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요  약  문 

 

  흑연 블록은 고온가스로의 중요한 노심 구조 요소로 열을 지어 쌓이는 형태로 구

성되므로 지진이나 사고 발생 시 이웃한 블록 사이에 충돌이 발생한다. "초고온가스

로 설계기술개발" 과제에서는 적층되어 있는 흑연 블록들에 대한 신뢰성 높은 내진 

해석 모델을 개발하여 예상되는 지진과 같은 상황에서 충분한 강도를 갖고 구조적 

안정성을 유지하는 연구를 진행 중이다. 본 보고서는 연구 초기 단계에서 상용 

FEM 패키지인 Abaqus를 사용하여 실제와 가까운 충격-접촉 동역학적 모델을 구

성하는 연구 결과에 대해 집필하였으며, 개발된 모델을 이용한 해석 결과는 향후 

적층 흑연 블록들에 대해 경제적이며 효과적인 집중질량을 갖는 동역학적 모델을 

구성하는 기본 자료로 사용될 것이다.  

  본 보고서는 크게 세 부분으로 구성된다. 첫번째는 Abaqus/Explicit에서 사용되

는 접촉 알고리즘의 특성에 대해 언급한다. Abaqus를 사용한 충격-접촉 거동 해석

을 정확히 구현하기 위해서는 알고리즘에 대해 검토하는 것이 필수적이다. Abaqus

의 접촉 알고리즘에 간략히 설명하고 접촉 해석에 초점을 맞춰 Abaqus/Explicit의 

해석의 특성에 대해 논한다. 

  두번째 내용은 흑연 블록의 실제에 가까운 충격-접촉 동역학적 모델 개발에 관

한 것이다. 요소 크기, 시간 증분, 접촉 거동 등 동역학적으로 중요한 것으로 판단

되는 파라미터들을 변화시켜가며 비교 해석을 수행하여 각 파라미터들의 해석 결과

에 대한 영향을 파악하고 향후 적층 흑연 블록들에 대한 집중질량을 갖는 동력학적 

모델을 구성하는데 필요한 기본 자료를 구축하였다. 

  마지막으로 참고용 부록으로 한국원자력연구원에서 수행되었던 연구 중 본 보고

서의 내용과 관련이 있는 “ Evaluation on the behavior of stacked blocks 

subject to a harmonic excitation”를 소개한다. 
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Summary 

 

  Graphite blocks are the important core components of the high temperature 

gas-cooled reactor. As these blocks are simply stacked in array, collisions 

among neighboring components may occur during earthquakes or accidents. 

The final objective of the research project is to develop a reliable seismic 

model of the stacked graphite blocks from which their behavior can be 

predicted and, thus, they are designed to have sufficient strength to maintain 

their structural integrity during the anticipated occurrences. The work 

summarized in this report is a first step toward the big picture and is 

dedicated to build a realistic impact-contact dynamics model of the graphite 

block using a commercial FEM package, Abaqus. The developed model will be 

further used to assist building a reliable lumped dynamics model of these 

stacked graphite components. 

  The first part of the report reviews features of Abaqus/Explicit focusing on 

the contact algorithms. As the impact-contact behavior of the graphite 

components shall be predicted using Abaqus, prior knowledge on its features 

and limitations is crucial. The Abaqus contact algorithms will be briefly 

introduced and the characteristics of Abaqus/Explicit will be discussed 

focusing on the contact analysis. 

  The second part is devoted to build a realistic impact-contact dynamics 

model of a graphite block. Comparative simulations are performed varying 

seemingly important parameters of the model which includes time step, mesh 

size, contact behavior, etc. Throughout these comparative studies, effects of 

these parameters on the dynamics will be identified and, thus, some insights 

shall be obtained to help build a realistic impact-contact dynamics model 

effectively. 

  Finally, a related work conducted by KAERI, “Evaluation on the behavior of 

stacked blocks subject to a harmonic excitation”, is presented in Appendix 

for reference.  
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1. Brief Overview of Abaqus/Explicit Contact 

Analysis 

 

1.1 Introduction of Abaqus Contact Algorithm 

 

  Abaqus consists of two different analysis schemes which are called as 

Standard and Explicit. Each analysis scheme consists of different contact 

algorithms, and the sliding calculation schemes are divided into Finite-Sliding 

and Small-Sliding by relative sliding distance of two contact bodies. The 

categorized algorithms are depicted in Figure 1. 

 

 

Figure 1. Abaqus Contact Algorithm Overview 

 

  Standard and Explicit methods are developed using implicit and explicit finite 

Abaqus/Standard

Abaqus/Explicit

Contact Pairs

Contact Elements
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differentiation respectively. For most problems, from the characteristics of the 

problem determines the method clearly. For example, a problem with small 

non-linearity can be solved readily using Standard method; a wave 

propagation problem is more suitable for Explicit method. However, both 

methods can deal with some static or quasi-static problems well. For those 

problems, Standard method is used generally, but in case of complex contact 

or highly non-linear material properties convergence may be hard to be 

attained and Explicit method will be the more effective measure of simulating 

them. Table 1 shows the major differences of the two analysis methods. 

 

Table 1. Key differences between Abaqus/Standard and Abaqus/Explicit[1] 

 

 

 

1.2 Choosing Between Implicit and Explicit Analysis 

 

  For many analyses, it is clear whether Abaqus/Standard or Abaqus/Explicit 

should be used. As nonlinearity, Abaqus/Standard is more efficient for solving 

smooth nonlinear problems. However, Abaqus/Explicit is the clear choice for a 

wave propagation analysis. For certain static or quasi-static problems, they 

Quantity Abaqus/Standard Abaqus/Explicit

Element 
library Offers an extensive element library.

Offers an extensive library of elements 
well suited for explicit analyses. The 
elements available are a subset of 
those available in Abaqus/Standard.

Analysis 
procedures

General and linear perturbation 
procedures are available. General procedures are available.

Material 
models Offers a wide range of material models.

Similar to those available in 
Abaqus/Standard; a notable difference 
is that failure material models are 
allowed.

Contact 
formulation

Has a robust capability for solving 
contact problems.

Has a robust contact functionality that 
readily solves even the most complex 
contact simulations.

Solution 
technique

Uses a stiffness-based solution 
technique that is unconditionally stable.

Uses an explicit integration solution 
technique that is conditionally stable.

Disk space 
and memory

Due to the large numbers of iterations 
possible in an increment, disk space 
and memory usage can be large.

