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Abstract

:

The most important item when indicating the mechanical properties of offshore elastomeric bearings is the shear modulus, and the method of measuring this is shown in EN 1337-3, a regulation related to offshore elastomeric bearings. In this work, we conducted an experimental and numerical study on an offshore elastomeric bearing to find its shear modulus. Shear modulus tests were conducted according to the procedure specified in EN 1337-3 Annex F, while simulations were performed using the finite element analysis (FEA) software, ANSYS. The main objective of this research work is to determine optimum analysis conditions for the simulation method that considers a nonlinear model for the elastomer material and predicts the experimental results accurately. We considered the Mooney–Rivlin (M-R) model that has two-parameter (2P), five-parameter (5P), and nine-parameter (9P) forms, depending on the number of terms in the series. We observed that the load-displacement graph is linear, and the percentage error between the results obtained with 2P and 5P M-R models is around 2.23% in the compression and 0.38% in the shear. The simulation results from 2P M-R model showed a good agreement with the experimental results with the correlation coefficient (R2) being 0.999 with an average error of about 2%. However, the deviation between the experimental and simulation results from the 9P M-R model is very high, with about 7%. Based on this study, we can say that the 2P M-R model can accurately predict the nonlinear behavior of hyperelastic material used in elastomer bearing. In addition, the shear modulus of elastic bearings for Class 3 Shore hardness was verified by comparing the numerical simulation values with those presented in EN 1337-3 Annex D.
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1. Introduction


Elastomeric bearings for FPSO are located at the interfaces between topside modules and support stools on the deck of the offshore platform. Their major function is to minimize the structural interactions of the two bodies. Particularly, they shall reduce the shear loads and bending moments in the module plate girders supported on the stools. These bearings are manufactured by intersecting an elastomer made of neoprene and reinforcing steel plates in the same way as for land use [1,2]. Land elastomeric bearings are used in bridges and buildings so that they support high-frequency repetitive loads caused by earthquakes [3,4,5]. Unlike those land elastomeric bearings subjected to repeated loads, the offshore elastomeric bearings are to firmly support the heavy upper module from the wind load and motion of hull in various sea environments including towing, operating, and extreme conditions [6,7,8]. So, an offshore elastomeric bearing is larger in size and stronger in rigidity than that for land use, and it tends to have a square block shape to effectively support the translational and rotational movements of upper topside modules caused by 6DOF (degree of freedom) hull motions (surge, sway, heave, roll, pitch, yaw) [9]. In addition, since loads vary with types of modules on the platform, offshore elastomer bearings should have adequate shear stiffness to minimize their horizontal movements while elastically supporting the vertical loads [10].



The most important item when indicating the mechanical properties of such offshore elastomeric bearings is the shear modulus, and the method of measuring this is shown in EN 1337-3 [11], a regulation related to offshore elastomeric bearings. In the previous study [12] that analyzed the effect of reinforcing plate on the stiffness of elastomer bearing, the influence of reinforcing plate was dominant on compressive stiffness and bending stiffness. It was confirmed that the height ratio to the cross-sectional area mainly is affected. In addition, according to the EN 1337-3 regulation, it can be seen that the shore hardness of the elastomer is closely related to the shear modulus of the bearing. Many experimental and numerical studies have been reported on the effect of various parameters on the mechanical behavior of elastomeric bearings [13,14,15,16,17]. Konstantinidis et al. [13] performed an experimental analysis on the seismic response of three types of steel-reinforced elastomeric bearings (SREBs) used in bridges. They concluded that all SREBs they analyzed performed exceptionally well under seismic loading. Steelman et al. [14] conducted experiments on SREBs attached to a concrete layer on one side and bounded on the other side. They observed that shear strain increases nonlinearly with vertical load (compressive pressure). Li and Wu [15] experimentally studied the ultimate state of shear failure and the friction sliding performance of SREBs in bridges. Peng et al. [16] performed experimental tests on natural rubber-laminated bearings for bridges to investigate the effects of vertical load and peak acceleration of ground motion. They also performed numerical simulations using a finite element method and proposed an accurate method for calculating seismic responses of bridges with laminated bearings. Recently, Kaloo et al. [17] investigated the effect of various parameters on the mechanical properties of SREBs under large shear deformations numerically and experimentally. In all the literature mentioned above, experimental and/or numerical studies were conducted on elastomeric bridge-bearings only. However, till now, there have been no studies on finding the shear modulus of an offshore elastic bearing by using the EN 1337-3 regulation procedure to the authors’ knowledge. The reason is that the size of marine elastomer bearings is significantly larger than that for land use, and the applied load reaches thousands of tons, so experiments cannot be carried out with existing equipment. In addition, the method and regulations for measuring the shear modulus of elastomeric bearings for land and offshore are different, so the results of existing studies on bridge bearings cannot be applied to offshore applications. Therefore, the necessity of this research work is to analyze the shear modulus of offshore elastomeric bearings according to the procedure mentioned in EN 1337-3 regulation.



