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Abstract 

Contact between bodies is one of the most challenging problems to solve, especially when combined with large deformations. For 

MPM, several methods have been developed to simulate frictional contact, i.e. shear stress is proportional to the normal stress via 

a friction coefficient; however, for cohesive soils under undrained conditions the interface shear stress is more likely a function of 

the undrained shear strength and independent of the normal stress (adhesive contact). This paper presents the extension of one of 

the most widely used contact algorithms in MPM for adhesive contact. This enhanced formulation is validated with a sliding block 

benchmark and applied to the simulation of cone penetration testing (CPT) in clay. CPT is an in situ test commonly used in 

geoengineering to determine the subsoil’s stratigraphy and to estimate soil parameters. It is shown that the adhesion at the cone-

soil interface affects significantly the measured cone resistance. Numerical results are compared with available analytical and 

experimental studies, showing the effectiveness of the proposed method to describe undrained penetration in clay. 
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1. Introduction 

Contact between a structure and soil is widely encountered in geotechnical applications such as penetration 

problems, impact of landslides on defense structures, and stability of retaining structures. Modelling of such contact 

is a persistent challenge in various numerical methods, especially when the contact involves large displacements and 

failure within the adjacent soil. With the Material Point Method (MPM) there are several possibilities to take into 

account the soil-structure interaction such as the use of interface elements [1], level-set based contact algorithms [2], 

http://www.sciencedirect.com/science/journal/22120173
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or multi-velocity field formulations [3–5]. In this study, the contact algorithm proposed by Bardenhagen et al. [5] is 

considered. The advantage of this algorithm is that it automatically detects the contact surface and does not require 

any special interface elements. It proved to be efficient in modeling interaction between solid bodies as well as 

shearing in granular materials [6,7]. 

The original formulation considers only the Coulomb friction model, i.e. the maximum shear stress along the 

interface is proportional to the normal stress. For cohesive soils under undrained conditions, this mechanism is 

unrealistic. Indeed, the interface shear stress is more likely a function of the undrained shear strength and independent 

of the normal stress, thus an adhesive contact law seems more appropriate. 

In this study, the original frictional algorithm is extended for adhesive contact as presented in Section 2. This 

enhanced formulation has been implemented in Anura3D, validated and applied to the simulation of the cone 

penetration test (CPT) in clay under undrained conditions. The effect of adhesion at the soil-cone interface on the 

measured tip resistance is investigated and compared with other numerical results as well as experimental evidences. 

2. The adhesive contact algorithm 

In MPM, the contact conditions are applied via the background grid and the contact problems can be completely 

described by the nodal variables. The applied approach is based on a multi-velocity field formulation and can be 

considered as a predictor-corrector scheme. The nodal velocities are predicted from the solutions of each body 

considered separately and then corrected using the nodal velocities of the combined set of bodies according to the 

contact law. Figure 1 shows a flow chart of the procedure. For further details the reader is referred to [5,8]. In the 

following, the focus lies on the derivation of the expression for the corrected nodal velocities including both friction 

and adhesion. 

 

Figure 1 Flow chart of the contact algorithm [9]. 

Let us consider two bodies A and B in sliding contact at time t. The single body velocities vk,A, vk,B and the velocity 

of the combined system vk,S are computed by solving the respective equations of motion. For a contact node k, the 

predicted single body velocity vk,A of body A is corrected from: 

�̃�𝒌,𝑨 = 𝒗𝒌,𝑨 + 𝒄𝒌,𝒏𝒐𝒓𝒎 + 𝒄𝒌,𝒕𝒂𝒏  (1) 

where 𝒄𝒌,𝒏𝒐𝒓𝒎 is the correction for the normal component, preventing interpenetration, and 𝒄𝒌,𝒕𝒂𝒏 is the correction for 

the tangential component. 