Disk space and memory usage is 
typically much smaller than that for 
Abaqus/Standard.
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can be simulated well with either program. Abaqus/Standard may have 

difficulty converging because of contact or material complexities, and 

Abaqus/Standard must iterate to determine the solution to a nonlinear problem. 

Contrarily, Abaqus/Explicit determines the solution without iterating by 

explicitly advancing the kinematic state from the previous increment. For the 

seismic analysis of graphite blocks, the problem includes complex impact and 

stress wave propagation. Therefore, Abaqus/Explicit is more adequate for the 

problem. 

  There are several types of typical problems for Abaqus/Explicit 

 

 High-speed dynamic events 

  The explicit dynamics method was originally developed to analyze 

high-speed dynamic events that can be extremely costly to analyze 

using implicit programs (for example, short-duration blast load on a 

steel plate). Since the load is applied rapidly and is very severe, the 

response of the structure changes rapidly. Accurate tracking of stress 

waves through the plate is important for capturing the dynamic response. 

Since stress waves are associated with the highest frequencies of the 

system, obtaining an accurate solution requires many small time 

increments. 

 

 Complex contact problems 

  Contact conditions are formulated more easily using an explicit 

dynamics method than using an implicit method. The result is that 

Abaqus/Explicit can readily analyze problems involving complex contact 

interaction between many independent bodies. Abaqus/Explicit is 

particularly well-suited for analyzing the transient dynamic response of 

structures that are subject to impact loads and subsequently undergo 

complex contact interaction within the structure (for example, circuit 

board drop test). 
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 Complex postbuckling problems 

  In unstable postbuckling problems, the stiffness of the structure 

changes drastically as the loads are applied. Postbuckling response often 

includes the effects of contact interactions. 

 

 Highly nonlinear quasi-static problems 

  For a variety of reasons Abaqus/Explicit is often very efficient in 

solving certain classes of problems that are essentially static, such as 

quasi-static process simulation problems involving complex contact 

such as forging, rolling, and sheet-forming. Sheet forming problems 

usually include very large membrane deformations, wrinkling, and 

complex frictional contact conditions. Bulk forming problems are 

characterized by large distortions, flash formation, and contact 

interaction with the dies.. 

 

 Materials with degradation and failure 

  Material degradation and failure often lead to severe convergence 

difficulties in implicit analysis programs, but Abaqus/Explicit models 

such materials well. An example of material degradation is the concrete 

cracking model, in which tensile cracking causes the material stiffness 

to become negative. An example of material failure is the ductile failure 

model for metals, in which material stiffness can degrade until it reduces 

to zero. At this time the failed elements are removed from the model 

entirely. 

 

Each of these types of analyses can include temperature and heat transfer 

effects. 

 

 



- 5 - 

 

1.3 Contact 

 

  Many engineering problems involve contact between two or more 

components. In these problems a force normal to the contacting surfaces acts 

on the two bodies when they touch each other. If there is friction between the 

surfaces, shear forces may be created that resist the tangential motion 

(sliding) of the bodies. The general aim of contact simulations is to identify 

the areas on the surfaces that are in contact and to calculate the contact 

pressures generated. 

  In a finite element analysis contact conditions are a special class of 

discontinuous constraint, allowing forces to be transmitted from one part of 

the model to another. The constraint is discontinuous because it is applied 

only when the two surfaces are in contact. When the two surfaces separate, 

no constraint is applied. The analysis has to be able to detect when two 

surfaces are in contact and apply the contact constraints accordingly. Similarly, 

the analysis must be able to detect when two surfaces separate and remove 

the contact constraints. 

 

 

1.4 Overview of Contact Capabilities in Abaqus v6.8[2] 

 

  The contact modeling capabilities available in Abaqus/Standard and 

Abaqus/Explicit differ significantly. 

  Contact simulations in Abaqus/Standard have features as shown below. 

 

 Either surface based or contact element based. 

 Surfaces that will be involved in contact must be created on the various 

components in the mode. 

 The pairs of surfaces that may contact each other, known as contact 

pairs, must be identified. 
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 Finally, the constitutive models governing the interactions between the 

various surfaces must be defined. These surface interaction definitions 

include behavior such as friction.  

 

  Contact simulations in Abaqus/Explicit have features as shown below. 

 

 Either the general contact algorithm or the contact pair algorithm. 

 A contact simulation is usually defined simply by specifying the contact 

algorithm and the surfaces that will interact with one another. 

 In some cases where the default contact settings are not appropriate, 

other aspects of the contact simulation can be specified; for example, a 

mechanical interaction model that considers friction. 

 

 

1.5 Choosing Contact Algorithm 

 

  Abaqus/Explicit provides two algorithms for modeling contact interactions. 

The general contact algorithm allows very simple definitions of contact with 

very few restrictions on the types of surfaces involved. The contact pair 

algorithm has more restrictions on the types of surfaces involved and often 

requires more careful definition of contact; however, it allows for some 

interaction behaviors that currently are not available with the general contact 

algorithm as shown below. 

 

 Two-dimensional surfaces 

 Kinematically enforced contact (the general contact algorithm uses 

only penalty enforcement) 

 Small-sliding contact  

 Exponential and no separation contact pressure-overclosure models 

 A friction coefficient defined in terms of average surface temperature 
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and/or field variables 

 User subroutines VFRIC and VUINTER 

 Breakable bonds, such as spot welds 

 Thermal contact 

 

For the graphite block impact analysis, none of the explained interaction 

behaviors is required. Therefore, either general contact or contact pair 

algorithm can be applied to the problem. 

 

 

1.6 Abaqus/Explicit Contact Formulation 

 

  For general contact Abaqus/Explicit enforces contact constraints using a 

penalty contact method, which searches for node-into-face and edge-into-

edge penetrations in the current configuration. The penalty stiffness that 

relates the contact force to the penetration distance is chosen automatically by 

Abaqus/Explicit so that the effect on the time increment is minimal yet the 

penetration is not significant.  

  The contact pair algorithm uses a kinematic contact formulation by default 

that achieves precise compliance with the contact conditions using a 

predictor/corrector method. The increment at first proceeds under the 

assumption that contact does not occur. If at the end of the increment there is 

an overclosure, the acceleration is modified to obtain a corrected configuration 

in which the contact constraints are enforced. The normal contact constraint 

for contact pairs can optionally be enforced with the penalty contact method, 

which can model some types of contact that the kinematic method cannot. 