Offshore elastomeric bearings must be physically tested with full-size products in accordance with EN 1337-3 regulation. However, the experimental set-up incurs high cost due to large capacity of the test equipment and a dedicated shear test device. On the other hand, the numerical simulation can analyze various conditions at low cost, but in order to accurately analyze elastomers, which are hyperelastic (nonlinear) materials, it is necessary to find suitable analysis conditions. Therefore, finding the optimum analysis conditions for the numerical simulation technique that reproduce corresponding experimental results is necessary. The most crucial step in predicting the nonlinear behavior of a hyperelastic material through numerical simulations is considering the correct nonlinear model. When performing numerical simulations for hyperelastic materials such as rubber, the first-order, two-parameter (2P) Mooney–Rivlin (M-R) model is mainly used, which has a good response in compression within 30% and tension within 200%. On the contrary, the error is substantial in tensions of 200% or more. In this case, the responsiveness can be improved by using the 5P and 9P M-R models for the material behavior [18,19,20]. In this study, three types of M-R models, such as 2P (first-order), 5P (second-order), and 9P (third-order), are used to increase the reliability of numerical simulation for offshore elastomeric bearings. The main objective of this research work is to propose a suitable M-R model for simulating the behavior of an elastomeric bearing under compression and shear tests by comparing and analyzing load-displacement graphs obtained with 2P, 5P, and 9P models with the experiment. Overall aim is to match the simulation results of elastomeric bearing’s shear modulus values with the experimental results. The research procedure for this is as follows: First, actual-sized offshore elastomeric bearing specimens are fabricated, and the experiment was conducted according to the procedure specified in EN 1337-3 Annex F: Shear Modulus Test. Second, the numerical simulation of the elastomeric bearing with respect to the behavior model of hyperelastic material was performed for the same conditions as the experiment. Third, after obtaining a shear force-displacement graph in both the experiment and the numerical simulation, the shear modulus is calculated and compared by using the slope of the graph. Last, the shear modulus of the elastomeric bearing with respect to the shore hardness was verified by comparing the numerical simulation values with the values presented in EN 1337-3 Annex D. A 2500-ton press equipped with a shear test device with a capacity of 300-tons is used for the experiment, and ANSYS Mechanical APDL [21], a general-purpose finite element analysis program, is used for numerical simulation.




2. Experimental Procedure and Findings


2.1. Materials and Methods


The shear modulus test procedure according to EN 1337-3 Annex F is as follows: The test pieces shall be placed symmetrically on each side of the movable plate so that the shear direction is across the width of the bearing. A mean pressure of 6 MPa shall be applied. The bearings shall be subjected to shear at a constant and maximum speed of 150 mm/minute to the maximum test deflection Dxm (0.7 Tq ≤ Dxm ≤ 0.9 Tq) and then returned to zero deflection. The compressive stress shall be removed and the test pieces left undisturbed for five minutes and then sheared again to Dxm. The horizontal deflection and force shall be recorded continuously or at a minimum of 10 equal intervals during the loading part of the cycle. The experimental conditions for the shear modulus test is shown in Figure 1.



