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Abstract: Intermediate steering shaft of the steering system is a linkage between the upper steering assembly and 
steering gear box and connects them by means of two cardan joints, namely upper cardan joint from the upper 
steering assembly and lower cardan joint to the steering gear box. The failure of the intermediate steering shaft 
happens due to the combined effect of both principal and shear stresses and strains at the localised stress-strain 
regions of the cardan joint. Present investigation is performed on intermediate steering shaft for studying the 
torsional failure of the cardan joint and a numerical structural analysis is performed in ANSYS Workbench for 
understanding the failure mechanism of the cardan joint and stress-strain and strain energy absorption 
characteristics of the cardan joint. 

 
Key-Words: intermediate steering shaft, cardan joint, torsional failure, structural analysis 
 
1. INTRODUCTION  
An Automobile is a self-propelled vehicle, which works by the integration of various control systems like 
fuel system, power system, electrical system, lubrication system, transmission systems, cooling system, 
suspension system, braking system, steering system and other safety and accessory systems. Every 
control system mentioned has its own importance and purpose and also integrated with the other 
systems for working of the automobile vehicle. Of all the above mentioned systems, Steering system is 
responsible for controlling the direction of motion of the automobile and it consists of a steering wheel 
which helps in guiding the wheels in the required direction. The steering system of an automobile is an 
assembly of various parts like steering wheel, steering column and shaft, couplers, cardan joints, arms 
and ball sockets. The assembly of steering system starts from steering wheel hub and continues in the 
manner of supplemental inflatable restraint assembly for air bags, steering shaft (upper) with cardan 
joint, steering column, steering column cover and intermediate steering shaft with cardan joint, till 
steering gear box and later it is connected to pitman arm, drag rod, tie rod and steering arm.  
Among these steering components, Intermediate steering shaft with cardan joint is required for the 
linking the upper steering assembly or the steering interface of the driver to the steering gear box 
required for guiding the wheels in the desired direction and a typical intermediate steering shaft is as 
shown in figure 1. 
The intermediate steering shaft has cardan joints which connects steering columns, i.e. both upper and 
lower and later to the steering gear box and these cardan joints helps in the compensation of axis offsets 
and balance of angles between them [1]. The cardan joints are generally used for connecting the 
misaligned shafts and for transmitting rotational motion between them. A typical cardan joint consists of 
input yoke, spider (cross trunnion) and output yoke as shown in the figure 2. The Yoke is the highest 
stress bearing component of the cardan joint and failure is likely to happen after reaching a certain 
fatigue limit. Many researchers conducted studies on the failures of automobile components and some 
gave propositions for reducing failures and optimization in their design. Heyes [2] performed studies on 
failure of various automobile components subjected to fatigue loadings and found that almost 25% of the 
automobile component failures comprise of transmission system component failures.  
Bayrakceken [3] studied the failure of a differential pinion shaft and found that the failure was ductile in 
nature and is due to the combined effect of bending, torsional and axial stresses.  

                                                 
*
 Corresponding author e-mail: dipen.pukar@gmail.com  
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Figure 1. Intermediate Steering Shaft [1] 
 
Pantazopoulos et al. [4] investigated on the failure of a knuckle joint and found that the failure is due to 
torsional failure occurred due to the improper coupling lubrication operation resulting in increase of 
friction between knuckle joint components. Bayrakceken et al. [5] studied on the failure of universal joint 
and drive shaft and also performed numerical investigations and inferred that failure in both cases is due 
to the fatigue process and crack initiation has started taking place at the highest stressed location of the 
yoke and the failure of drive shaft is due to the heat treatment conditions. Falah et al. [6] studied the 
failure of the end of a tie rod of the steering system of SUV and found that the failure is due to fatigue 
and the crack was initiated from the destructed areas near the throat and propagated into a full scale 
rupture and also inferred that the primary reason for failure is due to the material deficiency. Koh [7] 
investigated on the fatigue failure of the steering link of an automobile and found that the fatigue is 
occurred at the crack regions of localised stress and strain and the failure was initiated at the curved 
area of the link and later propagated into the failure that occurred at the opposite end of the crack 
initiation area. Godec et al. [8] investigated on the failure of drive shaft of an automobile and found that 
10% of the fracture surface is due to corrosion and initiation of crack is due to some impact load and 
stated that these are results due to the heat treatment process. Vesali et al. [9] studied the dynamics and 
failures of cardan/universal joints and proposed some inferences for increasing their life. He proposed 
that either by incorporating springs and dampers at intermediate positions for reducing the impact load or 
by enlarging the size of torqueing arm for reducing load on the bearings or by installing inner rings to the 
universal joint arms, the life expectancy of the universal joint can be increased. Rao et al. [10] studied on 
the torsional stabilities of three-axes gear box and found that the first order resonance plays a major role 
in the torsional vibration stability of the intermediate gear shaft and is the reason behind the failure of 
gear box shaft. Wu et al. [11] performed numerical studies on improving the anti-wear performance of a 
thrust washer and stated that localised stress occur at the thrust washer and gear contact region and he 
proposed a modification to the gear, which resulted in the elimination of localised stress between thrust 
washer and modified gear. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Typical Cardan Joint 
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In this paper, the torsional failure of cardan joint of intermediate steering shaft is studied experimentally 
and numerical analysis of torsion test is done using FEM analysis in ANSYS Workbench, for 
understanding the torsional failure mechanism of the cardan joint. 

 
2. EXPERIMENTAL STUDY 

 
2.1. Specimen details 

The specimen used for studying the torsional failure of the cardan joint is an intermediate steering shaft, 
with only lower cardan joint, of a B-segment automobile vehicle and is shown in the figure 3.  
The material specifications of the shaft, including the cardan joint components are tabulated in Table 1. 

 
Table 1.  

Material specifications of Intermediate steering shaft and its components 

Component Material 
Density 
(kg/m3) 

Ultimate Tensile Strength 
(MPa) 

Intermediate Shaft 

Input Yoke 

Output Yoke 

Mild Steel 7850 440 

Spider Aluminium Alloy 2770 310 

 
 
 
 
 
 
 
 

Figure 3. Test specimen for Torsional test, (a) Cardan joint (b) Intermediate shaft 
 
2.2. Torsion test setup 
The specimen, i.e. intermediate steering shaft of the B-segment automobile vehicle, is subjected to 
torsion test using the Torsion testing machine at ISM laboratory, shown in figure 4 (a). The specimen is 
fitted in the machine, between the two screw tightening chucks of the machine, as shown in the figure 4 
(b). One of these chucks is a fixed chuck and other is rotated by means of an electric motor, for applying 
torsional load, i.e. moment. The torsional load is applied by gradual increment at one end of the 
specimen, till the cardan joint is completely failed. The readings for every 100 angle rotation of the motor 
chuck, which takes 4 sec time, were taken and tabulated in Table 2. These readings were later used for 
determining the stress-strain characteristics and strain energy absorption of the specimen in ANSYS 
R15 Workbench software at ISM CAD laboratory. 

