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Abstract


Conventional roadheader cutting tools are subjected to substantial forces, intense impacts, and friction during rock excavation, resulting in excessive energy consumption and accelerated tool wear. To address these challenges, undercutting technology has emerged as a promising alternative for integrating disc cutters into roadheaders. In this study, a comprehensive mechanical investigation is conducted on an Oscillating Disc Cutter (ODC) based on the undercutting principle to enhance fragmentation efficiency and minimize energy requirements. A high-fidelity numerical framework, coupling the Finite Element Method (FEM) and Smoothed Particle Hydrodynamics (SPH), is established to simulate the dynamic ODC cutting process. This model is rigorously validated against both theoretical analyses and experimental data. Results demonstrate that the ODC can reduce the minimum specific energy by 78% compared to conventional non-eccentric cutters and attenuates the average rolling, side, and normal forces by 70.9%, 59.4%, and 67.9%, respectively. Furthermore, parametric analysis reveals a strong sensitivity of cutting performance to oscillation frequency and feed rate. These findings confirm that the ODC mechanism effectively mitigates cutting resistance and optimizes rock fragmentation, providing essential theoretical and practical guidance for the development of high-efficiency underground excavation equipment.
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1. Introduction


With depleting near-surface deposits and growing demand for energy and materials, underground excavation remains crucial for sustainable resource supply. Roadheaders, typically featuring a boom-type configuration (Figure 1), play a key role in underground development. These machines commonly use cylindrical cutting heads, which perform well in soft to medium-hard rocks. However, their efficiency drops sharply in hard rock due to accelerated pick wear, resulting in high operational costs and limited applicability. Improving hard rock cutting efficiency while minimizing tool wear remains a pressing challenge.



Various approaches have been proposed to address this issue. For instance, laser-assisted rock-breaking [1] and water jet-assisted cutting [2,3] have been explored to enhance cutter performance. Combined methods, such as abrasive water jet–pick systems [4], have also been investigated. While these auxiliary techniques can improve cutting efficiency, they often involve complex setups, high energy consumption, and integration difficulties with existing cutter heads. This motivates the pursuit of more robust, cost-effective purely mechanical solutions. Optimizing cutter installation and geometry has been shown to improve fragmentation efficiency in conventional systems [5]. Recent studies on specially-shaped cutters have further demonstrated that geometric optimization can significantly enhance the rate of penetration and suppress mechanical vibrations in complex formations [6,7].



Purely mechanical improvements rely on effectively exploiting rock fragmentation mechanisms. According to Griffith’s brittle failure criterion [8], rock tensile strength is much lower than compressive strength, typically by a factor of eight. Undercutting techniques leverage this difference to promote tensile failure, which is inherently more energy-efficient than the compressive failure mode of conventional drag picks. Tool wear is also closely linked to rock properties; for example, the Cerchar abrasivity index (CAI) is widely used to predict cutter lifespan [9].



Extensive studies have analyzed the performance of conventional disc cutters. Wear mechanisms, cutter morphology, and kinematic behavior have been investigated through experiments and numerical models [10,11,12,13,14,15,16,17,18]. In terms of predictive modeling, advanced data-driven methods using hybrid machine learning models such as SVR with meta-heuristic optimization have been applied to predict cutting forces with high accuracy [19]. Regarding cutting mechanics, numerical investigations into vibrational cutting have highlighted the quasi-periodic fluctuations in stress states and crack propagation patterns during rock breakage [20]. Furthermore, to address the challenge of optimizing cutting efficiency, research has focused on the refinement of undercutting techniques, including the application of multi-ridge curve-shaped PDC cutters and innovative geometries [21].



In parallel with geometric optimizations, the Oscillating Disc Cutter (ODC), also known as the Actuated Disc Cutter (ADC) [22], has emerged as a promising solution for hard rock excavation. Kinematic models [23], discrete element simulations [24], and experimental studies [25,26,27] confirm its potential to reduce cutting forces and improve fragmentation. However, most existing studies on ODC have not thoroughly investigated the combined effects of motion parameters and tool geometric parameters on cutting performance. Furthermore, regarding numerical simulations of ODC, the obtained force–time curves often fail to reflect the characteristic periodic motion of the cutter, specifically where the cutting force should drop to zero during each oscillation cycle when the cutter disengages from the rock. Consequently, a systematic analysis of key motion parameters, including eccentricity, oscillation frequency, and feed rate, and their influence on Specific Energy ( SE ) and cutting force is still lacking, as existing numerical methods often struggle to capture the combined effects of high strain rate deformation, large-scale fragmentation, and periodic loading characteristic of ODC operation.



To address these challenges, this study presents a comprehensive investigation:



(1) An ODC kinematic model is established and cutting trajectories are obtained via MATLAB R2024b. A coupled SPH–FEM model is developed and validated against experiments and theoretical predictions. (2) The advantages of eccentric oscillating disc cutting over conventional undercutting are quantified, focusing on cutting force and Specific Energy reduction. (3) The effects of eccentricity, oscillation frequency, and feed rate on cutting forces and energy consumption are systematically analyzed, revealing underlying non-linear mechanisms. (4) The findings provide theoretical and practical guidance for optimizing ODC motion parameters, supporting high-efficiency underground excavation.




2. Theoretical Modelling of Oscillating Disc Cutter


This chapter presents the kinematic and dynamic modeling of the Oscillating Disc Cutter (ODC) and its rock-cutting performance. A dynamic framework is established to capture both feed motion and eccentric rotation, considering cutter eccentricity, feed velocity, and oscillation frequency. To quantify the interaction between these parameters, the dimensionless feed–oscillation ratio   R v   and eccentric ratio   R e   are introduced. Cutter–rock contact mechanics are complex; here, the contact length is calculated from the cutting trajectory and contact angle, accounting for cutting depth, rock strength, and friction. Cutting efficiency is evaluated via specific energy, and the combined analytical kinematic model and SPH–FEM simulation provide a solid basis for optimizing ODC motion parameters.



2.1. Kinematic Model


Figure 2a shows the ODC cutterhead motion schematic. The X-axis defines the cutting direction, the Y-axis the lateral direction, and the Z-axis the rotational direction. Here, e denotes the eccentricity (mm) between the rotation center and the geometric center of the cutterhead;  ω  is the angular velocity (rad/s); f the rotational frequency (Hz) corresponding to  ω ; v the feed rate (mm/s); a the cutterhead radius (mm); and d the cutting depth (mm).



