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a b s t r a c t 

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 μm) 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/ ) 
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. Introduction 

Ceramic spheres have found a wide array of applications in var- 

ous industries due to their unique properties. These spheres, char- 

cterized by their high strength and thermal stability, have become 

ncreasingly vital in fields such as filtration, catalysis, and thermal 

nsulation [ 1–9 ]. One of the most noteworthy applications of ce- 

amic spheres is in the domain of hydraulic fracturing, where they 

re utilized as proppants. Hydraulic fracturing stands as a preva- 

ent stimulation technique employed to amplify the production of 

uids from subterranean formations. Within this process, pressur- 

zed fluid is forcefully injected into reservoirs to create fractures. To 
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old the fractures open, propping agents (proppant particles) are 

ixed with the fluid and injected into the formations, as shown in 

ig. 1 [ 10 , 11 ]. The basic proppant types include sand and ceramic.

and has been used as proppant particles since hydraulic frac- 

uring was first successfully tested in 1947 [ 12 , 13 ]. Sand, in gen-

ral, constitutes a robust, abrasion-resistant, and chemically sta- 

le silicate mineral, derived from the crushing and screening of 

uartz. The apparent density of sand approximates 2.65 g/cm3 . Be- 

ond a closure stress of 20 MPa, sand commences breaking [ 14–

6 ]. In contrast, ceramic proppant is crafted from sintered bauxite, 

aolin, magnesium silicate, or blends of bauxite and kaolin [ 17–

0 ]. In comparison to quartz sand, ceramic proppant boasts supe- 

ior strength and density [ 21 , 22 ]. Ideally, proppant particles should 

xhibit lower density, facilitating their transportation to the end 

f fractures, particularly for hydraulic fracturing of shale or coal to 

orm multiple fractures. However, compared to fracturing fluid, the 
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Fig. 1. Illustration of hydraulic fracturing and the role of proppant [ 11 ]. 
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ensity of quartz sand or ceramic proppant proves excessive, pos- 

ng challenges in effectively filling remote fractures [ 23–25 ]. Con- 

equently, low-density porous proppants have garnered exceptional 

ttention [ 26 , 27 ]. 

Over recent years, various techniques have been employed to 

mpart porous structure to proppants, resulting in a significant re- 

uction in their overall density. For example, Fan et al. [ 28 ] re-

orted a noteworthy case wherein a porous proppant boasting an 

xceptionally low apparent density of 1.25 g/cm3 was introduced. 

his specific proppant was synthesized from low-grade bauxite, 

ano-silica, micro-silica, and sodium metasilicate by instant sin- 

ering through thermal plasma and closed-external pore sintering 

sing a rotary kiln. Urbanek et al. [ 29 ] proposed an economically 

fficient method for manufacturing porous proppant with appar- 

nt density ranging from 1.0 to 2.9 g/cm ³, involving the prepara- 

ion of ceramic precursor material, dispersion in low-temperature 

oiling liquid, creation of particles with liquid-filled pores, drying 

o remove pores, and final sintering into generally spherical parti- 

les, marking a significant innovation in porous proppant produc- 

ion. Optimal proppant should possess not only low density but 

lso a requisite level of compressive strength [ 30–32 ]. The prop- 

ant with insufficient compressive strength is prone to succumb 

nder high closure stress, resulting in disintegration and the gener- 

tion of fines or fragments. This diminishes the permeability of the 

racture created by hydraulic fracturing and consequently impacts 

ts effectiveness. However, there is often an excessive focus on the 

ensity of porous proppant, while the impact of increased pores 

n proppant strength tends to be overlooked. Previous studies have 

emonstrated that pores play a significant role in influencing parti- 

le strength. For example, Savchenko et al. [ 33 ] experimentally ob- 

erved porous alumina ceramics when subjected to deformation by 

ompression. It was shown that the destruction process was con- 

rolled by shearing stresses. The size and location of damages de- 

end on the pore space volume. Serkova et al. [ 34 ] presented the

igital analysis of reconstructed 3D micro-CT images for studying 

he internal voids and the pore distribution inside the proppant. 

he findings revealed that proppant strength depends on its poros- 

ty rather than the pore distribution. Keleş et al. [ 35 ] proposed a 

wo-dimensional finite element model to assess the pore–pore in- 

eractions on fracture statistics of porous material. The study re- 

ealed that even at extremely low porosity levels, such as 2 %, 

hese pore-to-pore interactions remain significant for compressive 

trength. 