 
             Table 2.  

Readings chart of the Torsional test 

Angle of rotation 
(Degree) 

Time  
(s) 

Torsional load  
(kg-m) 

Torsional load  
(N-m) 

0 0 0 0 
10 4 4.27 41.8887 
20 8 9.72 95.3532 
30 12 16.91 165.8871 
40 16 23.42 229.7502 
50 20 28.56 280.1736 
60 24 32.24 316.2744 
70 25.6 33.56 329.2236 
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Figure 4. (a) Torsion testing machine (b) Expended view of specimen fixed between the chucks 
  

2.3. Micro-structure characteristics 
The test specimen after completion of the torsion test is further investigated for studying the micro-
structure of the failed extension of the yoke of cardan joint. The micro-structure of the failed region of 
extension of the yoke of cardan joint is studied under the Scanning Electron Microscope (SEM, Model: 
ZEISS, SPURA 55, Germany), as shown in figure 5, at ISM laboratory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 5. SEM apparatus used for micro-structure studies 

 
3. NUMERICAL STUDY 
 

3.1. CAD model 
The CAD model required for numerical investigation is prepared from the dimensions of the test 
specimen using CATIA V5R19. The dimensions of the intermediate shaft with input yoke, spider and 
output yoke to steering gear box are shown in figure 6 (a). These parts are created in Part module of 
CATIA V5R19 and later these individual parts are assembled in Assembly module with constraints 
required for the fixation of the cardan joint as shown in figure 6 (b). The assembly of intermediate shaft 
and other cardan joint components are later imported into ANSYS R15 Workbench for numerical 
investigation. 
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Figure 6. (a) Dimensions of individual components of intermediate shaft with lower cardan joint 
(b) CAD assembly of the components 

 

3.2. Simulation of torsion test 
The CAD assembly of the intermediate steering shaft is imported into ANSYS R15 Workbench software 
for simulating the torsion test, by applying the torsion load and boundary conditions. The analysis of the 
torsion test is performed in Static Structural module of ANSYS R15 Workbench [12].  
The torsion load or moment is applied to the output yoke, same as experiment, with exact numerical data 
that is taken during the torsion experiment, i.e. readings of Table 1.  
The element used for the meshing of the model is higher order tetrahedron (3D element) and the mesh 
size of the model is program controlled and fine mesh size is selected for getting accurate results.  
Figure 7 (a) and (b) shows the loads and boundary conditions applied on the model and meshed view of 
the model implemented for the analysis. 
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Figure 7. (a) Loads applied on the model (b) Mesh implemented on the model for analysis 
 
4. RESULTS AND DISCUSSION 
 
4.1. Torsion test results 
The failure of the cardan joint of intermediate steering shaft, due to torsional load, is found to be initiated 
at a load of 32.24 kg-m (316.2744 N-m), after rotating an angle of 600 in 24 seconds and a complete 
failure is observed at a load of 33.56 kg-m (329.2236 N-m) at angle of 700. It is observed that the failure 
of the cardan joint is taken place at the extension of the yoke, which gives support to the spider.  
The crack initiation was observed at the open end of the extension, as shown in figure 8 (a) and it 
gradually propagated into complete failure of the extension of the yoke, after further application of load. 
The complete failure of the extension of yoke is like petals of a flower and is as shown in figure 8 (b). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Failure of the extension (a) at initial stage (b) complete failure 
 

4.2. Simulation results 
The analysis in the ANSYS Workbench is carried out for equivalent von-mises stress and strain and 
strain energy characteristics of the assembly of intermediate steering shaft with lower cardan joint. The 
contours of the equivalent von-mises stress and strain, obtained from the results, inferred that the 
maximum equivalent von-mises stress was 1028.8 MPa at a strain of 0.013031 mm/mm, for the entire 
assembly and found that this maximum equivalent von-mises stress and strain are at output yoke of the 
cardan joint and is as shown in the figure 9. The strain energy characteristics of the assembly and spider 
are as shown in the figure 10. And the maximum strain energy absorption is observed in the spider of the 
cardan joint. Hence, from these inferences, further numerical investigation is performed on spider for 
strain energy characteristics and on the output yoke for stress-strain characteristics. 
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Figure 9. Contour plots for Equivalent von-mises stress and strain for (a) entire assembly and  
(b) output yoke 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Contour plot of Strain energy for the entire assembly and output yoke 
 

The results of the analysis of the spider of the cardan joint shows that the maximum strain energy was 
absorbed by it rather than the input or output yoke of the cardan joint and was found to be about 130.52 
mJ and the maximum amount of strain energy absorbed by the output yoke is found to be 14.705 mJ. 
The result of the analysis of output yoke has shown high and maximum principal stress and strain at the 
open end of the extension of the output yoke. The results infer that the breaking principal stress of the 
yoke is 681.2 MPa at a principal strain of 0.0040389 mm/mm. The principal stress variation of the output 
yoke is as shown in the figure 11 (a) and the principal stress-strain characteristics are as shown in the 
figure 11 (b). Similar results were obtained from the shear stress and strain data, i.e. high and maximum 
shear stress and strain is observed at the open end of the extension of the output yoke as shown in 
figure 12 (a). The shear stress and strain were recorded maximum at the failure of the yoke and the 
values of maximum shear stress and strain are 593.9 MPa and 0. strain, equivalent von-mises stress 
and equivalent von-mises strain at the open end of the extension of the output yoke and as a result crack 
initiation and the initial stages of failure at the open end of the extension of the output yoke were 
observed and as the stresses, i.e. principal and 0077207 mm/mm respectively and the shear stress-
strain curve is as shown in figure 12 (b). From the results, it is clear that the highest recorded principal 
stress, principal strain, shear stress, shear shear, were larger than the material limit, a complete failure 
of the extension of output yoke is observed and the numerical simulation results are good in agreement 
with the torsion test results and also supports the torsion test results, for the failure taking place at the 
extension of the output yoke of the intermediate steering shaft.  
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Figure 11. (a) Contour plot of Principal stress and strain and  
(b) Principal stress-strain curve of output yoke 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. (a) Contour plot of Shear stress and strain and (b) Shear stress-strain curve of output yoke 

