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Abstract 7 

Insufficient reaction force generated by installation equipment is one of the main challenges in soil 8 

penetration processes, which can lead to refusal conditions or pullout failures during in–situ testing, 9 

soil sampling, and pile driving. Recent research has focused on developing probes for site 10 

characterization that can generate the reaction force required for probe insertion without external 11 

equipment. This study presents the results of 3D discrete element modeling (DEM) simulations of 12 

probes with single or dual anchors performed in a virtual calibration chamber (VCC) that applies 13 

a constant overburden pressure of 100 kPa. Following penetration of the probe to the desired depth, 14 

the anchors are expanded and then a single tip advancement stage is simulated using either 15 

displacement–controlled or force–limited motion. The simulation results indicate that dual–anchor 16 

probes generate greater capacities than single–anchor probes due to the mobilization of additional 17 

bearing forces. However, the capacity per anchor increases with increasing inter–anchor spacing 18 

due to the development of an active zone below the leading anchor which produces a decrease in 19 

effective stresses around the trailing anchor. During expansion of the anchors, the penetration 20 

resistances decrease due to the alteration of stresses around the probe tip. The simulation results 21 

are used to define a dimensionless 3D space to determine the combination of probe configurations 22 

that enable self–penetration; these configurations include greater inter–anchor spacings, smaller 23 

anchor–tip distances, and greater anchor expansion magnitudes.  24 

 25 

1 Introduction 26 

The process of soil penetration is ubiquitous in geotechnical engineering design and construction, 27 

necessary for activities such as soil sampling, drilling, excavation, pile driving, and tunneling. Soil 28 

penetration can present a number of challenges in geotechnical problems, including (i) the need to 29 

generate sufficient reaction force to overcome the soil penetration resistance in shallow stiff layers 30 

(i.e. hardpans, gravels) and at greater depths, (ii) the need to have access routes for the site 31 
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investigation equipment (i.e. 20-ton CPT truck, drill rig) to reach certain testing location (i.e. toe 32 

of a dam, forested, remote, or urban areas), and (iii) the significant environmental impact to civil 33 

engineering projects (Raymond et al [45], Purdy et al [43]). While there are current solutions for 34 

penetrating soils with light equipment (i.e. Jol [20]; Navarrete et al. [37]), there is a motivation to 35 

develop tools that provide measurements commonly used in geotechnical design practice, such as 36 

the Cone Penetration Test (CPT) tip resistance, Pressuremeter (PMT) limit pressure, Dilatometer 37 

(PMT) pressures, or shear wave velocity.  38 

Recent research has investigated the burrowing strategies employed by animals and plants in 39 

search of solutions to overcome the challenges associated with soil penetration processes. For 40 

example, Dorgan [17] provides a description of the strategies used by different animals to burrow 41 

in cohesive and non–cohesive soils from a biological perspective while Martinez et al. [29] 42 

provides a summary of the geomechanical processes involved in the burrowing of tree root systems, 43 

caecilians, razor clams, and earth and marine worms. Additional information regarding the 44 

biological aspects of animal and plant burrowing, such as anatomical and energetic constraints, 45 

can be found in [6, 23, 33, 47, 48, 54–57]. 46 

In the field of geotechnical engineering, some studies have explored bioinspired foundation and 47 

anchorage systems. For example, O’Hara and Martinez [38] and Martinez and O’Hara [31] 48 

performed laboratory and centrifuge tests on the snakeskin–inspired surfaces and piles, which 49 

exhibited interface friction directionality. Zhong et al. [65] analyzed the soil deformations and load 50 

transfer induced by snakeskin–inspired piles using 2D DEM simulations. Also, Mallett et al. [26] 51 

investigated the soil deformation patterns and quantified the failure mechanisms around tree root-52 

inspired anchors, Burrall et al. [9] performed pullout tests on the orchard trees which indicated that 53 

root systems are 6 to 10 times more material efficient than conventional pile system, and 54 

Anselmucci et al. ([3] and [4]) used X-ray computed tomography to quantify the deformations 55 

around roots growing in sandy soil. 56 

Previous numerical studies have investigated the behavior of bio–inspired probes and probe 57 

components with the goal of identifying configurations and strategies that allow a probe to 58 

generate the reaction force needed to overcome the soil penetration resistance. This concept is 59 

referred to as self–penetration or self–burrowing throughout this paper, and has been investigated 60 

in probes composed of an expandable anchor and a tip (i.e. employing the anchor–tip strategy). 61 

For example, Huang and Tao [19] performed 3D DEM penetration simulations to conclude that 62 
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that less energy was required for soil penetration subsequent to anchor expansion in comparison 63 

to direct penetration. Chen et al. [13] and Ma et al. [24] used DEM simulations to show that 64 

expansion of an anchor produced a reduction in the penetration resistance, while Chen et al. [14] 65 

explored the geomechanical processes that lead to such reduction in penetration resistance, which 66 

include arching and rotation of principal stresses. Martinez et al. [30] used cavity expansion in 67 

combination with data from field tests to conclude that dense sands represent the greatest challenge 68 

for self–penetration in probes that employ the anchor–tip strategy.  69 

Researchers have developed laboratory–scale prototypes to evaluate burrowing performance. 70 

Cortes and John [16] performed penetration tests on a miniature cone penetration probe that has a 71 

balloon near the cone tip and showed that reduction in penetration resistance takes places when 72 

the balloon is inflated. Ortiz et al. [39] performed horizontal constant–force penetration tests using 73 

a soft robot to show that radial body expansion in combination with lateral tip oscillations 74 

facilitated a greater distance of penetration. Tao et al. [53] developed a soft robotic prototype which 75 

was able to burrow up to the soil surface by cyclic elongation–contraction motion. Borela et al. [7] 76 

used an X–ray CT scan to show that more robust anchorage and a greater tip advancement are 77 

achieved in loose sand than in dense sand. Naclerio et al. [34] developed a root–like robot that uses 78 

tip extension to reduce the friction along the shaft and air fluidization to reduce the soil penetration 79 

resistance.  80 

The above studies illustrate the challenges associated with generating sufficient anchorage 81 

forces to overcome the soil penetration resistance, which has limited the deployment of the 82 

experimental prototypes developed to date to shallow soil conditions (i.e. smaller than 50 cm). The 83 

majority of these studies have focused on enabling self–penetration by decreasing the penetration 84 

resistance [13, 16, 24, 34, 39], while less attention has been placed on increasing the magnitude of 85 

anchorage that can be generated. Deployment of multiple anchors can be used as a strategy to 86 

improve the anchorage capacity; in fact, organisms such as earth and marine worms that employ 87 

peristalsis locomotion deploy multiple anchorage points along their body.  88 

The goal of this paper is to explore the anchorage capacity and tip advancement ability of a bio–89 

inspired probe that deploys two anchors in conditions relevant to geotechnical site characterization. 90 

This is done by means of 3D DEM simulations of the penetration process of probes with two 91 

anchors arranged in different configurations in a virtual calibration chamber (VCC) that applies k0 92 

conditions with an overburden pressure of 100 kPa to the granular assembly. Detailed analysis is 93 
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presented on the interactions between the two anchors, the interactions between the anchors and 94 

the tip, and the anchor configurations that best enable self–penetration.  95 

2 Model description 96 

The DEM simulations are performed using the PFC 3D software (Version 5.0, Itasca). The model 97 

consists of a virtual calibration chamber, a probe, and particles (Fig. 1a). The VCC is simulated by 98 

a top wall, a bottom wall, and 12 radial ring walls, which together create a chamber with a diameter 99 

(Dchamber) of 0.7 m and a height (Hchamber) of 1.2 m. All boundary walls are servo–controlled to 100 

apply a constant stress boundary condition with the vertical and radial confining stresses equal to 101 

100 kPa and 50 kPa, respectively (i.e. K0=σ’r / σ’v=0.5). The radial ring walls are used to maintain 102 

a uniform distribution of radial boundary stress along the chamber height as shown in Fig. S1. The 103 

probe has a diameter (Dprobe) of 0.044 m and an apex angle of 60°, which are equivalent to the 104 

values in a 15 cm2 cone penetration test (CPT) probe. The granular assembly contained in the VCC 105 

is poorly–graded and consists of about 200,000 spherical particles with a mean diameter (D50) of 106 

