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ABSTRACT

Ceramic spheres, typically with a particle diameter of less than 0.8 mm, are frequently utilized as a crit-
ical proppant material in hydraulic fracturing for petroleum and natural gas extraction. Porous ceramic
spheres with artificial inherent pores are an important type of lightweight proppant, enabling their trans-
port to distant fracture extremities and enhancing fracture conductivity. However, the focus frequently
gravitates towards the low-density advantage, often overlooking the pore geometry impacts on compres-
sive strength by traditional strength evaluation. This paper numerically bypasses such limitations by us-
ing a combined finite and discrete element method (FDEM) considering experimental results. The mesh
size of the model undergoes validation, followed by the calibration of cohesive element parameters via
the single particle compression test. The stimulation elucidates that proppants with a smaller pore size
(40 pm) manifest crack propagation evolution at a more rapid pace in comparison to their larger-pore
counterparts, though the influence of pore diameter on overall strength is subtle. The inception of pores
not only alters the trajectory of crack progression but also, with an increase in porosity, leads to a dis-
cernible decline in proppant compressive strength. Intriguingly, upon crossing a porosity threshold of
10 %, the decrement in strength becomes more gradual. A denser congregation of pores accelerates crack
propagation, undermining proppant robustness, suggesting that under analogous conditions, hollow prop-
pants might not match the strength of their porous counterparts. This exploration elucidates the under-
lying mechanisms of proppant failure from a microstructural perspective, furnishing pivotal insights that
may guide future refinements in the architectural design of porous proppant.
© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

hold the fractures open, propping agents (proppant particles) are
mixed with the fluid and injected into the formations, as shown in

Ceramic spheres have found a wide array of applications in var-
ious industries due to their unique properties. These spheres, char-
acterized by their high strength and thermal stability, have become
increasingly vital in fields such as filtration, catalysis, and thermal
insulation [1-9]. One of the most noteworthy applications of ce-
ramic spheres is in the domain of hydraulic fracturing, where they
are utilized as proppants. Hydraulic fracturing stands as a preva-
lent stimulation technique employed to amplify the production of
fluids from subterranean formations. Within this process, pressur-
ized fluid is forcefully injected into reservoirs to create fractures. To
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Fig. 1 [10,11]. The basic proppant types include sand and ceramic.
Sand has been used as proppant particles since hydraulic frac-
turing was first successfully tested in 1947 [12,13]. Sand, in gen-
eral, constitutes a robust, abrasion-resistant, and chemically sta-
ble silicate mineral, derived from the crushing and screening of
quartz. The apparent density of sand approximates 2.65 g/cm3. Be-
yond a closure stress of 20 MPa, sand commences breaking [14-
16]. In contrast, ceramic proppant is crafted from sintered bauxite,
kaolin, magnesium silicate, or blends of bauxite and kaolin [17-
20]. In comparison to quartz sand, ceramic proppant boasts supe-
rior strength and density [21,22]. Ideally, proppant particles should
exhibit lower density, facilitating their transportation to the end
of fractures, particularly for hydraulic fracturing of shale or coal to
form multiple fractures. However, compared to fracturing fluid, the
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Proppant

Fig. 1. Illustration of hydraulic fracturing and the role of proppant [11].

density of quartz sand or ceramic proppant proves excessive, pos-
ing challenges in effectively filling remote fractures [23-25]. Con-
sequently, low-density porous proppants have garnered exceptional
attention [26,27].

