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Summary

With the advancement of drilling and completion technologies in unconventional reservoirs, more extended reach wells are developed,
and narrow-fracture environments are created in these reservoirs. Proppant embedment in monolayer/thin-layer-propped fractures can
be significantly different from multilayer-propped fractures. In this study, a comprehensive investigation combining laboratory experi-
ments with numerical simulations was conducted to explore the factors affecting proppant embedment and induced fracture conductiv-
ity loss in narrow fractures. The fracture-conductivity experiments were performed using monolayers of sand and ceramic proppant
particles sandwiched between Berea Sandstone and Eagle Ford Shale plates under different closure pressures. The experiment study
demonstrated that the long-term rock/fluid interaction leads to significant proppant embedment, and the fracture having a rough rock
surface has higher fracture conductivity in monolayer-propped fractures. To further quantify the influence of proppant layer number,
size, distribution variations, and particle crushing on proppant embedment, a numerical modeling approach that coupled continuum
mechanics, discrete element method (DEM), and the lattice Boltzmann (LB) method was developed. In the simulation, the fracture/
proppant system was constructed by filling proppant, modeled by DEM, between two fracture surfaces that were modeled by FLAC3D
(Itasca Consulting Group 2012); LB simulation was then performed on the changing proppant pack to compute its time-dependent per-
meability. The numerical model was validated by comparing numerical results with measured fracture conductivities in the laboratory
experiment. The simulation results demonstrated a strong correlation between proppant embedment and rock mechanical properties.
When the Young’s modulus of the rock plate is less than 5 GPa, large magnitudes of proppant embedment can be expected in fractures
supported by monolayers of ceramic proppant particles. Moreover, large-size proppant particles are more sensitive to the variations of
Young’s modulus of the rock plate. When the rock formation in a narrow fracture environment has a relatively high Young’s modulus,
the proppant diameter distribution has a lesser effect on the fracture conductivity. The outcome of this study will provide insights into
the role of reservoir rock characteristics, proppant properties, and closure pressure on proppant embedment in narrow fractures.

Introduction

Hydraulic fracturing (HF) is widely used to enhance hydrocarbon extraction from challenging unconventional reservoirs because of their
low permeability and complex petrophysical properties (Zhang et al. 2017; Li et al. 2019). With the advancement in shale drilling and
completions, more extended reach wells and complex fracture networks are developed, which vastly improves recovery rates and eco-
nomical payback from unconventional reservoirs (Gu et al. 2017; Bandara et al. 2019; Li et al. 2020). During the completion stage of the
well development, proppant slurries are injected into hydraulically created fractures to keep them open and to maintain conductive chan-
nels between the reservoir and wellbore once the high HF pressure is released (Liang et al. 2016). In the near-wellbore fracture networks
where fracture aperture is wide, a higher concentration of 2 or 4 lb/ft2 of proppant particles are often injected into fractures to provide a
sufficient conductivity for hydrocarbon production. At such a high proppant concentration, proppant embedment has little impact on the
evolution of the fracture conductivity (Fan et al. 2019b). As the fracture network grows into far regions away from the wellbore, the frac-
ture width gets smaller, and a more complex fracture network system is created in unconventional reservoirs. In a narrow fracture envi-
ronment, the realistic proppant injection concentration can be 0.25 to 0.5 lb/ft2 or less (Fuss et al. 2016; Herskovits et al. 2017). In an
extreme case, a monolayer of microproppant particles may be injected with fracturing fluids into preexisting natural fractures or newly
created microfractures (Liang et al. 2020). Proppant embedment in these monolayer/thin-layer-propped fracture networks can deteriorate
the fracture conductivity significantly, if not completely, which poses new challenges on the proppant selection and placement designs.

Proppant embedment has been identified as damage to the fracture conductivity in unconventional hydrocarbon reservoirs for many
years (Stegent et al. 2010; Cui et al. 2014). Despite that proppant embedment in wide fractures filled with proppant packs have
been extensively investigated (Fan et al. 2017b), few studies have focused on proppant embedment in narrow fractures. The proppant
embedment-induced fracture conductivity loss in narrow fractures could differ significantly from those fractures filled with multilayer
proppant packs. When the proppant concentration is low, some proppant particles can be completely embedded into the rock formation
under high closure pressures, proppant particles then lose the capability to support the fracture, and eventually the fracture aperture and
conductivity may suffer significant reductions. Therefore, it is of critical importance to identify proppant embedment mechanisms in
narrow fractures. In the study of Khanna et al. (2012), a semianalytical solution was proposed to estimate the conductivity in narrow
fractures filled with monolayers of proppant particles. However, this model ignores the effects of proppant properties, such as proppant
type, proppant size, and proppant distribution, thus failing to accurately delineate the fracture conductivity evolution in response to
increasing closure pressures. Darin and Huitt (1960) also developed a semiempirical correlation to estimate the proppant embedment
depth in thin-layer-propped fracture networks, but the influence of reservoir rock properties on proppant embedment is not considered.
These studies indicate that it is imperative to take both reservoir rock characteristics and proppant properties into consideration in terms
of the assessment of proppant embedment in narrow fractures.
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During hydrocarbon production, reservoir pressure depletes, effective stress of the rock matrix increases, and subsequently more loads
are transferred to proppant particles; as a result, proppant particles penetrate into the rock formation and proppant embedment occurs (Fan
et al. 2017a). The role of rock properties on the interactions between a rock formation and proppant has been explored in many studies.
Alramahi and Sundberg (2012) studied the effect of shale mineral composition and mechanical properties on proppant embedment in a
fracture filled with a monolayer of proppant particles. Their studies revealed that a low Young’s modulus of shale could lead to significant
proppant embedment and fracture conductivity reduction. According to Jansen et al. (2015), the Young’s modulus as well as the fracture
surface roughness of a rock formation control the fracture conductivity of a monolayer-propped fracture, which is also consistent with the
experiment result of Perez Pena et al. (2016). Singh et al. (2019) conducted proppant embedment tests on unconventional shale rocks that
were exposed to different fracturing fluids and reported that using fresh water alone as the fracturing fluid could lead to significant prop-
pant embedment and corresponding reduction in the fracture conductivity. Zhong et al. (2019) further studied the shale softening effect on
proppant embedment with time by soaking shale samples in brine solutions for a period of 2 hours and 10 days. The experiment results
show that shale rocks with high clay contents are more susceptible to the alteration of rock mechanical properties and have greater prop-
pant embedment depths. Therefore, proppant embedment mechanisms in narrow fracture networks, which are complicated by the varia-
tions of rock characteristics in terms of their response to different closure pressures, require more thorough and comprehensive studies.