0.0144 m, a coefficient of uniformity (CU) of 1.2, and a coefficient of curvature (CC) of 0.96. The 107 

assemblies are prepared to an initial void ratio of 0.61. More detailed information regarding the 108 

grain size distribution of the granular assembly and the specimen creation procedure can be found 109 

in Chen et al. [13,14].  110 

The simulated particles were upscaled to reduce the computational cost, as is commonly done 111 

in DEM simulations. When upscaling particle sizes, it is important to ensure that the relative 112 

dimensions between the chamber, probe, and particles are reasonable to prevent particle size effect. 113 

The chamber–to–probe (Dchamber/Dprobe) and probe–to–particle (Dprobe/D50) diameter ratios in this 114 

study are 15.9 and 3.1, respectively. Previous studies such as [5, 8, 10, 11, 13, 21, 62, 63] have 115 

demonstrated that Dchamber/Dprobe and Dprobe/D50 ratios between 10.5 and 16.6 and between 2.7 and 116 

4.4, respectively, allow for minimized particle scale and chamber size effects to properly simulate 117 

penetration problems in 3D DEM simulations. Detailed discussion regarding scale effects can be 118 

found in [13, 14, 21].  The simulation parameters were taken from Chen et al. [13, 14], which are 119 

listed in Table 1. Soil particle interactions are modeled using a linear contact model with rolling 120 

resistance, where the particle normal stiffness is proportional to its diameter (kn/d=108 N/m2) and 121 

the normal–to–shear stiffness ratio (kn/ks) is 1.5. The sliding and rolling friction coefficients (𝜇 and 122 

𝜇𝑟𝑟 ) are 0.4, where the 𝜇𝑟𝑟  provides a resistance to particle rotations which simulates the 123 
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interlocking effect of particle angularity [1, 59]. The particle–anchor friction coefficient (𝜇𝑝) is 124 

0.3, which is similar to that measured experimentally for conventional CPT friction sleeves [28]. 125 

The particle and boundary wall friction coefficient (𝜇′)  is set to be 0.1 to ensure numerical stability 126 

in the simulation. In a vertical ‘r–z’ plane (Fig. 1b), 628 measurement spheres with a diameter 127 

(DMS) of 0.033 m are uniformly distributed to measure soil stresses. The measurement sphere–to–128 

mean particle volume ratio is about 12.0. 129 

The modeling parameters were chosen such that the simulated particle assembly exhibits a 130 

behavior typical of coarse–grained soils. While a detailed discussion regarding the selection of the 131 

simulation parameters can be found in [13, 14, 22], select results of triaxial compression 132 

simulations under four different confining stresses are plotted in Fig. 2a–c to highlight the response 133 

of the assemblies. The triaxial result show expected sand–like soil behaviors: greater peak and 134 

residual deviatoric stresses (q), smaller peak stress ratios (q/p’), and smaller dilatancy are 135 

mobilized for specimens confined under higher vertical stress. In addition, the stress ratios at large 136 

axial strains reach a unique, critical state value. In addition, penetration resistance (qc) friction 137 

sleeve (fs) measurements, as well as Soil Behavior Type (SBT) classification [46], at varying 138 

overburden stresses show that the simulated granular assembly exhibits a penetration behavior 139 

characteristic of medium dense coarse–grained soils. This data is not included here for the sake of 140 

brevity; a detailed description of the results and trends can be found [13].  141 

Fig. 3a depicts the simulated probe, which can be configured with one or two anchors. The 142 

probe configuration is characterized by anchor length (L), inter–anchor spacing (S), anchor–tip 143 

distance (H), and anchor expansion magnitude (EM). Each complete simulation models three 144 

stages: initial direct pushing stage termed cone penetration (CP), followed by expansion of the 145 

anchor(s) (AE), and then by tip advancement (TA), as shown in Fig. 3b. During CP stage the probe 146 

is displaced downward into the soil at a constant speed of 0.2 m/s to a depth of 0.9 m, during which 147 

the mobilized tip resistance (qc) and sleeve friction (fs) are calculated as follows:  148 

𝑞𝑐 =  
4 ∑ 𝑄𝑁

𝑖=1 𝑍𝑡𝑖𝑝,𝑖

𝜋𝐷𝑝𝑟𝑜𝑏𝑒
2            (1) 149 

𝑓𝑠 =  
∑ 𝑄𝑧𝑠𝑙𝑒𝑒𝑣𝑒,𝑖

𝑁
𝑖=1

𝐿𝑠𝑙𝑒𝑒𝑣𝑒𝜋𝐷𝑝𝑟𝑜𝑏𝑒
           (2) 150 

where 𝑄𝑧𝑡𝑖𝑝,𝑖 is the vertical component of the contact force i acting on the probe tip, 𝑄𝑧𝑠𝑙𝑒𝑒𝑣𝑒,𝑖 is 151 

the vertical component of the contact force i acting on the friction sleeve whose length (Lsleeve) of 152 

0.16 m is equal to that of a CPT friction sleeve, and N is the total number of vertical contact forces 153 
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acting on the tip or sleeve. All simulations begin with the same CP stage to ensure the same initial 154 

conditions for the AE and TA stages for all simulations.  155 

During the AE stage, the anchor(s) are radially expanded at a rate of 0.2% per second of the 156 

probe’s initial diameter (D=0.044 m) until the target EM is achieved, where EM is defined as:  157 

𝐸𝑀 =
𝐷𝑎𝑛𝑐ℎ𝑜𝑟

𝐷𝑝𝑟𝑜𝑏𝑒
− 1                              (3) 158 

During this stage, the radial and bearing anchor pressures (Pa and Pb) and the radial and bearing 159 

anchor forces (Fn and Fb) (Fig. 3b) are related as follows:  160 

𝐹𝑛(𝑗) =  𝜋 𝑃𝑎(𝑗) 𝐿 𝐷𝑎𝑛𝑐ℎ𝑜𝑟                              (4) 161 

𝐹𝑏(𝑗) =
𝜋

4
 𝑃𝑏(𝑗) (𝐷𝑎𝑛𝑐ℎ𝑜𝑟

2 − 𝐷𝑝𝑟𝑜𝑏𝑒
2 )          (5) 162 

where 𝐷𝑎𝑛𝑐ℎ𝑜𝑟 is the anchor diameter after expansion and the subscript j only exists for dual anchor 163 

probes with j=1 representing the top anchor and j=2 representing the bottom anchor. The distance 164 

between the anchor and tip was varied between 0.5Dprobe and 6Dprobe equivalents, based on the 165 

results from Chen et al. (2021) that indicated that an H of 4Dprobe equivalents is the maximum 166 

distance that allows for self-penetration. The close proximity between the anchor and the tip will 167 

have an important effect on the CPT fs measurement; therefore, the fs measurement was not 168 

recorded during the AE and TA stages.  169 

In the TA stage, the anchors are displaced upward and the tip is displaced downward using a 170 

displacement–controlled algorithm or a velocity–controlled algorithm with force limits (referred 171 

to as force-limited algorithm) (Fig. 3c). During the displacement–controlled simulations, the probe 172 

anchor(s) and tip are displaced upward and downward, respectively, at a constant velocity of 0.2 173 

m/s. During the force-limited simulations, a target force (Ftarget) is used to decide which of the 174 

probe sections is displaced at a constant velocity of 0.2 m/s. When either probe section (i.e. tip or 175 

anchor) mobilizes the Ftarget magnitude, it is assigned a velocity of zero. Once both probe sections 176 

mobilize Ftarget, the Ftarget is increased by 50 N (i.e. ΔF = 50 N). The Ftarget has an initial value of 177 

