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Abstract: The presence of fines in granular materials significantly 

affects their shear strength, particularly under low confining 

pressure conditions. In this study, drained triaxial compression tests 

were simulated using the discrete element method on spherical 

granular assemblies with varying fines content fc and confining 

pressures  σc to investigate the influence of fc on the macroscopic 

mechanical response and underlying micro-mechanical mechanisms. 

Macroscopic results show that the global void ratio exhibits a non-

monotonic trend, first increasing and then decreasing whereas the 

skeletal void ratio monotonically decreases with increasing fc. The 

peak stress ratio ηp rapidly increases initially and then stabilizes 

above a certain critical confining pressure p1. Intriguingly, this p1 

is found to approximately decrease as the fc increases. At high fines 

content, many fine particles initially act as rattlers under low 

confining pressure but progressively become incorporated into load-

bearing force chains as the confining pressure increases. This 
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mobilization enhances coarse–fine contacts, thereby contributing 

additional shear strength to the assembly. Based on these findings, 

an improved failure criterion is proposed, which accurately predicts 

the shear strength of granular materials across different fines 

contents and effectively captures its nonlinear variation under low 

confining pressures.

Keywords: Binary Mixtures; Low Confining Pressure; Fines Content; 

Shear Strength; Discrete Element Method.
1 Introduction

Shear strength parameters are among the most critical factors 

in geotechnical engineering design, directly governing the stability 

of slopes, the bearing capacity of foundations, and the safety of 

embankment projects. In recent years, the mechanical behavior of 

soils under low confining pressure conditions has attracted 

increasing attention. This focus is driven not only by its critical 

relevance to engineering constructions such as high-speed rail 

subgrades[1], submarine pipeline installation[2], delta reclamation [3], 

and lunar exploration [4], but also by its role as the theoretical 

foundation for mitigating geological hazards like earthquake-

induced liquefaction [5] and shallow landslides [6].However, 

experimental investigations into the low-confining-pressure regime 

face numerous challenges, primarily due to difficulties in precisely 

controlling the stress conditions, interference from mechanical 

friction within testing apparatus, and the demanding requirements 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



for accurate stress measurement[7-10]. Consequently, the traditional 

approach often involves extrapolating strength parameters, which 

are obtained from tests conducted at 50 kPa or higher confining 

pressures, down to the low-stress range using conventional failure 

criteria. While this simplification offers practical utility in 

engineering applications, it overlooks the fact that the strength 

indices (such as peak friction angle or peak stress ratio) of granular 

materials are nonlinearly influenced by confining pressure in the 

low-stress range. This omission often leads to significant deviations 

between predicted and actual strength values.

This study compiles a selection of recent research findings 

concerning the mechanical behavior of granular materials under low 

confining pressure, as summarized in Table 1. The strength 

characteristics of granular materials are collectively influenced by a 

multitude of factors, including particle morphology, particle size 

distribution, and testing conditions [11, 12]. This dependence becomes 

even more pronounced, resulting in highly complex nonlinear 

behavior specifically in the low-stress regime. Consequently, 

significant discrepancies, and even contradictory conclusions, have 

been reported by various researchers employing different materials 

and testing methodologies to investigate low-confining-pressure 
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behavior [8]. Therefore, a more comprehensive and accurate 

understanding of the strength characteristics of granular materials 

under low confining pressure necessitates an in-depth exploration of 

the material's intrinsic properties, the process of structural evolution, 

and the underlying microscopic mechanisms.

Table 1 Summary of the shear strength variation under low 
confining pressure

Reference σc (kPa) Testing materials
The variation of peak stress ratio with 

increasing confining pressure

Ponce et al. 
[13]

1.38~2
00

Quartz sand
Decrease first and then stabilize when σc≥20 

kPa
Indraratna et 

al. [14]
15~240 Ballast Decrease according to a power law

Alshibli et al. 
[4, 15]

10~200
Lunar simulatant 
(Experiment & 

DEM)
Quickly decrease.

Fukushima et 
al. [8]

2~392 Toyoura sand
Within 50 kPa, there is a slight increase but 
little change, while above 50 kPa, there is a 

significant decrease

White [7] 6~400
Leighton Buzzard 

sand

Tensile stress ratio increases significantly 
within 25kPa and then turns to decrease. 

Compressive stress ratio initially increases 
slightly and then decreases.

Nguyen et al. 
[16]

0.3-
1000

Ellipsoid with rolling 
resistance model 

(DEM)

First increase and then decrease, with a turning 
point of 50kPa

Xiao et al. [17] 50~400
Spherical and 

crushed glass beads

The spherical glass beads rapidly increase and 
then stable; the crushed glass beads decrease 

approximately linearly.
Vinod et al. 