In addition to the reservoir rock characteristics, proppant properties such as proppant size, type, distribution, and concentration/
proppant layer number are also vital to determine the severity of damage to the conductivity due to proppant embedment in narrow
fractures. Chen et al. (2015) combined X-ray computerized-tomography imaging with LB simulation to study the interaction between
the rock matrix and proppant for fractures supported by monolayers of proppant particles. The results demonstrate that proppant
embedment of a fracture filled with a monolayer of proppant particles is more sensitive to the effective stress compared with a fracture
filled with multiple layers of proppant particles. Zhang et al. (2015) performed a numerical analysis using computational fluid dynamics
to study the impact of the number of layers on proppant embedment and observed severe proppant embedment in monolayer-propped
fractures. Tang et al. (2018) also investigated the influence of proppant layer number on proppant embedment through both
experimental and numerical studies. They reported that a proppant coverage of 150% on the fracture face (i.e., 1.5 layers of proppant)
is the optimal proppant concentration to reduce proppant embedment. Nevertheless, none of these studies has investigated all the
important proppant characteristics when assessing the role of proppant embedment on the conductivity in narrow fractures. In recent
years, it has been a common practice in industry to use small mesh-size proppants, such as 30/50 or 40/70 with slickwater fracturing
fluids for fracture treatments in unconventional reservoirs because they can easily be transported into deeper regions of fracture
networks (Bandara et al. 2019; Fan et al. 2020). Moreover, it remains unclear as to how small mesh-size proppants affect proppant
embedment and conductivity in fractures filled with low concentrations of proppants. Both laboratory studies, numerical simulations,
and industry practice indicate that the assessment of the effect of varying proppant characteristics on proppant embedment is critical to
efficient proppant placement and effective reservoir conductivity in narrow fractures.

In this work, we strive to study the factors affecting proppant embedment in narrow fractures including fracture-closure pressure,
reservoir rock and proppant properties, and rock/fluid interaction through both experimental and numerical approaches. We first con-
ducted fracture conductivity experiments to study the influences of rock/fluid interaction, fracture surface roughness, and proppant type
on proppant embedment. In the next step, the factors affecting proppant embedment in narrow fractures, including proppant layer
number, size, distribution, and particle crushing, were investigated through numerical simulations. In the numerical modeling approach,
the coupling of continuum mechanics code and DEM code was employed to simulate proppant embedment, compaction, rearrange-
ment, and crushing. The discretized pore structure of the proppant pack was then used as interior boundary conditions of flow modeling
in the LB simulation of fluid flow through the pore space. Through the simulation, the proppant embedment behavior in narrow frac-
tures can be examined under increasing closure pressures in conjunction with the variations in Young’s modulus of the reservoir rock.
The outcome of this study will benefit the optimization of HF operations through probing the interactions between the rock formation
and proppant particles in narrow-fracture environments.

Overview of the Study of Proppant Embedment in Narrow Fractures

This work combined both laboratory experiments and numerical simulations to study the proppant embedment behavior in narrow frac-
tures. In this study, a narrow fracture indicates that the proppant has a monolayer structure or small layer number (i.e., up to three
layers of proppant) in the fracture space. We first conducted fracture conductivity measurements to evaluate the conductivity loss due
to the rock/fluid interaction. Both mesh-20/40 sand and ceramic proppant particles were placed uniformly with a full monolayer prop-
pant concentration between two Berea Sandstone plates, which were soaked in deionized (DI) water for a period of 2 hours and 21 days
before the conductivity tests, respectively. Next, to study the influence of fracture surface roughness on proppant embedment, a mono-
layer of mesh-20/40 ceramic proppant particles were placed uniformly between Eagle Ford Shale plates having rough and smooth frac-
ture surfaces. Because it is difficult to quantify the influences of proppant layer number, proppant size, proppant distribution, and
proppant crushing on proppant embedment in laboratory experiments, these effects were evaluated through numerical simulations.
To validate the numerical model, we first conducted fracture conductivity experiments for ceramic proppant at the concentrations of
2 lb/ft2 using steel plates. The microscopic properties of ceramic proppant in the model were calibrated by comparing the fracture
conductivity-closure pressure curve monitored in the simulation with that recorded in the laboratory experiment. In the second set of
simulations, the rock plate mechanical properties were calibrated by comparing the simulation results with laboratory data of sandstone
plates immersed in DI water for 2 hours and 21 days as well as Eagle Ford Shale plates having smooth surfaces using ceramic proppant.
In the third set of simulations, with the calibrated mechanical parameters of the sandstone rock plates, the sand’s microscopic property
and crushing strength were calibrated through comparing the simulations results with laboratory data of sandstone plates soaked in DI
water for 2 hours and 21 days. Fig. 1a illustrates the calibration workflow for sand and ceramic proppant’s microscopic properties as
well as rock plate mechanical properties. Equipped with the calibrated sand, ceramic proppant, and rock plate mechanical parameters,
numerical simulations were designed to unravel the roles of proppant layer number, size, distribution, particle crushing on proppant
embedment, and the fracture conductivity evolution in narrow fractures.

In the numerical study, the rock plate was modeled using Mohr-Coulomb-type solid elements provided by FLAC3D, and the proppant
pack was simulated by the particle assemblage generated using Particle Flow Code 3D (PFC3D; Itasca Consulting Group 2008) directly.
The proppant embedment-induced mechanical interactions between the rock plates, and proppant particles under different closure pressures
were simulated through FLAC3D/PFC3D coupling. The fracture closure due to proppant compaction, rearrangement, and crushing under
increasing mechanical loading (induced by reservoir depletion) was simulated using PFC3D. The gradual increase of the closure pressure
was realized by applying a constant velocity on the top rock plate to drive the rock/proppant interactions. To achieve a balance between
computational accuracy and efficiency, different loading velocities were tested; a velocity of 10�9 m/step, with which the system seemed to
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give a quasistatic response, was chosen for the simulations in this work. The fracture was then closing in the z-direction (the direction
normal to fracture face) at a constant velocity, which was adequately slow to avoid rapid surge of effective stress between proppant particles
and to allow the fluid within the pore space to flow away in the lateral (x-y) directions. In this manner, the rock/proppant system was in a
quasisteady state; that is, the transient effects of pore pressure and resultant stress changes on proppant particles were negligible (Fan et al.
2018b). An in-house numerical code was developed to discretize the pore structure of the proppant pack at a resolution of 0.02 mm/pixel,
and the discretized pore structure was then imported into the LB simulator as interior boundary conditions of fluid flow modeling to mea-
sure the fracture permeability. The integrated simulation workflow for modeling proppant compaction, rearrangement, embedment, and
particle crushing, as well as the influence on fracture conductivity, is illustrated in Fig. 1b. Using this numerical simulation, we are able to
study various factors that affect the change of fracture conductivity induced by proppant embedment, rearrangement, compaction, and par-
ticle crushing through directly modeling the interactions between the rock formation and proppant particles. The combination of experi-
mental and numerical studies provides insights into the factors affecting conductivity loss induced by proppant embedment in narrow
fractures, which has the potential to benefit optimization processes for proppant placement, completion design, and well production.

