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ABSTRACT. Discrete bodies passing through narrow openings in silos can become clogged, forming a quasi-static 

assembly whose stress state reflects the preceding discharge process. Although central to clog stability and unclogging, 

this stress state does not fully follow either Janssen-type or hydrostatic models, suggesting history-dependent 

mechanics. Here we show that stress decreases with opening size through the number of particles released before 

clogging, defined as the avalanche size. Scaling analysis identifies two transitions, with stress resembling that of sealed 

bodies below a minimum avalanche size but approaches a minimum asymptotic value as avalanche size increases. 

This decrease is accompanied by reduced effective particle weight and increased sidewall shear support. Boundary 

force chains orient toward silo walls, while central clogging arches increase the normal-to-parallel stress ratio along 

force-chain directions, leading local stress to decrease with depth. This study provides insights into the mechanisms 

underlying stress variations in particle assemblies clogged above openings. 
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Introduction 

Unlike fluids, systems composed of discrete particles exhibit inherently complex flow behavior when particles are 

strongly confined and boundary effects dominate1,2. It is commonly observed that particles exiting through apertures 

can stabilize each other at the opening by forming arch-like structures3–6. These arches redistribute the load of the 

outflowing granular mass, ultimately clogging the flow while sustaining their own structural integrity. An analogous 

system is crowd evacuation through narrow doors, a discrete two-dimensional system with an opening, where 

individuals possess self-driven velocities arising from local rearrangements and interactions, resulting in intermittent 

flow and blockages at the constriction. Determining the forces between individuals becomes critical because clogging 

can lead to severe injuries7,8. In three-dimensional silo systems used in food processing, mining, and materials 

handling, small silo openings are commonly used to regulate gravity-driven flow, preventing overload of downstream 

systems and maintaining a stable material supply, yet this practice inevitably promotes clogging, making reliable 

discharge difficult to sustain9–14. A common strategy to reduce clogging at narrow openings is to apply vibration, 

which destabilizes the frictional forces holding the clogged particles together4,9,15. Therefore, it is necessary to 

understand the stress distribution in a clogged state in order to provide the sufficient energy required to de-clog16,17. 

These systems can be idealized as containers with open orifices, commonly modeled as silos. This simplified yet 

widely adopted geometry enables controlled exploration of clogging behavior and the resulting stress distributions. 

The investigation of stress distribution in narrow-opening systems provides valuable guidance for crowd safety and a 

better understanding of the unclogging process5,8,17,18. 

The pressure distribution of fluid hydrostatics within a container is well-established and widely understood, 

however, the static pressure distribution of granular media remains largely unexplored. The fundamental challenge 

arises from the fact that granular materials possess a discrete and frictional nature, leading to stress distributions that 

deviate from traditional fluid-like behavior. The stress distributions are primarily dictated by factors such as 

preparation history and the structure of the silo19. In an idealized system where granular materials are stored in a 

boundary-free or near-frictionless container, the pressure at a given depth is expected to follow a simple hydrostatic 

relation, increasing proportionally with depth in accordance with the so-called liquid stress distribution20. In the 

absence of lateral frictional forces, the entire weight of the granular column is supported by the particles beneath it, 

analogous to a liquid in a container.  

The presence of boundary wall friction provides support to granular media, leading to an initial increase in pressure 

with depth that eventually saturates at a finite value—a phenomenon known as the Janssen effect. This effect arises 

because the friction between the particles and the container walls allows for the transfer of vertical into horizontal 

stress, resulting in the sidewalls providing upward frictional support to the granular material. Consequently, the 

pressure does not continuously increase with depth but instead reaches a saturation point. Recent studies have further 

revealed that under specific conditions, such as in narrow containers, sidewall friction can instead enhance particle 

compression, leading to confined pressures that exceed the predictions of the liquid stress distribution. This 

counterintuitive behavior is referred to as the reverse Janssen effect21. These stress distributions are generally uniform 

across the radial direction of the container. 
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When particles are flowing through the bottom opening of a silo, internal pressures are low and are minimum near 

the orifice wherein greater discharge results in lower flowing pressures22,23. Although pressures once again increase 

when the flow is jammed, it does not homogenize throughout the container, as in completely sealed systems where 

there is no flow24. Instead, pressures remain relatively low in the vicinity of the orifice where its magnitude depends 

on the opening size5. Despite this understanding, the mechanisms that lead to low (high) static pressures when the silo 

opening is large (small) remain poorly understood. 

The silo opening determines the average number of released particles prior to clogging, referred to as the avalanche 

size25–27. The avalanche size is governed by stochastic processes near the orifice, where random particle collisions 

may lead to the formation of blocking arches3,26–28. As particles are released from the opening, a cavity forms above, 

and other particles in the silo move toward the opening to fill the cavity22,23. The displacement of internal particles 

varies with their location. For example, particles near the outer boundaries may remain stationary due to repose angle, 

forming a dead zone, while particles in the center of the silo collapse toward the centerline, forming an arch 

structure23,29,30. The force chains near the silo depend on the particle re-arrangement following an avalanche, 

suggesting that the Janssen or the liquid stress equations may no longer be applicable when an opening is present. 