Over recent years, various techniques have been employed to
impart porous structure to proppants, resulting in a significant re-
duction in their overall density. For example, Fan et al. [28] re-
ported a noteworthy case wherein a porous proppant boasting an
exceptionally low apparent density of 1.25 g/cm® was introduced.
This specific proppant was synthesized from low-grade bauxite,
nano-silica, micro-silica, and sodium metasilicate by instant sin-
tering through thermal plasma and closed-external pore sintering
using a rotary kiln. Urbanek et al. [29] proposed an economically
efficient method for manufacturing porous proppant with appar-
ent density ranging from 1.0 to 2.9 g/cm?, involving the prepara-
tion of ceramic precursor material, dispersion in low-temperature
boiling liquid, creation of particles with liquid-filled pores, drying
to remove pores, and final sintering into generally spherical parti-
cles, marking a significant innovation in porous proppant produc-
tion. Optimal proppant should possess not only low density but
also a requisite level of compressive strength [30-32]. The prop-
pant with insufficient compressive strength is prone to succumb
under high closure stress, resulting in disintegration and the gener-
ation of fines or fragments. This diminishes the permeability of the
fracture created by hydraulic fracturing and consequently impacts
its effectiveness. However, there is often an excessive focus on the
density of porous proppant, while the impact of increased pores
on proppant strength tends to be overlooked. Previous studies have
demonstrated that pores play a significant role in influencing parti-
cle strength. For example, Savchenko et al. [33] experimentally ob-
served porous alumina ceramics when subjected to deformation by
compression. It was shown that the destruction process was con-
trolled by shearing stresses. The size and location of damages de-
pend on the pore space volume. Serkova et al. [34] presented the
digital analysis of reconstructed 3D micro-CT images for studying
the internal voids and the pore distribution inside the proppant.
The findings revealed that proppant strength depends on its poros-
ity rather than the pore distribution. Keles et al. [35] proposed a
two-dimensional finite element model to assess the pore-pore in-
teractions on fracture statistics of porous material. The study re-
vealed that even at extremely low porosity levels, such as 2 %,
these pore-to-pore interactions remain significant for compressive
strength.

In the literature, there exists a significant gap in quantitative
analysis on the correlation of pore geometry with the mechani-
cal properties of proppant. Therefore, in this study, we provide a
comprehensive analysis of the impact of pore size, porosity, and
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pore distribution on the crack patterns and compressive strength of
porous proppant utilizing the finite and discrete element method
(FDEM). This represents the first application of FDEM in this field.
This study enriches the research on porous proppant and holds sig-
nificant implications for the lightweight proppant industry.

2. Experiment and method

In this section, two samples (marked as sample A and sample
B) of ceramic proppant (40/70 mesh, 0.212 to 0.425 mm) were
obtained from Panzhihua Bing Yang Technology Co Ltd. Compre-
hensive tests were conducted on their density, strength, and mi-
crostructure. The information on materials and tests used in this
work is listed in Fig. S1 in Supplementary Information. The exper-
imental results can provide parameters for modeling and verifica-
tion.

2.1. Density and crushing tests

Density tests for proppants include measurements of bulk
density and apparent density. Strength assessments involve com-
pressive strength levels and single-particle compression tests.
The protocols for evaluating the bulk density, apparent density,
and compressive strength level follow the guidelines specified in
SY/T5108-2014 [36]. The steps of the single-particle compression
test are listed in Supplementary Information.

2.2. Microstructure measurement

The microstructure of the ceramic proppant was determined by
X-ray diffraction (XRD), scanning electron microscopy (SEM), and
porosity test, providing a basis for explaining the performance of
the ceramic proppant. Phase identification was performed using
XRD (X'Pert Pro, Malvern panalytical) with Cu Ko radiation at a
scanning rate of 6.0 °/min. The pore structure of the proppant was
observed using SEM (JSM-6700F, JEOL, Japan). The porosity is cal-
culated from true density and apparent density, and its testing
method is listed in the supplementary information.

3. Modeling

In this section, a combined finite and discrete element method
(FDEM) approach is adopted to simulate particle breakage behav-
ior, via multi-directional two-point loading, focusing on the pores
inside proppant effects.
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Damage initiation

Fig. 2. Bilinear traction separation curve.

3.1. FDEM theory

The Finite Element Method (FEM) discretizes continuous sys-
tems into finite elements, enabling structural, thermal, and fluid
dynamics analysis in environments with uniform materials and
complex shapes. It uses local approximations within these ele-
ments to solve global equations based on continuum mechan-
ics. In contrast, the Finite Discrete Element Method (FDEM) com-
bines the Finite Element Method (FEM) with the Discrete Element
Method (DEM), effectively simulating both the large-scale behav-
ior of materials and the micro-scale interactions between parti-
cles. This makes FDEM ideal for addressing complex problems like
crack propagation, rock mechanics, and granular material behavior,
where both continuous and discrete phenomena play crucial roles
[37-39]. Within the framework of FDEM, particles are discretized
utilizing four-node solid tetrahedral elements in this paper, and
these tetrahedral elements are linked through zero-thickness co-
hesive interface elements. For tetrahedral elements, the material is
treated as linear-elastic using constant-strain tetrahedral elements.
Cracks are caused by the failure of geometric zero-thickness co-
hesive elements using traction-separation damage laws. The rela-
tionship between displacement and traction force at the cohesive
zone follows the bilinear function [40,41], as stated in Fig. 2. As
shown in Fig. 2, T represents traction stress, § represents opening
displacement. The bilinear constitutive model can be divided into
a linear rise stage (OA), a damage initiation point (A), and a linear
damage descent stage (AB). Before the material reaches the stress
limit, T increases linearly with the increased §. After the material
reaches the stress limit, it enters the loss stage and exhibits linear
softening behavior. When & reaches the failure strains, the cohe-
sive element completely loses its load-bearing capacity resulting in
cracks.