Methods

Experiment Description. The Berea Sandstone and Eagle Ford Shale plates were prepared according to the API standard for conductiv-
ity cells (API RP-19D 2008) with a dimension of 7 in. in length, 1.5 in. in width, and 0.5 in. in thickness. In one pair of Eagle Ford Shale
plates, fractures were carefully induced along the laminated bedding plane to create rough fracture surfaces. For the Berea Sandstone
used in this study, kaolinite comprised a large fraction of the clay minerals, which accounted for 10% of the total mineralogy. Other clay
minerals (montmorillonite, illite, etc.) were also identified but were present only in trace amounts. DI water was injected into the fracture
with a rate of 0.1 cm3/min at room temperature (20�C). During the process of HF, the fracturing fluid infiltrates the fracture interacts with
the rock formation and causes softening of the reservoir rocks. To evaluate the conductivity loss due to the rock/fluid interaction in HF
treatments, the Berea Sandstone plates were soaked in DI water for a period of 2 hours and 21 days before the conductivity tests, respec-
tively. During the fracture conductivity measurement test, the closure pressure was gradually increased to 41.4 MPa (6,000 psi), and the
fracture conductivities under different closure pressures were recorded. We first tested the conductivity for 20/40-mesh ceramic proppant
with a concentration of 2 lb/ft2 using steel plates to calibrate ceramic proppant’s microscopic parameters for the PFC3D model. Next, the
fracture conductivity experiments were performed using Berea Sandstone plates having smooth surfaces. The mesh-20/40 sand and
ceramic proppant particles were placed uniformly with a full monolayer proppant concentration between the two sandstone plates. The
rock plate mechanical properties were extracted by comparing numerical results with laboratory-measured fracture conductivity data.
The proppants in the fracture conductivity measurement cell using Berea Sandstone plates are illustrated in Fig. 2. It can be clearly
observed that ceramic proppant particles have a much higher sphericity and roundness than sand particles, which increases the porosity
and permeability of the proppant pack. To study the influence of fracture surface roughness on proppant embedment, monolayers of
mesh-20/40 ceramic proppant particles were placed between Eagle Ford Shale plates having smooth and rough rock surfaces, respec-
tively. During the fracture conductivity experiment, the fracture width is determined by the difference of top- and bottom-plate displace-
ments recorded directly by the displacement transducer. The fracture conductivity defined by API RP-19D (2008) is given by:

kwf ¼
100 � l � Q � L

w � Dp
; ð1Þ

where kwf is the conductivity of the fracture (mm2�cm); l is the viscosity of fracturing fluids (mPa�s); Q is the flow rate (cm3/s); L is the
distance between pressure ports (cm); w is the width of the conductivity cell (cm); and Dp(pupstream – pdownstream) is the pressure drop
(kPa). The monitored flow rate and pressure drop were then imported into Eq. 1 to determine the fracture conductivity at each closure
pressure. Each experiment was repeated twice, and similar results were observed.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fracture conductivity test with 2 lb/ft2

of ceramic proppant and steel plates

Ceramic proppant microscopic
property calibration

Rock plate mechanical
property calibration

Sand microscopic property
calibration

(a) (b)

LB simulator

Proppant pore
structure discretization

FLAC3D/PFC3D
coupling

Closure
stress

Closure
stress

Proppant assembly
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Fracture conductivity test with a full
monolayer concentration of ceramic
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Fig. 1—(a) Calibration workflow of sand and ceramic proppant’s microscopic properties as well as rock plate mechanical proper-
ties; and (b) integrated simulation workflow for modeling proppant compaction, rearrangement, embedment, and particle crush-
ing, as well as the influence on fracture conductivity.
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The particle size distributions of mesh-20/40 sand and ceramic proppant used in fracture conductivity experiments are illustrated in
Fig. 3. For ceramic proppant, the majority of particles falls between mesh-20 and mesh-30; for sand, particle diameters are more evenly
distributed in the entire range of mesh-20/40. Compared to ceramic proppant, sand particles have a more heterogeneous particle-
diameter distribution in a proppant pack, where smaller particles move more easily and can be compressed into the pore space between
larger particles, leading to a more significant proppant compaction and rearrangement. The large fracture-closure distance in a fracture
supported by sand results in a high porosity, permeability, and fracture conductivity reduction (Fan et al. 2018b).

Continuum Mechanics and FLAC3D. Continuum mechanics software FLAC3D is used for numerical simulation of rock plates in
this work. FLAC3D is an explicit finite-difference program for modeling 3D mechanical behaviors of elastoplastic geomaterials and
their interactions with fluid flow, heat transfer, and structural elements in both static and dynamic analysis modes (Itasca Consulting
Group 2012). It offers dozens of built-in elastic, elastoplastic, and rheological constitutive models for modeling different geomaterials
under various loading conditions. In FLAC3D, a computational loop solves two sets of governing equations: the constitutive law at ele-
ments and the equations of motion at grid points. A general FLAC3D solution procedure includes modeling geometry of geomaterials
with zones, assignment of constitutive models and material properties, applications of boundary and initial conditions, execution of the
simulation, and post-processing of modeling results.

DEM and PFC3D. In this study, a 3D discontinuum mechanics simulator, PFC3D, was used for DEM simulations (Itasca Consulting
Group 2008). DEM was initiated by Cundall (1971) then extended by Cundall and Strack (1979) to study rock mechanics and soil prob-
lems using an assembly of rigid, spherical particles. Recently, DEM has been proven efficient in simulating the mechanical behaviors
of proppant particles (Fan et al. 2019a, 2019b; Zhu et al. 2019). In PFC3D, the spherical particles are generated independently and inter-
act only at contacts or interfaces. The calculation cycle adopts a time-stepping algorithm, in which the position and velocity of each par-
ticle is determined by Newton’s second law of motion, and the force/displacement relation is used to update the contact force at each
contact. During the simulation, contacts can be created and separated. However, Newton’s second law of motion is not applied to
boundary walls because the motion of walls is specified by the user (Itasca Consulting Group 2008). In the proppant compaction study,
only the frictional grain behaviors need to be modeled. The microscopic properties for the model include the modulus Ea, the ratio of

(a)

(b)

Fig. 2—(a) Ceramic proppant, and (b) sand proppant in the fracture conductivity measurement cell.
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Fig. 3—Particle-size distributions for the mesh-20/40 sand and ceramic proppant. The y-axis indicates the cumulative mass frac-
tion of the particles that are larger than a specific particle size marked on the x-axis.
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normal to shear stiffness at particle contacts kn/ks, and the coefficient of friction u. The relationship between apparent modulus and par-
ticle stiffness is defined by:

kn ¼ AEa=D; ð2Þ

where A ¼ pr2, r ¼ minðR1;R2Þ; ball-ball

R1; ball-wall

�
, D ¼ R1þR2; ball-ball

R1; ball-wall

�
, R1 and R2 are the radii of the two particles in contact.

Coupling FLAC3D with PFC3D. In the coupling model, the continuum mechanics model is built with FLAC3D, and the DEM model
is built with PFC3D. During the coupling process, FLAC3D cycles and sends the interface zone velocities to the top and bottom faces
in the PFC3D model. These velocities act as the loading force on the proppant pack in the PFC3D model, and the calculated contact
forces on the top and bottom faces of the proppant pack are sent back to the interface zones in the FLAC3D model. This back and forth
sending and receiving velocities and contact forces continues until the equilibrium is reached. The coupling interface adopts a Socket I/O
connection technique for data exchange (Itasca Consulting Group 2008; Fan et al. 2018a; Wang et al. 2020).

Proppant Crushing Model. In the particle-crushing model, when a particle is overloaded by contact forces, the particle is crushed and
its volume in the assembly is replaced by a cluster of smaller particles. In DEM, the stress tensor within a particle can be obtained from
the volumetric average of contact forces acting on the particle (Potyondy and Cundall 2004):

rij ¼
R

V

Xnc

c¼1

n
ðcÞ
i F

ðcÞ
j ; ð3Þ

where R is the radius of the particle, V is the volume of the particle, nc is the number of contacts, n
ðcÞ
i is the ith component of the unit

direction vector of contact c, and F
ðcÞ
j is the jth component of the force magnitude of contact c.

