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ABSTRACT 

 

Soil penetration is a common process in civil infrastructure applications such as in-situ testing or 

sensor installation for monitoring soils. Challenges arise in sites with limited accessibility or stiff 

layers due to the inability to mobilize rigs with the reaction mass required to reach desired depths. 

This research evaluates the feasibility of using bio-inspired probes with deployable granular 

anchors to generate required reaction forces. The conceptual anchor consists of a flexible 

membrane filled with a granular material, connected to an air pressure/suction source. Pressure is 

used to radially deploy the anchor, while suction is applied to increase the granular materials’ 

strength and stiffness during anchorage. This research uses analytical solutions to evaluate the 

variation of anchor capacity with depth in sands, considering failure of the external soil mass and 

of the internal granular material as the limiting conditions. Solutions for uplift capacity of circular 

plate anchors and cavity expansion are used to determine the capacity of the surrounding soil mass 

and within the anchor. The anchor capacity is the minimum of these two capacities, which is shown 

to depend on the anchor expansion magnitude, operation, and applied suction. Results show that 

the granular anchor can mobilize the soil resistance or a significant portion of it, depending on the 

anchor operation, making it a feasible solution for deploying temporary anchors in-situ.   

 
INTRODUCTION 

 

Characterizing sites with limited accessibility, such as forested areas, post-hazard locations, or 

outer space bodies, presents challenges due to the difficulties associated with mobilizing rigs 

capable of generating the required reaction mass. To address this, researchers have proposed using 

bio-inspired probes with an expandable section behind the tip acting as a temporary anchor. The 

design mimics the burrowing mechanism of organisms such as razor clams and earthworms, which 

anchor parts of their bodies to the surrounding soil to facilitate forward movement. Martinez et al. 

(2019) and (2022) provided a summary of these organisms’ locomotion mechanisms, typical 

dimensions, and depths at which they typically exist. More information is available in the original 

work of Dorgan (2018). In these bio-inspired probes, the expanded anchor increases the radial 

pressure, improving frictional capacity along the shaft, and forms a ring-shaped area at the top that 

mobilizes a bearing component. The development of such probes has the potential to facilitate site 

investigation and sensor installation with lightweight equipment. Martinez et al. (2024) presents a 

summary of relevant research on bio-inspired probes. 

Previous studies have explored prototypes utilizing this bio-inspired mechanism. Martinez 

et al. (2019) used cavity expansion analysis to determine anchor dimensions required to achieve 
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self-burrowing, and found that L/D ratios between 2 and 4.5 are sufficient for different deposits in 

both sands and clays. Chen et al. (2022) used 3D Discrete Element Modeling (DEM) to study 

stress alterations around a bio-inspired probe, showing that anchor expansion reduces effective 

stresses at the tip due to arching, tip advancement remobilizes the tip resistance, and simultaneous 

tip advancement and anchorage reduces radial stresses generated around the anchor. These and 

other similar studies only considered external soil failure in estimating anchor capacity, assuming 

the anchor won’t fail internally. This assumption possesses practical challenges as the anchor needs 

to be flexible enough to initially expand and stiff enough to resist the uplift forces. Borela et al. 

(2020) manufactured a probe with an air-pressurized anchor, and monitored the soil’s deformations 

during its operation using X-ray tomography. Their results showed that the anchor backslid due to 

the tip resistance exceeding the anchor's capacity. He et al. (2024) developed a dual-anchor 

prototype using a similar anchor design, which failed to borrow downwards due to the stress 

gradient. Similarly, Tao et al. (2020) highlighted that additional features are required to overcome 

the natural stress gradient of soil and allow downward burrowing.  

These findings highlighted two key necessities for prototypes of this type: (1) an anchor 

that is rigid enough to generate sufficient reaction forces to overcome tip resistance, and (2) a 

robust actuator to efficiently transfer the generated capacity from the anchor to the tip without 

excessive deformation. To address the first challenge, this study proposes filling the anchor with a 

granular material, a technique widely used in soft robotics due to the phase changing nature of 

these materials (i.e., from solid-like to liquid-like and vice versa). This research investigates the 

efficiency of the proposed granular anchor by comparing the external and internal capacities across 

different anchor operation parameters for specific sand deposit. 