  In the pure master-slave weighting will resist only penetrations of slave 

nodes into master facets. Balanced master-slave contact, applies the pure 

master-slave approach twice, reversing the surfaces on the second pass and 

provides more accurate results in most cases. General contact algorithm uses 
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balanced master-slave weighting whenever possible. For contact pair 

algorithm, Abaqus/Explicit will decide which type of weighting to use. 

  Relative sliding between contact surfaces can be small or finite. The default 

is the more general finite-sliding formulation. The small-sliding formulation 

results in a more efficient analysis. 

 

 

1.7 Characteristics of Abaqus/Explicit Method 

 

  For the seismic analysis of graphite blocks, some characteristics of 

Abaqus/Explicit method can be summarized. 

 

 Abaqus/Explicit had two different contact algorithms; General Contact 

and Contact Pair. Each algorithm can be categorized into sub-

algorithms by contact constraints and sliding distance. 

 General Contact algorithm is user-friendly because user controlled 

settings are minimized. Contact Pair algorithm is relatively more 

complex than General Contact algorithm; however, Contact Pair 

algorithm can deal with some special kinds of problems which General 

Contact algorithm cannot. 

 General Contact and Contact Pair algorithms can be applied 

simultaneously on a same problem. Contact regions on which contact 

algorithm is assigned as Contact Pair algorithm are excluded for 

General Contact algorithm automatically. 

 Contact is defined by assigning contact surfaces, contact interaction 

method, contact constraints, and weighting schemes on contact surfaces. 

 Contact surfaces should be assigned to be continuous and simply 

connected. In General Contact method, user does not define contact 

surfaces generally. In Contact Pair method, user should assign pairs of 

two surfaces that will contact together. User must be careful to assign 
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contact surface pairs considering shapes, locations, sliding, dislocations 

by deformation of assigned surfaces. 

 Contact interaction is categorized into two major schemes; normal and 

tangential interaction. In normal interaction, Hard contact method and 

Penalty method are available. In tangential interaction, there are Small-

sliding and Finite-sliding algorithms according to relative sliding 

distance between two contact surfaces. There is also friction model 

defined in Contact interaction. Abaqus supplies several friction models; 

no friction, Coulomb friction model, Penalty model, Rough condition, 

Lagrange friction model, and Kinematic friction model. 

 To define contact constraints, Penalty and Kinematic methods are 

available. Kinematic method generally produces more accurate results; 

however, in General contact, only Penalty method is available. In 

addition, when Contact pair algorithm is used, there is some special 

cases that Kinematic method cannot be applied. 

 For weighting of contact surfaces, Pure master-slave and Balanced 

master-slave methods are available. In General contact, Balanced 

master-slave method is used first as a default method, but Pure 

master-slave method is used in condition; Abaqus/Explicit determines 

which method is used automatically. In Contact pair, there is no 

preference, but Abaqus/Explicit determines which method is used. In 

Pure master-slave method, slave nodes can penetrate master facets. 

Surface-to-surface option can mitigate the penetration problem. 

 In Abaqus/Explicit, to get reliable solutions, time increment must be 

equal or less than the stability limit. If time increment is not set by user, 

Abaqus/Explicit set a approximate time increment which is less than an 

estimation of stability limit of the model. If an element is very small or 

severely distorted, the estimated stability limit will be also very small 

and the analysis time will increase dramatically. To prevent analysis 

time increase, a small mass can be added to the element automatically 
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by mass scaling option. 

 Anti-aliasing filtering is generally necessary for structural dynamic 

analysis outputs. Abaqus/Explicit provides real-time filtering for print 

out filtered response during analysis. It is recommended that anti-

aliasing cutoff frequency be 0.015 times to frequency of raw signal and 

sampling frequency be same to anti-aliasing cutoff frequency. 

 Output results which are derived using nonlinear calculations should not 

be filtered with real-time filters. Source terms of the equations of 

nonlinear calculations can be filtered using real-time filters and then 

the nonlinear calculations are applied on the source terms to derive the 

nonlinear output results.  

 

  User should be fully aware of those characteristics of Abaqus/Explicit 

method and apply them on the contact analysis of graphite hexagonal prism 

blocks. 
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2. Impact Analysis of Prismatic Graphite Blocks 

 

2.1 Introduction 

 

  The objective of this study is to build a realistic impact-contact dynamics 

model of a graphite component using a commercial FEM package, Abaqus. 

Throughout this work, we 

 

 gain theoretical backgrounds and limitations of the FEM package, 

 perform comparative studies using the contact models available, 

 evaluate the resulting contact force on physical point of view, 

 observe the effects of the mesh size of the FEM model and the time 

step, etc. 

 

  The graphite block of interest is shown in Figure 2. It is a hexagonal right 

prism. The flat-to-flat width is 360mm and the height is 580mm. It is 

assumed made of IG-110. Table 2 summarizes the mechanical properties of 

interest. 

  Although there can be various modes of impact for a graphite block 

undergoing general motions, only the longitudinal impact against a fixed flat 

plate is considered to understand the features of the impact-model models 

provided by Abaqus and to evaluate the results on physical point of view (see 

Figure 3). The contact properties such as contact force and contact duration 

are dependent upon both of the colliding objects. In order to exclude the 

effects of the flat plate and to focus solely on the effects of the graphite block, 

the flat plate is assumed rigid. Moreover, as we are dealing with the 

longitudinal impact, the interaction between the two objects is mainly the 

normal force and can be legitimately assumed free from frictional force. We 

explore effects of several normal behaviors that Abaqus provides. 
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Figure 2. Graphite block of interest 

 

Table 2. Mechanical properties of IG-110 

Bulk density 1780 kg/m3 Tensile strength 25.3 MPa 

Young’s modulus 7.9 GPa Compressive strength 76.8 MPa 

Poisson’s ratio 0.14 CTE 4.06×10-6 /K 

 

 

Figure 3 Graphite block undergoing a longitudinal impact against a rigid plate 
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2.2 Modal Analysis 

 

  The discretization error of the FEM model reduces as its mesh size 

decreases at the expense of the computational cost. To decide an appropriate 

mesh size of the graphite block for the impact-contact analysis, modal 

analysis is performed and an appropriate mesh size is determined based upon 

the convergence of the modal parameters. 