According to EN 1337-3 Annex F, the conventional shear modulus Gg, in MPa, is obtained from the measurements, using an equation:


   G g  =   (  τ  s 2   −  τ  s 1   )   (  ε  q x 2   −  ε  q x 1   )    



(1)




where, τs2 is the shear stress and εqx2 the shear strain at a deformation Dx2 = 0.58 × Tq = 75.4 mm, τs1 is the shear stress and εqx1 the shear strain at a deformation Dx1 = 0.27 × Tq = 35.1 mm, Tq is the thickness of elastomer (in this specimen Tq = 130 mm), τs is the shear stress: τs = Fx/A (in this specimen A = L × B = 800 × 800 = 640,000 mm2), Fx is the horizontal force (shear force) and εqx is the shear strain: εqx = Dx/Tq.




2.2. Test Model and Instrument


Offshore elastomer bearings are divided into a vertical bearing that supports the upper module and a horizontal bearing that blocks side movement. Since the vertical bearing is the main part, this study deals with the vertical bearing only. Vertical elastomeric bearings generally have a size of 600 × 600 mm~1400 × 1400 mm, and in order to measure the shear modulus, a bearing with an area of 800 × 800 mm suitable for the capacity of the test device is selected as a test model. The height of the test specimen is 200 mm, and three reinforcing plates of 6 mm thickness are inserted into the elastomer in the middle of two contact plates of 25 mm thickness at the top and bottom. Two test specimens of the same size are fabricated in accordance with EN 1337-3: Annex F, which is the shear modulus test standard. The compression/shear test instrument, test specimen, and shear test condition are shown in Figure 2.




2.3. Experimental Results


The shear modulus test conditions according to EN 1337-3 and actual test values are shown in Table 1. The shear force and displacement graphs measured through the performance evaluation (average values of 10 tests under the same conditions) are shown in Figure 3.



In order to calculate the shear modulus of the elastomeric bearing specimen, the mean values of 10 tests are plotted in Figure 4 as the shear force–displacement graph. In Figure 4, the mean forces at two strain points (0.27 and 0.58) are found, and the factors required for calculating the shear modulus are shown in Table 2. Since the shear test was performed by stacking two bearings, the shear force (Fx) acting on each bearing is calculated by dividing the measured force by 2.



Substituting the values in Table 2 into Equation (1), the conventional shear modulus Gg of the test specimen is calculated as below:


   G g  =   (  τ  s 2   −  τ  s 1   )   (  ε  q x 2   −  ε  q x 1   )   =   ( 0.413 − 0.195 )   ( 0.58 − 0.57 )   = 0.707   MPa  











As a result of the test, the shear modulus of the specimen is found to be 0.707 MPa, and according to Table 3, which shows EN 1337-3 Annex D: Shear Modulus Comments, it can be seen that this value corresponds to shore A hardness 50 + 5 grade.





3. Numerical Simulation and Results


3.1. Analysis Model


In the numerical simulation of elastomeric bearings, it is very important to consider a proper M-R model for finding the nonlinear behavior of materials accurately. In the case of hyperelastic materials such as rubber, the Mooney–Rivlin (M-R) model is generally used, and, depending on the number of terms in the series, there are mainly three kinds of M-R models, such as 2P (first-order), 5P (second-order), and 9P (third-order). In order to find the most suitable model for numerical simulation of elastomeric bearings, the finite element analysis (FEA) for the compression and shear tests were performed with the above three types of M-R models and compared with experimental results. Numerical simulations were performed on the same domain size (800 × 800 × 200 mm) as the experimental specimen.



The finite element model for structural analysis of the elastomeric bearing was created so that the length of one side did not exceed 25 mm using an 8-node brick element with 3 degrees of freedom. The number of elements along the thickness direction of the elastomer layer between the reinforcing plates should be set to three or more because elastomer is a nonlinear material. Since the thickness of the elastomer layer is 32 mm, a finite element model was created by dividing the elastomer layer between the reinforcing plates into three, so that the aspect ratio of the brick element is 0.4 or more. Only half of the domain was modeled as the geometric shape and boundary conditions are symmetrical. The finite element models for numerical simulation (FEA) are shown in Figure 5.