During the three-dimensional fracture process, there is traction
stress in the normal (T;) and two shear directions (Ts, T;) on the
crack surface. The elastic behavior before damage initiation is rep-
resented by an elastic constitutive matrix. The linear elastic behav-
ior represented by the stiffness matrix is as follows:

Tn Kon  Kns Knt | | dn
T={Tt=|Ks Ks Ks]|q3 ¢t =KS (1)
T; Koe K Ku | |0

where K represents the stiffness coefficient of the cohesive force
element, dimensionless; T, Ts, Ty represents the normal stress,
shear stress, and tensile stress respectively, (MPa); &,, Js, &¢ rep-
resents the normal strain, shear strain, and tensile strain, respec-
tively.
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In order to describe the damage to cohesive elements, the co-
hesive damage criterion selected in this paper was the quadratic
nominal stress damage criterion, which can be expressed as:

n\ (L) () _,
) \w) "\mw) =

where TQ, TO, T? represents the peak contact stress when the
separation is completely perpendicular to the interface in the first
and second shear directions, (MPa).

The damage evolution mode is based on the Benzeggagh Ke-
nane criterion [42,43], and the BK fracture criterion applies to
cases where the critical fracture energy is the same during defor-
mation in two shear directions, which can be expressed as:

G 2
GS + (GS - GY) (Gi) =G°

where GC is the total energy release rate; GS is the tensile fracture
energy of the unit; Gg is the fracture energy when pure tensile
and two shear failures occur.

(2)

3)

3.2. Geometry and boundary conditions

In order to improve computational efficiency, this paper mainly
studies the crushing behavior of a single proppant. The 3D-FDEM
is developed to simulate how a porous proppant behaves when
compressed by a rigid body. The following assumptions were made
[44]:

(1) In the course of preparation of porous proppant, only closed
pores are formed to promote its strength.

(2) Proppant and closed pores look like standard spheres.

(3) Pores do not overlap.

(4) Proppants exhibit elastic deformation.

Based on the assumption presented above, the porous prop-
pant generation process was established by the secondary devel-
oping function of the general finite element software, as shown in
Fig. 3(a). The pore generation relies on the random distribution al-
gorithm which was validated in Section 4.2. Fig. 3(b) depicts the
porous proppant model alongside the defined boundary conditions.
Contact between the proppant particle and the rigid employs ex-
plicit general contact, with contact properties divided into normal
and tangential components. The normal component is defined as
“hard contact”, akin to contact between two rigid bodies, while the
tangential component is defined by Coulomb friction. The magni-
tude of the tangential force is controlled by the friction coefficient,
set to 0.5. Additionally, the bottom rigid body was fixed, while the
top rigid body was loaded at a rate of 3 mmy/s. The process of
porous proppant under compression can be described dynamic ex-
plicit step. The analysis step was 0.025 s, stable time step was 7 us
[45]. When the loading is finished, the relationship curve between
force and displacement can be obtained. The peak load value on
this curve represents the single-particle compressive strength of
the proppant [46].

4. Results and discussions
4.1. Proppant characterization

Table 1 shows the density and crushing test results of two
types of proppant samples. It can be seen that the proppant ex-
hibits a maximum bulk density of 1.5 g/cm3 and a maximum ap-
parent density of 2.77 g/cm3. As the classification criteria for ce-
ramic proppants [11], the examined samples are categorized as
lightweight proppants. The strength is usually correlated to the
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Fig. 3. Finite and discrete element Model: (a) Geometric model generation process and (b) grid and boundary model.
Table 1
The results of the proppant density and crushing test.
Bulk density Apparent Compressive Compressive
Sample  (g/cm?3) density (g/cm?3) strength evel (MPa) strength Value (N)
A 1.50 2.77 86 38.53
B 1.44 2.61 69 31.13
10
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Fig. 4. The results of microstructure measurement. (a-c) Sample A, (d-f) sample B, (a, d) XRD patterns, (b, e) SEM morphology, and (c, f) repeated porosity tests.

proppant density. This distinction could potentially be attributed
to variations in their microstructure.