In the literature, there exists a significant gap in quantitative 

nalysis on the correlation of pore geometry with the mechani- 

al properties of proppant. Therefore, in this study, we provide a 

omprehensive analysis of the impact of pore size, porosity, and 
73
ore distribution on the crack patterns and compressive strength of 

orous proppant utilizing the finite and discrete element method 

FDEM). This represents the first application of FDEM in this field. 

his study enriches the research on porous proppant and holds sig- 

ificant implications for the lightweight proppant industry. 

. Experiment and method 

In this section, two samples (marked as sample A and sample 

) of ceramic proppant (40/70 mesh, 0.212 to 0.425 mm) were 

btained from Panzhihua Bing Yang Technology Co Ltd. Compre- 

ensive tests were conducted on their density, strength, and mi- 

rostructure. The information on materials and tests used in this 

ork is listed in Fig. S1 in Supplementary Information. The exper- 

mental results can provide parameters for modeling and verifica- 

ion. 

.1. Density and crushing tests 

Density tests for proppants include measurements of bulk 

ensity and apparent density. Strength assessments involve com- 

ressive strength levels and single-particle compression tests. 

he protocols for evaluating the bulk density, apparent density, 

nd compressive strength level follow the guidelines specified in 

Y/T5108-2014 [ 36 ]. The steps of the single-particle compression 

est are listed in Supplementary Information. 

.2. Microstructure measurement 

The microstructure of the ceramic proppant was determined by 

-ray diffraction (XRD), scanning electron microscopy (SEM), and 

orosity test, providing a basis for explaining the performance of 

he ceramic proppant. Phase identification was performed using 

RD (X’Pert Pro, Malvern panalytical) with Cu K α radiation at a 

canning rate of 6.0 °/min. The pore structure of the proppant was 

bserved using SEM (JSM-6700F, JEOL, Japan). The porosity is cal- 

ulated from true density and apparent density, and its testing 

ethod is listed in the supplementary information. 

. Modeling 

In this section, a combined finite and discrete element method 

FDEM) approach is adopted to simulate particle breakage behav- 

or, via multi-directional two-point loading, focusing on the pores 

nside proppant effects. 
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Fig. 2. Bilinear traction separation curve. 
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.1. FDEM theory 

The Finite Element Method (FEM) discretizes continuous sys- 

ems into finite elements, enabling structural, thermal, and fluid 

ynamics analysis in environments with uniform materials and 

omplex shapes. It uses local approximations within these ele- 

ents to solve global equations based on continuum mechan- 

cs. In contrast, the Finite Discrete Element Method (FDEM) com- 

ines the Finite Element Method (FEM) with the Discrete Element 

ethod (DEM), effectively simulating both the large-scale behav- 

or of materials and the micro-scale interactions between parti- 

les. This makes FDEM ideal for addressing complex problems like 

rack propagation, rock mechanics, and granular material behavior, 

here both continuous and discrete phenomena play crucial roles 

 37–39 ]. Within the framework of FDEM, particles are discretized 

tilizing four-node solid tetrahedral elements in this paper, and 

hese tetrahedral elements are linked through zero-thickness co- 

esive interface elements. For tetrahedral elements, the material is 

reated as linear-elastic using constant-strain tetrahedral elements. 

racks are caused by the failure of geometric zero-thickness co- 

esive elements using traction-separation damage laws. The rela- 

ionship between displacement and traction force at the cohesive 

one follows the bilinear function [ 40 , 41 ], as stated in Fig. 2 . As

hown in Fig. 2 , T represents traction stress, δ represents opening 

isplacement. The bilinear constitutive model can be divided into 

 linear rise stage (OA), a damage initiation point (A), and a linear 

amage descent stage (AB). Before the material reaches the stress 

imit, T increases linearly with the increased δ. After the material 

eaches the stress limit, it enters the loss stage and exhibits linear 

oftening behavior. When δ reaches the failure strains, the cohe- 

ive element completely loses its load-bearing capacity resulting in 

racks. 

