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10 ABSTRACT

11 The cone penetration test (CPT) is one of the most popular in-situ soil characterization tools. However, 

12 the test is often difficult to conduct in soils with high penetration resistance. To resolve the problem, a 

13 rotary CPT device has recently been adopted in practice by rotating the rod to increase the penetrability, 

14 particularly in deep dense sand. This study investigates the underlying mechanism of the rotation effects 

15 from a micromechanical perspective using models based on the discrete element method (DEM). With 

16 rotation, the cone penetration resistance (qc) decreases by up to 50%, while the cone torque resistance 

17 (tc) increases gradually. These results are also used to successfully assess existing theoretical solutions. 

18 The mechanical work required during penetration was observed to keep rising as the rotational velocity 

19 increased. Microscopic variables including particle displacement and velocity field show that rotation 

20 reduces the volume of disturbed soil during penetration and drives particles to rotate horizontally, while 

21 contact force chain and contact fabric indicate that rotation increases the number of radial and tangential 

22 contacts and the corresponding contact forces, forming a lateral stable structure around the shaft which 

23 can reduce the force transmitted to the particles below the cone, thus decreasing the vertical penetration 

24 resistance.  

25 KEYWORDS: cone penetration test; rotation effects; discrete element method; penetration resistance; 

26 microscopic analysis
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28 List of Notations

29 d50       particle mean size in the chamber center

30 Dcc       chamber diameter

31 dc       cone diameter (mm)

32 Hcc       chamber height (mm)

33 ρ       particle density (kg/m3)

34 Np        number of particles

35 Rd       chamber/cone ratio (Dc/dc)

36 np       cone/particle ratio (dc/d50)

37 β       apex angle of cone tip (°)

38 G       shear modulus

39 v       Poisson's ratio

40 μ       friction coefficient

41 Sq       particle surface roughness

42 n1, n2       coefficients

43 v             penetration velocity

44 w            rotary speed

45 I       inertial number

46        shear strain rate𝛾

47 P       confining pressure

48 Lp       width of plastic zone

49 qc       tip resistance in conventional CPT

50 tc       torque on the cone per effective area

51 Fs       vertical frictional force on the shaft

52 Ts       torque on the shaft

53 Av
cone       cone area projected on the vertical plane

54 Ah
cone       cone area projected on the horizontal plane
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55 h       penetration depth

56 fs       vertical frictional resistance on the shaft per penetration area

57 ts       torque on the shaft per penetration area

58 SR       ratio of the rotation linear velocity to the penetration velocity (ω*dc/2/ν)

59 Wqc       work done by vertical force on the cone

60 Wtc       work done by torque on the cone

61 Wfs       work done by vertical frictional force on the shaft

62 Wts       work done by torque on the shaft

63 Wtot       total work required in the rotary penetration 

64 σ       normal stress on the cone

65 τ       tangential stress on the cone

66 δqc       influence factor of rotation on the penetration resistance

67 𝛿tc       influence factor of rotation on the torque resistance 

68 qc
rot       tip resistance in rotary CPT

69 σ       normal stress on the cone in conventional CPT

70 σrot       normal stress on the cone in rotary CPT

71 CFmean       average contact force

72 F       deviatoric contact normal fabric tensor 

73 Δθ       angle interval in polar coordinates

74 fn, ft       normal and tangential components of a contact force

75 fz, fc, fr       decompositions of a contact force

76 r       radius in the polar system

77 θ       polar angle

78 b       average value of polar radius

79 θ0       preferential orientation

80 α       anisotropy strength of contact fabrics
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81 1 Introduction  

82 In-situ soil testing can help determine soil properties and characteristics at engineering construction 

83 sites. Appropriate soil testing is essential to help ensure project safety, stability, and success. The cone 

84 penetration test (CPT) has become a major in-situ testing tool benefiting from its quick, reliable, and 

85 continuous soil profiling (Uzielli, 2022; White, 2022). CPT soundings are performed by pushing a probe 

86 with a conical tip into the ground with a constant rate of 0.02 m/s to measure cone tip resistance qc, 

87 sleeve friction fs, and pore water pressure u2. These measurements can be used in a wide range of 

88 engineering applications, such as soil classification (Robertson, 1990; Robertson et al., 1986), footing 

89 design (Lee & Salgado, 1999; Uzielli & Mayne, 2011) and pile design (Al-Baghdadi et al., 2017; API., 

90 2011; Lehane et al., 2020; Lehane et al., 2022). 

91 Apart from the advantages of CPT in soil profiling, the test also has several key limitations. One of the 

92 most crucial aspects is, due to insufficient pushing force and high resistance in deep and dense soils, 

93 continuous penetration is typically difficult to achieve for some applications, such as offshore wind 

94 energy piles (Zhang et al., 2019), thermal energy piles (Sani et al., 2019), and large underground 

95 structures (Wang et al., 2022; Li et al., 2023), making the penetration process slow and costly. To 

96 mitigate this limitation, attempts have been made to reduce or bypass reaction force for in-situ testing 

97 probes (White, 2022). For example, adding a lubrication system to inject water or drilling mud around 

98 the rods can reduce reaction force (Jefferies & Funegard, 1983; Yetginer-Tjelta et al., 2022), while 

99 utilizing the sleeve friction to overcome the cone tip resistance can bypass the required reaction force, 

100 which is generally used in bio-inspired burrowing robots (Chen et al., 2021; Tao et al., 2020). All these 

101 methods have shown promise in extending CPT capabilities for penetrating to greater depths with low 

102 demand for reaction force. 

103 CPT tests accompanied by rotational motion have also received attention recently. A rotary CPT, which 

104 imposes an additional rotation motion to the conventional CPT while the tip resistance, rotation torque, 

105 and pore pressure are measured, has been introduced in the Chinese Code for In-situ Testing of Railway 

106 Engineering Geology (NRA, 2018). It offers several advantages compared to conventional CPT. 

107 Namely, (a) it can significantly improve CPT penetrability in hard soils, as rotation has been shown to 

108 reduce penetration resistance (Del Dottore et al., 2018; Tang & Tao, 2022); (b) it provides a possibility 

109 to reflect soil shear strength from the torque measurement, extending reliable CPT estimations of soil 

110 properties; (c) it can be considered as a miniature rotary press-in or screw pile and thus could offer 

111 improved design solutions for these pile types that are attracting increased attention in piling community 

112 (Cerfontaine, et al., 2023; Cerfontaine et al., 2022; Davidson et al., 2022; Ishihara et al., 2015; Sharif 

113 et al., 2021).