  The solid elements provided in Abaqus Standard divided into two types; 

linear and quadratic types. First, a modal analysis is performed using the 

linear element, C3D8. As the graphite block shown in Figure 2 has 60 degree 

rotation symmetry, the top face is partitioned as shown in Figure 4 to get a 

more regular mesh pattern. By the sweeping technique (advancing front), 

hexagonal elements are generated. Three different mesh models are shown in 

Figure 5. The global sizes are 58mm, 29mm and 14.5mm respectively. Modes 

of interest are plotted in Figure 6 and their corresponding natural frequencies 

calculated using linear elements are summarized in Table 3 and those from 

quadratic elements are in Table 4. As generally known, quadratic elements 

have good convergence and the model with 720 elements suffices. Moreover, 

the 2nd and the 3rd modes, which are duplicate modes, yield the same 

frequency value as expected. In contrast, linear elements have poor 

convergence. To improve the quality of meshes, the partition of the top face is 

modified as in Figure 7. The mesh models generated from 4 different global 

sizes are shown in Figure 8; 58mm, 29mm, 14.5mm and 7.25mm. The natural 

frequencies calculated from these mesh models are summarized in Table 5 and 

6. The 2nd and the 3rd modes, which have given inconsistent values in Table 3, 

now yield the same value as seen in Table 5. Thus, the face partition in Figure 

7 gives more regular meshes. 

  In summary, modal analysis has been conducted to decide an appropriate 

FEM model of the graphite block. For linear elements, the mesh size should be 

less than 14.5mm whereas the mesh size of 58mm suffices for quadratic 
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elements. The partition shown in Figure 7 yields more regular meshes. 

 

 

Figure 4. Surface partition for generating a regular mesh : 1 

 

 

Figure 5. Mesh models generated from partition 1; (a) 720; (b) 4200; (c) 

26640 elements 

 

 

Figure 6. Mesh Mode shapes of interest 

(a) (b) (c)

(a) (b) (c)
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Figure 7. Surface partition for generating a regular mesh : 2 

 

 

 

 

Figure 8. Mesh models generated from partition 2; (a) 720; (b) 3000; (c) 

19440; (d) 124416 elements 

 

 

 

Table 3. Natural frequencies of the graphite block (partition 1); linear element 

 
Natural frequency (Hz) 

1st mode 2nd/3rd mode 4th mode 

720 element 1159.9 1245.4/1245.4 1795.3 

4200 element 1171.0 1260.8/1261.0 1801.3 

26640 element 1174.4 1265.6/1256.7 1802.8 

 

(a) (b) (c) (d)
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Table 4. Natural frequencies of the graphite block (partition 1); quadratic 

element 

 
Natural frequency (Hz) 

1st mode 2nd/3rd mode 4th mode 

720 element 1176.9 1267.7/1267.7 1803.4 

4200 element 1176.2 1267.5/1267.5 1803.3 

26640 element 1176.1 1267.5/1267.5 1803.3 

 

Table 5. Natural frequencies of the graphite block (partition 2); linear element 

 
Natural frequency (Hz) 

1st mode 2nd/3rd mode 4th mode 

720 element 1150.7 1242.2/1242.2 1795.1 

3000 element 1167.6 1259.6/1259.6 1801.2 

19440 element 1173.6 1265.3/1256.3 1802.8 

124416 element 1175.3 1266.9/1266.9 1803.2 

 

Table 6. Natural frequencies of the graphite block (partition 3); quadratic 

element 

 
Natural frequency (Hz) 

1st mode 2nd/3rd mode 4th mode 

720 element 1176.2 1267.7/1267.7 1803.4 

3000 element 1176.1 1267.5/1267.5 1803.3 

19440 element 1176.1 1267.5/1267.5 1803.3 

 

 

2.3 Time-History Analysis: Direct Integration 

 

  Two approaches are available for the direct integration method; one is the 

explicit method and the other is implicit method. In Table 7, these two 

methods are compared which can be found in literatures. In this section, we 

briefly review features of these methods. 

  In the explicit method, the deformation at time (n+1) is computed from the 
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information at time n; that is the deformation and the external force at time n. 

Thus, no external force information at time (n+1) is required for this 

calculation. But, in the implicit method, the deformation at time (n+1) requires 

the external force at time (n+1) as well as the deformation at time n. Note 

that the external force itself is dependent on the deformation at the same time 

step in contact-impact analysis. That is, the external force at time (n+1) can 

be decided only when the deformation at time (n+1) is known. Thus, 

iterations are required in the implicit method, which are time-consuming and 

inefficient. This is one of the main reasons why the explicit method is widely 

used for the impact-contact analysis. 

  As it can be seen from Table 7, one advantage of the implicit method is the 

stability. It is unconditionally stable of the time step (Δt). In contrast, the 

stability of the solution in the explicit methods depends on the time step taken. 

The stable limit value of the time step is decided by the biggest natural 

frequency of the model. In Abaqus, the time step can be set automatically. In 

this case, Abaqus calculate the stable limit by its stable increment estimator 

as shown in Figure 9. The user can set the time step manually at user’s own 

risk. Prior to the main calculation, Abaqus display the stable time increment 

information so the user can confirm its appropriateness (Figure 10).  

 

Table 7. Explicit method (central difference) vs. implicit method 

(trapezoidal rule) 

 Explicit method Implicit method 

Stability Conditionally stable Unconditionally stable 

Accuracy ( )2~ O tΔ ( )2~ O tΔ
 

Amplitude accuracy Amplitude decay 
(numerical dissipation) No amplitude decay 

Period accuracy Period elongation Period elongation 

Computational cost 
Low if M is a lumped diagonal 

matrix 
(linear element) 

High as K is not a diagonal 
matrix even for the linear 

elements 
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Figure 9. User interface for setting the time step in the explicit method 

 

 

Figure 10. Stable time increment information from Abaqus 
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  Both of the methods have the same order of accuracy (~O(Δt2)) and 

elongate the period due to the numerical error. The numerical dissipation of 

the explicit method decays the amplitude. No such phenomenon is observed in 

the implicit method. That is, no numerical damping appears in the implicit 

method. 

  To obtain the deformation at the time (n+1), the inverse of the coefficient 

matrix is required. For the explicit method, the coefficient matrix is the mass 

matrix multiplied by some scalar whereas the coefficient matrix of the implicit 

method is a linear combination of both the mass matrix and the stiffness 

matrix. Note that the mass matrix can be a diagonal matrix when the FEM 

model is composed of linear elements. Thus, in the explicit method, the 

inverse of the coefficient matrix is simple and fast. But, the stiffness matrix, 

which contributes to the coefficient matrix of the implicit method, is not 

diagonal even if the model is composed of linear elements. For models with 

large degrees of freedom, the expense of the inverse is severe. This is 

especially true for the nonlinear problem such as impact-contact analysis 

where the coefficient matrix changes at every time step. From these reasons, 

the implicit method is not adequate for the impact-contact analysis. In the 

previous section, we observed that the quadratic elements give good 

convergence. But it is inefficient to use them in time-history analysis as the 

coefficient matrix can never be diagonal even for the explicit method. In 

summary, we conclude that it is adequate to model using linear elements and 

apply the explicit method for the impact-contact time-history analysis. 