Fig. 4 shows the microstructures of two different ceramic prop-
pant particles. The XRD results indicate that the phase types of
the two samples are the same, mainly composed of mullite and
cristobalite phases. Furthermore, semi-quantitative analysis results
reveal that the phase compositions of the two samples are simi-
lar. The mullite phase constitutes approximately 70 % of the con-
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tent, while the quartz phase constitutes around 30 %. Mullite is a
binary solid solution compound composed of Al,05 and SiO,. It
remains stable at room temperature and exhibits advantages such
as high-temperature resistance, resistance to acidity and alkalin-
ity, and high mechanical strength. It is the main phase responsi-
ble for forming high-strength proppant. In cases where the phase
composition and content are similar, the primary reason for the
significant differences in the strength of proppant particles is the
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Table 2
Basic model input parameters.

Basic geometry Porosity (%) 4
information Pore diameter (pum) 50
Particle size (mm) 0.3
Material parameters Density (g/cm?) 2.76
of tetrahedral Elastic modulus (MPa) 127,000
elements Poisson’s ratio 0.25
Material parameters Unit stiffness (N/mm?) 200,000
of cohesive elements Unit strength (MPa) 100
Fracture energy (N/mm)  0.25

variation in internal pore structures. Some pores identified in the
cross-sectional images under SEM have been delineated using yel-
low circles. Both types of proppant particles exhibit distinct pore
structures, predominantly in circular shape, providing a basis for
the assumption of spherical pores in the FDEM. Pore analysis re-
veals that the porosity of Sample A is approximately 4.15 %, while
that of Sample B is about 13 %. The porosity of Sample B is more
than three times that of Sample A, which could be the main factor

leading to the significantly lower strength of Sample B compared
to A.

4.2. Validation of FDEM in simulation proppant breakage behavior

4.2.1. Basic model inputs

From Section 4.1, the lightweight ceramic proppant is mainly
composed of quartz and mullite. In this study, assuming that the
material of tetrahedral elements and cohesive elements is homoge-
neous, the theoretical elastic modulus and Poisson’s ratio are cal-
culated using the weighted average method, as follows:

E=Y ExV

V:ZU,‘XVi (5)

where E and v are Elastic modulus and Poisson’s ratio of tetrahe-
dral elements respectively, E; and v; are the elastic modulus and
Poisson’s ratio of the particle phase that makes up the proppant,
V; is the volume fraction of each phase, which can be determined
by XRD results.

The material parameters of tetrahedral elements are calculated
according to the basic elastic parameters of quartz and mullite
shown in Table S1 in Supplementary Information. The basic model
input parameters are shown in Table 2.

(4)

(a)

Mesh size=0.05mm Mesh size= 0.034mm Mesh size= 0.02mm

t=0.0075s

Journal of Materials Science & Technology 211 (2025) 72-81

Table 3
Designed mesh size information.

Mesh size Number

Number of Number of Number of
(mm) of nodes tetrahedral elements cohesive elements all elements
0.05 7352 1838 3385 5223
0.034 10,424 2606 4778 7384
0.02 21,028 5257 10,223 15,480

4.2.2. The decision on mesh size

For FDEM, crack propagation occurs along the boundaries of the
elements. The choice of element size not only affects the morphol-
ogy of the cracks but also has a significant impact on the com-
putational scale. In this study, the mesh size is determined by
the mechanical performance and crack morphology. Three differ-
ent mesh sizes were designed for numerical simulations using the
Gmsh generator. The relevant parameters are shown in Table 3.