 
4.3. Micro-structure analysis 
The micro-structure analysis of the failed region of the extension of yoke of the cardan joint infer that the 
failure is ductile in nature and impurities, like rust and other particles, are present at the failed region of the 
yoke, which is the reason for rapid final failure just after the crack initiation at the open end of the extension 
of yoke. The micro-structure of the failed region is shown in figure 13, which shows the ductile nature of the 
failure region and the impurities present at the failed region of the yoke are shown in figure 14. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. (a) Ultra magnified view of micro structure and  
(b) SEM micrograph of the failed region of yoke 
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Figure 14. (a) & (b) Impurities present in the failed region of yoke 
 
5. CONCLUSIONS 
Torsional failure of the intermediate steering shaft with lower cardan joint is studied experimentally and 
validated with numerical analysis in ANSYS Workbench, for the understanding of the failure mechanism 
of the cardan joint of the intermediate steering shaft. The following inferences were made from the 
torsion test, numerical simulation and micro-structure analysis: 

• The torsional test infers that the crack initiation has taken place at the open end of the extension of 
the yoke and this crack is later propagated rapidly which resulted in the complete failure of the 
extension of the yoke. 

• The numerical simulation results infer that the highest principal and shear stress are found at the 
open end of the extension of the yoke and localised stress region are present at the extension of 
yoke and these results supports as reasons for the failure of the extension of yoke in the experiment 
and also shows similar results like Bayrakceken et al. [5]. 

• The micro-structure analysis of the failed region of yoke infers that the failure is ductile in nature and 
a rapid complete failure has taken place right after the crack initiation due to the impurities present at 
the failed region of the yoke. 
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Abstract: The main objective of the paper is the pollutant emissions reduction of a truck compression ignition 
engine, by fuelling with liquefied petroleum gas (LPG) and by using a quantity of recirculated exhaust gases, 
without penalties over the performances of the engine. A specific objective of the paper is to establish a correlation 
between the substitute ratio of the diesel fuel with LPG and the optimum adjustments for the investigated regimens 
to limit the maximum pressure and smoke level, knock and rough engine functioning and having regard to decrease 
the fuel consumption and the level of the pollutant emissions. The paper envisages in particular the reduction of the 
nitrogen oxides emission and smoke, which represents the main problems of a diesel engine. 
The test bed situated in the Thermotechnics, Engines, Thermal Equipments and Refrigeration Instalations 
Department was adapted to be fuelled with liquefied petroleum gas. The engine used is a turbocharged truck diesel 
engine with a 10.34 dm

3
 displacement. The investigated working regimen was 55% load and 1450 rpm, and the 

energetic substitute ratio of the diesel fuel with LPG was situated between [0-30.37]%. 

 

Key-Words: emission, EGR, oxides, smoke, pressure. 
 

ABREVIATIONS 

• LPG- liquefied petroleum gas; 
• rpm- revolutions per minute; 
• A/F- air to fuel ratio; 
• CC- cetane number; 
• xc- the substitute ratio; 
• - the LPG dose; 
• - the diesel fuel dose; 
• Hi - the caloric heating value. 
 
1. INTRODUCTION 
 
Liquefied petroleum gas is a fuel which generally consists of a mixture of 2 hydrocarbons, propane and 
butane, in different ratios. Because of its good burning properties and because of the price liquefied 
petroleum gas is a very good alternative fuel for the compression ignition engine.  
The LPG properties, comparative with the diesel fuel properties are presented in the table 1. 
 

                                                                 Table 1.  
LPG properties, comparative with diesel fuel [1] 

Properties Diesel fuel Propane Butane 

Density [kg/m³] 800-840 503 - 
Vaporization heat [kJ/kg] 465 420 - 
Self ignition temperature [ºC] 355 481 544 
A/F  ratio [kg/kg] 15 15.71 15.49 
Flame temperature [ºC] 2054 1990 - 
Caloric heating value [MJ/kg] 42.5 46.34 45.55 
Cetane number CC 40-55 -2 - 

Density – because of a lower density of liquid LPG, the mass of the same volume of fuel is lower, 503 
kg/m³ for LPG and 800-840 kg/m³ for diesel fuel [1], leading to a lower autonomy for the vehicle fuelled 
with LPG.  
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The vaporization heat– LPG needs a lower quantity of heat to vaporize than diesel fuel 420 kJ/kg to 465 
kJ/kg for diesel fuel [1], allowing to vaporize faster and to consume less local heat in the case of direct 
injection in the combustion chamber. The LPG self ignition temperature  is higher than the diesel fuel self 
ignition temperature, 481 ºC – propane, 544 ºC – butane, 355ºC diesel fuel [1], which emphasizes the 
worsening of self ignition properties. Therefore fuelling a diesel engine with LPG requires the use of 
specific methods. 
The flame temperature of LPG lower than the diesel fuel flame temperature leads to an important 
reduction in nitrogen oxides emissions. The LPG lower heating value higher than diesel fuel lower 
heating value ensures an increase in the amount of heat released during the combustion of fuel for the 
same fuel quantity. The extremely low cetane number of LPG underlines its very low self ignition 
properties. Therefore to fuel a diesel engine with LPG involves specific methods. In this paper the 
authors chose to fuel the engine by Diesel-Gas method, which consists of gaseous LPG injection in the 
intake manifold of the engine. Results of a compression ignition engine fuelled with LPG are presented in 
the work [2]. The authors experimented direct injection of a LPG-diesel fuel mixture (with the help of a 
nitrogen tank) with different proportions: 0, 10, 20, 30, 40 %, leading to a decrease in the pollutant 
emissions of the engine. In the work [3] the authors decreased the level of the nitrogen oxides emission 
fuelling the diesel engine with LPG. Although the level of nitrogen oxides emission decreased, the level 
of unburned hydrocarbons increased. To reduce this emission the authors used a glow plug [3]. The 
same solution was found by [4], but in this case the engine was fuelled with methane. An increase of the 
level of unburned hydrocarbon emission was obtained also in [5][6]. To reduce the level of the unburned 
hydrocarbons emission the authors used exhaust gas recirculation. In the work [7] by fuelling a four 
cylinders diesel engine with LPG an increase in the engine efficiency with 4% was obtained, when the 
engine functioned at full load. At partial loads the efficiency of the engine increased with increasing 
substitute ratio of the diesel fuel with LPG [7]. Also the smoke emission level was with 40-60% lower 
than in the case of the standard engine, fuelled with diesel fuel [7]. The reduction of the smoke emission 
level by fuelling a compression ignition engine with LPG is presented also in the work [8].  
This paper presents experimental results of a truck compression ignition engine fuelled with LPG using 
Diesel-Gas method, which consists of gaseous LPG injection in the intake manifold of the engine, the 
LPG-air homogeneous mixture being ignited by the diesel fuel spray prior injected in the combustion 
chamber of the engine. 
 