Moreover, the direct relationship between avalanche size and stress distribution remains undetermined. Defining this 

relationship is crucial for modeling stress distribution in clogged silos.  

Here we use discrete element method (DEM) simulations to investigate how stress distributions in silos with 

different outlet sizes compare with predictions from classical models, including the Janssen and liquid stress 

formulations. We find that the stress distribution is systematically linked to the avalanche size, and this relationship 

can be quantitatively described. Scaling analysis identifies distinct clogging regimes associated with changes in 

avalanche size. The variation in stress with avalanche size arises from changes in the effective particle weight, force-

chain orientation, and stress transmission coefficient. These results improve the understanding of stress redistribution 

in clogged silos and may inform future predictions of clogged stress states under different opening conditions. 

 

Results 

The link between avalanche size and stress distribution 

Particles are initially generated all at once inside a 120𝑑 long, 30𝑑 wide, and 1.1𝑑 thick closed container, where 𝑑 

is the particle diameter (Fig. 1a). Unless otherwise specified, all distances in this study are normalized by the particle 

diameter 𝑑. Non-overlapping (non-contacting), motionless particles are initiated above a bottom opening of size 𝐷 =

𝑏/𝑑, where 𝑏 is the physical orifice width. Different realizations differ only in the particles’ initial positions. The 

particles settle under gravity where some immediately exit through the bottom opening until a clog is formed. During 

flow, particles near the sidewalls slow down and become increasingly disordered. This structure gradually stabilizes, 

leading to the development of dead zones near the sidewalls and a clogging arch that halts the flow completely (Fig. 

S1 in Supplementary Note 1). Clogging is defined as a blockage at the opening which prevents further discharge for 

more than 2 seconds31,32. After the particles settle into a static packing, the free surface height reaches ~60𝑑. The 

number of particles that are released prior to clogging is called the avalanche size 𝑠 following the terminology used 

in related literature27,33,34. 
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The simulation domain is discretized into unit measurement cells with volume 𝑉bin = 𝑑3 . Measurements for 

stresses are obtained from 𝐴 = 1 × 1  (white) and 𝐴 = 6 × 6  (blue) cells in Fig. 1a. The stress tensor is 

nondimensionalized by the weight and size of a single particle, 𝝈′ =
∑ 𝑭𝑖⊗𝒍𝑖

𝑁
𝑖=1

𝑚𝑔/𝑑2𝐴𝑉bin
, where 𝑁 is the number of contacts 

in a cell, 𝑭𝑖 is contact force between two particles, 𝒍𝑖 is the distance between their center, 𝑚 is the particle mass. It is 

then averaged over 𝑇 number of simulations (i.e. blockage instances) 𝝈 =
1

𝑇
∑ 𝝈𝒋

′𝑇
𝑗=1

24. Vertical stress 𝜎𝑧𝑧 and 𝜎𝑧𝑧
′  are 

the normal components of 𝝈 and 𝝈′ along the vertical direction, respectively. 

The vertical normal stress 𝜎𝑧𝑧 increases along the depth 𝑍 due to the accumulation of particle weight (Fig. S2 in 

Supplementary Note 2). In a closed container (𝐷 = 0.0), both the vertical and transverse normal stresses 𝜎𝑦𝑦 are 

uniform along the width 𝑌. Fig. 1b shows the 𝜎𝑧𝑧 profile at a distance 3𝑑 away from the right wall 𝑌1 and along the 

center of the pile 𝑌0 for different 𝐷. At both locations and for other opening sizes (𝐷 > 0), 𝜎𝑧𝑧 increases towards the 

bottom of the container in a similar fashion until a depth 𝑍c ≈ 20. Beyond 𝑍c (towards the bottom), 𝜎𝑧𝑧 becomes 

sensitive to 𝐷 in such a way that when the opening is very large, 𝜎𝑧𝑧 decreases. This tendency is more evident at 𝑌0 in 

which stresses are minimum near the opening. We compare the 𝜎𝑧𝑧 profiles with common stress distributions for static 

granular piles: the liquid stress distribution 𝜎𝑧𝑧 =
𝜌b𝑔𝑑

𝑚𝑔/𝑑2 𝑍 defines a monotonic increase along the depth while the 

Janssen stress distribution 𝜎𝑧𝑧 =
𝜌𝑏𝑔𝑤

2𝜇𝜁𝑚𝑔/𝑑2 (1 − 𝑒−
2𝜇𝜁𝑑

𝑤
𝑍) captures the stress increase and subsequent saturation due to 

the sidewall friction where 𝜌b = 𝜙𝜌 = 1440 kg/m3 is the bulk density of particles, 𝜇 = 0.3 is the friction coefficient 

between particles and between particles and the wall, 𝜙 = 0.56 is the solid fraction, 𝑤 = 0.3 m is width of the silo, 

and 𝜁 = 0.9 is the constant stress coefficient. Both stress distributions assume that 𝜎𝑧𝑧 is constant along the 𝑌 axis. At 

𝑍 ≲ 20, 𝜎𝑧𝑧 follows both the liquid and Janssen distributions for all 𝐷 showing that near the free-surface, stresses are 

only due to the particles’ weight. Below 𝑍c, static stress distributions, both at the boundary and at the center, no longer 

follow the conventional liquid nor Janssen stress distributions. 