Fig. 5 depicts the crack morphology and the displacement-load
curve under different mesh sizes using basic input parameters in
Table 2. Fig. 5(a) represents the crack evolution of proppant parti-
cles under different mesh sizes, with red indicating the crack loca-
tions. It can be observed that proppant particles with larger mesh
sizes lead to earlier appearances of red cracks. At 0.012 s, a through
crack appears for a particle with a mesh size of 0.05. At 0.015 s, the
particle is penetrated by both the primary and secondary cracks.
Meanwhile, for particles with mesh sizes of 0.02 and 0.034, the
crack patterns are similar, with the primary crack penetrating at
t = 0.015 s. From Fig. 5(b), it can be observed that as the load-
ing process progresses, the load sustained by the proppant contin-
ues to increase. At a displacement of approximately 0.03 mm, the
proppant reaches its peak load-bearing capacity, with further dis-
placement, the load rapidly decreases, indicating that cracks have
propagated. Different mesh sizes exhibit variations in their com-
pressive strength. For proppant particles with different grid sizes,
there is a small difference in their maximum load. The maximum
load with a grid size of 0.05 is about 12 N, while the load with
grid sizes of 0.02 and 0.034 are similar, and is about 10 N.

In numerical simulations, a smaller mesh size results in a
higher number of elements, leading to more precise simulations.
However, it increases computational complexity and reduces ef-
ficiency. A mesh size of 0.02 closely approximates the real state
of the proppant particle but it demands a higher computational
load. For example, using a dual-core processor, the computational
time required for a mesh size of 0.02 approaches 30 min, while

(b)

—*— Mesh size=0.05 mm
—*— Mesh size=0.034mm

LY
b A
f." ;A *
;‘.'.\ S‘
)
£

Mesh size=0.02 mm

0.00 0.02 0.04 0.06 0.08

Displacement(mm)

Fig. 5. Crack morphology (a) and displacement-load curve (b) under different mesh sizes.
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Fig. 6. Simulated compressive strength from different pore distributions in the
proppants.

a mesh size of 0.034 necessitates only 10 min. Taking into account
the mechanical performance and crack morphology under different
mesh sizes and considering computational efficiency, a mesh size
of 0.034 is chosen, as it balances both mechanical performance and
fracture patterns.

4.2.3. Validation of pore generation method

Owing to the random distribution employed in the pore gener-
ation method, variations in proppant strength may manifest even
when identical parameters are utilized. To address this variabil-
ity, 9 distinct models were synthesized using a randomization ap-
proach, all adhering to the identical model parameters outlined in
Table 2. The computed outcomes of these models are presented in
Fig. 6. It is observed that the particle compressive strength fluc-
tuates, with a zenith of 12.9 N and a nadir of 11.5 N, yielding a

Journal of Materials Science & Technology 211 (2025) 72-81

maximal deviation in the vicinity of 10 %. These findings suggest
that the influence of pore distribution on the compressive strength
of proppant is comparatively moderate. Consequently, within the
context of model computations, it is reasonable to employ a set of
random distribution models as a representative under this specific
pore parameter, thereby simplifying the computational process.

4.2.4. Calibration of cohesive element parameters

The calibration of the cohesive element parameters to some ex-
tent influences the simulation results. Calibration, in essence, in-
volves continuously adjusting the cohesive element parameters of
the model, comparing the simulation results from the calibrated
model with experimental results, and ultimately achieving a good
agreement between the numerical results and experimental re-
sults. If the calibrated macroscopic target physical quantities fall
within the acceptable error range, it indicates that the model’s pa-
rameter calibration is successful.

In this section, these cohesive element parameters can be cal-
ibrated through a single particle compression test in Section 2.1.
Initially, based on the basic model input parameters in Table 2,
we investigated the influence of cohesive element parameters on
displacement-load curves. The results are shown in Fig. 7. It is evi-
dent that proppant strength increases as the cohesive element pa-
rameters are adjusted. As shown in Fig. 7(a), the unit strength in-
creased from 50 to 400 MPa, resulting in a nearly fourfold increase
in proppant strength from 6 to 22 N. From Fig. 7(b), fracture en-
ergy rises from 0.125 to 2 N/mm, leading to a twofold increase in
proppant strength from 8 to 17 N. Notably, the unit strength has a
more significant impact on proppant strength compared to fracture
energy. From Fig. 7(c), it is evident that proppant strength remains
relatively unchanged under varying unit stiffness coefficients. The
stiffness primarily affects the slope during the loading process. A
higher stiffness coefficient results in a steeper slope and a smaller
failure displacement. For instance, a unit stiffness of 10° N/mm?
yields a failure displacement of approximately 0.04 mm, while a
unit stiffness of 20 x 10° N/mm? results in a smaller displacement
of around 0.02 mm.