2. EXPERIMENTAL STUDY  
 
The experimental study was carried out on a ROMAN D2156MTN 8 truck compression ignition engine, 
with 6 cylinders in line displacement, fuelled with LPG using the Diesel-Gas method. The Diesel-Gas 
method consists in gaseous LPG injection in the intake manifold of the engine. Therefore the 
homogeneous mixture of air-LPG is ignited by the flame which appears in the diesel fuel jet. In the table 
2 are presented the main engine specifications and performances. 
 

Table 2.  
The main engine specifications of the engine D2156MTN8 

Number of cylinders 6 
Bore [mm] 121 
Stroke [mm] 150 
Displacement [dm3] 10.34 
Compression ratio 17 
Rated power [kW] 188 
Maximum torque [Nm] 900 
Admission type turbocharged 

 
The test bed equipments consist of: Roman D 2156 MTN 8 diesel engine, Hoffman eddy current dyno, 
Kistler piezoelectric pressure transducer, AVL data acquisition system, , AVL Dicom 4000 gas analyzer 
and opacimeter, Optimass masic fuel flow meter, Meriam volumic air flow meter, thermocouples and 
thermo-resistances to measure the temperature, gravimetric system for diesel fuel consumption 
measuring and gas leaks detector. The test bed diagram is presented in the figure 1.  
The measurements were carried out at 55% load regimen and 1450 rpm. 
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Figure 1. The test bed diagram 
1-LPG tank; 2-LPG tank level indicator; 3-LPG valve for consumption determination; 4-LPG fuel pipe; 5-vaporiser; 6-
diesel fuel tank; 7-diesel fuel valve for consumption determination; 8-gravimetric balance; 9-diesel fuel pump; 10-
diesel fuel filter; 11-diesel fuel injection pump; 12-diesel fuel return pipe; 13-diesel fuel injector; 14-air flow meter; 15-
16-turbocharger; 17-exhaust gas recirculation valve; 18-AVL Dicom gas analyzer; 19-differential pressure gauge with 
mercury for supercharging pressure measuring; 20-engine; 21-cooling fan; 22-engine coolant; 23-cooling system 
pump; 24-eddy current dynamometer; 25-dynamometer cooling valve; 26-dynamometer cooling system pump; 27-
dynamometer force transducer; 28-dynamometer control panel; 29-coupling; 30-pressure transducer; 31-charge 
amplifier; 32-angle encoder; 33-aquisition system calculator; a-exhaust gases temperature indicator; b-intake air 
temperature indicator; c-oil temperature indicator; d-cooling system temperature indicator; e-oil pressure indicator 
 

3. THE WORKING PROCEDURE  
 

First was determined the reference, fuelling the engine with diesel fuel, then the diesel fuel cyclic dose 
was decreased, and the LPG cyclic dose was increased. The engine power was maintained the same 
like in the case of fuelling with diesel fuel. The energetic substitute ratio has the mathematical relation 
presented in equation 1. 
 

   

dieselfuelLPG

LPG

idieselfueliLPG

iLPG

c
HmHm

Hm
x

+

=  *100 [%]             (1) 

 
where:  
•  [kg]- the LPG dose; 
•  [kg]-the diesel fuel dose; 
• Hi [kJ/kg]- the caloric heating value. 
The investigated energetic substitute ratios of the diesel fuel with LPG were situated between [0-30.37] 
%. In order to reduce the nitrogen oxides emission exhaust gases recirculation was used.  
The exhaust gas recirculation quantity is defined as a percentage occupied by the gases in the total 
amount of intake air admitted in the engine. The exhaust gas recirculation quantity was 2.34% form the 
total amount of air consumed by the engine. 
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4. RESULTS 
 
4.1. In cylinder pressure 
The pressure inside the cylinder increased for all the substitution ratios of diesel with LPG investigated. 
This can be explained by the intensification of the burning process due to the presence of LPG-air 
mixture in the combustion chamber.  
The figure 2 shows the measured in cylinder pressure for the investigated cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The in cylinder pressure 

 
The maximum rate or pressure rise increased for all the investigated cases because of a higher flame 
speed in the homogeneous mixture or air-LPG.  
The figure 3 presents the maximum rate of pressure rise for the investigated cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. The maximum rate of pressure rise 
 
4.2. The nitrogen oxides emission 
The nitrogen oxides emission level decreased for the entire investigated substitute ratios of diesel fuel 
with LPG because the combustion temperature decreases when exhaust gas recirculation is used. The 
exhaust gas recirculation quantity was 2.34% form the total amount of air consumed by the engine. 
Figure 4 presents the nitrogen oxides emission level. 
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Figure 4. The nitrogen oxides emission level 

 
4.3. The smoke emission 
The smoke emission level decreased for all the investigated substitute ratios because when LPG is 
present in the combustion chamber the burning rate of diffusive mixtures (controlled by the mixing 
process) decrease and the burning rate of preformed mixtures increase.  
The figure 5 presents the measured smoke emission level, evaluated by the coefficient of absorption k. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The smoke emission level 

 
4.4. The fuel consumption 
The energetic specific fuel consumption decreased for the substitute ratios of diesel fuel with LPG. 
Figure 6 presents the energetic specific fuel consumption versus the substitute ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. The energetic specific fuel consumption 
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5. CONCLUSIONS 
The experimental investigations led to the following conclusions: 
1. The level of the nitrogen oxides emission decreased with ~12% for 30.37% substitute ratio of the 
diesel fuel with LPG because the exhaust gas recirculation led to in cylinder temperature decreasing;  
2. The level of the smoke emission decreased with ~40% for the maximum substitute ratio of the diesel 
fuel with LPG (30.37%); 
3. The level of the maximum pressure increased with ~20.33% when the diesel fuel was substituted with 
LPG with the substitute ratio 30.37%; 
4. The maximum rate of pressure rise increased for all the investigated cases, the maximum value of 
6.18 bar/ºCRA being recorded for the maximum substitute ratio. When the engine was fuelled only with 
diesel fuel the maximum rate of pressure rise was 1.67 bar/ºCRA. 
5. The brake specific energetic consumption decreased with ~8% when the diesel fuel was 30.37% 
substituted with LPG. 
 