 

GRANULAR MATERIALS FOR ROBOTICS 

 

Granular materials exhibit clear phase changing characteristics. This is a result of the geometrical 

disorder of its particles, lacking of particle bonding, and boundary conditions. This leads to the 

development of different and continuously varying physical properties depending on the applied 

boundary conditions, ranging from solid-like to liquid-like behaviors. This dynamic nature makes 

granular materials favorable in soft robotic applications where altering the stiffness is required.  

Granular grippers have been proposed, where a flexible membrane is filled with a granular 

material and connected to a suction source (Brown et al. 2010). The material is initially deformable 

to allow the gripper to conform around an object (i.e., liquid-like behavior), then suction is applied 

to jam the material and firmly grip the object (i.e., solid-like behavior). The same principle is used 

in locomotion, where a robot was supplemented with jamming paws to increase compliance and 

friction against the walls to vertically ascend it (Hauser et al. 2018). Our study proposes using the 

same principle, where the bio-inspired probe’s anchor is initially deformable for deployment and 

then rigid during anchorage. 

    

PROPOSED ANCHOR DESIGN 

 

A conceptual design of the probe with an integrated anchor is proposed to estimate the anchoring 

capacity. The prototype shown in Figure 1a features a probe with an expandable shaft section 

behind its tip which is filled with a granular material. The shaft is expanded to form a temporary 

anchor, with the granular material conforming to the expanded shape. After expansion, suction is 
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applied internally to jam the granular material by increasing the confining stress which increases 

its stiffness and strength, allowing for mobilization of higher anchor capacities. 

The anchor has an initial diameter equal to the probe’s diameter (Dp), and a diameter (Da) 

after expansion. The relation between both diameters is described by the expansion magnitude 

(EM), where EM = Da/Dp - 1. The length of the anchor (La) is defined using a normalized quantity 

La/Dp. The granular material’s strength is modeled using the Mohr-Colomb’s failure criterion, 

assuming a perfectly frictional material having a friction angle (int). During the anchoring process, 

the anchor is expected to experience enough deformations such that the granular material is at the 

critical state; therefore, int is assumed to be the critical state value. The anchor is expanded by 

application of pressure, while application of a suction of magnitude Ps enables jamming. The probe 

considered in this study has a Dp of 4.4 cm, corresponding to a CPT probe with an area of 15 cm², 

and features a granular anchor positioned behind the tip with an La/Dp of 4 filled with a granular 

material with int of 35°. The study investigates the effect of the anchor operation on its capacity 

by varying EM, Ps, and the control of anchor suction during pullout. 

 

 
Figure 1. (a) Proposed prototype, (b) anchor properties and forces contributing to its 

capacity 

 

FRAMEWORK FOR ANCHOR CAPACITY EVALUATION 

 

The two possible failure mechanisms during pullout loading are external failure of the surrounding 

soil and internal failure of the granular material within the anchor. The external capacity is 

calculated as the sum of bearing at the top and friction along its shaft, while the internal capacity 

is estimated from the shear strength of an assumed cylindrical failure surface. The ultimate 

capacity of the anchor is taken as the minimum of the external and internal capacities.   

Figure 1b shows the different components contributing to the anchor capacity during axial 

loading. As depicted in the figure, the external and internal capacities can be expressed as shown 

in Equations 1 and 2 in Table 1, where Fb is the bearing force at the top of the anchor, Fs is the 

friction force along the anchor’s side, and Ts is the shear capacity of the internal failure which is 

assumed to be cylindrical in shape. Each component is calculated according to Equations 3, 4, and 

5 in Table 1, where qb is the bearing capacity at the top of the anchor, qs is the skin friction at the 
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mid-height of the anchor, and s is the shear strength of the internal failure surface, while Ab is the 

ring-shaped bearing area, As is the shaft area, and Aint is the area of the internal cylindrical failure 

surface. The areas are calculated using Equations 6 to 8. 

Table 1: Equations for determination of the granular anchor capacity. 

𝑄𝑒𝑥𝑡 = 𝐹𝑏 + 𝐹𝑠 (1) 𝑄𝑖𝑛𝑡 = 𝑇𝑠  (2) 

𝐹𝑏 = 𝑞𝑏 ∗ 𝐴𝑏 (3) 𝐹𝑠 = 𝑞𝑠 ∗ 𝐴𝑠 (4) 

𝑇𝑠 = 𝜏𝑠 ∗ 𝐴𝑖𝑛𝑡 (5) 𝐴𝑏 =
𝜋
4⁄ (𝐷𝑎

2 − 𝐷𝑝
2) (6) 

