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Resum  
 

La tesi consisteix en la investigació de les deformacions i tensions internes de la biela d'un motor 

de combustió a 20ºC en una anàlisi estàtica sota condicions de contorn comuns. La investigació 

se centra en la regió més complexa i més crítica de la peça de la màquina: la unió cargolada. La 

investigació és empresa per anàlisi d'elements finidos (anàlisis F.E.M.) i pels proves de laboratori 

en el model real. L'anàlisi F.E.M. és assolit, d'una banda, a través del programari “Ansys” i el 

model digital és creat a través del programari “Autodesk Inventor”. Les proves de laboratori, 

d'altra banda, s'efectuen principalment les galges extensometrics en 7 models.  

La meta dels càlculs de l'anàlisi F.E.M. consisteix en l'obtenció dels resultats de deformacions i 

tensions internes al model en diversos estats d'equilibri estàtic. En cada estat els cargols estan 

cargolats amb una diferent força de la càrrega que vària entre 0 N i 40 000 N. En la valoració de 

l'anàlisi F.E.M. aquestes condicions inicials van ser aplicades:  

• El cojinete de la fricció entre el cigonyal i la biela posseïx un excés del ràdio extern de 

0.1 mm.  

• El cigonyal és indeformable i fix en l'espai.  

La meta de les proves de laboratori dels models reals consisteix en l'observació de la tensió 

superficial de la biela amb l'ajuda de les galges extensometricas superficials durant els mateixos 

estats. Les galges extensometricas es col·loquen en posicions el més prop possible a les regions 

internes més crítiques. L'objectiu d'aquesta etapa és principalment comparar aquests resultats 

amb els resultats de l'anàlisi F.E.M.  

La investigació té el propòsit de proporcionar conclusions sobre les tensions i deformacions de la 

biela i de les seves unions cargolades a través de l'anàlisi informàtica F.E.M. i, al mateix temps, 

té el propòsit de confirmar l'exactitud dels resultats informàtics confrontant-los amb els resultats 

dels proves de laboratori en el model veritable. 
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Resumen 

La tesis consiste en la investigación de las deformaciones y tensiones internas de la biela de un 

motor de combustión a 20ºC en un análisis estático bajo condiciones de contorno comunes.  La 

investigación se centra en la región más compleja y más crítica de la pieza de la máquina: la 

unión atornillada.  La investigación es emprendida por análisis de elementos finidos (análisis 

F.E.M.) y por los pruebas de laboratorio en el modelo real.  El análisis F.E.M. es logrado, por un 

lado, a través del software “Ansys” y el modelo digital es creado a través del software “Autodesk 

Invento”.  Las pruebas de laboratorio, por otro lado, se efectúan principalmente las galgas 

extensometricas en 7 modelos. 

La meta de los cálculos del análisis de F.E.M. consiste en la obtención de los resultados de 

deformaciones y tensiones internas al modelo en varios estados de equilibrio estático.  En cada 

estado los tornillos están atornillados con una distinta fuerza de la carga que varia entre 0 N y 

40 000 N. En la valoración del análisis F.E.M. estas condiciones iniciales fueron aplicadas: 

• El cojinete de la fricción entre el cigüeñal y la biela posee un exceso del radio externo de 

0.1 mm. 

• El cigüeñal es indeformable y fijo en el espacio. 

La meta de las pruebas de laboratorio de los modelos reales consiste en la observación de la 

tensión superficial de la biela con la ayuda de las galgas extensometricas superficiales durante los 

mismos estados.  Las galgas extensometricas se colocan en posiciones lo más cerca posible a las 

regiones internas más críticas. El objetivo de esta etapa es principalmente comparar estos 

resultados con los resultados del análisis F.E.M. 

La investigación tiene el propósito de proporcionar conclusiones sobre las tensiones y 

deformaciones de la biela y de sus uniones atornilladas a través del análisis informático F.E.M. y, 

al mismo tiempo, tiene el propósito de confirmar la exactitud de los resultados informáticos 

confrontándolos con los resultados de los pruebas de laboratorio en el modelo verdadero.  
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Resume 

The thesis consists in the investigation of the internal strains and stresses of the connecting rod 

(con rod) of a combustion engine at 20ºC under common boundary conditions of a static 

analysis.  The research focuses on the most complex and critical region of the machine part: the 

bolted joint.  The investigation is approached by computer analysis with the Finite Element 

Model (F.E.M.) analysis and by laboratory tests on the real model.  The F.E.M. analysis is 

accomplished, on the one hand, through the engineering software “Ansys”, and the digital model 

is created through the modeling software “Autodesk Inventor”.  The Laboratory tests are 

accomplished, on the other hand, mainly using strain gauges on 7 models. 

The goal of the F.E.M. analysis calculations consists in achieving the results of deformations, 

reactions, internal strain and stress throughout the model in several stages of static equilibrium.  

In each stage the bolts will be screwed with a different preload force ranging from 0 N to 

40 000 N.  In F.E.M. analysis estimation these initial conditions were applied: 

• The friction bearing between the crankshaft and the con rod has an excess of external radius 

of 0.1 mm. 

• The crankshaft is non-deformable and fix in space. 

The goal of the tests on the real models on the test-bed consists in observing the surface strain of 

the con rod with the help of the surface strain gauges during the same stages.  The strain gauges 

are applied in locations of detection nearest to the most critical internal regions. Target of this 

stage is mainly to compare these results with the F.E.M. analysis results. 

The research holds the clear purpose of drawing competent conclusions on the strain and stress 

of the con rod and its bolted joints using a F.E.M. analysis and, at the same time, it has the 

purpose of confirming the accuracy of the computer results by verification with the results of 

laboratory tests on the real model.  
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Glossary 

 

 
Figure 0-1:  Power prefixes 

F.E.M. analysis:  Finite Elements Method. 

Con rod:  Connecting rod. 

Mesh:  Subdivision of the Model in a discrete (not infinite) number of elements. 

Discretization: See “mesh” 

Rheostat:  Variable resistor.  Resistor that can be adjusted to control the electrical current 

flowing through it. 

Shot peening: is a process used to modify mechanical properties of  metals. It consists in 

impacting a surface with round metallic particles with force sufficient to create small 

depressions and with enough particles that those depressions overlap. Each particle functions as 

a ball-peen hammer. 

Magnaflux: a trade name for the equipment and processes used for detecting cracks and other 

surface discontinuities in iron or steel. A magnetic field is set up in the part to be inspected, and 

a powder or paste of magnetic particles is applied. The particles arrange themselves around 

discontinuities in the metal, revealing defects.  
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P/F Con Rod:  Powder forged Con Rod. 

Sintering:  Method for making objects from powder.  The powder is compressed into the desired 

shape and, afterwards, is heated to just below the melting point until its particles adhere to each 

other forming one solid mass. The process is used to form complex shapes, to produce alloys, 

and to allow work on metals with very high melting points. Sintering is also used in the 

preliminary molding of ceramic or glass powders into forms that can then be permanently fixed 

by firing. 

Y-Con Bolt:  Yield Controlled Bolt. 

Fatigue strength:  is the stress level at which the material will fail after a specified number of 

cycles (for example: 107 cycles). 

Inner/outer bolted joint/screw:  The bolted joint/screw nearer/farther from the smaller end of 

the con rod. 

kp:  Known as “kilopond”, “kilo weight” or “kilo force”.  1 kp = 9.81 N.  It is the force exerted 

by gravity on 1 kg of mass at standard conditions. 
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Dictionary of Catalan-English-German-Spanish Terms 

Debt to the international character of this thesis, which is accomplished and composed in the 

Technische Universität of Berlin and, on the other hand, presented and exposed in the “Escola 

Tecnica Superior de Engineers Industrials” of Barcelona, it has benefited from the valuable and 

indispensable tutoring of Professors, Doctors and other Engineers from 4 different countries. 

It is a minimum norm of politeness, as well as a form of gratitude for their help, to furnish it with 

a translation, in each of their native languages, of technical terms which translation might not be 

so intuitive. 

Also, the language chosen to express this thesis has been an intentionally “very simple English 

but still with a very formal style”.  The reason of trying to express each chapter of this study in 

an English as simple as possible is to facilitate its access to anyone who would like to approach 

it.  

Catalan English German Spanish 

Deformació Strain Dehnung Deformacion 

Esforç Stress Belastung Esfuerzo 

Límit Elástic Yield Point Fließgrenze Limite Elastico 

Biela Connecting rod Pleuelstange Biela 

Pern Bolt Schraube Bulón 

Cigonyal Crankshaft Kurbelwelle Cigüeñal 

Pas Pitch Steigung Paso 

Filets Threads Gewinde Filetes 

Rosca Thread Gewinde Rosca 

Crestes Ridges Hügel Crestas 
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Catalan English German Spanish 

Fermella Nut Schraubenmutter Tuerca 

Força de Muntatge Clamp Force Restklemmkraft Fuerza de Montaje 

Força de Muntatge Preload Vorspannkraft Fuerza de Montaje 

Rigidesa Stiffness  Steifigkeit  Rigidez 

Subjectat Clamped Eingespannt Sujetado  

Assentament Embedding Einbetten Asentamiento 

Coixinet de Fricció Friction Bearing Gleitlager Cojinete de Fricción 

Banc d’Assaig Test Bed Prüfstand Banco de Ensayo 

Pendent Slope Kurve Pendiente 

Fosa Cast Iron GuBeisen Fundición  

Aliatge Alloy Legierung Aleación 

Amortiment Damping Dämpfen Amortiguamiento 

Moment Torsor Torque Drehmoment Momento Torsor 
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1 Introduction 

The project here described is the study of the static equilibrium of the connecting rod (con rod) 

of a combustion engine under common boundary conditions and constraining conditions.  

Considering that the object of the mechanical study is such a geometrically complex mechanical 

part including two bolted joints, the most valid method for such a task has been considered to be 

the Finite Elements Method (F.E.M.) analysis.  Without the help of modern software assisting 

such type of analysis it would be impossible to obtain the localized static solution, in a 

reasonable amount of time and effort, for each one of the approximately 90 000 elements (mainly 

quadratic tetrahedral elements of 8 nodes each), into which the real model has been divided.   

The several objectives of this research consist in: 

• Building the complete digital model of the con rod that is subject of this study. 

• The characterization and definition in Ansys of the physical information of its materials 

(Young modulus, Poisson’s coefficients, Friction’s coefficients, etc..) and the assignation 

of boundary conditions, contact conditions and preload force in the bolted joints. 

• The division of the model in about 90 000 elements and calculation of the static solutions 

of the defined steps of the problem. 

• Localization of the best position for the application of the strain sensors on the real 

models to be tested in laboratory. 

• Laboratory tests on 7 real models and analysis of the collected results. 

These several objectives had the purpose to reach the following goals in this investigation: 

• To determine the exactitude of the F.E.M. analysis solution by verification with the 

results of the laboratory tests in selected points of surface detection. 

• To build the joint diagram of the bolted joints of the con rod. 

• Investigate the distribution of stresses and strains in the con rod when the bolts are 

screwed with maximum preload of 40 000 N. 
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2 Model of the Investigation  

A brief description of the geometry and materials of the model used for this research 

(Picture 2-1) is going to be given in this chapter.   

Picture 2-1:  Model of this investigation 

The model is composed of: 

• 1 con rod,  

• 2 bolts, 

• 2 half antifriction bearings. 

In “Annex A” (General Notions on Connecting Rods, Page 84) basics on the investigated model 

are given. On the other hand, the different material properties of each part that were used for the 

F.E.M. analysis are described with more detail in Chapter 5 (Material Properties used in the 

F.E.M. Analysis, Page 28). 
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2.1 Con rod 

2.1.1 Geometry 

The 7 con rods used in this research were offered to the Technische Universität of Berlin from a 

group of German companies and firms of industrial construction.  The intention of these firms is 

letting the university join a financed collaboration in several researches, one of which this 

investigation is included in.   

Since these specific con rods are actual products and parts of products in the automotive market, 

the real dimensions of them cannot be shown in this text (as well as other information such as the 

name of the firms or very specific material properties). The reason is that it is professional 

confidential information belonging to the industrial scientific “know-how” of these firms and 

that, therefore, have a specific economical value. 

2.1.2 Material1 

The material used to build these con rods is a derivation of the steel C-70.  The exact used 

derivation of this steel is C70 BYS6.  Con rods were always produced either by casting or by 

forging.  Before the advent of steel C-70 connecting rods were forged worldwide with two 

competing forging processes:  

• steel forging 

• powder forging 

Initially, the forged steel rod was fabricated by starting with a molted steel preform, heating the 

preform and forging it in the material’s plastic temperature range, cutting the rod cap end, and 

then machining portions of the product to realize the final dimensional characteristics of the 

component. The powder forged (P/F) con rod is fabricated by consolidating metal powders into a 

                                                 

1 This introduction about steel C-70 is referenced from:  ILIA, EDMOND, TUTTON, KEVIN AND O’NEILL, 
MIKE, Advances in Powder Metallurgy & Particulate Materials, Vol. 3, part 10, Metal Powder Industries 
Federation, Princeton, NJ, 2004, pp. 98–110. 
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preform that is sintered1, reheated to forging temperature (or in some cases forged subsequently 

to sintering), fully densified by forging to final shape, fracturing of the rod cap end, and then 

machined (minimally) to final dimensions.  

The success of the P/F con rods consists in the possibility of fracturing them in two parts. Until 

the advent of the crackable P/F connecting rod cap end, all connecting rod cap ends were sawn or 

machined apart to enable inclusion of a bearing and attachment to the crankshaft. The cost of 

sawing and machining the cap end to obtain the desired tolerances were a considerable portion of 

the manufacturing cost. 

The new steel, C-70, has been in the recent years used for the first time in Europe as a crackable 

forging steel. Alloying elements in the material enable hardening of forged connecting rods when 

they undergo controlled cooling after forging. This material fractures in a way similar to powder 

forged materials.  

2.2 Bolts2 

The bolts used in this research are bolts Y-Con M9 12.9.  “Y-Con” stands for Yield Controlled.  

These recently developed “Y-Con” bolts have a performance that is better than that of a 

conventional bolt because of some favorable special properties that could be summarized as: 

• Their range of plastic deformation (between yield strain and fracture strain) is much 

wider. 

• The elongation of the bolt is virtually uniform throughout this long extension. 

• They allow an easier alignment of the parts to be joined. 

• The fatigue strength1 is uncommonly high. 

                                                 

1 Sintering is a method for making objects from powder, by heating the material to just below the melting 
point until its particles adhere to each other forming one solid mass. The process is used to form 
complex shapes, to produce alloys, and to allow work on metals with very high melting points. 

2 This information about Y-Con bolts has been referenced from AUTOMOTIVE ENGINEER, 
Fabrication/Assembly, 08,09,1989, page 35-36. 
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Y-Con bolts are especially valuable for applications where sophisticated equipment is employed 

for tightening them.  They were initially designed for con rods but are also advantageous for 

many other applications. 

2.3 Bearings 

The material of the bearing is Steel C22.  Additionally, the bearing has a Cu Zn surface coating 

that defines its characteristics of extremely low friction as a bearing.  As shown in Figure 2-1 the 

 

Figure 2-1:  Detail on the extra diameter between the bearing and the big end of the con rod

external diameter of the bearings used for this investigation are designed with and extra diameter 

so that it exceeds of 0.1 mm the internal diameter of the big end of the con rod.  The extra 

diameter is necessary for the friction bearing to remain firmly attached to the con rod once the 

piece is mounted to the crankshaft.   

                                                                                                                                                      

1 Fatigue strength  is the stress level at which the material will fail after a specified number times (called 
cycles) in which a load is applied and unapplied (for example: 107 cycles). 
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When the bolts are tightened and the bearings lie between the con rod and the crankshaft the 

bearings are elastically deformed so that their external diameter is equal to that of the con rod.  

The bearings always try to recover their original dimensions (since the deformation is still 

elastic) and, therefore, there always is a mutual force against the bearing and the con rod.  This 

"union force" has the effect that the friction between bearings and con rod is always greater than 

the friction between bearings and crankshaft during the rotation.  As a consequence no relative 

motion exists between bearings and con rod during the rotations. 
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3 Approximations in the Geometry of the Digital Model 

3.1 Approximations in the Geometry of the Digital Con Rod 

The digital model shown in Figure 3-1 

and designed with the software Autodesk 

Inventor has two geometrical 

approximations from the real model: 

 

• Only the big end was digitalized. 