The ideal groove generated by the cutter has a width of   2 ( a + e )   and depth d (Figure 2b). Cutter motion combines feed translation and eccentric rotation. Figure 2c illustrates the planar cutting trajectory: the red line represents the previous cut, and the blue dashed line the current path. Arc segment   A B   indicates the cutter–rock contact region, where  ψ  is the half contact angle (rad) and   ϕ A  ,   ϕ B   are the angular positions (rad) of points A and B, respectively. S is the drive shaft, O the eccentric shaft, and  θ  the instantaneous orientation (rad) of the eccentric shaft. The motion of O is described by:


      θ ( t ) = ω t ,        X O   ( t )  = v t + e sin  ( ω t )  ,        Y O   ( t )  = e cos  ( ω t )  ,      



(1)








2.2. Simulation Parameter Design


This study investigates the effects of cutter eccentricity e, feed velocity v, and oscillation frequency f on cutting performance. Table 1 lists the simulation parameters. The core ranges of these operational parameters are designated based on existing laboratory setups [22] and the engineering constraints of current excavation machinery (e.g., the 60 Hz industrial capability limit of the KOMATSU MC51 miner). Specifically, the recommended eccentricity range (1–5 mm) and frequency range (30–60 Hz) are bounded by both cutting physics and structural safety thresholds. An eccentricity below 1 mm or a frequency below 30 Hz provides negligible dynamic fracturing enhancement. Conversely, an eccentricity exceeding 5 mm under high-frequency oscillation has been experimentally observed in our laboratory tests to induce severe structural vibrations and bearing damage. Therefore, while 1–5 mm serves as the main operational range, extended cases up to 7 mm (S19–S20) are strategically integrated as boundary control groups to fully elucidate the degradation of mechanical reliability under excessive eccentricity. Using Equation (1), cutter trajectories under different conditions are obtained (Figure 3).



When    R v  ≥ 1  , the cutter behaves like conventional undercutting with continuous contact. For   0 ≤  R v  ≤ 1  , the cutter periodically separates from the rock each oscillation, generating an impact cutting effect (Figure 3i). In this study,   R v   is primarily kept in the range   0 ≤  R v  ≤ 1   to ensure intermittent contact and effective impact cutting, whereas a continuous-contact baseline case with    R v  > 1   (S16) is intentionally included to provide a direct performance contrast between continuous and impact cutting modes.



To characterize relative motion, the eccentric ratio   R e   and feed–oscillation ratio   R v   are defined as:


       R e  =   e a   ,        R v  =   v  ω e    .      



(2)







When    R v  ≥ 1  , the cutter behaves like conventional undercutting with continuous contact. For   0 ≤  R v  ≤ 1  , the cutter periodically separates from the rock each oscillation, generating an impact cutting effect (Figure 3i). In this study,   R v   is kept in the range   0 ≤  R v  ≤ 1   to ensure intermittent contact and effective impact cutting.




2.3. Disc–Rock Contact


Figure 4 illustrates the contact mechanics between the disc cutter and rock substrate during a single oscillation cycle. Initially, the cutter engages the profile generated in the preceding cycle (red line, Figure 4a). As rotation proceeds, the contact arc length monotonically increases (Figure 4b). Point A marks the initial engagement position on the previous trajectory, while point B denotes the separation position, characterized by the tangency of the velocity vector to the cutter edge. When the velocity vector points inward relative to the rock surface, the contact on the leading side ceases. Consequently, some cutter segments detach while the active cutting zone shifts, forming a new profile (blue line, Figure 4c).



The instantaneous cutting force is determined by the contact angle   2 ψ   and orientation  γ . As shown in Figure 2c, these angles are derived from the angular positions of points A and B:


       ψ =  1 2   (  φ A  −  φ B  )          γ =  1 2   (  φ A  +  φ B  )        



(3)




where point A on the current path corresponds to point B from the previous cycle due to the periodicity of the cutter motion.



The geometric configuration of the rock surface is determined by the trajectory of point B, where the contact length depends on the post-cut rock geometry:


  tan ψ = −    v y   v x    =    e ω sin φ   v + e ω cos φ    =    tan φ   1 +   R v   cos φ      .  



(4)







The instantaneous coordinates of point B are expressed as:


       x B   ( t )  =  x c   ( t )  + a sin φ  ( t )  + a sin ψ  ( t )  ,        y B   ( t )  =  y c   ( t )  + a cos φ  ( t )  + a cos ψ  ( t )  ,      



(5)




where the disc rotation center    (  x c  ( t ) ,  y c   ( t )  )  =  (  x  c 0   + v t ,  y  c 0   )    and the eccentric phase   φ  ( t )  =  φ 0  + ω t  . Furthermore, any point on the disc edge can be represented as:


       x ϕ   ( t )  =  x c   ( t )  + a sin φ  ( t )  + a sin ϕ ,        y ϕ   ( t )  =  y c   ( t )  + a cos φ  ( t )  + a cos ϕ ,      



(6)




where   (  x ϕ  ( t ) ,  y ϕ   ( t )  )   denotes the position of the edge point corresponding to the angular coordinate  ϕ .




2.4. Forces Acting on Disc


For small contact areas, the interaction force between the cutter and rock F follows the model in [23]:



(1) it acts near the contact center toward the disc; (2) its magnitude is proportional to the chord length   2 R sin ( Δ ψ / 2 )  ; (3) it scales with rock strength  σ , defined as


  σ = SE + μ  σ ∗  ℓ / p ,  



(7)




where d is the cutting depth,  SE  is the specific energy, ℓ is the wear-plane width,   σ ∗   is the contact stress, and  μ  is the friction coefficient (  μ = 0.14   [28]). Here,  σ  represents the rock’s uniaxial compressive strength (UCS).



The interaction forces in the radial, tangential, and normal directions are:


       F r  = −  F 0  sin    Δ ψ  2    sin  ψ +    Δ ψ  2    ,        F s  = −  F 0  sin    Δ ψ  2    cos  ψ +    Δ ψ  2    ,        F n  = − ζ  F 0  sin    Δ ψ  2   ,      



(8)




where    F 0  = 2 σ a d   (   F 0  = 9.825   kN for the selected parameters).



For a small feed–oscillation ratio   R v   and small eccentricity e, the contact angle can be approximated as [23]:


  Δ ψ =        4 π  R v   ( 1 +  R e  )     sin φ ,     φ ∈ ( 0 , π ) + 2 π n ,       0 ,     φ ∈ ( π , 2 π ) + 2 π n ,        R v  ≪ 1  



(9)







The corresponding simplified cutting forces become:


       F r  = −  F 0    π  R v      sin  3 / 2   φ ,        F s  = −  F 0    π  R v     sin φ cos φ ,        F n  = − ζ  F 0    π  R v     sin φ .      