𝐴𝑠 = 𝜋 ∗ 𝐷𝑎 ∗ 𝐿𝑎 (7) 𝐴𝑖𝑛𝑡 = 𝜋 ∗ 𝐷𝑝 ∗ 𝐿𝑎 (8) 

𝑞𝑏 = 𝑁𝑞 ∗ 𝜎𝑣𝑜
′ (9) 𝑞𝑠 =

𝑃𝐿
′

𝑅
⁄ ∗ tan 𝛿 (10) 

𝜏𝑠 = (
𝑃𝐿

′

𝑅
⁄ + 𝑃𝑠) tan𝜑𝑖𝑛𝑡  (11)   

 

The bearing capacity at the top of the anchor is considered analogous to the uplift capacity 

of a circular plate anchor, while the shaft friction is considered analogous to friction capacity of a 

pile. The internal mechanism was considered as soil shearing along an assumed cylindrical area. 

Since both external and internal materials are coarse-grained, effective stress analyses are used. 

The unit resistances are therefore using Equations 9 to 11, where Nq is the dimensionless breakout 

factor calculated using plate anchor uplift solutions, vo’ is the initial vertical effective stress at the 

top of the anchor, PL’ is the effective limiting radial pressure at the mid-height of the anchor after 

expansion calculated using cavity expansion theory, and  is the interface friction angle between 

the anchor and soil, assumed to be 2/3 of the external soil’s cs. 

The reduction factor “R” in Equations 10 and 11 accounts for the expected reduction in 

radial pressure during pullout loading when the anchor diameter is kept constant, as observed by 

Chen et al. (2022) in DEM simulations. When simulating a probe with the same geometry assumed 

for this study, limiting pressures dropped by a factor of about 2. However, no reduction would 

occur if the radial pressure at the end of expansion is maintained by continuous expansion of the 

anchor during pullout (Chen et al. 2024). Therefore, the effect of the reduction factor on the anchor 

capacity is evaluated by considering two limiting conditions: (1) initial expansion magnitude is 

maintained leading to R = 2, and (2) constant pressure is maintained leading to R = 1. For partially 

maintained radial pressure, an intermediate R value of 1.5 will be evaluated. Since the R value of 

2 is based on DEM observations, it should be validated using experiments in the future. 

 

Modeling of the Soil Deposit. The uplift capacity of plate anchors has been thoroughly investigated 

and was therefore implemented in this study. To calculate external shaft friction and internal 

capacity, the increase in normal radial stress due to anchor expansion needs to be evaluated. This 

was done using the theory of cavity expansion, where the radial stresses after expansion are 

assumed to be equal to the limiting radial pressures resulting from expanding a cylindrical cavity. 

Limiting pressures were calculated using the ASCEND code (Applications for Spherical and 

Cylindrical Cavity Expansion in Nonlinearly Deforming Geomaterials) developed by Jaeger, 

which incorporates the constitutive model MIT-S1 (Pestana and Whittle, 1999) to simulate soil 

behavior. Model calibration parameters are available for Toyoura Sand and are summarized in 

Martinez et al. (2019).  

The ASCEND program calculates the limiting pressure at different depths as a function of 

critical state friction angle and state parameter (ψ), while published solutions for the plate anchor 

uplift capacity are presented as functions of the peak friction angle. The peak friction angle’s 

dependency on the effective stress and critical state friction angle was therefore considered using 
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the Bolton (1986) framework. The relative density required for using Bolton’s equations was 

related to the ψ using maximum and minimum void ratios and critical state line parameters of 

Toyoura sand. Maximum and minimum void ratios are found by Verdugo and Ishihara (1996) to 

be equal to 0.977 and 0.597, which are used for this study to calculate the deposit’s void ratio for 

an assumed relative density of 60%. Verdugo and Ishihara (1996) showed that the critical state 

void ratio at p’ = 100 kPa (ecs,100) is equal to 0.913, and Bellotti et al. (1997) mentioned that 

Verdugo (1989) found the slope of the critical state line to be equal to 0.021. The slope of the 

recompression line (𝜅) was taken as 0.005 (Martinez et al. 2019). These values were used to 

calculate the critical state void ratio, and accordingly the ψ at any depth as a function of the mean 

effective stress. 