[18, 19]
25~180

Sphere with Hertz 
model (DEM)

Increase from 1.3 to 1.5

Jiang et al. [20]
100~30

00
Rod-shaped 

particles
Decrease from 1.7 to 1.5

Furthermore, natural soils typically contain a certain proportion 

of fine particles resulting from weathering, crushing, and transport 
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processes. In geohazards such as soil liquefaction, seepage-induced 

piping, and subgrade settlement, the presence and migration of fines 

are recognized as critical factors triggering failure [21, 22]. As the 

fines content fc increases, the primary mechanical skeleton, initially 

composed of coarse grains, is progressively transformed into a mixed 

fabric consisting of both coarse and fine particles. This transition 

significantly alters the pore structure, particle contact states, and 

overall shear strength characteristics [23, 24]. Existing literature 

indicates that the influence of fines on shear strength is far from 

uniform. Some studies suggest that fines fill the interstitial voids, 

thereby enhancing the shear strength under drained conditions[25-27]. 

Conversely, other researchers have pointed out that non-plastic fines 

have a negligible effect [21] or may even exert a weakening effect [28, 

29]. For instance, Yang et al. [30] demonstrated that particle shape 

also plays a decisive role: the addition of crushed quartz slightly 

increased the critical state friction angle, whereas the inclusion of 

spherical glass beads led to a marked reduction in strength. Chung 

et al.[31] and Liao et al.[32] found through rotating drum experiments 

that increasing fine content enhances lubrication effect and energy 

input, thereby promoting size-induced granular segregation. Overall, 

while previous research has extensively investigated the effects of 
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fines under specific stress states, few studies have addressed the 

evolution of contact states and the complex interaction between 

coarse and fine particles across varying stress regimes, particularly 

in the low-confining-pressure range.

Given the inherent limitations of experimental testing at low 

confining pressures and the intricate interaction mechanisms 

between coarse and fine particles, the Discrete Element Method 

(DEM) has increasingly been adopted to simulate the behavior of 

granular materials at the micro-scale. Gong et al. [33] utilized DEM 

to verify the effects of fines content and particle shape on both peak 

and critical state friction angles. By categorizing contacts into three 

types, they demonstrated that more complex fines shapes contribute 

more significantly to shear strength through coarse-fine and coarse-

coarse contacts, while the contribution of fine-fine contacts remains 

negligible. Furthermore, studies by Hu et al. [34] and Dai et al. [35] 

under drained and undrained conditions, respectively, revealed that 

the primary force-chain skeleton formed by coarse particles is prone 

to instability without the lateral support of fines, potentially leading 

to liquefaction or strength degradation. DEM not only allows for the 

precise application of low confining stresses via servo-control 

mechanisms but also enables the tracking of micro-mechanical 
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responses, such as the evolution of force chains and changes in 

coordination numbers. This makes it an ideal tool for investigating 

the mechanical properties of coarse-fine mixtures in the low-stress 

regime.

Against this background, this study employs DEM simulations to 

construct a series of specimen assemblies with varying fines 

contents. Drained triaxial compression tests are simulated across a 

range of confining pressures, with a specific focus on the low-

confining-pressure regime. The objectives are to characterize the 

influence of fines content on the macroscopic strength of binary 

mixtures and to elucidate the underlying micro-mechanical 

mechanisms. Finally, a shear strength failure criterion that explicitly 

accounts for the effect of fines content is proposed to provide 

scientific guidance for geotechnical engineering design under low-

stress conditions.

2 Numerical Procedures
2.1 Discrete Element Method Simulation Procedure

The numerical simulation software used in this study is PFC3D, 

a discrete element software developed by Itasca [36]. The numerical 

simulation procedure for the drained triaxial compression tests 

precisely follows the steps of a standard laboratory test: specimen 

preparation, consolidation, and shear loading. Figure 1 illustrates 
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the geometry of the DEM specimen and the procedure of the triaxial 

test. During specimen preparation, a large number of coarse and fine 

particles are generated within the boundaries of a cubical cell 

enclosed by six smooth rigid walls. A very small initial isotropic 

confining pressure, e.g., 10 kPa, is applied to the specimen using a 

servo-control technique, by moving the wall boundaries towards the 

center to achieve particle cluster aggregation. For quasi-static 

loading conditions, the axial stress σa and the lateral confining 

pressure σc are determined based on the ratio of the normal contact 

force fn on the boundary walls to the wall area Aw:

,
1

w
i n j

j Aw
fAs

Î
= å (1)

After the specimen reaches a quasi-static equilibrium state 

under the initial 10 kPa confining pressure (typically assessed by an 

unbalanced force ratio less than 0.01%), the servo-control is 

continuously utilized to gradually increase the confining pressure, 

consolidating the specimen to the target confining pressure value. 