_|(a) unit strength

—a— 50MPa

—e— 100MPa
—4— 200MPa
—v— 300MPa
—— 400MPa

01 :
7(b) fracture energy

—=—(.125N/m
—o— 0.25N/mm

~ —A— (0.5N/mm
IN/

Z.20 - et
=
5 10 N

0 n

— T T T T y T T

~15- (c) stiffness coefficient —=—106*N/mm3

5 —e—20¢*N/mm3
\% —a—40e*N/mm3
ho) 10 N —v—80¢*N/mm3
8 5 —4—200¢*N/mm3
—

0.04
Displacement (mm)

006 0.10

Fig. 7. The effect of cohesive element parameters on the mechanical performance: (a) unit strength, (b) fracture energy, and (c) stiffness coefficient.
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Fig. 8. Comparison between simulated and experimental results: (a) sample A and (b) sample B.

Fig. 8 presents a comparison between the simulation and the
experimental results, following the adjustment of cohesive ele-
ments using the trial and error method [47]. The adjusted cohesive
unit strength is set at 400 MPa, the fracture energy at 0.6 N/mm,
and the unit stiffness at 120 x 10* N/mm?. As can be seen in Fig. 8,
it's apparent that the adjusted displacement-load curve closely ap-
proximates the experimental values. However, it's worth noting the
presence of multiple “small peaks” in the simulation curve before
reaching the maximum load. These “small peaks” can be attributed
to two primary factors. Firstly, they are a consequence of calcula-
tion oscillations due to the use of stable time steps, manifesting
as a multi-peak phenomenon. Secondly, they result from the initial
wear and local cracks between particles and the loading plate be-
fore the primary crack that traverses the particles emerges. These
factors lead to small peaks in the displacement-load curve prior to
the occurrence of fracture. Additionally, it's observable that, after
reaching the maximum load, the simulation curve does not exhibit
a sharp decline, as seen in the experimental curve. Instead, it dis-

(a)

d=40mm d=50mm d=60mm d=70mm

0

plays a gradual decrease. This behavior is due to the relatively high
loading rate in the simulation curve, and the presence of internal
pores which influence the subsequent crushing behavior [48].

4.3. The effect of pore size on mechanical property

Pore size serves as a pivotal parameter for characterizing the
structural attributes of porous proppant. Nevertheless, it is note-
worthy that the existing literature addressing the influence of pore
size on the mechanical strength of such porous proppant is lim-
ited. It is essential to emphasize that the pore sizes of these prop-
pant particles are generally on the micro-meter scale. In our inves-
tigation, modified cohesion element parameters were used while
keeping other parameters constant. We systematically varied the
pore diameters to 40, 50, 60, and 70 pm to investigate the effects
of different pore sizes on the cracks morphology and mechanical
strength of the proppant. The outcomes of our simulations are pre-
sented in Fig. 9.

——d=40mm
d=50mm
~—d=60mm
| ——d=70mm

50 55 60 65 70
Pore size (um)

T T T T T T T
.00 0.01 0.02 003 0.04 005 0.06 007 0.08

Displacement (mm)

Fig. 9. Crack morphology (a) and displacement-load curve (b) under different pore sizes.
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To macroscopically investigate the crack patterns of porous
proppant, we have extracted crack morphology at different times,
as depicted in Fig. 9(a). At 0.01375 s, proppant particles with pore
sizes of 50, 60, and 70 um have already exhibited the formation
of continuous cracks, while proppant with pore size of 40 um pri-
marily demonstrate the development of inter-pore cracks. It is evi-
dent that, at the same time point, proppants with relatively larger
pore sizes exhibit a significantly faster progression in crack expan-
sion and evolution when contrasted with those possessing rela-
tively smaller pore sizes. Meanwhile, at 0.025 s, proppant parti-
cles with pore sizes of 40 and 50 um have fragmented into four
smaller components, whereas proppant particles with pore sizes
of 60 and 70 um predominantly divide into three smaller seg-
ments. This observation suggests that secondary cracks are more
prone to develop in proppants with smaller pore sizes in compar-
ison to their larger pore counterparts. This phenomenon can be
attributed to two primary factors: (1) Under equivalent porosity
conditions, smaller pore sizes entail a higher quantity of pores dis-
tributed within the model, with smaller relative distances between
these pores. When subjected to equivalent external forces, this cir-
cumstance facilitates the advancement of secondary cracks, lead-
ing to the fragmentation of the proppant into numerous smaller
pieces, which subsequently affects propped fracture conductivity.
(2) Under the same loading conditions, a reduced number of crack
segments results in a heightened degree of stress concentration.
This intensified stress concentration propels the rapid expansion
of cracks, thereby accelerating crack propagation and evolution in
proppants with larger pore sizes.

