the test guidelines.

A minimum of 90 percent of the tested

proppants should fall between the designated sizes.

Sphericity and roundness

measurements require judgment on the part of the technician conducting the experiment
and are assessed visually using a chart provided by the American Petroleum Institute.

The initial bulk density of the proppant sample was first determined. The procedure to
determine the bulk density is outlined in the API resource [66]. The test required that the
volume of proppant to be used is equivalent to the volume occupied by four pounds of
20/40 sand per square foot in the test cell piston area. The required volume translated to
1.22 cubic centimeters of proppant per square centimeter of test cell piston area [66].
The weight of the required proppant material is given according to Equation (5.1).

WP = 6.18 ρ b D 2

(5.1)

In Equation (5.1), WP is the proppant weight in grams, ρb is the proppant bulk density in
g/cm3, and D is the test cell diameter given in inches. The proppants were then placed in
a test cell of prescribed dimensions as shown in Figure 5.2. The die material was 4340
alloy steel with a minimum hardness of 43 HRC. The base was attached to the cylinder
with four one-quarter inch flat head screws. The 3.5 inch tall compacting piston fitted
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tightly into the die. The API 60 standards allowed for the inside diameter to be between
1.5 and 3.0 inches. A sample test cell is shown in Figure 5.2.

Figure 5.2: Example test cell for proppant crush resistance test.

Equation (5.2) was used to calculate the force necessary to attain the required stress on
the proppant samples.

F=

S ( 3.14 ) D 2
4

(5.3)
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In Equation (5.3), F is the force on the test cell in pounds, S is the stress on each proppant
sample in pounds per square inch, and D is the cell diameter given in inches. The
required load was applied at a uniform rate, taking one minute to reach the prescribed
level and then be held for two minutes, according to API test standards.

After the test was completed, the contents were removed and sifted to separate the fines
from the proppants. The fines were weighed and the percent of fines generated during
the test was calculated using Equation (5.3).

f =

100W f
Wp

(5.3)

In Equation (5.3) f is the percent of fines generated, Wf is the weight of fines in grams and
Wp is the weight of proppants, also given in grams.

5.4 Experimental Stress Analysis

Efforts were also directed at modeling, testing, and ultimately understanding the API 60
test so that its efficacy in ranking candidate materials could be evaluated. As part of this
effort, it was therefore necessary to quantify the test in order to understand important
parameters and conditions of the test including the load/pressure distribution within the
die.
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The internal pressure distribution during the API 60 compaction directly affects the
outcome and subsequent evaluation of the prospective proppants. The load distribution
in the proppants is affected by several factors, including inter-particle and particle-wall
friction.

It is generally assumed that the wall-particle friction is one of the most

significant factors affecting the load distribution between particles. As can be seen in
Equation (2.11) the axial pressure diminishes with depth. The rate of decay is a function
of the geometry, Poisson’s Ratio, and the coefficient of friction between the cell wall and
the proppants.

Since the internal pressure could not be directly quantified, a decision was made to
measure the strains on the outside of the test cell to develop a better sense of the pressure
distribution of the proppants inside of the cell. Once the strain distribution on the surface
of the cylinder was determined, the assumed pressure distribution could be verified using
finite element modeling. For the experiment, the proppant material chosen for evaluation
was CarboProp 20/40 as its elastic properties have been extensively characterized.
CarboProp proppants are premium priced high-strength proppants designed for use in
deep wells. Moreover, this material is one of the strongest proppants commercially
available; strong proppants were required in order to allow the experiments to go to very
high pressures necessary to obtain meaningful strain data given the thickness of the test
die. As expected, very few of the CarboProp proppants fractured during the test, which
ensured that the pressure distribution of the spheres was measured and not the pressure
distribution of crushed fines. In later tests, glass proppants were also used.
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The surface strain distribution was measured by mounting strain gages along the height
of the cylinder. The strain was monitored at seven different locations, from the bottom of
the cylinder, up to 1.5 inches (3.81 cm), to obtain a meaningful representation of the
gradient. The gages were mounted at the different heights listed in Table 5.1.

Gage Number Orientation Height (in)
1
Circumferential
1.5
2
Circumferential
1.35
3
Circumferential
1.24
4
Circumferential
1.02
5
Circumferential
0.78
6
Circumferential
0.6
7
Circumferential
0.3
8
Axial
1.5
9
Axial
1.4
10
Axial
1.25
11
Axial
0.9
12
Axial
0.8
13
Axial
0.65
14
Axial
0.35
Table 5.1: Height of the axial and circumferential strain gages on the test die.

At each location, axially and circumferentially aligned gages were mounted to the outside
of the cell wall. Two gages were required for every height so that the complete stress
state at each location could be calculated. In order to have space to mount the gages, they
were evenly spaced around the circumference. Since the state of stress in the outside wall
of the cylinder was approximately axisymmetric, the spacing along the circumference had
little or no effect on the measured strain. The circumferentially mounted gages are
shown in Figure 5.3(a) and the axial gages are shown in Figure 5.3(b)

(a)
(b)
Figure 5.3: Location of gages mounted on test cell for the (a) circumferential and axial gages.
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The gages were mounted with a higher density below the piston because, according to
Equation (2.11), the pressure is highest below the piston, where the strain gradient was
expected to be largest.

During the tests, Vishay 350Ω strain gages that had a gage length of 125mm were used.
During selection, the gage width was minimized to ensure that the gage was not affected
by the transverse strains. The gages were temperature compensated for steel as the test
die was 3140-steel. A National Instruments signal conditioner was used to monitor the
gages during the test.

For initial tests, the output of the conditioner was recorded using the LabView data
acquisition program.

For subsequent tests, the data was recorded using an Iotech

Personal Daq/56 and the DaqView data acquisition program. The tests are initially
conducted in a Tinius-Olsen test machine, which had load capacity of 300kN.
Subsequent tests were done with an Instron having a load capacity of 150kN. Both load
frames contained load cells with the capability of recording the load data during the test.
The test setup is shown in Figure 5.4.

Figure 5.4: Experimental setup for strain measurement.

The data acquisition programs stored the data in a text file that included columns for the
output voltage for the load and the output voltages for the transverse and longitudinal
strains for each location along the axis of the die. An internal shunt resistor was used to
calibrate the bridge for each channel. The excitation voltage for each resistor was set to
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8V. The comparatively high voltages were used because the expected strains were small,
and a large excitation voltage was necessary in order to apply a large factor to the output
voltage. For example, the output was multiplied by a factor of four because 8V is used as
the excitation voltage as opposed to 2V. The gages were mounted on steel test cell,
which enabled the high rate of heat dissipation necessary for the relatively large
excitation voltage. The high rate of heat dissipation of steel was important; if a large
excitation voltage was used for a gage mounted on a material with a low rate of heat
dissipation, the adhesive on the gage could soften and affect the strain measurements.
The required voltage across the shunt resistor to calibrate the bridge was calculated using
Equation (5.4).

E sh = E int

S sh
2.0
= 8.0V
= 7.6V
Sg
2.105

(5.4)

In Equation (5.4), Eint is the intended voltage for 1000με, Esh is the desired voltage across
the shunt resistor, Ssh is the shunt gage factor, and Sg is the strain gage factor which was
2.105 for the selected gages.

The load in Volts, as output in the raw data, was be converted to Newtons. To do so, the
load in Volts is multiplied by a factor determined by dividing the maximum load in
Newtons expected, by the maximum load in Volts.
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The output data file also contained the longitudinal and transverse strains in units of
Volts. The apparent longitudinal and transverse strains were determined using Equations
(5.5) and (5.6).

ε x ' = ε x (V )

1000µ ε
8.0V

(5.5)

ε y ' = ε y (V )

1000 µ ε
8.0V

(5.6)

The longitudinal and transverse strains in volts are εx(V) and εy(V) and εx’ and εy’ are the
apparent longitudinal strains. The longitudinal and transverse strain can be corrected for
transverse sensitivity using Equations (5.7) and (5.8), respectively.

 1 − ν 0 Kt
ε x = 
2
 1 − Kt


 (ε x '− K t ε y ')


(5.7)

 1 − ν 0 Kt
= 
2
 1 − Kt


 (ε y '− K t ε x ')


(5.8)

ε

y

Kt is the transverse sensitivity, and νo is the Poisson’s ratio for aluminum that was used
for the gage calibration and equal to 0.285.
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There were 14 total gages mounted on the test cell. The strain measurement equipment
only had 10 channels. As a result, all of the gages could not be monitored during the
same test. To accommodate this limitation, the axial and circumferential gages were
monitored during separate tests.

5.5 CCP Model Verification

Experimental results were compared with numerical predictions in order to verify that the
CCP model accurately simulates a unit cell of the API 60 test. In order to do so an API
60 compaction test was first completed, following the procedure outlined in Section 5.3;
the results of which were then compared to predictions from the CCP finite element
model.

In order to accurately compare the unit cell model to the compaction test results, the
appropriate boundary conditions had to be applied so as to simulate the effects of the
varying pressure with depth. Radial pressure variations were ignored because they were
difficult to model, had less of an effect on the failures, and were assumed to cancel out
across the radius of the cell. The pressure distribution as a function of depth determined
the boundary condition on one coordinate direction and was developed from
experimental results and observations. Once determined, the pressure was multiplied by
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the area of the unit cell face to calculate the equivalent force. The walls of the cell were
assumed to be rigid and the boundary conditions of the other two coordinate directions
were both zero displacement.

The CCP model included inputs for strain, and not force. The boundary conditions had to
be applied as a force because the boundary conditions were understood in terms of the
pressure model. In order to apply an equivalent force to the unit cell, the strain had to be
varied until the desired equivalent force was applied, as measured in post-processing. In
order to do so the nodes first had to be selected using the command ‘nsel,s,loc,dir,0’. The
desired direction of the resultant force, i.e. x, y or z, was entered in place of ‘dir’. Once
the desired nodes were selected, the equivalent force as calculated by simply entering the
‘fsum’ command.

The force components were then output.

The output force was

perpendicular to the face from which the nodes were selected.