50 N and the ΔF magnitude was determined based on a calibration exercise showing that the 178 

simulation results are insensitive to ΔF as long as it is smaller than 100 N. It is noted that the 179 

anchor force and the tip resistance force are not always equal during the TA stage but they reach 180 

equal values at the end of each loading increment. In either displacement-controlled or force-181 

limited simulations, the TA stage is stopped once a tip displacement of 15 cm or an anchor 182 

displacement of 4 cm are reached. This tip displacement limit was chosen based on previous 183 
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simulations on single anchor probes (Chen et al. 2021) showing that tip resistance is fully or nearly 184 

remobilized during the TA stage at displacements smaller or equal to 4 cm. During the TA stage, 185 

the overall length of the probe increases due to the movement in opposite directions of the tip and 186 

anchor. This is accommodated by an inner wall located between the anchor and tip which avoids 187 

particles from moving inside the probe. The properties assigned to this wall are the same as for the 188 

remaining of the probe.  189 

During the TA stage, the bearing anchor force (Fb), friction anchor force (Fa), tip resistance 190 

force (Qc), and sleeve friction force (Qs) are calculated using Eqs. 5–8.  191 

𝐹𝑎(𝑗) =  2𝜋 𝑃𝑎(𝑗) 𝐿 𝐷𝑎𝑛𝑐ℎ𝑜𝑟 𝜇𝑝                             (6) 192 

𝑄𝑐 =
𝜋

4
 𝑞𝑐 𝐷𝑝𝑟𝑜𝑏𝑒

2           (7) 193 

𝑄𝑠 = 𝜋 𝑓𝑠𝑡  𝐷𝑝𝑟𝑜𝑏𝑒          (8) 194 

where 𝑓𝑠𝑡  is the average shear stress along the probe shaft. 195 

The total reaction force (Ft) and total resistance force (Qt) are then calculated as follows: 196 

𝐹𝑡 = ∑ [𝐹𝑎(𝑗) + 𝐹𝑏(𝑗)]
𝑁𝑎
𝑗=1             (9)                       197 

𝑄𝑡 = 𝑄𝑐 + 𝑄𝑠           (10) 198 

where Na is the number of anchors. 199 

The simulations remain in a quasi–static condition throughout the CP, AE, and TA stages, as 200 

evidenced by the inertial numbers (I) which are between 2.1 × 10−5 and 7.2 × 10−4. These values 201 

satisfy the criteria (I ≤ 10−3) for maintaining quasi–static conditions [15, 42, 44]. In addition, the 202 

stiffness used for the simulations ensure that inter–particle overlaps of 99% of the particles are 203 

smaller than 1% of the particle radii. 204 

This study simulated the self–penetration processes of 49 bio–inspired probes to explore the 205 

effects of the number of anchors, S, H, EM, and the control algorithm on the anchor capacity and 206 

self–penetration ability. As listed in Table 2, each simulation is named by the anchor configuration 207 

and control algorithm. For example, the designation ‘H4S1EM0.5_D’ refers to a probe with an 208 

anchor–tip distance H equivalent to 4 Dprobe (i.e. H = 4Dprobe = 0.176 m), inter–anchor spacing S 209 

equivalent to 1 Dprobe, anchor expansion magnitude of 0.5, and which uses displacement–controlled 210 

motion. It is noted that to accommodate S values between 1 and 6 Dprobe within the VCC, L had to 211 

be limited to 2 Dprobe for the probes with two anchors. The two reference simulations performed 212 

with one anchor have an L of 2 Dprobe and 4 Dprobe and are named H4L2EM0.5_D and 213 
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H4L4EM0.5_D, with L designated in place of S as compared to the name of simulations with two 214 

anchors. 215 

 216 

3 Results 217 

Results obtained during the CP, AE, and TA stages are presented in this section. The CP stage 218 

provides results similar to those obtained during CPT soundings, consisting of qc and fs readings. 219 

The anchor capacities and the interactions between the anchors and the probe tip during the AE 220 

and TA stages are analyzed in terms of the forces acting on the probe sections as well as in terms 221 

of soil stresses and particle displacements around the probes. Lastly, the forces acting on the 222 

probe are used to map the effects of S, H, and EM on its self–penetration ability. The three stages 223 

simulated in this study are used to investigate the soil response and the feasibility of using one or 224 

two anchors to generate sufficient reaction forces to overcome the penetration resistance at an 225 

overburden pressure of 100 kPa.  226 

 227 

3.1 Cone penetration stage 228 

During the cone penetration stage, the probe is displaced downward into the VCC to a depth of 0.9 229 

m. The profiles of measured qc and fs are plotted in Fig. 4a and b. The depth for the qc profile 230 

corresponds to the tip location, while the depth for the fs profile corresponds to the mid–point of 231 

the sleeve. As the probe is advanced into the specimen, the qc and fs increase gradually to relatively 232 

constant values with averages of 4.8 MPa and 30 kPa, respectively. The qc and fs values are used 233 

to calculate normalized tip resistance (Qtn) and friction ratio (Fr) values of 47.3 and 0.62%, 234 

respectively. When plotted in the SBT chart by Robertson [46] (Fig. 4c), the CPT response 235 

indicates a material that is in the transition between contractive and dilative, which is consistent 236 

with medium–dense material density and the high effective stress magnitudes near the tip (Fig. 237 

S2). Chen et al. [13] provides more detailed results indicating that the DEM model simulates the 238 

penetration behavior of medium–dense sands across a range of overburden stresses between 25 239 

and 400 kPa.  240 

 241 

3.2 Anchor expansion stage 242 

In this section, the results of simulations on two probes with a single anchor (simulations #1–2) 243 

and on seven probes with two anchors (simulations #3–9) are presented to investigate the effects 244 
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of inter–anchor spacing on the anchor capacity on probes with an H of 4Dprobe, EM of 0.5 and L of 245 

2Dprobe.  246 

During the AE stage, the anchors are radially expanded at a constant rate. The evolution of the 247 

normal radial anchor force and tip resistance force of the two single–anchor probes and two dual–248 

anchor probes are shown in Fig. 5a and 5b. The single anchor in the simulation H4L2EM0.5_D 249 

has the same length (L=2Dprobe) as those in the simulations with two anchors, while the single 250 

anchor in the simulation H4L4EM0.5_D has twice the anchor length. The S in the dual–anchor 251 

simulations is varied between 1Dprobe and 6Dprobe. The evolution of corresponding radial anchor 252 

forces Fn are shown in Fig. 5a–d. The single–anchor probes with L of 4Dprobe and 2Dprobe mobilize 253 

Fn values of 27.5 and 16.5 kN, respectively, corresponding to anchor pressures of 753 and 904 kPa. 254 

The anchor with a greater length mobilizes a smaller Pa likely because as the anchor length is 255 

increased the failure mechanism becomes more cylindrical in shape, and expanding a cylindrical 256 

cavity requires a smaller pressure than expanding a spherical cavity [2, 52, 61]. The two anchors 257 

of a given probe generate similar Fn values; however, the anchor spacing has an influence on Fn. 258 

Namely, the smallest and largest anchor spacings (S of 1Dprobe and 6Dprobe) mobilize average Fn 259 

values of 12.5 kN and 15 kN, respectively, corresponding to Pa of 685 kPa and 822 kPa.  260 

The magnitude of Qc decreases as the anchors are expanded. As shown in Fig. 5e–h, Qc 261 

decreases from an initial value of 7.2 kN to values of 6.05 kN and 5.07 kN for the probes with 262 

single anchors with L of 2Dprobe and 4Dprobe, respectively, and to values of 5.4 kN and 6.0 kN for 263 

probes with two anchors with S of 1Dprobe and 6Dprobe. Similar effects on the penetration resistance 264 

have been reported by previous studies. For example, Huang and Tao [19] showed an average 265 

reduction in tip resistance of 11.9%, Ma et al. [24] reported an initial increase in tip resistance due 266 

to soil compaction when inflating a balloon–shaped anchor which was followed by a subsequent 267 

decrease in tip resistance during anchor deflation, and Chen et al. [13, 14] illustrated that the 268 

reduction in Qc is due to an increase in void ratio and tensile vertical strains induced near the cone 269 

tip due to anchor expansion.  270 

The results described above indicate that the dual anchor probe with an S of 1Dprobe mobilizes 271 

a similar PL magnitude and a similar Qc reduction as the single anchor simulation with L of 4Dprobe, 272 

implying that the proximity of the two anchors in the former results in a behavior similar to that 273 

of a single, longer anchor. On the other hand, the simulation with two anchors with S of 6Dprobe 274 

mobilizes similar PL and Qc as the single anchor probe with L of 2Dprobe, suggesting that each 275 
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anchor in the widely–spaced dual–anchor (S = 6 Dprobe) simulation behaves in a near–isolated 276 

manner.  277 

The trends of the anchor capacities can be further explored using particle– and meso–level 278 

quantities obtained from the DEM simulations, such as particle displacements and soil stresses. 279 

Spatial maps of particle displacements and soil stresses during the AE stage are presented in Figs. 280 