During the three-dimensional fracture process, there is traction 

tress in the normal ( Tn ) and two shear directions ( Ts , Tt ) on the

rack surface. The elastic behavior before damage initiation is rep- 

esented by an elastic constitutive matrix. The linear elastic behav- 

or represented by the stiffness matrix is as follows: 

 =

⎧ ⎨ 

⎩ 

Tn 

Ts 

Tt 

⎫ ⎬ 

⎭ 

=

⎡ 

⎣ 

Knn Kns Knt 

Kns Kss Kst 

Knt Kst Ktt 

⎤ 

⎦ 

⎧ ⎨ 

⎩ 

δn 

δs 

δt 

⎫ ⎬ 

⎭ 

= Kδ (1) 

here K represents the stiffness coefficient of the cohesive force 

lement, dimensionless; Tn , Ts , Tt represents the normal stress, 

hear stress, and tensile stress respectively, (MPa); δn , δs , δt rep- 

esents the normal strain, shear strain, and tensile strain, respec- 

ively. 
74
In order to describe the damage to cohesive elements, the co- 

esive damage criterion selected in this paper was the quadratic 

ominal stress damage criterion, which can be expressed as: 

Tn 

T 0 
N 

)2 

+
(

Ts 

T 0 
S 

)2 

+
(

TT 

T 0 
T 

)2 

= 1 (2) 

here T 0 
N 

, T 0 
S 

, T 0 
T 

represents the peak contact stress when the 

eparation is completely perpendicular to the interface in the first 

nd second shear directions, (MPa). 

The damage evolution mode is based on the Benzeggagh Ke- 

ane criterion [ 42 , 43 ], and the BK fracture criterion applies to 

ases where the critical fracture energy is the same during defor- 

ation in two shear directions, which can be expressed as: 

C 
n +

(
GC 

S − GC 
n 

)(GS 

GT 

)2 

= GC (3) 

here GC is the total energy release rate; GC 
n is the tensile fracture 

nergy of the unit; GC 
S 

is the fracture energy when pure tensile 

nd two shear failures occur. 

.2. Geometry and boundary conditions 

In order to improve computational efficiency, this paper mainly 

tudies the crushing behavior of a single proppant. The 3D-FDEM 

s developed to simulate how a porous proppant behaves when 

ompressed 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- 

ant generation process was established by the secondary devel- 

ping function of the general finite element software, as shown in 

ig. 3 (a). The pore generation relies on the random distribution al- 

orithm which was validated in Section 4.2 . Fig. 3 (b) depicts the 

orous proppant model alongside the defined boundary conditions. 

ontact between the proppant particle and the rigid employs ex- 

licit general contact, with contact properties divided into normal 

nd tangential components. The normal component is defined as 

hard contact”, akin to contact between two rigid bodies, while the 

angential component is defined by Coulomb friction. The magni- 

ude of the tangential force is controlled by the friction coefficient, 

et to 0.5. Additionally, the bottom rigid body was fixed, while the 

op rigid body was loaded at a rate of 3 mm/s. The process of 

orous proppant under compression can be described dynamic ex- 

licit step. The analysis step was 0.025 s, stable time step was 7 us 

 45 ]. When the loading is finished, the relationship curve between 

orce and displacement can be obtained. The peak load value on 

his curve represents the single-particle compressive strength of 

he proppant [ 46 ]. 

. Results and discussions 

.1. Proppant characterization 

Table 1 shows the density and crushing test results of two 

ypes of proppant samples. It can be seen that the proppant ex- 

ibits a maximum bulk density of 1.5 g/cm3 and a maximum ap- 

arent density of 2.77 g/cm3 . As the classification criteria for ce- 

amic proppants [ 11 ], the examined samples are categorized as 

ightweight 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. 

Sample 

Bulk density 

(g/cm3 ) 

Apparent 

density (g/cm3 ) 

Compressive 

strength evel (MPa) 

Compressive 

strength Value (N) 

A 1.50 2.77 86 38.53 

B 1.44 2.61 69 31.13 

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. 
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roppant density. This distinction could potentially be attributed 

o variations in their microstructure. 

Fig. 4 shows the microstructures of two different ceramic prop- 

ant particles. The XRD results indicate that the phase types of 

he two samples are the same, mainly composed of mullite and 

ristobalite phases. Furthermore, semi-quantitative analysis results 

eveal that the phase compositions of the two samples are simi- 

ar. The mullite phase constitutes approximately 70 % of the con- 
75
ent, while the quartz phase constitutes around 30 %. Mullite is a 

inary solid solution compound composed of Al2 O3 and SiO2 . It 

emains stable at room temperature and exhibits advantages such 

s high-temperature resistance, resistance to acidity and alkalin- 

ty, and high mechanical strength. It is the main phase responsi- 

le for forming high-strength proppant. In cases where the phase 

omposition and content are similar, the primary reason for the 

ignificant differences in the strength of proppant particles is the 
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Table 2 

Basic model input parameters. 