(10)







This simplified approach assumes   e ≪ a   and    R v  ≪ 1  , providing a local approximation of the contact forces. It does not account for non-linear fragmentation, large-scale rock failure, high strain rates, or actual rock removal. For accurate simulation across varying cutting parameters, particularly under high-efficiency impact cutting (  0 ≤  R v  ≤ 1  ), a coupled SPH–FEM model is necessary.




2.5. Specific Energy


Specific energy ( SE ) is a primary metric for evaluating rock-cutting performance, defined as the energy consumed per unit volume of rock removed. It quantifies the intrinsic efficiency of the fragmentation process: a higher  SE  value indicates excessive energy dissipation and lower mechanical efficiency, whereas a lower  SE  signifies an optimized cutting regime with superior energy performance.



For the oscillating disc cutter (ODC), the cutting force and instantaneous velocity fluctuate periodically. To ensure mathematical and physical rigor, the  SE  in the numerical simulation is formulated by integrating the continuous mechanical work over the effective cutting time:


  SE =   W V   =      ∫  0  t   F r   ( τ )  · v  ( τ )   d τ   A · w    ×  10 3   ,  



(11)




where  SE  is the specific energy expressed in Megajoules per cubic meter (MJ/  m 3  ); W is the total mechanical work done by the cutter;    F r   ( τ )    and   v ( τ )   denote the instantaneous rolling force (kN) and cutting velocity (mm/s) at time  τ , respectively; t is the cumulative cutting time (s); and V represents the volume of the excavated rock material (  mm 3  ). The scaling factor   10 3   is applied to convert the energy density from kN·mm/  mm 3   to the standard unit of MJ/  m 3  . In practical post-processing, the continuous integral in Equation (11) is numerically evaluated using the trapezoidal rule based on the discrete force-displacement data points.



The volume of the removed rock, V, is calculated by   V = A · w  , where w represents the numerical model thickness (or cutter width) in mm, and A is the total fractured cross-sectional area (  mm 2  ). In the SPH framework, the damaged area A is precisely quantified by tracking and accumulating the total area of SPH particles that have reached complete damage (  D = 1  ) and detached from the intact rock matrix. This particle-based tracking approach ensures an accurate evaluation of energy efficiency during the dynamic fragmentation process. This parameter serves as the objective function for optimizing ODC operational parameters in the subsequent analysis.





3. SPH–FEM Computational Method for Rock Cutting


3.1. SPH-FEM Computational Algorithm


LS-DYNA provides several numerical methods for high-velocity dynamic simulations, including the erosion-based Lagrangian finite element method (FEM) and Smoothed Particle Hydrodynamics (SPH). The Lagrangian FEM is computationally efficient but loses accuracy under large mesh distortions typical of rock fragmentation. Erosion criteria can reduce mesh distortion effects but may cause unphysical mass and energy loss in the cutting zone.



SPH is a mesh-free Lagrangian method originally developed by Gingold and Monaghan (1977) [29]. It represents the continuum as a set of interacting particles, each carrying mass, momentum, and stress, and serving as an interpolation point. Field quantities   f ( r )   are approximated using kernel smoothing:


  f  ( r )  ≈   ∑  j = 1  N      m j   ρ j    f   r j   W  r −  r j  , h  ,  



(12)




where W is the Cubic Spline kernel, h is the smoothing length, and   m j  ,   ρ j   are the mass and density of particle j. The smoothing length is   h = k Δ p  , with   Δ p   the initial particle spacing and k usually between 2.0 and 3.0.



To combine accuracy and efficiency, a hybrid SPH-FEM strategy is used. FEM handles small-deformation regions such as the cutter body and far-field rock, while SPH captures large-strain fracture zones. The main coupling strategies for this hybrid approach are summarized in Figure 5 and detailed as follows [30]:




	
Tied or constrained coupling: nodes or boundary constraints ensure force and displacement continuity.



	
Node-to-surface contact: SPH particles interact with FEM surfaces, suitable for impact and penetration.



	
Adaptive conversion: failed FEM elements are converted to SPH particles to model fracture evolution.








In this study, node-to-surface contact is used to model the ODC-rock interaction, allowing force and velocity exchange between the SPH cutting zone and the FEM cutter. The overall framework is shown in Figure 6.




3.2. Rock Properties and Constitutive Model


LS-DYNA provides multiple constitutive models for simulating rock behavior under cutting, including Johnson–Holmquist–Concrete (JHC) [31], Johnson–Holmquist–Ceramics (JH-2) [32], Riedel–Hiermaier–Thoma (RHT) [33], and Continuous Surface Cap Model (MAT-CSCM) [34]. These models capture nonl-inear behavior of brittle materials under high strain rates and confining pressures.



The JHC model is suitable for quasi-brittle materials like rock and concrete. It accounts for strain-rate effects, pressure-dependent strength, and damage evolution. Compared with other models, JHC balances computational efficiency with the ability to simulate fracture and fragmentation, making it ideal for oscillating disc cutter simulations.



Other models have specific advantages: JH-2 is tailored for ceramics; RHT uses three strength surfaces (elastic, failure, residual) with a damage-based softening law; MAT-CSCM effectively handles cyclic loading with plastic volumetric compaction and shear dilation.



The JHC model consists of three key components: the strength model, the damage model, and the equation of state (EOS), as illustrated in Figure 7.



	
Yield surface equation, as shown in Equation (13):


   σ ∗  =  A + B  P ∗  + C ln   ε ˙  ∗    ( 1 − D )   



(13)







Here, A is normalized cohesion, B the pressure hardening coefficient,   P ∗   normalized pressure, C the strain rate coefficient,    ε ˙  ∗   normalized strain rate, and D the damage parameter.



	
Equation of State (EOS), as shown in Equation (14):


  P =       K μ ,     μ ≤  μ crush          P crush  +     P lock  −  P crush     μ lock  −  μ crush      ( μ −  μ crush  )  ,      μ crush  < μ ≤  μ lock          K 1   μ ¯  +  K 2    μ ¯  2  +  K 3    μ ¯  3  ,     μ >  μ lock        



(14)




where K is bulk modulus,  μ  volumetric strain,   μ crush   and   μ lock   are transition points, and    μ ¯  =  ( μ −  μ lock  )  /  ( 1 +  μ lock  )   .



	
Damage evolution, as shown in Equation (15):


  D = ∑    Δ  ε p     ε  p  f  +  ε  p   p f       



(15)




where   Δ  ε p    is the increment of plastic strain,   ε  p  f   the fracture strain, which depends on pressure and strain rate.   D → 1   indicates complete failure.






In simulations, red sandstone with a uniaxial compressive strength of 26.45 MPa is used. Tensile strength is estimated empirically:


   σ t  = k  f c   



(16)




where k is 0.05–0.15 for brittle materials.