• The four crack surfaces are plane. 

The part of the con rod that was 

considered for the F.E.M. analysis is only 

the big end up to a sectioning plane 

perpendicular to the axis of the I-beam. 

The reason why the rest of the con rod 

was not digitalized is that the change of 

results in this problem is considered as 

negligible.  The internal forces consist in 

the preload in the bolted joints and the 

compression of the bearing with extra radius of 0.1 mm.  Therefore, on the one hand, such small 

stress and strain in the small end and I-beam are not interesting for the purpose of this study and 

the absence of the small end would have also negligible influence on the results of the big end.  

On the other hand, this approximation of the problem is very important to simplify the building 

of the mesh and the calculation of the solution by Ansys. 

Figure 3-1: Digital model of the con rod 

The four crack surfaces caused by the fracturing process of the big end have not only the effect, 

on the real model, of perfectly positioning the two parts of the rod.  Another effect is also that of 

creating between the crack surfaces a contact with a very high friction coefficient.  This basically 

means that the surfaces in contact tend to have no relative motion except that of separation.  This 

kind of effect, as it’ll be seen when defining the contacts in the F.E.M. analysis preprocessing, 
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can be simulated easily in the Ansys software.  Therefore in this stage of the design it is possible 

to approximate the four contact surfaces with simple plane surfaces. 

3.2 Approximations in the Geometry of the Digital Bolts 

The dimensions of the digital model of the bolt 

(Figure 3-2) designed by Autodesk Inventor 

suffered approximations from the real models 

consisting in: 

• The bolthead presents a cylindrical 

surface replacing its ridges. 

 

• The bolts have no thread 

Replacing the ridges of the bolthead with a 

cylindrical surface has a negligible deviation on 

the results of the bolted joint. In contrast, if the 

real head geometry had been used, too many 

elements of smaller size would have been used in 

a volume of such little interest for this research.  

This would have caused an unnecessary loss of 

time of calculation.  

The most influencing approximation of the two is 

not considering thread in the bolts and their 

relative threads on the con rod. The reason of this 

approximation is to simplify the definition of the 

contact in Ansys in that region and to simplify the 

calculations.  With a complex geometry, such as that of a bolt thread, the mesh in that region 

would have been drastically locally densified with many more and much smaller elements with a 

side-length of tenths of millimeters.   

Figure 3-2:  Digital approximated model 
of the bolt 
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The definition of the contact between the thread of the bolt and the thread of the con rod would 

also have been not easy.  The calculation of the solution, in addition, would be much longer.  For 

these reasons, the simplification consists in using, instead of a male to female threaded-contact, a 

perfect cylinder (as shown in the Technical Drawing 3-1), or shaft, in contact with a cylindrical 

hole of the same radium which is decided to be the nominal radium of the thread.  The contact 

between the two surfaces is, in Ansys, a “bounding” which basically means, in Ansys 

nomenclature, that the two surfaces in contact cannot have any relative displacement between the 

two.  This approximation actually influences to a certain degree the solution of the problem but, 

as it’ll be seen, the most important influence is only local and is taken into consideration in the 

interpretation of the solutions.   

Technical Drawing 3-1:  Dimensions [mm] of the digital model of the bolt used in the 
investigation:  approximation of a bolt Y-Con M9 12.9. 
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14 Solution of the Problem through F.E.M. Analysis  

4.1 Application of the Finite Element Method to this Problem 

The first step of the finite element analysis was, through the help of the software Ansys, the 

division of the actual geometry of the physical structure of all the parts of the con rod (in this 

case designed by the software Autodesk Inventor according to the original dimensions as shown 

in the previous chapter) into a collection of discrete 

portions called “finite elements” (

 

Figure 4-2).  The 

complete system may be complex and irregularly shaped, 

but the individual elements are easy to analyze. A system 

of points called “nodes” (in green and blue in Figure 4-2) 

defines the elements in which the structure was divided and 

connects the elements between them. Some elements share 

the same nodes; therefore the elements are joined together 

by the shared nodes preserving the entire structure as a 

whole continuous system.  Several kinds of nodes were used for the solution of this problem.  

Later in this chapter the kind of nodes used for each part and regions and the reason of their 

preference will be discussed with more detail. 

Figure 4-2:  General types of 
elements of a F.E.M. 

Figure 4-1:  Mesh of con rod, bolt and bearing. 

The collection of nodes and finite elements is 

known as the “mesh” (Figure 4-1).  The mesh is 

programmed to contain the material and structural 

properties which define how the structure will 

react to certain loading conditions.  All elements 

must be numbered so that it is possible to set up a 

matrix of connectivity between them (through the 

nodes) that will connect and transfer the physical 

variables throughout the entire structure.  

                                                 

1 The theorical information on Finite Element Method has been referenced from: CONSTANTINE 

SPYRAKOS, Finite Element Analysis in Engineering, West Virginia University Press, 1994  

http://www.sv.vt.edu/classes/MSE2094_NoteBook/97ClassProj/glossary.html#node
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The distribution of at least one unknown variable to be determined (such as temperature, voltage 

or magnetic potential) is required.  In this specific case, since the problem is merely structural, 

the distribution of the unknown variable to be determined is displacement.  The variable to be 

determined in the analysis is assumed to act over each element in a predefined way which, in this 

case is non-linear debt to the plastic non-linear behavior of the material after a certain load, as it 

will be seen in the next chapter. The adequate number and types of elements chosen have to 

ensure that the distribution of the variable over the whole body is adequately approximated by 

the elemental representation.  In this case, the overall number of elements used is approximately 

90 000 and a higher density of elements were used in regions of complex geometry and in 

regions of more interest for this study, like the body of the screw.   

After the digital con rod was divided into the discrete units and the physical properties of the 

materials were assigned (as shown in the next chapter) the governing equations for each element 

are calculated and then assembled to give system equations that describe the behavior of the 

body as a whole.  After the interactions between the con rod, the bearing and the bolts were 

determined by the definition of "contact behaviors" (later explained in this chapter), after 

boundary conditions are applied to fix part of the body to determined positions in space in order 

to prevent unlimited rigid body motion, and after the known external forces were applied to 

selected nodes, the system equilibrium equations can be solved iteratively.  “Annex B” 

(Mathematical Basis used for this Problem, Page88) explains the applied iterative process. 

4.2 Elements chosen to mesh the digital model 

A wide selection of elements could be chosen for the division of the con rod. Elements may be 

one-dimensional, two-dimensional (triangular or quadrilateral), or three-dimensional (tetrahedral, 

hexahedral, etc.).  They can be of linear (with edge nodes) or higher-order (with edge nodes and 

side nodes), as shown in Figure 4-3: 

 
Figure 4-3:  Basic nodes used in F.E.M. analysis calculations.
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It will be now briefly described the reason of the choice of each type of element for each part of 

the model shown in Figure 4-4: 

Figure 4-4:  Entire digital meshed model. 

4.2.1 Element for Con Rod and Bolts 

Figure 4-5:  Quadratic 
tetrahedral 

The element selected (Figure 4-5) is a tetrahedral quadratic 

element.  Hexahedral elements would be preferred debt to 

general increased precision in the results because of the better 

anisotropy caused by the more ordinate arrangement of the nodes 

throughout the structure.  Theoretically hexahedral elements 

could be used to model any structure.  Unfortunately it is not 

always practical since there are limits to the aspect ratios 
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(length/width) of elements for accuracy reasons. On the other hand, a mesh of tetrahedral 

elements is more versatile as it will more easily fit the shape of these geometrically complex 

volumes as shown in Figure 4-6:  

Figure 4-6:  Mesh of one of the bolts and of the con rod cut by its symmetry section. 

 

Consequently for the same aspect ratio limitation, meshing with tetrahedral elements a thin 

structure, like the ridges on the body of the bolts, requires a local larger number of elements. 

Large number of elements always correspond to large hardware requirements and run-times 

for the solution of the system of equations.  For this reason as many thin parts of the geometry 

as possible were approximated, as explained in the last chapter, such as the threads of the con 

rod and the bolts. 

The preference of a tetrahedral quadratic element (10 Nodes) instead of a linear one (4 nodes) is 

aimed to obtain a more precise solution (which is given node per node) with the compromise of a 

longer solving run-time.  The indicative size chosen for the side of the tetrahedron is 2 mm.  This 
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size tetrahedral quadratic element is considered adequate 

to accurately enough distribute the nodal values of the 

unknown variable.  This indicative "element size" 

automatically changes in a limited range (except for the 

body of the bolt in which the size is automatically 

reduced for better accuracy, as shown in Figure 4-7) to 

adapt to the shapes of the volumes.  

 

4.2.2 Element for the Bearing 

The bearing (Figure 4-8) is represented 

by a quite simple geometry and, 

therefore, can be meshed with no 

difficulty with a quadratic hexahedral 

element.  For the same compromise of 

accuracy a quadratic hexahedral element 

(20 Nodes) is chosen instead of a linear 

equivalent (8 nodes).  Also in this case 

the element size (the indicative size of the side of the hexahedron within a limited range) is 

chosen to be 2 mm as an adequate value for the nodal distribution of the solution. 

Figure 4-7:  Detail on higher 
density of elements in 
the body of a bolt. 

Figure 4-8:  Meshed bearing and quadratic 
hexahedral element. 

4.2.3 Simulation of the Bolts Preload with Pretension Elements 

The bolts need to be applying a compressing force on the clamped parts ranging up to 40 kN.  

To achieve this effect of internal forces within the model pretension elements were used.  The 

technique consisted, basically, for each bolt in separating its elements into two unconnected 

groups so that the bolt would be composed of two volumes and, afterwards, pulling the two 

parts one against the other, throughout the bolt axis, with a total force equivalent to the 

desired preload force.  Essentially, a layer of elements in the body of the bolt was eliminated 

and substituted with a layer of pretension elements of exactly the same shape and amount of 

nodes (tetrahedral quadratic elements of 10 Nodes).   
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Figure 4-9 could help understanding this method. The pretension elements inserted in the 

bolt have such a low stiffness that allows them to be compressed easily under any chosen 

compressing force.  That compressing force of that layer of pretension elements is then forced 

to be the prescribed preload force of the bolt needed in each step. 

Figure 4-9:  Example of simlation of preload force:  Original meshed typical bolted joint.  
Position of the pretension elements. Surfaces on which the force is applied. 

4.2.4 Elements for the Contact Surfaces 

The contact elements used are two-

dimensional quadratic triangular (6 nodes) 

and quadratic quadrilateral (8 nodes) 

elements.  Contact elements are used to 

represent contact and sliding friction 

between three-dimensional deformable 

surfaces. Area-meshes of these two types 

of contact elements are overlaid on the 

surfaces of con rod, bearing and bolts that “are expected” to be or come into contact.  The 

nodes of these two-dimensional contact elements are located in the exact positions of the 

interested surface nodes of their corresponding three-dimensional elements describing in this 

way the “boundaries” of the deformable bodies.  

Figure 4-10:  Quadratic triangular and quadratic 
quadrilateral Elements. 
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Contact elements that are placed, for example, on the surface of the bolthead and on the 

corresponding surface of the con rod, are able to "detect" any possible “penetration” and 

avoid it.  Contact elements that are placed, for example, between the bearing and the con rod 

are able to follow the basic Coulomb friction model in which the two contacting surfaces can 

carry shear stresses up to a certain magnitude across their interface before they start sliding 

relative to each other and, afterwards, the contact elements are able to simulate frictional 

opposing force, during the sliding, by applying tangential contact stiffness.  Depending on 

each case of contact in the model, a different type of behavior of the contact elements was 

chosen by changing variables like the normal stiffness, the longitudinal stiffness, nodal 

constrains and contact separation constrains.  

“Standard” Contact Behavior of Two Flexible Surfaces 

This type of behavior was applied to the contact between the two half bearings, between the 

bearings and the con rod, between the boltheads and the con rod.  The friction coefficient is 

set as 0.02 even though the effect of friction will not influence in a noticeable way the results.  

No special constrain was applied to avoid separation since there is no risk for this occurrence. 

“Rough” Contact Behavior of Two Flexible Surfaces 

This type of behavior, applied to the crack surfaces of the two parts of the con rod, is similar 

to the first with the difference of having an extremely high static friction coefficient.  

Basically, any sliding is not allowed to simulate the useful property of the crack surfaces. 

“Always Bonded” Contact Behavior of Two Flexible Surfaces 

This type of contact behavior was applied to the two cylindrical surfaces that represent and 

simplify the threads of the bolts and the correspondent threads of the con rod.  The contact 

elements of these contact surfaces are related by a “multi-point constrain" algorithm that 

prohibits any relative motions between their nodes.  Fundamentally, the characteristic needed 

by this type of contact behavior is that of impeding any sliding between the surfaces to 

simulate the equivalent axial behavior of a screwed bolt. 
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5 Material Properties used in the F.E.M. Analysis 

In this chapter a brief description of each property used to typify the different parts of the con rod 

(in the F.E.M. analysis software) will be given. 

15.1 Young’s modulus  of the Three Materials 

In solid mechanics, Young's modulus (also 

known as tensile modulus) is a measure of 

the 

 

stiffness of a given material.  It is one of 

the three elastic modules (Young's modulus  

(Y), shear modulus or modulus of rigidity 

(G), bulk modulus (K)) and it is defined as 

the limit, for small strains, of the rate of 

change of Figure 5-1:  Young’s Modulusstress with strain. This can be 

experimentally determined from the slope of a stress-strain curve created during tensile tests 

conducted on a sample of the material.  For many materials, Young's modulus is a constant over 

a range of strains. Such materials are called linear, and are said to obey Hooke's law. Examples 

of linear materials include steel, carbon fiber, and glass. Rubber is a non-linear material. Young's 

modulus, Y, can be calculated by dividing the tensile stress by the tensile strain (see Figure 5-1): 

 (Ec.  5.1) 

where: 

• Y is the modulus of elasticity, measured in Pascals;  

• F is the force applied to the object;  

• A is the cross-sectional area through which the force is applied;  

• Δl is the amount by which the length of the object changes;  

                                                 

1 This general information about material’s Young’s modulus has been referenced from: Stephens, R. I., 
Fatemi, A., Stephens, R. R., and Fuchs, H. O., , “Metal Fatigue in Engineering,” 2nd Edition, John Wiley 
& Sons, Inc., 2001. 

http://en.wikipedia.org/wiki/Solid_mechanics
http://en.wikipedia.org/wiki/Stiffness
http://en.wikipedia.org/wiki/Young%27s_modulus
http://en.wikipedia.org/wiki/Shear_modulus
http://en.wikipedia.org/wiki/Bulk_modulus
http://en.wikipedia.org/wiki/Stress_%28physics%29
http://en.wikipedia.org/wiki/Strain
http://en.wikipedia.org/wiki/Slope
http://en.wikipedia.org/wiki/Stress-strain_curve
http://en.wikipedia.org/wiki/Tensile_test
http://en.wikipedia.org/wiki/Hooke%27s_law
http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Carbon_fiber
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Rubber
http://en.wikipedia.org/wiki/Stress_%28physics%29
http://en.wikipedia.org/wiki/Strain_%28physics%29
http://en.wikipedia.org/wiki/Pascal
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• l0 is the original length of the object. 

This modulus is the same in the three materials of the model and is equal to 200 000 N/mm2

 

5.2 Poisson’s Ratio  of the Three Materials 1

When a sample of material is stretched in one 

direction, it tends to get thinner in the other two 

directions. Poisson's ratio ν, named after Simeon 

Poisson, is a measure of this tendency. It is defined as 

the ratio of the contraction strain normal to the 

applied load divided by the extension strain in the 

direction of the applied load. 

A Poisson's ratio greater than 0.5 cannot be 

Figure 5-2:  Poisson’s Ratio 

maintained for large amounts of strain because at a 

certain strain the material would reach zero volume, 

and any further strain would give the material 

"negative volume".  Its equation is (see nomenclature 

in Figure 5-2): 
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ν  (Ec.  5.2) 

The materials of this con rod, bolts and bearing have the same Poisson’s ratio.  The three 

materials of this model experience a compressive lateral strain equivalent to 30% of the 

longitudinal strain.   