The characteristic particle stress rs is used as the criterion of octahedral shear stress to determine particle crushing (Wang
et al. 2020):

rs ¼
1

3
r1 � r2ð Þ2 þ r2 � r3ð Þ2 þ r1 � r3ð Þ2

h i1/2

; ð4Þ

where r1, r2, r3 are the three principal stresses.
When the characteristic stress surpasses the particle crushing strength, the particle breaks and the particle breaking criterion is deter-

mined by Eq. 5:

rs > rcrush: ð5Þ

In this work, the fragmentation of a particle is simulated by replacing the particle with four smaller particles, and the replaced parti-
cles can also break during subsequent simulation process, as illustrated in Fig. 4. The replaced particles have two radii with values of
0.5 R and 0.33 R. To conserve the original particle volume, the four small particles are then increased by a factor of 1.4559 (Zheng and
Tannant 2019). In this study, the sand particle is assumed spherical, and the generated smaller particles inherit the same microscopic
properties from the big particle.

Discretization of 3D Proppant Pore Structure. The 3D proppant pore structure from the DEM simulation was discretized, extracted,
and then imported into the LB model as interior boundary conditions of flow modeling in the simulation of single-phase Darcy flow
through the pore space. Specifically, the 3D pore geometry was discretized with a 3D mesh grid having a resolution of 0.02 mm per LB
length unit in the x-, y-, and z-directions.

LB Method. The LB method is a mesoscopic physics-based numerical method for recovering the Navier-Stokes equations through
solving a set of kinetic equations at the mesoscale (Chen and Doolen 1998; Succi 2001). The LB simulator used in this study has been
extensively verified and validated by direct comparisons with analytical solutions and laboratory measurements (Chen et al. 2008,
2009a, 2009b). It was then optimized with high-performance graphics processing unit through parallel computing, which enhanced the
computational speed by a factor of 1,000 and led to an in-house LB code, graphics processing unit-enhanced LB simulator (Chen et al.
2016). In this work, the D3Q19 (19 velocity vectors in 3D space) lattice structure was used because of its advantage in achieving a
good balance between computational stability and efficiency (Chen et al. 2013).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fig. 4—Particle-crushing process: a big particle is replaced by several small particles after crushing.
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Particle distribution in the Bhatnagar-Gross-Krook-based, single-relaxation-time LB equation is given by

fiðxþ eiDt; tþ DtÞ ¼ fiðx; tÞ �
fiðx; tÞ � f eq

i ðq; uÞ
s

ði ¼ 0; 1; 2…18Þ; ð6Þ

where fi(x, t) is the particle-distribution function specifying the probability that fluid particles at lattice location x and time t travel
along the ith direction; ei is the lattice velocity vector; Dt is the timestep; s is the dimensionless relaxation time; q is the macroscopic
fluid density; u is the macroscopic fluid velocity; and f eq

i ðq;u) is the equilibrium distribution function selected to recover the macro-
scopic Navier-Stokes equations.

For fluid flow simulation in the Darcy regime, we imposed a periodic boundary condition with a constant pressure difference in the
longitudinal direction and no-slip boundary conditions on the four lateral sides and interior solid surfaces (Inamuro et al. 1999; Chen
et al. 2009a). Because proppant particle packing is isotropic, permeabilities measured in the x- and y-directions (i.e., the two principal
directions parallel to the top and bottom fracture walls) are nearly identical. The Re number was much smaller than one to ensure that
the macroscopic flow was well within the Darcy regime. At the continuum scale, the Darcy velocity v is calculated by averaging the
pore-scale flow velocity of each lattice node in the pore space throughout the entire computational domain. One can calculate the per-
meability tensor using the Darcy’s law:

v ¼ � 1

l
k � rp; ð7Þ

where v ¼ vx; vy; vz

� �T
is the Darcy velocity; k ¼ kij i; j ¼ x; y; zð Þ is the permeability tensor, with i being the flow direction and j being

the pressure gradient direction; rp is the pressure gradient; and l is the dynamic viscosity of the fluid. More details about the LB simu-
lator and the associated graphics processing unit optimization can be found in our previous papers (Chen et al. 2016; Fan et al. 2018b;
Fan and Chen 2020). In this study, the fracture wall is assumed impermeable, and thus no mass flux is allowed in the direction perpen-
dicular to the fracture wall.

Numerical Model Setup. In the coupled FLAC3D-PFC3D model, rock plates are simulated with Mohr-Coulomb material in FLAC3D
based on the continuum-scale mechanics. The width, length, and height of the rock block were 10, 10, and 5 mm, respectively. The
rock block was divided into a 30� 30� 15 mesh, which can achieve a balance between computational workload and accuracy. The
proppant particles filling the fracture between rock plates were modeled by PFC3D based on the discrete-scale mechanics. The dimen-
sion in the x-y plane, which was parallel to the fracture face, was 10� 10 mm, whereas the initial height of the proppant pack (i.e., frac-
ture width) depended on the proppant concentration and proppant size. Proppant concentration is defined as the mass of proppant
particles per unit fracture-face area and usually in the unit of lb/ft2. The proppant particles were generated randomly with well-
controlled diameter distributions and wrapped by six walls. The top and bottom walls in the PFC3D model were in direct contact with
rock plates modeled by FLAC3D, whereas the four side walls in the PFC3D model were used to prevent particles from escaping out of
the fracture. In each calculation loop, the velocities at the top and bottom surfaces of the fracture in the FLAC3D model were monitored
and sent to the PFC3D model. In the meanwhile, the reaction forces on the proppant particles in direct contact with the rock plates in
the PFC3D model were recorded and then sent to the FLAC3D model. Consequently, the stress boundary conditions for the FLAC3D
model and the velocity boundary conditions in the PFC3D model were updated. The data communication between the FLAC3D model
and PFC3D model continued until a specified closure pressure was reached. The coupling scheme and data transfer workflow in the
FLA3D/PFC3D coupled numerical model is illustrated in Fig. 5.

Proppant Embedment Determination. In this study, the displacements of grid points on rock plate surfaces in contact with proppant
particles after proppant embedment simulations are characterized quantitatively by surface displacement parameters. The most com-
monly used parameter is the average displacement, which is the arithmetic average of the absolute values of surface profile height devi-
ations from the mean line. Nevertheless, due to the wide range of proppant diameters, the average displacement may fail to provide
enough evaluation of local surface displacements. To obtain more proppant embedment details, the peaks and valleys on the rock plate
surface displacement profile can be evaluated separately (Santos and Júlio 2013). Therefore, the surface displacement of rock plate
after proppant embedment tests can be characterized by the mean peak height Rp, mean valley depth Rv, and mean peak-to-valley
height Ra. Fig. 6 illustrates peaks and valleys on a sample surface displacement profile over a scale of equally divided five blocks.

The mean peak height is defined by

Rp �
1

m

Xm

i¼1

jpij: ð8Þ

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Send forces Send velocities
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Fig. 5—FLAC3D/PFC3D-coupled numerical model.

DOI: 10.2118/204222-PA Date: 25-January-21 Stage: Page: 329 Total Pages: 18

ID: jaganm Time: 10:49 I Path: S:/J###/Vol00000/200154/Comp/APPFile/SA-SPE-J###200154

February 2021 SPE Journal 329

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/26/01/324/2411789/spe-204222-pa.pdf/1 by Virginia Polytechnic Inst. user on 20 February 2021



The mean valley depth is given by

Rv �
1

m

Xm

i¼1

jVij: ð9Þ

The mean peak-to-valley height is defined as the average of mean valley depth and peak height, which is given by

Ra ¼
1

2
ðRv þ RPÞ; ð10Þ

where Pi is the maximum peak height in the ith block, Vi is the maximum valley depth in ith block, and m is the number of the divided
blocks from the sample surface. In this study, Ra is adopted to evaluate the proppant embedment depth and the rock plate surface is
divided into nine equal-sized blocks.

