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Abstract
In the oil and gas industry, hydraulic fracturing (HF) is a common application to create additional permeability in unconven-
tional reservoirs. Using proppant in HF requires understanding the interactions with rocks such as shale, and the mechanical
aspects of their contacts. However, these studies are limited in literature and inconclusive. Therefore, the current research aims
to apply a novel method, mainly ultrasound, to investigate the proppant embedment phenomena for different rocks. The study
used proppant materials that are susceptible to fractures (glass) and others that are hard and do not break (steel). Additionally,
the materials used to represent brittle shale rocks (polycarbonate and phenolic) were based on the ratio of elastic modulus
to yield strength (E/Y ). A combination of experimental and numerical modeling was used to investigate the contact stresses,
deformation, and vertical displacement. The results showed that the relation between the stresses and ultrasound reflection
coefficient follows a power-law equation, which validated the method application. From the experiments, plastic deformation
was encountered in phenolic surfaces despite the corresponding contacted material. Also, the phenolic stresses showed a
difference compared to polycarbonate for both high and low loads, which is explained by the high attenuation coefficient of
phenolic that limited the quality of the reflected signal. The extent of vertical displacements surrounding the contact zone
was greater for the polycarbonate materials due to the lower E/Y , while the phenolic material was limited to smaller areas not
exceeding 50% of polycarbonate for all tested load conditions. Therefore, the study confirms that part of the contact energy
in phenolic material was dissipated in the plastic deformation, indicating greater proppant embedment, and leading to a loss
in fracture conductivity for rocks of higher E/Y .

Keywords Hydraulic fracture · Contact stresses · Phenolic · Polycarbonate · Proppant embedment · Unconventional
reservoirs · Ultrasonic waves · Vertical displacement, Spheres

Abbreviations

D Transducer element diameter [mm]
E Young’s modulus [MPa]
R Reflection coefficient
Rcritical Critical reflection coefficient located at the contact

boundary
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Y Yield strength [MPa]
Z Acoustic impedance [Kg m−2 s−1]
a The first parameter in the power-law relation
b The second parameter in the power-law relation
c Speed of sound [m s−1]
d Focal spot diameter [mm]
f Wave frequency [MHz]
k A limiting parameter in the power-law relation
l Focal length [mm]
ε A converging factor in the power-law relation
σ Stress coefficient [MPa]
σExp Mean contact stress measured experimentally

[MPa]
σHz Mean contact stress calculated using Hertz Law

[MPa]
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σRef Mean contact stress measured using reflection coef-
ficient [MPa]

1 Introduction

Applying forces on any solid surface cause changes in the sur-
face shape. These variations differ based on differentmaterial
properties such as elasticmodulus and yield strength.Most of
the solids behave elastically if the forces applied to them are
small; when the forces are greater than a certain limit, a large
deformation occurs, and this can also cause fractures. There-
fore, exploring the stresses and deflections of solids is crucial.
The understanding of the deformation can be beneficial for
different applications. In the oil and gas industry, hydraulic
fracturing (HF) is an application mostly used to create and
maintain a fracture in the rock for unconventional reservoirs
[1]. HF allows a pathway for fluids to move from the low
permeability matrix toward the wellbore. To create effective
fractures, the formation is pumped with substantial amounts
of proppants to keep it conductive during production. Prop-
pant is an important component of the process because it
provides the structural support for the fractures to be created
and keeps them open [2].

In unconventional reservoirs, the proppant is injected into
the shale formation. This process is considerably compli-
cated. The complications arose because proppant exhibits
significant interaction with shale and may alter its shape
or deform its surface, which creates asperities that are not
counted usually. The full understanding of the proppant con-
tact with the formation depends on the sphere/flat contact
deformation. The proppant has a spherical surface, while
the rock is considered a flat surface. Reviewing the research
on these issues revealed that the impact of different param-
eters such as proppant size, arrangement and distribution
on permeability was studied with conventional conductiv-
ity tests. It was proposed that the contact zones deformation
between proppant and rocks could be made bymeasuring the
embedment size [3, 4]. This was usually conducted using a
surface profilometer or microscopes to view the contact size
and embedment after unloading. However, a lot of critical
details remain unobtainable such as the distribution of con-
tact stresses on the proppants and the elastic displacements of
the fracture face while loading. These parameters are critical
and can significantly impact the HF design.