In the shear loading stage, the top and bottom walls are displaced 

towards each other at a constant, sufficiently slow velocity to achieve 

axial compression, thereby ensuring quasi-static loading. 

Concurrently, the lateral walls continuously adjust their positions via 

servo-control to maintain a constant confining pressure, simulating 
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the drained condition. The shear loading is terminated when the 

axial strain reaches 20%. The shear strength of the specimen is 

represented by the stress ratio, calculated as

3( )
2

a c

a c

s sh s s
-= + (2)

Figure 1 Schematic diagram of the triaxial test procedure

2.2 Contact Model and Parameter Calibration

The linear model was employed to govern inter-particle 

interactions in this study, based on several critical considerations. 

First, as demonstrated by Zhao et al. [37], the linear model can 

effectively resemble the Hertz-Mindlin model in terms of both 

macroscopic responses (such as shear strength and volumetric 

strain) and microscopic characteristics (such as the probability 

distribution function of contact forces) under quasi-static loading 

conditions. Specifically regarding large size ratios, Liu et al. [38] 

simulated the behavior of gap-graded soils with large particle size 

ratios using the linear model and found their research conclusions 

consistent with prior DEM studies using the Hertz–Mindlin contact 
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model [39]. Furthermore, to ensure quasi-static conditions under low 

confining pressures, a very low axial loading rate was adopted in this 

study. This necessitated substantial computational time. The linear 

model was selected over the Hertz–Mindlin model for its significantly 

higher computational efficiency[38, 40]. 

In the linear contact model, the normal contact force fn is 

linearly proportional to the normal overlap xn, with the 

proportionality constant being the normal stiffness kn. The 

tangential force fs is computed based on the tangential force from 

the previous time step fs0, the tangential displacement increment ∆

xs, and the tangential stiffness ks:

0

n n n

s s s s

f k x
f f k x

=
= + D (3)

The accurate selection of contact model parameters is essential 

for ensuring the reliability and validity of the simulation results. 

Therefore, prior to investigating the effect of fines content, a 

comprehensive parameter calibration procedure was performed 

against the drained triaxial test results on glass bead specimens 

reported by Wu et al. [41]. 

The specimens used by Wu et al. consisted of 4700 glass beads 

with a diameter of 4 mm and a density of 2530 kg/m3, exhibiting an 

initial void ratio of approximately 0.55. Drained triaxial tests were 
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conducted after consolidating the specimens at 100 kPa, 200 kPa, 

300 kPa confining pressures, up to a maximum axial strain of 15%. 

Figure 2 presents the experimental variation of deviator stress with 

axial strain under these different confining pressures. In this study, 

DEM specimens were generated to match the key geometric features 

(particle size, density, and void ratio) of the physical tests. A 

preliminary range for the contact parameters was established based 

on existing literature[42-44]. Subsequently, a systematic trial-and-

error approach was conducted within this range to achieve close 

agreement between the simulated shear strength and the 

experimental results. As illustrated in  Figure 2, the simulation 

accurately captures the evolution of deviator stress with axial strain 

under varying confining pressures. The final calibrated contact 

model parameters are listed in Table 2. More detailed procedures 

for the calibration can be referenced in the work by Ling et al. [45].
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Figure 2 Comparison of triaxial test and DEM simulation results

Table 2 Parameters of the Contact Model
Parameter name Parameter 

value
Wall normal stiffness (N/m) 107

Particle normal stiffness 
(n/m)

400 MPa×r

Stiffness ratio 1
Inter-particle friction 
coefficient

0.5

Particle density (kg/m3) 2530
Damping coefficient 0.7

The stress state of the specimen can be determined either by the 

contact forces acting on the boundaries (Eq. (1)) or by the stress 

tensor derived from contact forces [46]. As illustrated in Figure 3, 

these two methods yield nearly identical results under conditions of 

smooth wall boundaries and quasi-static loading. The consistency 

between these two approaches has also been verified in the study by 

Li et al. [47, 48].