The appropriate pressure was applied layer-by-layer until the failure probability for every
layer was predicted. The individual failure probabilities were then used to calculate the
overall failure probability for the test. For the first, second and nth layer, the number of
failures is given by Equation (5.11).

n f 1 = Pf 1 N1

(5.11a)

n f 2 = Pf 2 N 2

(5.11b)
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n fn = Pfn N n

(5.11c)

where nfn is the number of failures in the nth layer, Pfn is the failure probability of the nth
layer, and Nn is the total number of proppants in the nth layer. The total failure probability
can be calculated by dividing the total number of failures by the total number of
proppants. The number of failures in each layer is given by (5.11), while the total
number of failures is the number of proppants in each layer multiplied by the number of
proppants in that layer. If the analysis assumes that each layer has the same number of
proppants, then total failure probability becomes:

Pf =

n1 + n2 +  + nn Pf 1 N1 + Pf 2 N 2 +  + Pfn N n1
=
N⋅n
N⋅n

(5.12)

Factoring out the number of proppants in each layer, assuming each layer has the same
number of proppants.

Pf =

(P

f1

+ Pf 2 +  + Pfn ) N
N⋅n

(5.13)

Canceling out the number of proppants per layer gives Equation (5.14), which is also the
simple average over all the layers.

Pf =

Pf 1 + Pf 2 +  + Pfn
N

(5.14)
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In Equation (5.14), Pfn is the overall failure probability and Pf1, Pf1 and Pfn are the failure
probabilities of the first, second and nth layers respectively. The total number of layers is
represented by N, as already described.

Because the fraction of failed proppants in the compaction test was measured by sifting
out the smaller fractions, proppants that fail in the form of a crack or chip were not
directly observed. In order to try to quantify the cracked portion a fraction of the
proppants that survived the sifting process was analyzed under a stereomicroscope. The
results from the analyzed sample were then extrapolated for the entire portion of the
proppants that passed the API 60 test and added to the already measured portion of failed
proppants. The method provided a more complete and direct comparison between the
model and the experiment. In order to directly compare the results from the CCP model
and the compaction test, the boundary conditions had to be applied to the CCP unit cell
model layer-by-layer. The failure probability was then determined for each layer, which
were then averaged to determine the overall failure probability.
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CHAPTER 6
RESULTS

6.1 Diametral Compression Test Scaling Results

The strengths measured experimentally were dependent on the volume and surface area
of the sample, as well as the material strength and degree of scatter as represented by the
Weibull Modulus. As such, scaling of the diametral compression data was necessary to
adjust the strengths measured experimentally to unit values suitable for input into the
CARES reliability prediction software.

The scaled unit strength data for several common proppant materials is included in Table
6.1. Also included in the bottom row of the chart is the strength of glass, which was used
for the verification of the unit cell model. As can be seen in the table, the relative
rankings of some of the material were changed by accounting for size effects. For
example, the relative rankings of the HSP proppants were significantly affected by the
size effects.
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Proppant

Average
Diamete
r (cm)

Weibull
Modulus

Specimen
Characteristic
Strength
(MPa)

Elastic
Modulus
(GPa)

3.471

201.4

134

Effectiv
e Area

Effectiv
e
Volume

Scaled Area
Characteristic
Strength
(MPa)

Scaled
Volume
Characteristic
Strength
(MPa)

1.54E-12

1.634

0.080

EconoProp
20-40

0.691

Econoprop 30-50

0.546

3.525

203.4

134

5.54E-08
4.57E-08

7.70E-13

1.682

0.074

Lite 12-18

1.336

3.679

147.0

134

7.34E-08

7.57E-12

1.691

0.140

Lite 16-20

1.097

4.271

154.2

134

3.04E-08

3.56E-12

2.680

0.322

Lite 20-40

0.749

4.088

183.9

134

4.06E-08

1.44E-12

2.861

0.233

Prop 20-40

0.610

4.187

205.5

134

3.79E-08

8.03E-13

3.469

0.265

Prop 30-60

0.481

3.709

232.8

277

5.80E-08

2.48E-13

2.605

0.093

1.248

2.888

216.0

277

5.35E-08

7.04E-12

0.656

0.030

HSP 16-30
HSP 16-30
(porous)

0.960

4.473

221.0

277

1.97E-08

1.48E-12

4.183

0.501

3.260

169.1

134

4.45E-08

2.18E-12

0.940

0.045

HSP 20-40

0.714

3.348

255.9

277

1.73E-08

1.17E-12

1.229

0.070

HSP 30-60

0.547

3.423

267.3

277

9.81E-09

5.04E-13

1.223

0.068

Norton Valuprop

0.757

2.815

117.8

134

2.65E-08

1.86E-12

0.240

0.008

Norton Bauxite

0.762

3.416

244.7

277

1.85E-08

1.29E-12

1.332

0.081

Norton Interprop

0.689

3.606

172.9

134

4.69E-08

1.28E-12

1.605

0.087

1.51E-12

0.654

0.035

5.03E-13

9.165

0.204

HSP 12-18

Norton NapLite
Glass

0.872

0.751
0.968

3.301
4.000

134.0
242.2

134
70

2.35E-08
2.05E-06

Table 6.1: Experimental and numerical diametral compression data.

A thorough survey of the materials has been conducted by Boyce [67].

6.2 Ball-On-Ring Scaling Results

Strengths evaluated from the ball-on-ring test require scaling in order to directly compare
them to those evaluated with the diametral compression test. The ball-on-ring test
samples are easier to produce, and if equivalent strengths can be measured, it would be a
desirable alternative to the diametral compression test.

Some scaled ball-on-ring samples are show in Table 6.2.
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Table 6.2: Ball-on-ring scaled values.

A thorough survey of the materials has been conducted by Boyce [67].

The relative rankings of the strengths were relatively unchanged. The scaled strengths
were functions of the ball-on-ring sample strength and Weibul Modulus as well as the
elastic modulus and Poisson’s ratio. As a result, ball-on-ring samples with equivalent
strengths could scale to different diametral compression strengths based on the effects of
these properties.

6.3 CCP Unit Cell Model Preliminary Study
To better understand the affects of the unit cell variables on stress and failure
probabilities, a number of trial runs were completed. All trial runs were completed for
the same proppant, HSP 30-60, for comparison and consistency reasons. The elastic
modulus used was 15.065GPa (2.18x106psi), which was determined from compliance
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relations of the diametral compression test based on the Hertzian relationships given in
Equations (2.7). The force applied and the total displacement were known, so the elastic
moduls is the only unknown and can easily be calculated.

The case of triaxial strain, for which compressive strains of equal magnitudes are applied
in each of the coordinate axis, was analyzed first. An example plot of the contact stresses
in the submodel for this case is given in Figure 6.1. As shown by the plot the stress
distribution was generally the same for the different loading and geometry configurations.
However, the magnitude and size of the distribution are dependent on the applied strain,
loading and geometry configurations.

Figure 6.1: Plot of contact stress from triaxial strain simulation.
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The effects of pore pressure were also analyzed in terms of triaxial loading, while the API
60 compaction test does not include a pore pressure; it is an important consideration for
proppants that are used in service in wells. In the simulations, the strain is held constant
while the pore pressure is varied. The stress and failure probability were then analyzed.
Overall, the application of a hydrostatic pore pressure was found to be beneficial in terms
of decreasing the failure probability. It is hypothesized that the superposition of the
compressive hydrostatic stress from the pore pressure resulted in a lower tensile stresses.
Pore pressure of greater than 30MPa (4ksi) are too large to be seen in oil wells, but were
included to show the trend towards zero failure probability with increasing pore pressure.
The date from the test is shown in Table 6.3.

Pore Pressure
(Mpa)
1
3
30
3000

Pore Pressure (ksi)
0
0.4
4
400

Failure
Probability
0.41
0.31
9.58E-03
0.00

Max Stress
1.04E+08
1.02E+08
8.82E+07

Table 6.3: Affects of increased pore pressure on failure probability.

Figure 6.2 shows a stress plot from a sample simulation.
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Figure 6.2: Plot of unit cell with hydrostatic pore pressure.

The tensile stress in the bulk of the volume is considerably lower than is experienced
without the pressure. The clearly beneficial effect of increased pore pressure is seen in
lowered failure probability as summarized in Table 6-3.

Uniaxial loading is generally assumed to be more representative of the conditions
experienced by proppants in compaction tests, especially if the cell walls are very rigid.
The resulting state of triaxial-strain in-turn leads to higher failure probabilities and
stresses when compared to uniaxial loading. In the uniaxial loaded test the strain is
applied to the top and bottom of the unit cell with all strains in the other two directions
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set to zero. These two directions are constrained with symmetry boundary conditions that
do not permit expansion.

Additionally, simulations were run with an enlarged central sphere that was scaled one
percent larger than the other spheres in the unit cell to analyze the effects of different
sphere diameters. Due to model constraints the central sphere cannot be sized much
more than one percent larger than the other spheres. Since the submodel relies on the
one-eighth symmetry of the unit cell. By applying large scaling factors to the central
sphere, the model loses any semblance of symmetry and therefore, cannot be solved.
Scaling factors can also be applied to shrink the central sphere. However, the limits to
shrink the central sphere are much higher. In this case the limit is essentially the point at
which the central sphere loses all structural load-bearing capacity that is instead carried
by the other spheres in the cell. Hence, shrinking the central sphere beyond this point has
no further effect. In the trial runs, the size was reduced by five percent. An example plot
is given in Figure 6.3 which shows the stresses where the central sphere was decreased
five percent under an applied strain of 0.06.
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Figure 6.3: Stress plot of simulation of applied strain of 0.06. The central sphere is scaled negative five
percent.

In the figure, the central sphere is on the lower left of the plot. It has been decreased to
the point that it no longer is large enough to support any of the applied loads. Hence, the
spheres on the outside of the cell carry larger portions of the load and stresses. The top
sphere and the sphere on the right are in contact and the stress distribution at the point of
contact can be seen in the figure.

The central sphere can also be scaled in the three coordinates, which coincide with the
direction of the applied strains. As would be expected, the same basic limits in terms of
expansion and contraction apply to the irregularly shaped spheres. In any of the three
coordinates directions, the sphere cannot be scaled much more than one percent larger.
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In the trial runs, the central sphere is increased in size by one percent in the direction of
the applied strain, and increased by one percent and decreased by five percent in the other
two directions. A plot comparing the failure probabilities of the different configurations
is shown in Figure 6.4.