This correction is equivalent to applying the following contact forces: 
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𝒇𝒌,𝒏𝒐𝒓𝒎 =
𝑚𝑘,𝐴

∆𝑡
𝒄𝒌,𝒏𝒐𝒓𝒎  (2) 

𝒇𝒌,𝒕𝒂𝒏 =
𝑚𝑘,𝐴

∆𝑡
𝒄𝒌,𝒕𝒂𝒏  (3) 

where mk,A is the nodal mass and t the time step size. The correction of the normal component is calculated in such 

a way that the normal component of the new single body velocity and the normal component of the combined bodies 

vk,s are equal, i.e.: 

𝒄𝒌,𝒏𝒐𝒓𝒎 = −[(𝒗𝒌,𝑨 − 𝒗𝒌,𝑺) ∙ 𝒏𝒌,𝑨]𝒏𝒌,𝑨  (4) 

where nk,A is the unit outward normal vector of body A at contact node k. The maximum contact force depends on the 

friction coefficient  and the adhesion factor a: 

𝒇𝒌,𝒕𝒂𝒏 𝒎𝒂𝒙 = (𝜇|𝒇𝑘,𝑛𝑜𝑟𝑚| + 𝑎𝐴𝑘)𝒕𝒌  (5) 

where Ak is the surface area associated with node k and tk is the tangential unit vector. Combining Equations 1 to 5, 

the corrected velocity takes the following expression: 

�̃�𝒌,𝑨 = 𝒗𝒌,𝑨 − [(𝒗𝒌,𝑨 − 𝒗𝒌,𝑺) ∙ 𝒏𝒌,𝑨]𝒏𝒌,𝑨 + [(𝒗𝒌,𝑨 − 𝒗𝒌,𝑺) ∙ 𝒏𝒌,𝑨]𝜇𝒕𝒌 −
𝑎𝐴𝑘∆𝑡

𝑚𝑘,𝐴
𝒕𝒌 (6) 

Note that the second term on the right-hand-side is the correction of the normal component to avoid interpenetration, 

the third and the fourth terms are the correction of the tangential component due to friction and adhesion respectively. 

The same relationship can be derived for body B. 

 

Figure 2 Geometry, discretization and material properties of the sliding block benchmark. 

3. Validation of the adhesive contact 

The implemented contact algorithm is validated with a benchmark problem consisting in two sliding blocks. The 

upper one has dimensions 2.0×4.0×0.5 m3. It is pushed by a horizontal force T linearly increasing in time with a rate 

of 1 kN/s. The lower block has dimensions 0.5×5.5×0.5m3. The two blocks share a contact surface of area of 2m2 (Fig. 

2). At the boundaries, displacements are constrained in normal direction. The contact surface is characterized by an 

adhesion a = 10 kPa, which gives a maximum tangential contact force 𝐹𝑡𝑎𝑛,𝑚𝑎𝑥 = 20 𝑘𝑁. 
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As expected, the kinetic energy of the system remains nearly zero while 𝑇 < 𝐹𝑡𝑎𝑛,𝑚𝑎𝑥 ; beyond this value it 

increases suddenly, meaning that the block is sliding (Fig. 3a). 

Figure 3b plots the tangential (Ftan) and the normal (Fnorm) component of the contact force over the applied external 

load. The contact forces show some oscillations that increase when the block starts sliding. They can be reduced by 

refining the mesh or decreasing the time step size. The average values agree with theoretical expectations proving the 

validity of the implemented contact algorithm. As expected, the normal force is constant and equal to the block weight, 

while the tangential force increases linearly with T up to 20 kN and they remains constant.  

 

Figure 3 (a) Kinetic energy of the system of sliding block, (b) Normal and tangential contact forces on the sliding block 

4. Application to CPT simulation 

The cone penetration test is a widely used in situ soil testing technique applied to identify the subsoil profile and 

to estimate soil properties. It consists of pushing a steel cone with a measuring device attached to its tip into the ground 

with a constant velocity of 2 cm/s. The derived measurements of tip resistance, qc, and sleeve friction, fs, are correlated 

to soil characteristics [10]. 

In saturated fine-grained soils, the cone resistance may be interpreted as a measure of undrained shear strength. 

Conventionally, the undrained shear strength (su) is derived by dividing the net cone resistance by a cone factor Nc: 

𝑠𝑢 =
𝑞𝑐−𝜎𝑣0

𝑁𝑐
  (7) 

where 𝜎𝑣0 is the local vertical stress. The cone factor depends on the cone roughness, the in situ stress state and the 

rigidity index Ir=G/su  where G is the shear modulus [11]. In the following, the numerical model is described and the 

effect of adhesion on the cone factor is discussed. The non-dimensional parameter c=a/su is introduced to quantify 

the cone roughness. 