Results

Effect of Rock/Fluid Interaction. To investigate the fracture conductivity evolution because of the rock/fluid interaction induced rock
softening in HF treatments, Berea Sandstone plates were soaked in DI water for 2 hours and 21 days separately and then used in the con-
ductivity measurements with both ceramic and sand proppant particles. The proppant particles were placed uniformly between rock
plates at a full monolayer proppant concentration. The fracture conductivity experiments conducted using the rock plates soaked in DI
water for 2 hours demonstrated that ceramic proppant withstood a higher closure pressure, whereas sand proppant was crushed into
finer grains after the conductivity experiments, as illustrated in Figs. 7a and 7c. This was because the higher roundness of the ceramic
proppant helped improve its crushing resistance, whereas the irregular shape of the sand proppant increased the probability of crushing
and fragmentation during the experiments (Nakata et al. 2001; Karatza et al. 2019). The conductivity experiments using the rock plates
soaked in DI water for 21 days showed that the rock plate in direct contact with ceramic proppant was indented significantly because
the rock plates were softened after 21 days of rock/fluid interactions, as shown in Fig. 7b. In addition, sand crushing was alleviated
because of the softened rock surface induced by the rock-fluid interactions, as shown in Fig. 7d.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. 6—Illustration of surface displacement profile over a spatial scale of four equal-sized blocks.

(a) (b)

(c) (d)

2 hours

Sand

Ceramic
proppant

21 days

Fig. 7—Proppant particles on sandstone rock surfaces after fracture conductivity measurements under closure pressures. Specifi-
cally, two pairs of sandstone rock plates were soaked in DI water for (a) 2 hours and (b) 21 days separately before the conductivity
measurements using ceramic proppant, and another two pairs of sandstone rock plates were soaked in DI water for (c) 2 hours
and (d) 21 days separately before the conductivity measurements using sand proppant.
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Fig. 8a illustrates the fracture width as a function of closure pressure for fractures supported by different types of proppants. Because
crushed sand grains were flushed to the downstream of the conductivity cell, the fluid outlet was blocked by crushed fines, leading to
the failure of conductivity measurement at 41.4 MPa. The fracture widths for fractures supported by sand declined much faster com-
pared to fractures supported by ceramic proppant. At a lower closure pressure (6.9 MPa), the fracture width reductions for both sand
and ceramic proppant can be attributed to proppant embedment. Because sand has poor sphericity and roundness, the irregular shape of
sand may help increase the fracture width in a monolayer-propped fracture when the longer dimension of a sand particle is perpendicu-
lar to the fracture face. When the fracture is subjected to a relatively higher closure pressure, more sand particles are crushed into finer
grains, resulting in a rapid decline of fracture width. Moreover, larger particles have a lower crushing resistance than smaller particles
(Zheng et al. 2018), leading to an increased crushing ratio of sand and thereby large fracture width reduction. The comparison of the
experiment results of 2 hours with 21 days clearly demonstrates that the rock/fluid interaction softens the rock plate and increases the
proppant embedment depth.

Fig. 8b presents the fracture conductivity as a function of closure pressure for fractures filled with sand and ceramic proppant parti-
cles. At the closure pressure of 6.9 MPa, fractures supported by sand had slightly higher fracture conductivities than fractures supported
by ceramic proppant because of larger fracture widths and enhanced flow channels. As the closure pressure increases, more sand parti-
cles are crushed into finer grains, which leads to a fast decline in the fracture conductivity. It is also worth noting that, as illustrated in
Fig. 7d, fewer sand particles were crushed between rock plates that were immersed in DI water for 21 days, which helped mitigate the
fracture conductivity reduction. Compared to experiments using rock plates upon exposure to DI water for 2 hours, the small fracture
conductivity of experiments using rock plates immersed in DI water for 21 days was because the conductivity loss resulting from prop-
pant embedment surpassed the conductivity gain due to less fine grain generation. The experiment results indicate that the short-term
rock/fluid interaction will not lead to severe proppant embedment, whereas the long-term rock-fluid interaction can cause substantial
proppant embedment and damage to the fracture conductivity. When narrow fractures are subjected to higher closure pressures, sand
crushing can deteriorate the fracture conductivity significantly even for situations where proppant embedment is alleviated in softer res-
ervoir formations due to the rock/fluid interaction.

Effect of Fracture Surface Roughness. To investigate the fracture surface roughness on proppant embedment, fracture conductivity
experiments were conducted using monolayers of mesh-20/40 ceramic proppant particles and Eagle Ford Shale plates having both
smooth and rough rock surfaces, as illustrated in Figs. 9a and 9b. Compared to the plate with smooth surface, it is impossible to place a
monolayer of proppant particles uniformly over the plate having a rough rock surface, as shown in Figs. 9c and 9d. Because of the sur-
face asperities, proppant particles are more likely to accumulate at surface valleys, whereas proppant particles fail to collect at
surface hills.
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Fig. 8—(a) Fracture width and (b) fracture conductivity as a function of closure pressure in the fracture conductivity experiments
using Berea Sandstone plates.
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Fig. 9—Eagle Ford Shale plates having (a) smooth rock surface and (b) rough rock surface, and proppant placements on the plates
having (c) smooth rock surface and (d) rough rock surface in the fracture conductivity cell.
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Fig. 10a illustrates the fracture width as a function of closure pressure for shale plates having smooth and rough rock surfaces at a
monolayer proppant concentration. At the same closure pressure, the shale plate having a rough surface had a higher fracture width.
Compared to the smooth surface, proppant particles on the rough surface tend to have more than one contact point with the rock plate,
which helps to distribute the closure pressure and to mitigate proppant embedment. Fig. 10b illustrates the fracture conductivity as a
function of closure pressure for fractures formed with smooth and rough rock surfaces. It is clearly observed that experiments using
Eagle Ford Shale plates having rough fracture surfaces had higher fracture conductivities. Because of the spherical shape of ceramic
proppant, there are more open spaces at the location adjacent to the fracture surface than the fracture center in the monolayer-propped
smooth fracture. Proppant embedment in smooth fractures will reduce both the fracture width and permeability significantly, leading to
a smaller fracture conductivity. However, in the monolayer-propped rough surface fracture, the uneven fracture surface helps to create
more void space in the middle of the fracture because the body centers of proppant particles are not necessarily lined up due to fracture
surface asperities. This will create more large flow channels and preferential flow paths and, consequently, the fractures with rough
surfaces have higher permeabilities and fracture conductivities.

Numerical Model Verification and Parameter Calibration. The first set of simulations were designed to reproduce the fracture con-
ductivity experiments for ceramic proppant with a concentration of 2 lb/ft2. Because the fracture conductivity was tested using steel
plates, there was no proppant embedment, and the fracture closure was due to proppant compaction and rearrangement. The model was
constructed with mesh-20/40 particles having a ceramic proppant diameter distribution illustrated in Fig. 3. Fig. 11 illustrates that the
fracture conductivities predicted by numerical simulations have a good agreement with experimental results, and the fracture conductiv-
ity decreases with increasing closure pressure. The microscopic properties of ceramic proppants in the model were calibrated through
comparing the fracture conductivity-closure pressure curve monitored in the simulation with that recorded in the laboratory experiment.
The microscopic properties of ceramic proppant extracted from simulations are summarized in Table 1.
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Fig. 10—(a) Fracture width and (b) fracture conductivity as a function of closure pressure in the fracture conductivity experiments
using Eagle Ford Shale plates.
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Fig. 11—Comparison between numerical results and experiment measurements. The ceramic proppant conductivities were tested
with a proppant concentration of 2 lb/ft2 using steel plates.

