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ABSTRACT 
 

Spacer grids(SG) are structural components of a fuel assembly for a pressurized water reactor. They maintain the fuel 
rods safe from an impact failure load by a seismic and a LOCA(loss of coolant accident) blowdown force. In the Korea 
Atomic Energy Research Institute(KAERI), a pendulum impact machine has been used to evaluate the impact performance of 
SGs such as their critical impact velocity, strength and duration time. In this paper, to predict the dynamic failure behavior of 
a SG, a dynamic impact analysis method using ABAQUS has been established. Because actual impact experiments for partial 
7x7 size grid specimens which were made of thin Zircaloy-4 plates have already been carried out, a single impact analysis 
and a repeated impact analysis are conducted with a partial 7x7 model to establish a methodology that could predict the 
dynamic impact parameters of a SG. The results of the test, single impact analysis and repeated impact analysis are compared 
to verify the usability of the proposed dynamic impact analysis method. To perform a repeated analysis, a dynamic impact 
analysis with a pre-defined initial velocity by ABAQUS/ Explicit is done and then the analysis outputs are exported to 
ABAQUS/Standard. Next, a static analysis with imposed results is performed by ABAQUS/Standard to stabilize the impact 
force. These three steps are repeatedly carried out until the structure is buckled. The suggested dynamic impact analysis 
method could obtain much closer results than those of the single impact analysis. Therefore a repeated dynamic impact 
analysis procedure could be used as a good tool for predicting the dynamic buckling behavior of a SG. 
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INTRODUCTION 
 

Inserted thin plates, laser welded at the cross-points of the horizontal/vertical straps and the connection points of the 
inner/outer plates make up a grid structure. This grid item is a structural component for resisting an external load during an 
abnormal and accident condition. If these abnormal accidents occur in a core, they will create a lateral impact load. This 
lateral impact load may cause a plastic deformation in a grid structure. If the grid structure develops a large deformation, the 
guide path for a reactor trip could not been guaranteed due to this large deformation. The boundary condition(bc) of  this 
structure is that one surface is simply supported, and the other surface is faced with an impact load in a lateral direction. The 
critical impact velocity and force are important values for evaluating the integrity of a structure under the above boundary 
condition. 

In this work, the pendulum impact test and FE analysis are established for predicting the buckling behavior of a multi-
cell grid structure under a lateral impact load. The main purpose of this work is to develop a finite element analysis model for 
predicting an impact behavior. Previous works are mainly dependent on a direct impact test. However, this needs a recursive 
testing for a change of the boundary condition and geometry of a structure. Therefore, a dynamic analysis method using FEM 
for estimating the critical strength of a SG has been established. A real impact test for one specimen has usually been 
repeatedly carried out by changing the impact velocity, controlled by the angle of a pendulum hammer, until a local buckling.  

Single impact analysis is generally conducted to predict the dynamic impact parameters of a SG. If the impact velocity 
is changed, a new FE model is used to obtain the impact force regarding an impact velocity. This method neglects the results 
of the previous impact analysis, namely a residual stress. Therefore a single impact analysis method overestimates the critical 
buckling load and thus, analyzes it impractically. Based on these points, it is necessary to establish a dynamic impact 
methodology which is more realistic and in good agreement with the test results. In this paper a repeated impact analysis 
method is proposed to satisfy this need.  

In the repeated analysis method, appropriate boundary conditions and welding bead constraints are applied to simulate 
the actual test conditions. The impact hammer is modeled as a rigid element, which has an equivalent mass of the hammer, 
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24.39kg in the case of a partial 7x7 SG. The lateral impact load is modeled in the initial impact velocity at the reference node 
of the upper rigid plate, which is located in the center of the plate. The FE model is created with 4-node, quadrilateral, shell 
elements with reduced integration(S4R), rigid and mass elements by using preprocessor I-DEAS NX 12[1] and solved by 
using the non-linear commercial solver ABAQUS/Explicit to simulate an impact procedure and then the analysis outputs are 
exported to ABAQUS/Standard. The static solver ABAQUS/Standard[2] is used to perform the stabilization procedure for an 
oscillated impact force. These three steps are repeatedly carried out until the structure is buckled  