Effects of Center Sphere on Failure Probability as a Function of
Strain
1.2

Failure Probability

1
0.8

I

0.6
0.4

Equally Sized
1% Larger

0.2

5% Smaller
Football Shaped

0
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Strain

Figure 6.4: The effects of scaling on the central sphere in terms of failure probability.

Each configuration follows a pronounced trend as it approaches the failure probability of
one. The unit cell containing the oversized sphere initially results in a larger failure
probability. However, the slope of the curve is lower than for other configurations and
eventually merges with them at higher strains. The unit cell containing the shrunken
sphere does not experience any failure probability until larger strains, but the failure
probability rapidly approaches 100% quickly. The baseline simulation of equally sized
spheres is between both cases. The irregular spheres follow approximately the same
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curve as the equally sized spheres. The failure probability of nonzero begins at higher
strains, but both curves quickly converge. A table containing the data from Figure 6.4 is
given in Table 6.4.
Uniaxial Strain
Stress (MPa)
Failure probability
Effects of increased sphere diameter (1% larger), 3Mpa pore pressure
0.02
1.46E+08
0.57
0.01
1.27E+08
0.36
0.04
2.02E+08
0.79
Central Sphere Decrease 5%
0.04
1.26E+08
0.38
0.09
2.60E+08
1.00
0.06
1.86E+08
0.96
1% increase in loading direction, 1%, 5% decrease in others
0.025
1.35E+08
0.33
0.045
1.39E+08
0.90
0.03
1.55E+08
0.65
Equally Sized
0.01
9.98E+07
0.08
0.05
1.68E+08
0.92
0.06
2.08E+08
0.99
0.02
1.09E+08
0.34
0.03
1.39E+08
0.65
Table 6.4: Summary of test unit cell uniaxial strain data.

6.4.1 Experimental Stress Analysis Results

Given the findings of the API 60 finite-element simulations, a series of experiments were
designed to provide insight into the pressure distribution during the compaction test.

Based on FEA results it was expected that the circumferential strains would be largest
just below the piston because of the high pressures in that region.

In fact, the

circumferential strains are also larger at the bottom of the test cell as well. It is believed
that the platen on the top and fixed bottom cause local pressure increases with the middle
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section experiencing lower relative pressures. It was also expected that the axial strains
would be smaller in magnitude than the circumferential strains and tensile. The axial
strains are almost all negative and are largest in magnitude at the bottom of the cell.
Figure 6.5 summarizes the axial and circumferential strains as a function of the height on
the cylinder.

The axial strain was compressive throughout the test cylinder, and increasing in
magnitude towards the bottom of the cell. The cause of the compressive axial strains was
originally thought to be due by the friction between the cell wall and the proppants. It is
also a possibility that the compressive axial strains could be a product of forced curvature
from the circumferential strains. The issue will be resolved with the modeling in the next
section.
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Figure 6.5: (a) Circumferential and axial true strains for CarboProp proppants and (b) glass proppants.

The measured circumferential strains were opposite of expectations. As shown in Figure
6.5, the circumferential strains seemed to initially increase with depth, and eventually
level off. According to Equation (2.11) just below the top of the piston, the pressures are
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largest. However, the strains at this point are lowest. The reason is most likely because
the portion of the vessel above the piston is unstressed, and resists the expansion of the
cell at the bottom of the piston. An exaggerated picture is shown in Figure 6.6. The tests
done with the glass proppants revealed more of a parabolic profile, with the largest
strains in the center. All the data from several tests is included in the plot.

Figure 6.6: Exaggerated representation of the stress state of the cylinder, where the bottom is fixed.

Figure 6.6, also shows the setup where the bottom of the cylinder is rigidly connected to
the base. The large strains at the bottom of the cylinder also required explanation, since
the stresses are predicted to be lowest there. As such, the analysis of the strains at the
base is also analyzed using the finite element analysis.

An experiment was also conducted where the base is rigidly fixed with four screws. A
comparison between the run with the free base and fixed base is shown in Figure 6.7.

88

Strain as a fuction of Distance from Bottom
800

Strain (microstrain)

600
400
200
0

-200

0

0.5

1

-400

2

Circum ferential Gages Uncons trained Bas e
Circum ferential Gages Cons trained bas e

-600
-800

1.5
Axial Gages

Distance (in)

Figure 6.7: Comparison between runs for fixed and free base.

As can be seen from Figure 6.7, the strains measured when the base is free are increasing
towards the bottom of the cell. When the base is fixed, the strain is largest 0.6 inches
from the bottom, but decreases 0.3 inches from the bottom. The large strain at the bottom
gage is most likely the result of two factors. First, the gage is 0.3 inches from the bottom;
a gage mounted at the bottom would likely record a smaller strain. Also, the base of the
cylinder is expanding in the radial direction under the Poisson’s effect from the
compressive pressure. The radial expansion of the base is approximately an order of
magnitude smaller than the expansion of the cell wall.

6.4.2 Verification of Stress and Strain Measurements
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The state of strain on the outside surface of the test cell did not appear to directly
correspond to the internal pressure distribution. In order to interpret the results, a finite
element model of the compaction test is developed to simulate the experiment. For this
model, the geometry was axisymmetric, with the pressure distribution applied to the
inside face to simulate the effects of the proppant contact and pressure.

Originally, an assumed exponential decay pressure distribution was applied to the inside
face.

However, it was found that simulation results did not agree well with the

experimental results, and the exponential decay was deemed to be insufficient at
describing the pressure distribution. To help formulate a better pressure distribution
model, the completed API 60 test was frozen in a clear epoxy to analyze the compacted
spheres; at the regions of best compaction and the densest arrangement, the pressure
should be highest. The test was done on HSP 20-40 proppants which were pressed to a
pressure of 120 MPa (equivalent to 250 kN of force applied to the piston), frozen with an
epoxy and analyzed with a stereomicroscope. Some images of the sample are shown in
Figure 6.8.

(a)
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(b)

(c)
Figure 6.8: Stereomicroscope images of frozen compaction test at the (a) area nearest the punch, (b) area in
the middle of the pack and (c) area at the bottom of the cell.

The packing at the top is the most dense and uniform. However, at the bottom of the test
cell (the distance farthest from the moving piston), the packing is less uniform with some
voids at the bottom of the pack. In the middle, the packing is the least dense with large
voids present throughout. Such packing strongly suggests that the pressure is the lowest
in the center of the pack, larger at the bottom, and maximum at the top. Hence, the
results of the frozen test tend to verify the experimental stress measurements with the
larger values at the top and bottom of the cell.
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Frozen tests of the glass proppants also followed the compaction distribution shown for
the CarboProp proppants. However, after the test material was frozen in the epoxy, a
slight dome at the center and top of the pack could be seen. It was hypothesized that this
was a result of the lower pressures in the center as seen in Equation 2.10, which allowed
for the expansion of the proppants after the pressure was released.

Recognizing the increased pressure at the bottom of the cell, another exponential pressure
decay model was applied at the bottom that is fractionally smaller in magnitude than that
at the top. The magnitude of the second pressure distribution was determined through
equilibrium, as was discussed in the section in which the compaction model was
introduced. A sample simulation of the x-direction radial stresses is shown in Figure 6.9.
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Figure 6.9: Radial (x-direction) stress distribution in the wall of the test cell.

The strains along the outside (OD) are plotted and compared with the experimental
results as shown in Figure 6.9.
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Figure 6.10: Comparison of finite element and experimental results for the (a) CarboProp proppants and
(b) glass proppants.

The agreement between the finite-element and experimental results was significantly
improved with the addition of the second exponential decay pressure distribution. Perfect
agreement was not expected because there was significant variation of the measured
strains between identical tests. Both sets of data followed the same trends and peaked at
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approximately identical locations. Except at the bottom of the cell, the axial stresses
were almost the same. The strain analysis done using the CarboProp proppants was most
likely a better representation of the actual strains of the test cell. CarboProp proppants
withstood greather pressures creating larger and more reliably measurable strains.
Several runs were also done on the glass proppants. Generally, they followed the same
trends as the FEA results, peaking at the nearly identical locations and were
approximately equal in magnitude. There was also significant variation between tests.
Judging by the agreement between the finite element and experimental results, the
assumed pressure distribution on the inside of the cell is a good model for the actual
pressure distribution during the compaction test.

Simulations are also done to analyze the effects of friction between the proppants and the
test-cell wall. Friction was included in the previous analysis as a function of the imposed
pressure distribution. In order to understand if the compressive axial stresses result from
the compressive forces of friction, or the forced curvature caused by the circumferential
expansion, a simulation was done without the particle-wall friction. A plot of the results
can be seen in Figure 6.11.
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Figure 6.11: The effect of friction on circumferential strains.

The comparison of the simulations illustrates the important effect of friction on the axial
strains. The largest deviation is at the bottom of the cell, where the frictional effects are
most significant. It can also be seen that frictional forces are an important factor in the
overall load and stress distributions. In fact, only a small portion of the compressive
magnitude of the axial-strains is due to the forced curvature from the restrained
circumferential strains (near the fixity), as well as the friction between the particles and
the cell wall.

By comparing the experimental results and finite-element results, it can be seen that the
two stage exponential decay model best approximates the actual pressure distribution.
The developed pressure distribution model is given in Equation (6.8).
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 4uzx 
 4uz (h − x) 
 + P2 exp −

P ( z ) = P1 exp −
Dc
 Dc 



(6.8)

In Equation (6.8), h is the height of the proppants, P1 is the pressure directly below the
moving piston, and P2 is the pressure at the bottom of the test cell. All other variables are
as defined earlier in Equation (2.11).

The assumed pressure distribution takes into

account the experimental results and the frozen tests. The pressure distribution also
agrees very well with the finite element simulations and will be used as the inputs in the
unit cell CCP model to predict the API 60 test results.

6.5 Microscopy of Frozen API 60 Tests

As mentioned in the previous section, upon the completion of the compaction tests some
samples were frozen for fractographic analysis.

Several types of failures can be

observed, which provide insight into how proppants fail during compaction tests. The
study of the observed failures and locations provide insight into the mechanisms of
proppant failures and possibly even ways the proppants can be improved to perform
better in the API 60 compaction test.