114 Several studies have been carried out to investigate the effects of rotation on penetration tests from the 

115 aspects of theoretical derivation, macroscopic and microscale analysis. Based on the hypothesis that the 
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116 rotation altered the orientation of the vector of frictional resistance resulting in a reduction of the total 

117 penetration resistance, Bengough et al. (1997) developed a theoretical model to include the effect of 

118 rotation period and penetration rate on the estimation of penetration resistance. This work assumed that 

119 the soil is homogeneous and the normal stress on the cone surface is not affected by rotation. Song et 

120 al. (2011) used similar theoretical solutions to explain the reduction of tip resistance, by additionally 

121 considering the reduction of cone normal stress caused by rotation, which was confirmed by Tang and 

122 Tao (2022) based on Discrete Element Modeling (DEM) simulations. Sharif et al. (2021) investigated 

123 the effects of installation pitch (the ratio between rotational and vertical velocity) and base geometry on 

124 the installation requirements of rotary installed piles using DEM. Tang and Tao (2022) provided a 

125 micro-to-macro analysis that includes particle trajectories, vertical forces, torques, and powers involved 

126 in rotational penetration. These studies were carried out for depths of 0.25m-20m.

127 In this study, we simulate the rotary CPT in relatively dense sand using a DEM model to obtain macro 

128 and microscale results (Zhang et al., 2021; Zhang et al., 2019) with the aim of understanding the probe-

129 soil interactions during rotary CPT. This study is structured as follows. First, we introduce the 

130 construction of a calibration chamber filled with a calibrated silica sand analogue and a simulation 

131 program with particular focus on the rotation effects on the probe-soil interaction. Then, macroscale 

132 results such as penetration resistance and torque are presented, followed by the comparison of these 

133 results with relevant theoretical solutions. The work required during the penetration is also analyzed. 

134 Microscopic quantities including particle displacement and velocity fields, contact force network, and 

135 contact fabric are presented to explore the interaction behavior from a particle or contact level. 

136 2 Model description

137 2.1 Chamber construction 

138 A three-dimensional (3D) virtual calibration chamber was constructed (Figure 1a) following the 

139 procedure described by Arroyo et al. (2011). The DEM simulations in this study were performed using 

140 the DEM code PFC3D (Itasca, 2017). Table 1 lists the geometrical details of the chamber. The 

141 cylindrical chamber has a diameter of 0.432 m and a height of 0.7 m. The particles filled into the 

142 specimen were scaled from the particle size distribution of Fontainebleau sand (Figure 1a) with a 

143 coefficient uniformity of 1.57. The DEM contact parameters for Fontainebleau sand (Table 2) were 

144 calibrated using a rough Hertzian contact model that implements surface roughness effects into the 

145 standard Hertzian model. For realistic material-based values, the shear modulus G was assigned as 32 

146 GPa and the Poisson’s ratio v as 0.19, which are appropriate values for SiO2 according to industrial 

147 databases (Lucideon, 2001). The roughness Sq, which is the root mean square of the elevations of data 

148 points relative to a reference surface, was set as 0.6 μm, considered as a realistic roughness value for 

149 silica sand (Nardelli et al., 2017). The model parameters n1 and n2 were set as 0.05 and 5, respectively, 

150 after calibration against the results of contact experiments on Leighton Buzzard Sand (LBS) fraction A 
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151 reported by Nardelli & Coop (2019) as shown in Figure 1c. More details on the calibration can be found 

152 in Zhang et al. (2021). The particle scaling method was used in previous studies to reduce the particle 

153 number and improve computational efficiency, with scaling factors of 10~50 (Arroyo et al., 2011; 

154 Cerfontaine et al., 2023; Cerfontaine et al., 2021; McDowell et al., 2012; Tang & Tao, 2021). To 

155 generate the sample with a manageable number of particles and sufficient contacts with the probe, the 

156 particle refinement method (McDowell et al., 2012) was used in this study, which upscales particle sizes 

157 with scaling factors gradually increasing from the chamber center to the outer boundary. A scaling 

158 factor of 39 was applied to the particle sizes in the central cylindrical area with a diameter of 0.086 m, 

159 making the particle median size d50 in the chamber center 8.19 mm while d50 of the real soil is 0.21mm. 

160 This scaling factor guarantees that sufficient number of particles (approximately 30) are in contact with 

161 the cone tip. The filter layers with 1.5 times scaling factor in the subsequent zones with outer diameters 

162 of 0.136, 0.198, 0.259, and 0.432 m (Figure 1a), was verified to be able to avoid the small particles 

163 migrating into larger-particle layers (McDowell et al., 2012). These gradually expanding particle layers 

164 limited the total number of particles to within 30000. The particle rotation is inhibited to roughly mimic 

165 the effect of non-spherical particle shapes (Arroyo et al., 2011; Calvetti, 2008; Ting et al., 1989). All 

166 chamber boundaries were set frictionless to mitigate boundary effects. 

167 After the specimen was generated with sufficient uniformity, the inter-particle friction coefficient was 

168 reduced to 0.05 and an isotropic compression of 5 kPa was applied on all the chamber boundaries to 

169 attain a sample with the target initial void ratio of 0.621. The relative density of the specimen was thus 

170 determined to be 72% based on the values of maximum void ratio emax and minimum void ratio emin of 

171 Fontainebleau sand of 0.9 and 0.51, respectively (Ciantia, Arroyo, et al., 2019). After equilibrium, inter-

172 particle friction was reset to the calibrated value and isotropic stress was ramped up to a target level of 

173 200 kPa on the radial, top, and bottom walls using a servo-controlled mechanism. The application of 

174 such confining stress was to simulate soil stress at the depth of approximately 20 m. During the 

175 penetration process, only the top and radial boundaries were servo-controlled to maintain the stress level, 

176 while the bottom boundary was fixed. In all simulations, a local damping of 0.05 (Cundall, 1987) was 

177 employed and no viscous damping was considered. 

178 The probe was composed of a cone and a shaft rod with identical diameter of 0.036 m, and the cone tip 

179 had an apex angle of 60°. Contact parameters for the probe are listed in Table 2 (Zhang et al., 2021). 

180 The cone diameter to mean particle size ratio np (= dc/d50) and chamber diameter to cone diameter ratio 

181 Rd (= Dc/dc) are 4.4 and 12, respectively. Both values are higher than most of the values chosen in 

182 previous 3D DEM soil penetration studies as summarized by Chen et al. (2021). 
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183 2.2 Penetration simulations

184 A benchmark simulation case was a conventional CPT, in which the penetration was carried out with 

185 only a constant vertical penetration velocity and no rotation. The inertial number, I, can be used to 

186 characterize the dynamic effects in systems under shear:

187 𝐼 = 𝛾𝑑50
𝜌
𝑃#(1)

188 where  is the shear strain rate, d50 is the median diameter of the particles,  is the particle density and 𝛾

189 P is the confining pressure.  can be calculated as =v/Lp, where Lp is the width of plastic zone formed 𝛾 𝛾

190 under the tip, which was assumed to be 3dc following Lu et al. (2004). Ciantia et al. (2019) chose the 

191 penetration velocity v of 0.5 m/s to facilitate efficient computation while still maintaining a quasi-static 

192 status of the sample. In this study we use the same penetration velocity and the resulting I value for the 

193 benchmark simulation is 4.3  10-3, smaller than the 10-2
 threshold which is assumed for quasi-static ×

194 conditions according to Janda and Ooi (2016). 