Proppant

Type

Proppant

Diameter (mm)

Bulk Modulus

(GPa)

Stiffness

Ratio kn/ks

Coefficient of

Friction u

Density

(kg/m3)

Ceramic 0.42 to 0.84 0.35 1 0.5 2650

Table 1—Microscopic properties of ceramic proppant used in the PFC3D model.

DOI: 10.2118/204222-PA Date: 25-January-21 Stage: Page: 332 Total Pages: 18

ID: jaganm Time: 10:50 I Path: S:/J###/Vol00000/200154/Comp/APPFile/SA-SPE-J###200154

332 February 2021 SPE Journal

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/26/01/324/2411789/spe-204222-pa.pdf/1 by Virginia Polytechnic Inst. user on 20 February 2021



In the second set of simulations, the mechanical properties of rock plate were calibrated by comparing the simulation results with
laboratory data of sandstone plates immersed in DI water for 2 hours and 21 days as well as Eagle Ford Shale plates having smooth
surfaces. As illustrated in Fig. 12, the numerical model was further verified by the good agreement between simulation results and
experimental data in a different set of conductivity tests. Note the microscopic properties of ceramic proppant calibrated from the first
set of simulations were adopted in this set of simulations. We performed a parametric study of rock mechanical properties by isolating
the effect of each individual property of the rock plate. The parameter calibration results indicate that the effect of Poisson’s ratio on
the fracture conductivity is slight, which is also consistent with the analytical study from Guo and Liu (2012). The rock plate experi-
enced somewhat tensile and compressive failure, but the plastic parameters (i.e., tensile strength, cohesion, friction angle) seem to only
have little effect on the fracture conductivity. In other words, the embedment here is primarily elastic local deformation in the rock
plate; for example, after the closure pressure is unloaded, the residual depth of embedment cavities on the rock plate becomes relatively
trivial. It is observed that the proppant embedment depth is affected significantly by the changes in Young’s modulus of the rock plate.
The calibrated mechanical parameters of shale plates with smooth surfaces as well as sandstone rock plates after 2 hours and 21 days of
DI water soaking are listed in Table 2. The calibration of rock mechanical parameters indicates that the rock/fluid interaction decreases
the Young’s modulus of the reservoir rock, leading to large proppant embedment depth and fracture conductivity loss.

In the third set of numerical simulations, the sand’s microscopic properties and crushing strength were calibrated by comparing the
simulation results with laboratory data of sandstone plates soaked in DI water for 2 hours and 21 days. The model was built with a
monolayer of mesh-20/40 sand particles using the sand particle-diameter distribution shown in Fig. 3. The sandstone plate’s mechanical
properties were adopted from Table 2. Fig. 13 presents good agreements between numerical simulations and experimental results.
Through matching the fracture conductivity-closure pressure curves measured from experiments with those recorded in numerical simu-
lations, the sand’s microscopic properties and crushing strength threshold were calibrated and summarized in Table 3.

Effect of Proppant Layer Number. During unconventional hydrocarbon production, narrow-fracture environments supported by
monolayers or thin layers of proppant particles are more easily generated because of the increasing fracture length. In this section, frac-
tures filled with one to three layers of ceramic proppant particles were modeled to investigate the influence of proppant layer number on
proppant embedment and fracture conductivity. The particles followed the mesh-20/40 ceramic proppant diameter distribution illus-
trated in Fig. 3. Fig. 14 displays side views of fractures supported by proppant packs with one to three layers. All the models were con-
structed with the calibrated mechanical properties of proppant and rock plates listed in Tables 1 and 2.

Fig. 15 illustrates a visual representation of proppant embedment into rock plates at different closure pressures (13.8, 27.8, and
41.4 MPa) and Young’s moduli (0.5, 1, and 5 GPa). It was clearly observed that the proppant embedment depth increased with the
increase of the closure pressure and decreased with the increase of the rock plate Young’s modulus. Moreover, when the Young’s mod-
ulus of the rock plate exceeded 5 GPa, only minor indentation on the surface of rock plate was observed. Fig. 15 indicates that the prop-
pant embedment depth is strongly correlated with the Young’s modulus change in the reservoir rock.
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Fig. 12—Fracture conductivity as a function of closure pressure obtained from laboratory fracture conductivity experiments and
numerical simulations with shale/sandstone plates and a monolayer of ceramic proppant. The time frame of 2 hours and 21 days
indicates that rock plates were soaked in DI water for a period of 2 hours and 21 days before conductivity tests, respectively. Shale
smooth indicates the shale rock plates have smooth surfaces.

Property Sandstone—2 Hours Sandstone—21 Days Shale—Smooth

Young’s modulus, E (Pa) 20�109 1�109 2�109

Poisson’s ratio (�) 0.25 0.25 0.25

Cohesive strength, C (Pa) 30�106 30�106 30�106

Friction angle, u (�) 30 30 30

Tensile strength, rT (Pa) 25�106 25�106 25�106

Table 2—Mechanical properties of rock plates in the FLAC3D model.

DOI: 10.2118/204222-PA Date: 25-January-21 Stage: Page: 333 Total Pages: 18

ID: jaganm Time: 10:50 I Path: S:/J###/Vol00000/200154/Comp/APPFile/SA-SPE-J###200154

February 2021 SPE Journal 333

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/26/01/324/2411789/spe-204222-pa.pdf/1 by Virginia Polytechnic Inst. user on 20 February 2021



When the fracture surface is covered by a monolayer of proppant particles, proppant embedment into the rock surface is the only
factor affecting the fracture closure (note, for the given closure pressure in the test, no ceramic proppant was crushed). If proppant parti-
cles develop to a multilayer assembly, all the mechanisms including proppant compaction, rearrangement, and embedment will contrib-
ute to the fracture closure. Therefore, when the fracture is filled with a monolayer of proppant particles, the proppant embedment depth
is equal to the fracture width reduction. When the fracture is supported by a multilayer proppant assembly, the proppant embedment
depth is determined by the fracture width reduction difference between the rock plate with real Young’s modulus and the rock plate
with high Young’s modulus (no proppant embedment). In this study, only proppant embedment of the top rock plate surface is deter-
mined due to the complementary surface configuration of the top and bottom rock plates.

Fig. 16 presents the proppant embedment depth as a function of rock plate Young’s modulus under different closure pressures when
fractures are supported by monolayer, two-layer, and three-layer numbers of proppant particles. As expected, the proppant embedment
depth increased with the increase of the closure pressure and decreased with increasing Young’s modulus of the rock plate. When the
Young’s modulus of the rock plate exceeded 5 GPa, proppant embedment depths for fractures filled with different layer numbers of
proppant particles gradually reached stable values. It is also observed that when the proppant layer number increased, the proppant
embedment depth decreased. This was because when proppant particles developed to multilayers, due to the proppant compaction and
rearrangement, the number of particles in direct contact with fracture walls was increasing, which led to less load on individual particles
to resist, eventually decreasing the proppant embedment depth.