Fig. 1c shows that the avalanche size 𝑠 is generally greater and spans over a wider range when 𝐷 is increased, 

showing that more particles are released prior to clogging in larger openings. Fig. 1d further shows that the average 

avalanche size for each silo opening 〈𝑠〉 in the simulations increases exponentially with 𝐷 and falls within the range 

of values obtained in experiments25,26. The relationship of 〈𝑠〉 with 𝐷 is robust for larger 2-dimensional silos (154𝑑 

long and 54𝑑 wide), for 3-dimensional cylindrical silos of various sizes (construction and measurement details in Fig. 

S6 of the Supplementary Note 4), and for different initiation protocols (particles settle at an initial velocity of 3 m/s), 

although the 〈𝑠〉 in the 3-dimensional case is slightly more sensitive to 𝐷 due to the greater number of particles needed 

to clog. The shared dependence of 𝑠 and 𝜎𝑧𝑧 on 𝐷 suggests that the stress distributions are related to the avalanche 

size. The probability distribution of 𝜎𝑧𝑧
′ /𝜎𝑧𝑧 does not vary with 𝑠 and 𝐷, which means that the normalized local stress 

statistics remain invariant, demonstrating that 𝑠 and 𝐷 control 𝜎𝑧𝑧
′  through 𝜎𝑧𝑧 (see Fig. S3 in Supplementary Note 3). 

To investigate the relationship between 𝑠 and 𝜎𝑧𝑧, we evaluate the change of 𝜎𝑧𝑧 with 𝑠 for different 𝐷 measured at 

larger averaging zones (blue regions) in Fig. 2a-d. 𝜎𝑧𝑧 shows a complex dependence on 𝑠, 𝐷, and with the location at 

which it is measured, i.e. 𝜎𝑧𝑧 = 𝜎𝑧𝑧(𝑠, 𝐷, 𝑌, 𝑍). At low 𝑠, 𝜎𝑧𝑧 is approximately constant but begins to decline after 𝑠 

exceeding a certain value. 𝜎𝑧𝑧 once again evens out to a lower value at a larger threshold. The upper and lower 𝜎𝑧𝑧 
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limits do not vary with 𝐷, but with the location of the averaging area. The difference between the upper and lower 𝜎𝑧𝑧 

limits at 𝑌0 and 𝑌1 decrease moving towards the top. The dependence of 𝜎𝑧𝑧 on 𝑠, 𝐷, and location within the packing 

remains consistent in the larger two-dimensional silo, under the different initial velocity protocols, and in the three-

dimensional classical cylindrical silo (Figs. S4a, S5a, S7a, and S8a in Supplementary Note 4). This shows that the 

transitional dependence of the vertical normal stress with the avalanche size is robust for different scales and initiation 

conditions. 

 

Avalanche size dependent clogging regimes and associated micro-parameters 

The 𝜎𝑧𝑧  decreases non-linearly with increasing 𝑠. At low 𝑠, 𝜎𝑧𝑧  is maximum (𝜎𝑧𝑧
max) and declines only when a 

minimum 𝑠 is exceeded. Beyond this point, 𝜎𝑧𝑧 gradually decreases and approaches a minimum value 𝜎𝑧𝑧
min as 𝑠 → ∞. 

The decline and saturation of 𝜎𝑧𝑧 with 𝑠 can be captured by the reverse logistic function: 
𝑑𝜎𝑧𝑧

𝑑𝑠
= 𝑘(𝜎𝑧𝑧 − 𝜎𝑧𝑧

max)(𝜎𝑧𝑧 −

𝜎𝑧𝑧
min), where 𝑘 is a constant for a specific 𝐷 in different average zone. Integration yields: 

 

𝜎𝑧𝑧 = 𝜎𝑧𝑧
min +

𝛥𝜎𝑧𝑧

1 + exp(𝑠∗)
(1) 

 

where 𝑠∗ = 𝑘𝛥𝜎𝑧𝑧𝑠 − 𝐶 , and 𝛥𝜎𝑧𝑧 = 𝜎𝑧𝑧
max − 𝜎𝑧𝑧

min . The 𝜎𝑧𝑧
max is equivalent to the stress in a completely closed 

container. The term 𝑘Δ𝜎𝑧𝑧 controls the sensitivity of 𝜎𝑧𝑧 with 𝑠. The coefficient 𝐶 quantifies the impact of the location 

where 𝜎𝑧𝑧 is measured and determines the threshold beyond which 𝜎𝑧𝑧 begins to decrease significantly. These two 

coefficients independently express the effects of slit size and position on 𝜎𝑧𝑧 and are obtained through data fitting 