 

Uplift Capacity. The uplift capacity of plate anchors was estimated by considering developed 

analytical solutions (Meyerhof and Adams, 1963; Tagaya, 1988). Their analyses distinctly 

considered shallow and deep failure. Solutions from different studies were found to vary, and the 

method used in this study was that which provided anchor capacities close to those reported by 

Chen et al. (2022) based on DEM simulations. This criterion was used as an attempt to account for 

the expected differences between the failure mechanism of circular plate anchors and the 

cylindrical-shaped anchor. The comparison showed that the equations reported by Tagaya (1988) 

provided close estimates of the uplift forces. 

 

Limiting Pressure. ASCEND calculates limiting pressures at discrete combinations of effective 

vertical stress (σv’) and ψ. Since ψ changes with depth, limiting pressures had to be defined in a 

continuous fashion. Results obtained from the program were therefore plotted against effective 

stress for different ψ. A power function was found to best represent the relation, which agreed with 

fundamental understanding of the process as it estimates a zero-value at zero effective stress as 

shown in Figure 2. Fitted equations were used to determine PL’ at any combination of ψ and σ’v. 

 

 
Figure 2. Effective limiting pressure at different effective vertical stresses and state 

parameters 

 

RESULTS 

 

A parametric study was conducted to evaluate the effect of different anchor operations. 

Considered variables for this study were the expansion magnitude (EM), the reduction in radial 

pressure during anchoring (R), and the applied suction pressure (Ps). Since the external and internal 
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capacities depend on the initial effective stress, results are presented as a function of the depth to 

the top of the anchor (Htop) and the normalized depth (Htop/Dp). 

The internal and external capacities are plot versus depth in Figures 3, 4, and 5. It was 

observed that the capacity at shallow depths is controlled by the external capacity (i.e., Qext < Qint) 

and transitions to being controlled by the internal capacity (i.e., Qext > Qint) at a certain depth. Such 

transition depth is presented using a green dot. When studying the effect of a certain parameter, all 

other parameters are assigned constant values equal to those of an assumed reference condition 

which are EM = 0.5, R = 2, and Ps = 90 kPa (vacuum). 

 

Effect of Expansion Magnitude (EM). Increasing EM only increases the external capacity as it 

increases the shaft and bearing areas, as shown in Figure 3. The internal capacity is not affected 

since it is assumed that the limiting pressure is fully mobilized for all considered EM values and 

the internal failure area (i.e., Aint) does not depend on EM. Results show that the transition depth 

decreases as EM increases, indicating internal anchor failure at shallower depths as the EM value 

increases.  

 

Effect of Reduction Factor (R). The reduction factor affects the external and internal capacities 

through changing the limiting pressures, as shown in Figure 4. The effect of decreasing R is more 

pronounced on the internal capacity as Qb which is independent of R contributes to the external 

capacity. Therefore, the transition depth increases as R is decreased. This is the case if the external 

capacity controls (i.e., Qext > Qint) at shallow depths, which is true if suction is applied to the anchor. 

 

  
Figure 3. Effect of changing expansion magnitude on the capacity profiles  

 

Effect of Suction Pressure (Ps). Suction pressure increases the internal capacity by a constant 

value (∆𝑄𝑖𝑛𝑡) at all depth due to the uniform increase in confining pressure applied to the granular 

material within the anchor, as shown in Figure 5. The increase in suction drives the transition depth 

deeper, which indicates that the anchor is able to mobilize the external soil’s strength along a 
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greater depth. The rate at which the transition depth increases depends on the relative rates of 

increase of the external and internal capacities. 

 

  
Figure 4. Effect of changing the reduction factor on the capacity profiles  

 

 
Figure 5. Effect of changing suction pressure on the capacity profiles 

 

DISCUSSION 

 

Contribution to external capacity. Understanding how different factors contribute to Qext is 

essential for designing and operating the anchor efficiently. The external capacity is the sum of the 

Qs and Qb, and variables that affect them alter the relative contribution to the anchor’s capacity. 

This is captured by plotting the ratio Qb/Qext versus each varied parameter at three different depths 

in Figure 6. A dashed line is drawn at a ratio of 0.5, such that the higher values represent a greater 

Qb contribution and lower values indicate a greater Qs contribution. The results indicate that the 
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contribution of Qs is greater in all cases. This is because As is much bigger than Ab. Despite this, 

the contribution of Qb increases with depth. This implies that the rate of increase in the bearing 

pressure with depth is higher than the rate increase in the limit pressure acting on the anchor’s 

shaft. Increasing EM increases Ab at a higher rate (i.e., by Da
2) than it does for the As (i.e., by Da), 

and therefore increases the contribution of Qb. Decreasing the R factor increases the shaft friction, 

which leads to a lower Qb contribution. The suction pressure only affects the internal capacity, and 

therefore does not affect the relative contribution to the external capacity. 