195 A rotation velocity ω was imposed on the probe to achieve a rotary CPT case. The speed ratio (SR), 

196 expressed as the ratio of the linear rotation velocity to the vertical penetration velocity ωdc/(2ν), was 

197 defined to characterize the rotary CPT motion. Note that the definition of SR is similar to the term of 

198 ‘Installation Pitch’ or ‘Advancement Ratio’ used for screw piles to characterize installation performance 

199 (Sharif et al., 2021). To cover an appropriate SR range (Sharif et al., 2021; Tang & Tao, 2021), 9 cases 

200 with different SR values (i.e., 0.05, 0.125, 0.5,1.0, 2.0, 3.0, 7.0, 15.0, 30.0) following a relatively 

201 uniform distribution in logarithmic scale were performed. The conventional CPT corresponds to a case 

202 with SR = 0.0. All simulations were conducted using an Intel i7-9700 CPU with 32GB of RAM, and 

203 the typical runtime for a rotary penetration is four to six days.

204 3 Macroscale results 

205 3.1 Penetration resistance and torque

206 During rotary penetration, the vertical cone resistance qc, torque on the cone per effective area tc, vertical 

207 frictional force on the whole shaft Fs, and torque on the whole shaft Ts were recorded to characterize 

208 the soil-probe interactions. Figure 2a shows respective calculation formulas for the four quantities in 

209 conjunction with the illustration of force components acting on the shaft and cone. Figures 2b-e present 

210 the recordings of qc, tc, Fs, and Ts in a rotary CPT simulation with SR = 2.

211 As shown in Figures 2b and 2c, the two quantities recorded on the cone (i.e., qc and tc) evolve to a 

212 relatively constant value after an approximate shallow depth of 0.15 m. It should be noted that the total 

213 torque on the cone is normalized by the cone area projected on the vertical plane, i.e., Av
cone = 

214 𝜋dclcos(β/2)/2, where l is the length of cone generatrix. The vertical force on the cone is normalized by 
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215 the projected area of the cone in the horizontal plane Ah
cone = 𝜋dc

2/4 to obtain the penetration resistance. 

216 The raw data present noticeable fluctuations due to the scaled-size particles. To capture the evolving 

217 features of the two quantities recorded on the cone and filter out their fluctuations, the exponential 

218 expression applied in Arroyo et al. (2011) was used in the present analyses to process the raw qc and tc 

219 data: 

220 𝑞𝑐(ℎ) 𝑜𝑟 𝑡𝑐(ℎ) = 𝑎𝑘 × (1 ― 𝑒― 𝑏𝑘 × ℎ)#(2)

221 where, h is penetration depth; ak and bk are fitting parameters where ak gives the steady value of qc or tc 

222 at large depths and b is inversely related to the limit of shallow penetration, and subscript k refers to 

223 either qc or tc. 

224 For the measurements on the shaft, the normalized penetration resistance and torque by contact area are 

225 not directly used to fit the steady values, because data fluctuation is large at the beginning of penetration 

226 due to the small contacting area. Instead, the evolution of total vertical force Fs and total torque Ts versus 

227 penetration depth are first monitored and shown in Figures 2d and 2e, which increase near linearly due 

228 to the increase of the contacting area of the shaft with the surrounding soil particles Av
shaft = 𝜋dc(h-hc), 

229 where hc is the cone height. Equation (3) is used to reflect the linear increase of the total vertical friction 

230 and torque on the shaft.

231  𝐹𝑠(ℎ)𝑜𝑟 𝑇𝑠(ℎ) = 𝑐𝑡 × (ℎ ― ℎ𝑐)#(3)

232 where, ct is a fitting parameter representing the slope of the line and subscript t refers to Fs or Ts. The 

233 fitting lines of these quantities are plotted in Figure 2. Then the steady values of vertical frictional 

234 resistance and torque on the shaft per penetration area, fs and ts, can be calculated as Equation (4) and 

235 (5) respectively.

236  𝑓𝑠 =
𝐹𝑠

𝐴𝑣
𝑠ℎ𝑎𝑓𝑡

=
𝑐𝐹𝑠 × (ℎ ― ℎ𝑐)
𝜋𝑑𝑐(ℎ ― ℎ𝑐) =

𝑐𝐹𝑠
𝜋𝑑𝑐

#(4)

237  𝑡𝑠 =
𝑇𝑠

𝐴𝑣
𝑠ℎ𝑎𝑓𝑡

=
𝑐𝑇𝑠 × (ℎ ― ℎ𝑐)
𝜋𝑑𝑐(ℎ ― ℎ𝑐) =

𝑐𝑇𝑠
𝜋𝑑𝑐

#(5)

238 Results of the simulated cases with varying SR are presented in Table 3. Figure 3 demonstrates the 

239 effects of rotation on the steady values of qc and tc as well as fs and ts. In the figure, SR values on the x-

240 axis are plotted in a logarithmic scale, and each value is increased by 0.01 in order to show the 

241 conventional CPT in the logarithmic scale at SR = 0.01. The curves of tc and ts are S-shaped, and the 

242 curves of qc and fs are inverse S-shaped. Similar trends were also observed in Sharif et al. (2021). With 

243 the increase in SR, the resistance quantities qc and fs both decrease, the torque quantity ts increases, while 

244 tc increases to its peak value at SR=7 and then starts to decrease. Quantitatively, qc is much greater than 

245 fs, and tc is much greater than ts, indicating a major penetration resistance contribution from the cone. 

246 The reduction effects of rotation on the vertical resistance variables such as qc and fs confirm the 

247 possibility to improve CPT penetrability by imposing rotation.
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248 3.2 Work required from the probe 

249 Work analysis facilitates comparison of quantities extracted from the cone and shaft for the rotary CPT. 

250 In this section we extend the analysis of the rotary CPT with a focus on the rotation effects on the major 

251 energy components, based on previous studies on energy analyses in the standard penetration test (SPT) 

252 as reported by Zhang et al. (2021). 

253 The major energy components in the simulations are: work done by vertical force on the cone Wqc, work 

254 done by torque on the cone Wtc, work done by vertical frictional force on the shaft Wfs, and work done 

255 by torque on the shaft Wts. By summing up the four components, the total work done by the rotary 

256 penetration Wtot can be calculated. 