6. LIMITATIONS 
The substitute ratio of the diesel fuel with LPG is limited due to maximum pressure limitation and smoke 
emission level.  
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Abstract: Defects and failure mode analyzed is placed in an technical area of complex, so the vibration signal 
analysis products help us to determine more easily the characteristic types, their effect in operation and 
mathematical relationships to determine the way of manifestation. Vibration monitoring of a system provides 
valuable information about the condition and its quick intervention where appropriate for removing the defect or 
removing temporary/permanent use of the entire equipment. The proposed test bench has been designed and built 
in order to identify the laboratory of possible faulty gearbox using specific non-intrusive vibro-acustics techniques 

 
Key-Words: experimental test stand, vibrations, diagnosis reliability, gearbox 
 
1. GENERAL ELEMENTS OF DIAGNOSIS IN GEARBOX  
 
Supervision of the operation of the car and its components in operation through specific process 
parameters of operation, vibrations, temperature etc., is recognized as an important way to increase 
reliability, operating efficiency, reduce the cost of production and operation.  
Purpose of use of installation or monitoring systems is to verify the normality, to detect any deviations or 
to provide decision support information and interventions of disconnection or stop and for diagnostics.  
These decisions can be located on a character, vehicle or equipment [5].  
On the other hand, the decision may follow immediately the information, it’s finding in the sense in which 
turning off major consequences immediate avoid; sometimes timely information let a decision to program 
a repair, replacement or allow without stopping operation.  
A definition of monitoring can be summed up thus: the information status of functioning in a given 
system, by means of adequate observations of instruments and appliances for measuring, for 
surveillance and intervention for correction.  
By analogy with other areas, technical systems diagnosis is to identify operation faults and their causes, 
based on data obtained from checking, supervision or monitoring.  
The functions of the monitoring system can be: 
- protection or preventive (surveillance, interruption and alarm) with automatic stopping operation if the 
status so requires components; 
- analysis and diagnosis, determining the causes of changes of status and through it with the main 
selection predictive changes status, in their evolution, the prevention of defects, by establishing the most 
effective intervention solutions for eliminating the causes of failure. 
A suite of possible failures in the operation of motor vehicles within the scope of monitoring is indicated 
in Table 1, in conjunction with their evolution in time or the evolution of the entire system to malfunction 
and break.  
It is noteworthy that the methodological separation of gradual failures and sudden failures depends not 
only on time but also target data processing conditions for monitoring, surveillance human conditions of 
the system etc. [1].  
Thus, a sudden failure can occur in seconds, but in hours; a gradual failure in minutes, but in months.  
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Table 1.  
Possible failure in the functioning of the transmission gear 

Gradual failures Sudden failures 

Wear - balancing amendment Friction parts 

Wear - change the alignment of the bearings Axial bearings failure 

Lack of lubricant in bearings 

Cooling circulation interruption 

Damage to the blades of the turbine or compressor 

Dynamic instability 

The presence of foreign objects 

Wear - the growth of the game in bearings and 

            sleeve with vibration operation; 
          - in gear units, vibration operation; 
- leaks in the fixed seal 
- leaks in mobile seal contact 

Losing fluids in fixed seals 

Cracks in the elements with slow evolution in 
rotation 

 

 

An exhaustive picture of the parameters for which we recommend monitoring in gearboxes case is 
indicated in Table 2. 
 

                      Table 2. 
Recommendation regarding the parameters for gearbox monitoring 

In terms of minimum equipment Optional conditions imposed or specific 

Vibration (displacements, velocities, 
accelerations) 

Process performance 

The axial position of the shafts Power 

Temperature in bearings The gearbox acceleration and speed  

Acoustic wave, pulse emission, noise 

Oil contamination Pressures, temperatures, flow rates, speed 

Sealing oversights flows through 

 
2.  ANALYSIS OF ACOUSTIC SIGNALS AND VIBRATIONS. DETERMINISTIC AND RANDOM SIGNALS 
 
Developments in time of the signal from the noise and vibration seen can be classified as deterministic 
or random. Deterministic signals can be expressed through explicit mathematical relationships and 
random signals should be expressed in terms of probability and statistical averages. 
From a practical standpoint, deterministic signals produce a discrete linearly frequency spectrum. 
When the spectral lines have a harmonic shape, meaning they are multiples of some fundamental 
frequencies, the signal is depicted as being deterministic.  
A typical example of a periodically signal is the vibration of rotating shaft. 
When there is no relationship between the various components of harmonic frequency, the deterministic 
signal is described as almost periodic or quasi periodically. It is also important to note that it would be 
more appropriate to consider the total amount of energy in transition than average power (power is the 
energy/time unit), which is a parameter for more continuous signals. 
Signal analysis techniques can be classified into four categories: 
- analysis of amplitude signal; 
- time-domain analysis individual signals; 
- frequency domain analysis individual signals; 
- dual signal analysis in time domain or frequency domain. 
Analysis of amplitude and time domain analysis provides information about the signal and therefore 
require only analysis tools can be straightforward, while analyses in the field of dual frequency signal and 
dual signal  provides very detailed information about the signal and therefore require specialized 
expertise and tools of analysis quite sophisticated [3]. 
Signal analysis techniques that are commonly used to quantify a signal measurer shall be summarized in 
Figure 1. Sometimes only the total amplitude of the signal is of real interest.  
Researches and experiments on performance of a certain important pieces of a car often provides clues 
to establish whether or not to continue to the next levels [2]. 
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Figure 1. Signal analysis 

 
The probability density function P(x) represents the probability p(x)dx as a signal x(t) to be in the field of 
x at x+dx domain. The two functions are expressed by: 
 

(1) 
 
 
where:  
α  is the variable of integration. 
P(x)=1 when the upper limit of integration represents the maximum amplitude of the signal; the field in 
which the probability density function has to be unified at all times.  
Differencing equation 1 we see that the probability density function is the probability distribution function 
of the slope: 

 
(2) 

 
Another important application of amplitude analysis is the study of the distribution of values of discrete 
events ends or extremes. Quite often are not Gaussian distributions and we can notice a reduced 
inclination. Information about statistics is therefore necessary to tilt the distribution.  
The average value of the distribution is the first statistical element given by equation: 

 
 

(3) 

 
 
The mean square is the second element of the given statistical equation: 
 

 
(4) 

 
Distribution inclination is the third item.  
Conventional is given in a non-dimensional form by: 
 

 
(5) 

 

( ) ( ) 1
x

P x p dα α= ≤∫
−∞

( )
( )

dP x
p x

dx
=

0

1
[ ( )] ( ) ( )

T

E x t x t dt xp x dx
T

∞

−∞

= =∫ ∫

2 2 2

0

1
[ ] ( )

T

E x x dt x p x dx
T

∞

−∞

= =∫ ∫

3
3 3

3 3 3

0

[ ] 1 1
( )

T
E x

x p x dx x dt
Tσ σ σ

∞

−∞

= =
⋅∫ ∫



RoJAE vol. 22  no. 3 / September 2016 ISSN 2457 – 5275 (Online, English) 
Romanian Journal of Automotive Engineering  ISSN 1842 – 4074 (Print, Online, Romanian) 
 

 114 

or 

 
(6) 

 
Inclination is a measure of the probability density function symmetry. A function which is symmetrical to 
the middle has an incidence to 0, positive inclination at the left and the right negative. For the analysis of 
inclined distributions are available different types of probability distribution functions. These include: the 
log-normal distribution, smoothly squares distribution, student distributions, Maxwell distributions and 
Weibull distributions [2]. 
 