Basic geometry 

information 

Porosity (%) 4 

Pore diameter (μm) 50 

Particle size (mm) 0.3 

Material parameters 

of tetrahedral 

elements 

Density (g/cm3 ) 2.76 

Elastic modulus (MPa) 127,000 

Poisson’s ratio 0.25 

Material parameters 

of cohesive elements 

Unit stiffness (N/mm3 ) 200,000 

Unit strength (MPa) 100 

Fracture energy (N/mm) 0.25 
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Table 3 

Designed mesh size information. 

Mesh size 

(mm) 

Number 

of nodes 

Number of 

tetrahedral elements 

Number of 

cohesive elements 

Number of 

all elements 

0.05 7352 1838 3385 5223 

0.034 10,424 2606 4778 7384 

0.02 21,028 5257 10,223 15,480 
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ariation in internal pore structures. Some pores identified in the 

ross-sectional images under SEM have been delineated using yel- 

ow circles. Both types of proppant particles exhibit distinct pore 

tructures, predominantly in circular shape, providing a basis for 

he assumption of spherical pores in the FDEM. Pore analysis re- 

eals that the porosity of Sample A is approximately 4.15 %, while 

hat of Sample B is about 13 %. The porosity of Sample B is more

han three times that of Sample A, which could be the main factor 

eading to the significantly lower strength of Sample B compared 

o A. 

.2. Validation of FDEM in simulation proppant breakage behavior 

.2.1. Basic model inputs 

From Section 4.1 , the lightweight ceramic proppant is mainly 

omposed of quartz and mullite. In this study, assuming that the 

aterial of tetrahedral elements and cohesive elements is homoge- 

eous, the theoretical elastic modulus and Poisson’s ratio are cal- 

ulated using the weighted average method, as follows: 

 =
∑ 

Ei × Vi (4) 

=
∑ 

νi × Vi (5) 

here E and ν are Elastic modulus and Poisson’s ratio of tetrahe- 

ral elements respectively, Ei and νi are the elastic modulus and 

oisson’s ratio of the particle phase that makes up the proppant, 

i is the volume fraction of each phase, which can be determined 

y XRD results. 

The material parameters of tetrahedral elements are calculated 

ccording to the basic elastic parameters of quartz and mullite 

hown in Table S1 in Supplementary Information. The basic model 

nput parameters are shown in Table 2 . 
Fig. 5. Crack morphology (a) and displacement-

76
.2.2. The decision on mesh size 

For FDEM, crack propagation occurs along the boundaries of the 

lements. The choice of element size not only affects the morphol- 

gy of the cracks but also has a significant impact on the com- 

utational scale. In this study, the mesh size is determined by 

he mechanical performance and crack morphology. Three differ- 

nt mesh sizes were designed for numerical simulations using the 

msh generator. The relevant parameters are shown in Table 3 . 

Fig. 5 depicts the crack morphology and the displacement-load 

urve under different mesh sizes using basic input parameters in 

able 2 . Fig. 5 (a) represents the crack evolution of proppant parti- 

les under different mesh sizes, with red indicating the crack loca- 

ions. It can be observed that proppant particles with larger mesh 

izes lead to earlier appearances of red cracks. At 0.012 s, a through 

rack appears for a particle with a mesh size of 0.05. At 0.015 s, the

article is penetrated by both the primary and secondary cracks. 

eanwhile, for particles with mesh sizes of 0.02 and 0.034, the 

rack patterns are similar, with the primary crack penetrating at 

 = 0.015 s. From Fig. 5 (b), it can be observed that as the load-

ng process progresses, the load sustained by the proppant contin- 

es to increase. At a displacement of approximately 0.03 mm, the 

roppant reaches its peak load-bearing capacity, with further dis- 

lacement, the load rapidly decreases, indicating that cracks have 

ropagated. Different mesh sizes exhibit variations in their com- 

ressive strength. For proppant particles with different grid sizes, 

here is a small difference in their maximum load. The maximum 

oad with a grid size of 0.05 is about 12 N, while the load with

rid sizes of 0.02 and 0.034 are similar, and is about 10 N. 

In numerical simulations, a smaller mesh size results in a 

igher number of elements, leading to more precise simulations. 

owever, it increases computational complexity and reduces ef- 

ciency. A mesh size of 0.02 closely approximates the real state 

f the proppant particle but it demands a higher computational 

oad. For example, using a dual-core processor, the computational 

ime required for a mesh size of 0.02 approaches 30 min, while 
load curve (b) under different mesh sizes. 
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Fig. 6. Simulated compressive strength from different pore distributions in the 

proppants. 
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 mesh size of 0.034 necessitates only 10 min. Taking into account 

he mechanical performance and crack morphology under different 

esh sizes and considering computational efficiency, a mesh size 

f 0.034 is chosen, as it balances both mechanical performance and 

racture patterns. 