257 Wqc is computed by integrating the product of the vertical force on the cone and the penetration velocity 

258 with respect of time for a given penetration depth:

259  𝑊𝑞𝑐 = ∫𝑡𝑒𝑛𝑑
0 𝑞𝑐(𝑡)𝐴ℎ

𝑐𝑜𝑛𝑒𝑣(𝑡)𝑑𝑡#(6)

260 where, tend is the end time of penetration to a certain depth; Ah
cone is the area of the cone projected 

261 on the horizontal plane, as illustrated in Figure 2a.

262 Wtc is computed by integrating product of the torque on the cone and the rotation velocity with respect 

263 of time for a given penetration depth:

264  𝑊𝑡𝑐 = ∫𝑡𝑒𝑛𝑑
0 𝑡𝑐(ℎ)𝐴𝑣

𝑐𝑜𝑛𝑒𝑤(𝑡)𝑑𝑡#(7)

265 where Av
cone is the area of the cone projected on a vertical plane.

266 Wfs and Wts are computed in a similar way following Equations (8) and (9), respectively: 

267  𝑊𝑓𝑠 = ∫𝑡𝑒𝑛𝑑
0 𝐹𝑠(𝑡)𝑣(𝑡)𝑑𝑡#(8)

268  𝑊𝑡𝑠 = ∫𝑡𝑒𝑛𝑑
0 𝑇𝑠(𝑡)𝑤(𝑡)𝑑𝑡#(9)

269 Figure 4 shows the evolution of Wqc, Wtc, Wfs, Wts and Wtot over the penetration depth in the case of SR 

270 = 2. All the work components and the total work increase with the depth increase. In the case of SR = 

271 2, Wqc accounts for the major proportion (approximately 60%) of Wtot over the penetration.

272 The components of all input work during the penetration process to a depth of 0.6 m are listed in Table 

273 4. Using these data, the rotation effect on the five work components can be visualized in Figure 5. With 

274 the increase of rotation, Wtot increases continually (Figure 5a) particularly in the cases of SR > 1.0, 

275 whereas Tang and Tao (2022) showed an optimal rotation speed with the least work required in a rotary 

276 penetration in shallow soils. The differences of soil conditions between this study and Tang and Tao 

277 (2022b) include soil depth, density, and confining pressures. Figure 5b shows the rotation effect on the 

278 proportion of each work component contributing to Wtot. As SR increases, both Wqc and Wfs decrease 

279 while Wtc and Wts increase. Wtc is always above Wts in the simulated cases, indicating that the major 
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280 work input contribution of torque is from the cone. However, Wtc shows a slight decrease at the largest 

281 SR cases (when SR>15), while Wts continues to increase with SR. Therefore, Wts may eventually exceed 

282 Wtc at very large SR cases. In log scale, both the increase and decrease trends start to evolve 

283 exponentially after SR becomes greater than 1.0. Torque presents an increasingly dominating role in the 

284 total work input with increased rotation velocity. After SR becomes greater than 7.0, both work 

285 components from the torque elements (i.e., Wtc, and Wts) exceed Wqc, becoming dominant parts of the 

286 work input. This is mainly due to a greater rotational displacement at larger SR. Unlike the exponential 

287 increase of Wtot with rotation, the work components present either S-shaped (e.g., Wtc and Wts) or inverse 

288 S-shaped (e.g., Wqc and Wfs) trends.

289 4 Assessment of existing theoretical solutions for rotary CPT

290 During a conventional CPT, two stress components are generated on the cone: normal stress σ that is 

291 perpendicular to the cone surface and frictional stress τ that is parallel to the cone's generatrix (Figure 

292 6a). Using the vertical components of σ and τ and their geometrical relationship, qc can be calculated 

293 as:

294  𝑞𝑐 = 𝜎(1 + 3𝜇)#(10)

295 Rotation of the probe alters the direction and/or magnitude of σ and τ (Figure 6b). A decrease in σ was 

296 measured in the DEM simulations as the SR was increased, as shown in Figure 7a, which also affects 

297 the τ magnitude, i.e., τ = µσ. The direction of τ tilts to form an angle with the generatrix of the cone, 

298 which reduces the vertical component of τ and generates torque on the cone. 

299 Although the rotation effect on σ is significant as demonstrated in this study, it has been neglected for 

300 simplicity in previous analytical solutions for penetration with rotation. For example, Bengough et al. 

301 (1997) assumed that σ remained unchanged with rotation in the derivation of analytical solutions for 

302 soil resistance estimation using a rotational penetration with a conical tip. Sharif et al. (2021) made the 

303 same assumption of regarding the lack of an effect of rotation in σ in developing analytical models to 

304 predict the installation torque and force for rotary-installed piles. The assumption may result in 

305 overestimation of the calculations, as proven by Tang and Tao (2022) through DEM simulations of 

306 penetration at a shallow depth.

307 Considering the effect of rotation on σ, Song et al. (2011) proposed analytical solutions to calculate tip 

308 resistance in rotary CPTs:

309  𝑞𝑟𝑜𝑡
𝑐 = 𝜎𝑟𝑜𝑡(1 + 3𝜇𝛿𝑞𝑐)#(11)

310 where, qc
rot and σrot are the tip resistance and normal stress on the cone surface, respectively, in rotary 

311 CPT; δqc is the influence factor of rotation on frictional force, as a function of penetration velocity, 

312 rotation velocity, and cone diameter (Song et al., 2011): 
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313  𝛿𝑞𝑐 =
3𝑣

(𝜋𝜔𝐷)2 + ( 3𝑣
2 )2

+
3𝑣
2

#(12)

314 Normally, δqc ≤ 1, where δqc = 1 only if ω = 0. Equation (11) also shows that the effect of rotation on 

315 cone resistance is dependent on µ. If the cone surface is perfectly smooth (i.e., µ=0), rotation does not 

316 have an effect on cone resistance, indicating that qc = σ (or σrot) for both penetration scenarios with and 

317 without rotation.  

318 Similarly, the torque resistance tc can be derived as:

319  𝑡𝑐 =
𝜎𝑟𝑜𝑡𝜇𝛿𝑡𝑐

4𝐴𝑣
𝑐𝑜𝑛𝑒

#(13)

320 where Av
cone is the cone surface area projected onto the vertical plane; 𝛿tc is the influence factor of 

321 rotation on torque resistance (Song et al., 2011):

322  𝛿𝑡𝑐 =
2

3𝜋2𝜔3[(𝜋𝜔𝐷)2 ―
3
2𝑣

2] (𝜋𝜔𝐷)2 + ( 3
2 𝑣)2

+
3𝑣3

2𝜋2𝜔3#(14)

323 where 𝛿tc approaches zero when w equals zero, while 𝛿tc approaches 2𝜋D3/3 when w goes to positive 

324 infinity. 