3. TREE ANALYSIS - DETERMINE POSSIBLE FAULTS AND DIAGNOSIS OF RELIABILITY 

 

Structural increasing analysis provides the ability to diagnose system faults on components for the entire 
system (Figure 2). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   
 

Figure 2. The gearbox logic diagram 
 
It will analyze the failure of components of the toothed wheel transmission.  
Despite the obvious simplicity of such mechanical systems, though possible destruction modes and their 
mechanisms are very numerous. 
Mainly degradation of gears transmissions may occur due to: 
- destruction of the toothed wheel through various mechanisms; 
- wear or failure of rolling or sliding bearings; 
- destruction of sealing systems and as a result of total or partial loss of lubricant; 
- spline shaft wear; 
- destruction of transmission shafts by fatigue; 
- carcasses corrosion and the appearance of cracks through which it can drain the lubricant; 
- lubricants degradation as a result of other types of faults in the items listed above.  
A first observation on the degradation in general of a mechanical system with transmission gears is that 
it may fail more often due to damages that occur with rolling bearings than following a failure gears. 
Although both cogwheels and bearings are subjected to variable voltage contact, bearings are more 
sensitive to hard particles that may exist in the lubricant due to scaling them during running-in or as a 
result of the destruction of metal surfaces in contact [8].  
It may be considered generally as 49% of the causes of gears transmission failure are caused by 
damage to bearings, 41%, due to the toothed wheel failure and 16% are other causes. 
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Besides the main destruction mechanisms of cogwheels and bearings can be damaged as a result of 
causes such as: errors of bearings alignment, shafts and gear wheels (which causes about 19% of the 
total damage); processing errors (about 6% of faults); thermal instability of elements (in particular the 
unwanted dilatation of shafts on what are mount bearings and carcasses are installed them, about 9% of 
faults); torsion vibrations [6] occasional unexpected overloads (approximately 13% of the faults) resulting 
in the destruction of the bearings or toothed wheels; overloads caused by various types of elastic 
couplings, drive-shafts, electric motors with excessive startup couples;  interior or exterior contamination 
or lubricants (approximately 25% of the failures). 
 
4. DESIGN AND DEVELOPMENT OF EXPERIMENTAL TEST STAND      
                   
Achieving of experimental testing stand for the gearbox has been developed in the following stages: 
- conception 
- design 
-  structure calculation in terms of stability and resistance; 
-  sizing drive couplings and the dynamic brake; 
- execution 
-  manufacture of frame, the couplings and connecting elements; 
- the positioning of the elements according to the axes of rotation related to geometric characteristics 
(parallelism, angles, horizontal, verticality). 
Experimental test stand design research was conducted in the first phase modeled with AutoCAD and 
can thus determine the whole of it. 

                                                                         
                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Experimental test stand 

 
Calculation of moment is presented based on torsion strength and speed on the electric engine. 
From the physical expression of power known as: 
 

(7) 
 
In uniform circular motion: 
 

(8) 

{P F v= ⋅

{v rω= ⋅
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From relationships 7, 8, result: 
 

(9) 
 
Considering   
 
 
 
the relationship 9 can be written: 
 

(10) 
 
where 
Mt - torsion moment [Nm] 
P - power [W] 
n -  revolution speed [rot/sec]. 
Take into consideration the main characteristics of the electric engine (1.5 kW, 1425 rpm), and the 
results recorded in the following measurements carried out on the initial test of gear boxes, the results 
are listed in Table 3. For calculate the engine braking power the worst case is taken into consideration, 
which is the first gear speed [7].  
The engine brake necessary power was calculated according to the steps presented in Table 4. 
The minimum engine braking power is 1.6 [kW]. 

 
              Table 3        Table 4.  

   Engine speed drive     Engine braking power determination 

Gear 
speed 

Input 
shaft 

Output shaft 
 Calculated 

parameter 
Equation Value 

neutral 1541 - 
 

  Mtint  [Nm] 
1

2
t

P
M

nπ
= ⋅

⋅  
9.549 

I 1540 404 
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iesire

out

n
Mt Mt Mt

n
≥ = ⋅

 

36.399 

II 1540 700  Pmin [W] min min 2P Mt nπ= ⋅ ⋅ ⋅
 1539.162 

III 1537 1100     

IV 1534 1533     

V 1527 1880     

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Experimental test stand 
1 - driving electric engine; 2 - planetary coupling; 3 - gearbox; 4 - elastic couplings;  5 - planetary 
coupling; 6 - elastic flange; 7 - adjust low-frequency vibrations; 8 - brake dynamics 
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Measuring test stand is designed to simulate how closely the functioning of gearbox in operating 
conditions, Figure 4. The system drive is provided by a three phase motor (1) with an output of 1.5 kW, 
which has output shaft speed of 1500 rpm.  
The transmission of the torque from the drive motor to the gearbox is done by planetary coupling (2). 
The gearbox (3) is fixed to the frame by means of elastic couplings (4), thus it being isolated from 
undesirable vibrations during performing measurements.  
Transmission gearbox torque for dynamic brake is made using planetary coupling (5), fitted with an 
elastic flange (6) and low-frequency vibration damper (7).  
Dynamic brake (8) is a DC motor with an output of 1.6 kW, 220 V, used generator, which ensures the 
conversion of electrical energy into mechanical work, making it possible to determine the loss of power 
from the gearbox. 
Working principle: the conversion of energy into mechanical work, work is converted into electricity.  
The energy captured is used for loading the gearbox using high power resistors. 
Based on the design proposed and presented in Figure 4, we go to the next stage, the practical 
realization of the experimental test stand, presented in final version Figure 5. 
 
 
                                                                                                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 5. Experimental test stand in final version 
 
The experimental stand was tested and preliminary attempts were made to identify parameters that will 
be part of the data acquisition system and for assessing normal functionary without random vibrations. 
 