 

 

2.4 Longitudinal impact-contact analysis 

 

  This section is devoted to the impact-contact analysis of the graphite block 

against the rigid flat plate. The geometry of the block as well as its mechanical 
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properties is shown in Figure 2 and Table 2. As a preliminary analysis, free 

falling analysis has performed using the models in Figure 8. The block is 

released 290 mm above the rigid plate as shown in Figure 11. The kinematic 

contact method is used as the mechanical constraint formulation of the contact 

and the normal behavior of the block is set to the hard contact. Although the 

models shown in Figure 11 are modeled from the same identity, the resulting 

dynamics responses are quite different depending on their mesh sizes. The 

contact duration seems related with the wave propagation. This preliminary 

study necessitates closer observations of the contact phenomena.  

 

 

Figure 11. Free falling analysis of models with various mesh size 

 

  In the following, we are going to explore effects of modeling parameters on 

the resulting dynamics response as well as the contact behavior. To get closer 

observations of the contact-impact behavior, consider the configuration 

shown in Figure 12. The mesh model shown here is the d40 of Figure 11. The 

hexagonal block is initially located 1mm off the rigid flat wall and its initial 

velocity is 2 m/s. Thus, the time to the impact is 0.5 ms. Note that the gravity 

force is not considered. The kinematic contact method and the hard contact 

behavior are assumed as above. The time increment is set to 2 μsec, which is 

under the stable time limit, 3.2 μsec. Figure 13 plots the longitudinal 

displacement of 5 points, located evenly along the center line of the block, 

during the impact. The contact begins after 0.5 ms as expected. From this 

Initial gap : 290mm

d10 d20 d40 d80
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moment, the displacement of P1 is fixed while other points still moves toward 

the wall. Immediately after the point P5 stops, the points move away starting 

from P5 to P1. When the point P1 is off the rigid wall, the contact duration 

ends, which is 0.54ms. Relative motions among these points are observed 

after the impact. This means that some of the rigid kinematic energy is 

converted to the vibration energy due to the impact. The contact pressure of 

point P1 is plotted in Figure 14. Immediate after the impact, the contact 

pressure sharply rises to 13 MPa and, then, it fluctuates around 8 MPa until 

the contact ends. The stress distribution right after the impact is shown in 

Figure 15. The sharp impulsive stress wave above 10 MPa is propagating from 

the bottom P1 toward the top. The point 5 where the wave has not propagated 

shows the stress level close to 0. 

 

 

Figure 12. Impact-contact analysis 

 

 

Figure 13. Displacement of the 5 points during the impact 
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Figure 14. Contact pressure of the point P1 during the impact 

 

 

Figure 15. Stress distribution right after the impact 

 

  To understand the effects of the time step on the responses, the same 

analysis as above performed except changing the time step from 2 μsec to 1 
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μsec. The contact pressures at point P1 are compared in Figure 16. The 

remarkable distinction is the increased impulsive contact pressure right after 

the impact. The maximum value reaches up to 26 MPa, which is the twice of 

the maximum contact pressure when the time increment is 2 μsec. Integrating 

the contact pressure shown in Figure 16 yields the impulse per unit area. For 

the case of 2 μsec time step, the impulse per unit area is calculated to 4.1099 

kNs/m2 while it is 4.2380 kNs/m2 for 1 μsec time step. Thus, there are only 

3 % differences. Moreover, the global dynamics for the two case does not give 

any observable differences. 

 

 

Figure 16. Effects of time step on the impact-contact analysis 

 

  Now, effects of the impact velocity are considered. The initial velocity of the 

block is altered as listed in Table 8 and basically the same contact-impact 

analysis is performed as above. As the initial gap is modified according to the 

initial velocity, time to the impact is same for all 3 cases; 1 m/s, 2 m/s and 3 

m/s. The contact pressures are compared in Figure 17. Regardless of the 

impact velocity, sharp peaks are observed right after the impact and their 

magnitudes are proportional to the initial velocities. The time-history is also 

proportional to the impact velocity. But, the contact durations are same for all 
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three cases regardless of their velocities. This implies that the contact 

duration is not dependent on the state variables (e.g. impact velocity) but the 

system features such as geometry and material property. 

 

Table 8. Initial conditions for the impact-contact analysis 

Initial velocity (m/s) Initial gap (mm) Time to impact (ms) 

1 0.5 0.5 

2 1 0.5 

3 1.5 0.5 

 

 

Figure 17. The time histories of the contact pressures at P1 for three 

different initial velocities 

 

  The mesh models shown in Figure 8 or 11 are used to observe effects of 

the mesh size. The kinematic contact method and the hard contact behavior 

are assumed as above, and the time step is set to 2 μsec. The analysis 

results are summarized in Table 9 and Figure 18. As can be seen in Table 9, 

the contact duration decreases as the mesh size decreases. Note that the 

period, which is the inverse of the natural frequency as calculated previously, 
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perfectly matches to the duration. It can be observed from Figure 18 that the 

sharp peak of the contact pressure decreases as decreasing mesh size. 

Especially, for the mesh model d80, the sharp peaks disappear and the time-

history of the contact pressure is approximately a square wave. The 

differences of the contact pressure based on the mode d80 are plotted at the 

lower part of Figure 18. The impulse per unit area, which is time integration of 

the contact pressure, is compared in Table 9. The impulse per unit area also 

decreases according to the mesh size. 