Considering the proppant and shale surface natures made
it more significant to revisit the interaction of surface/flat
surfaces. The most influential theory is the Hertz theory in
1882, assuming that the deformation is elastic and the sur-
faces in contact are smooth [5]. Hertz theory proposed that
the radius of the circle contact is proportionally related to
the load (P) and the radius R. However, it is inverse pro-
portional to the materials’ elastic properties. Despite the

adequate approach used by Hertz, it did not account for
the surface roughness. Since the Hertz theory, several mod-
els have been developed to consider the roughness effect.
Among these models: Greenwood and Williamson in the
60’s with their statistical approach (GW model) for random
hemispherical asperities, BGT model’s for elliptical shape,
MR and BYC models for plastic deformation of asperities
upon contact and KYH, JS and LET considered both elastic
and plastic deformations of asperities [6–10]. All the models
had found that roughness can show a larger nominal contact
area than smooth surfaces at low loads. However, the impact
of asperities roughness becomes negligible at higher loads
where the bulk deformation becomes dominant. Generally,
the asperities deformation and the interaction between spher-
ical and flat surfaces were extensively studied for different
applications, yet their designated interaction for oil and gas
application is limited. These models cannot provide accu-
rate results in the proppant–rock interaction as they cannot
account for a lot of uncertainties such as different proppant
sorting. Therefore, the industry still lacks newadvancedmea-
suring methods that can be used to find both the distribution
of stresses and the resulting proppant embedment.

Many methods were used to measure the deformations
including, but not limited to, surface profilometer and micro-
scopes. Although these methods are widely used, they are
limited to applications where themeasured surface is directly
facing the testing equipment. Hence, the contact of spheres
and plates can only be assessed after unloading. This means
that all the elastic deformations during loading will not be
accounted for using these measurement methods. Simple
analytical and numerical models can be used to account for
the elastic and plastic stresses combined. To better represent
the contact conditions experimentally, a pressure-sensitive
filmcanbe placed in between the twobodies in contact. These
films hold micro-encapsulated dye which breaks down upon
reaching its rated compressive strength. Any change in the
colors of the film indicates the occurrence of deformation in
the contacted surfaces.However, some debate around the role
of the films in modifying the contact surfaces has arisen. It is
thought that placing thosefilms in between the twocontacting
bodies modifies the initial contact conditions and hence was
shown to overestimate the contact size [11]. Therefore, using
the non-destructive testing (NDT) methods were endorsed to
avoid controversy, since the measurements can be obtained
during contact without damaging the tested samples. One of
the NDT methods is the ultrasonic waves that were used in
various engineering applications [12–16]. The advantage of
ultrasonic waves is that it gives access to the contact interface
without modifying the real contact conditions. In addition to
that, ultrasound waves can reach locations that may not be
accessible to the observer. The track of applying ultrasound
waves advanced in different aspects such as measuring the
interfacial stiffness of two aluminum blocks [17], measur-
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ing the nominal contact shape and size of wheel–rail contact
[18], assessing the contact parameters of sphere-plate con-
tacts [11], monitoring the local dynamics of friction joints
[19], and dynamically measuring the contact using arrays of
transducers [20].

Although ultrasound usage is growing, expanding the
application’s aspects is necessary, especially for different
material and shapes deformation. This can be fruitful in
studying the proppant/shale interaction during HF. Thus,
the current research aims to apply the ultrasonic method
in testing HF-related deformation, more specifically, the
proppant embedment phenomena in different rocks under
different loads. However, few issues arise in attempting to
use ultrasonic waves directly in rocks such as shale, due to
the heterogeneous nature of these rocks. This heterogene-
ity would disrupt the passage of ultrasonic waves inside the
rock and hence cause a lot of scattering that will prohibit
obtaining any useful data. Another limitation is that the ultra-
sonic technique which is used in measuring the contact size
and stresses is sensitive to the actual size of the contact, and
hence small contact sizes will not produce accurate results.
For these reasons, the heterogeneous rocks and the small-
sized proppants were replaced with other materials that are
of comparable mechanical properties. Moreover, the exper-
imental study tests for different proppant materials such as
those susceptible to crushing and others that are hard and
do not break. The study has a comparative angle to the role
of the expected deformation on contact size, stress distri-
bution, and deformation behavior for the inner and outer
contact region. All these parameters are related to proppant
embedment, proppant crushing, and fracture conductivity.
The research potentiality serves the endeavors of an efficient
and cheap alternative to study the physics and contact theories
regarding the interaction of proppants and rocks instead of
using simple analytical or numerical solutions. Unlike other
experimental studies, it considers all the deformations that
take place during loading (reservoir drawdown), including
both the elastic and plastic deformations. Apart from being
utilized in studying the interaction of proppants and shale in
HF, this study is also relevant in other applications focused on
contactmechanics. This study is thefirst to examine the appli-
cability of the ultrasonic measurement technique on small
contact sizes and the contact between dissimilar materials.