The elastomeric bearing is a laminated structure of neoprene synthetic rubber and steel plate. In the experimental results for shear modulus in Section 2.3, it is confirmed that this value corresponds to an elastomer with a Shore hardness of 50A. Accordingly, the neoprene synthetic rubber with the shore hardness of 50A was used for the elastomeric bearings in this analysis, and S355 structural steel was used for the steel plate [12,20]. The mechanical properties for S355 structural steel are summarized in Table 4. The Mooney–Rivlin constants of the 2P, 5P, and 9P M-R models for the neoprene rubber are provided in Table 5, and the material behavior curve for the Mooney–Rivlin hyperelastic model is shown in Figure 6.




3.2. Load Conditions


The load and boundary conditions for simulating the shear modulus test method specified in EN 1337-3: Annex F are as follows: All degrees of freedoms of nodes on the bottom of the bearing are fixed and symmetric boundary condition is applied to the symmetry plane. The shear force with respect to shear displacement (Dx) is calculated after moving horizontally from 0 to 100 mm (the shear strain of 0.77) at 10 mm intervals while pressing the upper surface of the bearing with a pressure of 6 MPa. The load and boundary conditions are shown in Figure 7.




3.3. Simulation Results and Discussion


3.3.1. Strength Analysis of Elastomeric Bearing


ANSYS Mechanical APDL, a commercial structural analysis software, was used to evaluate the effect of the three nonlinear M-R models (2P, 5P, and 9P) on the shear modulus of the elastomeric bearing. Figure 8, Figure 9 and Figure 10 show the stress distribution with 2P (Figure 8), 5P (Figure 9), and 9P (Figure 10) M-R models when the elastomeric bearing subjected to vertical pressure of 6 MPa (compression) and the shear strain of 0.5 (as shear displacement is 65 mm). The von-Mises stresses (equivalent stress) are plotted, so the values have only positive signs. In Figure 8, Figure 9 and Figure 10, the large equivalent stress of a steel reinforcing plate occurs in the center of the reinforcement plate during compression due to the resistance caused by the chemical bonding between the reinforcing plate and the elastomer. In contrast, the large stress of an elastomer is generated at both ends of the elastomer due to the resistance of the reinforcing plate.



The maximum equivalent stresses and their difference rate of the elastomeric bearing with respect to the three M-R models are shown in Table 6. In Table 6, the difference between stress obtained with 2P and 9P was more than 10 times larger than that between 2P and 5P. This indicates that the 2P and 5P M-R models predict the similar values, and the 9P M-R model predicts a larger value compared with 2P and 5P models. In other words, in the case of compression test, the 9P M-R model has a larger percentage error than other models.




3.3.2. Shear Modulus of Elastomeric Bearing


The effect of the three M-R models on the compression and shear of the elastomer bearing was evaluated through the finite element analysis. In order to analyze the effect of three M-R models on the compression of the bearing, the compression forces according to the vertical displacements of the bearing for 2P, 5P, and 9P were found and provided in Table 7. The values of Table 7 are plotted in Figure 11 as the force-displacement graph. Similarly, in order to analyze the effect of three M-R models on the shear of the bearing, the shear force according to the horizontal displacement of the bearing under compression of 392 tonf (corresponding to a pressure of 6 MPa) was found, and the values are provided in Table 8. The values of Table 8 are plotted in Figure 12 as force-displacement graphs. Figure 11 shows the compressive load-displacement graph obtained with the three M-R models. The load-displacement graphs obtained with the 2P and 5P models are almost linear, and the average percentage error between the results obtained with 2P and 5P models is around 2.23% (more details of the error are provided in Table 7), which is negligible. In comparison, we observe a nonlinear trend for the compressive load-displacement graph for the 9P model. The deviation between 2P and 9P model results is around 11.83% (from Table 7), which means that the 9P M-R model is not suitable for simulating compression behavior.



Figure 12 shows the shear force-displacement graph obtained with the three M-R models. All three models almost predict the linear behavior in the shear load, although a slight nonlinear trend is found for the 9P model when the shear strain rate is below 0.5. From Table 8, the deviation between the results of shear force and displacement from 2P and 5P models is almost zero (around 0.38%). On the other hand, the percentage error between 2P and 9P results is nearly about 4.82%. Overall, the third-order 9P M-R model showed a nonlinear curve for both compression and shear load graphs. However, the second-order 5P and the first-order 2P M-R model showed a linear trend for force-displacement graphs with negligible difference between the two results. Therefore, we can say that the 2P M-R model can be successfully applied for simulating the nonlinear behavior of elastomeric bearing under compression and shear loading.