.2.3. Validation of pore generation method 

Owing to the random distribution employed in the pore gener- 

tion method, variations in proppant strength may manifest even 

hen identical parameters are utilized. To address this variabil- 

ty, 9 distinct models were synthesized using a randomization ap- 

roach, all adhering to the identical model parameters outlined in 

able 2 . The computed outcomes of these models are presented in 

ig. 6 . It is observed that the particle compressive strength fluc- 

uates, with a zenith of 12.9 N and a nadir of 11.5 N, yielding a
Fig. 7. The effect of cohesive element parameters on the mechanical perform

77
aximal deviation in the vicinity of 10 %. These findings suggest 

hat the influence of pore distribution on the compressive strength 

f proppant is comparatively moderate. Consequently, within the 

ontext of model computations, it is reasonable to employ a set of 

andom distribution models as a representative under this specific 

ore parameter, thereby simplifying the computational process. 

.2.4. Calibration of cohesive element parameters 

The calibration of the cohesive element parameters to some ex- 

ent influences the simulation results. Calibration, in essence, in- 

olves continuously adjusting the cohesive element parameters of 

he model, comparing the simulation results from the calibrated 

odel with experimental results, and ultimately achieving a good 

greement between the numerical results and experimental re- 

ults. If the calibrated macroscopic target physical quantities fall 

ithin the acceptable error range, it indicates that the model’s pa- 

ameter calibration is successful. 

In this section, these cohesive element parameters can be cal- 

brated through a single particle compression test in Section 2.1 . 

nitially, based on the basic model input parameters in Table 2 , 

e investigated the influence of cohesive element parameters on 

isplacement-load curves. The results are shown in Fig. 7 . It is evi- 

ent that proppant strength increases as the cohesive element pa- 

ameters are adjusted. As shown in Fig. 7 (a), the unit strength in- 

reased from 50 to 400 MPa, resulting in a nearly fourfold increase 

n proppant strength from 6 to 22 N. From Fig. 7 (b), fracture en- 

rgy rises from 0.125 to 2 N/mm, leading to a twofold increase in 

roppant strength from 8 to 17 N. Notably, the unit strength has a 

ore significant impact on proppant strength compared to fracture 

nergy. From Fig. 7 (c), it is evident that proppant strength remains 

elatively unchanged under varying unit stiffness coefficients. The 

tiffness primarily affects the slope during the loading process. A 

igher stiffness coefficient results in a steeper slope and a smaller 

ailure displacement. For instance, a unit stiffness of 105 N/mm ³
ields a failure displacement of approximately 0.04 mm, while a 

nit stiffness of 20 × 105 N/mm ³ results in a smaller displacement 

f around 0.02 mm. 
ance: (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. 
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Fig. 8 presents a comparison between the simulation and the 

xperimental results, following the adjustment of cohesive ele- 

ents using the trial and error method [ 47 ]. The adjusted cohesive 

nit strength is set at 400 MPa, the fracture energy at 0.6 N/mm, 

nd the unit stiffness at 120 × 104 N/mm ³. As can be seen in Fig. 8 ,

t’s apparent that the adjusted displacement-load curve closely ap- 

roximates the experimental values. However, it’s worth noting the 

resence of multiple “small peaks” in the simulation curve before 

eaching the maximum load. These “small peaks” can be attributed 

o two primary factors. Firstly, they are a consequence of calcula- 

ion oscillations due to the use of stable time steps, manifesting 

s a multi-peak phenomenon. Secondly, they result from the initial 

ear and local cracks between particles and the loading plate be- 

ore the primary crack that traverses the particles emerges. These 

actors lead to small peaks in the displacement-load curve prior to 

he occurrence of fracture. Additionally, it’s observable that, after 

eaching the maximum load, the simulation curve does not exhibit 

 sharp decline, as seen in the experimental curve. Instead, it dis- 
Fig. 9. Crack morphology (a) and displacement-

78
lays a gradual decrease. This behavior is due to the relatively high 

oading rate in the simulation curve, and the presence of internal 

ores which influence the subsequent crushing behavior [ 48 ]. 