2 Methodology

In this study, a combination of methods was adopted. The
methodology includes an experimental study and numerical
modeling. The approach used allows deep investigation of
mechanical properties’ effect on the deformation behavior
at increasing loads. The new framework accommodates the

possibility to represent different reservoir rock types because
it allows the selection of representative material types.

2.1 ExperimentalWork

2.1.1 Apparatus

The cell prototype is made up of polycarbonate material and
can be divided into three main parts numbered. The top part
serves as a water tank and has a hole in the middle that acts
as a scanning window. The middle part acts as a wall that
can seal all fluids or solids inside the cell. The bottom part
is mobile and can slide between the middle part’s walls as
the load is applied. The main cell is connected to a loading
instrument from its bottom part, where a digital transducer
is used for measuring the applied load. A thin plate material
can be fixed between the top and middle parts. The apparatus
setup is depicted in Fig. 1.

Ideally, the shape of the proppant should be spherical
to maximize the HF capability. Therefore, spherical objects
were used in this study. Two different spheres that are made
upof glass and steelwere selected.Bothmaterials are suitable
in this study as they are analogue to proppant in the fractured
reservoir. It is essential to state that the proppant deformation
is always very small, almost negligible compared to that of
the rock, such as shales. This is mainly due to the significant
difference in rocks’ and proppants’ Young’s modulus where
the latter can be over ten times larger. The same condition
is satisfied in this experiment where the Young’s modulus
of glass (70 GPa) and steel spheres (200 GPa) are over ten
times larger than the tested materials shown in Table 1. So,
the spheres selected in this experiment were treated as rigid
bodies that undergo minimal deformations.

As mentioned previously, actual shale rocks cannot be
directly used in this kind of experiment due to several reasons
including the heterogeneity nature of these rocks. Therefore,
the brittle shale rocks should be replaced with other useable
materials that can show a similar deformation behavior under
loading conditions. It is common to use the ratio of elastic
modulus to yield strength (E/Y ) in indentation experiments
as means of comparing the susceptibility of the materials
to deformations [21, 22]. As this ratio decreases, the mate-
rial tends to show a brittle deformation behavior, and as the
ratio increases, the material tends to show plastic deforma-
tion behavior. Therefore, both polycarbonate and phenolic
plates were selected in this experiment since the ratio (E/Y )
of thesematerials, shown inTable 1, is comparable to the brit-
tle shale rocks that are shown in Table 2. It should be noted
that the exact value for strain displacements in the plates will
not be equivalent to the shale rocks since their Young’s mod-
ulus is different. But since they have a similar E/Y ratio, the
deformation profile will be the same.
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Fig. 1 a Schematic
representation of the
experimental setup b Prototype

Table 1 Plate material
properties Material Young’s modulus E

(MPa)
Yield strength Y (MPa) E/Y Acoustic impedance

(Kg m−2 s−1)

Polycarbonate 3000 60 50 2,880,000

Phenolics 4800 48 100 3,862,400

Table 2 Mechanical properties of some brittle shale gas reservoirs in
the United States [23]

Shale rocks Young’s modulus (E)
(MPa)

Yield strength (Y )
(MPa)

E/Y

Barnett Shale 46,000 300 153

Shale 2 53,400 517 103

Shale 3 13,000 100 130

Shale 4 21,500 170 126

A 10 MHz focused ultrasonic transducer manufactured
by Olympus was attached to an automated table to make
measurements at distinct locations. The table can adjust the
location of the transducer in both x and y directions. Manual
placement in the z-direction is required to focus the trans-
ducer. The table is mounted on a larger fixed frame, as shown
in Fig. 2. A USB cable is used to connect the automated
table’s driving circuit to a PC, which ultimately controls the
movement. Additional details regarding the operation of this
scanner were previously described in other publications [24,
25].

A smallmetallic framewas used to hold the polycarbonate
cell in place while loading is applied and can be seen in
Fig. 2. The upper part of the polycarbonate cell is filled with
a connecting fluid (Water) to provide a pathway for ultrasonic
waves to access deeper parts of the cell.

Fig. 2 Assembled Set-up

2.1.2 Calibration Test

The calibration test aims to obtain a relationship between the
ultrasonic reflection coefficient and stresses. The relationship
is critical to understand the material behaviors and it is not
readily available.

The plate was placed as a sandwich-like configuration
between the top and middle part of the polycarbonate cell. A
cylindrical object of 5 mm outer surface diameter is used as
the second test specimen. The specimen has a fixed contact
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area at any applied load [26–29]. This can be used to acquire
the mean pressure at any load employed.