5. CONCLUSIONS 
 
The technical condition and safety in operation of a gearbox, involves the collection of all technical 
information from measuring instruments and control that equip the gearbox: lubrication, pressures, 
temperatures, etc., but the most useful information is provided by the vibrations measurements. 
Measurement of vibrations will be made in different transmission ratios of the gearbox to capture critical 
speed resonance by sensor placement as follows: 
- AC Motor:  
- speed sensor; 
- it measure the voltage and electric current intensity absorbed; 
- gearbox:  
- placement of vibration sensors; 
- oil temperature sensor; 
- DC motor:  
- speed sensor; 
- it measures the voltage produced and electric current absorbed. 
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Determination of vibration measurement involves one of three parameters: the amplitude, speed or 
acceleration of body movement that vibrates. 
Knowing one of these parameters can be deduced through two by operations of derivation or integration. 
Because in terms of signal processing, the integration is more advantageous than derivation, in 
technique prefers measuring the acceleration. The functional parameters of the gear boxes do not 
remain the same during its life. This is explained by the fact that the pieces that go into the composition 
of the gearbox wear out in time. The nature of the wear and tear of parts is of two types: mechanical and 
chemical wear. Whatever the nature of wear, it has the effect of altering the geometrical shapes of the 
pieces, which are finally reflected in the dynamic parameters modification (gearing noise, loss of power, 
more pronounced warming components). 
 
This work was presented at the European Congress of Automotive, EAEC-ESFA 2015, 25.11.-
27.11.2015, Bucharest, Romania and it was published in Proceedings of the Congress (ISSN 2067-
1083). 
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Abstract: The decision to transform an already existing road intersection into a roundabout intersection must 
necessarily be founded on at least two scientifically-based arguments: 1 – the level of service of the existing road 
intersection is unsatisfactory, at least in certain periods of time; 2 – the new roundabout intersection will have a 
higher level of service as compared to the current intersection. Another reason for the need to evaluate the 
possibility of transforming the respective road intersection into a roundabout intersection is the increase of road 
safety. Following the research undertaken, it has been established that the transformation of a road intersection 
where the traffic is regulated by traffic signs priority into a roundabout intersection brings about two major 
advantages in terms of circulation in the intersection: 1 – the improvement and homogenization of the levels of 
service for the arms of the intersection; 2 – the improvement of the level of service of the intersection. In the 
research presented, the control delay at the level of the entire intersection was reduced even by half, so that the 
level of service of the intersection went up from level C to level B. It is also to be noted that roundabout 
intersections allow a better taking-over of the traffic peaks that appear on one of the arms of the intersection, as is 
the case of the Mioveni arm: the very large increases in the traffic volume on one arm of the intersection do not 
produce equally large increases in the control delays on the respective arm. All these findings support the need to 
organize the traffic in roundabout intersections in the case of those intersections with high traffic variations on one 
of the arms. 

 
Key-Words: level of service, roundabout, geometric solution, waiting time 

 
1. INTRODUCTION 
 
In recent years, due to the substantial increase in traffic both inside and outside the cities, in order to 
mitigateand at the same time to ease it, it became necessary to introduce the roundabouts which can be 
a solution to all these issues. The roundabout has a defining importance for the organization, 
decongestion and safety of road traffic.  
The main advantages of roundabout intersections are [4]: 
• all vehicles approaching the intersection will reduce speed, thus reducing the risk of accidents; 
• priority is given to vehicles coming from only one direction - from the left side; 
• simultaneously, several vehicles can enter the intersection, circulate in it and exit it. 
The transformation of road intersections (either unguided or with circulation regulated by traffic lights or 
signs for regulating priority at the intersection) into roundabout intersections experienced a particularly 
momentum after the appearance in the ‘60s of the rule according to which vehicles entering a 
roundabout should give priority to those already circulating in it. Thus a major inconvenience was 
eliminated: the roundabout intersections got jammed when traffic became very intense, because vehicles 
from the traffic circle direction were not able to leave the intersection. 
In our country, this rule was adopted with the advent of the new road traffic provisions in 2003, and since 
then the phenomenon of transformation of road intersections into roundabouts has become increasingly 
intense, both within towns and on the outer roadways, including on the secondary European roads [2].  
In this context, this paper presents the studies and research carried out in order to evaluate the 
opportunity to transform the intersection that connects the secondary European road E 574 (Pitești - 
Câmpulung) and the national road DN 73D (towards the city of Mioveni) - which is the main road junction 
that connects the city of Mioveni with the Municipality of Pitesti or with the European road E 81 - into a 
roundabout intersection (Figure 1). 
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Figure 1. E 574 - DN 73D Road Intersection 
 

2. FORMULATING THE PROBLEM 
 
Participants at the traffic in the respective intersection, who enter it from Mioveni, thus being the ones to 
give passage on entering the intersection, find and signal the fact that during peak periods of traffic 
(especially at the exit from the first shift), the waiting time for entering the intersection is very high.  
But the decision to transform an already existing road intersection into a roundabout intersection must 
necessarily be founded on at least two scientifically-based arguments [3]:  
1 – the level of service of the existing road intersection is unsatisfactory, at least in certain periods of time;  
2 – the new roundabout intersection will have a higher level of service as compared to the current intersection.  
Another reason for the need to evaluate the possibility of transforming this road intersection into a 
roundabout intersection is the increase of road safety. This is not only justified by the general 
observation that in roundabout intersections the risk of accidents is much lower than in other types of 
road junctions, but also the current road intersection has a configuration that even amplifies the risk of 
accidents: it has a circular shape, similar to roundabout intersections, and, despite the priority-regulating 
signs, it can mislead drivers who must give passage (those who come from Mioveni and those who 
come from Câmpulung who want to go to Mioveni): they may perceive the intersection as a roundabout 
(with arms with offset axes) and can enter it without giving priority correctly - Figure 2.  
Therefore, it is necessary to carry out scientific research that will provide solutions to the issue revealed.  