6 and 7, respectively.  281 

In the particle displacement maps, each particle’s color is proportional to the magnitude of its 282 

displacement. The figures present results for the two single–anchor probes and four dual–anchor 283 

probes with varying S while H and EM are fixed at 4Dprobe and 0.5, respectively. For the single–284 

anchor simulations, the probe with the shorter anchor exhibits a more spherical–shaped failure 285 

zone (Fig. 6a) whereas the probe with the longer anchor exhibits a more cylindrical–shaped failure 286 

zone (Fig. 6b). These results are in qualitative agreement with the fact that the shorter anchor 287 

mobilized a greater anchor pressure. For the dual–anchor simulations, as the anchor spacing is 288 

increased from 1Dprobe to 6Dprobe, the soil particle displacements between the two anchors decrease 289 

and the failure mode changes from one that encompasses a single zone around both anchors for 290 

the simulation with S of 1Dprobe to two individual failure zones for the simulation with S of 6Dprobe 291 

(Fig. 6c–f).  292 

Spatial maps of stress magnitudes and changes in stresses as a result of AE were generated. The 293 

soil stresses are obtained from the measurement spheres shown in Fig. 1b. The 𝜎𝑟
′ and 𝜎𝑣

′  maps at 294 

the end of the CP stage are included in Fig. S2 for reference. Only radial stress maps for the end 295 

of the AE stage are provided for select probes in Figs. S3. To better visualize the effects of each 296 

stage, changes in radial (∆𝜎𝑟
′) and vertical (∆𝜎𝑧

′) stresses are calculated at each measurement sphere. 297 

For the AE stage, ∆𝜎𝑘
′ = 𝜎𝑘,𝐴𝐸

′ − 𝜎𝑘,𝐶𝑃
′ , and for the TA stage, ∆𝜎𝑘

′ = 𝜎𝑘,𝑆𝑃
′ − 𝜎𝑘,𝐴𝐸

′ , where 298 

𝜎𝑘,𝐶𝑃
′ , 𝜎𝑘,𝐴𝐸 

′ , and 𝜎𝑘,𝑆𝑃
′  are the stresses component at the end of the CP, AE, and TA stages, 299 

respectively, and k is either the vertical (z) or radial (r) direction.   300 

During the AE stage, the stresses around the anchor increase while the stresses above and below 301 

the anchor and around the tip decrease, as shown in the stress change maps for the single–anchor 302 

probe (Fig. 7a and e). These stress maps reflect the mobilization of the radial anchor force and the 303 

reduction of tip resistance force, as previously shown in Fig. 5a and e and as described in detail in 304 

Chen et al. [13]. For dual–anchor probes, the stresses surrounding the anchors of the dual–anchor 305 

probes with S of 1Dprobe, 4Dprobe, and 6Dprobe increase while the stresses around the probes’ tip 306 
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decrease (Fig. 7b–d, f–h). Clear interactions between the anchors take place during AE for the 307 

probe with S=1Dprobe at locations between the anchors (Fig. 7b, f). In fact, the stress change maps 308 

for this simulation are similar to that of the single anchor with an L of 4Dprobe (Fig.7a, e), consistent 309 

with the corresponding particle displacement maps. As S is increased, the interactions between the 310 

anchors diminish. This is shown by the soil between the anchors which experiences a decrease in 311 

stress for the probes with S of 4Dprobe and 6Dprobe (Fig. 7c, d, g, h). The figures also show a greater 312 

decrease in stresses around the probe tip when S is 1Dprobe (Fig. 7b, f compared to Fig. 7d, h), 313 

which explain the greater decrease in Qc for smaller S shown in Fig. 5g, h.  314 

The results of 19 simulations on probes with two anchors (simulations #3–#21) are used to 315 

further investigate the effects of the S, H, and EM on the anchor normal forces and penetration 316 

resistances during the AE stage. The S values are varied between 1Dprobe and 6Dprobe, the H 317 

values are either 1Dprobe or 4Dprobe, and the EM values are 0.3, 0.5, and 0.7. 318 

Fig. 8a-f presents the change in Fn on the top and bottom anchors (Fn1 and Fn2, respectively) 319 

and Qc with increasing S/Dprobe at the end of the AE stage for probes with varying H and EM. The 320 

dashed lines represent the values for the single–anchor simulations with L of 2Dprobe and 4Dprobe 321 

for comparison. Both Fn1 and Fn2 increase with increasing S/Dprobe (Fig. 8a–d), indicating a 322 

decrease in the interaction between the anchors as S/Dprobe is increased. At the same S/Dprobe, Fn1 323 

and Fn2 are largely independent of H (Fig. 8a, c). Conversely, the probes with greater EM mobilize 324 

greater Fn1 and Fn2 (Fig. 8b, d) due to the increase in anchor surface area with EM. The Qc values 325 

at the end of AE increase as S is increased (Fig. 8e, f), indicating that both anchors interact with 326 

the tip for both H=1Dprobe and H=4Dprobe cases. In addition, greater reductions in Qc occur for 327 

simulations with smaller H (Fig. 8e) and with greater EM (Fig. 8f).  328 

 329 

3.3 Tip advancement stage 330 

The evolution of total forces Ft and Qt (Eqs. 9 and 10) and the corresponding component forces 331 

Fa, Fb, Qc, and Qs (Eqs. 5–8) during the displacement-controlled TA stage for the two single–332 

anchor probes and two dual–anchor probes with S of 1Dprobe and 6Dprobe are plotted in Fig. 9a–h 333 

as a function of vertical displacement. The single anchor probes with L of 2Dprobe and 4Dprobe 334 

mobilize Ft forces (Fig. 9a, b) averaging 5.5 kN and 7.4 kN, respectively; the greater force 335 

mobilized by the latter is due to its larger surface area. At the end of the TA stage, the 336 

H4L4EM0.5_D probe generates an Fa of 4.0 kN while the H4L2EM0.5_D probe generates a Fa of 337 
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2.1 kN (Fig. 9e and f). Both probes mobilize a similar Fb with a magnitude around 3.4 kN as well 338 

as mobilize similar Qt forces, averaging about 7.8 kN, over the last 0.01 m of displacement (Fig. 339 

9a–d). 340 

The dual–anchor probes mobilize greater Ft than the single–anchor probes due to the generation 341 

of bearing forces by the two anchors. The Fa2 and Fb2 components of the bottom anchor on the 342 

probe with an S of 6Dprobe are greater than those for the probe with an S of 1Dprobe by 70% and 343 

66%, respectively. This highlights the effect of S on the mobilization of anchorage force. Both of 344 

these probes mobilize Qt forces similar to those mobilized by the single–anchor probes. These Qt 345 

values correspond to qc values close to 4.8 MPa, which is in agreement with results from Chen et 346 

al. 2021 [13] indicating that the qc magnitude remobilized to values close to those at the end of the 347 

CP stage. This suggests that the qc measured at the end of the TA stage could be used to estimate 348 

soil engineering properties using established CPT procedures. The results presented in Fig. 9 (e-h) 349 

together with those in Chen et al. 2021 indicate that qc tends to remobilize irrespectively of S.  350 

The influence of S on the capacity of dual–anchor probes is further illustrated in Fig. 10a–c, 351 

which show the relationship between average Fa, Fb, and Ft obtained during the last 0.01 m of 352 

displacement with normalized spacing (S/Dprobe). The dashed lines represent the values for the 353 

single–anchor simulations with L of 2Dprobe and 4Dprobe for comparison. The results indicate that 354 

the Fa1 and Fb1 (forces on the top anchor) are largely independent of S/Dprobe, while the Fa2 and Fb2 355 

(forces on the bottom anchor) increase with increasing S/Dprobe (Fig. 10a, b). As shown in Fig. 10c, 356 

the total reaction force mobilized by the probes with two anchors (Ft= Ft1+ Ft2) increases as 357 

S/Dprobe is increased due to the increase in Ft2. In all instances, the Ft values for the dual–anchor 358 

probes are greater than those for the single–anchor probes. However, the Ft values for the two–359 

anchor probes are smaller than twice the Ft value for the single–anchor probe with an L of 2Dprobe, 360 

indicating that while the capacity of two anchors is greater than the capacity of one, the efficiency 361 

of the former in terms of total capacity per anchor number is decreased. These results are consistent 362 

with those in previous numerical and experimental studies on helical anchors, which demonstrate 363 

the reduction in efficiency when the inter–helix spacing was smaller than 1.5 to 3 base diameter 364 

equivalents [18, 32, 36]. 365 

The spatial maps of particle displacements and soil stresses for single–anchor and double–366 

anchor probes are presented to investigate the interaction effects during the TA stage. The particle 367 

displacement maps for the TA stage show that as the tip is displaced downward, significant particle 368 
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displacements occur around and below the tip in a similar manner for all simulations (Fig. 11a–f). 369 