The frozen tests were performed following API 60 compaction tests of glass proppants.
The lower strength of glass proppants improves the likelihood of observing fractured
proppants and provides a more meaningful representation of the fracture distribution as a
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function of location. Immediately after the completion of the test, a liquid casting plastic
epoxy was mixed and poured on top of the pack while in the test die. The die was
intentionally overfilled in order to more easily fracture the pack during removal. After
the epoxy cured, the proppant pack, now frozen in the epoxy, was removed from the die.
The overfilled portion of the pack was cut in order to fracture the frozen pack in half. By
splitting the pack instead of cutting it, full proppants could be observed instead of cross
sections of cut proppants.

In some cases the frozen packs were split into quarter

segments to provide more surface area to analyze. Two such quarter segments are shown
in Figure 6.12.

Figure 6.12: A proppant pack after being frozen and fractured into quarter segments in order to be
analyzed for fractured proppants. Each semicircular segment has a radius of 0.5in.

Before the tests are frozen, several fractured proppants on the top of the pack are
observed. According to the exponential decay model, the pressure is largest at the top,
where the proppants fractured into mostly small fines instead of large fragments.
Crushed proppants and those with significant crack damage precluding fracture, are seen
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almost exclusively at the top of the frozen proppant pack. The failure of the proppants
into small pieces is likely due to the amount of stored elastic energy, similarly to the
diametral compression test. While the proppants likely fail into small pieces under the
piston, the small fines are further crushed by the moving piston.

Fractures were also observed in the proppants in the region of high tensile-stress outside
of the contact area; a region known as the tensile stress halo. The stress halo was
explained in the modeling section and it is shown in Figure 6.1. Fractures that result
from this region of tensile stresses are in the form of chips that break from the surface.
Instances of the tensile stress halo chip are shown in Figure 6.12.
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(a)

(b)

(c)

(d)
Figure 6.12: Chips occurring in the tensile stress halo region.
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The surface tensile stresses and the resulting chips can be large contributors to the failure
of the proppants during the test. Such chips suggest that surface defects where fracture
might initiate must be controlled and minimized during processing and manufacturing.

Internal cracks can also contribute to the fractures. An example of observed internal
cracks caused by the high stress at the contact location is shown in Figure 6.13.

Figure 6.13: Internal cracks emanating from contact.

Figure 6.13 shows a series of cracks originating from the contact location. The cracks
were a result of the sphere being crushed by another sphere and the contact area being
pushed inwards. Such cracks are believed to be the result of inelastic deformation at the
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contact region, which causes tensile stresses around the contact circle perpendicular to
the meridian planes according to Schönert [11].

Several other types of internal cracks are shown in Figure 6.14. In the figure, the top
arrow points to a sphere with internal cracks. The bottom two arrows point to spheres
that have significant cracking. The damage shown is believed to representative of the
extensive cracking which precludes the fracture of the sphere into small fines and shards.

(a)

(b)
Figure 6.14: (a) The top arrow points to an internal crack. The bottom two arrows point to spheres
significant crack damage precluding fracture (b) A proppant with significant internal
damage.
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Crushed proppants and various shards were also observed and photographed.

As

discussed earlier it is more desirable for the proppants to fail into larger pieces instead of
small fines because the small fines decrease the permeability of the well. However,
because of the large amounts of stored elastic energy, as well as the absence of crackarresting grain boundaries in glass, most proppants fail into small pieces which are likely
further crushed by the moving piston. The crushed proppants were observed at the top of
the proppant pack where the pressure is highest. Some proppants did fracture into larger
pieces, instead of small fines. Figure 6.15(a) shows a large shard from a proppant, while
in 6.18(b) the proppant fractured in half.

(a)

(b)
Figure 6.15: (a) A large shard from a fractured proppant; a large fracture in a proppant can also be seen in
the proppant below. (b) One-half of a fractured proppant.
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Figure 6.15 shows a half of a proppant and a wedge shaped shard. Similar fragments
were observed by Shipway and Hutchings [12], who concluded that the fracture initiated
at a contact and spread by tensile stresses. The sections show typical features of brittle
fracture, such as chips, brittle fracture surfaces and complete failures, suggesting that
tensile stresses were the reason for fracture [23]. As mentioned before, the fracture of the
proppants into small fines is undesirable. During the oil or gas extraction, the fluid flow
through the pack causes the small fines to become lodged in the locations where they can
decrease the permeability of the well. As a result, fractures such as those shown in
Figure 6.15 are desirable as the proppant fractured into large pieces that are less
detrimental in terms of well permeability.

The crushed proppants were observed exclusively at the top of the proppant pack.
Examples of crushed proppants are shown Figure 6.16.

104

Figure 6.16: Crushed proppants.

The majority of the fractured proppants were observed to occur at, or near, the top of the
cell. The proppant fractures at the top could have been a result of the higher pressure,
which decays exponentially away from the moving piston. Excessive fractures at the top
could also have resulted from the difference in the contact of the glass sphere on glass
sphere, as opposed to the contact of a glass sphere on a flat steel surface. According to
the Hertzian approximations for the stress due to pressure of the contact between two
elastic bodies, the stress of sphere on sphere contact is approximately 1.58 times that of a
sphere on a flat plate. In addition, fractures were observed near the top, but not in contact
with the moving piston which would suggest that the fractures were a result of the higher
pressures. It should be noted that completely crushed proppants were only observed in
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locations that would have been contacting the moving piston. A more in-depth analysis
could provide further insight into the fracture distribution at the top of the pack.

6.6 Acoustic Emission Analysis
An Acoustic Emission (AE) analysis was also conducted during the strain measurement
tests. Acoustic Emissions represent non-conservative events where acoustic energy is
released; thesecoustic emissions can be generated during the compaction process such as
particle-particle interaction via friction, particle-wall friction, particle fracture, shard or
fine crushing after fracture, and other sources such as the piston-die friction. For the
current study, AE data was used to help discern the proppant response during
compaction. Acoustic emissions can be measured in terms of the amount of cumulative
energy released and the number of events occurring. Events such as fracture release large
amounts of energy, while other events such as friction generally release much smaller
less.

Acoustic emissions were first recorded during a compaction test of CarboProp proppants.
A plot of the strains and the corresponding (cumulative) energy released is shown in
Figures 6.20 and 6.21, respectively. The cumulative energy is the energy released at that
time in addition to the sum of the energy released during the events before it.
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Figure 6.18: (a) Strain histories corresponding to acoustic emissions data where the gage locations are
relative to the bottom of the test die. (b) Cumulative energy released as a function of time for
the strain measurements shown in 6.18(a).

For the plots shown, the slope of the line is largest at the times when the most energy is
being released. As shown by the Figure 6.21, very little energy is released early in the
test.

However, the energy released increases dramatically at about 300 seconds,
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presumably from fractures. The number of events occurring also increases with time, and
is shown in Figure 6.18.

Figure 6.18: Acoustic events as a function of time corresponding to Figures 6.20 and 6.21.

The number of events steadily increases with time and load. The high frequency of
events suggests greater particle interactions and/or fracturing.

Subsequent compaction tests were done using weaker glass proppants. Since they tend to
fracture at lower pressures, individual events, as well as the different stages of
compaction (including stratification) could be discerned more clearly.

Thus, glass proppants were chosen for the follow-up experiments primarily to increase
the number of fractures. The glass proppants, however, also exhibit a unique compaction
behavior where the stages can be clearly distinguished.

As the test is loaded, the
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proppants first rearrange and compact as the pressure increases. The proppants are then
stressed until some fractures occur at which point the proppants again rearrange and the
process repeats itself. The different stages can be seen in the spikes in the load data
portion of acoustic emissions plots, shown in Figure 6.19.
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Figure 6.19(a): Acoustic emission and load data for two compaction tests.
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(b)
Figure 6.19(b): Acoustic emission and load data for two compaction tests.
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The acoustic emissions tests provide insight into how the proppants are compacted. In
the beginning of the test, the proppants are first rearranged; the friction and particle
interaction of the rearrangement phase cause an increase in the number of hits. During
this process, the proppants are being stressed and eventually begin to fracture. After
sufficient fractures occur, the structural arrangement becomes unstable forcing the
proppants to shift, after which the process repeats. At the point the load drops, there is a
noticeable decrease in the number of hits and the energy of the hits before the piston
begins compressing the proppants again. The drops in load during particle rearrangement
are shown by straight lines through all of the plots, which are all on the same time scale.
The times of decreased load correspond to decreases in the internal pressure of the die as
evidenced by the decreases in measured strain magnitude, as shown in Figure 6.20.

At the later stages of compaction, the rate of cumulative energy events and number of hits
increased. The higher pressures corresponding to the later stages of compaction also
resulted in more proppant failures since more proppants were being loaded beyond their
strength. At this point in the test, the arrangement was more stable and the proppants
were loaded more equally. As a result, more proppants failed at the same time at higher
internal pressures. In addition, as more proppants were fractured, the number of smaller
and weaker particles and fines increased. In turn the fines were compressed and further
crushed, contributing to the increase in the number of hits recorded.
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(b)
Circumferential Strain as a function of Time
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Figure 6.20: (a) Axial Strain graph corresponding to Figure 6.19(a), (b) Circumferential strain graph
corresponding to Figure 6.19(b). The locations given in the legend are the distance of the
gage from the bottom of the test die.

By studying the acoustic emissions, the compaction behavior of the glass proppants was
informative in the context of understanding the mechanisms the sequential failure. The
stages of the test were clearly distinguishable and the repeating nature of the compaction
made the process easier to analyze. Initially the proppants rearranged and compacted.
As the pressure increased the proppants began to fracture. After a number of fractures
had occured, the arrangement became unstable and shifting ensued, which corresponds to
the jumps in the load data and the decrease in internal pressure seen in the strain data.
After the particle rearrangement the process repeated. The load and pressure of the pack
increased following each iteration, since the load was becoming more evenly distributed
as the arrangement of the spheres became more stable and ordered.
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6.7 CCP Unit Cell Model Verification

The CCP unit cell required verification to ensure that it was accurately modeling a unit
cell of the API 60 compaction test. In order to verify the model, several tests were
completed on different materials, with the fracture rates compared to the values of the
simulations.
characterized.

Glass proppants were chosen because its material properties are well
A thorough understanding of the applicability of the model can be

obtained testing several samples of glass proppants.