325 Figures 7b and 7c show the evolution of qc and tc obtained from both the DEM simulations and 

326 theoretical solutions. Note that the theoretical solutions for constant σ (Equation 10) and rotation-

327 dependent σrot (Equation 11) values are both presented. It is clear that the DEM and theoretical results 

328 match well for both qc and tc by using a rotation-dependent σrot. Meanwhile, it is observed that qc and tc 

329 are overestimated using a constant σ because of the overestimation of the normal stress on the cone, 

330 particularly with fast rotation, which is consistent with Tang and Tao (2022).

331 5 Microscopic analysis

332 The DEM model can provide high-resolution results at the particle or contact level. In this section, 

333 microscopic observations and measurements are provided to further understand the soil-probe 

334 interaction during rotary penetration. Four representative cases following an even distribution in 

335 logarithmic scale are selected, i.e., SR = 0, 0.125, 2, and 15.

336 5.1 Displacement field and velocity field

337 Figure 8a shows the particle displacement field on a cross-section along the z-x plane that transverses 

338 along the center of the specimen when the penetration depth is 0.3 m. Each particle is represented by 

339 an arrow whose color and size indicate the displacement magnitude, while the vector shows the 

340 displacement direction. In all the selected cases, particles with the largest displacement concentrate 

341 around the shaft area. With the increase of rotation speed, the areas with clear displacement along the 
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342 shaft and below the cone both shrink, the displacement magnitudes decrease, and the displacement 

343 directions tend to change from closely vertical to horizontal. Due to the projection, the y-component of 

344 the displacement vector (circumferential) becomes nonvisible, not showing the rotation effect. 

345 Therefore, we plot the magnitude of the y-component of the displacement separately. In Figure 8b, the 

346 particles projected onto the cross-section are colored based on the magnitude of their circumferential 

347 displacement. A positive value indicates displacement perpendicular to the x-z plane, pointing towards 

348 it, while a negative value indicates displacement perpendicular to the x-z plane, pointing outward from 

349 it. This indicates that the rotation of the probe causes the particles to displace circumferentially on the 

350 horizontal plane.

351 Figure 9 shows the velocity vectors of the particles in the same cross-section selected for the 

352 displacement fields at the depth of 0.3 m. In the case without rotation, the largest velocity vectors 

353 concentrate around and perpendicular to the cone surface, resulting from vertical penetration. The 

354 vectors along the entire shaft are oriented close to the vertical direction. With the increase of rotation, 

355 the concentration of the largest velocity vectors expands gradually from the cone area to the shaft, 

356 indicating a growing influence of rotation. Meanwhile, the velocity vectors along the shaft rotate from 

357 vertical to horizontal, which is driven by the resultant relative motion of the particles and the shaft. 

358 5.2 Contact force chains 

359 The visualization of the contact force network distribution in the selected rotary penetration cases can 

360 help further understand the effects of rotation from a microscale perspective. The contact force network 

361 can also offer explanations to the macroscale results presented in section 3. The lines join the centroids 

362 of contacting spheres, and their thickness is proportional to the magnitude of the normal force. Figure 

363 10a shows 3D contact force vectors on a slice with a thickness of dc projected on the x-z plane. In this 

364 figure, contact forces smaller than CFmean are plotted in orange, and they are termed as ‘weak contact 

365 forces’, while contact forces greater than CFmean are plotted in black and termed as ‘strong contact 

366 forces’, where CFmean is the average contact force in each simulation. The definition of ‘strong’ and 

367 ‘weak’ contact force is consistent with Radjai et al. (1997).

368 It is clearly shown in Figure 10a that in all the selected cases, strong contact force chains concentrate 

369 in the areas at cone shoulder and below cone. In the two areas, strong force chains decrease with the 

370 increase of SR, which can be correlated to the qc decrease with SR, as observed in Figure 3.The number 

371 of weak force chains increases with rotation, indicating a densifying effect caused by rotation at shaft 

372 mid-height area.

373 To further explore possible explanations for the macroscale results from the contact force network, we 

374 select three representative cross-sections to visualize the corresponding force chains, namely shaft mid-

375 height, cone shoulder, and below cone, as shown in Figure 10b, 10c and 10d. Figure 10b shows that at 
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376 shaft mid-height the weak contact force network densifies with rotation; Figure 10c shows that almost 

377 no weak contact forces concentrate at cone shoulder, and that contact force magnitudes change little 

378 with rotation in this region; Figure 10d shows a significant decrease in contact force magnitudes below 

379 cone, explaining the decrease of qc with increasing SR.   

380 5.3 Contact fabric analysis

381 Macroscopic measurements in a granular assembly are associated with microscopic variables at the 

382 contact scale, such as normal and shear contact forces and contact numbers. These variables can be 

383 comprehensively quantified and analyzed through contact fabric analyses (Oda, 1972; Wang et al., 2020; 

384 Mital et al., 2020; Wang et al., 2022), providing insights into the underlying mechanism of the rotation 

385 effects on penetration. The deviatoric contact normal fabric tensor norm ||F|| within the model before 

386 penetration is calculated 0.010, proving that the model is initially near isotropic. The calculation of 

387 deviatoric contact normal fabric tensor F is based on Satake’s formulation (Satake, 1982): 

388  𝑭 =
1
𝑁∑

𝑁
𝑘 = 1𝒗

𝒌𝒗𝒌 ―
1
3𝑰 #(15)

389 where N is the number of contacts within the domain, vk is the unit norm vector in the normal direction 

390 of the kth contact, I is the 2nd-order identity tensor.

391 5.3.1 Contact fabric quantification method

392 Three representative cylindrical zones around the probe were chosen for the contact fabric analysis, 

393 including regions of shaft mid-height, cone shoulder, and below cone (Figures 11a and 11b). To 

394 describe the 3D contact network and necessarily reflect the rotation effects in a 3D space, we establish 

395 a z-c-r cylindrical coordinate system in the chamber (Figure 11c), where z, c and r represent the vertical, 

396 the tangential, and radial directions, respectively. An inter-particle contacts force vector f, composed of 

397 normal force fn and tangential force ft, can be decomposed into three components fz, fc, and fr. Figure 

398 11c also shows an example of an inter-particle contact projected to the c-r, r-z, and c-z planes. The most 

399 relevant projection is on the c-z plane because the vertical resistance and torque on the probe are 

400 calculated directly by fc and fz.