As the anchors are displaced upward, a ‘butterfly–shaped’ zone is formed around the anchors with 370 

the particles undergo large displacements. When the S is 1Dprobe, particle displacements greater 371 

than 10 mm are observed between the two anchors, indicating significant interactions between 372 

them (Fig. 11c, d). The shape of the disturbed zone between the single–anchor simulation with an 373 

L of 4Dprobe and dual–anchor simulation with an S of 1Dprobe is remarkably similar (Fig. 11b, c). 374 

In contrast, much smaller displacements (1 to 4 mm) between the two anchors are observed for the 375 

probe with an S of 6Dprobe (Fig. 11f). This difference in failure mode for small and large spacings 376 

has also been analyzed in previous multi–plate anchors related topic. For example, Wang et al. [58] 377 

showed that a global ‘cylindrical failure’ in the incremental displacement fields occurred during 378 

the uplifting of two–plate anchors when spacing is smaller than 3 base diameter equivalents, while 379 

individual bearing failure mechanisms occurred when the spacing is greater than 5 base diameter 380 

equivalent. Additionally, Nally and Hambleton [36] showed that increasing the number of plate 381 

anchors gradually changed the soil failure mode from a ‘passive’ failure zone, which extend from 382 

bottom anchor to soil surface, to a uniform ‘single–column’ failure zone passing through all 383 

anchors. The smaller interactions in the DEM simulations between the anchors at larger S can help 384 

explain the previously discussed trends, including the convergence of Fn1 and Fn2 to the single–385 

anchor case during AE and the convergence of Fa1, Fa2, Fb1, Fb2, Ft1, and Ft2 to the single–anchor 386 

case during TA as S approaches 6Dprobe (Figs. 8, 10).  387 

The spatial stress difference maps at the end of the TA stage are shown in Fig. 12. The radial 388 

stresses at the end of the TA stage can be found in Fig. S4. During the TA stage, strong interactions 389 

occur between the anchors for the probe with an S of 1Dprobe. Namely, the stresses at locations 390 

immediately below the top anchor decrease while those at locations immediately above the bottom 391 

anchor increase, indicating development of active and passive zones within the particles (Fig. 12b, 392 

f). The active zone developed below the top anchor results in smaller stresses being mobilized 393 

around the bottom anchor in comparison with the simulations with an S of 4Dprobe and 6Dprobe (Fig. 394 

12c, d, g, h), which is responsible for the smaller bearing and friction forces being mobilized by 395 

the bottom anchor, as shown in Fig. 10a–c. The stresses below the probe tip are comparable in all 396 

three simulations, indicating limited effects of spacing on the Qc force. 397 

The results of 19 simulations on probes with two anchors (simulations #3–#21) that have 398 

varying S, H, and EM are used to further investigate the interaction effects during the TA stages. 399 
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During the displacement–controlled TA stage, the forces on the anchors and tip change due to 400 

either stress relaxation or remobilization, as previously described. Namely, Fa decreases and Fb 401 

increases as the anchors are displaced upward and Qc increases as the tip is displaced downward. 402 

Figure 13 presents the forces on the bottom anchor (Fa2 and Fb2) and Qc with increasing S/Dprobe 403 

at the end of TA for different anchor configuration conditions. Only values for the bottom anchor 404 

are presented here because the forces on the top anchor were approximately independent of S/Dprobe; 405 

a similar independence of top anchor capacity on spacing has been reported by Misir [32] in the 406 

finite element modeling of a shaft with two–plate anchors moving upward.  407 

At the end of TA, Fa2 increases as S/Dprobe is increased. However, the results suggest that Fa2 is 408 

independent of the H and EM values (Fig. 13a, b). Fb2 also increases with increasing spacing (Fig. 409 

13c, d) due to the decrease in the inter–anchor interactions. This observation is consistent with 410 

results from previous numerical and experimental pullout tests on multi–plate and multi–helix 411 

anchors [18, 32], which showed an increase in bottom anchor capacity and capacity per anchor 412 

with the increasing spacing. In the DEM simulations, the anchors with H of 4Dprobe mobilize 413 

slightly greater Fb2 than those with H of 1Dprobe, suggesting a small effect of the proximity to the 414 

probe tip. The anchors with EM of 0.5 and 0.7 mobilize greater Fb2 than the anchors with EM of 415 

0.3. However, Fb2 values for the anchors with EM of 0.7 are slightly smaller than those for the 416 

anchor with EM of 0.5 (Fig. 13d), likely due to the stronger inter–anchor interactions resulting 417 

from the greater expansion magnitude. In addition, the probes with EM of 0.5 mobilize similar Fa2 418 

and Fb2 values as the probe with a single anchor case when S is 6Dprobe, suggesting that the anchor 419 

interactions diminish at this large spacing (Fig. 13a, c). The Qc forces at the end of TA appear to 420 

be independent of S/Dprobe, although the values are smaller for simulations with a smaller H and 421 

greater EM (Fig. 9e, f).  422 

 423 

3.4 Probe self-penetration potential 424 

As previously discussed, probe self–penetration ability refers to the ability to mobilize greater total 425 

reaction forces than total resistance forces. For displacement–controlled simulations, the ratio of 426 

total reaction to total resistance forces (Ft/Qt) can be used to evaluate the probe self–penetration 427 

ability, with Ft/Qt values greater than 1.0 indicating successful self–penetration. Fig. 14 shows the 428 

Ft/Qt ratios for all the displacement–controlled simulations (#3–21) at the end of TA, which 429 

indicate that simulations with an H of 1Dprobe and EM of 0.7 have Ft/Qt greater than 1.0 (black 430 
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squares and yellow triangles). Simulations with greater H and smaller EM can have Ft/Qt smaller 431 

than 1.0. For example, at spacings of 0.5Dprobe to 2Dprobe, the simulations with an H of 4Dprobe and 432 

EM of 0.5 (red circles) have an Ft/Qt slightly smaller than 1.0, but at larger spacings the ratios are 433 

greater than 1.0. Also, the simulations with an EM of 0.3 (blue triangles) all have Ft/Qt smaller 434 

than 1.0. 435 

The ability of the probe to advance its tip can be further evaluated using separate force-limited 436 

motion (Fig. 3c). An additional series of 12 simulations (#22–32, 36, 37) was performed with the 437 

goal of evaluating the effect of S, EM, and H on the self–penetration ability of the dual–anchor 438 

probes. The force-limited algorithm allows for the probe section that mobilizes a total force smaller 439 

than Ftarget to be displaced at a constant velocity. Therefore, the tip advancement ability can be 440 

evaluated in terms of the self–penetration displacement ∆𝐷:  441 

∆𝐷 = |𝛿𝑡𝑖𝑝| − |𝛿𝑎𝑛𝑐ℎ𝑜𝑟|         (12) 442 

where 𝛿𝑡𝑖𝑝 and 𝛿𝑎𝑛𝑐ℎ𝑜𝑟 are the displacement vectors of the tip and the anchor, and a positive ∆𝐷 443 

indicates the achievement of self–penetration where the net tip displacement is towards greater 444 

depths. Figures 15a–c show time histories of ∆𝐷 for probes with different anchor configurations. 445 

Tip advancement is achieved by the probes with combinations involving EM greater than or equal 446 

to 0.5 and S greater than or equal to 4Dprobe. It is noted that the simulation ‘S=0Dprobe’ corresponds 447 

to H4L4EM0.5_F (simulation #35), which can be considered as a dual–anchor probe with zero 448 

inter–anchor spacing. The horizontal axis in the plot is normalized time (𝑡̅), which is defined as 449 

the time within the TA stage normalized by the total duration of the TA stage.  450 

To explore the probe configurations that enable self-penetration, an additional series of 18 451 

simulations (#33–50) were performed. In total, the results of 48 simulations using either 452 

displacement–controlled or force-limited motion are plotted in a dimensionless 3D space defined 453 

by EM, H/Dprobe, and S/Dprobe (Fig. 16). In the figure, the black datapoints indicate the probe 454 

configurations that achieved self-penetration and the red datapoints represent the probe 455 

configurations that did not achieve self-penetration, as defined by the conditions described above 456 