The simulation was first applied to each layer in order to determine the failure probability
as a function of depth. The boundary conditions were determined from the exponential
decay pressure distribution that was developed in the previous section. The first analysis
was done using glass proppants which were all loaded to 54kN. To simulate the test, the
failure probability distribution was evaluated at the six different unit cell layers measured
from a frozen API 60 test. A picture of the frozen test, which is approximately five unit
cell layers deep, is shown in Figure 6.21.
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Figure 6.21: Image of frozen test used to count the number of layers through the depth of the pack.

The boundary conditions were then applied to the five levels of the pack to determine
five different predicted failure probabilities.

The failure probabilities approximately

followed the same trends as the pressure distribution; as expected, the failure probability
was highest at the top layer, where the pressure is maximum and lowest in the middle
where the pressure tended to be at a minumum. The plot of the failure probability of a
compaction test of glass proppants loaded to 54kN is shown in Figure 6.22. The data
summarized in the Figure below is included in Table 6.5. The pressure distribution for
the same test is shown in Figure 6.23 for comparison.
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Figure 6.22: Failure probability, in percent, as a function of distance from the bottom; layer five is the top
layer and closest to the piston.

Unit Cell
Layer
1
2
3
4
5
Average

Failure Probability
(%)
2.45
1.175
1.77
2.22
4.82
2.487

Table 6.5: API 60 modeling results.
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Figure 6.22: Pressure distribution as a function of depth for the API 60 test.

The overall predicted failure probability can then be calculated for the glass proppants
using Equation (5.14). The numerically calculated failure probably was 2.9%.

The numerically predicted failure probability was then be compared to the experimentally
determined values. In order to evaluate an experimental failure probability, ten tests were
completed and averaged. For each test the samples were loaded to 54 kN and the test
conducted according to the standards of the API 60 test as outlined in Section 5.3. Upon
completion of the test, the majority of the broken fines were separated using a Number 20
sieve. However, the fines obtained with the separated sieve are not representative of the
total number of failed proppants. Many proppants that might have failed into large pieces
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or stayed intact, but cracked, are not separated using only the sieve. Some samples of the
damaged or failed proppants are shown in Figure 6.23.

Figure 6.23: Samples of failed proppants that were too large to be separated using the sieve during the API
60 test.

As can be seen in Figure 6.23, the samples failed into several different sizes and shapes.
Many of the failures are similar to what were seen after the microscopy of the frozen API
60 tests. For example, there are many large shards, half proppants, as well as several
with surface and concoidal chips.

The failures separated with the sieve included

proppants with large cracks, chips, and fractures, as well as proppants with smaller
cracks.
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In order to better quantify the extent of failed proppants, samples of approximately 25%
of each test were analyzed under a microscope and separated into failed and survived
portions. Using this method, cracks can be observed under the microscope because of the
transparency of the glass proppants. The failed proppants were measured by weight,
extrapolated by multiplying by a factor of four and added to the already measured fines.
The results of the tests are shown in Table 6.7.

Test
Number
1
2
3
4
5
6
7
8
9
10
Average
Table 6.7: Glass API 60 test results.

Total
Mass (g)
28.848
28.535
28.566
28.351
28.745
28.541
28.722
28.526
28.901
28.669
28.640

<20 %
Failed
0.47
0.59
0.38
0.49
0.28
0.15
0.26
0.89
0.53
0.90
0.50

Separated
% Failed
1.07
3.43
4.24
4.96
6.69
5.64
5.53
8.92
8.77
1.19
5.04

Total %
failed
1.55
4.03
4.62
5.45
6.98
5.79
5.78
9.81
9.30
2.08
5.54

The average failure probability measured using the Number 20 sieve is 0.50%, while the
failure probability increases to 5.54% when the failures from the analyzed portion are
extrapolated and included. The numerically predicted failure probability for glass is
2.49%. The predicted failure probability is bounded by the two experimentally measured
failure probabilities. It was impossible to understand which failures were predicted by
the model. As such, using the experimental results, before and after including the hand
sorted proppants, as bounds is sufficient.
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The study suggests a potential shortcoming in using the API 60 test as a means for
evaluating the performance of proppants. The failed portion of proppants is measured by
sifting the proppants after the test in order to separate the proppants into large and small
particles. The small particles are assumed to entirely represent the failed proppants.
However, many of the failed proppants are still too large to pass through the sieve, and
are incorrectly counted towards the survived quantity. Proppant’s with fractures resulting
in large fragments, internal cracks, and chips were not included when determining failure
probabilities. By including the extra failures, which are predicted by the model but not
by the API 60 test, the average failure probability increases by approximately a factor of
ten. Not all of the fractures separated by microscope are completely failed proppants,
though many are.

Most of the separated proppants, however, were in the form of

concoidal chips and cracks shown in previous sections. The concoidal chips and cracks
leave the proppant largely intact and it likely retains most of its structural load bearing
capacity. The fractured or cracked surface can act as a stress concentration or a place for
corrosion to begin, significantly weakening the proppant. Hence, while the API 60 test
effectively measures the proppants that catastrophically fail, it is not as well suited to
include the effects of internal cracks, chips and proppants that fail into large fragments.
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CHAPTER 7
CONCLUSIONS AND RECCOMENDATIONS
The main objective of the research was to understand proppant behavior while in oil
wells and in the API 60 test and determine the relevance of the test. The compaction test
was used to experimentally evaluate the strength of prospective proppants materials. To
help tailor prospective proppants, a model of the compaction test was first developed
using a close cubic pack (CCP) geometry. The specimen strengths of the proppants were
evaluated by testing manufactured proppants in the diametral compression test; the
characteristic strengths and Weibull Moduli were measured.

The strengths of the

proppants were scaled to unit area and volume strengths using a finite element model of
the compaction test and the statistical software CARES and WeibPar, developed by
Connecticut Reserve Technology. In order to apply the unit cell CCP model, the pressure
distribution experienced by the proppants during the test needed to be determined in
order to apply the correct boundary conditions. The experimental and numerical studies
performed for this research lead to the following conclusions:
1.Preliminary studies of the CCP unit cell model provided insightful information
about the geometry and loading effects on proppant survivability. A pore pressure
was beneficial to proppant survivability by superimposing compressive stresses and
separating the contact loads. The pore pressure lowered the internal tensile stress,
which is generally believed to be responsible for most fractures. Strains imposed in
the three coordinate directions lead to an increased failure probability, while small
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variations in proppant size and shape were found to be relatively inconsequential in
terms of the overall survivability of the unit cell.
2.The strengths could be effectively scaled using the diametral compression finiteelement model and the CARES WeibPar Software. According to the finite-element
model, the strengths were functions of the material properties including the elastic
modulus and Poisson’s Ratio. Volume based scaling changed the relative rankings of
some of the proppants evaluated.
3.A method was also developed to scale the specimen strengths evaluated via the ballon-ring test to equivalent specimen strengths that would be measured using the
diametral compression test. The ball-on-ring specimen strengths were first evaluated
and scaled to unit strengths using a ball-on-ring finite element model and CARES.
The effective area and volume were then determined at the 63.2% failure probability
for a diametral compression specimen with the same material properties as the ballon-ring specimen. The effective area and volume are then used to scale the unit
characteristic strengths.
4.According to widely accepted research, the pressure distribution as a function of
depth decreases exponentially. When this pressure distribution was compared to the
experimental results via a finite-element model, the agreement was relatively poor.
Frozen tests and experimental results suggested an increased area of pressure at the
bottom of the test die. The pressure distribution model was modified to include a
second exponential decay at the bottom.

When compared to the finite-element

results, it was found to be a good representation of the actual pressure distribution
experienced by the proppants during a compaction test. The pressure distribution can
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then be used to develop the boundary conditions for the CCP model in order to
compare it to API 60 test results.
5.The experimental results of API 60 tests were compared to the results predicted
using the CCP model.

Several fractures predicted by the failure probability

calculations were too large pass through the sieve in order to be included in the API
60 test results. The aforementioned fractures were mostly chips, internal cracks and
fractured pieces too large to be separated using the sieve. In order to include the
fractures that were too large to pass through the sieve, a sample was hand sorted and
extrapolated for the entire test. The numerical results were bounded by the API 60
results and the results obtained by including the hand sorted proppants.
The following are recommendations for future research and changes or recommendations
that can be incorporated into the current research:
1.The concept of surface coatings or composite proppants was largely ignored in the
present research. Surface coatings have been shown to have beneficial effects on
proppant survivability in packs in addition to the obvious advantage of preventing
corrosive agents from entering in a proppant and contributing to fracture. Possible
coatings might include a soft compliant coating that could distribute the load causing
lower surface stresses, or a strong stiff coating that could protect the proppant.
2.The present study only researched the possibility of a unit cell in the close pack
cubic packing structure. While this geometry is believed to be largely representative
of the force transmissions during the compaction test, other packing geometries could
be considered and analyzed in terms of their effects of survivability.
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3.An analytical solution for scaling the strengths of the diametral compression test
has been proposed by several researchers, but dismissed as too laborious and
complicated to pursue. An analytical solution to the problem would generally be
more convenient than the approach used in this research.
4.The presence of an internal pore pressure decreased the failure probability by
superimposing a compressive stress on the catastrophic tensile stresses. Surface
coatings and ion exchanged proppants could be designed to also introduce a
compressive stress to the proppants to increase their apparent strengths.
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APPENDIX A: COMPUTER CODE
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▪The following APDL code was developed to model the diametral compaction test to
determine the scaled strengths
finish
/FILNAME,sphere,1
/clear
/prep7
PIVCHECK,OFF
*SET,jobname,'sphere'
*SET,R,0.00048005
!Sphere radius API 60 compaction
test
*SET,t,0.0002
!Platen thickness (m)
*SET,l,R
!Platen width
*SET,w,R
!Platen length
*SET,E1,11.747e9
!Sphere elastic modulus (Pa)
*SET,E2,448e9
!Plate elastic modulus (Pa)
*SET,nu1,0.3
!Sphere Poisson's Ratio
*SET,nu2,0.3
!Plate Poisson's Ratio
*SET,inter,1E-9
!Initial interference (m)
*SET,strain,0.0787 !Strain applied to sphere
esize=0.0525*r
!!!
Material Properties
imat_ceramic=1
!Material number for sphere
imat_platen=3
!material number for platen
mp,ex, imat_ceramic,E1
mp,prxy,imat_ceramic,nu1
mp,ex, imat_platen,E2
mp,prxy,imat_platen,nu2
K,2,0,0
!defining keypoints in Cartesian Coordinates
K,1,0,-R
K,3,R,-R
K,4,0,-inter
K,5,0,t-inter
K,6,w,t-inter
K,7,w,-inter
L,1,2
!Connecting keypoints with lines
LARC,2,3,1,R
L,3,1
L,4,5
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L,5,6
L,7,6
L,7,4
AL,1,2,3
AL,4,5,6,7