(solid lines in Fig. 2a-d; other stress-related parameters are shown in Table. 1). The coefficient 𝑘𝛥𝜎𝑧𝑧 depends only 

on 𝐷 and Fig. 3a shows that 
1

𝑘𝛥𝜎𝑧𝑧
 varies linearly with 𝐷2. This relationship is insensitive to the silo size, the initial 

velocity protocol, and dimensionality. Fig. 3(b) shows that the coefficient 𝐶  increases with the distance 𝑃 =

√(𝑌 − 𝑌0)2 + (𝑍 − 𝑍0)2 from the center of averaging zone to the slit center (𝑌0, 𝑍0). This reflects the tendency of the 

force-chain structure near the slit to be more easily disturbed by the outflow, whereas particles farther from the slit 

experience weaker disturbance. The relationship between 𝐶 and 𝑃 depends on the dimensionality (see Supplementary 

Note 4) which indicates that, in the three-dimensions case, greater discharge is required to observe a pronounced 

change in the stress distribution. These relationships can be summarized as: 

1

𝑘𝛥𝜎𝑧𝑧
= 𝛼𝐷2 + 𝛽; 𝐶 = 𝛾ln(𝑃 + 1) + 𝜖, (2) 

where 𝛼 = 0.27, 𝛽 = 0.40 for both two and three dimensions, 𝛾 = 1.41, and 𝜖 = 6.15 for two dimensions while 𝛾 =

1.75, and 𝜖 = 15.32 for three dimensions. 

To account for the influence of the averaging location on the stress measurements, 𝜎𝑧𝑧 is further normalized as 

𝜎𝑧𝑧
∗ =

𝜎𝑧𝑧−𝜎𝑧𝑧
min

𝛥𝜎𝑧𝑧
 through which Eq. (1) can be re-written as: 

 

𝜎𝑧𝑧
∗ =

1

1 + exp(𝑠∗)
(3) 
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Plotting 𝑠∗ versus 𝜎𝑧𝑧
∗  collapses all data points covering different 𝐷 into a single curve as shown in Fig. 4. The 

normalized curve is asymptotic at 0 and 1 and can be broken down into three regimes representing distinct 

dependencies on 𝑠∗. Regime boundaries are drawn at 𝑠∗ = −3 and 𝑠∗ = 3 corresponding to 𝜎𝑧𝑧
∗ =0.95 and 𝜎𝑧𝑧

∗ =0.05, 

respectively. (1) When 𝑠∗ ≲ −3, the number of released particles is so small that the stress distribution still resembles 

that of a sealed container. (2) When −3 < s∗ ≲ 3, the number of discharged particles significantly impacts the stress 

distributions. (3) When 𝑠∗ > 3, the stresses are at a minimum and 𝜎𝑧𝑧 lower than 𝜎𝑧𝑧
min may correspond to continuous 

particle flow without clogging, as the force chain structures in flowing states are weakly connected22,23. These regimes 

in the 𝑠∗ − 𝜎𝑧𝑧
∗  phase space are termed the Weak-discharge (WD), the Moderate-discharge (MD), and Large discharge 

(LD) regimes. This scaling also holds for larger-silos, for different preparation protocols and for the large and small 

three-dimensional cylindrical silos (see Figs. S4b, S5b, S7b and S8b in the Supplementary Note 4).  

The results thus far shows that the local stress in a clogged silo of monodisperse dry particles depend on particle 

properties (𝜌, 𝑑, 𝜇), gravitational acceleration 𝑔, volume fraction 𝜙, opening size 𝑏 through the avalanche size 𝑠, 

measurement-zone position (𝑦, 𝑧), container size and geometry, and preparation protocol. In this study, the volume 

fraction does not significantly change between tests, the friction coefficient 𝜇  is fixed, and the local stress is 

nondimensionalized by the particle weight (combination of 𝜌, 𝑔, 𝑑). Lengths are normalized by 𝑑, giving 𝐷 = 𝑏/𝑑, 

𝑌 = 𝑦/𝑑, and 𝑍 = 𝑧/𝑑. The effect of measurement-zone position is further incorporated through 𝑃, so the proposed 

scaling mainly involves 𝐷, 𝑠, and 𝑃. The remaining conditions including container geometry and dimensionality, 

filling width or radius, filling height, and preparation protocol were examined over relatively broad ranges, as 

summarized in Supplementary Table S2 of Supplementary Note 5. Additional tests have shown that variations in 

filling size and preparation protocol have no obvious influence on the normalized scaling 𝑠∗, whereas dimensionality 

affects the fitted relation for 𝐶. The scaling relationship is expected to apply when clogged states span a sufficiently 

wide range of avalanche sizes, so that both 𝜎𝑧𝑧
max and 𝜎𝑧𝑧

min can be identified. For excessively large openings, such as 

𝐷 > 5, clogging may does not occur and 𝜎𝑧𝑧
min is therefore undefined, making the logistic scaling inapplicable. When 

Δ𝜎𝑧𝑧 ≈ 0, such as at locations above 𝑍c in Fig. 1b where the local stress is nearly independent of 𝑠∗, the logistic 

transition becomes indistinct. 