.3. The effect of pore size on mechanical property 

Pore size serves as a pivotal parameter for characterizing the 

tructural attributes of porous proppant. Nevertheless, it is note- 

orthy that the existing literature addressing the influence of pore 

ize on the mechanical strength of such porous proppant is lim- 

ted. It is essential to emphasize that the pore sizes of these prop- 

ant particles are generally on the micro-meter scale. In our inves- 

igation, modified cohesion element parameters were used while 

eeping other parameters constant. We systematically varied the 

ore diameters to 40, 50, 60, and 70 μm to investigate the effects 

f different pore sizes on the cracks morphology and mechanical 

trength of the proppant. The outcomes of our simulations are pre- 

ented in Fig. 9 . 
load curve (b) under different pore sizes. 
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To macroscopically investigate the crack patterns of porous 

roppant, we have extracted crack morphology at different times, 

s depicted in Fig. 9 (a). At 0.01375 s, proppant particles with pore 

izes of 50, 60, and 70 μm have already exhibited the formation 

f continuous cracks, while proppant with pore size of 40 μm pri- 

arily demonstrate the development of inter-pore cracks. It is evi- 

ent that, at the same time point, proppants with relatively larger 

ore sizes exhibit a significantly faster progression in crack expan- 

ion and evolution when contrasted with those possessing rela- 

ively smaller pore sizes. Meanwhile, at 0.025 s, proppant parti- 

les with pore sizes of 40 and 50 μm have fragmented into four 

maller components, whereas proppant particles with pore sizes 

f 60 and 70 μm predominantly divide into three smaller seg- 

ents. This observation suggests that secondary cracks are more 

rone to develop in proppants with smaller pore sizes in compar- 

son to their larger pore counterparts. This phenomenon can be 

ttributed to two primary factors: (1) Under equivalent porosity 

onditions, smaller pore sizes entail a higher quantity of pores dis- 

ributed within the model, with smaller relative distances between 

hese pores. When subjected to equivalent external forces, this cir- 

umstance facilitates the advancement of secondary cracks, lead- 

ng to the fragmentation of the proppant into numerous smaller 

ieces, which subsequently affects propped fracture conductivity. 

2) Under the same loading conditions, a reduced number of crack 

egments results in a heightened degree of stress concentration. 

his intensified stress concentration propels the rapid expansion 

f cracks, thereby accelerating crack propagation and evolution in 

roppants with larger pore sizes. 

The impact of variations in pore size on the displacement-load 

elationship curve is illustrated in Fig. 9 (b). This graphical rep- 

esentation highlights that, under equivalent porosity conditions, 

roppant particles with distinct pore sizes exhibit minimal dispari- 

ies in their peak loads, suggesting that pore size exerts a relatively 

odest influence on the proppant’s mechanical strength. Neverthe- 

ess, it is worth noting that for smaller pore sizes, the displace- 

ent at which the proppant attains its maximum load is notably 
ig. 10. Crack morphology of different porosity: (a) 0 %, (b) 4 %, (c) 10 %, and (d) 15 %. 

etween porosity and proppant compressive strength. 

79
ncreased, signifying a gradual material failure. This observation, in 

omparison to the data presented in Fig. 9 , can be attributed to 

he fact that smaller pore sizes facilitate the formation of multiple 

ractures. Under identical external energy inputs, the rate of crack 

ropagation is reduced, leading to an extended time to material 

ailure. Moreover, when analyzing the post-peak curve, it is evident 

hat proppants with larger pore sizes (50, 60, and 70 μm) exhibit a 

ore rapid rate of load decay compared to those with a pore size 

f 40 μm, demonstrating characteristics akin to ‘brittleness’. 

.4. The effect of porosity on mechanical property 

Porosity stands as a fundamental characteristic in the domain 

f porous materials, exhibiting a profound interrelationship with 

tructural integrity. Nonetheless, the experimental examination of 

he impact of porosity on the mechanical strength of proppant par- 

icles is fraught with intricacies. Furthermore, the determination 

f proppant strength under extreme conditions, such as when the 

orosity is reduced to 0 %, remains infeasible. To address this chal- 

enge, the FDEM was employed, involving the utilization of metic- 

lously adjusted cohesion element parameters while keeping other 

elevant parameters consistent. This facilitated a systematic inves- 

igation of how variations in porosity ranging from 0 % to 20 %, 

nfluence the cracks morphology and mechanical characteristics of 

roppant. 

