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Abstract 

In the seismic evaluation of nuclear power plants, it is necessary to make more accurate numerical computation of the 
responses of the structures for more reliable stability analysis of built-in facilities and devices. To achieve such 
computation, we are developing a high performance computing finite element method (HPC-FEM) which can solve 
models of more than one million degree-of-freedom. A major application of HCP-FEM is the evaluation of seismic 
responses which are induced by extremely strong ground motion; the responses include contact and separation between 
the structure and the foundation ground. Numerical analysis often produces high frequency pulses if an analysis model 
of coarse mesh size is used and joint elements are used at the interface. 

In this paper, we develop a contact surface element as an alternative of a joint element, which can more accurately 
analyze distribution of displacement gap on the contact surface, to accurately analyze the contact and separation. 
Implementing the contact surface element into HPC-FEM, we carried out numerical experiments of a nuclear power 
plant building subjected to large ground motion. The responses that were computed by using the joint element and the 
contact surface element were compared. It was shown that the distribution of vertical stress on the interface were 
smoother for the contact surface element. Since the contact surface element is more complicated, it is expected that the 
computational cost becomes larger. However, it was shown in the numerical experiment that the computational cost was 
slightly smaller for the contact surface element because of faster convergence of the numerical solution. These results 
indicated potential usefulness of the contact surface element which was implemented into HPC-FEM. 

Keywords: contact surface element, high performance computing, large scale numerical model, soil-structure 
interaction effects, rocking and pounding 
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1. Introduction 

Recently, we began to utilize three-dimensional finite element method (FEM) models in the seismic 
evaluation of large-scale important structures. The models are alternative of mass spring models or two-
dimensional models when more accurate and reliable evaluation is needed. As for structures which contain 
precise equipments such as pressure vessels, it is necessary to most accurately compute the seismic responses 
that are induced by strong ground motion, because the responses are used to analyze the stability of the built-
in equipments during quakes. Precise computation of the structural seismic response needs a model of high 
fidelity for both the structure and the foundation ground, to take soil-structure interaction into full 
consideration. Nevertheless, numerical analysis of three-dimensional FEM is more frequently performed in 
seismic designs. Analysis models of higher fidelity, which have larger degree-of-freedom, require longer 
computation time and larger computation memory. Therefore, we are developing a high performance 
computing finite element method (HPC-FEM) [1-3] that can make a scalable execution of three-dimensional 
non-linear seismic response analyses of high fidelity models. 

 A challenge in developing HPC-FEM is to accurately evaluate complicated soil-structure interactions 
such as rocking and pounding. Extremely strong ground motion causes separation and contact on the 
interface between the structure and the ground, which inevitably induces responses of higher frequency 
components with shorter wavelength. HPC-FEM is surely needed to analyze such responses, because high 
frequency pulses which considerably influence the equipments cannot be accurately analyzed without using 
finer finite elements and shorter time steps. It should be mentioned that non-linearity inherent to separation 
and contact requires a larger number of iteration to reach a numerically converged solution. Therefore, high 
scalability is essential for HPC-FEM. 

 For the analysis of separation and contact, a joint element proposed by Goodman et al. [4, 5] is used as 
a standard practice. This element is practically useful, because of simple discretization of gap (or 
displacement discontinuity) on the interface. However, the simple discretization results in a drawback that it 
cannot accurately analyze the gap behavior. Schellekens et al. [6, 7] proposed an interface element based on 
the detailed processing of discontinuous displacement functions on the contact surface. They pointed out that 
in quasi-static states traction oscillations occurred near the boundary between the contact and separation 
areas and that the oscillations could be reduced or diminished by employing Newton cotes or lumped 
integrals instead of Gauss integral in creating element stiffness matrix. The most appropriate way to reduce 
the traction oscillations is to geometrically distinguish the contact and separation areas on the interface, by 
applying suitable remeshing techniques [8, 9]. However, this method is not realistic from the viewpoint of 
computational costs. As for a model of high fidelity, it needs considerable amount of computation to change 
the nodes and elements on the interface according to the contact and separation state that changes every time 
step. 