Poisson’s Ratio = 0.3 

 

                                                 

1 This general information about material’s Poisson’s Ratio has been referenced from: Stephens, R. I., 
Fatemi, A., Stephens, R. R., and Fuchs, H. O., , “Metal Fatigue in Engineering,” 2nd Edition, John Wiley 
& Sons, Inc., 2001. 

http://en.wikipedia.org/wiki/Simeon_Poisson
http://en.wikipedia.org/wiki/Simeon_Poisson
http://en.wikipedia.org/wiki/Strain_%28materials_science%29
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15.3 Plasticity  of the Three Materials 

Most common engineering materials exhibit a linear stress-strain relationship up to a stress level 

known as the proportional limit. Beyond this limit, the stress-strain relationship will become 

nonlinear, but will not necessarily become inelastic.  

 

 Graph 5-1:  General stress-strain diagram 

Plastic behavior, characterized by nonrecoverable strain, begins when stresses exceed the 

material's yield point. The description of the plastic behavior (plasticity) of the materials of the 

model is given by the firms that produce these con rods as a list of points in the stress strain 

diagram.  As previously explained (Paragraph 2.1.1: Geometry of the Con Rod Model, page 14) 

these material characteristics are technological confidential information that cannot be revealed.  

Therefore, the values shown in the next paragraphs are a slight modification of the real ones used 

for this research. 

The Materials’ plasticities have been defined exclusively for the working Temperature of the 

tests that will be performed.  That will be a Temperature of 20ºC. 

Two assumptions are made in the definitions of the 3 materials in Ansys: 

• The proportional limit is coincident with the yield point. 

                                                 

1 This general information about material’s plasticity has been referenced from ANSYS, Inc.  
Documentation for Ansys Release 10.  2005. 
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• The plastic behavior under compression is the same as that under tension. 

The reason of the first assumption is that the two points in the stress-strain graph is always very 

little.  As a matter of fact, Ansys also always considers this difference as negligible and these two 

points as coincident.  

The second assumption is based on the fact that many metals, such as most steels, have in 

compression a similar elastic and plastic behavior than in tension.  In reality this similarity is 

guaranteed in the elastic region while, in the plastic region, remains similar only near to the yield 

point.  As it’ll be seen, the parts of the con rod and antifriction bearing that are under 

compression in this study will have only some local plastic deformations very close to the yield 

point.  Therefore, this assumption will not represent a cause of important mistake in the results. 

Plasticity of Material 1: Bolts 

Plasticity Material 1: Bolts
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Graph 5-2: Plasticity of Material 1:  Bolts 

S tra in S tre ss
[%] [N/m m 2]
0 0

0.005 1000
0.006 1020
0.007 1050
0.008 1060
0.01 1080
0.02 1120
0.03 1150
0.05 1180
0.1 1200

Table 5-1:  Stress,Strain in 
the Bolts
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Plasticity for Material 2:  con rod 

 

 

 

Plasticity for Material 3:  Friction Bearing 
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Graph 5-4:  Plasticity of Material 3: Bearing Table 5-3:  Stress -Strain 
of the Bearing 

Strain Stress
[%] [N/mm2]
0 0

0.0021 420
0.005 450
0.009 455
0.015 460
0.05 490
0.08 510
0.09 515
0.1 520

Plasticity Material 2:  Conrod
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Graph 5-3:  Plasticity of Material 2: Con rod 

S tra in S tre ss
[%] [N/m m 2]
0 0

0.00275 550
0.005 650
0.01 700
0.02 750
0.05 840
0.07 880
0.08 890
0.09 900

Table 5-2:  Stress, Strain of 
the Con rod 
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Plasticities and Yield Points of the 3 Materials 

Plasticity of the 3 Materials
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 Graph 5-5:  Plasticities of the 3 Materials 

The first value of stress of each table, which is marked with green color, is the one that will be 

considered, in the F.E.M. analysis calculation, as the Yield Point.  

• Yield point of the bolts = 1000 N/mm2 

• Yield point of the con rod = 550 N/mm2 

• Yield point of the friction bearing = 420 N/mm2 

These there stresses are going to be taken much into consideration during this study because they 

define the boundary of the regions in which the model will suffer a plastic deformation.  It is 

possible to notice in Graph 5-5 that the three stress-strain graphs of the three materials have the 

same initial slope angle.  This is debt to the fact that, as it was previously seen, they have the 

same Young’s modulus. 
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6 Results at 40 kN of Preload through F.E.M. Analysis 

6.1 Introduction 

In this research the bolts were tightened until reaching a preload force of 40 kN in each bolt.  The 

graphic postprocessing in Plot 6-1 and Plot 6-2 is showing the positions of the total strain (and 

also Von Mises stress because it’s directly related to 

the total strain by the Young Modulus) during each 

of the 7 stages between 2 kN and 40 kN of preload 

force when the model is cut in half through its 

symmetry plane.  These first graphic postprocessing 

helps having a first general idea of where stress and 

strain is collecting during the simultaneous 

tightening of both bolts.  Later on in this chapter the 

state of static equilibrium at 40 kN will be observed 

and discussed with more graphic postprocessing 

and with additional detail.   

The solution of this static problem by F.E.M. 

analysis helps understanding much about the 

union’s behavior.  Its results, as a matter of fact, enlighten this research in several important 

aspects: 

  

Plot 6-1:  General regions of higher Von Mises 
stress of half model.  Step 1. 

1 It gives enough information for deducing a good approximation of the joint diagram of 

the bolted joint.   

2 It allows an effective visual investigation of the values of the solution. 

3 It determines which part of the Model or of the initial conditions must be revised and 

modified because of a hypothetical mistake. 

Obviously, the values of the solution of the F.E.M. analysis must be confirmed by laboratory 

tests (see chapter 9) before accepting any conclusion resulted by them. 

 



Investigation of Strain and Stress of the Connecting Rod of a Combustion Engine.                                       Page 35 

 

Plot 6-2:  General regions of higher Von Mises stress of half model in the steps 2, 3, 4, 5, 6 
and 7. 
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6.1.1 Approximation of the Joint Diagram 

The joint diagram in Mechanical Engineering is cardinally important to determine the joint’s 

behavior not only for this problem but also, under certain conditions, to predict its behavior 

under other certain static or transitory loads.   How good is the approximation of the joint 

diagram depends on the “quality” of the matrix of elements in which the body was meshed, on 

the type of Element used and on its dimension (number of nodes per Element and their positions 

in it).  One of the main reasons of the test-bed tests on the real model with strain gauges is to 

determine whether or not the values of strain found by Ansys are correct enough and, as a 

consequence, whether or not the deduced joint diagram is a good enough approximation of the 

real one. 

6.1.2 Graphic Postprocessing  

Stress and strain (as well as other values) can be easily localized in their “critical” positions of 

high distribution and intensities.  They can be viewed in different sections of the model within 

the desired range of values.  These values can be plotted, node per node, by their components on 

the axes X, Y and Z separately or by the total equivalent depending on which aspect of the 

values needs to be investigated. 

6.1.3 Detection of Mistakes in the Initial Conditions and Geometry 

It is easily verifiable at this stage of the investigation, as a preliminary check, if model was 

correctly designed or if the initial conditions were correctly applied.  A first review of the 

maximum and minimum values is helpful as a preliminary verification to see if they represent a 

solution with “common sense”.  Secondarily, a quantitative verification, together with a visual 

check directly on the visual values on the model, may identify the origin of the problem in the 

hypothesis of a mistake.  For example, a problem in the improper assignation of contact type and 

behavior between 2 surfaces will be detected by an unusual relative displacement, in the solution, 

between them.  On the other hand, a problem in the assignation of type and behavior of boundary 

conditions to a surface would be detected by the presence of an axial strain or a deformation that, 

accordingly to that type of boundary condition, shouldn’t exist there. 
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6.2 Total Stress and Strain at 40 kN of Preload Force 

A much closer observation of the total strain and of the Von Mises equivalent total stress 

throughout the model at maximum preload is going to be shown in this paragraph.  Initially, it 

can be seen in Plot 6-3 a very general overview of different sections of the model with the same 

range of values (from 0 to 1100 N/mm2

Plot 6-3:  Total Strain and Equivalent Von Mises total stress for several sections and surfaces of 
the model at 40 kN of preload force. 

 and from 0 to 0.0055 mm/mm).  It is important to say 

before continuing that the same scale of “colors” can be used, in the each plot, to identify values 

of strain but also values of stress.  Total stress and strain (as well as their components in each of 

the three axes), in fact, are directly related by the Young modulus which, in the case of this 
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carbon steel, is 200 000 N/mm2.  Because of this linear relation to each value of strain in a node 

of the model (such as 0.0055 mm/mm) equals one of stress obtained by multiplication with the 

Young modulus (1100 N/mm2 2 = 0.0055 mm/mm · 200 000 N/mm ). 

Now, it is here preliminary observable from Plot 6-3 that the con rod reaches a reasonably 

constant value of equivalent stress (around 300 N/mm2) in the compressed clamped parts.  In 

addition it is noticeable how the body of the bolts holds a plausibly constant value (around 

800 N/mm2) in the regions submitted to extension by the traction force.  Each region is now 

going to be described with more detail. 

6.2.1 Total  Strain and Von Mises Stress in the Con Rod 

Focusing closer to the clamped parts and with a smaller range of values it can be seen with more 

detail how the Von Mises equivalent stress distributes in the zone in which the bolts apply their 

compression.  As it can be seen from Plot 6-4, the total equivalent stress in these regions, both 

 

Plot 6-4:  Total strain and stress (Von Mises) in the con rod at 40 kN of preload force. 
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inside and outside of the con rod, is included into a range of 250 N/mm2 and 350 N/mm2 causing 

a compression of the elements in these regions of around 0.15 % of their original length (0.0015 

mm/mm of compressive strain), exceeding these values in critical zones in which the stress 

reaches values of around 400 N/mm externally and up to about 650 N/mm internally.  The 

material of the con rod experiences, at 20ºC, plastic irrecoverable deformation after a yield point 

of 550 N/mm2 (See Table 5-2).    In the inside of the con rod a maximum of 750 N/mm2 of total 

equivalent stress is clearly visible and therefore it may seem that, around the region where the 

con rod is in contact with the first thread of the bolt, the con rod is having a plastic deformation.  

Later in this chapter are analyzed with more detail these regions where high stress is shown to 

exist. 

6.2.2 Total  Strain and  Von Mises Stress in the Bolts 

As concerns the bolts, as it also was expected, it is more clearly observable a high value of total 

equivalent stress (within a range of 900 up to 1000 N/mm2) in the sector subject to expansion as 

shown in Plot 6-5.  The higher values of stress, which with a closer look reach up to 

Plot 6-5:  Total stress and strain (Von Mises) in the bolt at 40 kN of preload force 
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1000 N/mm2, are localized in the proximity of the base between each ridge, causing the elements 

of the material in these regions to suffer an extension of approximately 0.5 % of their original 

length (0.005 mm/mm of extensive strain).  The distribution of the stress along the bolt, which is 

under traction, should theoretically be uniform if that part of the bolt would be perfectly 

cylindrical.  It is possible to verify how a change of section through the bolt (which in this case is 

forming 16 ridges) is redistributing the stress that will preferably accumulate, as happens with 

the con rod, in the proximity of regions of change of shape.  According to the plasticity of the 

material of the bolts, their yield point is 1100 N/mm2 at 20ºC (See Table 5-1).  It therefore may 

seem that also in the case of the bolts some plastic deformation is occurring in the regions 

between the ridges.  In the following paragraph, these regions where high stress is shown to exist 

are going to be better analyzed. 

6.2.3 Zones Where the Yield Point is Shown to Be Exceeded 

In this section is going to be clarified why such localized exceedingly high Von Mises stress can 

be seen in these “singular regions”.  It is going to be seen that in some of these regions the model 

doesn’t actually exceed the yield point and that there is no real plastic deformation. It is 

important, first of all, to focus on the position and values of these critical zones.  It can 

preliminarily be observed how these sectors find themselves: 

1 between the ridges of the body of the bolts; 

2 in proximity of the circle where the bolt changes from being in contact with the con rod 

to not being in contact with it. 

The first case is shown in Plot 6-6 with 

more detail.  The sectors shown in red 

should be experiencing traction above 

1000 N/mm

 

2 and, therefore, should have 

suffered a plastic deformation.  To clarify 

this case it must be taken into consideration 

the way in which the real bolts were 

produced.  The 16 ridges of the body of the 

bolts have the goal, as explained in 

Paragraph 2.2 (Model of the Investigation – 

Plot 6-6:  Detail of Total Strain and Von 
Mises stress on the Bolt at 
of preload force. 

40 kN 
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Bolts, page 15), of giving to this part additional useful properties.  These ridges were formed by a 

process in which their surfaces have been compressed inward.  This compression created the 

presence of a "latent" internal stress that was not considered in the F.E.M. analysis.  In the real 

model this latent compression is always subtracted to the traction stress in the proximity of the 

surface in this region. The amount of the latent compression stress is unknown but it may be 

assumed that it is big enough to compensate enough traction stress in that region to reach stresses 

of below 1000 N/mm2.  Therefore, it may be concluded that the real model doesn’t really 

experiences plastic deformation thanks to this factor. 

The second case is shown with more detail in 

Plot 6-7.  The second part of the plot shows stress 

and strain in only 8 ranges of values so that it can 

be easily seen by the naked eye where lies the 

boundary between the elastic compression (below 

550 N/mm

 

2) and the plastic one (above 

550 N/mm2).  In this case one of the 

approximations made during the design of the 

digital model (chapter 2, page 13) must be taken 

into consideration.  In this region the real model 

of the con rod is attached to the bolts through 

contact between their respective treads.   

In the digital model this contact has been 

substituted by a bounding between two cylindrical 

surfaces (with the nominal diameter of the bolts) 

with restriction of any relative displacement.  In 

the case of a threaded contact a plastic 

deformation would occur on the last threads (of 

the con rod and the bolt) nearest to this region.  In 

this way some of the energy of the preload force 

in the bolt would be absorbed by being converted 

in plastic deformation of those local threads.   Plot 6-7:  Detail of total strain and Von Mises 
stress on the con rod at 40 kN of 
clamping force.  
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The absence of thread in the digital model and, therefore, the absence of absorbed energy by the 

thread produced the result of a high concentration of stress in the region nearest to the change of 

 under compression and which are under 

traction it is necessary a separation of the total stress and strain in the three global axis.  It will be 

of th

component will not be taken into consideration since it gives a very little contribution to the 

diameter of the cylindrical hole.  This concentration is debt to the fact that the region is not only 

affected by the pull of the bolt through the y-axis but is also affected by the moment that this pull 

has produced debt to the change of diameter.  As a matter of fact, as it will be seen in the next 

paragraph the main component of the localized Von Mises equivalent stress here described is the 

x-component, which is perpendicular to the pull of the bolt. 

6.3 Strain and Stress in the X and Y Axes 

To correctly investigate which parts of the model are

taken here into consideration (in Figure 6-1, Figure 6-2 and Figure 6-3) the X and Y components 

equivalent total stress and strain.   

Figure 6-1:  X and Y-axis stress and strain in the bolt 
e total stress and that are parallel to the principal section studied in this model.  The Z 
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With a minor number of color sections in these graphs is better recognizable the position of the 

boundaries between the parts of the model experiencing compression (negative stress and strain) 

and the parts under an expansion stress (positive stress and strain). It can clearly be seen, in the 

gions of compression (B and 

around C) with regions of expansion (A) is 

ral bodies of the bolts suffer an expansion stress 

hat the compressed part of 

the con rod around it suffers a compression stress no greater than 550 N/mm2.  Because of the 

r and lower

 

graphic postprocessing of the y-axis stress, how the nut in this case is formed by part of the con 

rod (upper part).  It can be observed how the intense traction of the bolt tends to diminish in the 

“nut” similarly to the way it disminish in the head of the bolt until it becomes compression 

(changing from positive to negative stress) in a boundary with a very similar shape of that in the 

bolthead. 

