

  energies-16-04464




energies-16-04464







Energies 2023, 16(11), 4464; doi:10.3390/en16114464




Article



Analytical Model of Interaction of an Oil Pipeline with a Support of an Overpass Built in a Mountainous Area



Maciej Dutkiewicz 1,*[image: Orcid], Andrii Velychkovych 2[image: Orcid], Andriy Andrusyak 2, Ivan Petryk 3 and Andrii Kychma 4





1



Faculty of Civil and Environmental Engineering and Architecture, Bydgoszcz University of Science and Technology, Kaliskiego 7, 85-796 Bydgoszcz, Poland






2



Department of Construction and Civil Engineering, Ivano-Frankivsk National Technical University of Oil and Gas, Karpatska Str. 15, 76019 Ivano-Frankivsk, Ukraine






3



Department of Engineering Mechanics, Ivano-Frankivsk National Technical University of Oil and Gas, Karpatska Str. 15, 76019 Ivano-Frankivsk, Ukraine






4



Department of Technical Mechanics and Dynamics of Machines, Institute of Mechanical Engineering and Transport, Lviv Polytechnic National University, Bandery Str. 32, 79013 Lviv, Ukraine









*



Correspondence: macdut@pbs.edu.pl







Academic Editor: José António Correia



Received: 15 May 2023 / Revised: 23 May 2023 / Accepted: 30 May 2023 / Published: 31 May 2023



Abstract

:

Today, pipelines are the safest and most economical way to transport petroleum products and one of the key components of modern energy infrastructure. Nevertheless, pipeline systems are associated with certain risks that can lead to environmental disasters. The idea of carrying out this study was initiated by the results of the survey of the overpasses of the long-used oil pipelines laid in the mountainous area of the Carpathian region. Defects such as a change in the shape of the pipe and local bulges in the area of oil pipeline support nodes were detected. The explanation of the described problem is separate from the typical algorithms of design calculations, which are offered to manufacturers by current directive documents. The desire to provide an explanation and quantitative assessment of the detected defects became the main motivation for writing the article. An analytical model of the interaction of the oil pipeline with the rigid support has been developed. Additional internal loads in the cross-section of the pipe and displacement of its middle surface, which arise as a result of such interaction, are determined. The method of determining the reaction in the intermediate support of the overpass of the oil pipeline has been developed, considering the properties of the soil base in the underground sections and the mounting gap in the support node. The analytical dependence was obtained to determine the additional hoop stresses that arise in the oil pipeline due to the contact of the pipe with the support. The unambiguous relationship between the maximum additional hoop stress and the reaction in the support node was established. The dependence of additional hoop stresses on the geometric characteristics of the pipes was analyzed. The obtained research results are tested on the real structure of the overpass of the Druzhba oil pipeline, built in the Carpathians. In general, a simple engineering technique has been developed that allows analyzing the behavior of the oil pipeline support node and provides the numerical correction to the traditional strength assessment formulas, which determine the equivalent stresses in the oil pipeline.
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1. Introduction


Based on the current state of the energy supply in the world, it is reasonable to predict that fossil fuels will continue to significantly contribute to the energy balance in the coming decades, and pipelines will remain one of the main components of modern energy infrastructure [1]. In the practice of construction of oil pipelines in areas with difficult relief and mountainous areas, beam-type overpasses are often used. They turned out to be the cheapest for construction work, simple, and convenient to operate [2]. Such overpasses of oil pipelines make it possible to effectively overcome natural and created artificial obstruction (ravines, mountain reservoirs, landslides, flood channels, etc.) as in Figure 1. Along with this, it should be noted that overpasses of main pipelines are structures in which high values of operational stresses occur, since at the design stage, in order to save material, they are planned to have sufficiently low strength factor compared to other branches of industry [3]. In the case of the significant age of the oil pipeline, these safety factors may decrease, which increases the risk of accidents [4].



Therefore, when performing design or diagnostic strength calculations, one should try to consider all significant factors that affect the behavior of the overpass of the oil pipeline [5]. The development of new and improvement of existing methods of studying the stress–strain state of overpasses of oil pipelines are relevant applied problems, the solution of which will contribute to increasing the safety of pipeline transport.



The idea of the presented research appeared as a result of the formulation of the real industrial problem, in the solution of which the authors of the article took a direct part. As part of the implementation of the target program of the National Academy of Sciences of Ukraine, the technical diagnosis of overpasses of main oil pipelines and gas pipelines, which are in the Carpathian region and have been in operation for more than 20 years, was carried out—the most frequently identified problems related to the condition of pipeline support units. As a result of defectoscopy in the area of support nodes, along with traditional surface defects (corrosion damage, caverns, cracks, etc.), the quantitative assessment, prescribed in the expert documentation, changes in the shape of the pipe and local bulges were often recorded. The analysis of current directive documents should have allowed considering the impact of these defects on assessing the safety of further use of pipeline overpasses. It turned out that there are no such assessment methods. Our study is designed to eliminate the identified theoretical gap.



