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Abstract

:

Finite element modelling of multi-bolted foundation connections used for the foundation of heavy machinery or equipment is presented. Connections made using different types of shims, with particular emphasis on polymer–steel shims, are investigated. The stiffness characteristics for the adopted models of multi-bolted foundation connections at the installation stage are described and compared. It is shown that the use of polymer–steel shims can result in a significant improvement in the stiffness of a multi-bolted foundation connection compared to a connection with a polymer shim, and in achieving a multi-bolted foundation connection with a stiffness similar to that of a connection with a steel shim (at a sufficiently low polymer layer thickness).
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1. Introduction


Multi-bolted connections are used in many industries and in various types of constructions [1,2,3]. They are most often applied to join machined components, i.e., those with a defined geometric texture on the surfaces to be joined [4,5]. In some cases, such as the seating of heavy machinery and equipment—for example, marine engines [6,7,8]—this texture, but also the mutual positioning of the surfaces of the components to be joined, is decisive for the correctness of the completed assembly [9,10,11]. One way of circumventing the difficulties encountered during machine seating is to use special cast shims [12,13]. The idea of cast shims is also applied, for example, to bolted connections used in aerospace structures [14,15,16,17,18,19] and to prevent geometric imperfections arising during the assembly of classic bolted flange connections [20]. In all of the aforementioned cases, the use of cast shims creates a kind of composite structure combining steel or aluminium components and polymer. Modelling such structures can answer many questions about the influence of the properties of the cast shims on the mechanical characteristics of the multi-bolted connection. It also fits perfectly into the trend of modelling composite structures, which are present in many areas of human activity [21,22,23,24].



Traditional shims used in the seating of machinery can be made of steel or cast polymer [25,26]. The use of steel shims is related to the need to ensure that the pressure on all shims is evenly distributed by matching their surfaces with the retaining surfaces of the machine to be installed and the foundation. Such operations are difficult, tedious and labour-intensive. In addition, in this case of seating, the use of the preloading of foundation bolts results in significant contact distortion between the components to be joined [10]. When cast polymer shims are used, the aforementioned difficulties for machine seating do not occur. In this case, precise machining of the surfaces of the components to be joined is not necessary. Furthermore, the direct casting of the shims under the machine base ensures that the joined surfaces of these components fit closely together. Irregularities resulting from the roughness of the surfaces to be joined are filled in with polymer, so that the pressure distribution on these surfaces is more favourable than in the case of seating using steel shims [27]. In addition, the polymer shims are structural elements that provide good thermal and acoustic insulation for the supported steel or cast iron machine structure [28]. However, a disadvantage of seating with cast polymer shims is that they creep under service conditions, causing preload relaxation in the foundation bolts [9,29].



The existing literature still pays little attention to the study and modelling of bolted foundation connections. Grudziński and Konowalski [30] analysed the flexibility of a steel adjustable foundation shim based on experimental tests on a testing machine. A continuation of these experimental studies is described in papers [10,11] for the case of steel and polymer shims. Yongsheng et al. [31] dealt with contact stiffness calculations of bed–foundation interfaces, taking into account foundation creep for connections containing a shim plate. An analysis of the change from steel to polymer shims for the foundation of marine power plant mechanisms is presented in [27]. The initial research on steel–polymer shims was published by Piaseczny [9,32], who died prematurely. In contrast, the finite element method (FEM) models used are most often concerned with systems in which the object in question is anchored by foundation bolts to the ground without the presence of shims [33,34,35]. The above conclusions from the literature review mandate the undertaking of FEM analyses of multi-bolted foundation connections. This communication aims to develop an understanding of the impact of the thickness of the polymer layer in the foundation shim on the stiffness of the multi-bolted foundation connection. This issue has not previously been described in the available literature and constitutes the novelty of this communication. The EPY resin compound was used as a polymer material, as this is a material successfully used in the seating of machinery and equipment [12,13].