 
THE PENDULUM IMPACT TEST 
 
The Test Method 

A pendulum type shock machine, as shown in Figure 1, is used to perform the impact test of the spacer grid 
structure.[3] It is intended to simulate the type of load and impact velocities anticipated under a seismic disturbance. This 
shock machine is composed of a structural body, impact hammer, and a data acquisition system(DAS). The impact hammer 
consists of a sphere type impact tip for a dynamic loading, and three sensors for gathering the dynamic data, which are two 
force transducers and one accelerometer. The impact hammer moves with the guidance of the four guide rods. An angular 
transducer is attached at the hinge point located at the end of one guide rod. This is to detect the initial angle of the hammer 
and to provide continuous angle data to DAS. The impact hammer is made of mild steel, in which its mass corresponds to the 
mass of one span of the nuclear fuel assembly and the length of a guide rod matches the length of one span. For example, in 
the case of a partial 7x7 SG, the mass of the hammer is 24.39kg and the length of one span is 540mm. The furnace is for the 
impact testing under room temperature and at a high temperature condition, which corresponds to the operating temperature 
in the core. This furnace is able to ascend to the operating temperature of the core. The grids are rigidly clamped to the 
holding plate which is placed on a clamping fixture in the furnace. The holding plate is fixed to a clamping fixture by two 
screws as shown in Figure 2. The impact hammer is held by a magnetic holder and it releases the hammer when a release 
signal on the controller is activated. If some grid cells experience a local buckling, the duration time is longer than that before 
the buckling state. This means that the stiffness of the grid structure after a buckling is much smaller than that before the 
buckling phenomena.[4]  
 

 

Amplifier Furnace 
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Hammer 

Magnetic holder 

Fig. 1 Pendulum impact device for a spacer grid 

 
Experiment Specimens 

The test specimen has a partial 7x7 size grid with optimized H type springs. The impact test of the grid structure is 
established with the same 8 specimens by the spot welding method due to the unevenness of a specimen, and a non-linearity 
of the test condition. This specimen is made of Zircaloy-4 with a 0.457mm thick inner strap, and 0.664/0.457mm thick 
horizontal/vertical outer straps. The pendulum impact test has been conducted with an initial velocity of 281mm/sec. These 
specimens are scaled down from a 16x16 SG, a real fuel size for the OPR-1000, to compare them with the analysis results. 
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Fig. 2 Clamping fixture and holding plate 
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Fig. 3 Typical impact characteristic curve for specimen #2 

 
 
Experiment Results 

The impact characteristic curve for specimen no. 2 is shown in Figure 3. The impact force continually increases until a 
local buckling of a grid cell occurs. A local buckling only occurs at the point where the impact force decreases, that is, 
duration time is longer than the previous impact step. In this case the critical buckling load for no. 2 is about 5646.97 N. The 
critical buckling loads for all the impact specimens are summarized in Table 1. The results showed some deviation for each 
specimen, due to a non-uniformity of the specimens, a test error and a welding quality. The average buckling load for the 7x7 
mid spacer grid is about 6 kN. 
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Table 1 Impact test results for the partial 7x7 SGs 

No. v (mm/s) Pcr (N) 
1 441 5716.97 
2 441 5646.97 
3 321 5343.62 
4 441 5646.97 
5 441 6253.31 
6 321 5523.76 
7 321 6141.91 
8 401 6269.42 

average - 5817.87 
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Fig. 4 Critical impact force of the 7x7 SG from the impact test 

 
 
DYNAMIC IMPACT ANALYSIS 
 
Single Impact Analysis 

The widely used dynamic impact analysis for a spacer grid is a single impact analysis method to predict the failure 
behavior of a SG. The single impact analysis method is that first, a dynamic analysis is conducted with an undeformed FE 
model for an initial impact velocity.  Second, another analysis with a new FE model is performed for an increased impact 
velocity, that is, every analysis is implemented with an undeformed model. Because all the nodes located on a bottom plate 
are constrained by about 6 DOFs, the reaction force at these nodes of a bottom plate is summed after a computational analysis. 
Then a curve regarding the reaction force versus the impact velocity is plotted. A local buckling happens at the point where 
the reaction force has just decreased after an increase in that curve.[5, 6] 
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Fig. 5 Impact force versus time for the 7x7 SG from the impact analysis 

 
Repeated Impact Analysis 

Although a single impact analysis is carried out using a new FE model at every impact velocity, a real pendulum 
impact test is performed without changing an impact specimen until a local buckling, that is, a specimen with a residual stress 
is continually impacted except for the first impact step. Single dynamic analysis overestimates a critical buckling load 
because it neglects a residual stress. A repeated impact analysis method reflects a residual stress. To perform a repeated 
analysis, at first, a dynamic explicit analysis with a particular initial velocity is implemented and then the results of the 
analysis are exported to the ABAQUS/Standard solver. Because the impact force oscillates at the end part as shown in Figure 
5 after an impact, an implicit solver is used to stabilize the kinetic force for a repeated impact analysis. If the analysis time of 
the explicit solver is increased, the oscillated reaction force will be stable. But it causes an increased computational cost. 
Third step, a static analysis with an imported deformed model is performed to stabilize the internal energy. After stabilizing 
the internal energy, the analyzed data is exported to ABAQUS/Explicit to perform another dynamic analysis with an 
increased initial impact velocity. These three steps are repeatedly carried out until a structure is buckled. In Figure 6 the 
procedure for a repeated analysis is shown. 