In Fig. 10 (a–d), we present the progressive development of 

racks within the proppant at distinct levels of porosity, all within 

he confines of the same cross-sectional profile. The graphic rep- 

esentation underscores that differences in porosity result in di- 

ergent loci of initial crack inception within the proppant parti- 

les. As these emerging cracks propagate under the influence of 

xternal loading, the final positions of the primary macroscopic 

racture lines are altered. In the instance of a pore-free prop- 

ant, cracks initiate at the upper and lower contact surfaces and 

roceed to swiftly propagate towards the central point of the prop- 

ant sphere. Conversely, in the case of proppant particles endowed 
(e) The failed cohesive element numbers under different porosity. (f) Relationship 
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Fig. 11. Cracks morphology (a) and displacement-load curve (b) under different pore distribution cases. 
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ith pores, the presence of these voids modulates the trajectory of 

rack propagation, channeling the cracks along the direction of the 

ores, thereby conferring increased intricacy upon the crack pat- 

erns of the porous proppant particles. Furthermore, with the pas- 

age of computational time, the numerical simulation yields valu- 

ble insight into the number of cohesive elements due to fracture, 

hereby serving as an indirect indicator of the degree of proppant 

isintegration, as shown in Fig. 10 (e). A discernible trend emerges: 

1) An increase in porosity is accompanied by a marked rise in 

he count of failed cohesive elements, indicative of a heightened 

ropensity for crack formation and the ensuing complexities of 

rack morphology. (2) Cohesive elements featuring a porosity of 

 % exhibit the longest duration before experiencing failure, sig- 

ifying that a diminished porosity amplifies the challenge of initi- 

ting cracks. 

Fig. 10 (f) offers a depiction of the compressive strength exhib- 

ted by proppant particles under varying porosity. The illustration 

ighlights that amplification in pore volume serves to diminish 

he load-bearing surface area of the proppant material, resulting 

n a pronounced reduction in proppant strength [ 49 ]. Neverthe- 

ess, when the porosity surpasses 10 %, the variations in proppant 

trength exhibit a more gradual trajectory. This observation em- 

hasizes that, relative to factors such as pore size and pore lo- 

ation, porosity exerts the most substantial influence on both the 

ompressive strength of proppant particles. In the context of prac- 

ical hydraulic fracturing production, proppant particles character- 

zed by low density yet high structural toughness impart enhanced 

racture conductivity. In contrast, an increase in porosity serves 

o reduce the proppant density and strength. Notably, when the 

orosity exceeds 10 %, the impact on proppant strength becomes 

omparatively less pronounced, thus providing invaluable guidance 

n the production of porous proppant particles. 

.5. The effect of pore distribution on mechanical property 

The spatial distribution of pores holds great significance, as it 

rofoundly influences the procedural details in the fabrication of 

orous proppant particles. Historically, porous proppant particles 

ere crafted with a hollow configuration to mitigate their density 

 50–52 ]. In this section, employing modified cohesive element pa- 

ameters and imposing a porosity of 3 %, we conducted simula- 

ions to examine the impact of diverse pore distributions—namely, 

ithin the core, intermediate, and inner surface of a spherical 

tructure—on the compression dynamics of the porous proppant. 

he findings are elucidated in Fig. 11 . 
80
Fig. 11 (a) shows the progression of crack formation within the 

roppant at various time intervals. As evidenced by Fig. 11 (a), ir- 

espective of the distinct operating conditions, the ultimate failure 

orphology of the proppant shares a common characteristic, char- 

cterized by its division into four primary segments. Notably, at 

.01625 s, the proppant has already manifested continuous cracks 

hen pores are concentrated at the core, whereas in the other two 

cenarios, the mode of crack development predominantly involves 

nter-pore connectivity. This observation emphasizes the view that 

roppant featuring centralized pore distributions exhibits a sig- 

ificantly accelerated pace of crack extension and evolution. This 

henomenon highlights the significance of pore distribution con- 

entration, which facilitates faster stress propagation and thereby 

akes the proppant more prone to fracture. 

Fig. 11 (b) illustrates the displacement-load curves correspond- 

ng to various pore distribution configurations. The graph reveals a 

onspicuous trend wherein proppants featuring centrally concen- 

rated pores exhibit a notably reduced strength of a mere 35 N, in 

ontrast to those with a more widely dispersed pore distribution, 

hich manifests a significantly elevated material strength. This ob- 

ervation underscores the direct relationship between support ma- 

erial strength and the degree of pore concentration. Particularly 

oteworthy is the fact that, in the context of low-density proppant 

articles, porous proppant outperform their hollow counterparts in 

erms of strength. 

. Conclusions 

This study introduces the Finite-Discrete Element Method 

FDEM) to investigate the crack morphology and compressive 

trength of porous proppant for the first time. A novel computa- 

ional method for generating pore generation was developed and 

uccessfully validated. By adjusting the cohesive element param- 

ters using displacement-load curve data from proppant crushing 

ests, this research evaluates the impact of pore size, porosity, and 

ore distribution on the mechanical properties of porous proppant. 

he 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 μm experience a deceleration in crack propagation trajecto- 

ries against their larger-pored counterparts. 
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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. 