Fig. 17a illustrates the fracture closure as a function of rock plate Young’s modulus for fractures supported by different layer num-
bers of proppant particles. The fracture width is determined by the difference of top and bottom plates’ mean peak-to-valley heights
using Eq. 7. Fracture width reduction is defined as the ratio of the amount of fracture width decrease to the original fracture width. It
can be observed that fracture closure decreased with increasing proppant layer numbers because fractures can be supported by more
proppant particles, allowing a single particle to undertake less load. Fig. 17b demonstrates fracture conductivities for fractures filled
with proppant particles from monolayer to multilayers under different closure pressures. The simulation results demonstrated that

Proppant

Type

Proppant

Diameter

(mm)

Bulk

Modulus

(GPa)

Crushing

Strength

(MPa)

Stiffness

Ratio

(kn/ks)

Coefficient

of Friction

(u)

Density

(kg/m3)

Sand 0.42 to 0.84 0.2 50 1 0.5 1540

Table 3—Microscopic properties of sand used in the PFC3D model.
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Fig. 14—Side views of fractures supported by (a) monolayer, (b) two layers, and (c) three layers of ceramic proppant.
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Fig. 13—Comparison between numerical results and experiment measurements. A monolayer of sand particles was placed
between sandstone plates that were soaked in DI water for 2 hours and 21 days separately before the conductivity measurements.
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fracture conductivity increased with the number of proppant layers. When the Young’s modulus of the rock plate is 0.5 GPa, proppant
embedment can reduce the fracture aperture by 60%, and it is difficult to maintain sufficient conductivity for the fracture supported by a
monolayer of proppant particles. Due to the spherical shape of ceramic proppant, large flow channels are formed adjacent to the fracture
surface than the fracture center when a fracture is filled with a monolayer of proppant particles. Proppant embedment will lead to a sig-
nificant decrease in the fracture permeability and an ultimate loss in the fracture conductivity. When proppant particles develop to a
multilayer structure, the permeability reduction because of proppant embedment can be mitigated because large flow channels can be
formed within the proppant pack. Therefore, mechanical support from two- or three-layer numbers of proppant particles are able to
impede the fracture width reduction, increase the fracture permeability, and thereby maintain the conductivity for a narrow fracture.

Effect of Proppant Size. Fig. 18 presents the effective stress distributions on the rock plate surface in direct contact with proppant par-
ticles under different closure pressures. The narrow fractures were supported by proppant packs with mesh-40/70 and mesh-20/40 prop-
pants at a full monolayer proppant concentration. Both mesh-20/40 and mesh-40/70 particles followed the ceramic proppant diameter
distribution illustrated in Fig. 3. The color intensity is proportional to the magnitude of the effective stress. The fracture surface in con-
tact with mesh-40/70 proppant particles had a more uniform stress distribution. In comparison to mesh-20/40 proppant particles, mesh-
40/70 proppant particles have a much smaller diameter so the fracture can be supported by more proppant particles, which reduces the
effective mechanical load on each particle and embedment depth on the rock surface. At the closure pressure of 41.4 MPa, large inden-
tations of mesh-20/40 particles can impose high local stress on the reservoir rock surface, which may generate fine particles that will be
produced within the formation fluids.
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Fig. 16—Proppant embedment depth as a function of rock plate Young’s modulus under different closure pressures and proppant
layer numbers.
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Fig. 15—Rock plate surface indented by a monolayer of proppant particles with different rock plates’ Young’s moduli and
closure pressures.
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Fig. 19a illustrates the fracture width reduction as a function of rock plate Young’s modulus for fractures supported by three mesh-
size proppant packs. As expected, proppant embedment decreased with increasing Young’s modulus of the rock plate. The embedment
with mesh-20/40 was more noticeable than mesh-40/70 and mesh-100 proppants. Moreover, the fracture width reduction ratio (embed-
ment ratio) decreased when the mesh size of proppant decreased. This was because, when the fine-sized proppant was used, more parti-
cles were in direct contact with the rock surface and thus played an effective role in supporting the fracture, which reduced the load on
individual particles. As a consequence, the rock plate was less susceptible to proppant embedment. Fig. 19b presents the fracture con-
ductivity as a function of rock plate Young’s modulus. It can be observed that fractures filled with large-size proppant particles had
higher fracture conductivities compared with fractures filled with small-size proppant particles. In the fractures supported by mesh-20/
40 proppant particles, as more large flow channels can be formed in the proppant pack, the fracture conductivity gain from permeability
increase will surpass the fracture conductivity loss introduced by proppant embedment (i.e., aperture reduction). In the fractures filled
with mesh-40/70 and mesh-100 proppant particles, both the reduction in permeability of the proppant pack and the reduction of fracture
width will work together, resulting in a smaller fracture conductivity. Moreover, the fracture conductivity as a function of Young’s
modulus curves demonstrate that large-size proppant particles are more sensitive to the changes in Young’s modulus of the rock plate.
In narrow fractures filled with small mesh-size proppant particles, the long-term fracture conductivity can be maintained more easily
because more void spaces on the rock surface can be covered by proppant particles.

Effect of Proppant Diameter Distribution. Fig. 20 presents effective stress distributions for rock plate surfaces in direct contact with
proppant particles with homogeneous and heterogeneous particle-diameter distributions under different closure pressures. In the first
panel, fractures are supported by monolayers of homogeneous proppant particles with a particle diameter equal to 0.63 mm. In the
second panel, fractures are supported by monolayers of mesh-20/40 particles with the ceramic proppant diameter distribution illustrated
in Fig. 3. It is clearly illustrated that fracture surfaces in contact with homogeneous proppant particles had a more homogeneous stress
distribution. This was because in the fractures supported by heterogeneous proppants, not all the particles were in direct contact with
both the top and bottom fracture surfaces, leading to a more heterogeneous stress distribution.

Fig. 21a illustrates the fracture width reduction as a function of rock plate Young’s modulus for fractures filled with monolayers of
proppant particles having different diameter distributions. When rock plates had the same Young’s modulus, fractures supported by
homogeneous proppant particles had a smaller fracture width reduction. This was because all the proppant particles were in contact
with both top and bottom fracture surfaces, leading to a lower load on an individual proppant particle and thereby smaller proppant
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Fig. 17—(a) Fracture width reduction and (b) fracture conductivity as a function of rock plate Young’s modulus for fractures filled
with monolayer, two layers, and three layers of proppant particles under different closure pressures.
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Fig. 18—Effective stress distributions on rock surfaces indented by mesh-40/70 and mesh-20/40 proppants under different closure
pressures. The fractures are filled with monolayer proppant packs with a rock Young’s modulus of 1 GPa.
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embedment. Fig. 21b presents the fracture conductivity as a function of rock plate Young’s modulus. In general, the fracture supported
by homogeneous proppant particles had a higher fracture conductivity because of the higher fracture width and permeability. However,
when the rock plate Young’s modulus was 0.5 GPa, the fracture filled with heterogeneous proppant particles had a relatively higher
fracture conductivity under effective stress of 41.4 MPa. This was because the large proppant embedment led to more reductions in
flow channels and subsequent conductivity loss in the monolayer proppant pack having a homogeneous proppant diameter distribution.
It is also interesting to note that, when the rock plate Young’s modulus was 30 GPa, fractures filled with heterogeneous proppant parti-
cles had relatively higher facture conductivities. This was because the proppant assembly with a heterogeneous particle distribution had
more large-size proppant particles that could lead to more open flow channels and thus a higher fracture conductivity when proppant
embedment was less severe. This study indicates that when the reservoir rock has a relatively high Young’s modulus, the proppant
particle-diameter distribution has a lesser effect on the fracture conductivity.