2. Materials and Methods


2.1. Fundamentals of Analysis


In the modelling of fasteners in bolted connections, simplifications are sought that speed up the calculation process and do not affect the accuracy of the results within the phenomena being analysed. This means that, depending on the modelling objective (i.e., the specified boundary conditions at which the behaviour of the connection is checked), it is possible to use simplified fastener models in the bolted connection model. This approach is particularly valid when the stiffness of the joined components in a multi-bolt connection is being analysed. An overview of simplified methods for modelling fasteners in bolted connections is included, for example, in [36,37,38]. Simplified modelling uses, among other things, models in the form of composite cylinders of variable diameter replacing the bolt head and its shank and nut [39,40,41] or only cylinders replacing the bolt head and nut, without including the entire bolt shank [42,43], but also models without overt bolt participation [44]. In this article, the second approach mentioned above was used to model the bolts in a multi-bolted connection.



One of the important issues taken into account in the calculation of multi-bolted foundation connections is the analysis of the stiffness of their components. Treating bolts as linear type elements, their elastic flexibility can be determined using the instructions given in the VDI 2230 standard [45] or by a simplified method [46]. Therefore, the determination of bolt stiffness is not dealt with in this communication. However, there is no equally easy way to determine the elastic flexibility of components joined in multi-bolted foundation connections. Therefore, the finite element method is usually used to determine it precisely.



To analyse the deposition methods mentioned in the introduction, calculations were performed for the following models:




	
FEM-S—model with steel shim;



	
FEM-P—model with polymer shim;



	
FEM-PSn—model with polymer–steel shim with polymer layer thickness equal to n (for n = 1, 2, 3, 4, 5).








This communication examines the cross-section of a multi-bolted foundation connection with the single-joint geometry, presented in schematic form in Figure 1, Figure 2 and Figure 3. The bolted joint was formed of two steel plates, (2) and (4), representing sections of the machine base and the continuous footing. The shims, (3) and (6), corresponding to the seating method used, were placed between the plates. As the purpose of this communication is to analyse the stiffness of the joined components, the full bolt model was not included in the connection. The bolt was represented in this case by stamp (1) and the nut by stamp (5). The diameter of these punches was 46 mm and corresponded to the pressure area of the M30 nut.




2.2. FEM-Based Models


Calculations were carried out for the dimensions of the components to be joined, as shown in Figure 1. The EPY resin compound was assumed to be a linear material (based on [47,48]). The material constants for the materials used in the models, including the elastic modulus E and Poisson’s ratio ν, are listed in Table 1.



Because of the plane of symmetry occurring in the considered cross-section of the multi-bolted foundation connection, only half of the connection was taken into account in the calculations (see Figure 2).



FEM-based connection models created in Midas NFX 2023 R1 software [49] are shown for all the seating methods adopted in Figure 3 and Figure 4. A ‘rough’ contact joint model was applied between the steel joined components and the steel shim (for a review, see [50]). Simultaneously, a ‘welded’ model of the contact joint between the steel joined components and the polymer shim was applied.



The following parameters were adopted for the ‘rough’ contact joint model:




	
Normal stiffness scaling factor—10;



	
Tangential stiffness scaling factor—1;



	
Coefficient of static friction—0.6.








The ‘welded’ contact elements applied prevented movement of the components relative to each other in any direction, according to the actual execution of the multi-bolted foundation connection [49].



For all models, a ‘hybrid mesher’ generator was used to create the finite element mesh. It was assumed that the side length of the finite element for the joined components and the bolt head and nut must be less than 5 mm. Conversely, for the steel shim and polymer shim, it was assumed to be less than 4 mm. The size of the finite elements for the polymer layer in the polymer–steel shim was taken in such a way that there were at least two finite element layers.



Spatial finite elements were used to build the model meshes. The mesh characteristics of the whole models are summarised in Table 2.



The individual models were fixed at nodes on the back side of the nut in the direction of the bolt axis and loaded by normal forces at nodes on the top surface of the bolt head. Boundary conditions resulting from the symmetry of the connections were also introduced in the models. With the above boundary and loading conditions, the joined components in the multi-bolted foundation connection models were subjected to compression, which is in line with the actual performance of these connections.



Calculations were conducted with a non-linear solver in ten steps with an incrementally increasing load F from 0 to 200 kN. Non-linear static analyses were performed in all cases.





3. Results and Discussion


Example calculation results for the adopted FEM-based models for displacements in the Z0X plane under a 200 kN load are shown in Figure 5 and Figure 6.



For the purpose of the comparative analysis of the computational results, a proper comparison was made between the results obtained for all FEM-based models of the connection under study (Figure 7).