4. Comparing Experimental and Numerical Results


4.1. The Effect of the Number of Elements across an Elastomer Layer


The comparison of the shear force of elastomeric bearing according to the horizontal displacement between the numerical simulation (FEA) and the experiment is shown in Figure 13. The graph in Figure 13 shows that the shear force-displacement graph measured through the experiment changes to a slightly curved shape, whereas the graph calculated through the numerical simulation shows a straight line. This is because the physical properties of the elastomer are defined using the Mooney–Rivlin coefficient in the numerical simulation, while the actual elastomer exhibits nonlinear behavior. However, the difference between the two graphs is negligibly small.



In order to analyze a more quantitative correlation between the experimental and the numerical simulation (at 2P M-R model), a linear fit is performed on the shear force with the horizontal axis as the experiment value and the vertical axis as the FEA value at the shore hardness of 50A; the graph is shown in Figure 14. In Figure 14, the correlation coefficient (R2) for a regression model for the linear relationship between the experiment and the FEA results is 0.99949, indicating a very good fit. It shows that the FEA result of the model with shore hardness of 50A almost corresponds to the experiment result. By comparing the numerical simulation and the experiment result of the elastomeric bearing’s shear modulus, it is confirmed that the finite element analysis conditions for the elastomer bearing are reliable.




4.2. Verification for the Suggested Analysis Conditions


In order to verify the analysis conditions presented in the previous section, the shear force according to the horizontal displacement of the analytical model was obtained through numerical simulations at 60A and 70A as well as the hardness of the elastomer 50A. Table 9 shows the material properties of the elastomer according to the shore hardness.



The shear forces according to the horizontal displacement for the elastomeric bearing with 3 types of shore hardness (50A, 60A, and 70A) under compression of 392 tonf (corresponding to a pressure of 6 MPa) was found through the numerical simulation (FEA) when the number of elements across an elastomer layer is 3, and is shown in Table 10. The values of Table 10 are plotted in Figure 15 as force-displacement graphs in order to calculate the shear modulus with respect to the shore hardness of an elastomer. The shear forces of the elastomeric bearing are found at the two deformation points (shear strain of 0.27 and 0.58) of each graph in Figure 15, and the shear modulus is calculated using Equation (1), and the values are represented in Table 11.



In Table 11, the shear modulus of the bearing through the numerical simulation (FEA) is 0.731 MPa (when shore hardness is 50A), 0.935 MPa (when 60A), and 1.165 MPa (when 70A). This indicates that the shear modulus of the bearing through the numerical simulation is corresponding to the values in Table 3: EN 1337-3 Annex D: Shear Modulus Comments. This means that numerical simulations by using Mooney–Rivlin constants in Table 10 as mechanical properties and dividing the number of elements across the elastomer layer by 3 are reliable. It shows that the present numerical modeling can reasonably represent the physical model so that it can repeatedly be used for the design.





5. Conclusions


The most important item when indicating the mechanical properties of offshore elastomeric bearings is the shear modulus, but the experiment incurs a high cost due to a large capacity test equipment and a dedicated shear test device. As an alternative, a method for designing offshore elastomeric bearings through numerical simulation is proposed. In this study, the relationship between the experiment and the numerical simulation on the shear force of the bearing was analyzed to improve the accuracy of the numerical simulation. The conclusions are as follows:



(1) In the experiment according to EN 1337-3 Annex F: Shear Modulus Test, 10 tests for the bearing specimen (800 × 800 × 200 mm) were performed with a shear strain of 0.77 (shear displacement of 100 mm). The measured average shear modulus of the bearing specimen is 0.707 MPa, which corresponds to a Shore A hardness of 50 + 5 grade with reference to EN 1337-3: Annex D.