 

Table 9. Effects of mesh size on the impact-contact analysis 

Model Contact duration(ms) Period (ms) Impulse (N·s/m2) Difference (%) 

d10 0.56 0.55707 4.3044×103 6.2549 

d20 0.55 0.55519 4.1975×103 3.6170 

d40 0.54 0.55469 4.1098×103 1.4517 

d80 0.54 0.55457 4.0510×103  

 

 

Figure 18. The time histories of the contact pressures at P1 for four different 

mesh sizes 
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  The analytic solution for a rod is known. When the rod impact upon a rigid 

wall with the velocity V, the stress wave travels from one end to the other end, 

and its magnitude is ρc0V where the velocity of the pulse c0=(E/ρ)1/2, ρ is 

the mass density and E is the modulus of elasticity. If the wave propagates 

three dimensionally, then the longitudinal velocity of the pulse is c1=((2(1-

ν)G)/((1-2 ν)ρ))1/2. Applying the material property listed in Table 2 for the 

graphite block in Figure 2, c0=2.1067x103 m/s and c1=2.1564x103 m/s. As the 

contact ends when the stress wave started at P1 travels back to P1 as shown 

in Figure 13, the contact duration can be calculated from the velocity of the 

stress wave for this simple geometry. The contact duration T0 = 2L/c0 = 

5.5062x10-4 s, and T1 = 2L/c1 = 5.3793x10-4 s which is quite similar to the 

contact duration calculated from impact-contact analysis (see the contact 

duration of d80 model in Table 8). The first natural frequency of the rod is 

(E/ρ)1/2/(2L) and this is the exact inverse of T0. Moreover, the magnitude of 

the stress wave is calculated to 7.6769 MPa applying the material property of 

Table 2. Theoretically, the stress wave for the one-dimensional rod is just 

square wave. Comparing these results with the time histories of the contact 

pressures in Figure 18, d80 model, which is the smallest mesh size, conforms 

to the analytic solution. From these observations, the sharp peak of the 

contact pressure seems unrealistic resulting from discretization error. Thus, 

the mesh size should be sufficiently small in order to obtain physically 

meaningful results. 

  Finally, effects of normal behaviors of the contact model are considered. 

Microscopic layer of a metal is shown in Figure 19. The mechanical property 

of each layer differs from that of the substrate. When the microscopic 

behavior of the surface is of interest, micromechanical approach may be 

necessary introducing constitutive equations for the surface layers. Actually, 

some constitutive equations based on experiments are available for this 

purpose. It is also known that the metal surface behaves like a nonlinear 
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spring. Abaqus provides several normal behaviors and the hard contact, which 

is unilateral constraint, is just one of them. Figure 20 shows an example of the 

normal behaviors called exponential contact behavior. The gap between two 

objects becomes less than 1 μm, repulsive normal forces present and, then, 

increase exponentially as they become closer, which become 50 MPa when 

the objects come into perfect contact. Figure 21 compares the responses of 

the two behaviors, hard contact and exponential contact, using d40 model. The 

other analysis details are same as above; kinematic contact method, time step 

= 2 μsec, etc. The global behaviors are same for these two normal contact 

cases but the unrealistic peak of the contact pressure is increased for the 

exponential contact case. The displacements at P1 are compared as shown in 

Figure 22. For exponential contact case, small gap is observed during the 

contact. This is because the repulsive normal force can present even when the 

gap is not closed as shown in Figure 20. Abaqus provides other normal 

behavior or mechanical constraint formulations; linear contact, general contact 

and penalty contact method, etc. Both the linear contact behavior and the 

penalty contact method behave like a linear spring. Note that a metal surface 

is like a nonlinear spring. Moreover, these various contact models are not 

expected to contribute to global responses. Thus, these are not further 

studied here. 

 

 

Figure 19. Surface layers of metal 
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Figure 20. Exponential contact behavior 

 

 

 

 

Figure 21. Comparison of the contact pressure; hard contact vs. exponential 

contact 
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Figure 22. Comparison of the displacement at P1; hard contact vs. exponential 

contact 

 

  In summary, the followings are observed through comparative simulation 

studies. 

 

 Contact duration is not dependent on the state variables but the system 

features such as geometry and material property. 

 Unrealistic sharp peak of the contact pressure occurs upon impact, 

which mitigates as decreasing the mesh size and converges to the 

theoretical result. 

 Time step does not contribute much only if it is under the stable limit 

and much smaller than the contact duration. 

 There are no needs to use complex contact behavior such as 

exponential contact as they do not contribute to the global dynamics. 
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3. Conclusions 

 

  Graphite blocks are the important core components of the high temperature 

gas-cooled reactor. As these blocks are simply stacked in array, collisions 

among neighboring components may occur during earthquakes or accidents. A 

design requirement for these graphite blocks is to have sufficient strength to 

maintain their structural integrity during the anticipated occurrences. This 

work is a fundamental framework for building a realistic impact-contact 

dynamics model of the graphite block using a commercial FEM package, from 

which a lumped dynamics model will be developed for the seismic analysis of 

the reactor including these graphite components. Among various modes of 

impact, the longitudinal impact of the graphite block upon a rigid flat surface 

was dealt with in this study. The discretization error of the FEM model 

reduces as the mesh size decreases at the expense of the computational cost. 

To decide an appropriate mesh size of the graphite block for the impact-

contact analysis, modal analysis was performed and an appropriate mesh size 

was determined based upon the convergence of the modal parameters. 

Theoretical aspect of time-domain integration methods was briefly reviewed 

for better understanding of the FEM package. Through this theoretical study, 

it became apparent that the only practical approach for the impact-contact 

analysis is to apply the explicit method for a model consisting of linear 

elements. Various parameters involved in the modeling and the calculation of 

the impact-contact analysis can affect its resulting dynamics. Among those 

parameters, time step, collision velocity, mesh size, contact models were 

considered, and comparative studies were performed to observe their effects 

on the dynamics. The impact duration is found to be independent of the 

collision velocity but dependent upon the geometry or material property, etc. 

The time step contributes little only if it is under the stable limit and much 

smaller than the impact duration. A sharp peak of the contact pressure is 

observed upon impact. Analytic solution is available for the longitudinal impact. 
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Comparing with the known solution, the sharp peak is unrealistic and is 

mitigated by refining the mesh size. Several normal contact models are 

available for the FEM package. The kinematic contact method and the penalty 

contact method are provided as the mechanical constraint formulation. 

Exponential or linear constitutive equations are available as the normal contact 

behavior. Comparative studies revealed that they did not give any observable 

differences on their gross behavior. Actually, these contact models are 

reserved for the micromechanical approach of the high precision contact 

problems. The insights obtained through these comparative studies will help 

build a realistic impact-contact dynamics model effectively. 
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Appendix 

 

EVALUATION ON THE BEHAVIOR OF STACKED BLOCKS 

SUBJECT TO A HARMONIC EXCITATION 

 

Abstract 

  The core of a VHTR is a stacked structure of graphite blocks. For the 

development of a seismic analysis methodology, a preliminary evaluation of 

one single block and single column stacked block structure under a harmonic 

excitation was performed. In a real design, the blocks are connected by pin 

and socket component. So, the evaluations were conducted for a stacked 

structure with and without pin and socket component, respectively. And the 

evaluation results were compared to each other. For these evaluations, the 

commercial finite element analysis software Abaqus/Explicit was utilized. 