!Defining Sphere cross sectional area

ET,1,PLANE82
TYPE,1
keyopt,1,3,1
esize,esize
MAT,imat_ceramic
real,imat_ceramic
esys,0
MSHAPE,1,2D
CM,_Y,AREA
ASEL,,,,1
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
AMESH,_Y1
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
TYPE,
1
keyopt,1,3,1
MAT,imat_platen
real,imat_platen
esys,0
SECNUM,
CM,_Y,AREA
ASEL,,,,2
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
AMESH,_Y1
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
!!!KREFINE, NP1, NP2, NINC, LEVEL, DEPTH, POST, RETAIN
KREFINE,2,2,1,1,6,CLEAN, !Refining mesh on sphere around
contact
KREFINE,2,2,1,2,6,CLEAN,
!!!KREFINE,2,2,1,2,6,CLEAN,
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allsel
! /COM, CONTACT PAIR CREATION - START
CM,_NODECM,NODE
CM,_ELEMCM,ELEM
CM,_KPCM,KP
CM,_LINECM,LINE
CM,_AREACM,AREA
CM,_VOLUCM,VOLU
! /GSAV,cwz,gsav,,temp
MP,MU,1,0.2
MAT,imat_ceramic
MP,EMIS,1,7.88860905221e-031
R,3
REAL,3
ET,2,169
ET,3,172
R,3,,,1.0,0.1,0,
RMORE,,,1.0E20,0.0,1.0,
RMORE,0.0,0,1.0,,1.0,0.5
RMORE,0,1.0,1.0,0.0,,1.0
KEYOPT,3,3,0
KEYOPT,3,4,0
KEYOPT,3,5,3
KEYOPT,3,7,0
KEYOPT,3,8,0
KEYOPT,3,9,0
KEYOPT,3,10,1
KEYOPT,3,11,0
KEYOPT,3,12,0
KEYOPT,3,2,0
! Generate the target surface
LSEL,S,,,7
CM,_TARGET,LINE
TYPE,2
NSLL,S,1
ESLN,S,0
ESURF
CMSEL,S,_ELEMCM
! Generate the contact surface
LSEL,S,,,2
CM,_CONTACT,LINE
TYPE,3
NSLL,S,1
ESLN,S,0
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ESURF
ALLSEL
ESEL,ALL
ESEL,S,TYPE,,2
ESEL,A,TYPE,,3
ESEL,R,REAL,,3
! /PSYMB,ESYS,1
! /PNUM,TYPE,1
! /NUM,1
! EPLOT
ESEL,ALL
ESEL,S,TYPE,,2
ESEL,A,TYPE,,3
ESEL,R,REAL,,3
CMSEL,A,_NODECM
CMDEL,_NODECM
CMSEL,A,_ELEMCM
CMDEL,_ELEMCM
CMSEL,S,_KPCM
CMDEL,_KPCM
CMSEL,S,_LINECM
CMDEL,_LINECM
CMSEL,S,_AREACM
CMDEL,_AREACM
CMSEL,S,_VOLUCM
CMDEL,_VOLUCM
! /GRES,cwz,gsav
CMDEL,_TARGET
CMDEL,_CONTACT
numcmp,all
LSEL,S,line,,2,2,,1
cm,line1,line
*ULIB,C:/AnsCares80,lib
*use,surf80,1,'line1'
DL,1,,symm,
DL,3,,symm,
DL,4,,symm,
DL,7,,UY,-strain*r

!Boundary conditions

allsel
/dscale,,1
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numcmp,all
LSEL,S,line,,2,2,,1
cm,line1,line
*ULIB,C:/AnsCares80,lib
*use,surf80,1,'line1'
FINISH
/sol
PIVCHECK,off
!!!NLGEOM,1 !takes into account large displacements
nsubst,20,,
eqslv,pcg,,
outres,all,last,
time,1
SOLVE
/post1
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▪The following APDL code was developed by Craig Schoof to model the unit cell in a
compaction test
finish
/clear
/prep7
jobname='run3'
d=0.000725

!nominal sphere diameter (m)

scl_x=1.00
scl_y=1.00
scl_z=1.00

!center sphere scale factor x-direction
!center sphere scale factor y-direction
!center sphere scale factor z-direction

strain_x=0.01
strain_y=0
strain_z=0

!strain x-direction
!strain y-direction
!strain z-direction

ppore=3000
iquadrant=1

!pore pressure (Pa)
!submodel quadrant

refinement_passes=2 !submodel mesh refinement parameter
refinement_level=2 !submodel mesh refinement parameter
refinement_depth=2 !submodel mesh refinement parameter
sphere_mass=0.01
g=9.800

!(kg)
!(m/sec^2)

fkn=1
ftoln=1

!contact element parameter
!contact element parameter

tol=1E-6
a=sqrt(2)/2
e_size=d*a*.2
/title,%jobname%

!element size

!!!
Reference/Offset Temperatures, C
t_ref=20
t_offset=50
tref,t_ref
toffst,t_offset
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!!!
Material Properties
imat_ceramic=1
!material number for ceramic
imat_shell=2
!material number for shell elements
r,imat_shell,1e-8
shell elements (very thin)
mpdele,all,all
tbdele,all,all
mptemp,,,,,,,,
set (degrees C)
mptemp,1,20
mptemp,2,150
mptemp,3,300
mptemp,4,600
mptemp,5,1000

!real constant for dummy

!initialize temperatures and

mp_c_c=
mp_kxx_c=
mp_ex_c=
mp_alpx_c=
*dim,mp_ex_c,,5
!array for elastic
modulus values (ceramic)
*dim,mp_alpx_c,,5
!array for thermal
expansion coefficient values (ceramic)
*dim,mp_ex_s,,5
!array for elastic
modulus values (steel)
*dim,mp_alpx_s,,5
!array for thermal
expansion coefficient values (steel)
! material properties
!
***********************************************************
*******************************
mp_ex_c(1)=326e9,326e9,326e9,3267e9,326e9
!elastic
modulus, Pa
mp_alpx_c(1)=3.2,3.2,3.2,3.2,3.2
!thermal
expansion coefficient, micro-inches/in/degree C
*do,i,1,5
!scale for consistent
units (MKS)
mp_alpx_c(i)=mp_alpx_c(i)*1e-6
!strain/degree C
*enddo
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*do,i,1,5
!define temperaturedependent material properties
mpdata,ex,imat_ceramic,,mp_ex_c(i)
mpdata,alpx,imat_ceramic,,mp_alpx_c(i)
*enddo
mp,prxy,imat_ceramic,.22
mp,ex, imat_shell,1
mp,prxy,imat_shell,.3
r,200,.01,.01,.01,.01,.01
and material properties
mp,ex,200,3000
mp,prxy,200,.3