0 5 10 15
0
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400

600

800
             Experiment  Simulation
100 kPa       
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Figure 3 Stress curves stresses derived from the wall boundaries and the 
contact force

2.3 Testing Conditions

Based on previous studies [33], the mass fraction of fines content 

in natural soils is typically less than 20%, a range where the granular 

skeleton is considered to be in an under-filled state. Therefore, this 

study primarily investigates specimens with fines contents below 

30%. A series of specimens were set up with fines contents of 0%, 

5%, 10%, 15%, 20%, 25%, and 30%. Table 3 summarizes the number 

of coarse particles, fine particles, total particles, and the initial void 

ratio at a confining pressure of 10 kPa for each specimen group. The 

mean diameter of the coarse particles is 0.216 mm, which is similar 

to the average particle size of Toyoura sand [49]. The ratio of coarse 

to fine particle diameters is set to 4, which is consistent with values 

adopted in previous literature [50, 51] (where the particle size ratios 

were 3.9 and 4.5, respectively)

Table 3 Number of particles in specimens with different fines 
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contents

Fines 

content

Total 

number of 

particles

Number of 

coarse 

particles

Number 

of fine 

particles

Initial void 

ratio 

0% 14169 14169 0 0.639

5% 16474 3775 12699 0.573

10% 32081 3959 28122 0.496

15% 41489 3378 38111 0.431

20% 31247 1839 29408 0.392

25% 32726 1466 31260 0.366

30% 33332 1173 32159 0.375

To ensure that specimens with different fines contents possess 

comparable relative densities, the particle friction coefficient was 

initially set to zero during the specimen generation process to 

achieve the densest state. The friction coefficient was then restored 

to 0.5 for the subsequent consolidation and shear stages. 

Furthermore, before initiating the drained shearing phase, the 

specimens were consolidated to the target confining pressure. To 

compare the mechanical characteristics of the granular assemblies 

under both high and low confining pressures, the range of 

consolidation pressures considered in this study spans from 10 to 

1000 kPa. Accordingly, a total of 70 drained triaxial compression test 
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simulations were performed, comprising 7 different fines contents 

and 10 distinct confining pressures. To maintain quasi-static loading 

conditions, especially for the low confining pressure tests where 

contact forces are smaller, the axial loading rate needed to be 

further reduced. The specific axial loading rates for different 

confining pressures and corresponding inertial numbers are 

summarized in Table 4. The inertial number is calculated according 

to the following equation:

adI p
e

r= &
(4)

Where ϵa is the axial strain rate, 𝑑 is the average particle diameter, 

approximated by the mean size of coarse and fine particles, p is the 

mean stress, approximated by the confining pressure, and ρ is the 

particle density. It is evident that the loading rates used in this study 

meet the quasi-static condition in terms of the inertial number (I

<1×10-3[52]，I<7.9×10-5[53]).

Table 4 Axial loading rate under different confining pressures.

Confining 

pressure (kPa)

10 20 50 100~1000

Axial strain 

rate (s-1)

0.08 0.25 0.5 1

Inertial 0.56×10- 1.23×10- 1.55×10- 0.69×10-
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number 5 5 5 5~2.20×10-5

3 Results and Discussion
3.1 Consolidation Tests

Figure 4 displays the DEM samples prepared with varying fines 

contents, demonstrating a uniform distribution of coarse and fine 

particles. The isotropic consolidation curves corresponding to these 

specimens are plotted in Figure 5(a). At a low fines content (e.g., fc

=10%), the force-transmitting skeleton is predominantly constituted 

by coarse grains, with fine particles filling the voids between the 

coarse particles. However, with a further increase in fines content 

(e.g., fc=30%), the microstructure undergoes a transition from a 

skeleton dominated by coarse grains to a composite fabric in which 

coarse and fine particles jointly bear the effective stress.

Figure 4 Specimens with varying fines contents

Figure 5 illustrates the isotropic consolidation curves of 

specimens with varying fines contents. With increasing consolidation 

pressure, the void ratio exhibits consistent decreasing trends. As the 

fines content increases, fine particles occupy more inter-coarse 

voids, leading to a denser packing structure. Consequently, the 
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consolidation curves shift downwards within the 𝑒-𝑝 plane.

Figure 5 Consolidation curves of specimens with varying fines contents

In binary mixtures, particularly in the underfilled state with a 

low fines content, a portion of the fine particles exist as “rattlers” 

[34]. Rattlers characterized by a coordination number of less than 4, 

are mechanically unstable; although they occupy the void space, 

they do not participate in the transmission of external loads. 

Consequently, several researchers have adopted the concept of 

skeleton void ratio to characterize the actual load-bearing structure 

of the specimen [50, 54, 55]. In the calculation of the skeleton void ratio, 

rattlers are treated as part of the void space:

* v r

p r

V Ve V V
+= - (5)

Where Vv, Vr, and Vp represent the volume of voids, the volume of 

rattlers, and the total volume of particles in the specimen, 

respectively. Following the approach in Ref. [55], the conventional 
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void ratio is referred to as the “global void ratio” in the following text 

to distinguish it from the skeleton void ratio.