In this study, we propose a new element, called a contact surface element, as an alternative of a joint 
element. We rigorously formulate this element to account for distribution of gap on the interface. The contact 
surface element is implemented into HPC-FEM. We need to examine the increase in computational costs due 
to the implementation, because the contact surface element is more complicated than the joint element and 
longer iteration is inevitably required in analyzing the non-linear behavior that is inherent to contact and 
separation. 

 This paper is organized as follows. First, we preset the contact surface element. While the joint 
element calculates the nodal force directly from the difference in the displacement of the two nodes facing on 
the interface, the contact surface element calculates the element stiffness matrix by rigorously considering 
the spatial distribution of gap on the interface. Next, we verify the contact surface element, analyzing a 
simple analysis model with HPC-FEM to which the contact surface element is implemented. Finally, we 
carry out numerical experiments of the seismic response analysis of a nuclear power plant building. The 
responses that are computed by using the joint element and the contact surface element are compared. 
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Discussions are made on the potential usefulness of the contact surface element implemented into HPC-FEM, 
in accurately analyzing contact and separation which are induced by extremely strong ground motion. 

 It should be pointed out that as a platform for FEM, we employ E-FrontISTR which Taisei Corporation 
and other five Japanese organizations have been developing. E-FrontISTR is an extension program which is 
aimed at seismic analysis of civil engineering and building structures; the original program is FrontISTR [10], 
an open source large-scale parallel FEM program. This platform has a parallel high-speed solver that is based 
on the conjugate gradient (CG) method with domain decomposition techniques.  

2. Concept of contact surface element 

We preset the formulation of a four-node contact surface element. In the three-dimensional Cartesian 
coordinates, denoted by 𝒙, as shown in Fig. 1, we consider two contact surfaces and introduce the following 
function of two-dimensional isoparametric coordinates, 𝝃 ൌ ሾ𝜉, 𝜂ሿ்: 

𝒙ሺ𝝃ሻ ൌ ∑ 𝑁ఈሺ𝝃ሻ𝒙ఈସ
ఈୀଵ , (1) 

where 𝒙ఈ is the coordinates of the 𝛼-th node and 𝑁ఈ is the shape function. The unit vectors, denoted by 𝒔క  
and 𝒔క , are defined on the contact surface, as 

𝒔క ൌ
ങ𝒙
ങ഍

ቚ
ങ𝒙
ങ഍

ቚ
, (2) 

𝒔ఎ ൌ
ങ𝒙
ങആ

ቚ
ങ𝒙
ങആ

ቚ
. (3) 

The unit vector in the normal direction to the contact surface, denoted by 𝒏, is expressed in terms of 𝒔క  and 
𝒔క  as 

𝒏 ൌ
𝒔഍ൈ𝒔ആ

ห𝒔഍ൈ𝒔ആห
. (4) 

Here, ൈ represents the vector product. 

 

 

Fig. 1 – Global coordinates and isoparametric coordinates 

 

The vertical and shear spring coefficients on the contact surface are denoted by 𝑘௡ and 𝑘௦, respectively. 
It is assumed that the springs are uniformly distributed on the interface. Hence, the strain energy stored in the 
two distributed springs, denoted by 𝑈, is computed as 
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𝑈ሾΔ𝒖ሿ ൌ ׬
ଵ

ଶ
Δ𝒖 ⋅ ൛𝑘௡ሺ𝒏 ⊗ 𝒏ሻ ൅ 𝑘௦൫𝒔క ⊗ 𝒔క ൅ 𝒔ఎ ⊗ 𝒔ఎ൯ൟ ⋅ Δ𝒖 d𝑆𝒙, (5) 

where ⋅ is the inner product, ⊗ is the tensor product, and subscript 𝒙 for d𝑆𝒙 emphasizes that the integration 
is made with respect to 𝒙. Note that 𝑈 is a functional for the function of gap on the contact surface, Δ𝒖 
( Δ𝒖 ൌ 𝒖ା െ 𝒖ି  when the displacement above or below the contact surface is denoted by 𝒖ା  or 𝒖ି , 
respectively). The variation of the functional 𝑈ሾΔ𝒖ሿ is readily computed as 