 

1. Introduction 

NHDD (Nuclear Hydrogen Development and Demonstration) project team 

in KAERI (Korea Atomic Energy Research Institute) has been developing a 

methodology for the seismic evaluation of a VHTR (Very High Temperature 

Reactor). Roughly, there are a block type and a pebble type reactor in VHTR. 

In the block type reactor, several blocks are stacked and these stacked blocks 

are arrayed in a certain pattern. To evaluate the behavioral style and the 

integrity of a stacked structure subject to a seismic load, a modeling technique 

to represent the contact surface characteristics between a block and a block 

support structure and among the blocks is necessary. A method to evaluate a 

load path is also needed. However, it is difficult to deal with a realistic seismic 

load and to figure out the characteristics of a block’s behavior since it has a 

very complicated time history. In this study, the evaluation of a single block 

subject to a harmonic excitation is conducted for a preliminary evaluation. And 
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one column of stacked blocks subject to a harmonic excitation is also 

evaluated. These studies include an evaluation for the effect of the pin and 

socket components between blocks on the overall behavior of the stacked 

blocks. 

 

2. Behavior Characteristics of a Single Block 

  To evaluate the behavior of a single block subject to a harmonic excitation, 

dynamic explicit analyses are performed as we change a harmonic excitation 

profile. The harmonic excitation can be defined as the function of a harmonic 

frequency and a magnitude. As the frequency and magnitude change, the 

excitation profile changes and the block behavior also changes. The block 

behaviors in each case are compared. A finite element model for the analysis 

is shown in Fig. 1. The model consists of two parts such as a block part and a 

support part. The material property of a single block is that of IG-110 

graphite. It is shown in Table 1. The material property of a support part is 

assumed to be that of carbon steel. The contact surfaces of the block and 

support part are modeled as surfaces with a coefficient of friction. The 

harmonic excitation is applied to the support part as a boundary condition. 

 

Table 1  Material properties of a single block 

Properties Value 

Density 1.78 g/cm3 

Young’s Modulus 0.81x105 kg/cm2 

Tensile strength 25.3 MPa 

Compression strength 76.8 MPa 
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Fig. 1  FE model of one single block 

 

2.1 Evaluation According to the Frequency Change 

  The behavior of a single block is evaluated as the frequency of the harmonic 

excitation changes. The behavior of a single block is analyzed according to the 

frequency of the harmonic excitation with a maximum magnitude of 0.3g 

changes from 1 Hz to 2 Hz, 3 Hz, and 5 Hz. The displacements of point A 

located in the top of the block and point C in the support part are shown in Fig. 

2. The displacements of the two points are almost the same and a relative 

displacement does not occur for each case. So, the displacements for each 

case are represented as one line in Fig. 2. That means there are no slips and 

no overturns for every frequency. The Von Mises stress of point B located a 

little far from the support part is shown in Fig. 3. The major stress is the 

compressive stress due to impact on the support part. The stress profiles in 

Fig. 3 are the result after low-pass filtering of the raw data with a cutoff 

frequency. The cutoff frequency is determined based on eliminating high 

frequency noise components. The magnitude of the maximum stress does not 

increase or decrease according to the frequency increase. So, there is no 

general trend for the effect of the frequency change on the stress magnitude 

change. 
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Fig. 2  Displacement history according to the frequency increase 

 

 

Fig. 3  Stress history according to the frequency change 

 

 

2.2 Evaluation According to the Magnitude Change 

  The behavior of a single block is evaluated as the magnitude of the harmonic 

excitation changes. The behavior of a single block is analyzed according to the 

magnitude of the harmonic excitation with a frequency of 1 Hz changes from 

0.3g to 0.5g, 0.6g, and 0.7g. The displacements of point A and point C are 

shown in Fig. 4. The displacements of the two points are almost the same and 

a relative displacement does not occur for the cases of 0.3g, 0.5g, and 0.6g. 
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So, the displacements for these cases are represented as one line in Fig. 4. 

That means there are no slips and no overturns for these cases. When the 

magnitude increases to 0.7g, however, a relative displacement between points 

A and B is accumulated and increases as time passes on. That means the block 

is overturned as shown in Fig. 5. When the friction force between the block 

and the support part is greater than the harmonic excitation, the block is not 

overturned and the relative displacement is negligible. But when the magnitude 

of the harmonic excitation passes over the friction force, then the relative 

displacement is accumulated and increased. Finally, the block overturns. 
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Fig. 4  Displacement history according to the magnitude increase 

 

 

Fig. 5  The overturn of a block 
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3. Behavior Evaluation of Single Column Stacked Block 

Structure 

  To evaluate the behavior of a single column stacked block structure, finite 

element (FE) models for a 3 story single column stacked block (3SSCSB) and 

a 10 story single column stacked block (10SSCSB) are established. FE models 

are divided into two types. The first one consists of blocks without pins and 

sockets. The second one consists of blocks with pins and sockets. The 

harmonic excitation has 1 Hz of its frequency and 0.3g of its magnitude.   

 

3.1 Behavior Evaluation of 3SSCSB 

  The behavior of 3SSCSB under the harmonic excitation is evaluated first for 

an open space and then for a confined space. A FE model for 3SSCSB with 

pins and sockets is shown in Fig. 6. The middle and the right figure in Fig. 6 

show pins in the top surface and sockets in the bottom surface, respectively. 

When an excitation acceleration is applied to 3SSCSB, a friction force between 

the blocks maintains the shape of a stacked block structure. When the 

excitation force becomes bigger than the friction force, the stacked block 

structure overturns as shown in Fig. 7. On the contrary, in the case of a 

stacked structure of blocks with pins and sockets, an upper block and a lower 

block are connected and restrained by the pins and sockets. So, the behavior 

in this case is similar to that of a single long block. A shear stress occurs in 

the pins and sockets to prevent a relative displacement between the blocks. 

But it also overturns finally. 

  For the stacked structure without pins and sockets for a confined space, 

stresses between the blocks and between the block and a rigid wall occur 

when the block structure changes its motion such as from the right to the left 

or from the left to the right. Though the major stress results from the striking 

between blocks or between a block and a rigid wall in both cases with pins and 

without pins, an additional stress occurs in the pins and sockets in the case 
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with pins and sockets. Since the relative displacement is restrained by the 

pins and sockets, the overall range of the stress magnitude in the case with 

pins is higher than that in the case without pins as shown in Fig. 8. In Fig. 8, 

the large stress occurs in the connected part between the blocks when the 

stacked block impacts to the wall. The shear stress applied to a pin at the 

lowest block is represented in Fig. 9. The pins and sockets material is 

assumed to be the same as that of the graphite in the FE model for 

convenience, so the stress magnitude is calculated based on a graphite 

material. 