Classical models for static stress distributions in silos systematically deviate from the stresses when an outlet is 

present (Fig. 5a, b). Near the walls (𝑌1), the stresses corresponding to low 𝑠 exceed the liquid stress distribution. As 𝑠 

increases, the stresses weaken, approaching the Janssen distribution. Stress distributions at the center (𝑌0) exhibit 

similar transitions across the different regimes except for the observable decrease near the bottom opening. The 

Janssen model assumes upward wall friction (−𝑍 direction), with fully mobilized lateral wall support and uniform 

transmission of the stress coefficient throughout the packing. However, our results demonstrate that, for cases with 

𝑠 > 0, both the side wall friction 𝑓r,s (Fig. 5c) and the stress coefficient 𝜁 (Fig. S9a in Supplementary Note 6) become 

spatially heterogeneous. This indicates that the Janssen model is insufficient to capture the intergranular behavior in 

such cases, thereby violating two core assumptions of Janssen model. Consequently, the Janssen framework fails to 

capture the evolving stress heterogeneity associated with variations in avalanche size. In contrast, the oriented-stress-

linearity (OSL) model relaxes the assumption of uniform stress transmission by aligning stresses with force-chain 

directions36–38. The stress field is expressed in a rotated coordinate system (𝒒, 𝒏), where 𝒒 ⊥ 𝒏, with the 𝒒-axis 
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oriented along the force-chain direction. Here, 𝜏 denotes the angle between the force chain connecting two particles 

and the 𝑌0. In the stress continuity equations: 

𝜕𝜎𝑦𝑦

𝜕𝑦
+

𝜕𝜎𝑦𝑧

𝜕𝑧
= 0 (4)

𝜕𝜎𝑦𝑧

𝜕𝑦
+

𝜕𝜎𝑧𝑧

𝜕𝑧
− 𝐺 = 0. (5)

are closed by the constitutive relation 𝜎𝑦𝑦 = 𝜂1𝜎𝑧𝑧 + 𝜂2𝜎𝑦𝑧sgn(𝑌), where 𝜂1 =
𝜓−(tan 𝜏)2

1−𝜓(tan 𝜏)2, 𝜂2 =
2(𝜓+1) tan 𝜏

1−𝜓 (tan 𝜏)2, and 𝜓 =

𝜎𝑛𝑛

𝜎𝑞𝑞
 is the stress coefficient in this rotated system. Here, sgn(𝑌) is −1 for 𝑌 < 𝑌0 and 1 otherwise. The sidewalls exert 

a frictional force 𝑓r,s  (as shown in Fig. 5c), while the front and back walls exert 𝑓r,w  (insert in Fig. 5d) both 

nondimensionalized by 𝑉bin𝑚𝑔/𝑑3 . Near the side walls, the boundary condition satisfies: 𝜎𝑦𝑧 + 𝑓r,ssgn(𝑌) = 0 . 

Away from the sidewalls, the particle weight is supported by 𝑓r,w giving 𝐺𝑑 =
𝜙𝜌𝑔

𝑚𝑔/𝑑3 + 𝑓r,w, where 𝐺𝑑 > 1 means 

that grains experience forces exceeding their own weight due to the applied downward shear (overweighted condition) 

and < 1 if the upward shear force supports the granular weight instead (underweighted condition). 

Good agreement between the predictions of Eqs. (4–5) and the DEM data (Fig. 5a, b) indicates that the OSL 

framework accurately captures the measured stress profiles. This agreement demonstrates that the stress state is 

governed by the microstructural parameters 𝜙, 𝑓r,s, 𝐺, tan 𝜏 and 𝜓 which are directly obtained from the DEM data (Fig. 

5c-f). Although the volume fraction 𝜙 has been considered in some studies as an important physical quantity affecting 

force magnitude2,39, our results show that 𝜙  increases slightly with increasing 𝑠  (Fig. S9b and Fig. S10 in 

Supplementary Note 6), remaining within the narrow range of 0.54–0.57. Its influence on the calculation of 𝐺 is 

therefore limited. This shows that regardless of whether the silo clogs instantaneously or after a prolonged flow 

episode, the local bulk density and particle weight almost remain unchanged. 