Mean Pressure � Load

Area Fixed Contact
(1)

The procedure included applying several loads, followed
by scanning the material’s contact location. The scanning
procedure obtains numerous reflection coefficient data for
every location and stores them in a matrix form. Both the
mean reflection coefficient and the mean contact pressure
were compared. The comparison allows the construction of a
fitting curve that represents the relation between stresses and
the reflection coefficient. It is worth noting that the fitting
curve usage is limited to the tested materials e.g., polycar-
bonate plate and steel objects, so it cannot be used for other
materials.

2.2 Measurement

2.2.1 Contact Area

To measure the contact between sphere and plate, the same
procedure employed in calibration tests was used. The only
difference is instead of cylinders, the test was using spheres.
The reflection coefficient data points at every location along
the scanned area were saved in a matrix form, then plotted as
an image with contour lines. The procedure was repeated at
different loads to observe the changes. The method allowed
the observation of any reflection coefficient changes to esti-
mate the contact size,which implies that the contact boundary
is reached. It is worth stating that the reflection coefficient is
identified by contours separation or by the wave phase shift.
This procedure has been used with reasonable accuracy by
[29].

2.2.2 Contact Stress

Since only a few studies focused on the distribution of contact
stresses in proppant and rock interaction, the current method
has been used to highlight these stresses. The distribution
of the contact stress can be determined from the measured
reflection coefficients. The readings were compared to the
best fit stress-reflection curve obtained through calibration.
Additionally, to allow a comparative view, another set of
stress reading was used to validate the results.

2.3 Numerical Model

A numerical model that uses the finite element method was
assembled using a commercial software (Abaqus). The new
model is used to mimic the experimental study and aid in
analyzing and interpreting the results. Therefore, similar con-

ditions were used in the numerical model to provide the
resemblance of the acquired data. In the numerical model,
the cylinder and sphere were modeled as rigid bodies.

In all the simulations, a single rigid body was selected
to be in contact with a deformable plate. The rigid body
sat on top of the deformable plate and was located at its
center. The rigid body is then subjected to compressive load
in the vertical direction toward the deformable part. Since the
boundary conditions of the deformable part prevent it from
moving in space, the contacting surface will show signs of
deformation. The load was applied on the top of this cylinder
and toward the deformable plate, at loads up to 500 N. Since
the cylinder is a rigid body, a point load will behave like
a uniform load. Table 3 summarizes the different scenarios
considered in the numerical simulations.

The main output of the numerical simulation is the esti-
mated vertical displacements, both for the inner and outer
contact boundary. Each vertical displacement value obtained
from the simulation of rigid cylinders in contact with the
deformable plate was correlated to its reflection coefficient
at the exact location from the experimental step. Lastly, the
relation between the vertical displacement and the reflection
coefficient was examined to identify the governing equation.
This was later used to confirm the accuracy of using this
relation to estimate the vertical displacements at the outer
boundaries of the contact. The workflow of this experiment
is summarized in Fig. 3.

3 Results and Discussion

3.1 Calibration Tests

The calibration tests were conducted on cylindrical objects
as discussed in Sect. 2.1.2. The contact of those cylinders
with the different plate materials was analyzed. The contact
boundary between cylinders and the plate materials is easy to
locate as the expected contact diameter in the scanned images
is equivalent to the surface diameter of the used cylinder. The
reflection coefficient at the contact boundary was obtained
for different contact problems to ease measuring the mean
reflection coefficient inside the contact zone. This can then be
compared with the mean contact stress to obtain the relation
between stress and reflection coefficient.

The contact boundary between the spheres and the plate
materials is more complicated to locate since this boundary
is load dependent. Therefore, it is crucial to have a particular
reference that canbeused todistinguish the contact zone from
the non-contact zone.Hence, the critical reflection coefficient
(Rcritical) of the contact’s boundaries was obtained for each
experiment independently. The critical reflection coefficient
was found to be 0.62 for the contact of phenolic/glass, 0.85

123



11640 Arabian Journal for Science and Engineering (2022) 47:11635–11650

Table 3 Numerical simulations
Simulation Max load N Rigid body Deformable

plate
Elastic modulus
MPa

Yield stress MPa

1 500 4.7 mm Steel
Cylinder

Polycarbonate 3000 60

2 500 4.7 mm Steel
Cylinder

Phenolic 4800 48

3 500 5 mm Glass
Cylinder

Polycarbonate 3000 60

4 500 5 mm Glass
Cylinder

Phenolic 4800 48

5 400 20 mm Sphere Polycarbonate 3000 60

6 400 20 mm Sphere Phenolic 4800 48

Fig. 3 Experiment Workflow

for phenolic/steel, 0.55 for polycarbonate/glass, and 0.54 for
polycarbonate/steel.