Paying attention to the distribution of Y stress 

throughout the con rod (Figure 6-2), an 

alternation of re

noticed.  This singular phenomenon may be 

understood if, above all, it is taken into 

consideration that the solution was calculated 

considering that the friction bearing 

collocated in the hole of the con rod head is 

also in contact with the crankshaft (a good 

enough approximation of the crankshaft) 

which tries to prevent the hole from 

deforming to an elliptical shape.   

First of all, it is well enough known that the cent

of up to an average a little lower than 1000 N/mm

Figure 6-2:  Y-axis stress and strain with marked 
boundaries between compression and 
expansion 

2 on the y-axis and t

compression in the clamped parts of the bolted joints (around zones C), the regions A and B that 

are trying to limit the distance between the uppe  part of the con rod are trying to 

change the shape of the hole to an elliptical one.  The presence of the bearing and the crankshaft 

represents an obstacle for this occurrence. 
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On the one hand, because of this obstacle, it can now be seen how the four regions A have no 

other option than tending to be “dragged” by the zone of compression of the clamped parts in the 

ore, be submitted to traction tension and expansion deformation on the y-

d” in two opposite directions, have 

bolted joint and, theref

axis. 

On the other hand, for the same reason, 

the two regions B, which find themselves 

“pulle

 

no other option than being compressed 

against the surface of the friction bearing. 

As it can be seen from the Graph of the 

Stress on the X Axis (Figure 6-3), for the 

very same reason an almost symmetrical 

traction tension is exerted on the upper 

and lower part or the con rod in the 

direction of the clamped parts. 
Figure 6-3:  X-axis stress and strain 
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7 Procedure to Obtain the Joint Diagram with F.E.M. 

7.1 Introduction 

One of the main goals of this study is to determine the force-deformation diagram, also known as 

joint diagram, of the bolted joint model used in the F.E.M. analysis calculation.  In “Annex C” 

(Basic Theory of the Joint Diagram, Page 91) a brief explanation on the purpose of this diagram 

is given. 

The procedure to achieve the joint diagram in the through the F.E.M. analysis is quite simple:  

the preload in each bolt is progressively loaded in precisely defined steps.  The starting phase has 

an initial absent internal preload in the bolts and in the final stage exists a total preload of 

40 000 N in each bolt. 

In this analysis 7 steps from 0 N to 40 000 N are considered in the total.  The objective of this 

part of the study consists in the following procedures: 

• The examination, in each step, the total joint preload by calculating the total force in one 

section of the bolts or in one section of the clamped parts.  The chosen section is 

perpendicular to the axis of the bolts. 

• The monitoring, in each step, the total extension of the bolts and the total compression of 

the clamped parts by inspecting the displacement (relative to the initial position) of 

selected nodes. 

It is obvious that preload and deformation are different, in each of the steps, in both bolted joints 

debt to the asymmetry (in the YZ plane) of the upper part of the con rod.  Although, for the 

deduction of the values for the joint diagram only one of the two bolted joints is considered. The 

reason is that the difference in forces and deformations between the two is negligible.  
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7.2 Preload force 

The area chosen to calculate the total 

force exerted on it is the very same area 

on which the bolthead is in contact with 

the con rod (Plot 7-1).  Any other section 

of the bolted joint, bolt or clamped parts, 

could be chosen because the total force 

would be the same in any of them.  The 

reason why this section is the chosen one 

to be investigated in each of the steps is 

that it is the easiest of all to select in 

Ansys because it belongs to the external 

surface. 

The process of calculating the total force 

exerted on that area would be, in 

mathematics, a double integration of the 

two-dimensional distribution of the stress 

(on the y axis) of that area.  This would be 

possible if it would be possible to find, in 

a state of equilibrium of each of the 7 

steps, the formula of the distribution of the 

stress on the y-axis on that area. Plot 7-1:  Von Mises stress and mesh in the surface 
of contact between bolthead and con rod

In this case the solution is given element 

per element.  With a simple command, once selected that interested surface, Ansys can consider 

the total force exerted to each element face (by the “neighbor” elements) belonging to that area 

and sum all these total forces together.  The resulting force is the total force exerted to that area. 

It is a vector which y-component is the preload of that step that was looked for. 
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The preload values are shown on Table 7-1 on the side.  As it 

can be seen from the table, a small mistake exists in this 

method of extracting the preload from the solutions of static 

equilibrium of Ansys.  In fact at the end of the preload, 

instead of obtaining a value of 40 000 N (which was defined 

before calculating the solution), a value of 39 987.52 N is 

obtained which represents a mistake of 0.0312 %.  This 

inaccuracy is normal and always present in F.E.M. analysis 

through Ansys.  It depends from many factors and generally 

decreases, in Ansys, with: 

0
Substep 1 2000
Substep 2 4000

Preload 
[N]

Substep 3 7000
Substep 4 11500
Substep 5 18250
Substep 6 28374
Substep 7 39987.52

Table 7-1:  Preload in the 7 
steps 

• the use of more elements in the mesh; 

• the use of elements with more nodes; 

• the correction of “discontinuities” between the meshes of the surfaces that are in contact; 

• the use of a matrix of elements that better “follows” the geometry of the model. 

7.3 Extension of the Bolts 

Plot 7-2 shows the displacement, in mm, of the 

nodes of the model on the y-axis at 40 000 N of 

preload force.  The second one, showing the same 

displacement but with just 10 ranges of values, is 

helpful to understand which is the boundary 

between the regions of nodes that have moved 

upwards from their original position (y-axis 

displacement > 0) and the regions of those that have 

moved downwards from their original position (y-

axis displacement < 0).   

It can be observed from these two plots how the 

bolts in the proximity of the zy-plane have had 

opposite y-axis directions of movement.  The reason 

is that, as it has been described in the 

Plot 7-2:  Y-axis displacement [mm] of the con 
rod subject to 40 kN of preload. 
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paragraph 4.2.3 (Simulation of the Bolts Preload with Pretension Elements, page 25) in that 

section of each bolt Ansys has focused the simulation of the bolt preload so that the elements 

belonging to that section have been substituted with special “pretension elements”. 

In other words it is the same as if in that section the bolt had been “cut” and then the two parts of 

it had been “pulled” one against the other with a total force equivalent to the desired preload 

force.  With this method, each bolt is acquiring a behavior similar enough to that of a real bolt 

mounted with the same preload. 

It is in the proximity of this section where the maximum positive and negative displacements are 

found (Plot 7-3).  In each step, the total extension of the bolt may be considered to be equivalent 

to “the sum of the absolute values of these 

displacements”.  Considering the process 

followed by Ansys in the displacement of 

these nodes and previously described here, 

the sum of these opposite displacements 

may be considered a good enough 

approximation of the real value of the 

extension of the bolt of the real equivalent 

model. 
Plot 7-3:  Max. y-axis displacements in the bolt

Table 7-2 collects the values, in mm, of 

the extension of the bolt calculated with 

this method in all the 7 steps.  If the 

F.E.M. analysis problem has been 

correctly formulated and the Ansys 

solution correctly reached, the bolt seems 

to have increased its length of 0.299 mm 

in the last stage under a maximum preload 

force of 40 kN. 

 

 

 

0
u b s t e p  1 0 . 0 2 3
u b s t e p  2 0 . 0 4 0
u b s t e p  3 0 . 0 6 4
u b s t e p  4 0 . 0 9 7
u b s t e p  5 0 . 1 4 6
u b s t e p  6 0 . 2 1 6
u b s t e p  7 0 . 2 9 9

E x t e n s i o n
[ m m ]

S
S
S
S
S
S
S

B o l t s

Table 7-2:  Y-axis extension of the bolts in 7 steps 
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7.4 Compression of the Clamped Parts 

A very similar procedure is followed to calculate the compression in each of the 7 stages of 

preload from 0 kN to 40 kN.  Plot 7-4 shows the displacement of each point in the con rod 

throughout the y-axis.  A lot of care is taken to 

correctly select, for this observation, only the 

elements of the bolted joint that are included between 

the bolthead and the beginning of the thread contact 

between con rod and bolt.   

 

As a matter of fact is defined as "clamped parts" of 

the bolted joint only the volume of con rod and 

bearing included between these two boundaries and 

which is compressed by the bolt. Only the total 

compression (total negative change of length) of the 

clamped parts defined in this way will be considered 

to draw the joint diagram.  Positive values correspond 

to points of the model subject to upward movements, 

through the y-axis, expressed in millimeters and 

negative values correspond to downward movements. 

As it can be observed the second graphical 

postprocessing shows the same displacements but 

grouped only in 9 ranges of values so that it is 

possible to localize with precision the boundary 

between the regions of nodes that have moved 

upwards from their original position (y-axis 

displacement > 0) and the regions of those that have 

moved downwards from their original position (y-

axis displacement < 0).  The points belonging to the 

yellow and the orange region of the second plot have 

a y-axis movement equal to 0.  The surface formed by 

these points is called the neutral section and it has no 

relative motion to the global origin.   

Plot 7-4:  Y-axis displacement [mm] of 
the clamped parts under 
compression. 
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It is easy to notice, also from Plot 7-5, how the 

nodes that move the most through the y-axis 

are precisely the ones placed at the upper (in 

blue color) and lower (in red color) extremes 

of the clamped parts.   

As it is expected, they move toward the 

central neutral section.  Plot 7-5 shows the 

two maximum displacements of these two 

regions toward the neutral central section.  In 

each step, the total compression of the 

clamped parts is going to be considered 

equivalent to “the sum of the absolute values 

of these displacements”.   

Plot 7-5:  Maximum y-axis displacements in the 
clamped parts. 

Table 7-3 shows the values of compression, calculated 

with this method for each stage of clamp force.  Now, 

all the information needed to draw the joint diagram is 

collected.  If the F.E.M. analysis problem was correctly 

formulated and the Ansys solution correctly reached, 

the clamped parts seem to have decreased their length 

of 0.112 mm in the last stage under a maximum preload 

force of 40 kN.  Contrarily to the prevision of the 

extension of the bolts shown in the previous paragraph, 

this statement is not true.  As it’ll be seen in the next 

paragraph, the con rod has actually decreased its length, 

in the bolted joint, of less than 0.112 mm. 

 

 

 

 

Pre
[N

200
400
700
11
18
28
39

Clamped Parts
load Compression

] [mm]
0 0 0

0 0.070 1
0 0.078 2
0 0.083 3

500 0.088 4
250 0.094 5
375 0.103 6
988 0.112 7

Substep

Table 7-3:  Total compression of the 
clamped parts in each 
stage of clamping force. 
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7.5 Joint Diagram 

Table 7-5 collects the values observed in Table 7-2 and Table 7-3. 

P r e l o a d
[ N ]

E x t e n s i o n C o m p r e s s i o n
[ m m ] [ m m ]

0 0 0 0
1 2 0 0 0 0 . 0 2 3 0 . 0 7 0
2 4 0 0 0 0 . 0 4 0 0 . 0 7 8
3 7 0 0 0 0 . 0 6 4 0 . 0 8 3
4 1 1 5 0 0 0 . 0 9 7 0 . 0 8 8
5 1 8 2 5 0 0 . 1 4 6 0 . 0 9 4
6 2 8 3 7 4 0 . 2 1 6 0 . 1 0 3
7 3 9 9 8 8 0 . 2 9 9 0 . 1 1 2

C o n r o d  +  
B e a r i n gB o l t sS u b s t e p

 

These values, charted on a graph as explained in “Annex C” (Basic Theory of the Joint Diagram, 

pg. 

Table 7-5:  Extension of the bolts and compression of the clamped parts at each stage of 
preload force. 

91), give the joint diagram of the bolted joint according to the F.E.M. analysis solution of 

Ansys and shown in Table 7-4. 

The part of the bolted joint shown seems to give evidence, differently from what shown in 

 

Table 7-4:  Joint diagram of the bolted joint according to the F.E.M. analysis solution. 

Graph 5-1, to a non-linear behavior in the compression of the clamped parts.  This could be

explained by the influence of the external extraradius of the bearings. 
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As shown in Figure 7-1, when no clamping force is 

applied, the two parts of the bearing are in contact 

but, on the other hand, the two parts of the con rod are 

not in contact because a gap exists between them.  In 

fact, as it was seen from paragraph 2.3 (Model of the 

Investigation

 

: Bearings, page 16) the two half friction 

bearings posses an external diameter 0.1 mm greater 

than the internal diameter of the hole of the big end 

(Figure 2-1). 

This initial configuration is very important to 

understand the first stages of the deformation of the 

"con rod + bearing" system under the influence of a 

compressing force.  When, from this initial 

configuration, the clamping force applied by the bolt 

changes from 0 N to a positive value then the two 

separated parts of the con rod start to get closer to 

each other.  In this stage of the application of the 

clamping force the material that is opposing resistance 

to the compression is not the "con rod + bearing" 

system but exclusively the bearing alone. 

Figure 7-1:  Detail on the gap between the 
con rod parts at 0 N of 
clamping force. 

Theoretically, while the clamping force increases the compression of the bearing there eventually 

is one “period” in which the two parts of the connecting rod come into contact.  After that 

“period” the surface in contact is the entire section. 

The bearing, composed of steel like the con rod, has the same Young modulus of the con rod but, 

on the other hand, has much less surface section available than the “con rod + bearing” system to 

resist the compression.  Therefore, the bearing is compressed much more than when the two 

components resist together under the same increment of clamping force. As a consequence, the 

angle in the joint diagram corresponding to the first configuration shown in Figure 7-1 is much 

smaller. 
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In Graph 7-1, the described theoretical behavior is shown with a black line.  The point in which 

the black line is changing its 

gradient represents the theoretical 

moment in which the con rod 

surfaces change from not being in 

contact to being in contact with each 

other.  The curve deduced from the 

F.E.M. analysis is slightly different he 

range of values surrounding that 

point.  The difference consists in that 

the change of gradient is happening 

gradually from a gradient to the 

other. 

 

in t

This difference from the theoretical 

behavior is easy to understand if it is considered that the two surfaces of the con rod in the bolted 

joint do not “come into contact instantaneously" under one precise load of clamping force.  On 

the contrary, they “are coming into contact gradually” in a range of values of load starting from a 

load at which the first portions of the crack areas start coming into contact and up to a load at 

which the whole crack areas are pressing against each other. 

Graph 7-1:  Effect of the bearing’s extraradius 
on the joint diagram. 

This gradual effect is caused, in the real model, by the fact that during the initial application of 

the clamping force by the tightening bolt, the con rod crack surfaces do not remain parallel to 

each other during the approach.  The contact surfaces would theoretically remain parallel during 

the approach if the bolted joint would possess a symmetrical geometry, which is not the case of 

this model.  In this case, initially elastic deformations of the overall structure make parts of the 

contact surfaces come into contact before other parts. 

The F.E.M. analysis produced by Ansys suffered the same effect.  While the software was trying 

to calculate the nodal solution at each load it founded solutions at those initial low clamping 

forces in which not all the contact surfaces were in contact because of first deformations of the 

overall structure.  It is necessary to specify that in this case the deformation of the bearing in the 

digital model is, of course, not correctly reflected by Graph 7-1.  The deformation between 0 kN 

and 2 kN, that in the graph is shown as linear, would most probably result more detailed with the 
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sufficient amount of steps included in that range.  It would show that the value in which the two 

surfaces become into contact is much less than 0.0711 mm.  But on the other hand, the horizontal 

position of the equivalent theoretical moment of contact would not diminish drastically from the 

value now shown and equivalent to 0.0813 mm. 

As shown by the approximated equivalent theoretical lines it could be possible to now assert that 

while the bearing is being compressed, according to the Ansys solution, of 0.112 mm, the con 

rod, on the other hand is being only compressed approximately 0.0307 mm (from approximately 

0.0813 mm to 0.112 mm). 
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8 Application of the Strain Gauges on the Model 

8.1 Introduction 

F.E.M. analysis software is a valid help in several engineering fields.  It must not be excluded, 

anyway, that the results obtained by such software may not always match the real behavior of the 

real system that is intended to be investigated.  The imprecision may be caused by a large variety 

of factors that can be generally classified into three groups: 

• Factors and variables influencing the system that have, unintentionally, not been 

considered. 