In this study, we adopt the definition from Ref. [56], where rattlers 

are identified as those with a coordination number 𝐶N of less than 

4. Some researchers [57] define rattlers as having a coordination 

number of less than 2. Figure 6 presents the distribution of 

coordination numbers for specimens with fines contents of 10%, 20%, 

and 30% under a confining pressure of 100 kPa. The fraction of 

particles with coordination numbers of 1, 2, or 3 is significantly 

smaller than those with a coordination number of zero. This is 

because a spherical particle requires at least four contacts to 

achieve mechanical stability[56]. Therefore, the choice between these 

two definitions (CN< 4 or CN≤1 ) has a negligible impact on the 

calculation of the skeleton void ratio. 

Figure 6 The distribution of coordination number
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In contrast to the global void ratio shown in Figure 5, the 

evolution of the skeleton void ratio e* for specimens with different 

fines contents exhibits significant differences, as illustrated in 

Figure 7. When fc≤10%, e* decreases slowly with increasing 

confining pressure. This is because the fines content is low, and the 

fine particles remain as rattlers even after consolidation, having a 

negligible effect on the particle composition of the force-

transmitting skeleton. Figure 8 presents the statistics regarding the 

proportion of fine particles existing as rattlers. It can be observed 

that for fc≤ 10%, nearly all fine particles are rattlers at a confining 

pressure of 10 kPa. Even when the confining pressure increases to 

1000 kPa, more than 90% of the fine particles remain as rattlers.

When fc increases to 20%, the influence of fines content on the 

skeleton void ratio intensifies. The coarse-grain skeleton possesses 

large voids (e*=0.64) at a low confining pressure of 10 kPa, with 80% 

of fine particles existing as rattlers within the voids. However, the 

skeleton compresses as the confining pressure increases. The 

rattlers establish contacts with surrounding particles and transition 

into components of the force chains, leading to a rapid decrease in 

both the rattler proportion and the skeleton void ratio. For the 

specimen with fc = 20%, although the variation in global void ratio 
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is similar to that of other specimens (Figure 5), the sharp decline in 

skeleton void ratio indicates that the force-transmitting skeleton has 

undergone significant changes.

For the specimen with fc=30%, the variation of e* with 

confining pressure is very gentle, which appears similar to the case 

of fc≤10%; however, the underlying mechanisms differ. In the 

former case (fc = 30%), fine particles have sufficiently filled the 

voids of the coarse skeleton even at low confining pressures, 

resulting in a very low content of remaining rattlers (Figure 8); thus, 

further increasing the confining pressure has little effect on the 

skeleton structure. In contrast, in the latter case (fc≤10%), the 

amount of fine particles is insufficient to fill the voids within the 

coarse skeleton, even under increased confining pressure.

Figure 7 Skeleton void ratio of specimens with different fines contents 
during consolidation
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Figure 8 Proportion of fine particles existing as rattlers

Figure 9 illustrates the variations of both global void ratio and 

skeleton void ratio with respect to fines content under confining 

pressures of 10 kPa and 1000 kPa. The trends of global void ratio 

remain consistent across different confining pressures. As the fines 

content increases, the inter-granular voids between coarse grains 

are gradually occupied by fine particles. Consequently, the global 

void ratio initially decreases and then increases, reaching a 

minimum at fc=25%. This indicates that the packing density of the 

coarse-fine mixture is maximized around fc=25%, which aligns with 

previous findings [50].

Regarding the skeleton void ratio, as the fines content increases 

from 0% to 20%, the skeleton void ratio of the specimen at 10 kPa 

decreases slightly. This decline is more gradual compared to that of 

the global void ratio, suggesting that although the added fine 
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particles occupy void space, only a small fraction transform into 

force-chain particles. When the fines content exceeds a critical 

threshold of 20%, the newly added particles, together with the 

existing rattlers, rapidly establish contacts with surrounding 

particles, resulting in a precipitous drop in the skeleton void ratio.

The influence of confining pressure on the skeleton void ratio is 

more pronounced than on the global void ratio. First, at the same 

fines content, the difference in skeleton void ratio between 

specimens at 10 kPa and 1000 kPa is significant (approximately 

0.06~0.18), whereas the difference in global void ratio is merely 

0.02~0.04. According to the existing studies[39, 56], the critical fine 

content is a common concept in coarse-fine mixtures and its specific 

value is influenced by factors such as particle shape and the size 

ratio between coarse and fine particles. It is also found in this study 

that the critical fines content decreases with increasing confining 

pressure, as shown in Figure 9. Under high confining pressure, the 

voids within the coarse-grain skeleton are compressed; consequently, 

the rate of decrease in skeleton void ratio begins to accelerate when 

the fines content reaches 10%. Conversely, specimens under low 

confining pressure require a greater amount of fine particles to fill 

the void space, corresponding to a critical fines content of 
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approximately 20% at 10 kPa. This further indicates that soil with 

the same fines content exhibits distinct skeleton structures under 

low versus high confining pressures.