During construction and operation, oil pipelines may experience extraordinary loads [6,7] and be exposed to various risks [8]. Long-term operation of pipelines leads to damage to pipeline steel at the micro level and can contribute to the appearance of macrodefects [9]. The residual resource of the oil pipeline is also associated with the study of the corrosion situation [10]. The results of its study are used to predict the remaining service life of the pipeline. They are the reference point for establishing the cycle of inspections and the maintenance strategy [11]. No less important are the issues of the safe operation of underground structures in difficult mining and geological conditions [12,13]. The destruction of the separate section of the pipeline can lead to a catastrophic emergency, environmental problems, and significant financial losses. Therefore, for pipelines with long service life, the problems of preventing pipeline wall defects are particularly relevant [14]. In the field of pipeline transport, the problems of contact interaction of rod systems with the environment surrounding them have practical applications [15,16], as well as problems with the stiffness strength of axisymmetric structural elements, pipe columns, shells, etc. [17,18,19,20]. The demand for such research regularly arises in such areas as the construction and operation of oil and gas wells [21,22], the design of pipelines in karst zones [23] and areas of increased seismic activity [24], the construction of support columns [25], the sinking of construction piles [26], rational design of anti-vibration, and damping devices for long-dimension objects [27,28], etc.



In the process of long-term operation of oil and gas pipelines, corrosion defects in the form of significant areas of general corrosion, corrosion, and mechanical crack-like defects in the form of ulcers and caverns [29,30] and corrosion fatigue cracks [31,32] may appear on their surfaces cause a decrease in operational reliability and increase the risk of pipeline destruction. To prevent emergencies, non-destructive testing methods are used to carry out technical diagnostics of structures. As a result, sections of the oil pipeline containing both operational and technological defects are identified, and their sizes and locations are determined [33]. Next, it is necessary to assess the impact of the detected defects and decide on a strategy for further actions (continuation of operation, repair work, replacement of pipes, etc.). Methods of studying the stress state and structural integrity of shells damaged by closable crack-like defects were developed in papers [34,35]. The interference of collinear cracks in pipe material, considering the phenomenon of surface contact during bending, is studied in publications [36,37]. The authors [38] studied the damage behavior in thin elastic shells under conditions of simultaneous stretching and bending. In addition, one of the ways to solve the problem is the application of crack healing techniques in low-carbon steel and the use of protective coatings and repair surfacing [39,40,41].



Features of the distribution of stresses and displacements in pipeline systems have been studied in many works [42,43,44,45], and the general approaches to such problems can be divided into three global directions. The first direction is based on analytical methods [46,47], and the research of the second direction is based on the finite element method. It uses application packages of engineering programs [48,49], and the third direction uses devices for laboratory and natural measurements or model experiments [50,51]. Our article develops the first, analytical direction of research.



Therefore, the initiation of this study was caused by the results of the survey of the overpasses of the long-term operated oil pipelines located in the mountainous area. Defects such as the change in the shape of the pipe and local bulges in the area of the support nodes are detected. The interpretation of the described problem is separate from the typical algorithms offered to manufacturers by current directive documents. Accordingly, it is impossible to consider the impact of the detected defects on the safety of the further operation of the oil pipeline. The desire to provide an explanation and quantitative assessment of the detected defects became the main motivation to write this article.



The study aims to develop the analytical model of the interaction of the overpass pipe with the rigid support and to quantify the impact of such interaction on the strength of the oil pipeline. It is planned to develop a simple engineering technique that allows analyzing the behavior of the support node of the oil pipeline and provides the numerical correction to the traditional formulas by which the equivalent stresses are determined.




2. Materials and Methods


2.1. Modeling the Interaction of the Oil Pipeline with the Rigid Support


Consider the model of the two-section overpass of the oil pipeline in Figure 2, which is built in a mountainous area. The chosen model corresponds to the real object (see Figure 1b). The overpass consists of the above-ground section BC with the length of   2 l  , equipped with the support K, and the adjacent underground sections AB and CD, which rest on the soil base (placed on the bottom of the trench). The length of the underground sections of the oil pipeline is much longer than the above-ground section. During the construction of the oil pipeline, hot-rolled seamless steel pipes were used. When considering the stress state of the oil pipeline, residual stresses that may have arisen during the manufacturing process of pipes are neglected.



The effect of volume forces and operating loads on the support K will cause a reaction P. Let us choose a pipe element of unit length above the support and consider in more detail the interaction of the selected element with the overpass support (Figure 3a). All loads that cause the reaction of the support are represented by the averaged integral equivalent q. We assume that this load q has the vertical direction and is distributed over the middle surface of the selected element of the pipe, the radius of which is R, and the wall thickness is h.