3.3. Simulation Setup


The ODC process is simulated in LS-DYNA using the coupled SPH-FEM approach. The disc cutter is modeled as a rigid body using the *MAT-RIGID keyword due to its significantly higher stiffness compared to the rock. The rock is represented with the Johnson-Holmquist Concrete (JHC) model (*MAT-JOHNSON-HOLMQUIST-CONCRETE).



3.3.1. Geometry and Meshing


The rock specimen is modeled as a block measuring 200 mm × 200 mm × 50 mm. The disc cutter has a diameter of 100 mm, a height of 20 mm, and a wedge angle of 60°, as shown in Figure 8. To minimize boundary effects, the SPH domain is applied locally, extending roughly twice the cutting depth in depth and twice the cutter diameter in width.



The rock is discretized using a swept mesh with 3 mm elements. To justify this resolution, a mesh sensitivity analysis was performed by varying the element size from 4.5 mm to 2.0 mm. As illustrated in Figure 9, the mean cutting force converges as the mesh size decreases. Although further refinement to 2.5 mm and 2.0 mm slightly improves accuracy, the computational time exceeds 24 h per simulation, presenting a significant efficiency bottleneck. Balancing computational precision and resource availability, a 3 mm element size was selected as the optimal resolution, providing sufficient fidelity for rock fragmentation and damage while maintaining acceptable solver performance. The rigid cutter uses a coarser 6 mm mesh to reduce computational cost, as its deformation is negligible. The meshed model is illustrated in Figure 8.




3.3.2. Boundary Conditions and Contact


To mitigate artificial boundary effects, the *BOUNDARY_NON_REFLECTING keyword is applied to the lateral and bottom outer faces of the FEM rock domain. This formulation functions as an impedance-matching viscous absorber that effectively dissipates incoming dilatational and shear stress waves, preventing them from reflecting back into the fragmentation zone. Given that the rock specimen dimensions provide a vast geometric buffer relative to the single-cut depth, the reflection coefficient at the boundaries is mathematically minimized near zero, thereby eliminating boundary interference on crack development. All rock surfaces are further appropriately constrained in terms of non-propagating degrees of freedom using *BOUNDARY_SPC_SET, except the top surface and the contact area with the disc, to prevent undesired rigid-body movement. Interaction between the cutter and rock is modeled using automatic node-to-surface contact, allowing realistic separation and force transfer during cutting. The friction coefficient between the disc and rock is set to 0.14, based on experimental data for rock-steel sliding [36]. Sensitivity analyses performed by varying the friction coefficient across a representative range revealed a negligible impact on the macro-cutting forces. Because the cutter is modeled as a rigid body, the cutting resistance is heavily dominated by the progressive micro-damage of the rock matrix rather than interface friction. While the friction coefficient would play a more pronounced role if tool wear and surface roughness degradation were considered, progressive wear is beyond the scope of this rigid-body study.



To evaluate numerical efficiency, the model (approx. 75,000 total elements) was solved on a computing node with an Intel Core i5-14600KF CPU and 32 GB RAM. Computations were fully accelerated across all 14 cores using the LS-DYNA MPP single-precision solver. A representative simulation of a   200 × 200 × 50  mm   rock domain required approximately 12 h of wall-clock time, demonstrating highly acceptable efficiency and viability for industrial applications.





3.4. Calibration and Validation of the HJC Model


To ensure the predictive accuracy of the numerical framework, the Holmquist–Johnson–Cook (HJC) model parameters were calibrated and validated through uniaxial compressive strength (UCS) tests. Standard cylindrical sandstone specimens (50 mm diameter, 100 mm height) were prepared and loaded at a displacement rate of 0.5 mm/min to approximate quasi-static conditions. The experimental setup and the rock specimens are illustrated in Figure 10a and Figure 10b, respectively.



Figure 10c compares the experimental stress–strain curves with those obtained from the SPH simulations. The comprehensive parameters of the HJC model were initially referenced from previous literature on similar sandstone [37]. Then, a trial-and-error calibration procedure was performed by repeatedly running simulations until the numerical stress–strain curve matched the experimental results. The final, fully calibrated constitutive parameters of the HJC model employed in this study are comprehensively summarized in Table 2. The numerical results accurately capture the constitutive transition from linear elastic deformation to peak failure. The average experimental UCS is 26.45 MPa, while the simulation predicts a peak strength of 26.23 MPa, yielding a relative error of only 0.84%. Furthermore, the predicted elastic modulus matches the experimental observations closely, confirming the reliability of the calibrated material constants.



The physico-mechanical properties derived from the UCS results are summarized in Table 3. These validated parameters serve as the fundamental input for the subsequent ODC numerical simulations.





4. Numerical Simulation Results and Discussion


4.1. Validation of the Simulation Model


The coupled SPH–FEM model is validated to ensure its accuracy in simulating the oscillating disc cutter (ODC) rock cutting process. Validation is performed using two complementary approaches: comparison with experimental measurements of cutting forces and rock fragmentation, and verification against analytical predictions based on the rock properties and cutter geometry.



4.1.1. Experimental Validation


To verify the numerical model’s accuracy in describing the ODC rock-breaking process, the experimental setup shown in Figure 11 was constructed using a self-developed high-stiffness Linear Cutting Machine (LCM). Rock properties (Table 3) and cutter kinematics were kept consistent with the simulation. The continuous linear feeding of the rock specimen was precisely regulated by an AC servo motor-driven ball screw feed system. Meanwhile, the cutter oscillation was driven by a heavy-duty servo motor with an operational speed range of 250–1200 RPM. A high-precision DYN-200 dynamic torque sensor (0–5 N·m range,   ± 0.1 %   full-scale accuracy) was utilized alongside a National Instruments (NI) data acquisition system, operating at a sampling frequency of 5 kHz to capture the rapid force fluctuations induced by the ODC action. Each cutting scenario was repeated three times on parallel tracks to mitigate stochastic uncertainty from rock heterogeneity, ensuring a combined measurement uncertainty within   ± 1.87  %.



To evaluate the model’s performance with experimental variability considered, the cutting forces are reported as mean ± standard deviation based on the three repetitive tests. As shown in Figure 12a, at   f = 16   Hz, the experimental cutting force is   3.50 ± 0.11   kN, while the simulated force is 4.03 kN (15.14% error). At   f = 20   Hz, the experimental force is   3.45 ± 0.14   kN against the simulated value of 3.88 kN (12.46% error). These minor discrepancies are primarily due to the stochastic heterogeneity of natural rock and the idealized HJC parameters. Despite this, the consistent force trends confirm the robustness of the numerical model.