Figure 9 Variation of skeleton void ratio and global void ration with fines 
contents

3.2 Shear Strength

Axial compression tests were performed on the consolidated 

specimens to determine the evolution of the stress ratio with axial 

strain. The stress ratio curves for specimens with fines contents of 

0%, 5%, and 20% at confining pressures of 20 kPa and 200 kPa are 

shown in the Figure 10. Because the specimens were prepared in a 

dense state, they exhibited varying degrees of strain softening, 

characterized by the stress ratio reaching a peak value followed by 

a gradual decrease. In comparison with the fines-free specimens, the 

specimen with fc=5% did not show a significant increase in strength 

at either 20 kPa or 200 kPa. However, a notable increase in the peak 
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stress ratio was observed for the specimen with fc=20%. Specifically, 

at a confining pressure of 20 kPa, the peak stress ratio increased 

from 1.0 to 1.13, while at 200 kPa, it increased from 1.1 to 1.3.

(a)

(b)
Figure 10 Stress ratio curves of specimens with varying fines contents 

and confining pressures: (a) σc=20 kPa; (b) σc=200 kPa.

Regarding the size effect, according to Ref. [58], size effects may 

occur when the specimen size ratio L/dmax is insufficient, leading to 

significant oscillations in simulated curves; specifically, a ratio of L/

dmax≥ 15 has been suggested as necessary. However, other scholars 

[59, 60] have argued that once the specimen size ratio exceeds 8, 

further increases in specimen dimensions have a negligible impact 
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on the overall trend of the stress ratio curves. Figure 11 compares 

the stress ratio curves of the specimens used in this study with a 

larger specimen (𝐿/𝑑max=15) under a confining pressure of σc = 

200 kPa. Following the increase in specimen size, the oscillation 

phenomenon in the curves was indeed attenuated; however, the 

evolution of the stress ratio curve—particularly the peak points—

remains fundamentally consistent with the results shown in Figure 

10(b). Given that this study primarily focuses on shear strength, the 

current specimen dimensions and particle numbers are considered 

to satisfy the requirements for accuracy.

Figure 11 Stress ratio curves with different specimen sizes.

Figure 12 presents the variation of the peak stress ratio as a 

function of confining pressure for specimens with different fines 

contents. As the confining pressure increases, the peak stress ratio 

initially rises and subsequently stabilizes upon reaching a critical 

confining pressure. The influence of fines content is manifested in 
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two primary aspects. First, the peak stress ratio increases with fines 

content, which is consistent with the research findings of Zuo et al. 

[50]. Second, as the fines content increases, the peak stress ratio 

reaches its plateau at lower confining pressures, indicating a 

reduction in the critical confining pressure. For instance, the 

specimen with fc=0% maintains an increasing trend even at 1000 

kPa, whereas the specimen with fc= 25% achieves its maximum 

peak stress ratio of approximately 1.44 at a confining pressure of 

only 200 kPa. It can be observed that the impact of fines content is 

significantly more pronounced under low confining pressures 

compared to the high-confining-pressure regime, where the peak 

stress ratios remain relatively stable. Specifically, a higher fines 

content leads to a more rapid growth of the peak stress ratio with 

confining pressure in the low-stress range.

Figure 12 Variation of peak stress ratio with confining pressure for 
specimens with different fines contents.
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To elucidate the mechanism by which fines content influences 

shear strength under low confining pressure, this study adopted the 

method proposed by Gong et al. [33] to investigate the contribution of 

coarse and fine particles to the overall shear strength. All contacts 

were categorized into three types: coarse-coarse contacts (C-C), 

coarse-fine contacts (C-F), and fine-fine contacts (F-F), as illustrated 

in Figure 13.

Figure 13 Sub-networks of contact force chain 

The stress tensor for each of the three contact networks is 

calculated according to the following equation:

1k k k
cV= åσ f d (6)

Where σk represents the stress tensor of a specific contact sub-

network, and the superscripts 𝑘∈{C-C, C-F, F-F}, denote the contact 

networks formed by coarse-coarse, coarse-fine, or fine-fine particles, 

respectively. V is the total volume of the specimen, and fkc and dk

are the contact force vector and branch vector, respectively, for the 
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contact in the sub-network. Based on the stress tensor of the contact 

sub-network, the shear stress and stress ratio carried by the sub-

network are then calculated: 

' '3
2

k k kq = σ σ (7)

k
k q

ph = (8)

Where σk' is the deviatoric stress tensor of σk, and p is the mean 

effective stress of the specimen. The stress ratios of the three 

contact types represent the loads carried individually by the 

corresponding sub-networks. It should be noted that, Equation (8) 

uses the overall mean stress 𝑝 rather than the mean stress of sub-

networks pk[61, 62], in order to allow their sum equals the overall 

stress ratio i.e. 𝜂 = 𝜂cc + 𝜂cf + 𝜂ff.