The considered scheme (Figure 3a) contains the closed profile; therefore, it is statically indeterminate three times. To calculate the internal forces and stresses that arise in such a system, it is necessary to first reveal the static indeterminacy. For this, we use the method of forces. We make the vertical cut to separate the closed profile of the pipe element and apply unknown internal loads to the cut faces (Figure 3b): bending moment—X1; hoop force—X2 and transverse force—X3. The value of the loads    X i    should be chosen so that the constructed equivalent scheme behaves like the real object. Since the selected element of the pipe is symmetrical about the vertical axis in terms of geometry and load, the transverse force is equal to zero    X 3  = 0   in the selected section. To find X1 and X2, we write two equations of generalized displacements    Δ i    that describe the following:



	-

	
the mutual angle of the rotation  ϑ  of the cut faces is equal to zero:








    Δ  1   = ϑ (  X 1  ,    X 2  ,   q ) = 0   



(1)





	-

	
the mutual linear displacement  Δ  of the cut faces is equal to zero:








    Δ  2   = Δ (  X 1  ,    X 2  ,   q ) = 0 .   



(2)





We present Equations (1) and (2) in canonical form:


   δ  11    X 1  +  δ  12    X 2  +  Δ  1 q   = 0 ;  



(3)






   δ  21    X 1  +  δ  22    X 2  +  Δ  2 q   = 0 .  



(4)







Here,    δ  i j     is the specific displacement in the direction of action    X i   , which is caused by the action of the single generalized load      X ¯   j  = 1  ;    Δ  i q     is the generalized displacement in the equivalent scheme in the direction of action    X i   , which is caused by the influence of the load q.



The coefficients and free terms of Equations (3) and (4) are determined by the Maxwell–Mohr method [52,53]. To do this, we consider the behavior of the system shown in Figure 3b, first separately under the action of load q, then alternately under the action of unit loads      X ¯   1  = 1   and      X ¯   2  = 1  . Let us write the corresponding equations of the bending moments:


    M q  ( φ ) = q  R 2  ( φ sin φ + cos φ − 1 )   ,     M ¯  1  ( φ ) = 1   ,     M ¯  2  ( φ ) = R ( 1 − cos φ )   ,   0 ≤ φ ≤ π  .  



(5)







Since the model is used to evaluate objects in which the ratio of the pipe thickness to its length around the middle surface is less than 1/10, in the general equations of the Maxwell–Mohr method we limit ourselves to preserving integrals that consider only the action of bending moments, and the action of shears and compression effects are neglected.



Let us determine the components of Equations (3) and (4):




	-

	
main coefficients and free terms











    δ  11   =   12   E b  h 3    R    ∫ 0 π      (    M ¯  1  ( φ )  )   2  d φ      ,    δ  22   =   12   E b  h 3    R    ∫ 0 π      (    M ¯  2  ( φ )  )   2  d φ     ;    Δ  i q   =   12   E b  h 3    R    ∫ 0 π    M q  ( φ )      M ¯  i  ( φ ) d φ   ,   i = 1 , 2  ;  



(6)







	-

	
collateral coefficients








    δ  12   =  δ  21   =   12   E b  h 3    R    ∫ 0 π     M ¯  1  ( φ )   M ¯  2  ( φ ) d φ    .   



(7)





Here,  E  is the Young’s modulus of the pipe material;  b  is the length of the pipe element selected above the support.



Substituting (5) into (6) and (7), and the obtained results after integration into the displacement Equations (3) and (4), we obtain the desired result:


    X 1  = − 1 / 2  (  q  R 2   )    ;    X 2  = 1 / 2  (  q R  )   .  











In this way, the static indeterminacy is revealed. Now, using the principle of superposition for linear systems, and considering the presence of the reaction P (as well as the relationship between q and P), we write the equation of bending moments for the entire circumference of the pipe (Figure 3a):


  M ( φ ) =  1  2 π   P R ( φ sin φ +  1 2  cos φ − 1 ) − P R sin φ ⋅ H ( φ − π ) ,   0 ≤ φ ≤ 2 π ,  



(8)




where   H ( φ )   is Heaviside’s function.



The transverse force   Q ( φ )   and hoop force   N ( φ )   equations have the following form:


   Q ( φ ) =  1  2 π   P (  1 2  sin φ + φ cos φ − 2 π cos φ ⋅ H ( φ − π ) ) ;    N ( φ ) =  1  2 π   P (  1 2  cos φ − φ sin φ + 2 π sin φ ⋅ H ( φ − π ) ) ,   0 ≤ φ ≤ 2 π  .  



(9)







The distribution of internal loads in the pipe, which arise as the result of the contact interaction of the pipe with the rigid support, is illustrated in Figure 4. Here, the results are presented in dimensionless form. Thus, in Figure 4, going from top to bottom, we have: distribution of transverse forces; distribution of bending moments; and distribution of hoop forces along the length of the pipe ring.



