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1. Introduction 

 
To improve the economic competitiveness of nuclear 

power plants, flexible operation and high-burnup 
operation are receiving increasing consideration. Both 
operating modes heighten the need for dependable fuel 
performance assessment of pellet-cladding mechanical 
interaction (PCMI) and the associated risk of pellet-
cladding interaction (PCI) failure [1]. 

For PCI failure to occur during a power transient, three 
conditions must be met simultaneously: sufficient 
cladding hoop stress generated by pellet thermal 
expansion, aggressive fission products such as iodine, 
and a susceptible cladding microstructure [2]. At low 
power, the gap reopens while coolant overpressure drives 
the cladding to creep inward; consequently, the next 
power increase imposes greater mechanical loading than 
in the previously conditioned state. Thus, frequent power 
changes accelerate de-conditioning and diminish the PCI 
margin. 

The mechanical mechanism underlying PCI is PCMI. 
Contact between the thermally expanding pellet and the 
cladding is greatest at the pellet end faces, where 
geometric stress concentration produces the primary 
ridge. Evaluating these localized concentrations requires 
large mesh deformation, deformable-to-deformable 
contact, and nonlinear constitutive behavior; 
conventional 1.5D codes such as FRAPCON do not fully 
provide these capabilities [3]. The present study 
implemented nonlinear contact and friction models in 
MERCURY [4,5] and verified them using five analytical 
contact solutions. 

 
2. Contact and friction models 

 
Developed by KAERI, MERCURY (Multi-

dimensional Entire fuel Rod Code for Understanding 
Reaction Yield behaviors) is an FEM-based fuel 
performance code for multidimensional thermo-
mechanical analysis of LWR fuel rods [4,5]. It was 
developed under the institute's software quality 
assurance (SQA) procedure and has been validated 
through out-of-pile and in-pile LOCA tests [6]. In this 
work, it is augmented by a penalty-method-based node-
to-segment (NTS) contact algorithm, and a regularized 
Coulomb friction model, based on 8-node axisymmetric 
element. 

At the interface, the normal gap gN characterizes the 
kinematic state and is obtained by projecting the relative 
displacement of the candidate contact points onto the 
local normal direction [7]. Non-penetration and the 
normal traction 𝑡𝑡𝑁𝑁  are jointly represented by the 
complementarity condition 

 𝑔𝑔𝑁𝑁 ≥ 0, 𝑡𝑡𝑁𝑁 ≤ 0, 𝑔𝑔𝑁𝑁 ⋅ 𝑡𝑡𝑁𝑁 = 0            (1) 
whereas the sliding gap 𝑔𝑔𝑇𝑇 and the tangential traction 

𝑡𝑡𝑇𝑇 satisfy the Coulomb law, 
 |𝑡𝑡𝑇𝑇| ≤ 𝜇𝜇|𝑡𝑡𝑁𝑁| (2) 

where μ denotes the friction coefficient; strict 
inequality identifies stick, and equality identifies slip. To 
impose these constraints, the penalty method places a 
virtual spring between the surfaces and incorporates the 
contact contribution directly into the global stiffness 
matrix without introducing additional unknowns [7]. For 
the penetrated state, 
 𝑡𝑡𝑁𝑁 = 𝑘𝑘𝑁𝑁 ⋅ 𝑔𝑔𝑁𝑁 , (𝑔𝑔𝑁𝑁 < 0) (3) 

and the tangential traction is obtained from the trial 
value 𝑘𝑘𝑇𝑇𝑔𝑔𝑇𝑇 through the regularized Coulomb law of Eq. 
(4). Scaling both penalty stiffnesses by the elastic 
modulus, as kN = αE and kT = βE, makes constraint 
enforcement nearly insensitive to the absolute material 
stiffness. 