• Mistakes in modeling the system (geometry, materials, boundary conditions, 

constants...). 

• Approximations of the software (amount of elements, type of elements...). 

So, it is important to verify the exactitude of the computer results with tests on the real system 

subject to the same conditions.  In this thesis this is done by applying sensors of micrometric 

deformations (strain gauges or strain gages) on the surface of the real con rod.  If the 

deformations detected by the sensors are similar, in a reasonable range of error, to the calculated 

by the F.E.M. analysis software, then the computer results on the rest of the model may be 

considered acceptable.  In “Annex D” (Introduction to Strain Gauges, Page 93) the function and 

basic theory of these sensors is explained. 

Seven con rods are tested.  The strain gauges were placed in the same exact positions in all 7 of 

them.  Additionally, 2 strain gauges were placed on bolts that have been accordingly modified 

for their application.   

The 7 con rods used were chosen with the condition of being produced by the same workshop 

during the same day.  This was necessary to try to avoid the change of certain random variables 

that could change properties or geometries from con rod to con rod (different machines or 

different workers using them, different raw materials...) 
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8.2 Search for the Best Positions for the Strain Gauges 

8.2.1 Maximum Strains 

In Plot 8-1 is shown the maximum strain through 

the y-axis.  The strain gauges that were used in 

this detection can sense linear strains of units of 

μm/m (or 0.000 001 mm/mm or 0.000 1 %) 

which basically means that on the surface on 

which they are applied they can detect, in one 

direction, deformations as small as 1/1 000 000 of 

the original length.  

The precision of the detection is then very high, 

but on the other hand it must be considered that 

the unavoidable error (although very small) made 

by every strain gauge is also influenced among 

other factors by the amount of detected strain.  

So, the first indication as a most favorable 

position is to choose regions where the 

compression is higher because in those regions 

the error will be smaller.  The credibility of the 

Ansys prevision of strain was not yet confirmed 

at this stage of the research, but as a base to 

decide where the strain gauges could be placed its 

surface strain solution could have been used (in 

the last step when the bolts are tightening the 

jointed parts of the con rod with maximum clamp 

force of 40 000 N per side). 

 

Only the maximum surface compression in the y-

axis (parallel to the screw-axis) was observed for 

this criterion in spite of the fact that the z and x 
Plot 8-1: Y-Axis Strain under a clamping 

force of 40 000 N with detail on 
the front and side views of the 
bolted joints.
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components of strain also exist and deviate the direction of the total nominal strains from the y-

axis.  The reason why the z and x-components of strain was not taken into consideration is that 

they contribute very little to diverge the direction of the nominal value of strain from the y-axis.  

Also, the y-axis is preferred because of the advantage of more easily placing with precision the 

strain gauges on lines that are parallel and perpendicular to most surfaces of the con rod. 

The nomenclature shown in Picture 8-1, from now on, will 

be the one used to refer to the two bolted joints and to their 

superficial sides.  The graphic postprocessing of the strain 

shown in Plot 8-1 gives an idea about the location of 

maximum surface compression and its amount. In these 

plots the compression is shown only in a range included 

between -0.002 and -0.0011 mm/mm to more precisely 

visualize only the positions of maximum surface 

compression.  The regions shown in gray are not included 

in this range because they are subject to a compression 

lower than -0.0011 mm/mm.   

Picture 8-1:  Nomenclature, in the 
con rods to be tested. 

Comparing the two bolted joints in Plot 8-1 it is easy to notice that the distribution and amount of 

compression on the two is very similar.  So, for the goal of deciding the position of the strain 

gauges, just the “inner” bolted joint (the bolted joint nearer to the smaller end of the con rod) 

shown in Plot 8-2 was observed with more attention.  The second image in the plot is different 

 
Plot 8-2:  Y-Axis Strain under a clamping force of 40 000 N. Inner bolted joint. 
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from the first only in the fact that the compression between -0.002 and -0.0011 is subdivided into 

18 subgroups instead of 9 with the purpose of more precisely observe the distribution.  

8.2.2 Position of the Frontal Strain Gauges 

As it has been seen with stress (Paragraph 6.2  Page 37), which is directly related to strain, the 

areas of high strain tend to distribute themselves in the proximity of regions where the surface is 

changing direction.  In this case the highest compression tends to collect around the “rise” 

designed to offer more surface in contact with the bolthead.  The highest accumulation is 

precisely around the “top edge” of this rise.  In this superficial point the compression is 0.00197 

mm/mm, which means that the material, in this area and in the y-direction, is compressed 

0.197 % of its original length. 

Now, as unfortunately often happens in the application of strain gauges, the optimal position of 

application was not a possible position.  The center of the strain gage could not be placed on the 

top edge of this rise for technical reasons but also because the entire surface of this sensor must 

lie on a plane surface to detect a credible value of strain.  As a consequence, the strain gauge was 

then placed as near as possible to that point and parallel to the y-axis.  As it can be seen from 

Figure 8-1, because of the dimensions of the used 

strain gauges (8.5 mm x 4.5 mm), the nearest 

position of the center of the strain gauge to the 

optimal position is: 

• A = “a” – 2.25 mm from the side of the 

con rod.   

• B = “b” + 3.8 mm from the contact plane 

between the bolt and the con rod,  

Distances “a” and “b” according to the technical 

drawings of the con rod are very easy to 

determine.  However, it must be remembered that 

tolerances on the 7 con rods used for this research 

may give slightly different values of “a” and “b” 

in each model.  It is very important to apply, in 

Figure 8-1:  Position of Frontal Inner 
Strain Gauge [mm].  
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each of the seven con rods, the strain gauges in the exact same position and these tolerances may 

give the situation than in some con rod the strain gauge could not be placed in the same position 

than the others because in that same area the surface may not be completely plane. 

For this reason, the best choice was to consider the “safest” values of “a” and “b” so that in all 

the 7 con rods the strain gauge laid on a plain surface.  This was done following these steps: 

• measuring the length of the rise “b” (from the base to farthest tip) in the 7 con rods and 

considering its maximum: “b max”, 

• considering the height in which to calculate “a”.  This height will be “b max” + 8.5 mm, 

• measuring the length of “a” in the 7 con rods and considering its minimum: “a min”. 

All the measurements are shown in Table 8-1 together with the optimal positions of the centers.  

With this method the conclusion was drew that the best positions of the center of the frontal 

strain gauges were “17.45 mm - 5.73 mm”. 

 

b a b a [Nº]
13.05 8.51 12.84 8.12 421
13.06 7.98 12.97 8.32 230
12.82 8.43 13.08 8.12 291
13.65 8.15 13.13 8.52 422
12.86 8.04 13.37 8.38 397
13.55 8.61 12.89 8.09 418
12.96 8.6 12.97 8.57 406

b Max a Min
13.65 7.98

Con RodInner Bolt
[mm][mm]

Outer Bolt

Table 8-1:  Values “a” and “b” (Figure 8-1) in each of the 7 con rods and position of the frontal 
inner/outer strain gauges. 

B A

17.45 5.73
[m m ]

Center of the Frontal 
S train Gages
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8.2.3 Position of the Lateral Strain Gauges 

As it can be seen from Plot 8-1 and Plot 8-2 the compression on the lateral side of each bolted 

joint varies only in a range from 0.0012 mm/mm (centrally) to 0.0014 mm/mm (in the proximity 

of the “corners”).  The lateral strain is not as intense as the frontal, but this region still represents 

an interesting location of detection where to apply strain gauges.  The compression in the 

proximity of the corners is shown, by Ansys, greater than the one laying on the line of symmetry 

of these lateral sides.  However, considering that these surfaces are considerably small, the most 

desirable position for a strain gauge in this area is the central symmetry line.   

As a matter of fact, according to Plot 8-2 and considering the area of the strain gauge, its offset 

from the symmetry line would affect the detected compression (if the solution calculated by 

Ansys software is correct) only by approximately 0.0005 mm/mm as a maximum, which, 

considering the compression in that area, is not an important variation.  For this reason, 

considering that the strain gauge is easier to apply on the symmetrical position, the center line 

was chosen for its application. Before proceeding one assumption must be considered: 

• For each bolted joint the symmetry line of the lateral surfaces are parallel to the axis of 

each bolt. 

The reason for this assumption is that lateral strain gauges, not only had to be placed in the exact 

same position on each con rod to achieve a set of statistical values, but also had to be precisely 

aligned parallel to the axis of the bolts which, in the real model, defines the direction of the y-

axis.   

The center line of the side of each con rod is not easy to find because the tolerances make that 

area not symmetric at all.  The main reason of this asymmetry is that almost the entire surface of 

the con rod is mechanically treated by shootpeening.  It was very important to be precise in 

aligning the strain gauges with the symmetry line because a change in angle of the axis of the 

sensor could diminish in a large scale the strain intended to be detected.  For this reason it was 

necessary to measure several “middle points” (8 in this case) throughout both profiles of each of 

the 7 available con rods. 
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From 15 mm to 50 mm from the contact surface between con rod and bolthead and with gaps of 

5 mm (as shown in cyan color in Graph 8-1) the following dimensions were measured: 

• distance of one side of the lateral profile from the outer side, 

• width of the lateral profile. 

 

Width
Distance 

from Outer 
Side

Distance 
from Outer 

Side 
+Width

Distance from 
Outer Side + 

Width/2

50 13.57 2.32 15.89 9.11
45 12.93 2.48 15.41 8.95
40 12.6 2.73 15.33 9.03
35 12.6 2.77 15.37 9.07
30 12.52 2.8 15.32 9.06
25 12.45 2.88 15.33 9.11
20 12.44 3.04 15.48 9.26
15 12.5 2.83 15.33 9.08

Inner bolted jointHight from 
the base of 
the bolted 

joint

Graph 8-1:  Measurements [mm] of the profile and average symmetry line of the side of con rod 
nº 421. 
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The other dimensions were calculated from these previous two and made it possible to find the 8 

middle points of the profile (in the graph, shown in yellow line).  The black line is a linear 

approximation of the 8 middle points and represents the symmetry line for this side of this con 

rod.  As it can be seen from the graph, this linear approximation (which may be considered 

parallel to the bolt axis) is deviated 0.52º from the reference (the frontal surface of the frontal 

side of the con rod).  It is important to know this angle on both sides of each con rod.  In fact, the 

same angles would be used later to draw on the models the middle line on which the strain 

gauges will be placed and aligned.  

Therefore it was necessary to find all these middle lines and their deviations repeating this 

process and collecting 224 measurements (16 measurements · 2 sides · 7 con rods).  The results, 

shown in Table 8-2, reveal how the 

deviation of the middle line in each 

profile is never above 0.99º.  So, it 

can be concluded that the origins 

used for these measurements can be 

trusted to be parallel enough to the 

axis of the bolts.  As a consequence, 

these origins can be used to draw the 

middle lines (on which the 14 side 

strain gauges will be placed) 

according to the 14 average middle 

positions shown in Table 8-2 

Inner Outer Inner Outer
421 0.52 0.22 9.08 8.88
230 0.25 0.52 9.04 9.00
291 0.34 0.99 8.97 8.99
422 0.57 0.01 9.00 8.93
397 0.48 0.61 9.04 8.92
418 0.46 0.17 9.03 8.87
406 0.46 0.01 9.00 8.93

Average 
Middle [mm]n Rod 

Nº

Deviation 
[Degrees]

 

8.2.4 Position of the Strain Gauge on the Bolts 

As it will be seen in the next paragraph it was not enough to use sensors on the con rods.  It was 

also necessary to detect strains on the surface of the bolts for some of the models.  The reason, as 

it will be also seen, is that with sensors also on the bolts it is possible to associate the detected 

strain on the con rod with the preload force exerted by the bolts without destroying the model.  

On the contrary, without sensors on the bolts, the con rod must be cut into parts to reach the 

goals of the tests. 

 

Co

Table 8-2:  Average position of symmetry line of the side 
profiles of each con rod and deviations of these 
symmetry lines form the outer side of the each 
con rod 
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The position at which the strain gauges were placed on each bolt is such that the central position 

of their sensors is placed in the central position of the bolt shaft, equivalent to 16.52 mm from the 

contact surface of the head, and oriented alongside the axis of the bolt.  To make possible the 

application of the sensors, the bolts on which the strain gauges were applied had been modified 

by leveling the surface so that that region would be cylindrical instead of presenting its ridges.  

Also, a small section of the head of the bolts had been cut away so that it was possible for the 

wires (connected to the strain sensors) to access the exterior of the con rod so that they could 

connect to the voltmeter.  Of course, this modification causes a change of behavior of the strain 

and stress inside the bolt but, on the other hand, these changes do not affect the goal of these 

tests.   

As a matter of fact, these changes in distribution in the bolt do not prohibit or prevent the total 

amount of preload transferred to the clamped parts from being the desired one.  Besides that, 

these changes in distribution inside the bolts do not affect in a significant way the distributions of 

strain and stress in the con rod.  Furthermore, a cylindrical sector in the volume of the bolts 

ensures a highly uniform distribution of strain through each circular section. 

8.3 Quarter Wheatstone Bridge Strain Gauge Configuration 

Of all the possible circuit configurations explained in “Annex D“ (Introduction to Strain Gauges, 

Page 93) the most appropriate for this research was considered to be the Quarter Wheatstone 

Bridge Configuration. 

First of all, considering the model to be tested and considering that the subject investigated 

belongs to a static analysis there is no temperature influences to compensate because all the 

strain measurements are made when the model possesses uniform constant room temperature.  

Secondarily, the influence of the wires used to connect the strain gauges to the voltmeters is also 

negligible in this case because the same minimum length set of wires is going to be connected to 

all the strain gauges changing it from gauge to gauge when needed.   

In conclusion, the best option for the lab tests is the choice of the Wheatstone quarter-bridge 

because, additionally to the previously mentioned reasons it is the easiest to build and doesn’t 

need, for each point to be observed, the existence of an equivalent point with exactly the same 

strain or exactly the contrary strain where another strain gauge would have to be applied as well. 
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9 Laboratory Tests with Strain Gauges 

9.1 Introduction 

9.1.1 Types of Tests 

The con rods had now to be tested to obtain a direct relation between the strain (expressed in 

mV) detected by the 4 strain gauges on each of them and other values relative to that strain like, 

for example, the preload force existing in the interior of the bolts or, also, the same force exerted 

on the clamped parts (in this case called “clamping force”) by an external compressor.  This was 

done by applying known amounts of load (as, for example, tightening torque on the bolts or 

compressing clamping force) equivalent to preload forces ranging from 0 kN to 40 kN and, at the 

same time, measuring the relative strains detected by each of the strain sensors of the loaded con 

rod.  After these measurements were done many times, some conclusions could be drawn about 

them, as for example:   

• Observing if the values were showing to be constant or if it was necessary to repeat the 

test a number of times sufficient to obtain a trustable average;   

• Examining if the measurement were reflecting a correct behavior of the material or if 

some mistake on the procedure or some unconsidered factor had produced unusual or 

impossible results; 

• Verifying if the values were reflecting the behavior of the digital model resulted by the 

FEM analysis. 

Finally, the obtained strain-preload values belonging to each position (for example, to the frontal 

outer strain sensor) belonging to different con rods could be grouped to be compared for 

statistical reasons. 

Now it is possible to understand the reason of the importance of these conditions: 

• applying the gauges in positions as similar as possible; 

• using con rods as similar as possible. 
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 As a matter of fact, the resulting values of the tests can be used with enough credibility to be 

grouped for comparisons only if all of these conditions were satisfied. 

Two different types of methods were performed for these tests: 

Method I:  In this method, applied to three of the seven available con rods, the force of 

compression on the clamped part was not exerted by the bolts but by a compressing machine that 

can measure the force applied.  The compressor can apply compressing the force through the 

same two surfaces through which the bolts would normally transfer it:  

• through the upper threads where the bolts are screwed (by using a threaded extension of 

the compressor)  

• through the contact surfaces of the boltheads (by using a bolthead as an extension of the 

compressor).   