Fig. 5(c, d) shows that at 𝑍 < 20, the side wall shear 𝑓r,s ≈ 0 and 𝐺𝑑 ≈ 1 despite increasing 𝑠. This indicates that 

the wall-induced shear force neither compresses nor supports the grains in this region, and thus the granular weight is 

essentially unaffected by the walls. Meanwhile, tan 𝜏 and 𝜓, as shown in Fig. 5(e, f), remain nearly constant at both 

transverse positions 𝑌1 and 𝑌0, suggesting that the force chain orientation remains nearly constant, while the ratio 

between the stress components parallel and normal to the force chain direction also remains unchanged. These 

observations indicate that discharge does not affect the frictional interaction between grains and the walls in regions 

far from the outlet, and that the stress transmission paths remain stable. This behavior is consistent with stress 

transmission models without wall effects. Consequently, the vertical stress 𝜎𝑧𝑧 at both transverse positions 𝑌1 and 𝑌0 

follows the liquid-like stress distribution (see the insets of Fig. 5a, b). 

The region 𝑍 > 20 is primarily governed by discharge-induced disturbances and controlled by 𝑠∗. To better show 

how 𝑠∗ controls the stress state across the various regimes (Fig. 4), we plot it directly against the relevant OSL micro-

parameters in Fig. 6. Fig. 6a, b show that both 𝑓r,s (measured at the sidewalls) and 𝐺𝑑 (evaluated in the bulk, away 

from the walls) exhibit a consistent, regime-dependent response to 𝑠∗, reflecting the influence of wall friction despite 

acting at different locations. In the low 𝑠∗ (WD regime), 𝑓r,s > 0, meaning the walls impose a compressive shear on 

the particles, analogous to a reverse Janssen effect21. Correspondingly, 𝐺𝑑 > 1, so the bulk is effectively overweighted 

and 𝜎𝑧𝑧 exceeds the liquid stress prediction at both 𝑌0 and 𝑌1. As 𝑠∗ increases into the MD regime, the shear direction 
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is reversed (𝑓r,s < 0), possibly due to increased particle–wall slip21, such that the walls begin to support the particle 

weight. This transition is reflected in the bulk by 𝐺𝑑 < 1, indicating an underweighted state. However, the shear is 

not fully mobilized throughout the packing, and thus departs from the Janssen assumption. In the LD regime, both 𝑓r,s 

and 𝐺𝑑 plateau, indicating that wall shear has reached its maximum mobilization and the stress state has saturated 

across both boundary and bulk regions. Fig. 6c shows that the angle of orientation tan 𝜏 is not sensitive to 𝑠∗ near the 

center 𝑌0(𝑌 = 15), where the symmetry of the system suppresses any net lateral bias in force-chain orientation. 

Increasing 𝑠∗ into the MD regime, tan 𝜏 at 𝑌1(𝑌 = 27) rises, indicating that the force chains tilt outward toward the 

side wall, increasingly redirecting the grain weight to the boundaries. Once 𝑠∗ enters the LD regime, local deflection 

of force chains reaches a maximum since tan 𝜏  remains unchanged. Fig. 6d shows that 𝜓 increases at 𝑌0  with 

increasing 𝑠∗. This is because arch that forms near the opening diverts more grain weight toward the side walls, 

resulting in 𝜎𝑧𝑧 that fall below the Janssen prediction as shown in Fig. 5b. In contrast, at 𝑌1 the decrease of 𝜓 indicates 

that a greater proportion of the stress is carried along the rotated force-chain direction, with less transferred to the 

direction normal to it. 

 

Conclusion 

In summary, several discrete bodies can be clogged when passing through a narrow opening such as in vertical 

silos. The stress distribution of clogged, immobile particles is different from that in completely closed vertical 

containers despite both being in a quasi-static state. Results here show that these stress distributions depend on the 

size of the opening through the number of particles that escape from it prior to clogging, termed the avalanche size. A 

scaling analysis based on a defined dimensionless avalanche size 𝑠∗ , derived from the reverse logistic equation, 

enables the identification of different clogging regimes. The parameter 𝑠∗ incorporates information on the opening 

size (𝑘Δ𝜎𝑧𝑧) and on the position in which the stress is measured (𝐶). When 𝑠∗ ≤ −3 (weak discharge regime), the 

stress distribution is unaffected by the avalanche size and is similar to that of a sealed container. As with sealed 

containers, stresses are controlled by the weight of the pile supported by the shear force provided by the boundary 

walls. When −3 < 𝑠∗ ≤ 3, the stress distribution is influenced by particle discharge (Moderate-discharge regime), 

with stress decreasing near the opening depending on 𝑠∗. When 𝑠∗ > 3 (Large discharge regime), the stresses are 

minimum and are independent of 𝑠∗.The OSL model further reveals the mechanism underlying the stress reduction 

with increasing avalanche size under different opening sizes and avalanche sizes. As the avalanche size increases, the 

supporting shear force exerted by the sidewalls becomes stronger, thereby reducing the effective weight of particles. 

Meanwhile, force chains near the boundaries gradually deflect toward the sidewalls, allowing more load to be 

transferred laterally. Near the orifice, the formation of clogging arches further promotes this lateral transfer, leading 

to a decrease in stress with depth even in the vicinity of the opening. 