𝛿𝑈 ൌ ׬ 𝛿Δ𝒖 ⋅ ൛𝑘௡ሺ𝒏 ⊗ 𝒏ሻ ൅ 𝑘௦൫𝒔క ⊗ 𝒔క ൅ 𝒔ఎ ⊗ 𝒔ఎ൯ൟ ⋅ Δ𝒖 d𝑆𝒙. (6) 

Using the shape function in Eq. (1), we discretize Δ𝒖, as 

Δ𝒖ሺ𝝃ሻ ൌ ∑ 𝑁ఈሺ𝝃ሻΔ𝒖ఈସ
ఈୀଵ . (7) 

The element stiffness matrix is computed in carrying out the surface integration in the isoparametric 
coordinate system, i.e., 

𝐾௜௝
ఈఉ ൌ ൛𝑘௡൫𝑛௜𝑛௝൯ ൅ 𝑘௦൫𝑠క௜𝑠క௝ ൅ 𝑠ఎ௜𝑠ఎ௝൯ൟ ׬ 𝑁ఈ𝑁ఉ𝐽d𝑆𝝃. (8) 

Here, the superscript is the node number, the subscript is the component in the three-dimensional Cartesian 
coordinate system, 𝐽 is the Jacobian, and subscript 𝝃 of d𝑆𝝃 emphasizes that the integration is made in the 
two-dimensional coordinate system 𝝃. As can be seen from Eq. (8), the nodal forces of the contact surface 
element are calculated from the integral of the forces that are distributed on the contact surface. It should be 
recalled that the joint element [4, 5] calculates the nodal forces directly from the nodal gap.  

 The linear equation of the gap and the spring force on the contact surface, denoted by Δ𝒖 and 𝒕, needs 
to be changed to a non-linear equation, in order to deal with contact and separation behavior. We employ the 
following non-linear equation for Δ𝒖 and 𝒕: 

𝒕 ൌ ൜൛𝑘௡ሺ𝒏 ⊗ 𝒏ሻ ൅ 𝑘௦൫𝒔క ⊗ 𝒔క ൅ 𝒔ఎ ⊗ 𝒔ఎ൯ൟ ⋅ Δ𝒖 Δ𝒖 ⋅ 𝒏 ൏ 0,
𝟎 𝑒𝑙𝑠𝑒.

 (9) 

According to this equation, the integration ׬ 𝑁ఈ𝑁ఉ𝐽d𝑆𝝃 in Eq. (8) should be performed only on the part of 
the contact surface that satisfies Δ𝒖 ⋅ 𝒏 ൏ 0. 

 For the integration in calculating element stiffness matrix, higher-order Gauss integral is used when 
the contact surface element is partially separated. Note that for the linear spring, the Gauss integral is used, 
the order of which is set according to the order of the shape function. In the case of the nonlinear spring, the 
gap that is discretized using the shape function generates more complex distribution of the spring forces. The 
spring force is calculated using Eq. (9), and the Gauss integration points are properly placed on the contact 
surface. In terms of Gauss integration points and weights, denoted by 𝝃ீand 𝑤ீ , the integral in Eq. (8) is 
expressed as 

න 𝑁ఈ𝑁ఉ𝐽d𝑆𝝃 ൌ ෍ 𝑁ఈሺ𝝃ீሻ𝑁ఉሺ𝝃ீሻ𝐽ሺ𝝃ீሻ𝑤ீ

ீ

. (10) 

On the right side of Eq. (10), increasing the order of Gauss integral results in the increase in the number of 
Gauss integration points, but only 𝝃ீ  that satisfies Δ𝒖ሺ𝝃ீሻ ⋅ 𝒏 ൏ 0 needs to be included in the summation. 