Under the NTS discretization [8], every slave node is 
projected onto a quadratic isoparametric master segment 
specified by three nodes, with the contact point ξ* 
determined by minimizing the squared distance function. 
Shape functions distribute the resulting force from the 
slave node among the three master nodes, while the 
consistent contact tangent maintains quadratic Newton-
Raphson convergence [9]. 

Imposed as a discontinuous switch, the stick-slip 
transition would make the tangential stiffness 
discontinuous and provoke divergence at intermediate 
friction. The law is therefore regularized as  
 𝑞𝑞 = 𝜇𝜇 ⋅ 𝑝𝑝 tanh �𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝜇𝜇⋅ 𝑝𝑝
� (4) 

which remains continuously differentiable while 
reproducing the exact Coulomb law in the stick and slip 
limits. As the slip fraction increases, an anchor-blending 
strategy pulls the stick reference point toward the current 
contact point.  
 

3. Verification 
 

Using axisymmetric 8-node elements, five problems 
having closed-form solutions were examined: (I) Hertz 
contact between a rigid sphere and an elastic half-space 
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[10], (II) contact between two identical deformable 
spheres, (III) flat-punch indentation with a singular 
pressure field (Sneddon’s problem) [11], (IV) Spence’s 
problem [12], which combines Coulomb friction and a 
Poisson-ratio mismatch, and (V) sequential contact of 
three concentric cylinders undergoing thermal expansion. 
The results are summarized in Table I. 

 
Table I. Summary of the verification results. 

Case Quantity Analytic MERCURY Error 
Hertz F [N] 1035.95 1037.25 0.13 % 
Hertz p0 [GPa] 98.93 97.57 1.37 % 

Two spheres F [N] 1036.05 1038.61 0.25 % 
Two spheres p0 [GPa] 98.93 96.28 2.68 % 
Flat punch F [N] 1035.95 1038.42 0.24 % 
Flat punch p0 [MPa] 659.5 660.8 0.19 % 

Spence F [N] 1182.0 1183.36 0.11 % 
Three-body p12 [MPa] 64.95 64.71 0.37 % 
Three-body p23 [MPa] 16.35 16.08 1.68 % 
 
For every case, global force equilibrium is matched 

within 0.4%, and the representative contact pressure is 
reproduced within 3%. Increasing the Hertz mesh from 
26,371 to 94,462 nodes altered the results by less than 
0.1%. Apart from the discretization-induced edge artifact 
at r/a = 1, the calculated profile shows good agreement 
with the analytic curve, as shown in Fig. 1. 

 

 
Fig. 1. Hertz axisymmetric contact: MERCURY pressure 
profile compared with the analytic Hertz solution. 

 
For Spence’s problem, the force accuracy is 0.11% at 

μ = 0, 0.3 and 1.0, demonstrating that the normal solution 
remains unaffected by friction. Meanwhile, the frictional 
cases exhibit the higher local pressure predicted by 
Spence, see Fig. 2. With μ = 0.3, a partial-slip annulus 
develops, comprising 14 nodes in stick and 19 in slip and 
having a stick radius rstick/a = 0.99. 

 

 
Fig. 2. Spence’s problem: contact pressure profiles for three 
friction levels. 

 
 

 

4. Conclusions 
 

MERCURY was equipped with nonlinear contact and 
friction capabilities. Large PCMI deformation is 
accommodated by an 8-node axisymmetric element 
using a Total Lagrangian formulation, while a penalty-
based NTS algorithm evaluates pellet-pellet and pellet-
cladding contact. A tanh-regularized Coulomb model 
supplies continuous tangential stiffness through the 
stick-slip threshold, thereby ensuring stable convergence 
from frictionless to near-bonded conditions. 

The five analytical benchmarks were matched within 
0.4% for force equilibrium and 2-3% for contact pressure. 
Because both surfaces in the two-sphere case are curved 
and deform concurrently, that case demonstrates the 
correct re-projection of slave nodes onto an evolving 
master segment by the NTS routine. The three-body case 
additionally verifies consistent coupling with thermal 
expansion. 
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