3) 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. 

In summary, this investigation provides a novel approach to un- 

erstanding porous proppant strength, offering insights that are set 

o drive innovation in the low-density proppant industry. 
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35] Ö. Keleş , R.E. García, K.J. Bowman, Acta Mater. 61 (2013) 2853–2862 . 

36] W. Zhu, B. Guan, F. Cui, in: Measurement of Properties of Proppant Used in 
Hydraulic Fracturing and Gravel-Packing Operations, National Energy Adminis- 

tration, Beijing, 2014, pp. 14–17 . 
37] D. Wei, B. Zhao, D. Dias-Da-Costa, Y. Gan, Eng. Fract. Mech. 212 (2019) 

221–237 . 
38] O. Mahabadi, P. Kaifosh, P. Marschall, T. Vietor, J. Rock Mech, Geotech. Eng. 6 

(2014) 591–606 . 

39] W. Liu, H. Deng, X. Zhu, Y. Lv, Y. Luo, Petroleum (2023), doi: 10.1016/j.petlm.
2023.04.002 . 

40] G. Li, J. Mech. Mater. Struct. 18 (2023) 293–317 . 
[41] M. Tauheed, N.V. Datla, Int. J. Adhes. Adhes. 114 (2022) 103102 . 

42] S. Liu, Y. Wang, C. Peng, W. Wu, Comput. Method. Appl. M. 392 (2022) 
114642 . 

43] D.H. Yoon, S.R. Lee, J.H. Kim, Materialwiss. Werkst. 53 (2022) 4 85–4 93 . 

44] Z. Liao, Z. Yang, Q. Xue, X. Li, H. Li, W. Li, Energy Sci. Eng. 9 (2021) 772–
783 . 

45] X. Hao, C. Sibin, H. Yongliang, S. Xiaotong, H. Jin, C. Yuxin, J. Shandong Univ.
51 (111–118) (2021) 128 . 

46] P. Li, N. Petrinic, C.R. Siviour, Mech. Mater. 54 (2012) 43–54 . 
[47] J. Geng, C. Liu, Constr. Build. Mater. 393 (2023) 132075 . 

48] Z. Wu, X. Ji, Q. Liu, L. Fan, Comput. Geotech. 121 (2020) 103480 . 

49] K.M.A.S. Bandara, P.G. Ranjith, T.D. Rathnaweera, Nat. Resour. Res. 28 (2019) 
1139–1161 . 

50] J.B. Parese, B.D. Jette, Single component neutrally buoyant proppant, US Patent, 
No. 2012/0145390, 2012. 

[51] A .H. Jones, R.A . Cutler, Hollow proppants and a process for their manufacture, 
US Patent, No. 4574468, 1985 

52] C. Jr, J.K. Pavliscak, T.J. Wedding, C. Ann, Manufacture of strong, lightweight, 

hollow proppants, US Patent, No. 800675, 2011. 

https://doi.org/10.1016/j.jmst.2024.05.054
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0001
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0002
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0003
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0004
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0005
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0006
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0007
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0008
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0009
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0010
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0011
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0012
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0013
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0014
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0015
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0016
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0017
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0018
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0019
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0020
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0021
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0022
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0023
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0024
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0025
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0026
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0027
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0028
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0030
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0031
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0032
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0033
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0034
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0035
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0036
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0037
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0038
https://doi.org/10.1016/j.petlm.2023.04.002
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0040
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0041
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0042
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0043
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0044
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0045
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0046
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0047
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0048
http://refhub.elsevier.com/S1005-0302(24)00646-7/sbref0049

	Revelling pore microstructure impacts on the compressive strength of porous proppant based on finite and discrete element method
	1 Introduction
	2 Experiment and method
	2.1 Density and crushing tests
	2.2 Microstructure measurement

	3 Modeling
	3.1 FDEM theory
	3.2 Geometry and boundary conditions

	4 Results and discussions
	4.1 Proppant characterization
	4.2 Validation of FDEM in simulation proppant breakage behavior
	4.2.1 Basic model inputs
	4.2.2 The decision on mesh size
	4.2.3 Validation of pore generation method
	4.2.4 Calibration of cohesive element parameters

	4.3 The effect of pore size on mechanical property
	4.4 The effect of porosity on mechanical property
	4.5 The effect of pore distribution on mechanical property

	5 Conclusions
	Data and materials availability
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