401 As an example for illustration, Figures 12a and 12b show, respectively, the angular distributions of total 

402 contact force and contact number of the projection on the c-z plane of the contacts at shaft mid-height, 

403 under four different rotation conditions (i.e., SR = 0, 0.125, 2, and 15). The angular distributions of 

404 contact fabric quantities calculated from the contacts in the selected zones can be plotted using polar 

405 histograms. The length of each bar was normalized by the maximum value in the reference CPT case 

406 with SR=0. Based on that, the bar length is a periodic function of the angle. Thus, the angular 

407 distributions of the quantities can be fitted using a truncated Fourier series:
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408  𝑟 = 𝑏(1 + 𝛼𝑐𝑜𝑠 (2(𝜃 ― 𝜃0)))#(16)

409 where, r is the radius in the polar system; θ is the polar angle; b, θ0 and α are fitting parameters. b is the 

410 average value of polar radius, reflecting the size of the ‘peanut’ shaped area. θ0 represents the 

411 preferential orientation. α represents the anisotropy. α = 0 means that the rose diagrams present a ‘circle 

412 shape’ and the contact fabric is isotropic. With the increase of α, the ‘circle’ becomes a more elongated 

413 ‘peanut’, indicating a more anisotropic fabric. The fitted lines forming the ‘peanut’ shapes are also 

414 provided in each subplot of Figure 12. The main observations are: as SR increases, the shape of total 

415 contact force fabric changes from a ‘peanut’ shape to a ‘circle’ as shown in Figure 12a, indicating the 

416 transition from a highly anisotropic fabric to a more isotropic one in the c-z plane. A similar observation 

417 can be made for the number of contacts in Figure 12b. Additionally, the size increase of the contact 

418 number ‘peanut’ indicates a contact number increase with rotation at shaft mid-height (Figure 12b), 

419 quantitatively supporting the same observations from contact force chains in section 5.2. 

420 5.3.2 Rotation effects on contact fabric

421 In this section we use a compacted and efficient way to exhibit the rotation effects on the contact fabric 

422 quantities b, α, and θ0 from the fitted Equation (15) of the total contact force and contact number 

423 projection on c-r, r-z, and c-z planes for the contacts in the three representative regions. The results are 

424 organized in the order of regions below cone, cone shoulder, and shaft mid-height. For each region, the 

425 fabric metrics projected on the c-z, r-z, and c-r planes are analyzed sequentially.

426 a) Below cone

427 Figure 13 shows the evolution of the contact fabric in the below-cone area. In the polar coordinate 

428 system in Figure 13a, the ‘circle’, ‘triangle’, and ‘star’ symbols represent fabric quantities for contacts 

429 projected on the c-z, r-z, and c-r planes, respectively. The size of the symbols is scaled by b3, so the 

430 bigger the symbol is in size, the greater the average value of total contact force is. The distance from a 

431 data point to the origin represents the rotating speed ratio SR+0.01 in log scale. The polar angle is 

432 consistent with the preferential orientation θ0. The shades of the symbols correspond to α value, 

433 indicating the anisotropy intensity, where darker shade corresponds to stronger anisotropy. 

434 (1) contact fabric in the c-z plane. For the total contact force (purple circles in Figure 13a), the symbol 

435 size (b) decreases significantly, and the preferential orientation (θ0) tends to rotate clockwise towards 

436 c-direction, confirming the reduction effect of rotation on qc. The shade of the symbols representing 

437 anisotropy remains largely unaffected by rotation. For the contact number (blue circles in Figure 13b), 

438 the symbol size (b) remains stable with rotation, while the preferential orientation (θ0) is also constant 

439 in z-direction with a negligible change in anisotropy. This stability means that rotation does not disturb 

440 the contact number below cone. The evolutions of the fabric magnitude of total contact force and contact 

441 number on different projected planes are almost identical, so the discussions on the fabric magnitude, 
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442 i.e., symbol size (b), will not be stressed in the following two projected planes. This writing structure 

443 will also be used to describe the fabric metrics at cone shoulder and shaft mid-height.

444 (2) contact fabric in the r-z plane. For the total contact force (purple triangles in Figure 13a), the 

445 preferential orientation (θ0) is located in an interval of 120°<θ0<150°, deviated slightly from the normal 

446 direction of the cone surface (150°) to vertical direction (90°). This preference is determined by both 

447 the cone-pushing effect along the normal direction and the compression effect along the downward 

448 penetration direction. The dark shade of the symbols representing strong anisotropy remains unaffected 

449 by rotation. For the contact number (blue triangles in Figure 13b), its preferential orientation (θ0) is 

450 stably located around 135° with relatively strong anisotropy.

451 (3) contact fabric in the c-r plane. For the total contact force (purple stars in Figure 13a), the preferential 

452 orientation (θ0) tends to rotate counterclockwise slightly to the c-direction, which indicates that the 

453 rotation tends to enhance the tangential contact network. The shade of the symbols remains unaffected 

454 by rotation. For the contact number (blue stars in Figure 13b), the preferential orientation (θ0) is in r-

455 direction with largely unchanged anisotropy.

456 b) Cone shoulder

457 Figure 14 shows the evolution of the contact fabric at cone shoulder. The contact fabrics in this zone 

458 would be directly related to qc and tc. The magnitude (symbol size b) and anisotropy (symbol color) of 

459 the fabric metrics on the three planes show no significant change. 

460 (1) contact fabric in the c-z plane, i.e., the circles in the two subplots of Figure 14. For the total contact 

461 force (purple circles in Figure 14a), the preferential orientation (θ0) tends to rotate from z (90°) to c 

462 (<90°)-direction, indicating that the c-component of contact force increases and z-component decreases, 

463 which is consistent with the reduction of qc and increase of tc. For the contact number (blue circles in 

464 Figure 14b, its preferential orientation (θ0) is largely unchanged between 20 to 60 degrees, close to the 

465 normal direction of the cone surface. 

466 (2) contact fabric in the r-z plane, i.e., the triangles in the subplots of Figure 14. For the total contact 

467 force (purple triangles in Figure 14a), the preferential orientation (θ0) is between 150° and 170°, close 

468 to the normal direction of the cone surface and tilting to the horizontal direction. Strong anisotropy due 

469 to the ongoing push of the probe to particles is visible from the dark shade of the symbols. For the 

470 contact number (blue triangles in Figure 14b), its preferential orientation (θ0) is stably located around 

471 175° with relatively strong anisotropy.

472 (3) contact fabric in the c-r plane, i.e., the stars in Figure 14. For the total contact force (purple stars in 

473 Figure 14a), the preferential orientation (θ0) tends to tilt anticlockwise from dominant r to c-direction 

474 when SR is greater than one, indicating an increase of tangential force, which is related to tc increase. 
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475 Significant anisotropy is shown by the dark shade of the symbols. For the contact number (blue stars in 

476 Figure 14b), the preferential orientation (θ0) is relatively stable.

477 c) Shaft mid-height

478 Figure 15 shows the evolution of the contact fabric at shaft mid-height. Generally, more scatters in the 

479 contact fabric measurements are observed in this region. 