 Figure 2 shows the constitutive relations of the contact surface element; in this figure, the negative 
normal stress is compression. The relation between the vertical gap and normal stress is an indicator of 
contact and separation. We introduce tensile strength to the non-linear spring; when the normal stress reaches 
the strength, it becomes zero. The relation between the shear gap and shear stress is more complicated. When 
not separated, the relation is similar to an elastic-perfect-plastic model, with Mohr-Coulomb equation being 
adopted for the yield function, denoted by 𝑓, i.e., 
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𝑓ሺ𝝈ሻ ൌ 𝜏௦ െ 𝜏௬௜௘௟ௗ，𝜏௦ ൌ ඥ𝜏௦ଵ
ଶ ൅ 𝜏௦ଶ

ଶ ，𝜏௬௜௘௟ௗ ൌ 𝐶 െ 𝜇𝜎௡, (11) 

where, 𝜏௦, 𝜏௬௜௘௟ௗ , 𝐶 and 𝜇 are the combined shear stress, shear strength, cohesion and friction coefficient, 
respectively. 

 

     

 

Fig. 2 – Constitutive relations used for contact surface element 

 

Damping coefficient which evaluates the relationship between slip velocity and force is a most 
important parameter for dynamic state problems. We use the damping matrix for the contact surface element 
of the following form:  

𝐶௜௝
ఈఉ ൌ ൛𝑐௡൫𝑛௜𝑛௝൯ ൅ 𝑐௦൫𝑠క௜𝑠క௝ ൅ 𝑠ఎ௜𝑠ఎ௝൯ൟ ׬ 𝑁ఈ𝑁ఉ𝐽d𝑆𝝃, (12) 

𝑐௡ ൌ
௛೙

గ௙బ
𝑘௡, (13) 

𝑐௦ ൌ
௛ೞ

గ௙బ
𝑘௦. (14) 

Here ℎ௡ and ℎ௦ are the vertical and shear damping constants, respectively, and 𝑓଴ is the natural frequency 
that is determined by the initial stiffness. Equation (10) is applied in calculating the integral ׬ 𝑁ఈ𝑁ఉ𝐽d𝑆𝝃 in 
Eq. (12). 

3. Verification of contact surface element 

In this section, we verify the proposed contact surface element using a simple analysis model. Figure 3 
illustrates the analysis model that is used for the verification. The material properties of concrete and ground 
are shown in Table 1; linear materials are used, since the main objective of the analysis model is to verify the 
contact surface element. Table 2 presents the spring constants of the contact surface element. 𝑘௡ and 𝑘௦; 
these springs are non-linear because they have to represent separation and contact. The number of Gauss 
integration points on the contact surface is changed, in order to accurately compute the distribution of contact 
forces. At all the integration points, evaluated is whether the point is in contact or separation. 
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Fig. 3 – Analysis model used for verification 

Table 1 – Material properties of concrete and soil used in numerical experiments 

 
Young Modulus Poisson’s Ratio Density 

E (kPa) ν 𝝆 (t/m3) 

Concrete 45,490,000 0.3000 2.4 

Soil 1,330,000 0.3333 2.0 

 

Table 2 – Deformation characteristic parameters of contact surface used in numerical experiments 

Vertical spring 
coefficient 

Shear spring 
coefficient 

Cohesion 
Friction 

coefficient 
Tension stress 

kn (kN/m/m2) ks (kN/m/m2) C (kN/m2) 𝝁 σt (kN/m2) 

Parametric study Parametric study 0.00 0.60 0.00 

 

 Prior to the dynamic analysis, we performed an initial stress analysis in order to set the initial loading 
conditions on the contact surface. Figure 4 shows the distribution of vertical stress at the Gauss integration 
points on the contact surface after the initial stress analysis. The spring coefficients, 𝑘௡ and 𝑘௦, of the contact 
surface elements were changed in addition to the number of Gauss integration points. When the spring 
coefficients were 𝑘௡ ൌ 𝑘௦ ൌ 1 ൈ 10ଽ kN/m/mଶ and the number of Gauss integration points was 16 or 36, 
separation was observed partially, and the vertical stress tended to oscillate as the number of the Gauss 
integration points increased from 16 to 36. According to Schellekens et al. [6, 7], it is one idea not to use an 
excessively large spring coefficient for the direction normal to the contact surface. As shown in Fig. 4, when 
the spring coefficients were 𝑘௡ ൌ 𝑘௦ ൌ 5 ൈ 10଺ kN/m/mଶ, the non-smooth distribution of vertical stresses 
was reduced.  
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Fig. 4 – Distribution of vertical stress at Gauss integration points on contact surface element after initial 
stress analysis 