(Ft/Qt greater than 1.0 or a positive ∆𝐷 during TA). As shown, the result of the displacement-457 

controlled and force-limited simulations are in agreement. The configurations that enable self–458 

penetration include greater EM, smaller H/Dprobe, and greater S/Dprobe, as previously described. 459 

Using least square fitting, a plane that separates the configurations that achieved self–penetration 460 

from those that failed is identified, which is defined by 𝐸𝑀 = −0.046 ∗ 𝑆/𝐷𝑝𝑟𝑜𝑏𝑒 + 0.020 ∗461 



16 
 

𝐻/𝐷𝑝𝑟𝑜𝑏𝑒 + 0.488. In this equation, the negative –0.046 coefficient indicates that a smaller EM is 462 

required for probes with greater S to achieve self–penetration, while the positive 0.020 coefficient 463 

indicates that a greater EM is needed for probes with greater H to achieve self–penetration. Lastly, 464 

the 0.488 constant indicates the minimum EM value that would be required to achieve self–465 

penetration if both H and S are zero. It is noted that it is likely that the plane that separates 466 

successful from unsuccessful self-penetration is dependent on the length of the anchors; 467 

particularly, the plane is expected to move downward as the anchor length is increased.  468 

 469 

4 Implications and limitations 470 

The results presented in this paper cover a limited number of conditions, including probes with 471 

one or two anchors, anchor lengths equivalent to 2 or 4Dprobe, and soil conditions that simulate a 472 

medium–dense coarse–grained soil under an overburden stress of 100 kPa, equivalent to a depth 473 

of about 10 m of saturated soil or 5 m of dry soil. The trends reported here should be verified using 474 

physical experiments across a range of overburden stresses as well as for coarse–grained soils with 475 

smaller particles, well–graded coarse soils, and fine–grained soils.  476 

Another aspect that needs to be examined is the possible effect of the particle size on the 477 

simulation results, in particular with regard to the interaction between the particles and the anchor’s 478 

bearing area. In the simulations presented in this paper, a Dprobe/D50 of 3.1 was employed,and the 479 

ratio of the length of the anchor bearing area to the median particle size ((Danchor-Dprobe)/2D50) was 480 

0.8. To explore possible particle size effects, a specimen with the same model parameters (Table 481 

1) that employs the particle refinement method (McDowell et al 2012) was generated to decrease 482 

the size of the particles contacting the probe. Specifically, these particles had a D50 of 6.3 mm, 483 

which produces a Dprobe/D50 of 7.0 and ((Danchor-Dprobe)/2D50 of 1.7. This specimen contains five 484 

different zones, as shown in the model illustration and particle size distributions in Figure S5. An 485 

additional displacement-controlled simulation with a single-anchor probe with H = 4Dprobe and L= 486 

2Dprobe was performed on this specimen. A comparison of the results with those from the original 487 

specimen is provided in Table 3 and Figure S6. In summary, the difference in the average qc and 488 

fs in the CP stage are 8.3% and 13.7%, respectively. At the end of the AE stage, there is a difference 489 

of 14.5% and 8.2% in the Fn and Qc values, and at the end of the TA stage there is a difference of 490 

11.0% and 11.8% in the Ft and Qt values. While in general the forces are greater for the specimen 491 

with smaller particles, the differences are smaller than 15% and the final result was the same in 492 
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both simulations, with tip advancement failing. Therefore, it can be concluded that while there 493 

may be a small dependency of the magnitude mobilized forces on the particle size, the conclusions 494 

of the simulations are unaffected.  495 

Despite the aforementioned potential limitations, the results presented in this study can help in 496 

understanding the processes that produce the interactions between the anchors and the tip, and the 497 

identification of the plane that separates probe configurations leading to successful and 498 

unsuccessful tip advancement can guide the design of future bio–inspired self–penetration probe 499 

prototypes. Previous studies have also explored the effects of other parameters. For example, Chen 500 

et al. [13] showed that the tip advancement ability of the probe increases with increasing anchor 501 

length. They also showed that the anchor reaction forces increase at a greater rate with increasing 502 

overburden stress than the penetration resistance forces, suggesting that tip advancement reaction 503 

becomes more feasible at greater depths. Finally, it can be expected that the reaction mobilized by 504 

a probe will increase as more anchors are deployed; however, it is likely that the capacity per 505 

anchor will decrease as more anchors are deployed.  506 

 507 

5 Conclusions 508 

3D DEM simulations of single and dual anchor bio–inspired probes were performed to evaluate 509 

the effects of the inter–anchor spacing, anchor–tip distance, and anchor expansion magnitude on 510 

the interactions between the anchors and the probe tip and on the probe’s self–penetration ability. 511 

The simulations were performed in a virtual calibration chamber that applies constant vertical and 512 

radial stresses to the contained specimen to simulate the soil penetration process at an overburden 513 

stress representative of 10 m in saturated soil. Simulations were either performed with a 514 

displacement-controlled or a force-limited probe motion algorithm, and the final result of the 515 

simulation (i.e. self penetration versus anchor lifting) was unaffected by the choice of motion 516 

control.  517 

The simulation results indicate that the dual–anchor probes outperformed the single–anchor 518 

probes due to the mobilization of two bearing resistance components. It is shown that the 519 

anchorage capacity increases with increasing inter–anchor spacing due to a reduction in 520 

detrimental interactions between the anchors. At an inter–anchor spacing equivalent to five or six 521 

times the probe diameter, the forces mobilized during anchor expansion and tip advancement 522 

converged to those mobilized by individual anchors. This takes place when near–isolated failure 523 
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modes are developed around each anchor, where particle displacements and changes in stresses at 524 

locations between the anchors are small. The results indicate that the reaction forces mobilized by 525 

the top anchor are approximately independent of inter–anchor spacing. In contrast, the forces 526 

mobilized by the bottom anchor decreased as the inter–anchor spacing was decreased due to the 527 

formation of an active wedge below the top anchor, which caused a reduction in effective stresses 528 

around the bottom anchor. In agreement with previous simulations, expansion of the anchors 529 

resulted in a decrease in the penetration resistance. This reduction was also influenced by the probe 530 

configuration, where smaller inter–anchor spacings, smaller anchor–tip distances, and greater 531 

anchor expansion magnitudes led to greater reductions.  532 

Simulations using the two probe motion algorithms indicate that the self–penetration ability of 533 

the probe is increased for the following conditions: (i) increasing the inter–anchor spacing due to 534 

the reduction of the detrimental anchor interactions, (ii) decreasing the anchor–tip distance due to 535 

the greater reduction in penetration resistance, and (iii) increasing expansion magnitude due to the 536 

greater anchorage capacity and greater reduction in penetration resistance. The simulation results 537 

were used to define a plane in 3 unitless dimensions (EM versus S/Dprobe versus H/Dprobe) that 538 

separates the anchor configurations that enable self–penetration from those that result in anchor 539 

lifting. This plane could be used to guide the design of future probe prototypes to be deployed in 540 

the laboratory and field.  541 

 542 

Data availability statement 543 

The datasets generated during and/or analyzed during the current study are available from the 544 

corresponding author on reasonable request. 545 

 546 

Acknowledgement 547 

This material is based upon work supported in part by the Engineering Research Center Program 548 

of the National Science Foundation under NSF Cooperative Agreement No. EEC–1449501. The 549 

first and second authors were supported by the National Science Foundation (NSF) under Award 550 

No. 1942369. Any opinions, findings, and conclusions or recommendations expressed in this 551 

material are those of the author(s) and do not necessarily reflect those of the National Science 552 

Foundation. 553 

 554 



19 
 

References 555 

1. Ai J, Chen JF, Rotter JM, Ooi JY (2011) Assessment of rolling resistance models in discrete 556 

element simulations. Powder Technol 206(3): 269–282. 557 

https://doi.org/10.1016/j.powtec.2010.09.030 558 

2. Ajalloeian R, Yu HS (1998) Chamber studies of the effect of pressuremeter geometry on test 559 

results in sand. Geotechnique 48(5):621–636. https://doi.org/10.1680/geot.1998.48.5.621 560 

3. Anselmucci F, Andò E, Viggiani G, Lenoir N, Arson C, Sibille L (2021) Imaging local soil 561 

kinematics during the first days of maize root growth in sand. Scientific reports. 2021 Nov 562 