!weak spring real constants

finish
/filnam,%jobname%
/prep7
sph4,0,0,d/2
vsbw,all
wprot,,,90
vsbw,all
wprot,,90
vsbw,all
numcmp,volu
numcmp,area
numcmp,line
numcmp,kp
cm,center,volu
ikcent=kp(0,0,0)
*dim,xx,,12
*dim,yy,,12
*dim,zz,,12
xx(1)=0,a,0,-a,-a,a,a,-a,0,a
xx(11)=0,-a
yy(1)=-a,-a,-a,-a,0,0,0,0,a,a
yy(11)=a,a
zz(1)=a,0,-a,0,a,a,-a,-a,a,0
zz(11)=-a,0
*dim,kc,,12
*do,i,1,12
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kc(i)=(i-1)*7+10
*enddo
et,1,187
esize,e_size
vatt,imat_ceramic,,1
vmesh,all
*do,i,1,12
cmsel,s,center
vgen,2,all,,,xx(i)*d,yy(i)*d,zz(i)*d
*enddo
ad=a*d
adtol=.01*ad
ksel,s,loc,x,-ad-adtol,ad+adtol
ksel,r,loc,y,-ad-adtol,ad+adtol
ksel,r,loc,z,-ad-adtol,ad+adtol
lslk,,1
asll,,1
vsla,,1
vsel,invert
vclear,all
vdele,all,,,1
allsel
/triad,rbot
vplot
et,10,170
et,11,174
keyopt,11,4,1 !measure contact from node to surface normal
r,10,,,fkn,ftoln
r,11,,,fkn,ftoln
real,10
type,10
!symmetric contact for center sphere
cmsel,s,center
aslv
asel,r,ext
nsla,,1
esln
esurf
type,11
cm,atemp1,area
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allsel
lsel,u,length,,.5*d
asll,,1
cmsel,u,atemp1
nsla,,1
esln
esurf
real,11
type,10
esurf
type,11
cmsel,s,atemp1
nsla,,1
esln
esurf
!contacts not involving center sphere
*do,i,1,12
ksel,s,,,kc(i)
lslk
asll
vsla
aslv
lsla
lsel,u,length,,.5*d
asll,,1
cm,area1,area
asel,none
cm,area2,area
*do,j,1,12
ik1=kc(i)
ik2=kc(j)
kd=sqrt( (kx(ik1)-kx(ik2))**2 + (ky(ik1)ky(ik2))**2 + (kz(ik1)-kz(ik2))**2 )
*if,abs(kd-d),lt,tol,then
ksel,s,,,ik2
lslk
asll
vsla
aslv
lsla
lsel,u,length,,.5*d
asll,,1
cmsel,a,area2
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cm,area2,area
ksel,a,,,ik1
lsel,none
l,ik1,ik2
latt,200,200,20
*endif
*enddo
r,100+i,,,fkn,ftoln
real,100+i
type,10
cmsel,s,area1
lsel,all
nsla,,1
esln
esurf
type,11
cmsel,s,area2
nsla,,1
esln
esurf
*enddo
!change shape of center sphere
allsel
cmsel,s,center
csys,0
wpcsys,-1
kwpave,7
cswplan,11,0
vlscale,all,,,scl_x,scl_y,scl_z,0,,1
csys,0
allsel
!weak spring elements that bind spheres together (improves
contact stability)
et,20,4
lsel,s,mat,,200
lsel,a,length,,.9*d/2,1.1*d/2
latt,200,200,20
lmesh,all
allsel
lsel,none
*do,i,1,12
l,7,kc(i)
*enddo
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latt,200,200,20
lmesh,all
!nodal coupling at boundaries
ad=a*d
asel,s,loc,x,-ad
nsla,,1
*get,inxmin,node,,num,min
d,inxmin,ux,ad*strain_x/2
cp,next,ux,all
asel,s,loc,x,ad
nsla,,1
*get,inxmax,node,,num,min
d,inxmax,ux,-ad*strain_x/2
cp,next,ux,all
asel,s,loc,y,-ad
nsla,,1
*get,inymin,node,,num,min
d,inymin,uy,ad*strain_y/2
cp,next,uy,all
asel,s,loc,y,ad
nsla,,1
*get,inymax,node,,num,min
d,inymax,uy,-ad*strain_y/2
cp,next,uy,all
asel,s,loc,z,-ad
nsla,,1
*get,inzmin,node,,num,min
d,inzmin,uz,ad*strain_z/2
cp,next,uz,all
asel,s,loc,z,ad
nsla,,1
*get,inzmax,node,,num,min
d,inzmax,uz,-ad*strain_z/2
cp,next,uz,all
!pore pressure
allsel
asel,s,ext
lsla
lsel,u,length,,.5*d
asll,,1
nsla,,1
esln
sf,all,pres,pport
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allsel
/plopts,logo,0
/plopts,date,0
/view,,1,1,1
!apply downward force (dead weight) to center sphere
cmsel,s,center
nslv,,1
*get,nn,node,,count
f,all,fy,-sphere_mass*g/nn
allsel
save
/sol
eqslv,pcg,1e-6
nsubst,1,1,1
outres,all,all
time,1
solve
/post1
ini=
*dim,ini,,4
numcmp,node
numcmp,elem
allsel
esel,s,type,,11
nsle,,1
esln
eslv,r
cm,etemp,elem
*get,ne,elem,,count
nsel,none
cm,ncorn,node
*do,i,1,ne
*get,ie,elem,,num,min
esel,s,,,ie
*do,j,1,4
*get,ini(j),elem,ie,node,j
*enddo
cmsel,s,ncorn
*do,j,1,4
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nsel,a,,,ini(j)
*enddo
cm,ncorn,node
cmsel,s,etemp
esel,u,,,ie
cm,etemp,elemS
*enddo
esel,s,type,,11
nsle
ksln
lslk,,1
asll,,1
nsla,,1
cmsel,r,ncorn
cm,ncorn,node
ffmag=
nfx=
nfy=
nfz=
ireal=
nde=
ndim=12+5*12
*dim,ffmag,,ndim
*dim,nfx,,ndim
*dim,nfy,,ndim
*dim,nfz,,ndim
*dim,ireal,,ndim
*dim,nde,,ndim
esel,s,type,,11
esel,r,real,,11
cm,econt,elem
nsle
cmsel,r,ncorn
*get,nn,node,,count
cm,ntemp,node
allsel
cmsel,s,econt
nsle
esln
eslv,r
cm,ecenter,elem
cmsel,s,ntemp
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j=0
*do,i,1,nn
*get,in,node,,num,min
nsel,s,,,in
cmsel,s,econt
*get,pres,node,in,cont,pres
*if,pres,gt,10,then
cmsel,s,ecenter
j=j+1
fsum
*get,forcex,fsum,0,item,fx
*get,forcey,fsum,0,item,fy
*get,forcez,fsum,0,item,fz
ffmag(j)=sqrt(forcex**2+forcey**2+forcez**2)
nfx(j)=nx(in)
nfy(j)=ny(in)
nfz(j)=nz(in)
ireal(j)=11
*endif
cmsel,s,ntemp
nsel,u,,,in
cm,ntemp,node
*enddo
num_j=j
allsel
aslv
asel,r,ext
asel,u,loc,x,-ad
asel,u,loc,x,ad
asel,u,loc,y,-ad
asel,u,loc,y,ad
asel,u,loc,z,-ad
asel,u,loc,z,ad
cm,asurf,area
k=0
*do,i,1,12
ksel,s,,,kc(i)
lslk
asll
vsla
aslv
cmsel,r,asurf
nsla,,1
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esln
esel,r,type,,11
cm,econt,elem
*get,ne,elem,,count
nsle,,1
cmsel,r,ncorn
cm,ntemp,node
*get,nn,node,,count
allsel
cmsel,s,econt
nsle
esln
eslv,r
cm,ecenter,elem
cmsel,s,ntemp
*do,k,1,nn
*get,in,node,,num,min
nsel,s,,,in
cmsel,s,econt
*get,pres,node,in,cont,pres
*if,pres,gt,10,then
cmsel,s,ecenter
j=j+1
fsum
*get,forcex,fsum,0,item,fx
*get,forcey,fsum,0,item,fy
*get,forcez,fsum,0,item,fz
ffmag(j)=sqrt(forcex**2+forcey**2+forcez**2)
nfx(j)=nx(in)
nfy(j)=ny(in)
nfz(j)=nz(in)
ireal(j)=100+i
*endif
cmsel,s,ntemp
nsel,u,,,in
cm,ntemp,node
*enddo
*enddo
/output,%jobname%_f,dat
*vwrite,nfx(1),nfy(1),nfz(1),ffmag(1),ireal(1)
(e12.2,e12.2,e12.2,e15.4,f6.0)
/output
*dim,xm0,,8
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*dim,xm1,,8
*dim,ym0,,8
*dim,ym1,,8
*dim,zm0,,8
*dim,zm1,,8
xcont=
ycont=
zcont=
rcont=
*dim,xcont,,72
*dim,ycont,,72
*dim,zcont,,72
*dim,rcont,,72
xm0(1)=0,-ad,0,-ad,0,-ad,0,-ad
xm1(1)=ad,0,ad,0,ad,0,ad,0
ym0(1)=0,0,-ad,-ad,0,0,-ad,-ad
ym1(1)=ad,ad,0,0,ad,ad,0,0
zm0(1)=0,0,0,0,-ad,-ad,-ad,-ad
zm1(1)=ad,ad,ad,ad,0,0,0,0
i=iquadrant
xm00=xm0(i)
xm11=xm1(i)
ym00=ym0(i)
ym11=ym1(i)
zm00=zm0(i)
zm11=zm1(i)
allsel
i=0
*do,j,1,72
*if,nfx(j),ge,xm00,and,nfx(j),le,xm11,then
*if,nfy(j),ge,ym00,and,nfy(j),le,ym11,then
*if,nfz(j),ge,zm00,and,nfz(j),le,zm11,then
i=i+1
xcont(i)=nfx(j)
ycont(i)=nfy(j)
zcont(i)=nfz(j)
rcont(i)=ireal(j)
ncont=i
*endif
*endif
*endif
*enddo
save,temp1,db
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finish
resume,temp1,db
/prep7
allsel
vclear,all
lclear,all
edele,all
ndele,all
i=iquadrant
vsel,s,loc,x,xm0(i),xm1(i)
vsel,r,loc,y,ym0(i),ym1(i)
vsel,r,loc,z,zm0(i),zm1(i)
vsel,invert
vdele,all,,,1
allsel
mshape,1
esize,.1*d
vmesh,all
*do,numrerf,1,refinement_passes
nsel,none
cm,node_ref,node
allsel
dtol=.02*d
*get,nv,volu,,count
cm,vtemp,volu
*do,i,1,nv
*get,iv,volu,,num,min
vsel,s,,,iv
*do,j,1,ncont
nslv,,1
inodec=node(xcont(j),ycont(j),zcont(j))
dist=sqrt((nx(inodec)-xcont(j))**2+
(ny(inodec)-ycont(j))**2+(nz(inodec)-zcont(j))**2)
*if,dist,lt,dtol,then
cmsel,s,node_ref
nsel,a,,,inodec
cm,node_ref,node
*endif
*enddo
cmsel,s,vtemp
vsel,u,,,iv
cm,vtemp,volu
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*enddo
allsel
cmsel,s,node_ref
!!!nsel,u,,,node(0,0,0)
!!!cm,node_ref,node
!!!allsel
!!!cmsel,s,node_ref
nref,all,,,refinement_level,refinement_depth,1,1
*enddo
esel,s,type,,10,11
edele,all
asel,s,loc,x,xm00
asel,a,loc,x,xm11
asel,a,loc,y,ym00
asel,a,loc,y,ym11
asel,a,loc,z,zm00
asel,a,loc,z,zm11
asel,invert
cm,atemp,area
cm,atemp0,area
*do,i,1,4
*get,ia,area,,num,min
asel,s,,,ia
nsla,,1
esln
type,10
ir=ir+1
r,ir,,,fkn,ftoln
real,ir
esurf
type,11
asel,invert
cmsel,r,atemp0
nsla,,1
esln
esurf
cmsel,s,atemp
asel,u,,,ia
cm,atemp,area
*enddo
allsel
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finish
/filnam,%jobname%_sub
/prep7
numcmp,all
asel,s,,,2
asel,a,,,6
asel,a,,,11
asel,a,,,16
cm,surf,area
!!!*ULIB,C:/AnsCares80,lib
!!!*USE,SURF80,1,'surf'
allsel
ddele,all,all
fdele,all,all
etdele,20
*if,iquadrant,eq,1,then
asel,s,loc,x,0
nsla,,1
d,all,ux,0
asel,s,loc,y,0
nsla,,1
d,all,uy,0
asel,s,loc,z,0
nsla,,1
d,all,uz,0
asel,s,loc,x,ad
nsla,,1
d,all,ux,-strain_x*ad/2
asel,s,loc,y,ad
nsla,,1
d,all,uy,-strain_y*ad/2
asel,s,loc,z,ad
nsla,,1
d,all,uz,-strain_z*ad/2
*endif
cmsel,s,atemp0
nsla,,1
esln
sf,all,pres,ppore
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allsel
/dscale,,1
NUMCMP,elem
numcmp,node
/sol
nsubst,10,10,1
eqslv,pcg,1e-6
outres,all,all
time,1
save
solve
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▪The following APDL code was developed by Craig Schoof to be used after the CCP
model simulation to determine the changes in interstitial volumes due to the applied
strains.
!Example for calculating deformed volume of SOLID95
tetrahedrdal elements ONLY
!To use with CCP model, go into POST1, specify results load
step, and paste commands
!from below (where it says START HERE) into command line.
The final volume is
!given in the parameter "new_volume"
finish
/clear
/prep7
strain=.1
block,0,1,0,1,0,1
et,1,95
esize,1
mshape,1
vmesh,all
mp,ex,1,30e6
mp,prxy,1,.3
asel,s,loc,x,0
nsla,,1
d,all,ux,0
asel,s,loc,y,0
nsla,,1
d,all,uy,0
asel,s,loc,z,0
nsla,,1
d,all,uz,0
asel,s,loc,x,1
nsla,,1
d,all,ux,-strain
asel,s,loc,y,1
nsla,,1
d,all,uy,-strain
asel,s,loc,z,1
nsla,,1
d,all,uz,-strain
allsel
finish
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/filnam,test_ev
/sol
solve
/post1
!<<<< START HERE >>>>>
upcoord,1,on
/prep7
allsel
*get,nn,node,,count
*do,i,1,nn
*get,in,node,,num,min
knode,,in
nsel,u,,,in
*enddo
allsel
nummrg,kp
cm,vol0,volu
eslv
*get,ne,elem,,count
vv=0
koffset=20000
*do,i,1,ne
*get,ie,elem,,num,min
n1=nelem(ie,1)
n2=nelem(ie,2)
n3=nelem(ie,3)
n4=nelem(ie,5)
k,koffset+10*ie+1,nx(n1),ny(n1),nz(n1)
k,koffset+10*ie+2,nx(n2),ny(n2),nz(n2)
k,koffset+10*ie+3,nx(n3),ny(n3),nz(n3)
k,koffset+10*ie+4,nx(n4),ny(n4),nz(n4)
v,koffset+10*ie+1,koffset+10*ie+2,koffset+10*ie+3,koffset+1
0*ie+4
esel,u,,,ie
*enddo
allsel
cmsel,u,vol0
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vsum
*get,new_volume,volu,,volu
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▪The following APDL code was developed to determine the internal pressure distribution
during the compaction test by comparing simulations to experimental results.
finish
/FILNAME,compaction,1
/clear
/prep7
PIVCHECK,OFF
*SET,jobname,'compaction'
*set,c,0.0254
!inch to length conversion factor
*SET,R1,1*c
!wall innner radius (m)
*SET,r2,1.5*c
!wall outter radius (m)
*SET,h1,1.8*c
!proppant height (m)
*SET,h2,3*c
!wall height (m)
*SET,t2,0.25*C
*SET,t,0.75*c
!base thickness (m)
*set,r3,1.75*c
!base diameter (m)
*SET,Es,205E9
!Steel elastic modulus (Pa)
*SET,Ep,300e9
!Proppant elastic modulus (Pa)
*SET,nus,0.3
!Steel Poisson's Ratio
*SET,nup,0.25
!Proppant Poisson's Ratio
*set,z,nup/(1-nup)
*SET,force,250000
!force applied to piston 1300000
*set,force2,142000 !force on bottom piston
*set,mu,0.7
*set,mus,0.6
pressure=z*force/3.14159/r1/r1
!pressure on piston
scale=z*force2/3.14159/r1/r1 !scale factor for bottom
piston
esize=0.09*r1
*set,inter,-1e-9
!initial interference
!!!