4.1. Setup of the numerical model 

Taking advantage of the rotational symmetry of the cone penetration problem, only a 20° slice is considered with 

the used 3D code. The cone is slightly rounded in order to circumvent numerical problems induced by a discontinuous 

edge at the base of the cone. Apart from this modification, the dimensions of the penetrometer correspond to those of 

a standard penetrometer: the apex angle is 60º and the cone diameter D is 0.036 m. 

The size and the refinement of the mesh have been determined through preliminary calculations as a compromise 

between computational cost and accuracy (Fig. 4a). Displacements are constrained in normal direction at the lateral 

mesh surfaces, while the bottom of the mesh is fully fixed.  
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The penetrometer moves downward by a prescribed velocity of 2 cm/s applied at the nodes of the structure, which 

therefore behaves as a rigid body. In order to keep the fine mesh always around the cone, the so-called moving mesh 

procedure is adopted [12,13,9]. It consists in adjusting the part of the mesh adjacent to the penetrometer (Fig. 4b) to 

the movement of the cone after each time step, ensuring that the penetrometer surface coincides with element 

boundaries. The elements of this zone keep the same shape throughout the computation, while elements in a 

compressed zone below the penetrometer reduce their vertical length. The adopted discretization of the compressed 

zone guarantees a reasonable aspect ratio of the elements throughout the analysis. With this approach the unit normal 

vectors of Equation 6 at nodes on the penetrometer surface do not change and hence a possible inaccuracy related to 

recomputing them is eliminated. 

The undrained behavior of clay is described with an elastic perfectly plastic model with Tresca failure criteria. The 

undrained shear strength is 20 kPa and the Young’s modulus is 6000 kPa. Soil incompressibility is simulated by 

assuming a Poisson’s ratio of 0.49. The problem is characterized by a rigidity index Ir = 100. For simplicity, initial 

stresses are set to zero. 

 

 
(a) 

 
(b) 

Figure 4 Geometry and discretization of the CPT problem; (a) material point discretization; (b) FE discretization. (D = 0.036 m) 

4.2. Results   

Figure 5 shows the tip stress as a function of the normalized penetration for different cone roughness. The steady 

state solution, which corresponds to the tip resistance, is reached after about 7D  penetration, independently of c.  

The computed cone factor increases from 10.2 in case of smooth cone (c=0) to 15.8 in case of a very rough cone 

(c=1). According to [14], c ranges between 0.25 and 0.5 for steel in contact with clay. For this range of values, the 

MPM simulations give Nc between 12 and 14. This is in excellent  agreement with the experimental data based on 

calibration chamber tests by [15] in which  a cone factor Nc = 13 was found for a rigidity index Ir = 100. 
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Figure 6 compares cone factors obtained with other numerical methods for 3 values of c and similar rigidity index 

and stress state. Previous analyses of CPT in clay adopted the Arbitrary Lagrangian-Eulerian method [16,17], the 

implicit quasi-static MPM [12] or the Coupled Eulerian-Lagrangian (CEL) method [18]. These studies applied the 

Tresca constitutive model for clay and simulated the soil-cone interaction using interface elements. For values of c 

typical of this problem previous studies appear to underestimate the cone factor observed experimentally. For smooth 

cone, the result of this study agrees with results of other numerical studies, but slightly higher values of Nc are obtained 

for c equal to 0.5 and 1. This suggests that the differences may be mainly due to the technique adopted to simulate 

the soil-cone interaction which is thus of primary importance in soil-penetration problems.  

 

 

Figure 5 Tip stress over normalized displacement. 

 

Figure 6 Cone factors obtained with different methods. 

5. Conclusions 

This paper presents an extension of the frictional contact algorithm originally proposed by [5] to include adhesion. 

The algorithm was implemented in the MPM code Anura3D and validated with a sliding-block benchmark. The 

extended contact algorithm appears applicable to a wide range of problems of soil-structure interaction. In this paper, 

it is applied to the simulation of CPT in clay analyzing the effect of cone roughness on the cone factor. For typical 

values of cone roughness, numerical results are in good agreement with experimental evidences and with previous 

numerical studies thus proving the validity of the method. 
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