In this method, testing is a destructive process because the inner bolt is not accessible at its 

threaded end as the outer bolt is.  Therefore, it was necessary, as shown in Picture 9-2a, to cut the 

con rod in parts to be able to reach both ends of the bolts by the calibrating machines as shown 

Picture 9-2b. 

Picture 9-2b: Inner bolted joint 
being compressed on 
a test bed. 

Picture 9-2a:  Con rod cut in parts for testing with strain 
gauge and welding point in the middle. 
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Of course, the system’s conditions result modified in a way that dramatically influences the 

distribution of strain throughout the model.  Therefore, the results of these laboratory tests will 

be compared with F.E.M. analysis results of a digital model that was reduced correspondingly. 

Method II:  As mentioned in paragraph 8.2.4 (Page 62) the models tested with this method (four 

over seven) were not destroyed.  In fact the force of compression was not calculated by a 

compressor but directly be the strain gauges on bolts that had been modified so that they could 

have a smooth surface on the boltshaft and an opening on the bolthead so that the cables could 

access the exterior.  The strain detected through the sensor on the external surface of one of these 

circular sections may be considered constant throughout the section.  This constant strain can be 

translated in constant stress with the direct proportionality of the Young Modulus.  The known 

constant stress in the circular section can be translated in the total force (preload force) exerted 

on it only by knowing the radius of the section.  It is, therefore, possible in each moment to know 

the preload force applied by each bolt thanks to their sensors and, at the same time, it is possible 

to associate this preload to the strain detected by the strain gauges applied on the surface on the 

con rod.  The following step simply consists in verifying if, at such preload, such strain is also 

detected by the FEM simulation in Ansys.   

9.1.2 Conversion of Detected Voltage into Strain 

Let’s consider again the equation describing the behavior of the strain gauges used in this study 

and described in “Annex D” (Introduction on Strain Gauges, Page 94): 

EGFE
R
RV ⋅⋅⋅=⋅

Δ
⋅= ε

4
1

4
1

        (Ec.  9.1) 

It is possible to know the direct relation between the output voltage “V” given by the stressed 

strain sensors and the sensed strain “є”.  “E” is the input voltage applied to the Wheatstone 

bridge and it is equal, in this experiment, to 5 V.  The Gauge Factor of the strain gauges used is 

equal to 1.99 Ω.  Therefore the equation becomes: 

ε••= 5
4
99.1V

   (Ec.  9.2) 
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Consequently, adjusting the formula to the more useful units of “mV” and “µm/m”, the direct 

relation between output voltage and strain is shown in Graph 9-1: 

Graph 9-1: Voltage-Strain Conversion Line of the strain sensors used with input voltage of 5V 

As shown, the gradient of conversion is 401.01 µm/mm / mV. 

9.2 Collection of “Preload–Strain” Values with Method I 

9.2.1 First Part of Method I 

The first values collected from only 1 of the 4 

gauges (outer frontal gauge) of con rod 397 are 

shown in Graph 9-2.  The test bed used, a 

compressor machine, compressed twice the 

outer bolted joint applying two cycles, loading 

and unloading in a range from 0 to 3500 

kiloponds (9.81 N = 1 kp), while the strain 

gauges, connected to a voltmeter, expressed the 

compression on the surface of the con rod in volt 

units.  The pink line shows the voltage during 

the load and the blue one (mostly hidden) during 
Graph 9-2:  Measurements for the voltage-

preload line of the outer front gauge 
of con rod 497. the unload back to 0 kp.  Unfortunately, as 
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shown in the graphs, the results of the two cycles are very different and, worst of all, are visibly 

not linear. 

A nonlinear result was not expected because the relation between the clamp force compressing 

the con rod and the strain (directly proportional to the voltage) is known to follow an elastic 

behavior which is linear by definition.  Different values were also not expected since the two sets 

of measurements belong to the same strain gauge with the same testing machines and are 

performed one immediately after the other.  Wrong measurements of this kind are most usually 

caused by a bad application of the strain gauges.   

On the other hand, repeating the same measurement for this and the other 3 strain gauges (up to a 

total of 19 load-unload cycles) the same exact problem was encountered with the results.  Every 

set of measurements had results that were different and nonlinear for the same strain gauge (with 

voltages, at maximum load, ranging from 3 mV to 6 mV).  This leaded to believe the possibility 

that the problem was not caused by a bad application of the strain gauges because it is very 

difficult to have incorrectly applied all 4 of them. 

9.2.2 “Voltage–Screw Length” and “Voltage-Tightening Torque" Values 

Because of the problem previously mentioned, before proceeding with the research, it was very 

important to investigate more if the cause depended on the strain gauges and, if not, to 

investigate on what was the real cause.  This was accomplished with the study of the reciprocal 

behavior of values such as Voltage, Screw Length and Tightening Torque at the same condition 

of load.  This type of check was performed by tightening the bolts with a screwdriver that can 

sense the applied torque with a precision of 0.1 Nm.  At each of the stages of the tightening 

torque (stages ranging from 0 Nm to 60 Nm, approximately) three variables were measured: 

• Applied tightening torque (with the screwdriver sensor). 

• Length of the bolt (with a micrometer screw). 

• Voltage of the frontal and side strain gauges attached to that clamped part. 
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The first of the 18 sets of collected measurements (relative to the inner side strain gauge) and 

their correlations in graphs are shown in Graphs 9-3: 

Graphs 9-3:  3 Graphs relating the 3 sets of values collected from the inner side strain gauge at 
5 tightening moments from 0 Nm to 60.5 Nm. 

Nm mV mm
0 0 64.62

15 1.2 64.68
30.5 2.555 64.75
45 3.72 64.81

60.5 5.08 64.88

Nm V mm
0 0 64.63

15.2 -2.44 64.7
30.1 -5.16 64.775
45.3 -7.2 64.82
60.2 -10 64.89
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These measurements constantly produced the same results when were repeated.  These results 

seem to reflect a correct linear behavior in any aspect.  First of all, as shown in the Momentum - 

Extension Graphs 9-3, the bolt increases its length in a linear way during the tightening.  It also 

can be seen in the same graphs that the strain detected by the gauge is responding linearly to the 

load (Tightening Torque) and to the change of length of the bolt.  The linearity of the results 

appears to be very similar in the rest of the 18 sets of measurements. 

These similarities clearly show that the nonlinearities detected in the previous paragraph cannot 

have been depending on an incorrect application of the sensors but, most probably, on some 

parasite influence of the compressor test bed that was used. 
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Therefore, it is proved with the last sets of measurements that the four strain gauges were 

correctly applied because they show a behavior that is linear and constant in relation to other 

variables detected by other instruments.  So, it is concluded that the first measurements might 

have been mistaken because of the test-bed that applied the kiloponds of compressing force. 

9.2.3 Second Part of Method I 

Now, focusing the attention again on the measurements collected from the compressing test bed, 

but this time knowing with certainty that the strain gauges possess a correct linear behavior, 

something that hasn’t been noticed before now appears quite evident.  As it can also be seen in 

the first 2 loading-unloading sets of measurements in Graph 9-2, all the 19 sets actually show 

something similar in all of them:  it is true that all of them show a Voltage - Preload nonlinear 

behavior, but only in a range of loads from 0 kp to 1500 kp.  From 1500 kp the behavior is 

shown to be linear.  If it could be demonstrated that the linear part of the curve shows the same 

angle, then it could be possible to draw the conclusion that the nonlinear part has been influenced 

by a "background parasite damping" present in the test bed from 0 kp to 1500 kp and that their 

linear part could still be used for the purposes of this research. 

To prove that the linear parts have constant angle in each strain gauge it was necessary to 

calculate a linear approximation of the last 4 measurements of each of the 19 loading-unloading 

mV-kp measurements and compare the gradient of each approximation.  The mentioned 

gradients are collected in Table 9-1. 

 

Table 9-1:  Gradients of the linear part of the Voltage-Load curve [mV/kp] with averages and 
maximum errors from the averages. 

Load Unload Load Unload Load Unload Load Unload
[kp/mV] [kp/mV] [kp/mV] [kp/mV] [kp/mV] [kp/mV] [kp/mV] [kp/mV]

1 1098 1103 913 892 925 934 1113 1120 1
2 1087 1080 887 896 943 945 1087 1089
3 891 887 1132 1129
4 922 915 1090 1094

5 1112 1119 880 883 915 921 1078 1070
6 1099 1103 903 898 1089 1091

Max. 
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The table shows that the linear parts have a very constant angle in each strain gauge.  The 

maximum distance is calculated with the value of each group that is mostly distant from its 

average.  As it can be seen, these are distances ranging from 1.8 % to 3.6 % of their averages in 

the 4 strain gauges.  This additionally proves that the 4 strain gauges were correctly applied and, 

therefore, the 4 average gradients could be used to associate preload with strain on the con rod.  

Knowing that each of the “Preload - Strain” lines must pass through point 0 mV/kp (to 0 

kiloponds of load correspond 0 mm/mm of strain expressed in 0 Millivolts) and knowing the 

gradients (expressed in kN/mV) the formulas of the 4 Preload - Strain lines are shown in 

Table 9-2: 

Table 9-2:  Gradients [kN/mV] of the four Voltage-Preload Linear equations extrapolated by the 
Lab Tests on Con Rod 397

Preload [kN] = a [kN/mV] ·  Voltage [mV]
Outer Outer Inner Inner
Side Front Front Side

a 10.79 8.77 9.02 10.78
0.20 0.19 0.32 0.33
1.8% 2.1% 3.6% 3.0%

Max. 
Error

It is now much more useful to have, for each strain gauge, a linear equation relating strain with 

preload.  Remembering equation in Graph 9-1, it could be easily combined with the four linear 

equations just found as shown here for the Outer Frontal strain gauge: 

[ ]Strain 401.01 Voltage
m

m m mVm mV

μ
μ

⎛ ⎞
⎜ ⎟⎡ ⎤ = ⋅⎢ ⎥ ⎜ ⎟⎣ ⎦ ⎜ ⎟
⎝ ⎠

 (Ec.  9.3) 

[ ]
401.01

Strain Preload
8.77

m
m

m mV kNm kN
mV

μ

μ⎡ ⎤ = ⋅⎢ ⎥⎣ ⎦
 (Ec.  9.4) 

[ ]Strain 45.72 Preload
m

m m kNm kN

μ
μ⎡ ⎤ = ⋅⎢ ⎥⎣ ⎦

 (Ec.  9.5) 
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And, consequently, the coefficients of Strain - Preload conversion of the four sensors are shown 

in Table 9-3: 

 

It is now finally possible to extrapolate the strain 

relative to each of the 7 steps of preload for each of 

the strain sensors.   In Table 9-4 are shown the 

values of strain predicted by the FEM simulation of 

the Ansys software in method I, where in the digital 

model the bearings are not applied and the bolted 

joints are correspondingly cut and tested separately 

from each other.  The next step is to compare these 

values of strain with the ones deducted by the four 

linear equations extrapolated by the lat tests on con 

rod 397. 

In Table 9-5, these values are shown.  As it can be 

seen at the end of the table, the difference from the 

FEM analysis at 40 000 N is included between 

absolute values of 1.7 % and 5.7 %.  This amount 

of error represents a promising initial result.  The 

percentages or error for values of strains relative to 

preloads smaller than 40 000 N are exactly the 

same. The reason is that, on the same way that the 

value shown in Table 9-5 are perfectly linear, 

results given by the FEM analysis are also 

extremely linear. 

Table 9-3:  Gradients [(µm/m)/kN] of the four “Strain-Preload” linear equations extrapolated by 
the Lab Tests on Con Rod 397. 

Strain [µm/m] = a [(µm/m)/kN] · Preload [kN] 
Outer Outer Inner Inner
Side Front Front Side
37.16 45.72 44.44 37.21a

Side Front Front Side
Preload Strain Strain Strain Strain

[N]  [µm/m]  [µm/m]  [µm/m]  [µm/m]
0 0 0 0 0

2000 73 87 87 73
4000 146 173 173 146
7000 256 303 303 256
11500 420 498 498 420
18250 667 790 790 667
28347 1036 1227 1227 1036
40000 1462 1731 1731 1462

Outer Inner

Table 9-4: Strains given by the FEM 
simulation with Method I 

Side Front Front Side
Preload Strain Strain Strain Strain

[N]  [µm/m]  [µm/m]  [µm/m]  [µm/m]
0 0 0 0 0

2000 74 91 89 70
4000 149 183 178 140
7000 260 320 311 245

11500 427 526 511 403
18250 678 834 811 640
28347 1053 1296 1260 994
40000 1486 1829 1778 1402

40000 1462 1731 1731 1462

-1.7% -5.7% -2.7% 4.1%

Values given 
by the FEM 
Simulation

Error

Outer Inner

Table 9-5:  Strains extrapolated by the 
Lab Tests on Con Rod 397 
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The same values are shown also in Graph 9-4.  The fact that these margins of error for con rod 

397 are initially acceptable is a guarantee good enough to proceed with the same tests also on 

con rods 291 and 421. 
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Graph 9-4:  Values of Strain of Con Rod 397 extrapolated from the Lab Tests 

On Table 9-6 are shown the values of strain 

found, with the same exact method, also for con 

rods 291 and 421.  Only the values at 40 000 N 

of preload are shown.  As it can be observed at 

the end of the table, the 12 values of strain 

detected on the side and frontal positions differ 

from the values predicted by the FEM 

simulation (1731 µm/m and 1462 µm/m) of no 

more than 5.7 %.  Additionally, it may be 

observed how the values achieved are not very 

dispersed since they don’t show a distance from 

their average values greater than 4.4%. 

Side Front Front Side
[µm/m] [µm/m] [µm/m] [µm/m]

397 1486 1829 1778 1402
291 1409 1724 1709 1423
421 1447 1766 1697 1508

1447 1773 1728 1444
39 56 50 64

2.7% 3.2% 2.9% 4.4%
53 98 47 60

3.6% 5.7% 2.7% 4.1%

Outer Inner

co
nr

od

Max. Error 
from Average

Max. Error 
from FEM 

Strain detected on 4 Con Rods at 40 000 N 

Values

Average

Table 9-6:  Strains at 40 000 N of Preload 
extrapolated by the Lab Tests on 
Con Rod 397, 291 and 421 
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9.3 Collection of “Preload–Strain” Values with Method II 

The process consisted in using, in 4 of the seven con rods, two bolts that had been accurately 

modified (as described in Paragraph 8.2.4, page 62) to detect their exerting preload force through 

the detection of strain on their shaft surface.  The modified bolts were tightened always at the 

same detected preload (or strain) at several preloads from 2 000 N to 40 000 N.  Each preload 

was associated with the strain detected at the four external points on the surface of the con rod.  

The “Bolt Preload – Con Rod Strains” table will be compared with the values given by the FEM 

simulation. 