Surprisingly, the reflection coefficient outside the contact
region in all calibration tests showed a value less than 1.
This finding is controversial to the previous findings, and it
suggests that some displacements/stresses are occurring in
this region. The high critical reflection coefficient for the

contact of phenolic and steel is due to the acoustic properties
of the two materials. If a perfect contact is achieved, the
reflection coefficient will show a high value. It is possible to
calculate the reflection coefficient using Eq. 2 [30].

R � Z2 − Z1

Z2 + Z1
(2)
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(a) (b)

(c) (d)

Fig. 4 The relation between stress and reflection coefficient for different contact interfaces: a Phenolic–Glass, b Phenolic–Steel, c Polycarbonate—
Glass, d Polycarbonate–steel

where R is the reflection coefficient (ratio of the reflected to
incident energy), Z1 and Z2 are the acoustic impedance of
the first and second material in contact.

The calibration test results show several relations between
the stresses and reflection coefficients for plate and cylin-
ders’ contact. A best-fit line through the experimental data
was generated using a power-law trend for both polycarbon-
ate and phenolic as shown in Fig. 4. Using a power-law trend
allows to control and limit the reflection coefficient values at
higher stresses. Similar relations were obtained in previous
studies [27]. In this study, the minimum allowed reflection
coefficient for a polycarbonate contact is− 1 and for a pheno-
lic contact is 0. These limits were set based on consideration
of phase shifts during measurements. The phase shift occurs
because waves can propagate in glass and steel at a higher
speed than in polycarbonate. Furthermore, a critical value
for the reflection coefficient is identified for every contact,
which is based on the properties of its acoustic impedance.
Based on Eq. 2, the reflection coefficient of a perfect con-
tact between polycarbonate-steel cannot drop below − 0.88
value. Similarly, the reflection coefficient for perfect contact
between polycarbonate–glass, phenolic–steel, and pheno-
lic–glass cannot exceed the limits of − 0.66, − 0.85, and

− 0.57, respectively. To make use of the material properties,
a general power-law relation was used:

R � a(σ+ ∈)b + k (3)

where a and b are the main parameters of a power-law equa-
tion. k is a limiting parameter that is material dependent. The
reflection coefficient approached this value at higher stresses
(perfect contact). This occurs since b is of a negative value
and hence the first part of the relation tends to zero at higher
stresses. ε is a converging factor used to ensure the reflection
coefficient equals 1 when no stress is applied (σ � 0).

3.2 Contact Area Determination in Spheres

The spheres were assumed as rigid bodies when calculating
the diameter using Hertz law. The experimental measure-
ments for contact diameter are presented in Table 4. It is
noticeable that both spheres contact diameters are slightly
larger thanwhat has been obtained fromHertz calculation for
most of the tested loads. These results were expected since
Hertz theory assumes only perfect elastic deformations for
smooth surfaces and neglects any plastic deformation. Addi-
tionally, the comparison of the determined results indicates
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Table 4 Diameter obtained from
the contact of plates Load (N) Contact Diameter (mm)

Polycarbonate Phenolic

Steel Sphere Glass Sphere Hertz Steel Sphere Glass Sphere Hertz

100 1 1.3 1.25 0.7 1.1 1.07

200 1.5 1.7 1.6 1.5 1.2 1.35

300 1.9 2.1 1.8 1.8 1.3 1.55

400 2.2 2.4 2 2 1.6 1.7

that the glass sphere has greater roughness than the steel. The
glass roughness also contributes to increasing contact diam-
eter as shown in the contact with polycarbonate. The same
resultwas not realizedwhen in contactwith phenolicmaterial
as the contact diameter always appear to be smaller than the
steel spheres. It was noted that some cracks were observed
on the surface of the glass sphere after loading which could
explain the small contact diameter in phenolic.

ApplyingHertz elastic theory to phenolic and polycarbon-
ate plates showed considerable contact diameter difference
due to the difference in Young’s modulus between the mate-
rials. Based on Hertz, the contact diameter of phenolic
is always lower than that of polycarbonate. Interestingly,
the experimental results showed inconsistency between the
tested plates. The contact diameter in phenolicmaterial using
steel spheres was around 0.3 mm lower than that of polycar-
bonate at 100 N load but approached that of polycarbonate at
200 N, despite the difference in their elastic modulus. This
could be interpreted by the plastic deformation that tookplace
at the phenolic surfaces. Moreover, by considering the ratio
of elastic modulus to yield strength for both materials, the
polycarbonate is two times lower than phenolic. The polycar-
bonate has a ratio of 50, which is less than 100 for phenolic.
In general, the larger this ratio means more plastic behavior
is to be expected, which agrees with the interpretation of the
proposed results.