 

 We executed the seismic response analysis after the initial stress analysis. According to the Rayleigh 
damping factor formulation, the coefficients of the mass matrix and stiffness matrix for the Rayleigh damp-
ing were set as 𝛼 ൌ 1.473 and 𝛽 ൌ 0.00127. 𝛼 ൌ 0 and 𝛽 ൌ 0.0001 were set to the contact surface element. 
For the boundary condition, the bottom of the soil was fixed, and 1.5 times the spectrum waves proposed by 
Kato et al. [11] were used simultaneously in the three directions. The input ground motion is shown in Fig. 5. 
The time increment was 0.001 sec, and the total number of computation steps was 22,090. 

 

  

Fig. 5 – Input ground motion 

 

 Figure 6 shows the distribution of normal stress on the contact surface at the time of 5.42 sec when the 
contact area between the foundation and soil was minimized. If the spring coefficient was too large, the 
stress was affected by the initial stress analysis and the stress distribution was non-smooth even during the 
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dynamic analysis. However, if the spring coefficient was not so large, the distribution of normal stress on the 
contact surface became much more smooth. As the number of Gauss integration points increased, the 
separation area became more stringent. In general, as the elements become finer, the analysis becomes more 
accurate. The same trend was seen as for the number of Gauss integration points. Near the boundary between 
the contact and separation areas, there were no noticeable oscillations of vertical stress. This might be the 
effect of Rayleigh damping which served as numerical damping. It should be noted that how to set 
appropriate damping coefficients for the contact surface element is not clarified yet. 

 

 

Fig. 6 – Distribution of vertical stress at Gauss integration points on contact surface element during dynamic 
analysis 

 

Figure 7 shows the total number of iterations for the CG method during the dynamic analysis and the 
vertical gap between the upperside node and downside node on the contact surface which share the same 
node in the initial state. This figure shows that setting excessive spring coefficients increases the number of 
iterations. On the other hand, when small spring coefficients are used, the vertical gap becomes slightly 
negative, which is regarded as unrealistic phenomena. However, accepting negative vertical gap to some 
extent results in shortening of numerical computation time as well as suppressing surface force oscillations. 
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Fig. 7 – Number of iterations for CG method during dynamic analysis and vertical gap after initial stress 
analysis for different values of spring coefficients 

4. Analyses using a high-fidelity analysis model considering soil-structure interaction 

4.1 Program settings 

We carried out seismic response analyses using HPC-FEM to which the proposed contact surface element 
was implemented and a three-dimensional high-fidelity model with over 1 million degrees of freedom. The 
model is shown in Fig. 8, which corresponds to a standard model of U.S. Department of Energy to evaluate 
the effect of the dynamic interaction between the reactor building and the soil. The reactor building was a 
hybrid structural model in which solid and shell elements were used for concrete and reinforcement parts, 
respectively. The material properties of concrete and soil were the same as used in the preceding section, and 
the spring coefficients of the contact surface were 𝑘௡ ൌ 𝑘௦ ൌ 5 ൈ 10଺ kN/m/mଶ. For the comparison, we 
made an analysis model which employed the standard joint element instead of the contact surface element. 
The contact surface and joint element were set at the interface between the building and the ground. 

 

Fig. 8 – High-fidelity analysis model used to evaluate dynamic interaction effects between reactor building 
and soil 

 

 A viscous boundary condition was set on the bottom of the soil. The side boundary was set as traction 
free; the model was sufficiently large so that the effects of the traction free side boundaries on the solution 
became negligible. The spectrum waves proposed by Kato et al. [11] were used. The maximum acceleration 
was set 1,500 gal and the three components of the waves were input. The conditions set for the numerical 
analysis were summarized in Table 3. The time integration employed the Newmark-β method (𝛽 ൌ 0.25, 𝛾 ൌ
0.5). Based on the result of the eigenvalue analysis for the whole model, we set 𝛼 ൌ 1.473 and 𝛽 ൌ 0.00127 
for the structure and the soil, and 𝛼 ൌ 0 and 𝛽 ൌ 0.0001 for the contact surface element. 
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Table 3 – Numerical conditions used for analysis of high fidelity model 