As it has been already pointed out, the voltage detected by the strain sensor on the bolts let obtain 

all the information that is needed for this specific goal: strain, stress, preload force.  The strain 

suffered by the bolt in that precise point, according to the previously mentioned equation in 

Graph 9-1 is: 

[ ]Strain 401.01 Voltage
m

m m mVm mV

μ
μ

⎛ ⎞
⎜ ⎟⎡ ⎤ = ⋅⎢ ⎥ ⎜ ⎟⎣ ⎦ ⎜ ⎟
⎝ ⎠

 (Ec.  9.6) 

The strain is also directly related to the stress in that precise point by the material properties of 

the bolts (Young Modulus: 200 000 N/mm2): 

1Strain Strain
1000000

mm
mmmmm

mm mm
m

μ
μ

⎛ ⎞
⎜ ⎟ ⎡ ⎤⎡ ⎤ = ⋅⎣ ⎦ ⎢ ⎥⎜ ⎟ ⎣ ⎦⎜ ⎟
⎝ ⎠

  (Ec.  9.7) 

( )2 2
N NStress 200000 Strain mm

mmmm mm
⎡ ⎤ ⎡ ⎤= ⋅⎢ ⎥ ⎣ ⎦⎣ ⎦

 (Ec.  9.8) 

Finally, since it has already been considered that stress (as well as strain) is extremely constant in 

each radial section of the shaft region of the two modified bolts, it is possible to obtain, from the 

stress, the total preload force just by knowing the radius of the section at which the strain 

detectors are applied (Radius = 3.5 mm): 

2 2Area 3.5mm mmπ⎡ ⎤ = ⋅⎣ ⎦
2  (Ec.  9.9) 
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[ ] 2
2

NPreload N Area Stressmm mm
⎡ ⎤⎡ ⎤= ⋅⎣ ⎦ ⎢ ⎥⎣ ⎦

 (Ec.  9.10) 

To directly know the preload force from the detected voltage, these five just mentioned equations 

all together could be used as follows: 

[ ] 2
2

NPreload N Area Stressmm mm
⎡ ⎤⎡ ⎤= ⋅⎣ ⎦ ⎢ ⎥⎣ ⎦

 (Ec.  9.11) 

[ ] ( )2 2
2

NPreload N 3.5 Stressmm mmπ ⎡ ⎤= ⋅ ⋅ ⎢ ⎥⎣ ⎦
 (Ec.  9.12) 

[ ] ( ) ( )2 2
2

NPreload N 3.5 200000 Strain mmmm mmmmπ ⎡ ⎤= ⋅ ⋅ ⋅ ⎣ ⎦  (Ec.  9.13) 

[ ] ( ) ( )2 2
2
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1000000
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⎤
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[ ] ( ) ( ) [ ]2 2
2

1NPreload N 3.5 200000 401.01 Voltage
1000000

mmm
mm mmm mVmm m mV
m

μ
π

μ

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟= ⋅ ⋅ ⋅ ⋅ ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (Ec.  9.15) 

In conclusion, multiplying the factors, the preload would be achieved just by a coefficient of 

direct proportionality equal to 3086.5 N
mV : 

[ ] [ ]NPreload N 3086.5 Voltage mVmV= ⋅  (Ec.  9.16) 
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Now, in Table 9-7 the values predicted by the 

FEM simulation in Ansys are shown.  

According to the previous formulae, to reach an 

exact preload force of, for example, 40 000 N in 

both bolted joints it is necessary to tighten both 

bolts until their two strain sensors detect a 

voltage of exactly 12.96 mV.  In the same way, 

it is now possible to know that, when 12.96 mV 

are detected by those sensors, in those sections a 

strain of 5197 µm/m and a stress of 1039 mm

 

2 

exist.  With the same method the values for the 

other preload steps have been calculated.  

As shown in Table 9-8 the two bolts were tightened in con rod nº422 and the voltage of the six 

strain gauges were collected during the seven steps as well as the equivalent values in units of 

strain [µm/m].  

Table 9-8:  Voltage detected by the two Strain Gauges on the Bolts and the four Strain Gauges 
on Con Rod Nº 422 with the Relative values of Preload Force, Strain, Stress 
associated to these Voltages. 

V olt
[m V

0
0.648
1.296
2.268
3.726
5.913
9.184

12.96

a ge S tra in S tre ss P re loa d V olta ge S tra in V olta ge S tra in Volta ge S tra in V olta ge S tra in
]  [µm /m ] [N/m m 2] [N] [m V ]  [µm /m ] [m V]  [µm /m ] [m V ]  [µm /m ] [m V ]  [µm /m ]

0 0 0 0 0 0 0 0 0 0 0
260 52 2000 0.025 10 0.028 11 0.029 12 0.023 9
520 104 4000 0.125 50 0.139 56 0.144 58 0.117 47
909 182 7000 0.374 150 0.417 167 0.431 173 0.351 141
1494 299 11500 0.757 304 0.845 339 0.874 350 0.710 285
2371 474 18250 1.332 534 1.487 596 1.537 616 1.250 501
3683 737 28347 2.192 879 2.446 981 2.528 1014 2.056 825

0 5197 1039 40000 3.184 1277 3.554 1425 3.673 1473 2.987 1198

40000 1221 1446 1446 1221

-4.6% 1.5% -1.9% 1.9%
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Se nsors on the  Bolts                
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the  FEM  
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Table 9-7:  Values of strain predicted by the 
FEM Analysis at each Preload step.
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The charge was loaded several times tightening the bolts at the same preloads up to 40 000 N and 

the values always showed to be constant and, in the last 4 steps, linear as seen in Graph 9-5. 

Graph 9-5:  Collection of the “Bolt Preload – Con Rod Strain” values for Con Rod nº 422 
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The fact that these values didn’t change independently of the amount of times the test was 

repeated is very important since it allowed considering these values as the ultimate and final ones 

for con rod 422 so that it was possible to proceed with the tests on the other con rods. 

It is very important to notice the small increase of strain, at all four points of detection, in the first 

and second step.  This occurrence is debt, as expected, to the “gradual” adjustment of the four 

contact crack surfaces, previously explained in Paragraph 7.5 (Page 51), that also caused a 

similar effect in the joint diagram on Graph 7-1.  Moreover, as shown in Table 9-8, the 

difference from the values predicted by the FEM simulation at 40 000 N are no higher than 

4.6 % in absolute value.  Even though this has only been the first con rod studied with this 

method, a maximum error of 4.6 % represents a promising result.   

 



Page 78   

In Table 9-9 the same values of strain are shown together with those of the strain gauges on the 

other three con rods, also at 40 000 N of preload force.  These other values were collected with 

the same procedure and were also constant independently of the amount of times the test was 

repeated as well as extremely linear as those of con rod 422 as shown in Graph 9-5.  It may now 

been observed that the results of these tests show how the 16 values of strain detected on the side 

and frontal positions differ from the values predicted by the FEM simulation (1446 µm/m and 

1221 µm/m) of no more than 6.1 %.  Additionally, it may be observed how the values achieved 

are not very dispersed since they don’t show a distance from their average values greater than 

4.7 %. 

 

 

Table 9-9:  Strain detected on four Con 
Rods at 40 000 N of Preload. 

Side Front Front Side
[µm/m] [µm/m] [µm/m] [µm/m]

230 1295 1440 1465 1234
406 1186 1424 1398 1223
418 1208 1476 1529 1208
422 1277 1425 1473 1198

1242 1441 1466 1216
56 35 68 18

4.5% 2.4% 4.7% 1.5%
74 30 83 23

6.1% 2.1% 5.7% 1.9%
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Conclusions 

The results of the laboratory tests and the results of the F.E.M. Analysis showed a similarity with 

a reasonable range of error.  This fact helped to know with which range of credibility may be 

accepted the descriptions and the observations made about stress and strain distributions inside 

the model in chapter 5 (page 28) as well as with which range of credibility may be accepted the 

joint diagram presented and described in paragraph 7.5 (Joint Diagram, 51). 

The available amount of models reserved for testing was insufficient to consider statistical 

qualitative and quantitative variables.  Since 3 and 4 models, depending on the conditions for 

testing, gave only 3 and 4 results on each position of detection at each loading condition it was 

unthinkable to consider variables such as global averages, standard variations and indexes of 

dispersion for such a limited statistical population.  Therefore, for the drawn of conclusions on 

the results of the laboratory tests, it is considered useful to evaluate the precision of the testing 

process by considering the maximum distance of the values of each group from their relative 

average.  Afterwards, for the drawn of conclusions on the result of the research, it is considered 

useful to evaluate the exactitude of the values resulted by the F.E.M. analysis by considering 

their maximum distance from each relative group of values resulted by the laboratory tests. 

On the one hand, tests were performed on 4 models while the bolts were being tightened 

simultaneously.  During these tests the strains detected on 4 superficial positions of the 4 models 

had shown to differ no more than 6.1 % from the same strains predicted by the F.E.M. analysis.  

The values obtained by this method are dispersed in a range of values included in a radium no 

greater than 4.7 % from their average for each of the 4 selected positions. 

On the other hand, tests were also performed on 3 modified models which were cut to apply the 

compressing force by a compressor machine instead than by the bolts.  During these tests the 

strains detected on the same 4 superficial positions of the 3 models had shown to differ no more 

than 5.7 % from the same strains predicted by the F.E.M. analysis with a correspondently 

modified digital model. The values obtained by this method are dispersed in a range of values 

included in a radium no greater than 4.4% from their average for each of the 4 selected positions. 

It may be concluded that the two methods of laboratory testing showed to have been performed 

with an acceptable precision since the maximum distance of the values of each group from their 
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relative average is never greater than 4.7 %.  Afterwards, once accepted the precision of the 

testing procedure, it may be concluded that exactitude of the F.E.M. analysis is also acceptable 

since maximum error from each relative group of values resulted by the laboratory tests is never 

greater than 6.1 %. 

As a consequence all the observations made in chapter 5 about stress and strain distributions 

inside the model may be accepted.  It must not be forgotten, anyway, that they may be accepted 

always with a range of error of 6.1 % (relative to the most pessimistic case). 

In the same way, with a range of error of 6.1 %, the joint diagram of the clamped parts presented 

in paragraph 7.5 may be accepted. 

It may be concluded that the investigation has been correctly performed in both its main 

complementary branches:  the results of the laboratory branch has precisely confirmed the 

exactitude of the F.E.M. static analysis and the branch of the computer analysis has competently 

described the internal strain and stress behavior of a characteristic mechanical engineering 

model, such as the con rod of a combustion engine, at 20ºC under common boundary conditions. 
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Annex A:   General Notions on Connecting Rods 

1A.1   Four-Stroke Internal Combustion Engine

Before describing connecting rods it is better to generally introduce an important context and 

environment in which they are commonly used:  the four-stroke internal combustion engine 

(Figure A-1).  

This internal combustion engines are used 

most commonly for mobile propulsion 

systems. This type of propulsion is 

advantageous since it can provide high power-

weight relation together with an excellent fuel 

energy-density relation. These engines are 

being used in almost all 

 

automobiles, 

motorbikes, many boats, and in a wide variety 

of aircraft and locomotives. 

All internal combustion engines depend on the 

exothermic chemical process of combustion: 

the reaction of a fuel with an oxidiser.  Usually 

the oxidiser is air, although others may be 

used, such as nitrous oxide. The most common 

fuels in use today are made up of 

hydrocarbons and are derived from petroleum. 

Figure A-1:  Basic nomenclature in Otto cycle 
engines. 

The cycle of converting the energy of the 

air/fuel mixture into rotative propulsion of the 

crankshaft is divided in phases (shown in 

                                                 

1 This introduction about four-stroke internal combustion engines has been referenced from Hardenberg, 
Horst O., Society of Automotive Engineers (SAE), The Middle Ages of the Internal combustion Engine, 
1999. 

http://en.wikipedia.org/wiki/Automobile
http://en.wikipedia.org/wiki/Motorbike
http://en.wikipedia.org/wiki/Boat
http://en.wikipedia.org/wiki/Aircraft
http://en.wikipedia.org/wiki/Locomotive
http://en.wikipedia.org/wiki/Hydrocarbon
http://en.wikipedia.org/wiki/Petroleum
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Figure A-2) that are known as the four 

strokes of the internal combustion engine:  

1-Intake, 2-Compression, 3-Power, and 4-

Exhaust. Figure A-1 shows the basic 

nomenclature of an Otto cycle engine 

that’s going to be used to briefly describe 

the cycle. 

The Intake Valve opens at a precise time 

to allow the air/fuel mixture to enter the 

cylinder. The Spark Plug ignites the 

air/fuel mixture in the cylinder, which 

creates an explosion.  In Diesel engines 

the explosion is not caused by the spark 

plug, which is not present, but by 

extremely high pressure.   

The force of the explosion is transferred 

to the Piston. The piston travels up and 

down in a Reciprocation Motion. The 

force from the piston is then transferred to 

the Crankshaft through the Connecting 

Rod that converts the reciprocate motion 

of the piston to the Rotating Motion of the 

crankshaft.  The Exhaust Valve opens at a 

precise time to allow the burned gases to leave the cylinder.  

Figure A-2:  Four strokes in an Otto cycle 
engine. 

A.2   Connecting Rod 

A.2.1     Nomenclature, Purpose and Materials. 

Con rods are not rigidly fixed at their ends, so that the angle between the con rod and the piston 

can change as the rod moves up and down and rotates around the crankshaft. 

press fit into the con The small end attaches to the pin of the piston, which is currently most often 

 

http://en.wikipedia.org/wiki/Crankshaft
http://en.wikipedia.org/wiki/Press_fit
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rod.  The relative motion between the con rod and the piston is allowed by a "floating wrist pin" 

design that allows the piston pin to axially rotate inside of the piston.  The big end of the con rod 

is connected to the bearing on the crankshaft.  The bearing shells, as shown in Figure A-3, are 

accessible thanks to the bolts of the con rod which hold the bearing "cap" onto the big end.  

The connecting rods are most usually 

made of: 

 

• Steel: for production engines in 

modern automotive internal 

combustion engines.  It’s the most 

common kind of con rod of all. 

• Aluminum and Magnesium: for 

lightness and the ability to absorb 

high impact at the expense of 

durability. 

• Titanium: for high performance 

engines since they combine 

strength and lightness.  They are 

obviously more costly. 

Cast iron: for applications such as 

motor scooters.  

• Figure A-3:  Nomenclature of Connecting Rods 

A.2.2     Crack Surface of Con Rods 

To make possible the inclusion of a bearing and the attachment of the con rod to the crankshaft, 

the con rod’s big end needs to be made up of two parts jointed by two bolts.  The con rod is 

fabricated as a single piece and later its big end is cut in two. This allows a precision fit between 

the two parts.  A frequent alternative to the cutting process is “fracturing” the big end of the con 

rod in two creating respective uneven “crack surfaces”. This ensures that, during reassembly of 

the two parts, the cap will be perfectly positioned with respect to the rod, compared to the minor 

misalignments which can occur if the mating surfaces are both flat. 

http://en.wikipedia.org/wiki/Crankshaft
http://en.wikipedia.org/wiki/Plain_bearing
http://en.wikipedia.org/wiki/Screw#Bolt
http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Automobile
http://en.wikipedia.org/wiki/Internal_combustion_engine
http://en.wikipedia.org/wiki/Internal_combustion_engine
http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Cast_iron
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A.2.3     Failure of Con Rods 

The con rod is under tremendous stress from the alternating load from the piston, actually 

stretching and compressing with every rotation, and the load increases rapidly with increasing 

engine speed.  Failure of a connecting rod is one of the most common causes of catastrophic 

engine failure in cars, frequently throwing the broken rod through the side of the crankshaft case 

and consequently rendering the engine irreparable. Failure of a connecting rod can result from: 

• overheating,  

• a physical defect in the rod,  

• lubrication failure in a bearing due to faulty maintenance,  

• improper tightening of the bolts, 

• re-use of already used (stressed) bolts.  

When building a high performance engine, great attention is paid to the con rods.  The main 

attention is directed to avoiding the existence of localized high stress in them since it is in these 

regions of high stress that undesired plastic deformation eventually occurs.  The most important 

techniques to avoid this problem are:  

• grinding the edges of the rod to a smooth radius,  

• shot peening1 to relieve internal stress,  

• balancing all assemblies between con rods and pistons to the same weight, 

• magnafluxing2 to reveal invisible small cracks which would cause the rod to fail under 
stress, 

• taking great care to apply the exact specified moment to the bolts of the con rod. 

                                                 

1 Shot peening is a process used to modify mechanical properties of  metals. It consists in impacting a 
surface with round metallic particles with sufficient force to create small depressions and with enough 
particles that those depressions overlap. Each particle functions as a ball-peen hammer. 

2 Magnafluxing is a process used for detecting cracks and other surface discontinuities in iron or steel. A 
magnetic field is set up in the part to be inspected, and a powder or paste of magnetic particles is 
applied. The particles arrange themselves around discontinuities in the metal, revealing defects.  

http://en.wikipedia.org/wiki/Crankcase
http://en.wikipedia.org/w/index.php?title=Stress_riser&action=edit
http://en.wikipedia.org/w/index.php?title=Shotpeening&action=edit
http://en.wikipedia.org/w/index.php?title=Magnaflux&action=edit


Page 88   

 

Annex B:   Mathematical Basis used for this Problem1

The solution techniques used in the subject of this study by Ansys is not the same used in other 

software, but much of the fundamental mathematics behind structural finite element analysis is 

common. The equations used are equilibrium equations: the sum of the forces is forced to be 

equal to the contributions of the stiffness and deflection, damping and velocity, and mass and 

acceleration: 

Σ {F} = [K] {X} + [D] {X’} + [M] {X’’}  (Ec.  B.1) 

• Σ {F} is the vector sum of the forces acting on the structure. 