Effect of Proppant Crushing. After fracture conductivity experiments, it was observed that sand was crushed into finer grains under
high closure pressures. In this section, fractures filled with sand proppant packs having different layer numbers, particle sizes, and size
distributions were simulated to investigate the effect of proppant crushing on proppant embedment and fracture conductivity. The
mesh-40/70 and mesh-20/40 proppant particles followed the sand particle-diameter distribution, as shown in Fig. 3. Fig. 22 illustrates
the fractures filled with monolayers of sand particles under different closure pressures. The numerical model was based on the cali-
brated properties listed in Tables 2 and 3. It was clearly illustrated that, when the closure pressure increased to 4,000 psi, several parti-
cles failed to withstand the closure pressure and began to break. When the fracture was subjected to a closure pressure of 6,000 psi,
most particles were crushed into fine grains, and the mechanical loading imposed on the fine particles in direct contact with fracture
surfaces further increased, which enhanced proppant embedment on rock surfaces.

Fig. 23a illustrates the proppant embedment ratio as a function of closure pressure. Proppant embedment ratio is defined as the ratio
of proppant embedment depth to the original fracture width. As expected, with the same closure pressure, the proppant embedment
ratio increased with the decrease of rock plate Young’s modulus. When the rock plate had the same Young’s modulus, compared to
fractures filled with mesh-20/40 particles, proppant embedment ratios were smaller for fractures filled with mesh-40/70 particles,
homogenous particles, and two layers of particles. This was because, under these three scenarios, more particles were in direct contact
with the rock surface, leading to lower load on individual particles and thereby smaller proppant embedment ratios. Fig. 23b demon-
strates fracture conductivities as a function of closure pressure. The simulation results clearly demonstrated that rock plates with a
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Fig. 20—Effective stress distributions on rock surfaces indented by monolayers of proppants with homogeneous and heterogene-
ous particle-diameter distributions under different closure pressures. The Young’s modulus of the rock plate is 1 GPa.
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Fig. 19—(a) Fracture width reduction and (b) fracture conductivity as a function of rock plate Young’s modulus for fractures sup-
ported by monolayer proppant packs having various proppant sizes.
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higher Young’s modulus had higher fracture conductivities for all scenarios. When the effective stress increases to 41.4 MPa, the frac-
ture conductivity decreased significantly, because most particles were crushed and the generated fine-sized particles can block the flow
channels, leading to lower fracture conductivities. It was also observed that the fracture conductivity increased with the number of prop-
pant layers. Compared with the fractures supported by mesh-20/40 particles, fractures supported by mesh-40/70 particles were less sen-
sitive to the variations in Young’s moduli of the rock plates. When the rock plate had a relatively high Young’s modulus (e.g., 20 GPa),
the proppant diameter distribution played a less important role on the fracture conductivity.

(a) (b) (c)

Fig. 22—Proppant pack of sand particles under closure pressures of (a) 13.8 MPa, (b) 27.8 MPa, and (3) 41.4 MPa. The development
of fine-sized particles was due to proppant crushing under increasing closure pressures. The fracture was filled with a monolayer
of sand particles between two sandstone rock plates having a Young’s modulus of 20 GPa.
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Fig. 23—(a) Proppant embedment ratio and (b) fracture conductivity as a function of closure pressure. “1 GPa” and “20 GPa” repre-
sent the rock plate Young’s modulus; “20/40” and “40/70” represent the proppant particle size; “homogeneous” indicates a mono-
layer of homogeneous proppant particles with a particle diameter of 0.63 mm; and “2-layer” indicates two layers of sand particles
having a size distribution of mesh-size 20/40.
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ported by monolayers of proppants with homogeneous and heterogeneous particle-diameter distributions.
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Conclusions

In this work, a comprehensive experimental and numerical study was conducted to evaluate the factors affecting proppant embedment
in narrow fractures. Through fracture conductivity experiments, the influence of rock/fluid interaction, fracture surface roughness, and
proppant type on the changes in proppant embedment was investigated. A coupled numerical workflow combing FLAC3D/PFC3D with
LB simulator was then developed to evaluate the role of proppant layer number, proppant size, proppant diameter distribution, and
proppant particle crushing on the changes in fracture width and conductivity when rock plates have various Young’s moduli. The simu-
lated fracture/proppant system can demonstrate more realistic interactions between proppants, hydraulic fractures, and closure pressure.
Moreover, the proposed numerical workflow provides a more efficient and economical way for proppant parameter selections without
carrying out time-consuming fracture-conductivity experiments. Based on the experimental and numerical studies, the following con-
clusions can be drawn:
1. Fractures supported by monolayers of sand particles cannot maintain sufficient fracture conductivities even when proppant embed-

ment is mitigated in softened rock formations due to the interaction between the rock plate and fracturing fluid. Compared with the
short-term interaction, the long-term rock/fluid interaction can result in significant proppant embedment and severe damage to the
fracture conductivity in monolayer-propped fractures.

2. In a monolayer-propped fracture, the fracture having a rough rock surface has higher fracture width and conductivity because of the
alleviated proppant embedment and increased fracture permeability.

3. There is a strong relationship between rock mechanical properties and proppant embedment. When the Young’s modulus of the rock
plate exceeds 5 GPa, ceramic proppant embedment can be alleviated considerably.

4. When the rock plate is softened significantly due to the rock/fluid interaction, mechanical support from two or more layer numbers
of proppant can help to minimize the effect of proppant embedment and to maintain the conductivity in narrow fractures.

5. The proppant size study demonstrates that proppant particles having large diameters are more sensitive to the changes of Young’s
modulus of the rock plate. For narrow fractures supported by small mesh-size proppants (e.g., 40/70 or 100), the long-term fracture
conductivity can be maintained more easily because fractures can be supported by more proppant particles.

6. When the rock formation has a relatively high Young’s modulus, the proppant particle-diameter distribution has a lesser effect on
the fracture conductivity in narrow-fracture environments.

Nomenclature

ei ¼ lattice velocity vector, m/s
Ea ¼ apparent modulus, GPa
fi ¼ particle-distribution function

F
ðcÞ
j ¼ jth component of the force magnitude of contact c, N
k ¼ permeability tensor, m2

kn ¼ normal stiffness at the contact, N/m
kS ¼ shear stiffness at the contact, N/m

kwf ¼ conductivity of the propped fracture, mm2 � cm
L ¼ distance between pressure ports, cm

nc ¼ number of contacts

n
ðcÞ
i ¼ ith component of the unit direction vector of contact c, dimensionless
Q ¼ flow rate, cm3/s

Ra ¼ mean peak-to-valley height, mm
Rp ¼ mean peak height, mm
Rv ¼ mean valley depth, mm

t ¼ time, seconds
v ¼ Darcy velocity, m/s

W ¼ width of the conductivity cell, cm
x ¼ location, m

Dp ¼ pressure drop, kPa
Dt ¼ timestep, seconds
Dx ¼ lattice spacing, m
l ¼ dynamic viscosity, mPa�s
q ¼ density, kg/m3

s ¼ relaxation time, dimensionless
xi ¼ weights for D3Q19 model
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