3.3 Contact Stress Determination

Two experimental methods were used to find the contact
stresses. The first method used the reflection coefficient data
to give σREF and the second technique used the nominal con-
tact area to find σExp. Both estimated stresses were compared
to Hertz stress σHz. The results are presented in Table 5.

Quantitatively the difference in the polycarbonate stresses
for steel spheres and their corresponding Hertz are insignifi-
cant. The measurement of contact stresses for polycarbonate
and glass sphere using reflection coefficient showed some
variations when compared to the other experimental method.
This could be due to some inaccuracy in obtaining the
stress–strain relation between polycarbonate and Glass. This
inaccuracy is due to some irregularities on the surface of

the glass cylinder [31]. Despite this problem, the difference
between both experimentally measured stresses becomes
insignificant with loading.

Controversially phenolic stresses difference is obviously
substantial even at low loads e.g., 100 N. The experimental
results of phenolic stresses havewide variations. They appear
to be much lower than that calculated from the contact area
and Hertz law. This is because the reflection coefficient did
not show significant changes under the tested load condi-
tions. The plausible reason for the observation is related to the
high attenuation coefficient of phenolic, limiting the amount
and quality of the obtained reflected signals. During a Fast
Fourier Transform (FFT) analysis for the reflected signal,
the 10 MHz frequency did not appear. Instead, most of the
signals were composed of low frequencies less than 5 MHz.
The frequency explains the major effect on the transducer’s
focal spot diameter which increases with lower frequency
resulting in lower resolution. The following relation is used
to calculate the spot diameter, and it shows the inverse pro-
portionality with frequency as seen in Eq. 4 [30].

d � 1.028cl

1000 f D
(4)

where d is the focal spot diameter in mm, f is the frequency
inMHz,D is the element diameter inmm, l is the focal length
in mm, and c is the speed of sound in m/s.

Based on the examined relation, the new focal spot diam-
eter in phenolic is larger than 0.6 mm which is statistically a
big shift from the original value of around 0.3 mm in other
materials.

Nevertheless, the expected stresses were still obtainable
using the measured contact area. Generally, the results of
the experimental stresses measured from the contact of phe-
nolic and steel sphere are always lower than the Hertz
stresses, except for load 100 N. This observation signifies
the occurrence of plastic deformation in the material. The
same behavior was not observed for the contact of phenolic
and glass spheres. The reason for this was due to the limited
contact size with loading because of crack formations on the
surface of the sphere.
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Table 5 Contact stresses
Contact Load (N) σExp (MPa) R Coefficient σRef (MPa) σHz (MPa)

Polycarbonate and Steel Sphere 100 127 − 0.493 122 80

200 113 − 0.47 105 101

300 106 − 0.477 110 115

400 105 − 0.481 114 127

Polycarbonate and Glass Sphere 100 75 − 0.4 26 80

200 88 − 0.47 42 101

300 86.5 − 0.52 71 115

400 88.5 − 0.525 74 127

Phenolic and Steel Sphere 100 260 0.75 5 110

200 113 0.63 10 138

300 118 0.64 9 158

400 127 0.63 10 174

Phenolic and Glass Sphere 100 105 0.53 6.5 110

200 177 0.53 6.5 138

300 226 0.52 7 158

400 199 0.54 6 174

3.4 Numerical Model

Vertical displacement occurs at locations where the reflected
coefficient is different from unity. The amount displaced
depends on the reflection coefficient value and the mate-
rial properties. By comparing the displacements obtained
from the numerical model for the contact of a cylinder at
distinct locations to the reflection coefficients obtained from
the experiments, a relation between both terms was obtained.
Generally, the experimentally scanned materials showed a
similar pattern for the reflection coefficient where it reaches
itsminimumvalue inside the contacting area as seen inFigs. 5
and 6. Notably, the reflection coefficient increases toward the
outer boundaries. All the patterns appear to have a circular
shape at the center, being the same as the center of the con-
tact circle. Few contours did not have a perfectly circular
pattern; instead, they appear to undergo more displacements
on one side than another at higher loads. Some experiments
showed more like an elliptical contact, whereas others espe-
cially showed some irregularities.