Qualitative validation is supported by chip morphology (Figure 12b,c). The experimental chips exhibit distinct brittle fracture, consisting of fine powder and large-scale flakes. The SPH simulation effectively replicates this fragmentation pattern through particle separation and crack coalescence, confirming that the numerical approach correctly represents the rock fragmentation mechanism under ODC action.




4.1.2. Theoretical Comparison


The physical consistency of the SPH–FEM model was further benchmarked against analytical solutions. Using the properties of the red sandstone, the theoretical mean rolling force (  F  r t   ) was calculated from Equation (10) and compared with simulation results (  F  r s   ) in Table 4. The simulation exhibits excellent agreement with predictions, showing a maximum deviation of 16.8% and an average error of 8.89%.



The discrepancies stem from two factors: (1) Analytical models rely on idealized piecewise linear approximations, neglecting non-linear phenomena like strain rate-dependent yielding and detailed fracture mechanics captured by the HJC model. (2) The analytical approach is quasi-static, while the SPH–FEM model fully accounts for dynamic loading effects and inertial forces. These dynamic factors are particularly evident at higher oscillation velocity ratios (  R v  ), where dynamic effects are most pronounced.





4.2. Damage Zone


Figure 13 shows the distribution of the damage parameter D for eccentricities   e = 0   to 5 mm. In the HJC model,   D ≈ 0   indicates intact rock, and   D ≈ 1   indicates complete failure.



The simulation resolves multi-scale fragmentation: fine SPH particles represent small debris, and coalesced failure zones form larger rock blocks. At   e = 1   mm and   e = 2   mm, these coalesced zones isolate significant rock segments. As e increases, the damage zone expands both laterally and vertically, consistent with the theoretical trajectory   2 ( a + e )   (Section 2.1). This expansion quantifies the increased rock volume removed per oscillation, confirming the efficiency of the ODC in enhancing fragmentation.




4.3. Comparison Between Conventional and Eccentric Cutting


To evaluate the influence of disc eccentricity on rock-breaking efficiency, a comparative analysis was performed between the conventional cutting mode (  e = 0   mm) and the eccentric cutting mode (  e = 3   mm) under identical operating parameters (  v = 120   mm/s,   f = 60   Hz). Figure 14 illustrates the dynamic cutting force profiles over time, while Figure 15 provides a quantitative comparison of the average and peak force components.



For the conventional disc cutter, the continuous contact with the rock matrix leads to a steady accumulation of cutting forces. The rolling force reaches a maximum peak of 7.25 kN and maintains a high mean value of 4.58 kN. This sustained force profile indicates that the conventional drive system must continuously exert a substantial load to overcome the compressive strength of the rock and sustain steady-state penetration.



In contrast, the eccentric disc alters the continuous cutting process into a sequence of high-frequency dynamic impacts. As depicted in Figure 14, the force profiles exhibit distinct, periodic pulses. Owing to the periodic retraction of the cutter blade within each eccentric cycle, the cutting forces drop to near-zero levels, effectively suppressing continuous load accumulation. Consequently, the average resultant force is significantly reduced by approximately 66% (from 5.12 kN to 1.75 kN), accompanied by substantial decreases in the average rolling and normal forces. Interestingly, while the peak resultant force decreases by 29%, the peak side force increases from 1.48 kN to 2.55 kN. This phenomenon is attributed to the intense lateral impact induced by the eccentric trajectory as the cutter re-engages and penetrates the rock matrix.



The fundamental mechanism underlying this force reduction lies in the transition from quasi-static continuous crushing to dynamic pulse-induced fracturing. To further elucidate this rock-breaking mechanism, the dynamic evolution of the equivalent stress field (von Mises stress) during a single impact-unloading cycle is presented in Figure 16.



As illustrated, the rock fragmentation process can be distinctly categorized into three sequential phases. Initially, during the peak loading phase (Figure 16a), a high-intensity stress concentration zone forms directly beneath the cutter tip, denoting severe localized strain and damage initiation. As the cutter progresses further (Figure 16b), this stress field broadens and radiates outward, driving the rapid propagation of micro-cracks through the rock matrix. Subsequently, during the unloading phase (Figure 16c), the localized stress field dramatically dissipates and relaxes as macroscopic rock fragmentation occurs and fragments detach.



This cyclical sequence of damage accumulation, stress redistribution, and stress relaxation prevents the formation of a compacted crushed core beneath the cutter. By eliminating persistent friction and allowing the strain energy to reset periodically during the retraction phase, the eccentric disc mode achieves superior rock fragmentation while dramatically mitigating the average tool force and energy consumption.




4.4. Effect of Eccentricity on Cutting Forces


The eccentricity (e) is a primary design parameter governing the oscillation kinematics and the resulting tool–rock interaction. In this section, all simulations were conducted at a constant oscillation frequency of 60 Hz and a cutting depth of 8 mm.



Figure 17 illustrates the triaxial force time histories under varying eccentricities. At   f = 60   Hz and   v = 120   mm/s, all force components exhibit distinct periodic oscillations with a cycle of approximately 16.7 ms, which is consistent with the excitation frequency. This periodicity confirms that the eccentric motion successfully introduces alternating “loading–unloading” phases within each cycle, effectively suppressing the continuous accumulation of resistive loads.



The variation in average loads is summarized in Figure 18a. The average rolling force exhibits a non-monotonic trend, decreasing significantly from 4.58 kN (  e = 0   mm) to a minimum of 1.14 kN at   e = 5   mm, followed by a slight rebound. This indicates that an optimal eccentricity substantially reduces the energy required for continuous penetration. Similarly, the average side force drops sharply from 0.69 kN to 0.37 kN at   e = 1   mm and stabilizes around 0.3 kN thereafter. For the ODC configuration in this study, the minimum average resultant force is achieved at   e = 5   mm, representing a 39.53% reduction compared to the non-eccentric baseline.



The peak load characteristics in Figure 18b reveal a more complex mechanical trade-off. The peak rolling force initially decreases to a minimum of 4.71 kN at   e = 3   mm but increases sharply as e expands further. This U-shaped trend highlights two competing mechanisms: for   e < 3   mm, the benefits of intermittent cutting dominate, leading to a negative correlation between eccentricity and peak load; however, for   e > 3   mm, the increased tool engagement angle and inertial effects become dominant, resulting in a positive correlation and higher instantaneous loads. In contrast, the peak side force reaches a maximum of 2.72 kN at   e = 2   mm, suggesting that excessive eccentricity can exacerbate lateral vibrations despite lowering the average load.