The transverse force Q along the length of the pipe ring varies non-monotonically, changes sign three times, and has a jump in the point of contact between the pipe and the support. The bending moment M varies non-monotonically along the length of the pipe ring has two extrema (maxima) and a pronounced corner point and reaches the highest modulus value at the point of contact of the pipe with the support. The maximum modulus value of the bending moment at   φ = π   stretches the inner fibers of the pipe and compresses the outer fibers. It should be noted that there is a differential relationship between graphs  Q  and  M . For example, the intervals, where the dependence  Q  keeps the constant sign, define areas of monotonous change in graph  M ; points in which   Q = 0  , and around them the graph of transverse forces changes sign, determine the location of extrema of the graph of bending moments, etc. The hoop force N compresses in the greater part of the pipe and stretches only in a small upper area of the pipe. In contrast to the previous graphs, the maximum modulus values of the transverse force occur in sections that do not coincide with the point of contact of the pipe with the support.



Using the proposed approach, we can determine the displacement of the middle line of the pipe ring. Let us determine the change in the length of the vertical diameter of the pipe ring    Δ y    in the section that coincides with the y-axis (Figure 3b). To do this, we imagine applying a vertical unit force directed downwards at the point of the pipe ring with coordinates (0, 2R). The impact of such force causes the bending moment   R sin φ   in the cross-sections of the pipe. Then, the desired displacement is as follows:


   Δ y  =   12   E b  h 3    R    ∫ 0 π    1  2 π   P R ( φ sin φ +  1 2  cos φ − 1 ) ⋅ R sin φ d φ    ≈ 0.89   P  R 3    E b  h 3    .  



(10)








2.2. The Method to Determine the Reaction in the Intermediate Support of the Overpass of the Oil Pipeline


To use the built model of the interaction of the pipe with the support for real numerical calculations, it is necessary to determine the reaction that occurs at the support of the overpass.



Let us return to the general scheme of the overpass (Figure 2). We observed that the soil foundations to the left and to the right of the above-ground section of the oil pipeline, on which the underground sections of the structure are laid, have practically the same strength-deformation characteristics. The above-ground section consists of two identical parts and is symmetrical. Therefore, we can limit ourselves to considering half of the structure, describing and evaluating the stress–strain state of the KC and CD sections (see Figure 2). The underground section CD, laid directly on the natural soil base and loaded from above with backfill soil, was modeled by a semi-infinite beam with an annular cross-section interacting with a linear-elastic base (Figure 5). The properties of such elastic bases were described by the Fuss-Winkler hypothesis system, which allows us to assess the impact of changes in soil properties on the behavior of the oil pipeline. The above-ground part KC of the structure was modeled with an elastic tubular rod of fixed length, which has support with a one-way connection on the left end (there may be an installation gap  δ  between the support and the pipe). Standard operating loads on the oil pipeline consist of the structure’s own weight, the weight of the petroleum product filling the pipes, and the standard load from the weight of the soil used to fill the trenches with underground pipe sections. The totality of the listed force influences on the calculation scheme was presented in the form of distributed loads    q i   . At the final stage of the calculation, when assessing the strength of the oil pipeline elements, the pipes were modeled with the Kirchhoff-Love shell.



The system of differential equations of equilibrium in displacements, which describe the deformation of the oil pipeline sections, has the following form:


  E  J z     d 4   w  y 1     d  x 4    +  q 1  = 0 ,   x ∈ [ 0 , l ) ;  



(11)






  E  J z     d 4   w  y 2     d  x 4    + D  k y   w  y 2   =  q 2  ,    x 2  ∈ [ l , ∞ ) ,  



(12)




where    w  y 1    ,    w  y 2     are transverse movements of the above-ground and underground sections of the oil pipeline, respectively; E is Young’s modulus of the pipe material;    J z    is the axial moment of inertia of the pipe cross-section; D is the pipe diameter; and    k y    is the bed coefficient of the soil base.



To obtain the solution of the system of Equations (11) and (12), the method of initial parameters proposed by the authors of the article in their previous publication [7] was applied. As a result, we obtain the following solving equation:


   A  X →   +   Δ →   = 0 ,  



(13)




where, respectively, the matrix of coefficients   A  , the vector of free members    Δ →    and the vector of unknown static initial parameters    X →    have the following form:


    A  =  |     1   1   0   0     l   0   1   1         l 2    2 E  J z        −   2  β 2    D  k y         l  E  J z        −   4  β 3    D  k y             l 3    6 E  J z          2 β   D  k y           l 2    2 E  J z          2  β 2    D  k y         |    ,     Δ →   =  |      −  q 1  l       −    q 1   l 2   2        −    q 1   l 3    6 E  J z          δ −    q 1   l 4    24 E  J z    −    q 2    D  k y         |    ,     X →   =  |       Q  01          Q  02          M  01          M  02        |   ,  