480 (1) contact fabric in the c-z plane, i.e., the circles in Figure 15. For the total contact force (purple circles 

481 in Figure 15a), the symbol size (b) increases slightly, while the preferential orientation (θ0) changes 

482 insignificantly with the increase of SR. The anisotropy of total contact force decreases with the increase 

483 of SR, visible from the reduced shade of the symbols. For the contact number (blue circles in Figure 

484 15b), the symbol size (b) increases with rotation, meaning that more contacts are formed while the total 

485 contact force remains almost unchanged. The shade of the symbols remains light, indicating weak 

486 anisotropy. Due to the weak anisotropy, the orientation of total contact force exhibits strong scatter. 

487  (2) contact fabric in the r-z plane, i.e., the triangles in Figure 15. For the total contact force (purple 

488 triangles in Figure 15a), the preferential orientation (θ0) tilts clockwise to r-direction with increased SR. 

489 The total contact force becomes less anisotropic, according to the reduced shade of the symbols. For 

490 the contact number (blue triangles in Figure 15b), the preferential orientation (θ0) tilts clockwise to r-

491 direction with weak anisotropy. The contact fabrics in the r-z plane indicate that shaft rotation causes 

492 the particle contacts at the shaft mid-height to rotate from the vertical direction towards the horizontal 

493 r-direction.

494 (3) contact fabric in the c-r plane, i.e., the stars in Figure 15. For the total contact force (purple stars in 

495 Figure 15a), the preferential orientation (θ0) tilts anticlockwise to the c-direction with increased SR, 

496 reflecting the enhancement effects of shaft rotation on tangential contacts. The total contact force 

497 becomes more anisotropic with increased SR, according to the darkening of the symbol shade. For the 

498 contact number (blue stars in Figure 15b), the preferential orientation (θ0) also tilts counterclockwise to 

499 the c-direction dramatically.

500 The observation for contact fabric at shaft mid-height indicates that the contact force in this region 

501 increases significantly in the lateral direction as shaft rotation increases, corresponding to the stronger 

502 contact force chain observed in Figure 10. This means that a more stable force bearing structure is 

503 formed within the particles due to shaft rotation. Such change in contact force is in agreement with the 

504 observation of ts increase in Figure 3, indicating rotation can reduce the probe penetration resistance, 

505 which would be beneficial for a pile installation scenario. In addition, the contact force network around 

506 the shaft would act as an anchor to transmit less force downwards, resulting in the reduced contact force 

507 and penetration resistance below the cone. 
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508 5.4 Implications and limitations

509 The contact fabric analysis shows how rotation changes the contact structure during the penetration 

510 process from a microscale perspective. Generally, it is obviously beneficial for both CPT and pile 

511 installation that the increased rotary speed ratio can reduce the penetration resistance. However, the 

512 tradeoff of higher speed ratio is that it requires much more torque input and energy consumption, 

513 demanding additional rig developments, more fuel use and possible CO2 emission. For the application 

514 of rotary CPT, it is important to develop ways to inherit the abundant engineering and research 

515 experience and data of conventional CPT, and correlate the measurements from rotary CPT to those 

516 from conventional CPT, and then obtain mechanical property related soil parameters. The good 

517 agreement of monitored qc and tc with the theoretical results indicates the potential for calculating the 

518 soil-probe contact parameters, which is worth exploring in the future.

519 There are some limitations in the study that should be noted. Some of them derive from the simplified 

520 material model employed. For instance, stresses around the probe can cause particle crushing, which 

521 affects the analysis of soil-pile interface interaction and plays a fundamental role in some important 

522 geotechnical applications, e.g., pile shaft friction (Tamura et al., 2012; Yang et al., 2014). Particle 

523 crushing could be an important factor for offshore engineering applications where there is highly 

524 crushable calcareous sand. A crushable particle model such as Ciantia et al. (2015) may be employed 

525 to explore the effect of this feature. 

526 6 Conclusions 

527 Conventional CPT soundings can suffer from low penetrability, particularly in dense or hard soils. 

528 Rotation is investigated in this study to increase the penetrability of CPT. This study explored the 

529 rotation effects on CPT soundings using a DEM model. In total, ten CPT tests with different rotary 

530 speed ratios have been carried out while the vertical penetration velocity was maintained constant. The 

531 macroscale results such as penetration resistance, torque, and work input have been monitored and 

532 analyzed. Microscopic observations on quantities including displacement and velocity fields, contact 

533 force chains, and contact fabric provide explanations for the change of the macroscale results. The 

534 reliability of relevant theoretical derivations on penetration with rotation has also been assessed. The 

535 main findings of this work are drawn below:

536  With the increase of rotation velocity, the torque resistances on the shaft ts and on the cone tc 

537 increase, while the vertical resistances qc and fs decrease.

538  Although the percentage of work done by the vertical forces declines as rotating speed increases, 

539 the work done by the torque on cone and shaft increases, causing an overall increase of input work.
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540  In dense sand, theoretical calculation can provide acceptable prediction of penetration and 

541 torque resistances by considering the size of the cone, penetration and rotation velocity, when the 

542 change in normal stress on the cone with rotation is considered.

543  Rotation reduces the volume of disturbed soil during penetration as evidenced by particle 

544 displacement and velocity fields. 

545  The rotation motion drives particles to rotate horizontally, especially in the region around the 

546 shaft, increasing the number of radial and tangential contacts and the corresponding contact forces, 

547 forming a lateral stable structure in this region. The lateral stable structure alongside the entire shaft can 

548 reduce the force transmitted to the particles below the cone, thus decreasing the vertical penetration 

549 resistance.
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728 10 Tables 

729 Table 1. Geometrical characteristics of DEM calibration chamber, particles, and cone.

Variable (unit) Symbol Value

Chamber diameter (mm) Dcc 432

Cone diameter (mm) dc 36

Chamber height (mm) Hcc 700

Particle median size in the 
chamber center (mm) d50 8.19

Particle density (kg/m3) ρ 2600

Number of particles Np 29368

Chamber/cone ratio Dc/dc Rd 12

Cone/particle ratio dc/d50 np 4.4

Apex angle of cone tip (°) β 60
730

731 Table 2. Calibrated contact model parameters (Zhang et al., 2021).

Element
shear 

modulus

Poisson’s 

ratio

friction 

coefficient
roughness model parameters

Symbol/unit G / GPa v / - μ / - Sq /μm n1 / - n2 / -

Sand 32 0.19 0.275 0.6 0.05 5.0

Probe 200 0.2 0.275 - - -

732

733 Table 3. Fitting results for all the simulated tests.

Test 
ID Rotation SR

qc

MPa

tc

kN·m/m2

fs

kPa

ts

kN·m/m2

1(REF) no 0.0 28.4 0.0 79.1 0.00
2 yes 0.05 28.2 1.4 83.1 0.07
3 yes 0.125 28.6 6.2 78.2 0.26
4 yes 0.5 27.5 23.6 67.7 0.61
5 yes 1 26.0 38.5 56.4 0.89
6 yes 2 23. 2 51.6 42.9 1.25
7 yes 3 21.5 56.2 35.3 1.35
8 yes 7 18.3 58.6 23.1 1.58
9 yes 15 16.2 55.2 16.0 1.75
10 yes 30 14.3 49.5 10.9 1.94

734

735
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736 Table 4. Work input components done by the probe (unit: kJ).