(2) In the numerical simulation, the Mooney–Rivlin (M-R) model is generally used for the hyperelastic materials, and there are three types of M-R models, such as 2P, 5P, and 9P based on the number of the terms in the series. The results of the compressive load-displacement from 2P and 5P M-R models are almost linear, and the difference between the two values is 2.23% on average, but in the case of 9P model, showing a difference of 11.83% from the 2P model. On the other hand, the shear-force displacement results obtained from the 5P model showed negligible difference with the 2P model, with an average error of 0.38%, and 9P showed an average error of 4.82%. In addition, the correlation coefficient (R2) for a regression model for the linear relationship between the experiment and the numerical simulation (for 2P M-R model) results is 0.99949, indicating a very good fit. Therefore, it can be seen that the nonlinear behavior model suitable for numerical simulation of marine elastomer bearings is the 2P M-R model.



(3) In order to verify the analysis conditions suggested in this study for the numerical simulation, the shear force according to the horizontal displacement of the analytical model was obtained through numerical simulations at 60A and 70A as well as the hardness of the elastomer 50A. The shear modulus of the bearing through the numerical simulation (FEA) is 0.731 MPa (when shore hardness is 50A), 0.935 MPa (when 60A), and 1.165 MPa (when 70A). This indicates that the shear modulus of the bearing through the numerical simulation is corresponding to the values in EN 1337-3 Annex D: Shear Modulus Comments.



(4) Therefore, it is confirmed that the analysis conditions suggested in this study for the numerical simulation of the elastomeric bearing are capable of reproducing the experimental results for the shear modulus.
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Nomenclature




	A
	Area of elastomeric bearing (B × L)



	B
	Breadth of elastomeric bearing



	C1, C10
	Mooney–Rivlin coefficients



	Dx
	Horizontal deformation of elastomeric bearing



	Dxm
	Maximum test deflection



	E
	Young’s modulus



	Fx
	Horizontal force (shear force)



	Fz
	Vertical force (compressive force)



	Gg
	Conventional shear modulus



	L
	Length of elastomeric bearing



	NE
	Number of elements across an elastomer layer



	Tq
	Thickness of elastomer



	εqx
	Shear strain



	εqx1
	Shear strain at a deformation Dx1 = 0.27Tq



	εqx2
	Shear strain at a deformation Dx2 = 0.58Tq



	ν
	Poisson’s ratio



	σU
	Ultimate strength



	σY
	Yield strength



	τs
	Shear stress



	τs1
	Shear stress at a deformation Dx1 = 0.27Tq



	τs2
	Shear stress at a deformation Dx2 = 0.58Tq
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Figure 1. Shear modulus test conditions. 
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Figure 2. Test instruments and shear modulus test of elastomeric bearing specimen: (a) test instrument (2500-ton press and 300-ton horizontal actuator); (b) test specimen; (c) shear deformation of 100 mm (shear strain of 0.77). 
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Figure 3. Shear force (red line) and displacement (blue line) graph through performance evaluation (10 times raw test data): (a) test #1; (b) test #2; (c) test #3; (d) test #4; (e) test #5; (f) test #6; (g) test #7; (h) test #8; (i) test #9; (j) test #10. 
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Figure 4. Mean shear force-displacement graph of elastomeric bearing specimen measured through the experiment. The thickness of elastomer in this specimen (Tq) is 130 mm. 
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Figure 5. Half finite element model of elastomeric bearing (800 × 800 × 200 mm). 
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Figure 6. Material behavior curve for the Mooney–Rivlin hyperelastic model. 
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Figure 7. Loads and boundary conditions for analysis. 
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Figure 8. Stress distribution of elastomeric bearing with 2P M-R model as shear strain is 0.5 under the vertical pressure of 6 MPa: (a) for all domain; (b) for elastomer only. 
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Figure 9. Stress distribution of elastomeric bearing with 5P M-R model as shear strain is 0.5 under the vertical pressure of 6 MPa: (a) for all domain; (b) for elastomer only. 
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Figure 10. Stress distribution of elastomeric bearing with 9P M-R model as shear strain is 0.5 under the vertical pressure of 6 MPa: (a) for all domain; (b) for elastomer only. 
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Figure 11. Compression force-displacement graph with respect to the three M-R models through the numerical simulation. 
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Figure 12. Shear force-displacement graph with respect to the three M-R models through the numerical simulation. 
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Figure 13. Comparison of shear force-displacement graph between the experiment (mean values of 10 test results) and the numerical simulation (2P M-R model results) at a shore hardness of 50A. 
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Figure 14. Correlation of the shear force between the experiment and the FEA when shore hardness of the elastomer is 50A. 
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Figure 15. Shear force-displacement graph with respect to the shore hardness of an elastomer through the numerical simulation (FEA). The thickness of elastomer in this specimen (Tq) is 130 mm. 
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Table 1. Shear modulus test conditions.