15;11(1):1-3. https://doi.org/10.1038/s41598-021-01056-1 563 

4. Anselmucci F, Andó E, Viggiani G, Lenoir N, Peyroux R, Arson C, Sibille L. Use of X-ray 564 

tomography to investigate soil deformation around growing roots. Géotechnique Letters. 565 

2021 Mar;11(1):96-102. https://doi.org/10.1680/jgele.20.00114 566 

5. Arroyo M, Butlanska J, Gens A, Calvetti F, Jamiolkowski M (2011) Cone penetration tests in 567 

a virtual calibration chamber. Geótechnique 61(6):525–31. 568 
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Figure 1. DEM simulation model. (a) Simulated probe and virtual calibration chamber, and (b) 737 
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Figure 2. Results of triaxial compression simulations. Evolution of (a) deviatoric stress, (b) 739 

stress ratio, and (c) volumetric strain with axial strain. 740 

Figure 3. Schematic of (a) probes with single and dual anchors and (b) the three stages of the 741 

DEM simulations. Note that the arrows acting against the probe represent the stresses and forces 742 

acting on it. (c) Logic trees of displacement–controlled and force-limited motion algorithms. 743 

Figure 4. Profiles of (a) tip resistance and (b) sleeve friction and (c) soil behavior type 744 

classification based on measurements during the cone penetration (CP) stage. 745 

Figure 5. Evolution of (a–d) radial anchor forces and (e–h) tip resistances for two single–anchor 746 

probes with anchor lengths of 2Dprobe and 4Dprobe (simulations #1 and #2) and for two dual–747 

anchor probes with spacings of 1Dprobe and 6Dprobe (simulations #4 and #9) during the anchor 748 

expansion (AE) stage. 749 

Figure 6. Particle displacement maps at the end of anchor expansion (AE) stage for (a–b) two 750 

single–anchor probes with lengths of 2Dprobe and 4Dprobe (simulations #1 and #2) and (c–f) four 751 

dual–anchor probes with spacings varying from 1Dprobe to 6Dprobe (simulations #4, #5, #7, #9). 752 

Figure 7. Change in soil stresses at the end of the anchor expansion (AE) stage. (a–d) Radial 753 

stresses, and (e–h) vertical stresses for single–anchor probe H4L4EM0.5_D (simulation #2) and 754 

dual–anchor probes H4S1EM0.5_D (simulation #4), H4S4EM0.5_D (simulation #7), and 755 
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Figure 8. Forces at the end of the anchor expansion (AE) stage: (a–b) radial forces on the top 757 

anchor, (c–d) radial forces on the bottom anchor, and (e–f) tip resistance with increasing spacing 758 

for probes with different anchor–tip distance and expansion magnitude (simulations #3–#21). 759 

Figure 9. Evolution of (a–d) total reaction and resistance forces and (e–h) component reaction 760 

and resistance forces during the tip advancement (TA) stage for single–anchor and dual–anchor 761 

probes (note: simulations are displacement–controlled). 762 

Figure 10. Component (a and b) and total reaction forces (c) mobilized at the end of the tip 763 

advancement (TA) stage by probes with dual anchors with varying inter–anchor spacing 764 

(simulations #3–#9). Note: dashed lines provide values for probes with one anchor (simulations 765 

#1 and #2). 766 
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Figure 11. Particle displacements at the end of tip advancement (TA) stage for (a–b) two single–767 

anchor probes with anchor lengths of 2Dprobe and 4Dprobe (simulations #2 and #1) and (c–f) four 768 

dual–anchor probes with spacings varying from 1Dprobe to 6Dprobe (simulations #4, #5, #7, #9). 769 

Figure 12. Change in soil stresses at the end of the tip advancement (TA) stage. (a–d) Radial 770 

stresses, and (e–h) vertical stresses for single–anchor probe H4L4EM0.5_D (simulation #2) and 771 

dual–anchor probes H4S1EM0.5_D (simulation #4), H4S4EM0.5_D (simulation #7), and 772 

H4S6EM0.5_D (simulation #9). 773 

Figure 13. Forces at the end of the displacement–controlled tip advancement (TA) stage: (a–b) 774 

friction forces on the top anchor, (c–d) end bearing forces on the top anchor, and (e–f) tip 775 

resistance force with increasing spacing for probes with different anchor–tip distance 776 

(simulations #3–#21). 777 

Figure 14. Ratios of total reaction force to total resistance force at the end of the tip 778 

advancement (TA) stage for displacement–controlled simulations on probes with dual anchors 779 

(simulations #3–#21). 780 

Figure 15. Tip advancement (TA) displacement ΔD for probes with different (a) expansion 781 

magnitudes (simulations #27, #29, #30), (b) anchor–tip distances (simulations #27, #28, #31), 782 

and (c) anchor spacings (simulations #23, #27, #35, #36) for force-limited simulations. 783 

Figure 16. Tip advancement ability as a function of probe configuration (simulations #2–#49) 784 

for probes with anchor length (L) of 2Dprobe (note: D refers to displacement-control motion and F 785 

refers to the force-limited motion).  786 

Table 1. DEM simulation parameters. 787 

Table 2. List of DEM simulations. 788 

Table 3. Particle size effect on the measurements of single-anchor probe with L=2Dprobe. 789 
 790 

 791 

  792 



27 
 

Table 1. DEM simulation parameters. 793 
Input Parameter Symbol Value 
Normal Stiffness to Particle Diameter (N/m2) kn/d 1.00E+08 
Normal to Shear Stiffness Ratio for Particles kn/ks 1.5 
Normal Stiffness of Probe (N/m) knp 1.42E+07 
Shear Stiffness of Probe (N/m) knp/ksp 9.47E+06 
Sliding Friction Coefficient μ 0.4 
Rolling Friction Coefficient μrr 0.4 
Ball–anchor Friction Coefficient μp 0.3 
Ball–wall Friction Coefficient μ' 0.1 
Particle Density (kg/m3) Gs 2650 
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 828 
 829 
Table 2. List of DEM simulations. 830 

Parameter # Name L/Dprobe S/Dprobe H/Dprobe EM Number of 
Anchors 

Control 
Algorithm 

Single Anchor 1 H4L2EM0.5_D 2 0 4 0.5 1 DC 
2 H4L4EM0.5_D 4 0 4 0.5 1 DC 

Spacing for H = 
4Dprobe 

3 H4S0.5EM0.5_D 

2 

0.5 

4 0.5 2 DC 

4 H4S1EM0.5_D 1 
5 H4S2EM0.5_D 2 
6 H4S3EM0.5_D 3 
7 H4S4EM0.5_D 4 
8 H4S5EM0.5_D 5 
9 H4S6EM0.5_D 6 

Spacing for H = 
1Dprobe 

10 H1S1EM0.5_D 

2 

1 

1 0.5 2 DC 11 H1S2EM0.5_D 2 
12 H1S4EM0.5_D 4 
13 H1S6EM0.5_D 6 

Spacing for EM 
= 0.3 

14 H4S1EM0.3_D 

2 

1 

4 0.3 2 DC 15 H4S2EM0.3_D 2 
16 H4S4EM0.3_D 4 
17 H4S6EM0.3_D 6 

Spacing for EM 
= 0.7 

18 H4S1EM0.7_D 

2 

1 

4 0.7 2 DC 19 H4S2EM0.7_D 2 
20 H4S4EM0.7_D 4 
21 H4S6EM0.7_D 6 

Force–limited 
motion for S = 

1Dprobe 

22 H4S1EM0.5_F 

2 1 

4 0.5 

2 VC 
23 H1S1EM0.5_F 1 0.5 
24 H4S1EM0.3_F 4 0.3 
25 H4S1EM0.7_F 4 0.7 
26 H2.5S1EM0.5_F 2.5 0.5 

Force–limited 
motion for S = 

4Dprobe 

27 H4S4EM0.5_F 

2 4 

4 0.5 

2 VC 
28 H1S4EM0.5_F 1 0.5 
29 H4S4EM0.3_F 4 0.3 
30 H4S4EM0.7_F 4 0.7 
31 H2.5S4EM0.5_F 2.5 0.5 

Additional 
force-limited 
motion for 

characterizing 
 critical plane  
(Figure 17) 