(14)







The solution of Equation (13) gives us the value of the transverse force    Q  01     and the bending moment    M  01     in the middle of the above-ground section, and at the beginning of the underground section are    Q  02    ,    M  02    . Then, the equations of transverse forces and bending moments for the oil pipeline can be written in the following form:


  Q ( x ) = (  Q  01   −  q 1  x ) H ( l − x ) + ( 2 β  M  02    η 3  ( x − l ) −  Q  02    η 2  ( x − l ) ) H ( x − l ) ,  



(15)






  M ( x ) =  (   M  01   +  Q  01   x −    q 1   x 2   2   )  H ( l − x ) −  (   M  02    η 1  ( x − l ) +    Q  02    β   η 3  ( x − l )  )  H ( x − l ) ,  



(16)




where   β =    k y  D / 4 E  J z   4    is a coefficient that depends on the stiffness of the soil based on settlement and the bending stiffness of the oil pipeline;    η 1  ( x ) =  e  − β x   ( cos β x + sin β x ) ;      η 2  ( x ) =  e  − β x   ( cos β x − sin β x ) ;        η 3  ( x ) =  e  − β x   sin β x  .



The support reaction of the oil pipeline is equal to the jump in the transverse force curve that occurs above the overpass support.





3. Results and Discussion


3.1. The Formula to Determine the Additional Hoop Stresses in the Oil Pipeline, Which Arise Due to the Interaction of the Pipe with the Support


The interaction of the oil pipeline with the support causes the occurrence of additional hoop stresses    σ φ  add    , which consists of stresses from the influence of the bending moment    σ M    and stresses from the action of the hoop force    σ N   :


   σ ϕ  add   = ±  σ M  ±  σ N  ,  



(17)




where


   σ M  =  1  2 π     6 P R   b  h 2     [  φ sin φ +  1 2  cos φ − 1 − sin φ ⋅ H ( φ − π )  ] ,   



(18)






   σ N  =  1  2 π    P  b h    [   1 2  cos φ − φ sin φ + 2 π sin φ ⋅ H ( φ − π )  ] .   



(19)







Let us analyze the obtained formulas on a numerical example. We take into account that on the intermediate support of the overpass of the oil pipeline, the reaction is equal to   P = 9   k N   (this value was obtained experimentally during the examination of the support node of one of the overpasses of the Druzhba oil pipeline in the Carpathians (Ukraine) [54,55]). The diameter of the pipe is 720 mm, and the wall thickness is 9.5 mm. Figure 6 shows the distribution of the hoop stresses    σ M    that arise due to the influence of the bending moment. Stress    σ M    is unevenly distributed along the pipe wall thickness. That is why Figure 6 shows two curves, that illustrate the distribution of hoop stresses in the outer (red solid line) and inner (blue dashed line) contours of the pipe cross-section. The highest modulus value of such stresses occurs in the contact area of the pipe with the support, in particular, at   ϕ = 2 π  ,    |   σ M   |  = 51.4   MPa  , these stresses are tensile on the inner contour of the pipe cross-section and compressive on the outer contour of the cross-section pipe.



Figure 7 shows the distribution of the hoop stresses    σ N   , which arise due to the influence of the hoop force. These stresses are evenly distributed throughout the thickness of the pipe, and in most of the pipe they are compressive, only in the small upper area of the pipe are these stresses tensile. The maximum modulus values    σ N    occur in cross-sections that do not coincide with the point of contact of the pipe with the support (at   ϕ = 2 / 3 π   and   ϕ = 4 / 3 π  ,    σ N  = 31.1 ⋅   10  4    Pa  ). If we compare the absolute values of stresses    σ N    and    σ M   , then    σ N    obviously have a significantly smaller effect on the strength of the pipe material.



Figure 8 illustrates the effect of the ratio of the pipe’s radius to the wall thickness on the value of the additional hoop stresses. The greater the ratio   R / h  , the greater the additional hoop stresses caused by the interaction of the pipe with the support, other things being equal.



The normal pressure in the oil pipeline creates operational hoop tensile stresses in the pipe material. Therefore, the additional tensile stresses, which add up to the standard stresses, harm the strength of the oil pipeline. Analysis of Formulas (17)–(19) and graphs in Figure 6, Figure 7 and Figure 8 allow us to do the following conclusion. As a result of the interaction of the oil pipeline with the support, the maximum tensile stresses occur on the inner contour of the pipe cross-section in the contact area. These stresses can be determined by the following formula:


   σ ϕ  add   =  1  4 π    P  b h    (  18  R h  − 1  )  ≈ 1.43   P R   b  h 2    .  