Figure 14 displays the stress ratio curves for specimens with 

fines contents of 5% and 20% under confining pressures of 20 kPa 

and 200 kPa. The contribution of C-C, C-F, and F-F contacts to the 

overall shear strength was calculated using the previously 

mentioned formulas. To highlight the effect of fines content, the 

stress ratio curve for the fines-free specimen (fc= 0%) is included for 

comparison. For all tested specimens, regardless of the fines content 

or confining pressure, the F-F contacts contribute virtually no shear 

stress.
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As shown in Figure 14(a) and (c), when the fines content is only 

5%, the overall stress ratio curves are quite similar to the fc=0% 

case under both high and low confining pressures. Furthermore, the 

stress ratio contributed by the C-F contacts is negligible.

Conversely, as shown in Figure 14(b) and (d), when the fines 

content is higher (fc=20%), the overall stress ratio of the specimen 

increases by 0.19 and 0.24 under 20 kPa and 200 kPa confining 

pressures, respectively, compared to thefc=0% case. This 

enhancement is because while the stress ratio carried by the C-C 

contacts slightly decreases, the stress ratio contributed by the C-F 

contacts is approximately 0.2. This significant contribution from the 

C-F contacts largely offsets the decrease in the C-C network and 

substantially increases the overall shear strength of the specimen.
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(b)

(c)

(d)
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Figure 14 Stress ratio curves of specimens with different fines contents 
and confining pressures: (a) 20 kPa, 5%; (b) 20 kPa, 20%; (c) 200 kPa, 

5%; (d) 200 kPa, 20%.

Figure 15 illustrates the variation of the stress ratio carried by 

the C-C and C-F contact networks with confining pressure, measured 

at the peak strength state for specimens with fines contents of 5% 

and 20%. When the fines content is only 5%, most of the load is borne 

by C-C contacts. However, when the fines content increases to 20%, 

the influence of the fine particles becomes more pronounced: (a)The 

load directly supported by the C-C contacts slightly decreases 

because some stress paths are transferred to the finer particles; (b) 

the newly generated C-F contacts provide additional and higher 

shear strength to the specimen. As the confining pressure increases 

from 10 kPa to 1000 kPa, the stress ratio carried by the C-F contacts 

increases from 0.15 to 0.29, and its proportion of the total strength 

contribution increases from 14.6% to 21.1%.
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Figure 15 Decomposed stress ratios of sub-networks at the peak 
strength state

In summary, the variation in the trend of the peak stress ratio 

with confining pressure among specimens with different fines 

contents is due to the following reason: For specimens with high 

fines content (e.g., fc=20%), although a large number of fine 

particles exist as rattlers at a low confining pressure of 10 kPa 

(approximately 80%, as shown in Figure 8), the actual load-bearing 

particles are sparse, resulting in low shear strength. However, with 

only a slight increase in confining pressure, these fine rattlers 

rapidly contact with coarse particles and form a more stable load-

bearing network, which provides additional shear resistance to the 

specimen. Consequently, the peak stress ratio stabilizes within a 

lower confining pressure range (10~300 kPa).

New numerical cases with varying test conditions have been 

incorporated to verify the robustness of the findings. Specifically, 
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medium-dense (e0=0.50) specimens with a fines content of 20% and 

a particle size ratio of 1:3 were generated using different random 

seeds, followed by consolidation and shearing under confining 

pressures of 20 and 200 kPa. The total stress ratio curves and the 

stress ratio curves for various contact networks are illustrated in 

Figure 16. It can be observed that the peak stress ratio increases 

with the confining pressure, which is consistent with the trend 

shown in Figure 12. Furthermore, the C-C contacts contribute the 

most to the shear strength, while the F-F contacts account for the 

lowest proportion, aligning with the observations in Figure 14. 