This study improves the understanding of stress distribution in clogged silos. These results offer insights into static 

stress distribution in clogged states for different opening size structures, which is important for the design of industrial 

silos24,40,41. Additionally, it enhances the understanding of static stress distribution in granular materials and its 

dependence on flow history19. The composition of real granular flows is inherently complex, often made up of particles 

that have dissimilar sizes and shapes. More angular particles generally increase the clogging probability because 
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interlocking can readily occur through face-to-face contacts, making clogging more likely than with spherical 

particles33,42. The presence of larger particles in bidisperse or polydisperse mixtures43,44 is likewise expected to 

enhance the clogging probability and may increase 𝐶. This means that a larger avalanche size would be required to 

release the stress carried by the particle assembly, and the localized stress heterogeneities would deviate from the 

predicted distributions. It should also be emphasized that the reverse logistic function adopted in this study is mainly 

a compact empirical description of the transition between stress and avalanche size observed in the numerical results, 

rather than the unique theoretical functional form. The key finding of this work is that a stable S-shaped 

correspondence exists between avalanche size and clogged stress. Although other smooth S-shaped functions, such as 

the error function, may also provide satisfactory fits, the logistic form retained here is comparatively simple and, more 

importantly, enables the construction of the normalized avalanche size 𝑠∗, which facilitates a unified identification of 

different clogging regimes. 

In our equivalent two-dimensional system, the opening size is restricted to 𝐷 ≤ 4.5, within which stable clogging 

arches can still form. When 𝐷 > 5, clogging rarely occurs, and when it does, it is highly transient. At present, the 

formation of stable clogging arches in larger orifices is still debated. An interesting question that could be explored in 

future work is whether a critical opening size exists beyond which no clogging forms25,26,45,46. Stress studies under 

both clogging and non-clogging conditions could also help to reveal the existence of a minimum local stress 𝜎𝑧𝑧
min. In 

addition, the physical origin of avalanche size variation deserves further discussion. For example, when the driving 

force acting on the particles increases, the volume fraction within the granular assembly may increase, which in turn 

raises the interparticle stress and leads to a larger avalanche size47. A clearer understanding of how interparticle stress 

and volume fraction govern the average avalanche size therefore remains an important topic for future research. The 

role of friction coefficients is also important, because friction is a key factor controlling the formation of clogging 

arches, thereby affecting the clogging probability and the avalanche size4,28. Moreover, only two preparation protocols 

were considered in the present study. Other preparation procedures, such as allowing the particles to come to rest 

before release, or triggering a second clogging event by reopening the outlet after clogging has occurred, may lead to 

larger avalanche sizes11,25. The influence of different preparation protocols on the relationship between avalanche size 

and stress therefore deserves further investigation. In addition, only a horizontal outlet was considered here. In 

industrial applications, increasing the outlet angle is a common strategy for reducing clogging, as it produces a sharper 

outlet geometry and can increase the avalanche size12. Accurately predicting the average avalanche size under different 

outlet angles is therefore of practical importance. Finally, experimental validation remains essential for establishing 

the generality of the present results. Future work combining photoelastic experiments with systematic analyses of 

clogged stress distributions and force-chain structures48,49, together with experimental measurements of avalanche size 

obtained either by camera-based particle counting with image recognition in two-dimensional systems or by measuring 

the discharged particle mass25,26, would help evaluate the applicability of the proposed 𝑠∗ and may reveal additional 

controlling factors, thereby further extending the scope of the present conclusions. 

 

Methods 

Simulation details 
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To investigate the role of the avalanche size on the static stress distributions of clogged particles, we conduct 

discrete element simulations of two-dimensional vertical silos (Fig. 1a). The DEM is implemented using the open-

source library LIGGGHTS50. Particle interactions are modelled using the Hertz contact model. Modelled particles 

mimic elastic properties of glass beads51–55. Each test comprises 1900 particles that have a density of 𝜌 = 2570 kg/m³, 

size of 𝑑 = 0.01 m, coefficient of restitution of 0.8, sliding friction of 𝜇 = 0.3, Young’s modulus of 3 Gpa, and 

Poisson’s ratio of 0.25. The simulation timestep is 10-6 s and gravity is 𝑔 = 10 m/s2 pointing along the 𝑍 axis. 