The force waveforms in Figure 17 further elucidate this transition. At   e = 1   mm, the forces remain quasi-continuous with low amplitudes. At   e = 3   mm, the smooth periodic oscillations represent an optimal balance between impact intensity and energy reduction. At   e = 5   mm, the waveforms become sharper and more impulsive, reflecting stronger transient impacts caused by the increased retraction distance and re-engagement velocity. These results demonstrate that while eccentricity enhances fragmentation efficiency by modulating the tool–rock contact arc and shear rate, the selection of e must be carefully optimized to avoid excessive peak loads.




4.5. Effect of Feed Rate on Cutting Forces


The feed rate (v) is a critical operational parameter that determines the volume of rock removed per unit time and the resulting tool–rock interaction intensity. In this section, the cutting force characteristics are analyzed across a range of feed rates (120 to 180 mm/s) at a constant eccentricity of 3 mm (   R e  = 0.06  ).



Figure 19 illustrates the force time histories at different feed rates. The amplitude of force fluctuations increases significantly with v, with the most pronounced oscillations observed at 180 mm/s. This intensification is primarily due to the increased rock volume encountered by the cutter per oscillation cycle, which elevates the impulse required for fragmentation. Furthermore, higher feed rates reduce the time available for stress relaxation in the rock mass, leading to more abrupt force transitions during the loading–unloading phases.



The variation in average and peak forces is summarized in Figure 20. As shown in the left panel, both average rolling and side forces exhibit a consistent upward trend as the feed rate increases. This is a direct consequence of the increased mechanical work required to process a larger volume of rock within a given timeframe. Quantitatively, when v increases from 120 mm/s to 180 mm/s, the average rolling force increases by 29.10%, the normal force by 36.67%, and the side force by 28.57%.



Similarly, the right panel of Figure 20 shows that the peak forces rise with the feed rate. This increase is attributed to the intensified impact energy during the re-engagement phase. At higher feed rates, the cutter enters the rock with a larger instantaneous depth of cut, resulting in higher contact pressure and friction at the tool–rock interface.



While increasing the feed rate improves the area of excavation per unit time, the concomitant rise in peak loads poses risks to tool durability and system stability. High peak forces accelerate wear on the cutter edge and may induce harmful vibrations in the drive system. Therefore, the selection of an optimal feed rate must balance the requirement for high productivity with the mechanical limits of the cutting equipment and the specific fracture toughness of the rock.




4.6. Effect of Oscillation Frequency on Cutting Forces


The oscillation frequency (f) is a key kinetic parameter that governs the periodicity of the tool–rock loading cycles. This section examines the influence of frequency (30 Hz to 60 Hz) on cutting performance at a constant eccentricity of 3 mm.



Figure 21 illustrates the time-domain evolution of the force components. The force profiles exhibit a pulsating periodicity synchronized with the oscillation cycle, confirming the intermittent contact mechanism. As the frequency increases, the density of force peaks rises, while the “valleys” between pulses consistently drop to near-zero, indicating effective tool–rock separation. Notably, the peak amplitudes at 60 Hz are visibly lower than those at 30 Hz, suggesting that higher frequencies effectively attenuate the instantaneous impact intensity by reducing the depth of engagement per individual oscillation cycle.



As shown in Figure 22, both average and peak forces exhibit a consistent monotonic decrease as f increases from 30 Hz to 60 Hz. Quantitatively, the average rolling force decreases by 29.3% (from 2.22 kN to 1.57 kN), and the average normal force drops by 29.4% (from 1.53 kN to 1.08 kN). This leads to a substantial reduction in the average resultant force from 2.95 kN to 2.10 kN. The peak loads (Right Panel) show an even more pronounced reduction in absolute magnitude; for instance, the peak resultant force drops sharply from 9.09 kN to 6.62 kN, representing a total decrease of 2.47 kN. This trend indicates that high-frequency oscillation effectively “smooths out” force fluctuations, shifting the process toward a more stable cutting regime.



The observed reduction in cutting forces is attributed to two primary mechanisms. First, the shortened contact duration in each high-frequency cycle prevents the cumulative buildup of quasi-static resistance. Second, the increased frequency enhances vibration-assisted fracturing. The rapid repetitive loading accelerates damage accumulation and promotes micro-crack propagation, thereby lowering the energy threshold required for chip formation. Consequently, optimizing the oscillation frequency serves as an effective strategy to minimize mechanical load and extend tool life.




4.7. Specific Energy Consumption


Specific Energy ( SE ) serves as a primary metric for evaluating rock-cutting efficiency. According to Equation (11), it is calculated based on the triaxial cutting forces and the volume of rock removed during the process. Figure 23 presents the  SE  values across various simulation conditions, illustrating the coupled effects of eccentricity (e), feed rate (v), and oscillation frequency (f).



The results demonstrate that the introduction of an eccentric cutter significantly improves cutting efficiency compared to conventional steady cutting. The baseline samples representing the non-eccentric disc (  e = 0   mm), S1 and S5, exhibited the highest  SE  values, peaking at 5.73    MJ / m  3   and 5.93    MJ / m  3  , respectively. In contrast, the  SE  for eccentric cutting conditions (  e > 0   mm) was concentrated in a significantly lower range, primarily between 1.30    MJ / m  3   and 3.37    MJ / m  3  . The minimum  SE  of 1.30    MJ / m  3   was achieved by Sample S4 (  e = 5   mm,   v = 120   mm/s,   f = 60   Hz), representing an energy reduction of approximately 78.08% compared to the maximum non-eccentric consumption (S5).



Parametric analysis confirms that the specific energy consumption is strongly dependent on the cutter’s dynamic parameters, with eccentricity being the dominant factor. For eccentric conditions (  e > 0   mm),  SE  generally decreases as e increases. This trend suggests that larger eccentric displacements enhance the periodic impact, which facilitates rock failure and minimizes the resistive cutting work. The most efficient performance was consistently observed at higher eccentricity settings (e.g., S4, S23, and S22).



The relationship between feed rate (v) and  SE  is observed to be non-linear. Optimal efficiency occurs within the low-to-moderate range of 120–140 mm/s. However, a significant efficiency penalty is incurred when the feed rate exceeds 150 mm/s, suggesting that excessively high feed rates diminish the effectiveness of the vibration-assisted mechanism and cause the process to revert toward inefficient continuous crushing. Finally, the oscillation frequency (f) also played a critical role; higher frequencies of 45 Hz and 60 Hz consistently yielded lower  SE  values than the 30 Hz configuration. This highlights the necessity of maintaining a sufficiently high oscillation rate to ensure frequent energy transfer and efficient crack propagation within the rock medium. Due to the high computational overhead inherent to SPH–FEM simulations, exploring a global mathematical optimum via continuous evolutionary algorithms was practically prohibitive. Instead, a systematic grid search was implemented across the physically viable parametric space. The identified optimal combination (  R e = 0.1 , R v = 1 / 5 π  , corresponding to the operational parameters of Sample S4) represents a highly robust localized optimum that satisfies the dual constraints of physical cutting efficiency and numerical convergence stability.