Test 
ID Rotation SR Wtot Wqc Wfs Wtc Wts

1(REF) no 0 17.9 16.6 1.54 0 0
2 yes 0.05 17.8 16.5 1.63 0.004 0.004
3 yes 0.125 18 16.5 1.54 0.167 0.104
4 yes 0.5 18.2 16.1 1.36 0.655 0.327
5 yes 1 19.2 15.2 1.14 2.14 0.944
6 yes 2 22.8 13.6 0.918 5.75 2.75
7 yes 3 26.9 12.6 0.748 9.39 4.4
8 yes 7 46 10.8 0.511 22.8 12
9 yes 15 84.3 9.55 0.36 46.3 28.3
10 yes 30 155.3 8.49 0.26 83.0 63.5

737

738
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739 11 Figure captions 

740 Figure 1. (a) Layout of chamber and probe, (b) particle size distribution of Fontainebleau sand, and (c) 
741 reproduction of the load-displacement curve from a single grain test.

742 Figure 2. (a) Schematic illustration of force calculations and soil resistances on the cone and shaft of rotary CPT 
743 with SR = 2: (b) tip resistance qc, (c) torque on the cone tc, (d) vertical friction force on the whole shaft Fs and (e) 
744 torque on the whole shaft Ts vs depth.

745 Figure 3. Rotation effects on the fitted value of tip resistance qc, vertical friction force on the shaft fs, torque on 
746 the cone tc, and torque on the shaft ts.

747 Figure 4. Work done at the cone and shaft during the rotary penetration for the case of SR=2.

748 Figure 5. Effect of rotation on (a) total work input, and (b) work components on the cone and shaft.

749 Figure 6. Force diagrams of (a) conventional and (b) rotary penetration test.

750 Figure 7. (a) Measured normal stress on the cone, (b) measured and predicted qc (c) measured and predicted tc 
751 versus SR+0.01.

752 Figure 8. (a) Particle displacement vectors projected on central vertical plane of a vertical section with 
753 the thickness of dc, and (b) circumferential component of the displacement vectors in (a) when the probe 
754 penetrates to the depth of 0.3m.

755 Figure 9. Particle velocity field projected on central vertical plane of a vertical section with the thickness of dc 
756 when the probe penetrates to the depth of 0.3m.

757 Figure 10. Contact force network of a vertical slice with the thickness of dc (a) projected on the central vertical 
758 plane, and a horizontal slice (b) at shaft mid-height, (c) at cone shoulder, and (d) below cone projected on a 
759 horizontal plane when the probe penetrates to the depth of 0.3 m.

760 Figure 11. Selection of three representative zones around the probe for microscale characterizations: (a) side view 
761 and (b) plan view; (c) example of decomposition of a 3D contact vector in the z-c-r cylindrical coordinate space.

762 Figure 12. Contact fabric analysis in polar coordinates for the c-z projection of the contacts in the cylindrical zone 
763 of shaft mid-height: (a) total contact force and (b) contact number.

764 Figure 13. Contact fabric below cone projected on the c-z, r-z, and c-r plane: (a) total contact force and 
765 (b) contact number.

766 Figure 14. Contact fabric at cone shoulder projected on the c-z, r-z, and c-r plane: (a) total contact force and (b) 
767 contact number

768 Figure 15. Contact fabric at shaft mid-height projected on the c-z, r-z, and c-r plane: (a) total contact force and 
769 (b) contact number.
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Figure 1. (a) Layout of chamber and probe, (b) particle size distribution of Fontainebleau sand, and (c) 
reproduction of the load-displacement curve from a single grain test. 
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Figure 2. (a) Schematic illustration of force calculations and soil resistances on the cone and shaft of rotary 
CPT with SR = 2: (b) tip resistance qc, (c) torque on the cone tc, (d) vertical friction force on the whole shaft 

Fs and (e) torque on the whole shaft Ts vs depth. 
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Figure 3. Rotation effects on the fitted value of tip resistance qc, vertical friction force on the shaft fs, torque 
on the cone tc, and torque on the shaft ts. 
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Figure 4. Work done at the cone and shaft during the rotary penetration for the case of SR=2. 
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Figure 5. Effect of rotation on (a) total work input, and (b) work components on the cone and shaft. 
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Figure 6. Force diagrams of (a) conventional and (b) rotary penetration test. 
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Figure 7. (a) Measured normal stress on the cone, (b) measured and predicted qc (c) measured and 
predicted tc versus SR+0.01. 
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Figure 8. (a) Particle displacement vectors projected on central vertical plane of a vertical section with the 
thickness of dc, and (b) circumferential component of the displacement vectors in (a) when the probe 

penetrates to the depth of 0.3m. 
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Figure 9. Particle velocity field projected on central vertical plane of a vertical section with the thickness of 
dc when the probe penetrates to the depth of 0.3m. 
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Figure 10. Contact force network of a vertical slice with the thickness of dc (a) projected on the central 
vertical plane, and a horizontal slice (b) at shaft mid-height, (c) at cone shoulder, and (d) below cone 

projected on a horizontal plane when the probe penetrates to the depth of 0.3 m. 
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Figure 11. Selection of three representative zones around the probe for microscale characterizations: (a) 
side view and (b) plan view; (c) example of decomposition of a 3D contact vector in the z-c-r cylindrical 

coordinate space. 
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Figure 12. Contact fabric analysis in polar coordinates for the c-z projection of the contacts in the cylindrical 
zone of shaft mid-height: (a) total contact force and (b) contact number. 
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Figure 13. Contact fabric below cone projected on the c-z, r-z, and c-r plane: (a) total contact force and (b) 
contact number. 
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Figure 14. Contact fabric at cone shoulder projected on the c-z, r-z, and c-r plane: (a) total contact force 
and (b) contact number 
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Figure 15. Contact fabric at shaft mid-height projected on the c-z, r-z, and c-r plane: (a) total contact force 
and (b) contact number. 
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