Table 1. Shear modulus test conditions.





	Items
	Spec. Conditions
	Actual Test Values





	Vertical force (pressure)
	391.8 Tonf * (6 MPa)
	392.5 Tonf (6.01 MPa)



	Shear strain
	0.7~0.9
	0.77



	Test speed
	150 mm/min
	138 mm/min







* Tonf stands for Ton-force.
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Table 2. Shear modulus test conditions.






Table 2. Shear modulus test conditions.





	εqx
	Dx (mm)
	Fx (Tonf)
	Fx (kN)
	τs (MPa)





	0.27
	35.1
	12.75 (= 25.5/2)
	125.0
	0.195



	0.58
	75.4
	26.95 (= 53.9/2)
	264.1
	0.413
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Table 3. Shear modulus (Gg) and hardness (Shore A): EN 1337-3 Annex D: Shear Modulus Comments.






Table 3. Shear modulus (Gg) and hardness (Shore A): EN 1337-3 Annex D: Shear Modulus Comments.





	Hardness (Shore A)
	50 + 5
	60 + 5
	70 + 5



	Shear modulus (MPa)
	0.7
	0.9
	1.15
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Table 4. Mechanical properties for S355 structural steel (EN 10025-2).
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	Items
	Sign
	Units
	Values





	Young’s modulus
	E
	GPa
	200



	Poisson’s ratio
	ν
	
	0.29



	Yield strength
	σY
	MPa
	355



	Ultimate strength
	σU
	MPa
	510~680
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Table 5. Mooney–Rivlin constants for neoprene sheet (Shore 50A).






Table 5. Mooney–Rivlin constants for neoprene sheet (Shore 50A).





	Constants
	Units
	2-Parameter
	5-Parameter
	9-Parameter





	C10
	MPa
	0.302
	−0.063
	0.590



	C01
	MPa
	0.076
	0.436
	−0.272



	C20
	MPa
	N/A
	0.017
	0.004



	C11
	MPa
	N/A
	−0.014
	0.374



	C02
	MPa
	N/A
	−0.003
	−0.295



	C30
	MPa
	N/A
	N/A
	0



	C21
	MPa
	N/A
	N/A
	−0.107



	C12
	MPa
	N/A
	N/A
	0.109



	C03
	MPa
	N/A
	N/A
	−0.001



	D1
	1/MPa
	0
	0
	0
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Table 6. Maximum equivalent stresses and its difference rate of the elastomeric bearing with respect to the Mooney–Rivlin model under compression and shear.






Table 6. Maximum equivalent stresses and its difference rate of the elastomeric bearing with respect to the Mooney–Rivlin model under compression and shear.





	
Mooney–Rivlin Models

	
Steel Plate

	
Elastomer




	
Stress (MPa)

	
Difference Rate

	
Stress (MPa)

	
Safety Factor






	
2-Parameter

	
76.4

	
0.0%

	
3.36

	
0.0%




	
5-Parameter

	
76.0

	
−0.5%

	
3.94

	
+17.3%




	
9-Parameter

	
86.1

	
+12.7%

	
9.16

	
+172.6%
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Table 7. Compression force and displacement with respect to the three M-R models through the numerical simulation.






Table 7. Compression force and displacement with respect to the three M-R models through the numerical simulation.





	
Dispacement

	
Compression Forces (Tonf)




	
(mm)

	
2-Parameter

	
5-Parameter

	
9-Parameter






	
0

	
0.0

	
0.0

	
0.0




	
1

	
122.7

	
111.6

	
96.4




	
2

	
231.0

	
229.8

	
207.2




	
3

	
355.2

	
355.1

	
343.4




	
4

	
485.3

	
487.8

	
515.3




	
5

	
620.6

	
627.2

	
731.6




	
Difference * (%)

	
N/A

	
2.23%

	
11.83%








* Difference (%) is the difference rate between the 5P or 9P value and the 2P value.
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Table 8. Shear force and displacement with respect to the number of elements across an elastomer layer (NE) through the numerical simulation (FEA). The thickness of elastomer in this specimen (Tq) is 130 mm.