 

 
Fig. 6 Flow chart for a repeated impact analysis 
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FE Model 

The impact analysis model is made by using a commercial preprocessor program, I-DEAS NX 12. The FEM model is a 
partial 7x7 spacer grid and consists of 32,000 nodes and 25,000 elements. And ABAQUS/Explicit is used to solve a dynamic 
impact problem and ABAQUS/Standard is used for the energy stabilization. A partial 7by7 spacer grid is an egg-crate 
structure composed of outer straps and inner straps by using an intersection spot welding. The straps are meshed by using 
shell elements, S3R and S4R. An impact plate with a mass of 24.34kg, to represent an impact hammer and a base plate to 
constraint a partial model and investigate the reaction force are modeled with a rigid element, R3D4. Figure 7 illustrates the 
whole FE model for a dynamic analysis. The impact analysis is implemented by changing the initial velocity of the impact 
plate from 281mm/sec until a buckling of a SG happens. The reaction force is obtained at a reference point for the base plate. 
When the impact force decreases, only a local buckling occurs. So, that only an impact force just before a decrease is the 
critical buckling force of the partial 7x7 SG.  
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Fig. 7 FE model for a partial 7x7 SG 

 
Material and Physical Data 

The material of the plate is Zircaloy-4, its elastic modulus is 99.3 GPa, yield strength is 379.47 MPa, density is 6560 
kg/m3, and Poisson’s ratio is 0.37. The buckling behavior of the grid structure was considered to be a plastic buckling 
phenomena, therefore the mechanical properties of the material had to be considered in a piece-wise linear elastic-plastic 
characteristic curve. So, an unidirectional tensile test of the material was accomplished with ASTM [7]. The elastic-plastic 
material properties of it were summarized and the true stress and strain data was converted from the engineering stress and 
strain data as shown in Figure 8. There are two thicknesses for the outer straps. The vertical outer strap is 0.457mm and the 
horizontal outer strap is 0.667mm, just like the real impact specimens. Thickness of the inner straps is 0.457mm.  
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Fig. 8 True stress vs. true strain curve for the Zircaloy-4 sheet metal from the tensile test 
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Constraint and Boundary Conditions 
In the spot welding part, a coupling constraint is used to simulate the real motion of a spot bead, as shown in Figure 9. 

The spot bead translates and rotates with a rigid body motion like a real spot bead. And the contact definitions between the 
upper/lower nodes on a slit of the horizontal/vertical straps with the surfaces of the vertical/horizontal strap are specified to 
prevent the horizontal/vertical straps from penetrating the vertical/ horizontal straps as shown in Figure 10.  In the real impact 
test, a part of the bottom of a horizontal strap is clamped to a holding plate to prevent a movement of a specimen. To simulate 
a real boundary condition, some nodes included a clamping zone are selected to tie with base plate. Also 6 degrees of 
freedom at the reference point of a base plate is constrained. 

 
Fig. 9 Coupling constraint for the spot welding bead 
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Fig. 10 Schematic drawing of slit between straps 

 
Analysis Results 

Table 2 summarizes the critical buckling load and velocity of analysis and typical test. Figure 11 illustrates a summary 
of the obtained results using a single impact analysis and a repeated analysis method. In the case of single impact analysis, it 
is difficult to determine the local buckling point for a SG because the impact force is continuously increased as long as the 
impact velocity increases. Also, the single impact analysis overestimates the critical buckling load for a SG. A repeated 
impact analysis can predict a better result than the single impact method for an impact test. Impact force is decreased after a 
local buckling like that of a real impact test.  

 

Table 2 Critical buckling load and velocity of single/repeated anal. and experiment 

 Single impact anal. Repeated impact anal. Test 
Pcr 11,814 N 8,055 N 5818 N 
Vcr - 321 mm/s 391 mm/s (aver. value) 
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Fig. 11 Analysis results for the 7x7 SG 

 
The critical buckling force obtained by the repeated impact analysis is about 8 kN. The analysis result yields a 38% 

difference with the test results. It is because the FE model consists of uniform inner/outer straps and a welding bead in spite 
of a specimen being composed of non-uniform straps and a welding bead.  

 
CONCLUSIONS 

A repeated dynamic impact analysis for a partial 7x7 size grid is established in order to predict a dynamic buckling 
behavior under lateral impact loading conditions such as a seismic or LOCA blowdown force. The suggested dynamic impact 
analysis method could provide a more realistic analysis method than that of a single impact analysis and also predict the 
better results than the single impact method for an impact test. Therefore the proposed repeated dynamic impact analysis 
procedure could be used for predicting the dynamic buckling behavior of a SG. 
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