5. Discussion


The numerical model presented in this study provides a baseline for understanding rock fragmentation under oscillatory cutting. However, it is necessary to consider the impact of its underlying assumptions. Treating the cutter as a rigid body and the rock mass as a homogeneous medium allows us to isolate the governing physical mechanisms, yet these simplifications deviate from field conditions where progressive tool wear and geological discontinuities, such as joints and bedding planes, dominate the cutting process. Without accounting for these factors, numerical models tend to underestimate the cutting resistance and miscalculate the fracture propagation paths, often leading to overly optimistic predictions of energy efficiency and tool life. These discrepancies are particularly pronounced in fractured rock masses, where localized stress concentrations at joints can significantly alter the mechanical response compared to a homogeneous continuum.



To further position the performance of the ODC, its mechanical behavior should be compared with other advanced rock-cutting technologies reported in the literature. Technologies such as undercutting disc cutters actively exploit the low tensile strength of rock but often struggle in deep geological strata where high confining pressures dominate. In contrast, the ODC leverages high-frequency oscillation to directly break up the highly compacted zone ahead of the cutter tip under confinement. Compared to oscillating picks, which suffer from severe localized tip wear and asymmetric loading, the ODC retains the structural advantage of a rotatable disc, allowing continuous friction to be uniformly distributed along the entire cutter circumference. Furthermore, compared to hybrid cutting systems (such as laser- or water-jet-assisted mechanical cutting), although these auxiliary technologies can effectively reduce the required mechanical cutting forces, the substantial energy consumption inherent to operating the auxiliary systems themselves cannot be neglected. Consequently, the ODC presents a purely mechanical, robust, and significantly more energy-efficient solution for scaling up to heavy-duty TBM and roadheader applications.



Beyond numerical simplifications, the industrial adoption of ODC technology faces critical engineering challenges. First, high-frequency eccentric excitation inevitably generates severe dynamic counter-forces. Robust shock-absorption systems are essential to isolate these vibrations, protecting the TBM cutterhead and main bearings from fatigue failure. Second, although the oscillation mechanism increases auxiliary power, this energy penalty is substantially offset by the drastic reduction in primary TBM thrust and torque, yielding a net energy saving per excavated volume. Lastly, continuous operation up to 60 Hz poses severe cyclic fatigue risks to cutter shafts and bearing raceways. Mitigating these risks requires utilizing fatigue-resistant alloys with surface hardening, optimizing component geometries to minimize stress concentrations, and adopting modular designs for rapid in-situ replacement.



To address these limitations, parallel research tracks are underway. First, a Vision-to-Physics (V2P) framework utilizes real tunnel images to reconstruct heterogeneous SPH rock models with realistic joint networks, capturing stochastic in-situ fracturing. Second, a machine vision-based trajectory planning and motion control system enables real-time ODC parameter optimization under varying geological conditions. Regarding scale effects, direct extrapolation of force reduction from a single-cutter laboratory scale to full-scale TBM operations introduces complexities such as multi-cutter stress interference and macro-structural rock mass joint spacing. While the fundamental impulse-unloading mechanism remains valid at larger scales, the precise percentage of energy savings may fluctuate depending on the cutter arrangement and confining pressures encountered on an actual cutterhead. These advancements provide a robust mechanical framework guiding next-generation TBM and roadheader development. Future work will focus on validating the integrated SPH-FEM model and control algorithms against full-scale in-situ cutting experiments to ensure precise calibration against complex rock mass behavior and scale-dependent phenomena.




6. Conclusions


In this study, the kinematic characteristics and rock-cutting performance of the oscillating disc cutter (ODC) were comprehensively analyzed using an integrated SPH–FEM numerical framework and experimental validation. The main conclusions are summarized as follows:




	
A high-fidelity SPH–FEM coupled model was established to simulate the dynamic rock-breaking process of the ODC. The model’s reliability was rigorously validated through a dual-track approach, demonstrating quantitative consistency with both analytical solutions (average error of 8.89%) and LCM experimental data (relative error within 15.14%), confirming the framework’s capacity to accurately capture complex fragmentation mechanisms and force fluctuations.



	
Compared to conventional disc cutters, the ODC significantly attenuates cutting resistance across all spatial dimensions, with average rolling, side, and normal forces reduced by approximately 70.9%, 59.4%, and 67.9%, respectively. This dramatic reduction is a direct consequence of the intermittent “loading–unloading” cycles introduced by the eccentric motion, which prevents the continuous accumulation of resistive loads and enhances excavation efficiency.



	
Parametric analysis reveals that increasing eccentricity (1 mm to 5 mm) and oscillation frequency (30 Hz to 60 Hz) further reduces the average cutting force by 39.53% and 28.81%, respectively. By optimizing for minimum specific energy, an optimal combination (   R e  = 0.1 ,  R v  = 1 / 5 π  ) was identified, achieving a peak energy reduction of 78.08% compared to conventional non-eccentric methods. This provides a definitive theoretical basis for the structural design and operational optimization of ODC systems.
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Figure 1. Configuration of a boom-type roadheader. 
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Figure 2. Cutting process of the ODC: (a) motion schematic, (b) ideal groove, (c) cutting trajectory (the red solid line represents the previous cut, and the blue dashed line represents the current path). 
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Figure 3. Cutting trajectory of the eccentric disc cutter. 
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Figure 4. Decomposition of the single-cycle cutter–rock contact process (the red solid line represents the previous cut, and the blue dashed line represents the current path). 
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Figure 5. SPH-FEM coupling method: (a) tied or constrained coupling at the interface nodes; (b) node-to-surface contact; (c) element-based adaptive conversion from FEM to SPH. 
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Figure 6. SPH-FEM contact algorithm flow. 
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Figure 7. Constitutive model of Johnson–Holmquist–Concrete material: (a) yield surface; (b) equation of state; (c) damage evolution [35]. 
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Figure 8. Meshed geometry of the disc cutter and rock specimen. 
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Figure 9. Mesh sensitivity analysis. 
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Figure 10. Uniaxial compression test for HJC model calibration: (a) test equipment; (b) rock specimens; (c) comparison of experimental and numerical stress–strain curves. 
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Figure 11. Experimental setup of the Linear Cutting Machine (LCM). 
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Figure 12. Validation of the ODC numerical model: (a) mean cutting forces comparison; (b) snapshots of cutting process; (c) collected rock chips. 
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Figure 13. Damage zone evolution under varying eccentricities. 
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Figure 14. Cutting force curves for   e = 0   and   e = 3   mm. 
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Figure 15. Comparison of average and peak forces. 