Category Item Conditions for numerical analysis 

Non-linear 
calculation 

Iterative method  Newton-Raphson method 
Convergence criterion  1.0 × 10−5 

Maximum number of iterations 50 
Dynamic step 0.001 sec/step 

Total step 22,090 (22.09 sec) 

Method to 
solve the in-
verse matrix 

Solver CG method 
Precondition Slice Successive Over Relaxation 

Convergence criterion  1.0 × 10−8 
Maximum number of iterations 100,000  

The number of parallel 64 
 

4.2 Comparisons of the responses 

The time histories of displacements and accelerations at the top of the reactor building are shown in Fig. 9;  
the number of Gauss integration points of the contact surface element was 4. The maximum horizontal 
displacement and acceleration were 0.2 m and 2,000 gal, respectively; the acceleration becomes 1.3 times 
greater than the maximum input acceleration of 1,500 gal. 

In comparing the response results of the contact surface element and the joint element, it is seen that 
both the displacement and the acceleration agree with each other. In particular, there is no significant 
differences in the behavior of the building due to the different elements. 

 

 
Fig. 9 – Time histories of responses at top of reactor building (left side: displacements, right side: accelera-

tions) 
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 Figure 10 shows the distribution of vertical stress on the contact surface at the time of 5.45 sec when 
the contact area between the foundation and soil is minimized. The vertical stress at the center of the element 
is used for the comparison of the joint element and contact force element. The average of the nodal force is 
used for the joint element, and the surface integral of traction is used for the contact surface element; Gauss 
integration points, the number of which is 36, is used for the integral. It is seen that the distribution of 
vertical stress is slightly different. However, both the contact surface element and the joint element have a 
smooth distribution of vertical stress even at the boundary between contact and separation areas. 

 

 

Fig. 10 – Distribution of vertical stress at center of element on contact surface during dynamic analysis 

 

 The number of iterations which are needed for the CG method to reach a numerically converged 
solution and the computation time are summarized in Table 4; the two models are used for the contact 
surface element and one model is used for the joint element. There is no significant difference in the number 
of iterations for the CG method for the two models which have different number of the Gauss integration 
points. As the number of integration points increases, the computation time increases as expected. The total 
number of iterations for the CG method is slightly smaller for the contact surface element compared with the 
joint element, and the computation time is slightly shorter, too. This result suggests the potential usefulness 
of the surface element, because it is more rigorous but does not increase computational cost. 

 Table 4 – Comparison of contact surface element and joint element in terms of number of iterations for CG 
method and computation time 

Type 
Total number of iterations 

for CG method 
Computation time 

(sec) 
Contact surface element: 
4 integration points 

5,534,597 70,000 

Contact surface element:  
36 integration points 

5,532,163 81,927 

Joint element 5,598,364 71,118 
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5. Conclusions 

In this paper, we developed a contact surface element based on the rigorous formulation of the energy stored 
on the contact surface. The element was verified and implemented into HPC-FEM. It was shown that HPC-
FEM was able to calculate contact and separation of a structure and ground which is induced by ground 
motion, if damping ratio and spring coefficients are properly chosen for the element. The potential usefulness 
of HPC-FEM implemented with the contact surface element was demonstrated, based on the results of the 
seismic response analysis of a high fidelity model of a nuclear power plant. The comparison of the joint 
element suggests the superiority of the contact surface element in terms of the accuracy and the computation 
cost. 

 The contact surface element has simplicity in determining spring coefficients in terms of stiffness and 
strength per area and flexibility in dealing with contact surfaces of heterogeneity and complex configuration. 
Moreover, it is able to rigorously compute partial contact and separation on a contact surface, by increasing 
the number of Gauss integration points. It is worth being examined to carry out more detailed numerical 
study on the seismic response analysis of nuclear power plant facilities which are built on heterogeneous 
ground, using HPC-FEM implemented with the contact surface element. 
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