The particles in the modelled system are confined between two parallel plates which have similar material and 

contact properties as the particles3,12,32. The particles are bounded by parallel plates at the front and back with a distance 

of 1.1𝑑. The distance ensures that all particles are arranged in a single layer with negligible overlap56,57. The container 

has a width of 30𝑑 and a height of 120𝑑 (𝑍 direction). To maintain a constant granular pile height of ~60𝑑, the 

boundary is set as a periodic boundary in the 𝑍-direction to ensure that particles exiting the bottom opening re-enter 

from the top. This approach results in a flat packing surface (Fig. 1b), identically to the methods that generate particles 

directly at the top. The pile height is twice the bottom width to prevent the effect of filling on clogging near the opening, 

thereby maintaining consistent distribution of avalanche size across different silo dimensions35,46,58. The ratio of the 

opening size to the particle diameter, labelled 𝐷, is varied between 0.0, 2.5, 3.0, 3.5, 4.0, 4.5. 𝐷 = 0.0 is a control case 

where there is no opening and no particles are able to exit. Granular flows within this range of 𝐷 values are commonly 

observed to exhibit clogging and are studied as representative cases in the literature3,12,17,25,26,28,35. When 𝐷 exceeds 

this range, the system typically transitions to a regime characterized by intermittent or entirely uninterrupted flow, 

with clogging becoming rare or absent57,59,60. In order to obtain good statistics, we performed simulations with 6000 

simulations for each 𝐷 ≠ 0.0 case and 1000 for 𝐷 = 0.0. One simulation refers to an independent process in which 

the silo is randomly refilled, then discharged, and terminated once a stable clog forms26,42,61,62. 

 

Data availability 

The data supporting the plots and findings of this study are available from the corresponding author upon request. 

 

Code availability 

The DEM simulations were conducted using the open source software LIGGGHTS. The relevant model settings, 

simulation parameters, and procedures are described in the Methods section. 
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Fig. 1 Numerical setup, stress distributions, and avalanche size statistics. (a) Sketch of the numerical simulation setup. 

The simulation domain is divided into grids for measurement of relevant quantities. Averaged quantities are calculated 

in the zones shaded in blue (labelled 𝐿0-𝐿1 and 𝐻0-𝐻1). (b) Stress distributions near the sidewalls 𝑌1 (3𝑑 away from 

right side wall) and the center 𝑌0 of containers with different 𝐷. (c) Probability density function (𝑃𝐷𝐹) of avalanche 

size 𝑠. (d) The relationship between averaged avalanche size 〈𝑠〉 and 𝐷, where red and blue dashed line show the 

relationship proposed by Janda et al. (2008) and To (2005), respectively. 

 

 

Fig. 2 Dependence of local stress on avalanche size. The change of vertical normal stress 𝜎𝑧𝑧 with the avalanche size 

𝑠 at locations (a) 𝐿0, (b) 𝐻0, (c) 𝐿1, and (d) 𝐻1 (see Fig. 1). Solid lines are best-fits from Eq. (1). 

 

 

Fig. 3 Scaling parameters for clogged stress. (a) The relationship between 1/𝑘𝛥𝜎𝑧𝑧 and the squared of the opening 

size 𝐷2. (b) The relationship between coefficients 𝐶 and 𝑃. Solid lines are best-fits from Eq. (2). 

 

 

Fig. 4 The relationship between 𝜎𝑧𝑧
∗  and 𝑠∗. Vertical dashed lines separate three regions: weak discharge regime (WD), 

Moderate-discharge regime (MD), Large discharge regime (LD). The red solid line is the best fit curve obtained from 

Eq. (3). 

 

 

Fig. 5. Spatial variation of physical quantities controlling stress distributions. Stress distributions for 𝐷 = 3.5  at 

locations (a) 𝑌1 and (b) 𝑌0. The solid lines represent the numerical solution of Eqs. (4, 5), while red and blue dashed 

lines represent the liquid and Janssen stress distributions, respectively. (c) The change of the shear force 𝑓r,s at the 

right wall with 𝑠. Legend at the top indicates the direction of shear force. (d) Change of the effective weight 𝐺𝑑 with 

𝑠  for 𝑌1  and 𝑌0 . Inset in (d) shows shear force 𝑓r,w  from front or back walls on particles. (e) Force chain angle 

(represented through tan 𝜏) and (f) stress coefficient 𝜓 varied with 𝑠 for 𝑌1 and 𝑌0. The gray dash lines in (c), (d) and 

(e) indicate 𝑓r,s = 0, 𝐺𝑑 = 1 and tan 𝜏 = 0, respectively. 

 

 

Fig. 6. Dependence of stress controlling physical quantities on normalized avalanche size. The relationship between 

the OSL model parameters (a) 𝑓r,s, (b) 𝐺𝑑, (c) tan 𝜏, and (d) 𝜓 with 𝑠∗. The dashed lines separate the clogging regimes 

as shown in Fig. 4. Data averaged over different values of 𝐷, whereas the non-averaged data for each individual 𝐷 are 

provided separately in Fig. S11 of the Supplementary Note 7. 
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Table. 1 𝜎𝑧𝑧
max and 𝜎𝑧𝑧

min values at different measurement locations. 

Measurement cell 𝜎𝑧𝑧
max 𝜎𝑧𝑧

min 

𝐿0 63.32 19.06 

𝐻0 46.50 28.23 

𝐿1 70.05 44.78 

𝐻1 47.42 33.67 
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