(20)







The greater the ratio   R / h  , the higher the convergence of the results obtained by the exact and approximate variants of Formula (20).




3.2. Analysis of the Strength of the Overpass of the Oil Pipeline in the Contact Area with the Intermediate Support


As a result of the influence of operational loads, the complex stress state occurs in the material of the oil pipeline. At this research stage, we model the oil pipeline with the Kirchhoff–Leav thin-walled shell, and we use the Huber–Mises theory to evaluate the strength. According to this theory, the strength criterion is the amount of specific potential deformation energy accumulated by a deformed structural element. The expression for determining the equivalent stresses in the oil pipeline will have the following form [56,57]:


   σ  e q   =    σ x 2  +  σ φ 2  −  σ x   σ φ    .  



(21)







Here, the normal stresses in the top and bottom fibers of the oil pipeline will be determined based on the presence of a flat thermoelastic stress–strain state:


   σ x  = ν  σ φ  ±  σ t  ±  σ  M z    ,



(22)




where    σ φ  = p D / 2 h   is hoop stresses in the pipe from the influence of the pressure of the petroleum product being pumped,    σ t  = E  α t  Δ t   represents stresses that can be caused by temperature changes,    σ  M z   = 4  M z  ( x ) / ( π  D 2  h )   represents normal stresses that arise as a result of pipe bending, p is the pressure of the petroleum product being pumped,    α t    is coefficient of thermal expansion for pipe material,   Δ t   is change in oil pipeline temperature,  ν  is Poisson’s ratio,    M z  ( x )   is the function of the bending moment distribution along the length of the overpass of the oil pipeline (determined by Formula (16)).



However, to estimate the strength of the pipe in the contact area of the overpass of the oil pipeline with the intermediate support, Formula (21) must be supplemented with the component    σ ϕ  add     determined by Equation (20). The specified formula for determining the equivalent stresses in the area of the support node of the oil pipeline is as follows:


   σ  e q  0  =    σ x 2  +    (   σ φ  +  σ φ  add    )   2  −  σ x   (   σ φ  +  σ φ  add    )    .  



(23)







Since the phenomenon of the occurrence of additional hoop stresses occurs only in the area of contact of the oil pipeline with the support, i.e., it has an exclusively local character, the term    σ ϕ  add     in Equation (22) is still missing.



To ensure the strength of the structure, it is necessary to perform the strength conditions: on the section of the overpass and adjacent underground sections    σ  e q   ≤ [ σ ]  ; in the area of the support node    σ  e q  0  ≤ [ σ ]  , where   [ σ ]   is the permissible stress for the material of the structure, taking into account the reserve coefficients, working conditions, reliability, etc., which are regulated by current directive documents.



Let us illustrate what is described in the example of the specific problem. Figure 1b shows the general appearance of the overpass of the oil pipeline, which is built in the mountainous area of the Carpathian region. For this research, we chose the two-section overpass (shown on the right in Figure 1b). The total length of the overpass is 25 m, while the intermediate support is built in the middle of the overpass, which divides the overpass into two sections 12.5 m long. The support design allows, if necessary, to create the installation gap  δ  in the support node. The underground sections of the oil pipeline are laid directly on the natural soil base, which is represented by dispersed cohesive rock, that is loam. For loam, the bedding coefficient    k y  = 4      M N / m   3    was determined by field tests. The underground sections of the overpass are deepened by   1.2   m   and filled with soil that has a specific gravity   27      kN / m   3   . The material of the pipe is tubular steel with the following mechanical characteristics: elasticity modulus is   2.1 ×  10 5    MPa  , Poisson’s ratio is 0.3, and yield strength is   370   MPa  . The required geometric characteristics of the pipes: the diameter is   720   mm  , and the wall thickness is   9.5   mm  . The pipeline is used to transport crude oil, and the average operating pressure is   3.1   MPa  , the temperature difference was considered insignificant. Distributed loads are    q 1  = 4.2    KN / m    and    q 2  = 28.5    KN / m   , which were applied to the calculation model (Figure 5) were calculated according to normative methods [58].



Figure 9 shows graphs of internal loads (transverse forces and bending moments) that occur in the oil pipeline. Such graphic dependencies indirectly describe the stressed state of the structure. The graphs are presented in the Cartesian coordinate system, the origin of which is aligned with the middle of the above-ground section (see Figure 2). Therefore, the graphs show the internal loads in the above-ground section of the oil pipeline at   0 ≤ x ≤ 12.5   m  , and the internal loads in the underground section of the oil pipeline at   12.5   m ≤ x ≤ 30   m  . To draw such dependencies, the sequence of actions is as follows. It is necessary to first use Equation (13) and calculate the vector of unknown static initial parameters. For example, for case 2, when there is a gap   δ = 25   mm   in the support node, from Equation (13) we obtain:    Q  01   = 11.09   KN  ,    Q  02   = 41.4   KN  ,    M  01   = 104.1   KN ⋅ m  , and    M  02   = 85.38   KN ⋅ m  . After that, Equations (15) and (16) should be used alternately.