The impact of variations in pore size on the displacement-load
relationship curve is illustrated in Fig. 9(b). This graphical rep-
resentation highlights that, under equivalent porosity conditions,
proppant particles with distinct pore sizes exhibit minimal dispari-
ties in their peak loads, suggesting that pore size exerts a relatively
modest influence on the proppant’s mechanical strength. Neverthe-
less, it is worth noting that for smaller pore sizes, the displace-
ment at which the proppant attains its maximum load is notably
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increased, signifying a gradual material failure. This observation, in
comparison to the data presented in Fig. 9, can be attributed to
the fact that smaller pore sizes facilitate the formation of multiple
fractures. Under identical external energy inputs, the rate of crack
propagation is reduced, leading to an extended time to material
failure. Moreover, when analyzing the post-peak curve, it is evident
that proppants with larger pore sizes (50, 60, and 70 pm) exhibit a
more rapid rate of load decay compared to those with a pore size
of 40 um, demonstrating characteristics akin to ‘brittleness’.

4.4. The effect of porosity on mechanical property

Porosity stands as a fundamental characteristic in the domain
of porous materials, exhibiting a profound interrelationship with
structural integrity. Nonetheless, the experimental examination of
the impact of porosity on the mechanical strength of proppant par-
ticles is fraught with intricacies. Furthermore, the determination
of proppant strength under extreme conditions, such as when the
porosity is reduced to 0 %, remains infeasible. To address this chal-
lenge, the FDEM was employed, involving the utilization of metic-
ulously adjusted cohesion element parameters while keeping other
relevant parameters consistent. This facilitated a systematic inves-
tigation of how variations in porosity ranging from 0 % to 20 %,
influence the cracks morphology and mechanical characteristics of
proppant.

In Fig. 10(a-d), we present the progressive development of
cracks within the proppant at distinct levels of porosity, all within
the confines of the same cross-sectional profile. The graphic rep-
resentation underscores that differences in porosity result in di-
vergent loci of initial crack inception within the proppant parti-
cles. As these emerging cracks propagate under the influence of
external loading, the final positions of the primary macroscopic
fracture lines are altered. In the instance of a pore-free prop-
pant, cracks initiate at the upper and lower contact surfaces and
proceed to swiftly propagate towards the central point of the prop-
pant sphere. Conversely, in the case of proppant particles endowed
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Fig. 10. Crack morphology of different porosity: (a) 0 %, (b) 4 %, (c) 10 %, and (d) 15 %. (e) The failed cohesive element numbers under different porosity. (f) Relationship

between porosity and proppant compressive strength.
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Fig. 11.

with pores, the presence of these voids modulates the trajectory of
crack propagation, channeling the cracks along the direction of the
pores, thereby conferring increased intricacy upon the crack pat-
terns of the porous proppant particles. Furthermore, with the pas-
sage of computational time, the numerical simulation yields valu-
able insight into the number of cohesive elements due to fracture,
thereby serving as an indirect indicator of the degree of proppant
disintegration, as shown in Fig. 10(e). A discernible trend emerges:
(1) An increase in porosity is accompanied by a marked rise in
the count of failed cohesive elements, indicative of a heightened
propensity for crack formation and the ensuing complexities of
crack morphology. (2) Cohesive elements featuring a porosity of
0 % exhibit the longest duration before experiencing failure, sig-
nifying that a diminished porosity amplifies the challenge of initi-
ating cracks.