 

 

Fig. 6  FE model of the 3-story one-column stacked block 
 
 

 
Fig. 7  The overturn of the 3-story stacked block w/o pin-socket 
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Fig. 8  Overall behavior comparison of the 3-story stacked block structure w/ 
and w/o pin and socket 
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Fig. 9  Shear stress applied to a pin in the lowest block 
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3.2 Behavior Evaluation of 10SSCSB 

  The behavior of 10SSCSB under a harmonic excitation is evaluated for a 

confined space. When an excitation acceleration is applied to 10SSCSB, stress 

from the striking between the blocks and between the block and a rigid wall 

occurs for the confined space. The real VHTR core consists of a multi-column 

multi-story stacked block structure. Beside a single column stacked block, 

there are other columnly stacked blocks. Therefore, the one single column 

stacked block is located not in the open space but in the confined space. In this 

study, the rigid wall simulates the neighboring block column in a multi-column 

multi-story stacked structure which is in the core of a VHTR. In reality, the 

neighbor block column moves during external excitation. But the restrainer to 

prevent lateral movements also exists at the end of the block column in actual 

VHTR core. So, since the neighbor block columns’ movement might be not so 

big, the rigid walls can simulate them. The behavior of a multi-column multi-

story stacked block structure is under evaluating. 

  In the stacked block structure without pins and sockets, the structure 

remains in its initial shape temporarily, by the friction force only. As time 

passes on, a relative displacement accumulates in all the blocks. Especially, 

the block in the upper part has a big deviation from the initial location as 

shown in Fig. 10. In Fig. 11, a relative displacement occurs between the top 

end block (block #10) and the block right under it (block #9) at around 0.5 

seconds. This is also represented in Fig. 10. 

  In the stacked block structure with pins and sockets, the overall behavior of 

the structure is similar to a single slender block as shown in Fig. 10 since the 

ten respective blocks are connected and restrained to each other by pins and 

sockets. In Fig. 12, the displacement of the block # 10 in the same direction 

as the excitation is almost the same as that for the block #9. That means the 

relative displacement is perfectly restrained. 

  The acceleration histories of block #10 and the block #9 in both cases are 

represented in Figs. 13 and 14, respectively. In Fig. 13, the acceleration 
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profile of the block #10 at around 0.5 seconds has an opposite direction to 

that of block #9. And it has a big magnitude. It results from the behavior of 

the top end block in Fig. 10. The friction between the block #10 and the block 

#9 cannot maintain the shape of the stacked block against the excitation since 

the excitation is bigger than the friction force, instantaneously. In Fig. 14, 

these phenomena do not happen. 

 

      

Fig. 10  Overall behavior comparison of the 10-story stacked block structure 

w/ and w/o pins and sockets 
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Fig. 11  Displacement history of blocks #9 and #10 and the ground for the 

stacked block structure without pins and sockets 
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Fig. 12  Displacement history of blocks #9 and #10 and the ground for the 

stacked block structure with pins and sockets 
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Fig. 13  Acceleration history of blocks #9 and #10 for the stacked block 

structure without pins and sockets 
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Fig. 14  Acceleration history of blocks #9 and #10 for the stacked block 

structure with pins and sockets 
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  The stress contour of the lowest block is represented in Fig. 15. The 

magnitude of the stress in the case with pins is bigger since the weight and 

the impact of all the blocks are delivered to the lowest block. The magnitude 

of the stress in the lowest block in each case is 6.70 MPa and 22.3 MPa in Fig. 

15, respectively, which is much smaller than the compression strength of 

graphite of 76.8 MPa. In reality, a big stress cannot occur since there are 

many restrainers for the locations such as the end of the stacked block 

structure and the side surface of a block. But the structural integrity of the 

blocks under seismic load based on the stress approach should be evaluated in 

a further study. For the top end block, its maximum stress occurs by it 

striking the rigid wall. 

  The Tresca stress at the pin surface in the lowest block and the shear 

stress of that a pin are plotted in Fig. 16 and 17, respectively. Since a pin is 

modeled using the graphite material properties, the stress value is not 

meaningful. But the stress level in Fig. 16 is bigger than that in Fig. 17. That 

means not only the shear force but also many other forces such as a pressure 

are applied to the pins. And these pins connect each block by enduring all 

these forces. Based on the magnitude of the stress in the pins and sockets, the 

graphite could be one of the materials for the pins. 

 

     

 

Fig. 15  Stress profile of the lowest block at a critical time 



- 46 - 

 

 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

Tr
es

ca
 S

tr
es

s 
[M

Pa
]

Time [sec]
 

Fig. 16  Tresca stress at a pin’s surface in the lowest block 
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Fig. 17  Shear stress of a pin in the lowest block 
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4. Conclusion 

  The behavior evaluation of a stacked block structure which simulates the 

core of a VHTR was conducted. 

  (1) The behavior of a single block subject to a harmonic excitation was 

evaluated for a frequency and magnitude change. The overturn of a single 

block is mainly governed by the magnitude of the harmonic excitation. The 

magnitude of the occurring stresses is not changed drastically in this 

restricted study focused on a low frequency domain as the frequency 

increases. 

  (2) The behavior of a 3 story single column stacked block structure with 

pins and without pins was evaluated. In the open space, the stacked block 

without pins overturns. The behavior of the stacked block with pins is similar 

to a single long block. Finally, it overturns, too. 

  (3) The behavior of a 10 story single column stacked block structure with 

pins and without pins was evaluated in a confined space. For the case without 

pins, the top end block had a large deviation from its initial shape. For the case 

with pins, there was no deviation. The global stress range was bigger in the 

case with the pins since the weight and the impact of all the upper blocks 

linked to each other by the pins and sockets are delivered to the lower blocks. 

The different types of stresses applied to a pin were also evaluated. Based on 

this, a selection of the material for pin was considered briefly. 

  For further works, the behavior of a stacked block structure subject to an 

excitation with a high frequency such as a real seismic load should be 

evaluated. The structural integrity based on the occurring stress in blocks 

should be also evaluated. And items to be considered for the design of a pin 

and a socket should be treated. 
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