In the second step, the total displacements in the Z0X plane of the connected elements in the multi-bolted foundation connection ∆H were determined, corresponding to the maximum load value (F equal to 200 kN). The last parameter adopted for the quantitative comparison of the calculation models is the stiffness of the joined components k, specified as:


  k =    F   Δ H     



(1)







The stiffness values of the joined components obtained for the adopted multi-bolted foundation connection models are summarised in Table 3.



The values of the relative difference ε between the stiffness of the components joined with a steel shim and the stiffness of the components joined with individual polymer–steel shims are shown in Table 4.



On the basis of the calculation results for the assumed multi-bolted foundation connection models, it can be stated that the use of polymer–steel shims can result in the following:




	
Significant improvement in the stiffness of the multi-bolted foundation connection in comparison to the connection with a polymer shim;



	
The achievement of a multi-bolted foundation connection with a stiffness close to that of the connection with a steel shim (at a sufficiently low polymer layer thickness).









4. Conclusions


This communication analyses multi-bolted foundation connections made in three ways. The novelty of the communication is the investigation of the effect of the thickness of the polymer layer in the foundation shim on the stiffness of the multi-bolt foundation connection. It is shown that the use of polymer–steel shims can result in a significant improvement in the stiffness of a multi-bolted foundation connection compared to a connection with a polymer shim (at a sufficiently low polymer layer thickness). It is also shown that a multi-bolted foundation connection with a polymer–steel shim can have stiffness characteristics similar to a multi-bolted foundation connection with a steel shim. Meanwhile, these connections have advantages characteristic of polymer shim connections, the most significant of which is the lack of need for precise machining and close adhesion of the shim to the rough surfaces of the machine and foundation components to be joined over the whole nominal contact area.
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Figure 1. Geometry of bolted foundation joint model with (a) steel shim; (b) polymer shim; (c) and polymer–steel shim (1—bolt head; 2—top plate; 3—steel shim; 4—bottom plate; 5—nut; 6—polymer shim). Dimensions shown on sketches are in mm. 
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Figure 2. A 3D model of the multi-bolted foundation connection with the polymer–steel shim. 
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Figure 3. Models of multi-bolted foundation connection with (a) steel shim and (b) polymer shim. 
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Figure 4. Models of the multi-bolted foundation connection with the polymer–steel shim for (a) n = 1; (b) n = 2; (c) n = 3; (d) n = 4; and (e) n = 5 (view in the Z0Y plane). 
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Figure 5. Displacements in the Z0X plane of the multi-bolted foundation connection model under the action of a force of 200 kN for (a) the FEM-S model and (b) the FEM-P model. 
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Figure 6. Displacements in the Z0X plane of the multi-bolted foundation connection model under the action of a force of 200 kN for (a) the FEM-PS1 model; (b) the FEM-PS2 model; (c) the FEM-PS3 model; (d) the FEM-PS4 model; and (e) the FEM-PS5 model. 
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Figure 7. The stiffness characteristics of the components joined in the multi-bolted foundation connection. 
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Table 1. Characteristics of materials used for foundation shims.
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	Material
	E, GPa
	ν





	Steel
	210
	0.3



	EPY
	7.5
	0.376










 





Table 2. Mesh characteristics of multi-bolted foundation connection models.
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	Model
	Number of Finite Elements
	Number of Nodes





	FEM-S
	43,432
	44,625



	FEM-PS1
	580,992
	838,248



	FEM-PS2
	173,296
	235,457



	FEM-PS3
	239,160
	301,041



	FEM-PS4
	66,808
	84,701



	FEM-PS5
	124,120
	154,159



	FEM-P
	43,272
	44,539










 





Table 3. The stiffness values of the components joined in the multi-bolted foundation connection.
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	Model
	FEM-S
	FEM-PS1
	FEM-PS2
	FEM-PS3
	FEM-PS4
	FEM-PS5
	FEM-P





	k, kN/μm
	3.60
	3.15
	2.96
	2.80
	2.66
	2.53
	1.67










 





Table 4. The relative difference ε values.
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	Model
	FEM-PS1
	FEM-PS2
	FEM-PS3
	FEM-PS4
	FEM-PS5





	ε, %
	12.5
	17.8
	22.2
	26.1
	29.7
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