Material Properties

mp,ex, imat_steel,Es
mp,prxy,imat_steel,nus
mp,ex, imat_proppant,Ep
mp,prxy,imat_proppant,nup
imat_ceramic=1
imat_platen=2
K,1,r1,0

!Material number for steel
!material number for proppants

!defining keypoints in Cartesian Coordinates
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k,2,r2,0
k,3,r2,h2
k,4,r1,h2
k,5,r1,h1
L,1,2
L,2,3
L,3,4
L,4,5
L,5,1

!Connecting keypoints with lines

AL,1,2,3,4,5

!DEFINING AREAS

ET,1,PLANE82
TYPE,1
esize,esize
keyopt,1,3,1
!!!MSHAPE,1,2D
mat,imat_steel
mp,ex,imat_steel,Es
mp,prxy,imat_steel,nus
real,imat_steel
MSHKEY,0
CM,_Y,AREA
ASEL,,,,1
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
AMESH,_Y1
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
allsel
lsel,s,line,,5
nsll,s
esln,n
esel,u,elem,,204
*GET,emin,elem,0,num,min
*GET,eMini,elem,0,NUM,Min
*GET,eMAX,elem,0,NUM,MAX
*Do,emini,emin,emax
*GET,yloc,elem,emini,cent,y
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*set,epressure,pressure*exp(-4*(h1-yloc)*mu*z/(2*r1))
+scale*exp(-4*(yloc)*mu*z/(2*r1))
esel,s,elem,,emini
sfe,all,2,pres,,epressure
*set,emini,emini+1
*enddo
*GET,yloc,elem,204,cent,y
*set,epressure,pressure*exp(-4*(h1-yloc)*mu*z/(2*r1))
+scale*exp(-4*(yloc)*mu*z/(2*r1))
esel,s,elem,,204
sfe,all,1,pres,,epressure
allsel
lsel,s,line,,5
nsll,,1
nsel,u,node,,1
nsel,u,node,,94
cm,contact,node
*GET,Nmin,node,,num,min
*GET,NMini,NODE,,NUM,Min
*GET,NMAX,NODE,,NUM,MAX
*set,fricttot,0
*Do,nmin,nmini,nmax-1
*GET,yloc,NODE,nmin,LOC,y
*get,yloc2,node,nmin+1,loc,y
*set,length,yloc-yloc2
*set,friction,(scale*exp(-4*(yloc)*mu*z/(2*r1))
+pressure*exp(-4*(h1-yloc)*mu*z/
(2*r1)))*mu*2*3.14159*r1*length
*set,fricttot,fricttot+friction
allsel
nsel,s,node,,nmin
f,all,fy,-friction
*enddo
*GET,yloc,NODE,1,LOC,y
*set,friction,(scale*exp(-4*(yloc)*mu*z/(2*r1))
+pressure*exp(-4*(h1-yloc)*mu*z/
(2*r1)))*mu*2*3.14159*r1*length
*set,fricttot,fricttot+friction
allsel
nsel,s,node,,1
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f,all,fy,-friction
k,6,0,-inter
k,7,r3,-inter
k,8,r3,-inter-t
k,9,0,-inter-t
L,6,7
L,7,8
L,8,9
L,9,6
al,6,7,8,9
ET,1,PLANE82
TYPE,1
esize,esize
keyopt,1,3,1
!!!MSHAPE,1,2D
mat,imat_steel
mp,ex,imat_steel,Es
mp,prxy,imat_steel,nus
real,imat_steel
MSHKEY,0
CM,_Y,AREA
ASEL,,,,2
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
AMESH,_Y1
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
!!!CONTACT PAIR CREATION
CM,_NODECM,NODE
CM,_ELEMCM,ELEM
CM,_KPCM,KP
CM,_LINECM,LINE
CM,_AREACM,AREA
CM,_VOLUCM,VOLU
! /GSAV,cwz,gsav,,temp
MP,MU,1,mus
MAT,1
R,3
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REAL,3
ET,2,169
ET,3,172
KEYOPT,3,9,0
KEYOPT,3,10,2
R,3,
RMORE,
RMORE,,0
RMORE,0
!!! Generate the target surface
LSEL,S,,,6
CM,_TARGET,LINE
TYPE,2
NSLL,S,1
ESLN,S,0
ESURF
CMSEL,S,_ELEMCM
!!!! Generate the contact surface
LSEL,S,,,1
CM,_CONTACT,LINE
TYPE,3
NSLL,S,1
ESLN,S,0
ESURF
ALLSEL
ESEL,ALL
ESEL,S,TYPE,,2
ESEL,A,TYPE,,3
ESEL,R,REAL,,3
! /PSYMB,ESYS,1
! /PNUM,TYPE,1
! /NUM,1
! EPLOT
lsel,s,line,,9,9,,1
nsll,,1
d,all,ux,0
allsel
lsel,s,line,,8,8,,1
nsll,,1
d,all,uy,0
allsel
allsel
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/dscale,,1
FINISH
/sol
PIVCHECK,off
!!!NLGEOM,1 !takes into account large displacements
nsubst,20,,
eqslv,pcg,,
outres,all,last,
time,1
SOLVE
/post1
PATH,path,2,30,20,
PPATH,1,0,r2,,,0,
PPATH,2,0,r2,h1,,0,
AVPRIN,0, ,
PDEF, ,EPTO,Y,AVG
! /PBC,PATH, ,0
AVPRIN,0, ,
PDEF, ,EPTO,Z,AVG
! /PBC,PATH, ,0
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APPENDIX B: Non-Technical Abstract
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Proppants are used in oil and natural gas extraction to maintain the permeability of the
well after the opening pressure is released. In order to optimize proppant life and bed
permeability, a comprehensive methodology was developed that includes relevant
assessment of stresses and a material’s ability to resist them. Accordingly, the study first
focused on the stresses associated with particle interactions while under mechanical and
fluid loads associated with oil and natural gas extraction. A close-cubic pack finiteelement model was employed during this evaluation.

In order to apply the aforementioned finite-element model to the API 60 compaction test,
the experimentally evaluated diametral compression strengths needed to be scaled in
order to account for the size effects.

Strengths of proppants were first evaluated

experimentally by the diametral compression test. The specimen strengths were then
scaled via a finite-element model and the CARES parameter estimation software. A ballon-ring finite element model was also developed to scale strengths evaluated from the
ball-on-ring test.

An exponential decay pressure distribution was also found to

representative of the pressure distribution in the test cell.

After the procedure was developed to directly compare experimental and finite element
results, the model was verified using glass proppants.

An API 60 test was first

completed. With the number of failed proppants measured and the failure probability
determined. However, a portion of the survived proppants were analyzed and found to
contain flaw or failures that left particles too large to be filtered out. Once the extra
failed proppants were included, the experimental data was found to compare well with
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the finite-element results. After verification, the model can be used to evaluate potential
proppants and possibly tailor proppant designs.
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