• [K], [D] and [M] are the stiffness, damping and the mass matrices. 

• {X}, {X’} and {X’’} are the displacement, velocity and acceleration vectors.  

The quantities above represented in matrix form represent rows and columns of numbers, each 

representing degrees of freedom of the structure.  The second and third terms are only important 

in dynamic situations, not like this case.  Taking into consideration that in this research the 

problem is investigating static equilibrium solutions of the materials composing the con rod, the 

equation in this case reduces to:  

Σ {F} = [K] {X} (Ec.  B.2) 

This can be recognized as similar to the equation for deflection of a spring.  The vector of the 

forces is given by us.  In this problem no external forces are applied to the real body but the 

vector of forces applied to the nodes is not going to be given as empty.  This happens because of 

the method used to simulate (with external forces), as it is seen in chapter  (4 Solution of the 

Problem through F.E.M. Analysis , Page ), the compression caused by the preload force 

applied by the bolt mechanisms.  

21

                                                 

1 The theorical information on Finite Element Method has been referenced from: CONSTANTINE 

SPYRAKOS, Finite Element Analysis in Engineering, West Virginia University Press, 1994  
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The stiffness matrix [K] is a function of the geometry of the member and the material properties.  

In a static non-linear analysis problem like that of this con rod, the finite element software 

calculates iteratively the displacements of the nodes using the relationship above. Strains are 

derived from the displacement functions within the element combined with Hooke's law.   

The reason why the solution of the system of equations representing the “con rod system” must 

be solved with an iterative procedure is because of the nonlinearity present in the problem.  The 

material properties of the structure are not linear and change during a simulation due to the non-

linear behavior of plasticity. Also, the contact formulation between the surface nodes of the 

bearing, con rod and bolts add to the problem an additional nonlinear behavior because some of 

the “contact elements” between the surfaces change their stiffness from zero to positive 

depending on if contact is detected between them.  Thirdly, the contact elements simulate as well 

the behavior of friction between surfaces which, by definition, is a non-linear behavior.  Because 

of these nonlinearities the deformation of this model is no longer proportional to the applied load.  

For this reason the equilibrium equations that defined the problem are no longer valid. Then, the 

problem must be solved iteratively, reformulating the stiffness to reflect the new change of 

material properties (locally) in each iteration. 

Let’s take, for example, 2 elements of 

the con rod and suppose that they are 

two-dimensional (Figure B-1). The 

result of a typical element type (for 

example, the element with nodes 1, 2 

and 3) of the con rod is a small matrix 

relating a vector of nodal displacements 

to a vector of applied nodal forces: 
Figure B-1:  Two bidimentional triangular nodes. 

 (Ec.  B.3) 

The components of the matrix represent functions of the shape and properties of the element. 

Components aij represent the element stiffness matrix for the first element, and bij for the second 
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element. Now, since the w2 and w3 in equation B.3 are the same for both elements, it is possible 

to combine the two equations as follows: 

 (Ec.  B.4) 

Since the behavior of each element was described in terms of its behavior at its edges, and in fact 

The system boundary conditions consist, in the case of the con rod, for example in forcing no 

at certain discrete nodes along its edges, the assembly of element matrices into a system matrix is 

simply an expression of the fact that a node shared by two elements must have the same 

displacement when considered as part of either element; and of the assumption that the elements 

can only interact at these discrete nodes.  All the element matrices of the entire structure of the 

con rod are combined together in a similar way into one large matrix representing the whole 

complex system. 

absolute motion to the nodes of the bearing that are supposed to be in contact with the 

crankshaft.  Applying such boundary condition now consists in assigning values for some of the 

displacement components wi that, in case of forcing no absolute motion, means assigning a value 

of zero. One way to handle these constrained wi is to remove them from the vector of unknowns.  

With appropriate node numbering, w can be partitioned into two parts, the unknown 

displacements w1 and the known values w2.  Grouping also S and f in the same way, a system of 

lower dimension with a new [F] vector is obtained:  

 (Ec.  B.5) 

The extra known external forces applied to any part of the con rod (applied to individual nodes) 

can also be added into the right-hand side to consider their effect in the calculation of the 

solution. The equation then represents the entire boundary-value problem, and is solved using 

one of a variety of techniques, such as Gauss-Jordan elimination. 
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Annex C:   Basic Theory of the Joint Diagram1

C.1   Joint Diagram 

To help visualize the loading within bolted connections, joint diagrams have been developed. A 

joint diagram is a means of displaying the load deflection characteristics of the bolt and the 

material that it clamps. Joint diagrams can be used to assist in visualizing how a bolted joint 

sustains an external force.  Graph C-1 presents the way that the basic joint diagram is 

constructed. As a nut is rotated on a bolt's screw thread against a joint, the bolt is extended. 

Because internal forces within the bolt resist this extension, a tension force, also known as “bolt 

preload”, is generated.  

The reaction to this force is a clamp force that is the cause of the joint being compressed. The 

force-deformation diagram presented shows the bolt extension and the joint compression. The 

slope of the lines represents the stiffness of each part. The clamped joint usually is stiffer than the 

bolt.  

The basic joint diagram is formed by moving the compression line of the joint to the right. A 

triangle is formed because the clamped force tending to compress the joint is equal to the bolt 

                                                 
1 This general information about the basic theory of the joint diagram and the effect of embedding has 
been referenced from: Jack A. Collins, Mechanical Design of Machine Elements and Machines, page 481 

Graph C-1:  Joint compression and extension lines 
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preload. Positive extension is to the right such as that sustained by the bolt, negative extension 

(compression) is to the left and is sustained by the joint material (as shown in Graph C-2).  

When

at these int

“embe

been

union is loosing with the maximum load of 40 000 kN between 2 kN and 3 kN of Preload Force 

and between 2 μm and 3 μm of compression of the clamped parts.  On the other hand, the 

amount of embedding affecting the crack surfaces cannot be calculated and is unknown at the 

 

C.2   The Effect of Embedding 

 a bolt is tightened, very high local pressures can exist in the contact areas on the threads, 

under the nut/bolt and between the crack surfaces in contact. Local plastic deformation can occur 

erfaces by flattening of surface roughness. This phenomenon is known as 

dding”.  Embedding has the effect of reducing a bolt's preload (Graph C-3). Research has 

 completed to establish guide values for the amount of embedding that typically occurs 

Graph C-2:  General joint diagram 

 

within joints. The amount of embedding determined is a loss of joint deformation.  As it can be 

seen from VDI 2230 (2003, p. 63), because of the effect of the embedding this type of bolted 

:  Effect of embedding on joint diagram Graph C-3

present day. 
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1Annex D:   Introduction to Strain Gauges

D.1   Introduction 

A strain gauge (or strain gage) is a device used to measure strain of an object. The most common 

type of strain gauge consists of an insulating flexible backing which supports a metallic foil 

pattern and it is shown in Figure D-1. The gauge is attached to the object by a suitable adhesive.  

resistance change is related to the strain by the quantity known as the gauge factor. 

 

As the object is deformed, the foil is deformed, causing its electrical resistance to change. This 

Figure D-1:  Example of a standard strain gauge. 

The gauge factor GF is defined as:  

 (Ec.  D.1) 

Where:    

• RG is the resistance of the non-deformed gauge, 

• R [Ω] is the original resistance of the strain gauge,  

• ΔR [Ω] is the change in resistance caused by strain,  

• ε [mm/mm] is strain.  

                                                 

1  This introduc
Strain Gauge

tion about strain gauges has been referenced from: A. L. Window, Kluwer Academic Pub, 
 Technology, 1992 
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As it can be seen, once known the gauge factor and the resistance of the non-deformed gauge, 

there is a direct proportionality between strain and the change ni  resistance.  Typical strain 

gauge resistances range from 30 Ohms to 3 kOhms (unstressed).  To use the strain gauge as a 

practical instrument, it is necessary to measure extremely small changes in resistance with 

high accuracy.  This resistance may change only a fraction of a percent for the full force range 

of the gauge.  Such demanding precision makes necessary the use of a measurement circuit in 

a “bridge configuration”. 

D.2   Wheatstone Quarter-Bridge 

Typically, the rheostat1 arm of the bridge (R2 in 

Figure D-2) is set at a value equal to the strain gauge 

resistance with no force applied. The two ratio arms 

of the bridge (R1 and R3) are set equal to each other. 

So, with no force applied to the strain gauge, the 

bridge will be symmetrically balanced and the 

voltmeter will indicate zero volts, representing zero 

increase, respectively, thus unbalancing the bridge 

 voltmeter.  The 

strain detected can be calculated by this formula: 

force on the strain gauge. As the strain gauge is either 

compressed or tensed, its resistance will decrease or 

Figure D-2:  Wheatstone quarter-bridge
and producing an indication at the

EGFE
R
RΔ 11

(Ec.  D.2) 

Wh :

r; 

                                                

V ⋅⋅⋅=⋅⋅= ε
44  

ere   

• V [V] is the output voltage detected by the voltmete

• E [V] is the Input Voltage. 

 

1 Rheostat:  Variable resistor.  Resistor that can be adjusted to control the electrical current 

flowing through it. 
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This arrangement, with a single element of the bridge changing resistance in response to the 

measured variable (mechanical force), is known as a Wheatstone quarter-bridge circuit. 

D.3   Compensation of Temperature and Wire Resistance 

The resistance of the wires connecting the strain gage to the bridge has a significant impact on 

the operation of the circuit. Figure D-3 shows the same schematic diagram, but add two resistor 

symbols in series with the strain gauge to 

ate 

characteristic of strain gauges is that of 

 

2 (as shown in Figure E-4), so that both 

resistance in the same proportion when 

temperature changes, thus canceling the effects 

of temperature change. 

istance doesn't impact the accuracy of 

the circuit as much as before, because the wires 

con

app i erefore, the 

upper and lower sections of the bridge's 

rheostat arm contain approximately the same 

 

represent the wires.  Another unfortun

resistance change with changes in 

temperature. This is a property common to 

all conductors, some more than others. So, 

this quarter-bridge circuit as shown works 

as a thermometer just as well as it does a 

strain indicator. If all it is wanted to do is 

measure strain, this effect is definitely 

undesired.  

There is a way, however, to reduce wire parasite resi

possible to use a "dummy" strain gauge in place of R

elements of the rheostat arm will change 

Figure D-3:  Effect of wire resistance 

stance error and temperature error. It is

Wire res

necting both strain gauges to the bridge are 

rox mately equal length. Th

Figure E-4:  Compensation strain gauge 

amount of parasite resistance, and their effects in the Wheatstone quarter-bridge tend to cancel.   
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The only inconvenience with the use of a “dummy” unstressed gauge is the difficulty to find a 

position where to apply it:  it is not easy to have an available position, on the machine to be 

tested, where the temperature change is the same as the stressed strain gauge and, at the same 

heatstone Half-Bridge could 

represent a useful solution.  

d posi

ge is compressed, the lower gauge will be stretched, 

 

e 

ed 

f-

he 

se 

 

es in temperature, the 

effects of temperature change and parasite 

uge

6: 

time the surface is not stressed.  In the following paragraph, the W

D.4   Wheatstone Half-Bridge 

If we were to take the upper strain gauge an

as the lower gauge (i.e. when the upper gau

and vice-versa), both gauges will respond to

strain (like shown in Figure D-5), and th

bridge will be more responsive to appli

force. This utilization is known as a hal

bridge. Since both strain gauges still have t

same wire resistance and will either increa

or decrease resistance by the same proportion

in response to chang

tion it so that it is exposed to the opposite force 

resistance remain canceled and the circuit will 

suffer minimal measurement error. 

An example of how a pair of strain ga

so as to yield this effect is illustrated in Figure D-

Figure D-5:  Wheatstone half-bridge 

s may be bonded to a test model 

Figure D-6:  Balanced half-bridge 
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With no force applied to the test model, both strain gauges have equal resistance and the bridge 

circuit is balanced. However, when a downward force is applied to the free end of the model, it 

will bend downward, stretching gauge #1 and compressing gauge #2 at the same time and with 

the same opposite strain as shown in Figure D-7: 

 

This way it could be possible to find with mo

formula: 

re accuracy the absolute value of strain with this 

( ) EGFE
R
R

R
R

V ⋅−⋅⋅=⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−

Δ
⋅=

2

2

1

1

4
1

4
1 εε 21

 (Ec.  D.3) 

On the other hand, if what it is necessary to 

detect is tensile or compressive strain, the 

half-bridge configuration shown in 

Figure D-8 could be helpful.  In this case 

the sum of resistances on the “left” side of 

the bridge would still be equal to the sum of 

the resistances on the “right” side of the 

bridge only if the stress detected by the two 

gauges is not only of the same amount but 

This half-bridge configuration is only helpful if what it is necessary to detect is a moment strain 

as shown in Figure D-7. 

Figure D-8:  Wheatstone Half-bridge 2 

Figure D-7:  Unbalanced half-bridge 
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also of the same kind (compression or expansion).  The formula to find the value of this strain 

from the voltage output is the following: 

( ) EGFERRV ⋅+⋅⋅=⋅⎟⎟
⎞

⎜⎜
⎛ Δ

+
Δ

⋅= 41
41 11 εε

RR ⎠⎝ 41 44  (Ec.  D.4) 

D.5   Wheatstone Full-Bridge 

In applications where such complementary pairs 

 

of strain gauges can be bonded to the test model, 

it may be advantageous to make all four elements 

of the bridge "active" for even greater sensitivity. 

This is called a full-bridge circuit. This circuit 

will give the needed strain with the following 

formula: Figure E-9:  Wheatstone full-bridge 

( ) EGFERRRRV ⋅−+−⋅⋅=⋅⎟⎟
⎞

⎜⎜
⎝

⎛ Δ
−

Δ
+

Δ
−

Δ
⋅= 4321

4321 1
4
1 εεεε

RRRR ⎠4321 4  (Ec.  D.5) 

When possible, the full-bridge configuration is the best to use. This is true not only because it is 

more sensitive than the others, but because it s linear while the others are not. Qua

and half-bridge circuits provide an output (imbalance) signal that is only approximately 

 resistance change due to applied force is very small compared to the 

nominal resistance of the gauge(s). With a full-bridge, however, the output voltage is directly 

ima

). 

 i rter-bridge 

proportional to applied strain gauge force. Linearity, or proportionality, of these bridge circuits is 

best when the amount of

proportional to applied force, with no approx

applied force is equal for all four strain gauges

tion (if the change in resistance caused by the 



Investigation of Strain and Stress of the Connecting Rod of a Combustion Engine.                                       Page 99 

Annex E:   Budget Needed to Accomplish the Research 

The entire research was accomplished thanks to the entire support of the Technische Universität 
of Berlin.  The University generously offered all the equipments and instruments necessary to 
accomplish this study including office, computers, software and laboratory assistants
reason the entire investigation was completed with no cost. 

ould have not
and if the university would have only offered t

e machinery to process con rods and testing 
tudy would have been, as shown in Table , a 

.  For this 

On the other hand, if this research w  been economically supported by the university 
he usage of costly equipment (such as the 

dynamometric compressors, the voltmeters and th
bolts) the entire budget needed to accomplish the s
total of approximately 2900 euros. 

 

 

 

Price [euros] Amount Total Price [euros]
Strain Gauges 8 30 240
Con Rods with Bolts 50 7 350
Laptop with Double Processor 1650 1 1650

 

Color Printer 200 1 200
Software Autodesk Inventor (Latest Version, 1 Year License) 160 1 160
Software Ansys Multiphysics (Latest Version, 1 Year Lincense) 300 1 300

Entire Budget [euros] 2900

 

Table  E.1:  Hypothetical approximate Budget needed to accomplish the investigation in case the
university would have not economically supported it. 
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Annex F:   Time Needed to Accomplish the Research 

The entire study was accomplished in a total of 823 hours during 32 weeks (global average of 27 
hours/week) with a distribution of time and amounts that is graphed here below. 
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Thesis Text 
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Lab Tests, 

General (Classes, 
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Plot F.1:  Time distribution of the preparation of the research 
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