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�N = �T = 105 . Notice that, due to the symmetry, only a left 
half slab in Fig. 2 is modeled as the computational domain. 
In Fig. 3, we display the model of the non-uniformly distrib-
uted 558 collocation points on the half slab that was used 
for this study. The contact surface �c with a rigid obstacle 
is located on the bottom of the half slab and the symmetric 
boundary condition is applied on its right side.

Displacement field uxx and shear stress �xy distributions 
are presented in Fig. 4. As expected, on the contact surface 
at the bottom, the discontinuity of the displacement is clearly 
visible on the left zone, indicating slip along the contact 
surface. The distribution of the shear stress is qualitatively 
close to the result of Fig. 11 in Renaud and Feng [44]. To 
verify accuracy of the method, contact tractions obtained 
from the strong form collocation (COL) method are com-
pared with the results from the FEM using ABAQUS in 
Fig. 5. Normal and tangential traction profiles are similar to 
each other. However, as shown in Fig. 5b certain differences 
exist around stick/slip transition area between the two meth-
ods. Quantifying the cause is an area of active research, the 
results of which will be published in future works.

Figure 6 provides stick-slip response behavior on the con-
tact surface for various frictional coefficient values. To study 
the effect of the frictional coefficient on the contact surface, 

Fig. 4  Distribution of a the 
displacement uxx and b the shear 
stress �xy for an elastic solid on 
a rigid plate
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The components of Kc matrix for stick case are

where KN
I1J1

 , KN
I2J1

 , KN
I1J2

 , and KN
I2J2

 can be obtained from Eq. 
(56). The component of stiffness matrix Kstick in Eq. (57) 
defined as

The components of � c
stick

 vector are

The components of Kc matrix for stick case are

The component of stiffness matrix 

https://doi.org/10.1007/978-3-642-56767-4_2
https://doi.org/10.1007/978-3-642-56767-4_2
https://doi.org/10.1007/978-94-011-1810-1_17
https://doi.org/10.1007/978-94-011-1810-1_17


807Engineering with Computers (2023) 39:791–807 

 26. Li S, Liu WK (1999) Reproducing kernel hierarchical partition 
of unity, part i-formulation and theory. Int J Numer Methods Eng 
45(3):251–288

 27. Li S, Liu WK (1999) Reproducing kernel hierarchical parti-
tion of unity, part ii-applications. Int J Numer Methods Eng 
45(3):289–317

 28. Kim DW, Kim Y (2003) Point collocation methods using the 
fast moving least-square reproducing kernel approximation. Int 
J Numer Methods Eng 56(10):1445–1464

 29. Lee S-H, Kim K-H, Yoon Y-C (2016) Particle difference method 
for dynamic crack propagation. Int J Impact Eng 87:132–145

 30. Fu Y, Michopoulos JG, Song J-H (2017) Bridging the multi 
phase-field and molecular dynamics models for the solidification 
of nano-crystals. J Comput Sci 20:187–197

 31. Song J-H, Fu Y, Kim T-Y, Yoon Y-C, Michopoulos JG, Rabc-
zuk T (2018) Phase field simulations of coupled microstructure 
solidification problems via the strong form particle difference 
method. Int J Mech Mater Des 14, 491–509. https:// doi. org/ 10. 
1007/ s10999- 017- 9386-1

 32. Almasi A, Beel A, Kim T-Y, Michopoulos JG, Song J-H 
(2019) Strong-form collocation method for solidification and 
mechanical analysis of polycrystalline materials. J Eng Mech 
145(10):04019082

 33. Yoon Y-C, Schaefferkoetter P, Rabczuk T, Song J-H (2019) New 
strong formulation for material nonlinear problems based on the 
particle difference method. Eng Anal Bound Elem 98:310–327

 34. Beel A, Kim T-Y, Jiang W, Song J-H (2019) Strong form-based 
meshfree collocation method for wind-driven ocean circulation. 
Comput Methods Appl Mech Eng 351:404–421

 35. Chen J-S, Wang H-P (2000) New boundary condition treatments 
in meshfree computation of contact problems. Comput Methods 
Appl Mech Eng 187(3–4):441–468

 36. Li G, Belytschko T (2001) Element-free Galerkin method 
for contact problems in metal forming analysis. Eng Comput 
18(1/2):62–78

 37. Xiao J, Gama B, Gillespie J Jr, Kansa E (2005) Meshless solutions 
of 2d contact problems by subdomain variational inequality and 

mlpg method with radial basis functions. Eng Anal Bound Elem 
29(2):95–106

 38. De Lorenzis L, Evans J, Hughes TJ, Reali A (2015) Isogeometric 
collocation: Neumann boundary conditions and contact. Comput 
Methods Appl Mech Eng 284:21–54

 39. 

https://doi.org/10.1007/s10999-017-9386-1
https://doi.org/10.1007/s10999-017-9386-1

	Strong form meshfree collocation method for frictional contact between a rigid pile and an elastic foundation
	Abstract
	1 Introduction
	2 Problem description
	2.1 Contact kinematics
	2.2 Penalty algorithm
	2.2.1 Definition of the normal contact constraints
	2.2.2 Definition of the frictional contact constraints


	3 Discretization of the strong form
	3.1 Meshfree collocation approximation
	3.2 Discretization for one-body frictional contact

	4 Numerical study
	4.1 An elastic slab on a flat rigid plate
	4.2 An elastic block with a rigid cylinder inclusion
	4.3 Hertzian contact problem
	4.4 Frictional contact between a rigid pile and an elastic foundation

	5 Conclusion
	References