In the case of the ideal installation of the intermediate support, we get the largest value of the support reaction and the smallest value of the bending moments in the oil pipeline. As the mounting gap increases, the support reaction gradually decreases, and the absolute values of the bending moments in the oil pipeline increase. If there is no contact between the pipe and the intermediate support, there is no support reaction, and the bending moments in the oil pipeline acquire the greatest values.



A characteristic feature of the presented dependences (Figure 9) is the wave-like changes in the functions of internal loads at the beginning of the underground section of the oil pipeline with gradual damping when moving away from the edge of this section. We call such an effect the marginal effect of the change in the stress state of the underground section of the oil pipeline, and the length over which this effect has significant manifestations is the length of the marginal effect. The damping of the marginal effect is explained by the presence in Equations (15) and (16) of the functions    η i   , which contain the multiplier    e  − β x    . This multiplier goes to zero if the product   β x   goes to infinity. Let us estimate the length of the marginal effect for the considered case using the function   f ( β ( x − l ) ) =  e  − β ( x − l )    . If   x − l = 0  , then this function is equal to one. If   β ( x − l ) = π  , then   f ( π ) = 0.043  , therefore, with an accuracy of up to 5%, the function can be considered already damped. From the equality   β ( x − l ) = π  , we calculate that for the underground section of the oil pipeline, the marginal effect has significant manifestations along the length   ( x − l ) = 14.3   m  , therefore, the construction of graphs can be limited to the coordinate   x = 26.8   m  .



Let us evaluate the strength of the support node of the oil pipeline in case 2 (Figure 9). According to the classical formula for equivalent stresses (21), we get    σ  e q   = 101.79   MPa  . The additional hoop stresses that arise from the contact of the pipe with the support are calculated by Formula (20), and we get    σ ϕ  add   = 62.2   MPa  . Specified Formula (23) for calculating the maximum equivalent stresses in the support node gives the result    σ  e q  0  = 158.03   MPa  . Let’s consider the construction of the overpass of the oil pipeline in general. The support node is a concentrator of equivalent stresses, and the ratio    σ  e q  0  /  σ  e q   ≈ 1.55   can be considered a theoretical coefficient of concentration of equivalent stresses in the support node. For the considered case, the limit state does not occur, since the equivalent stresses do not exceed the yield point of the pipe material.



Figure 10 is illustrated the distribution of the maximum equivalent stresses in the overground and underground sections of the oil pipeline in general. Graphical dependence 1 (shown in Figure 10 by a solid red line) is constructed for the case when the oil pipeline is laid on the intermediate support without the installation gap. For its construction, Formula (21) was used, which does not consider the influence of the contact interaction of the pipe with the support on the stressed state of the structure. Graphical dependence 2 (shown in Figure 10 by a solid green line) is constructed for when the oil pipeline does not come into contact with the intermediate support. A comparison of curves 1 and 2 shows that intermediate support reduces the maximum equivalent stresses in the oil pipeline. Under other identical conditions, the limit state of the oil pipeline will come sooner for the second case and will be reached first at a distance of about 1.3 m from the edge of the underground section. However, after applying the refined Formula (23) and drawing graphic dependence 3 (presented in Figure 10 by a red dashed line, which later coincides with curve 1), there is a sharp increase in the equivalent stresses in the area of the support node. Such the sharp perturbation of the equivalent stresses has a local character because when moving away from the center of the support node, the equivalent stresses decrease rapidly. Nevertheless, it should be remembered that the destruction of the separate (even the small) section of the oil pipeline can lead to a facility-wide emergency; therefore, when assessing the strength, it is necessary to take into account the influence of the interaction of the pipe with the support on the value of the equivalent stresses.



It should be noted that the internal loads in the oil pipeline depend on several factors, among which is the bed coefficient of the soil base of the underground sections. When checking overpass, this coefficient must be determined for a specific research object.



The properties of the base for laying overpass pipes differ depending on the terrain, and the depth of the trench. The resistance to the pipe movement of the same soil type can even vary significantly depending on the season or weather conditions. Today, in several mountainous regions, abnormal climate changes (uncharacteristic for these areas) are occurring, which cause unfavorable physical and geographical processes (slides, waterlogging, flooding, etc.). In these cases, considering extraordinary changes in the compliance of the soil base on the strength of the transition will have an important diagnostic value.





4. Conclusions


Many factors affect the safe operation of overpasses of main oil pipelines, one of which is the contact interaction of the pipe with rigid supports. Particularly significant changes in the process of long-term operation occur in the pipeline precisely in the areas of support nodes. Therefore, during diagnostic inspections of the overpasses, special attention should be paid to the areas of contact between the pipe and the supports, and conclusions regarding the safety of further operation of the structure should be based on detailed strength calculations.