Figure 15. Comparison of average and peak forces.



[image: Machines 14 00829 g015]







[image: Machines 14 00829 g016] 





Figure 16. Evolution of von Mises stress field within a single eccentric cutting cycle: (a) peak loading, (b) damage propagation, and (c) stress relaxation. 
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Figure 17. Force time histories under different eccentricities (  v = 120   mm/s). 
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Figure 18. Comparison of average and peak cutting forces as a function of eccentricity (  v = 120   mm/s). 
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Figure 19. Force time histories under varying feed rates (   R e  = 0.06  ). 
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Figure 20. Comparison of average and peak cutting forces at different feed rates (   R e  = 0.06  ). 
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Figure 21. Force time histories under different oscillation frequencies (   R e  = 0.06  ). 






Figure 21. Force time histories under different oscillation frequencies (   R e  = 0.06  ).



[image: Machines 14 00829 g021]







[image: Machines 14 00829 g022] 





Figure 22. Statistical comparison of average and peak forces across different frequencies (   R e  = 0.06  ). 
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Figure 23. Specific energy ( SE ) under different simulation parameters (Red and blue colors represent conventional and oscillating disc cutters, respectively). 
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Table 1. ODC Dynamic Conditions.






Table 1. ODC Dynamic Conditions.





	Sample
	e (mm)
	v (mm/s)
	f (Hz)
	    R e    
	    R v    





	S1
	0
	120
	60
	0
	–



	S2
	1
	120
	60
	0.02
	   1 / π   



	S3
	3
	120
	60
	0.06
	   1 / ( 3 π )   



	S4
	5
	120
	60
	0.1
	   1 / ( 5 π )   



	S5
	0
	150
	60
	0
	–



	S6
	1
	150
	60
	0.02
	   5 / ( 4 π )   



	S7
	3
	150
	60
	0.06
	   5 / ( 12 π )   



	S8
	5
	150
	60
	0.1
	   1 / ( 4 π )   



	S9
	1
	180
	60
	0.02
	   3 / ( 2 π )   



	S10
	3
	180
	60
	0.06
	   1 / ( 2 π )   



	S11
	5
	180
	60
	0.1
	   3 / ( 10 π )   



	S12
	3
	150
	30
	0.06
	   5 / ( 6 π )   



	S13
	3
	150
	45
	0.06
	   5 / ( 9 π )   



	S14
	5
	150
	30
	0.1
	   1 / ( 2 π )   



	S15
	5
	150
	45
	0.1
	   1 / ( 3 π )   



	S16
	5
	400
	10
	0.1
	   4 / π   



	S17
	2
	120
	60
	0.04
	   1 / ( 2 π )   



	S18
	4
	120
	60
	0.08
	   1 / ( 4 π )   



	S19
	6
	120
	60
	0.12
	   1 / ( 6 π )   



	S20
	7
	120
	60
	0.14
	   1 / ( 7 π )   



	S21
	3
	130
	60
	0.06
	   13 / ( 36 π )   



	S22
	3
	140
	60
	0.06
	   7 / ( 18 π )   



	S23
	3
	160
	60
	0.06
	   4 / ( 9 π )   



	S24
	3
	170
	60
	0.06
	   17 / ( 36 π )   










 





Table 2. Comprehensive reconciled HJC constitutive model parameters for the sandstone specimen.






Table 2. Comprehensive reconciled HJC constitutive model parameters for the sandstone specimen.












	Category
	Parameter Name
	Symbol
	Amount
	Unit





	Basic properties
	Density
	  ρ  
	2325
	kg   m  − 3   



	
	Quasi-static uniaxial compressive strength
	   f c   
	26.45
	MPa



	
	Maximum tensile hydrostatic pressure
	T
	5.0
	MPa



	
	Shear modulus
	G
	4.6
	GPa



	Strength parameters
	Normalized cohesive strength
	A
	0.32
	–



	
	Normalized pressure hardening coefficient
	B
	1.70
	–



	
	Pressure hardening index
	N
	0.78
	–



	
	Strain rate coefficient
	C
	0.012
	–



	
	Maximum normalized limit strength
	   S F M A X   
	4.0
	–



	Pressure parameters (EOS)
	Volumetric pressure at crushing point
	   P c   
	25.0
	MPa



	
	Volumetric strain at crushing point
	   μ c   
	0.0017
	–



	
	Pressure at compaction point
	   P l   
	75.0
	MPa



	
	Volumetric strain at compaction point
	   μ l   
	0.012
	–



	
	Pressure constant 1
	   K 1   
	83.0
	GPa



	
	Pressure constant 2
	   K 2   
	−95.0
	GPa



	
	Pressure constant 3
	   K 3   
	90.0
	GPa



	Damage properties
	Minimum plastic strain at failure
	   E F M I N   
	0.0045
	–



	
	Damage parameter 1
	   D 1   
	0.012
	–



	
	Damage parameter 2
	   D 2   
	1.0
	–










 





Table 3. Basic physico-mechanical properties of the sandstone specimen.






Table 3. Basic physico-mechanical properties of the sandstone specimen.





	Parameter
	Symbol
	Value
	Unit





	Density
	  ρ  
	2325
	kg/  m 3  



	Young’s modulus
	E
	12.5
	GPa



	Poisson’s ratio
	  ν  
	0.36
	–



	Uniaxial compressive strength
	   σ c   
	26.45
	MPa










 





Table 4. The error between theoretical values and simulated values.






Table 4. The error between theoretical values and simulated values.





	Case
	    R e    
	    R v    
	   F rs    (kN)
	   F rt    (kN)
	Error (%)





	1
	0.02
	   1 / π   
	2.01
	2.29
	12.2



	2
	0.06
	   1 / ( 3 π )   
	1.34
	1.32
	1.52



	3
	0.1
	   1 / ( 5 π )   
	1.14
	1.03
	10.7



	4
	0.02
	   5 / ( 4 π )   
	2.35
	2.56
	8.2



	5
	0.06
	   5 / ( 12 π )   
	1.57
	1.48
	6.08



	6
	0.1
	   1 / ( 4 π )   
	1.33
	1.15
	15.7



	7
	0.02
	   3 / ( 2 π )   
	2.75
	2.81
	2.14



	8
	0.06
	   1 / ( 2 π )   
	1.73
	1.62
	6.79



	9
	0.1
	   3 / ( 10 π )   
	1.46
	1.25
	16.8
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