 

 
Figure 6. Effect of each operation parameter on the bearing contribution to the external 

capacity 

 

Comparison of external and internal capacities. The relative magnitude between Qext and Qint 

indicates which type of failure governs at any given depth. Figure 7 presents the ratio Qext/Qint 

versus each variable at different depths. The plotted line at a ratio of 1.0 indicates the Qext = Qint 

condition corresponding to the transition depth discussed earlier. Values lower than 1.0 indicate 

external soil failure indicating that the surrounding soil is fully mobilized, while value greater than 

1.0 indicate internal failure.  

 The effect on the ultimate capacity must be considered when evaluating the ratio between 

external and internal capacity, as the ratio could change while the overall anchor capacity remains 

constant. If a variable increases both internal and external capacity, such as R, the anchor capacity 

continuously increases. In contrast, EM only affects Qext while 𝑃𝑠 only affects Qint. For such cases, 

the anchor capacity improvement depends on how the ratio Qext/Qint changes. The anchor capacity 

improves if the capacity of the governing failure mechanism increases, which is described by the 

lines getting closer to 1.0. Otherwise, the bigger capacity increases without affecting the anchor 

capacity because the latter is controlled by the minimum of Qext and Qint. For clarity, changes that 

lead to anchor capacity improvement are plotted as solid lines while those that do not affect it are 

plotted as dashed lines. 

The ratio Qext/Qint increases with depth for all tested conditions, although the internal 

friction angle is bigger than the external interface friction angle. This implies that the increase in 

Qb with depth offsets the relative increase in Qint. Increasing EM increases Qext/Qint as it only 

increases Qext. At each depth, there is an EM value beyond which no improvement in the anchor 

capacity occurs because Qext continues to increase beyond the point where internal failure governs 

the anchor's performance. Since Qext/Qint increases with depth, the EM value at which no 

improvement occurs becomes smaller. This implies that the EM needed to fully mobilize the 
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anchor’s internal capacity decreases as the depth is increased. The effect of increasing depth 

becomes more pronounced as EM increases and R decreases, since EM increases the Qb 

contribution while R decreases it. Although Ps does not affect Qb, the effect of depth becomes 

higher as Ps increases. 

 
Figure 7. Relation between external and internal capacities at different operation 

conditions. 

 

Maintaining a lower reduction factor improves the anchor capacity, as it increases Qint and 

the Qs component of Qext. Although the increase in Qint is always bigger than that of Qs, the trend 

of Qext/Qint with R is not always a decreasing one. This is because at shallow depths, Ps is greater 

relative to the limiting pressure, making the increase in external capacity bigger than that of the 

internal one. However, this trend changes if no suction is applied. As Ps increases, Qint increases 

and Qext/Qint decreases. Increasing Ps beyond a given point does increase the anchor capacity. At 

shallow depths, small Ps magnitudes are sufficient to mobilize the external soil’s capacity, while 

greater magnitudes are required at greater depth to transition an external failure. Considering that 

the theoretical limit of suction is 100 kPa, this might not be achievable past a certain depth. 

 

CONCLUSIONS 

 

This research investigates the feasibility of a proposed bio-inspired probe with a deployable anchor 

that is filled with a granular material which enables it to expand during deployment and maintain 

its shape during anchorage. An anchor configuration and a representative sandy deposit were 

considered, and the effects of changing the anchor operation parameters, including the anchor 

diameter, applied suction, and control strategy, are investigated. This investigation uses limit 

equilibrium and cavity expansion solutions to estimate the different anchor capacity components. 

Anchor operation plays an important role in its capacity. Maintaining a low reduction factor 

is always beneficial to the overall anchor capacity as it increases both external and internal 

capacities. However, increasing the expansion magnitude or applied suction only increases one of 

the two capacities. Therefore, whether or not they improve the overall anchor capacity depends on 

the ratio of external to internal capacity. If the governing failure mechanism’s capacity is improved, 

so is the anchor capacity. Since both external and internal capacities are affected by the anchor 

operation, the process needs to be optimized to increase its efficiency. The results show that using 
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a granular material inside the anchor allows for mobilization of the external soil’s full strength or 

a significant portion of it, which can be used to generate the reaction needed to advance the tip of 

the probe forward. 
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