This study has three main innovation outcomes as follows:




	
An analytical model of the interaction of the overpass of the pipeline with the rigid support has been developed. The developed model makes it possible to determine additional internal loads in the pipe and displacement of its middle surface, which occur due to the contact of the pipe with the support.



	
The method of determining the reaction in the intermediate support of the overpass of the oil pipeline has been developed, which considers the influence on the reaction value of the properties of the soil base of the underground sections of the overpass and the possible presence of the installation gap in the support node.



	
The analytical dependence was obtained to determine the additional hoop stresses in the oil pipeline, which arise due to the contact of the pipe with the support. The unambiguous relationship between the maximum additional hoop stress and the reaction in the support node is established.








Therefore, in order to use the results of the conducted research, it is necessary to perform the following sequence of actions. Using the method of initial parameters, we solve Equation (13) and calculate the reaction at the support node we are interested in. The maximum value of additional hoop stresses, which arise from the contact interaction of the pipe surface with the support, is determined by Formula (20). We formulate the strength condition of the oil pipeline as a thin-walled shell, using the Huber–Mises energy strength criterion—Expression (21) while considering the two-dimensional thermoelastic state of the oil pipeline, the normal stress in its extreme fibers is determined by Formula (22). Finally, we calculate the maximum equivalent stresses in the zones of the support nodes of the oil pipeline according to the refined Formula (23), which considers the effect of additional hoop stresses on the strength.



The obtained research results were tested on the real structure of the overpass of the oil pipeline built in the mountainous area. In general, the study’s results represent the engineering theory that allows analyzing the behavior of the support node of the oil pipeline and provides the numerical correction to traditional formulas for strength estimation. In further research, it is expedient to study the influence of seismic loads, which often occur in mountainous areas, on the strength of the support nodes of overpasses of oil pipelines.
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Figure 1. Overpasses of pipelines located in the mountainous areas of the Carpathian region: (a) main gas pipeline Urengoi-Pomari-Uzhhorod; (b) Main oil pipeline Druzhba. 






Figure 1. Overpasses of pipelines located in the mountainous areas of the Carpathian region: (a) main gas pipeline Urengoi-Pomari-Uzhhorod; (b) Main oil pipeline Druzhba.



[image: Energies 16 04464 g001]







[image: Energies 16 04464 g002 550] 





Figure 2. The model of the two-section overpass of the oil pipeline. 
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Figure 3. The model of the interaction of the pipe with the support: (a) The scheme for analytical description of the model; (b) The equivalent scheme for revealing static indeterminacy. 
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Figure 4. The distribution of internal loads, which arise from the contact of the pipe with the support. 
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Figure 5. The scheme for calculating the above-ground overpass of the oil pipeline with the intermediate support. 
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Figure 6. The distribution of hoop stresses    σ M    that arise due to the interaction of the oil pipeline with the support (caused by the bending moment). 
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Figure 7. The distribution of hoop stresses    σ N    that arise due to the interaction of the oil pipeline with the support (caused by the hoop force). 
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Figure 8. The influence of the ratio of the pipe’s radius to the wall thickness on the value of additional hoop stresses that arise due to the interaction of the oil pipeline with the support. 
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Figure 9. Distribution of internal forces in the above-ground (  0 ≤ x ≤ 12.5   m  ) and underground (  12.5   m ≤ x ≤ 30   m  ) sections of the oil pipeline: (a) distribution of transverse forces along the length of the oil pipeline; (b) distribution of bending moments along the length of the oil pipeline (the graphs are drawn from the side of the compressed fibers of the oil pipeline); 1—perfectly mounted support; 2—support has the mounting gap; 3—there is no contact between the oil pipeline and the support. 






Figure 9. Distribution of internal forces in the above-ground (  0 ≤ x ≤ 12.5   m  ) and underground (  12.5   m ≤ x ≤ 30   m  ) sections of the oil pipeline: (a) distribution of transverse forces along the length of the oil pipeline; (b) distribution of bending moments along the length of the oil pipeline (the graphs are drawn from the side of the compressed fibers of the oil pipeline); 1—perfectly mounted support; 2—support has the mounting gap; 3—there is no contact between the oil pipeline and the support.



[image: Energies 16 04464 g009]







[image: Energies 16 04464 g010 550] 





Figure 10. Distribution of the maximum equivalent stresses in the overground and underground sections of the oil pipeline: 1—the oil pipeline is laid on the intermediate support without the installation gap, and calculations are made according to Formula (21); 2—the oil pipeline does not come into contact with the intermediate support, calculations are made according to Formula (21); 3—the oil pipeline is laid on the intermediate support without the installation gap, calculations are made according to the refined Formula (23). 
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