Consequently, the conclusions of this study are demonstrated to be 

highly robust.
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(b)
Figure 16 Stress ratio of samples with medium-dense specimens with a 

fines content of 20% and a particle size ratio of 1:3 generated using 
different random seeds: (a) σc=20 kPa; (b) σc=200 kPa

3.3 Low confining pressure failure criterion

Currently, the linear Mohr-Coulomb criterion is the most 

commonly used approach in engineering design to describe the 

strength of granular materials, assuming that the peak friction angle 

is only related to density and remains constant across different 

confining pressures [63-66]. However, addressing the nonlinear 

variation in the shear strength of granular materials under low 

confining pressures, Ling et al. [45] proposed an improved strength 

prediction formula:

1 0
1

exp c
p A p

sh hæ ö= - +ç ÷è ø
(9)

Where A1、p1、η0 are fitting parameters. The peak stress ratios 

for different fines contents and confining pressures shown in Figure 

12 were fitted using this formula, and the results are represented by 
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the solid lines in the figure. The fitting quality is good, with all 

correlation coefficients R2 greater than 0.98. The variation of the 

fitted parameters p1 and η0 with fines content is presented in 

Figure 17(a) and (b), respectively, where p1 has already been noted 

in Figure 12. As the fines content increases, p1 decreases while η0 

increases. This accurately reflects the influence of fines content on 

the trend of the peak stress ratio shown in Figure 12: an increase in 

fines content leads to a higher peak stress ratio and a smaller critical 

confining pressure (lower critical value at low confining pressure).
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(b)
Figure 17 Variation of fitting parameters with fines content: (a)p1; (b)η0

Considering that the fitting parameters p1 and η0 exhibit an 

approximately linear relationship with the fines content, two linear 

terms with respect to fc are introduced into Equation (8). This yields 

a strength criterion, presented as Equation (9), that can 

simultaneously reflect the influence of fines content and low 

confining pressures. Equation (9) expresses the peak stress ratio as 

a function of both confining pressure and fines content, with its 

mathematical expression as follows:

( ) 1, exp c
p c c f c f

f c f
f A c fa f b

sh s hæ ö= - + +ç ÷ç ÷+è ø
(10)

Where af, bf, cf, and ηf are fitting parameters introduced to 

account for the effect of fines content. The parameters af and bf 

reflect the characteristic decrease of the critical confining pressure 

with increasing fines content, while cf and ηf represent the 
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enhancement of shear strength with increasing fines content. To 

capture these two aspects of the influence of fines content, Equation 

(9) builds upon Equation (8) by introducing only two additional 

fitting parameters.

The data from Figure 12 were fitted using Equation (9), and the 

results are presented in Figure 18. The fitted values for A1, af, bf, 

cf, and ηf are -0.2740, -591 kPa, 247 kPa, 1.04, and 1.178, 

respectively. The correlation coefficient R2 is 0.997. This high 

degree of fitting accuracy validates that the proposed equation can 

precisely capture the influence of fines content on the shear strength 

under low confining pressures.

Figure 18 Strength envelope considering the influence of fines content
4 Conclusions

DEM simulations were conducted to investigate the drained 

triaxial behavior of spherical granular materials under varying fines 

contents 𝑓c and confining pressures σc. The micro-mechanisms 
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governing the peak stress ratio were analyzed, leading to a strength 

prediction criterion for low-pressure conditions. Key findings are:

(1) The monotonic decrease in skeleton void ratio versus the non-

monotonic trend of the global void ratio highlights a transition in the 

specimen’s internal structure. A threshold of 𝑓c=25% marks the 

transition where fine particles no longer merely occupy voids but 

collaboratively construct the force-chain skeleton with the coarse 

fraction.

(2) Under isotropic consolidation, all specimens exhibit 

consistent global void ratio reduction. In contrast, the evolution of 

skeleton void ratio is 𝑓c-dependent: it remains relatively stable at 

low (𝑓c=5%) or high (𝑓c=30%) fines contents but decreases rapidly 

with σc at 𝑓c=20%.

(3) Peak stress ratio ηp increases sharply at low σc before 

stabilizing at high σc. This is due to that increasing σc triggers a 

transition of rattlers into load-bearing force chains and the coarse-

fine contact network provides additional shear resistance. The 

influence of 𝑓c is more significant at low σc: higher 𝑓c leads to a 

faster strength growth rate of ηp and a lower critical σc for 

stabilization. Therefore, selecting strength parameters for low-

pressure engineering applications necessitates a thorough 
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consideration of fines content and grain size distribution

(4) A strength prediction criterion was proposed by 

incorporating 𝑓c-dependent linear terms, effectively capturing the 

coupled influence of fines content and pressure. This bridges the gap 

between particle-scale observations and continuum-scale 

engineering applications.

While this study employs idealized spherical particles, it is 

important to consider the role of particle shape, which has a 

significant influence on the behaviors of granular mixtures. 

According to Ref. [59, 67], compared to spherical particles, irregular-

shaped particles tend to decrease the fraction of rattlers while 

increasing the number of coarse–fine contacts, thereby enhancing 

the contribution of coarse–fine contacts to the overall shear strength. 

Future research incorporating complex particle geometries via 

polyhedra or clumped spheres will further refine the findings in this 

study.
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