Since polycarbonate is dominated by elastic deformation,
some bending at the less supported side may occur at high
loads. Describing the reflection coefficient shows that phe-
nolic–steel is around 0.825; this is because high reflected
waves in air and steel interface are around 0.85. Thus, it was
not possible to distinguish the ones reflected from the air and
those from steel by using the negative sign to phase shifts
due to the large attenuations that were observed for pheno-
lic operations. The negative sign, however, was observed in
polycarbonates as lower attenuations were found. This jus-
tifies the reasons that more data could be observed from the
polycarbonate–steel interaction than from the phenolic–steel

interaction. Also, this can be seen from the Rcritical value
for both cases, where the value in polycarbonate is lower
and hence allows examining the reflection coefficients at
the outer contact boundary. On the other side, at low loads,
the phenolic–steel cylinder interaction shows a small con-
tact size for the zone located inside the R coefficient interval
of 0.8. This would initially suggest that the critical reflec-
tion coefficient of the contact is more significant than 0.8
(around 0.9). However, at higher loads, it becomes clear that
the contact boundary has a critical R of around 0.825. This
suggests that initially, we were not able to obtain a perfect
contact as the load was low. Also, the similarity between
phenolic–air and phenolic–steel interfaces in terms of high
reflection coefficients makes it harder to differentiate the dif-
ference at low loads. For this specific case (contact between
phenolic and steel cylinder) the reflection coefficient val-
ues between 0.9 and 1 are shown in Fig. 6a, unlike the
other scenarios. This is done to show the development of the
stressed region around the contact, suggesting that vertical
displacements have occurred. For phenolic–glass, the reflec-
tion coefficient is around 0.65 (Lower number of reflected
waves in the glass interface, around 0.55 from Eq. 2). Nega-
tive signs were not observed in this method due to the same
reasons discussed above.However, the resultsweremore pre-
cise and more detailed than using steel spheres because it is
easier to distinguish the reflection coefficients of the pheno-
lic–air interface (no contact) from that of the phenolic–glass
interface (contact region).

The Hertzian stresses show a slightly lower correlation
with the experimental stresses at the higher loads 300 N
and 400 N. This is because of slight plastic deformations
in the material. Other slight differences in the results could
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Fig. 5 Experimental scanned
contact at different loads for:
a polycarbonate with steel
cylinder and b polycarbonate
with glass cylinder
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Fig. 6 Experimental scanned contact at different loads for: a phenolic with steel cylinder and b phenolic with glass cylinder
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be attributed to some inaccuracy in measuring the contact
zone, especially at low loads where the standard deviation is
around±0.1 mm. Nevertheless, these results are confirming
that the primary deformation in the polycarbonate is elastic.

The experimental results of phenolic stresses have wide
variations. The stress measured from the reflection coeffi-
cient appears to be much lower than that calculated from
the contact area and Hertz law. This is because the reflec-
tion coefficient did not show significant changes under the
tested load conditions. Generally, the results of the experi-
mental stresses measured from the contact of phenolic and
steel sphere are always lower than the Hertz stresses, except
for load 100 N. This observation signifies the occurrence of
plastic deformation in the material.

Figures 7 and 8 show the experimentally scanned images
of the contact problem for the plate materials with steel and
glass spheres. This contact is now much smaller than those
observed in Figs. 5 and 6. On the other hand, the contact’s
vertical displacements seem to cover a greater distance for a
given loading condition. This is because the contact stresses
in spheres at a given load are much higher than those in
cylinders as a result of a smaller contact area. Following the
critical reflection coefficient for each scenario, the contact
diameter was obtained as previously shown in Table 4. In
most of the experiments, the contact showed a circular pattern
except few cases where an elliptical pattern was observed.
However, at higher loads, all patterns shift toward a perfect
circular shape.

Another important observation from Figs. 7 and 8 is
the extent of vertical displacements surrounding the con-
tact zone. This can be seen from the reflection coefficient
values that are less than a value of 1. In all the tested sce-
narios, polycarbonate showed a greater extent (over twice)
than that of phenolic e.g., compare Figs. 7a and 8a for all
loading conditions. These displacements also show a circu-
lar to an elliptical-shaped pattern in most of the experiments.
Many factors could affect this shape such as the boundary
conditions for the fixed plate and possible manufacturing
deformities in the materials. For a perfect elastic contact,
the vertical displacements should follow a circular pattern
based on Hertz law. Polycarbonate material appears to fol-
low the Hertz law for circular patterns more than phenolic
does and this suggests some plastic deformations in the latter
case. This conforms with the ratio E/Y which suggests that
more plastic deformation occur as this parameter increases.