Fig. 10(f) offers a depiction of the compressive strength exhib-
ited by proppant particles under varying porosity. The illustration
highlights that amplification in pore volume serves to diminish
the load-bearing surface area of the proppant material, resulting
in a pronounced reduction in proppant strength [49]. Neverthe-
less, when the porosity surpasses 10 %, the variations in proppant
strength exhibit a more gradual trajectory. This observation em-
phasizes that, relative to factors such as pore size and pore lo-
cation, porosity exerts the most substantial influence on both the
compressive strength of proppant particles. In the context of prac-
tical hydraulic fracturing production, proppant particles character-
ized by low density yet high structural toughness impart enhanced
fracture conductivity. In contrast, an increase in porosity serves
to reduce the proppant density and strength. Notably, when the
porosity exceeds 10 %, the impact on proppant strength becomes
comparatively less pronounced, thus providing invaluable guidance
on the production of porous proppant particles.

4.5. The effect of pore distribution on mechanical property

The spatial distribution of pores holds great significance, as it
profoundly influences the procedural details in the fabrication of
porous proppant particles. Historically, porous proppant particles
were crafted with a hollow configuration to mitigate their density
[50-52]. In this section, employing modified cohesive element pa-
rameters and imposing a porosity of 3 %, we conducted simula-
tions to examine the impact of diverse pore distributions—namely,
within the core, intermediate, and inner surface of a spherical
structure—on the compression dynamics of the porous proppant.
The findings are elucidated in Fig. 11.
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Cracks morphology (a) and displacement-load curve (b) under different pore distribution cases.

Fig. 11(a) shows the progression of crack formation within the
proppant at various time intervals. As evidenced by Fig. 11(a), ir-
respective of the distinct operating conditions, the ultimate failure
morphology of the proppant shares a common characteristic, char-
acterized by its division into four primary segments. Notably, at
0.01625 s, the proppant has already manifested continuous cracks
when pores are concentrated at the core, whereas in the other two
scenarios, the mode of crack development predominantly involves
inter-pore connectivity. This observation emphasizes the view that
proppant featuring centralized pore distributions exhibits a sig-
nificantly accelerated pace of crack extension and evolution. This
phenomenon highlights the significance of pore distribution con-
centration, which facilitates faster stress propagation and thereby
makes the proppant more prone to fracture.

Fig. 11(b) illustrates the displacement-load curves correspond-
ing to various pore distribution configurations. The graph reveals a
conspicuous trend wherein proppants featuring centrally concen-
trated pores exhibit a notably reduced strength of a mere 35 N, in
contrast to those with a more widely dispersed pore distribution,
which manifests a significantly elevated material strength. This ob-
servation underscores the direct relationship between support ma-
terial strength and the degree of pore concentration. Particularly
noteworthy is the fact that, in the context of low-density proppant
particles, porous proppant outperform their hollow counterparts in
terms of strength.

5. Conclusions

This study introduces the Finite-Discrete Element Method
(FDEM) to investigate the crack morphology and compressive
strength of porous proppant for the first time. A novel computa-
tional method for generating pore generation was developed and
successfully validated. By adjusting the cohesive element param-
eters using displacement-load curve data from proppant crushing
tests, this research evaluates the impact of pore size, porosity, and
pore distribution on the mechanical properties of porous proppant.
The conclusions can be concluded as follows:

(1) The pore size exerts a relatively modest influence on proppant
compressive strength. Our analysis discerns distinct crack mor-
phology across proppant particles of varied pore dimensions. It
emerges that proppant particles endowed with a pore size of
40 pm experience a deceleration in crack propagation trajecto-
ries against their larger-pored counterparts.



Z. Liao, H. Rabiee, L. Ge et al.

(2) The natural occurrence of pores influences the direction of
crack propagation, directing cracks to align with the orien-
tation of the pores. This subtle interaction leads to complex
crack patterns within proppant particles. At the same time, in-
creased porosity reduces the effective load-bearing area of the
proppant, resulting in a noticeable reduction in its compressive
strength within a specific range. Notably, for the lightweight
proppant assessed in this study, which has a mullite content
of approximately 70 %, a porosity level above 10 % indicates a
stabilization in the variations of proppant strength.

Expanding our analytical horizon to encapsulate simulations of
proppant particles characterized by variegated pore distribution
spectra (encompassing core, intermediate, and inner surface),
we find that the increased pore concentration accelerates stress
transmission velocities. This acceleration enhances the dynam-
ics of crack propagation within the proppant, making it more
prone to fracturing, which also explains why porous proppants
have greater strength than hollow proppants.

w
At

In summary, this investigation provides a novel approach to un-
derstanding porous proppant strength, offering insights that are set
to drive innovation in the low-density proppant industry.
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