32 H1L4EM0.5_F 

4 0 

1 

0.5 1 

VC 

33 H2L4EM0.5_F 2 
34 H3L4EM0.5_F 3 
35 H4L4EM0.5_F 4 
36 H4S6EM0.5_F 2 6 4 0.5 2 37 H2.5S2EM0.5_F 2 2.5 
38 H1S1EM0.3_F 

2 

1 1 

0.3 2 39 H1S4EM0.3_F 4 1 
40 H2.5S1EM0.3_F 1 2.5 
41 H2.5S4EM0.3_F 4 2.5 

Additional 
displacement–

controlled 
motion for  

characterizing 
critical plane 
(Figure 17) 

42 H1S1EM0.3_D 

2 

1 1 

0.3 2 
 
 

DC 

43 H1S4EM0.3_D 4 1 
44 H2.5S1EM0.3_D 1 2.5 
45 H2.5S4EM0.3_D 4 2.5 
46 H2.5S1EM0.5_D 

2 

1 

2.5 0.5 2 47 H2.5S2EM0.5_D 2 
48 H2.5S4EM0.5_D 4 
49 H2.5S6EM0.5_D 6 

Particle Size 50 H4L2EM0.5_D-R 2 0 4 0.5 1 DC 
*Note: L is anchor length, S is spacing between the two anchors, H is the distance between the anchor and the tip, EM is the 831 
anchor expansion magnitude, and D is the probe diameter; D and F represent displacement–controlled and force-limited motion, 832 
respectively. 833 
 834 
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Table 3. Particle size effect on the measurements of single-anchor probe with L=2Dprobe. 835 

Specimen 𝐷50 
(mm) 

CP stage AE stage TA stage  
qc (MPa) fs (kPa) Fn (kN) Qc (kN) Ft (kN) Qt (kN) 

Original 14.2 4.8 30.0 16.5 6.1 5.5 7.6 
Particle 

refinement 6.3 5.2 34.1 18.9 6.6 6.1 8.5 
 Note: the CP measurements (qc and fs) are averaged from 0.2 to 0.55 m soil depth; the AE and TA  836 
 measurements (Fn, Qc, Ft, Qt) are the end values of each stage; the TA stage is displacement controlled (DC).  837 
    838 

  839 



 

 

Figure 1. DEM simulation model. (a) Simulated probe and virtual calibration chamber, and (b) 

measurement spheres in the r–z plane. 

 

 

Figure 2. Results of triaxial compression simulations. Evolution of (a) deviatoric stress, (b) stress 

ratio, and (c) volumetric strain with axial strain. 

Figures



 

Figure 3. Schematic of (a) probes with single and dual anchors and (b) the three stages of the 

DEM simulations. Note that the arrows acting against the probe represent the stresses and forces 

acting on it. (c) Logic trees of displacement–controlled and force-limited probe motion 

algorithms. 

 



 

Figure 4. Profiles of (a) tip resistance and (b) sleeve friction and (c) soil behavior type 

classification based on measurements during the cone penetration (CP) stage. 

 

 

 

 

Figure 5. Evolution of (a–d) radial anchor forces and (e–h) tip resistances for two single–anchor 

probes with anchor lengths of 2Dprobe and 4Dprobe (simulations #1 and #2) and for two dual–

anchor probes with spacings of 1Dprobe and 6Dprobe (simulations #4 and #9) during the anchor 

expansion (AE) stage. 

 



 

 

Figure 6. Particle displacement maps at the end of anchor expansion (AE) stage for (a–b) two 

single–anchor probes with lengths of 2Dprobe and 4Dprobe (simulations #1 and #2) and (c–f) four 

dual–anchor probes with spacings varying from 1Dprobe to 6Dprobe (simulations #4, #5, #7, #9). 

 



 

Figure 7. Change in soil stresses at the end of the anchor expansion (AE) stage. (a–d) Radial 

stresses, and (e–h) vertical stresses for single–anchor probe H4L4EM0.5_D (simulation #2) and 

dual–anchor probes H4S1EM0.5_D (simulation #4), H4S4EM0.5_D (simulation #7), and 

H4S6EM0.5_D (simulation #9). 

 



 

Figure 8. Forces at the end of the anchor expansion (AE) stage: (a–b) radial forces on the top 

anchor, (c–d) radial forces on the bottom anchor, and (e–f) tip resistance with increasing spacing 

for probes with different anchor–tip distance and expansion magnitude (simulations #3–#21). 

 

 



 

Figure 9. Evolution of (a–d) total reaction and resistance forces and (e–h) component reaction 

and resistance forces during the tip advancement (TA) stage for single–anchor and dual–anchor 

probes (note: simulations are displacement–controlled).  

 

 

Figure 10. Component (a and b) and total reaction forces (c) mobilized at the end of the tip 

advancement (TA) stage by probes with dual anchors with varying inter–anchor spacing 

(simulations #3–#9). Note: dashed lines provide values for probes with one anchor (simulations 

#1 and #2).  

 



 

Figure 11. Particle displacements at the end of tip advancement (TA) stage for (a–b) two single–

anchor probes with anchor lengths of 2Dprobe and 4Dprobe (simulations #2 and #1) and (c–f) four 

dual–anchor probes with spacings varying from 1Dprobe to 6Dprobe (simulations #4, #5, #7, #9). 

 



 

Figure 12. Change in soil stresses at the end of the tip advancement (TA) stage. (a–d) Radial 

stresses, and (e–h) vertical stresses for single–anchor probe H4L4EM0.5_D (simulation #2) and 

dual–anchor probes H4S1EM0.5_D (simulation #4), H4S4EM0.5_D (simulation #7), and 

H4S6EM0.5_D (simulation #9). 

 



 

Figure 13. Forces at the end of the displacement–controlled tip advancement (TA) stage: (a–b) 

friction forces on the top anchor, (c–d) end bearing forces on the top anchor, and (e–f) tip 

resistance force with increasing spacing for probes with different anchor–tip distance 

(simulations #3–#21). 

 

 

  

 

 

 

 

 



 

 

Figure 14. Ratios of total reaction force to total resistance force at the end of the tip advancement 

(TA) stage for displacement–controlled simulations on probes with dual anchors (simulations 

#3–#21). 

 

  

Figure 15. Tip advancement (TA) displacement for probes with different (a) expansion 

magnitudes (simulations #27, #29, #30), (b) anchor–tip distances (simulations #27, #28, #31), 

and (c) anchor spacings (simulations #23, #27, #35, #36) for force-limited simulations.  



   

Figure 16. Tip advancement ability as a function of probe configuration (simulations #2–#49) for 

probes with anchor length (L) of 2Dprobe (note: D refers to displacement-control motion and F 

refers to the force-limited motion).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S1. Distribution of (a) chamber radius and (b) chamber stress along the chamber height 

(note: ring 1 and ring 14 are not in contact with the particles, therefore they are not shown in (b).  

 

 

Figure S2. Stresses at the end of cone penetration (CP) stage: (a) radial and (b) vertical soil 

stresses. 

 



 

Figure S3. Radial stresses at the end of anchor expansion (AE) stage for probes (a) 

H4L2EM0.5_D (simulation #1), (b) H4L4EM0.5_D (simulation #2), (c) H4S1EM0.5_D 

(simulation #4), (d) H4S4EM0.5_D (simulation #7), and (e) H4S6EM0.5_D (simulation #9). 

 



 

Figure S4. Radial stresses at the end of tip advancement (TA) stage for probes (a) 

H4L2EM0.5_D (simulation #1), (b) H4L4EM0.5_D (simulation #2), (c) H4S1EM0.5_D 

(simulation #4), (d) H4S4EM0.5_D (simulation #7), and (e) H4S6EM0.5_D (simulation #9). 

 

 

 



 

Fig.S5 Soil specimen with particle refinement. (a) Virtual calibration chamber, probe and soil 
particles; (b) particle size distributions in the 5 zones of the soil sample (with the particle size 

upscaled by 1.5 and 1.2 for inner three zones and outer three zones, respectively).  
 

 

 

Fig.S6 Comparisons between results of in original specimen and those of specimen with five-
zone particle refinement for simulations with a single-anchor probe H4L2. (a) Tip resistance and 
sleeve friction during the CP stage; (b) radial anchor force and tip  force during the AE stage; (b) 
total reaction force and total resistance force during the TA stage. Note that while the CP stage of 

the refined specimen ends at 0.55 m depth, the comparisons is valid because the anchor and tip 
are both located in the region that qc measurement is stable. 

 