Table 8. Shear force and displacement with respect to the number of elements across an elastomer layer (NE) through the numerical simulation (FEA). The thickness of elastomer in this specimen (Tq) is 130 mm.





	
Dispacement

(mm)

	
Shear Strain

	
FEA




	
2-Parameter

	
5-Parameter

	
9-Parameter






	
0

	
0

	
0.0

	
0.0

	
0.0




	
10

	
0.08

	
7.3

	
7.2

	
7.2




	
20

	
0.15

	
14.5

	
14.4

	
14.4




	
30

	
0.23

	
21.8

	
21.6

	
21.6




	
40

	
0.31

	
29.1

	
28.9

	
28.9




	
50

	
0.38

	
36.5

	
36.2

	
36.2




	
60

	
0.46

	
43.8

	
43.5

	
43.5




	
70

	
0.54

	
51.3

	
50.9

	
50.9




	
80

	
0.62

	
58.7

	
58.4

	
58.4




	
90

	
0.69

	
66.3

	
65.9

	
65.8




	
100

	
0.77

	
73.8

	
73.4

	
73.4




	
Difference * (%)

	
N/A

	
0.38%

	
4.82%








* Difference (%) is the difference rate between the 5P or 9P value and the 2P value.
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Table 9. Mechanical properties for an elastomer according to shore hardness.






Table 9. Mechanical properties for an elastomer according to shore hardness.





	
Items

	
Sign

	
Unit

	
Values




	
S50A

	
S60A

	
S70A






	
Mooney–Rivlin Constants

	
C10

	
MPa

	
0.302

	
0.382

	
0.474




	
C1

	
MPa

	
0.076

	
0.096

	
0.118




	
Poisson’s ratio

	
ν

	
N/A

	
0.49

	
0.49

	
0.49




	
Tensile strength

	
σU

	
MPa

	
15.0

	
15.0

	
15.0
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Table 10. Shear force and displacement with respect to the shore hardness of an elastomer through the numerical simulation (FEA) when the number of elements across an elastomer layer is 3.






Table 10. Shear force and displacement with respect to the shore hardness of an elastomer through the numerical simulation (FEA) when the number of elements across an elastomer layer is 3.





	
Dispacement

(mm)

	
Shear Strain

	
Shear Forces (Tonf)




	
S50A

	
S60A

	
S70A






	
0

	
0

	
0.0

	
0.0

	
0.0




	
10

	
0.08

	
7.2

	
9.2

	
11.5




	
20

	
0.15

	
14.4

	
18.4

	
23.0




	
30

	
0.23

	
21.6

	
27.7

	
34.5




	
40

	
0.31

	
28.9

	
36.9

	
46.1




	
50

	
0.38

	
36.2

	
46.3

	
57.7




	
60

	
0.46

	
43.5

	
55.7

	
69.4




	
70

	
0.54

	
50.9

	
65.1

	
81.2




	
80

	
0.62

	
58.4

	
74.6

	
93.0




	
90

	
0.69

	
65.9

	
84.2

	
104.9




	
100

	
0.77

	
73.4

	
93.8

	
116.9
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Table 11. Shear forces and shear modulus of the elastomeric bearing with respect to the shore hardness of an elastomer through the numerical simulation (FEA).






Table 11. Shear forces and shear modulus of the elastomeric bearing with respect to the shore hardness of an elastomer through the numerical simulation (FEA).





	
Shore Hardness

	
εqx (N/A)

	
Dx (mm)

	
Fx (Ton)

	
τs (MPa)

	
Gg (MPa)






	
S50A

	
0.27

	
34.1

	
25.34

	
0.194

	
0.731




	
0.58

	
75.4

	
54.96

	
0.421




	
S60A

	
0.27

	
34.1

	
32.40

	
0.248

	
0.935




	
0.58

	
75.4

	
70.23

	
0.538




	
S70A

	
0.27

	
34.1

	
40.40

	
0.309

	
1.165




	
0.58

	
75.4

	
54.91

	
0.670
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