3.5 Outlook

Relating the study findings to hydraulic fracturing reveals
that the contact of proppant and rocks is not identically
following the Hertz law. This appeared from observing the
similarity of contact stresses of the testedmaterials instead of
having a larger variation than that of Hertzian stresses. This

confirms that part of the contact energy in phenolic mate-
rial was dissipated in the plastic deformation. Neglecting the
actual value of Young’s modulus, the study confirms that the
material with a larger elastic modulus to yield strength ratio
(E/Y ) is more susceptible to proppant embedment, leading to
a loss in fracture conductivity. However, the degree of prop-
pant embedment/displacement depends on the stress–strain
properties of the rock, specifically on the elastic modulus
and plastic deformation behavior. This is the reason the
contact of polycarbonate plate, which has a lower Young’s
modulus, showed a larger contact size than that of pheno-
lic for all scenarios considered. Similar observations were
noted by several studies [9, 32, 33]. Therefore, for a fixed
Young’s modulus, the material with a higher E/Y ratio will
be susceptible to plastic deformations, increasing the prop-
pant embedment in a rock-proppant interaction. However, a
lowerE/Y ratiowill result in higher contact stresses in a rock-
proppant interaction that might result in either rock and/or
proppant crushing. This outcome becomes substantial with
rough surfaces due to the uneven load distribution during
contact. Both proppant embedment and proppant/rock crush-
ing are not favorable during hydraulic fracturing as they can
reduce the fracture conductivity and limit well productivity.

The novelty of this study is that it is the first to assess
the physics and contact mechanics theories of proppant-rock
interaction. Although the current study only considers the
contact of a single sphere with a flat plate, future studies
can consider multiple spheres inside the experimental cell.
With more advancements in ultrasonic technology, it might
be possible to replicate the idea of a conductivity cell using
the experimental cell used in this study, where smaller-sized
proppants can then be used and the distribution of contact
stresses, contact areas, and proppant embedment can bemea-
sured.

4 Conclusion

This paper aims to provide insight into the nature of contact
between proppant and brittle shale rocks. The current study
adopted a combined method to understand the mechanical
properties’ effect on the deformation behavior of rocks at
increasing loads. This was conducted using manufactured
materials instead of actual proppants and rocks. All materials
were selected based on Young’s modulus and Yield strength.
The findings are encapsulated as follows:

1- During the usage of the ultrasound, the transducers focal
spot diameter successfully obtained and collected sig-
nals from the inner and outer contact zone.

2- Critical reflection coefficients are 0.62, 0.85, 0.55, and
0.54 for the contact of phenolic–glass, phenolic–steel,
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Fig. 7 Experimental scanned
contact at different loads for:
a polycarbonate with steel
sphere and b polycarbonate with
glass sphere
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Fig. 8 Experimental scanned
contact at different loads for:
a phenolic with steel sphere and
b phenolic with glass sphere
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polycarbonate–glass, and polycarbonate–steel, respec-
tively.

3- The calibration test results indicated that the rela-
tions between the stresses and reflection coefficients
strictly followed the power-law equation—even at
higher stresses. This was confirmed by R2 ranged
between (0.98 to 0.99).

4- For contact determination, Hertz elastic theory was
applied for the phenolic and polycarbonate plates, and
it showed some variations to what has been obtained
experimentally. This is evidently caused by the plastic
deformation that took place at the phenolic surfaces.

5- The difference in the polycarbonate stresses for steel
spheres, obtainedusing stress-reflection coefficient, and
their corresponding Hertz are insignificant. However,
phenolic stresses difference is substantial for both high
and low loads, which is explained by the high attenu-
ation coefficient of phenolic that limited the quality of
the reflected signal.

6- Most of the scannedmaterials showed a circular pattern
in the outer contact boundary—the reflection coeffi-
cient increases toward the outer boundaries. Only a few
contours deviated and appeared to undergo more dis-
placements toward one side (elliptical) at higher loads.

7- The extent of vertical displacements along the x–y
planes is greater for the polycarbonate material due to
the lower E/Y . On the other hand, the phenolic material
was limited to smaller areas due to the plastic deforma-
tions at higher loads.

8- The study outcomes confirmed that part of the contact
energy in phenolic material was dissipated in the plastic
deformation. This is due to the lower yield strength for
this material compared to polycarbonate.

9- The extent of vertical displacements surrounding the
contact zone is greater for the polycarbonate materi-
als due to lower E/Y , while the phenolic material was
limited to smaller areas not exceeding 50% of polycar-
bonate for all tested load conditions.

10- For a fixed Young’s modulus, the material having a
higher E/Y ratio will be susceptible to plastic deforma-
tions at lower stress resulting in proppant embedment.

11- For a fixed Young’s modulus, the material having a
lower E/Y ratio will be susceptible to higher contact
stresses that might result in either rock and/or proppant
crushing.
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