 

 
 

Figure 2. The Intersection under study: the geometrical configuration and traffic flow direction 
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3. THE RESEARCH CONDUCTED 
 

3.1. Determining the volume of road traffic in the intersection 
For the purposes of determining the volume of road traffic, traffic counts were conducted on the arms of 
access in the above-mentioned intersection that is not provided with traffic lights [1].  
The counts were organised on 12-hour intervals, between 7.00 - 19.00, during 3 days (working and 
nonworking): Friday 15.05.2015, Saturday 16.05.2015 and Sunday 17.05.2015. 
To use the data obtained with the help of certain special forms for data collection, it was necessary to 
perform the equivalence of the various categories of physical vehicles into standard vehicles, using the 
coefficients for equivalence of physical vehicles into standard vehicles envisaged in the STAS Standard 
7348/2001, “Comparability of Vehicles to Determine Traffic Capacity”. The equivalence calculation of 
physical vehicles into standard vehicles was performed by means of the equation:  
 

     ∑
=

⋅=
n

i

ii CNN

1

                       (1) 

where:  
N – traffic intensity expressed in standard vehicles, per unit of time; 
Ni – the number of physical vehicles in the category i of vehicles, per unit of time;  
Ci – coefficient of equivalence for the category i of vehicles. 
The hourly traffic volume was determined in standard vehicles for each group of lanes which the traffic 
flows follow and for each arm of the intersection and it was found that the biggest increases in traffic 
volume occur on the Mioveni arm, at the time when the working shifts start and end at the Dacia-Renault 
plant of Mioveni – virtually, a doubling of the values (Figure 3). 
At the level of the intersection, the peak-traffic intervals that resulted for each day are presented in Table 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Hourly traffic volumes on the Mioveni-Piteşti direction on a working day 

 
Table 1.  

Peak-traffic intervals and the amount of standard vehicles during the three days 

Date Peak-traffic interval Amount of standard vehicles 

15.05.2015 07:00 - 08:00 3358.8 

16.05.2015 08:00 - 09:00 2236 

17.05.2015 07:00 - 08:00 2482.1 

 
After determining the hourly traffic volumes for groups of lanes, the hourly traffic volume was calculated 
for the entire intersection, for the respective 3 days, resulting in the maximum values shown in Figure 4. 
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Figure 4. Maximum hourly traffic volumes in the intersection 
 

To assess the level of service, one will take into account the highest value of hourly traffic volume of the 
three days, this being the value recorded on Friday: 3,358.8 standard vehicles/hour.  

 
3.2.  Determining the level of service of the current intersection 
There were identified 6 traffic flows (movements) from the intersection (Figure 5), and, according to the 
CNADNR Methodology (2009), drawn up in accordance with HCM (2000), the traffic volumes for each 
movement (direction of traffic) from the intersection were determined for each of the three days and, 
based on this, the conflict volumes were calculated for each movement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The 6 traffic flows from the intersection 
 

Using the calculated values of the critical time of access and of the time of following and considering the 
proportion of heavy vehicles in traffic for every movement, the potential capacity related to each 
movement was determined, and then, based on it, the control delay on each arm was established, using 
the aggregation equation:  

                                        

stindr

ststinindrdr

X

vvv

vdvdvd
d

++

⋅+⋅+⋅
=             (2)

 
where: dX - the control delay for arm X; 

ddr, dst, din - the control delays for the movements on the arm X to the right, left, forward; 
vdr, vst, vin - traffic volumes corresponding to the movements to the right, left, forward. 

The control delay values corresponding to each level of service, specified in the CNADNR Methodology 
(2009), are rendered in Table 2. 
This resulted, for the 3 days, in the values of the control delays, and, accordingly, in the levels of service for 
each arm. The worst values were, as expected, the ones corresponding to Friday, presented in Table 3.  
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Table 2.  
The level of service of the intersection depending on the values of the control delays 

Level of service 
Control delays 

[seconds/vehicle] 

A < 10 

B 10 - 15 

C 15 - 25 

D 25 - 35 

E 35 - 50 

F > 50 

 

Table 3.  
Control delays and levels of service for the arms of the current intersection on Friday 

Arm Control delay [s/vehicle] Level of service 

CampulungArm (North) 0 A 

MioveniArm (East) 112 F 

Pitesti Arm (South) 3.45 A 

 
Finally, the aggregation of the intersection delays was obtained by means of the equation:  
 

                                                 

NSE

NNSSEE

vvv

vdvdvd
d

++

⋅+⋅+⋅
=

i                                                   (3)

 
where:  
di – delay per intersection; 
dE, dN, dS-  control delay for the East, North, South arms; 
vV, vN, vE - traffic volumes corresponding to the East, North, South arms. 
Thus resulted the value of 23.36 sec/veh for the control delay of the intersection on Friday (the day with 
the busiest traffic), corresponding to service level C, which means an acceptable circulation, possibilities 
for forming waiting lines, reduced speed. But the result obtained is an average between the 3 arms of the 
intersection. Thus, while the Pitesti and Câmpulung arms have service level A, the Mioveni arm has 
service level F, the lowest level, implying a forced flow operating at low speeds, where traffic volumes 
are exceeding the capacity available and where both speed and traffic volume may drop to zero, and 
traffic jams may occur over longer periods of time due to traffic congestion.  
Thus, the calculations performed for the current intersection resulted in a service level C during 
weekdays, which in terms of traffic capacity might be acceptable, but one can hope that by transforming 
the intersection into a roundabout intersection the level of service could be improved. 
 
3.3.   Determining the level of service for the proposed roundabout intersection 
Analysing the space available, it is noted that it is possible to set up the roundabout intersection with two 
lanes on the annular path, as shown in Figure 6. Following the working algorithm for roundabout 
intersections provided in the CNADNR Methodology (2009), drawn up in accordance with HCM (2000), 
the final values for control delays were obtained, the highest values being also recorded, as expected, 
on Friday–they are presented in Table 4. 
 
 
 
 
 
 
 
 

Figure 6. The Organization of the Proposed Roundabout Intersection 
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           Table 4.  

Control delays and levels of service for the arms of the roundabout intersection for Friday 

Arm 
Control delay 
[s/vehicle] 

Level of service 

Câmpulung Arm (North) 19.2 B 

Mioveni Arm (East) 8.5 A 

Pitesti Arm (South) 6.1 A 

 
It is to be noted that the values obtained for the 3 arms are closer to one another than in the case of the 
current intersection. Thus, the service levels obtained for the three arms will be B, A, A, while for the 
current intersection they are very different: A, F, A. In the end, the aggregation of the delaysin the 
intersection was performed, for Friday (since it has the heaviest traffic), using the equation also used 
before, equation (3).  The value of 12.1 s/veh was obtained, which corresponds to the service level B, 
superior to the current service level - level C.  
 
4. CONCLUSIONS 
 
It is to be noted that the transformation of the road intersection where circulation is regulated by priority signs 
into a roundabout intersection brings about two major advantages in terms of the traffic through the intersection: 
1 – the improvement and homogenization of service levels for the intersection arms; 
2 – the improvement of the level of service of the intersection. 
In the research presented, the control delay at the level of the entire intersection was reduced even by 
half, from 23.36 sec/veh to 12.1 s/veh, which implies an improvement in the level of service of the 
intersection, an increase from level C to level B. It is also to be noted that roundabout intersections allow 
a better taking-over of the traffic peaks that appear on one of the arms of the intersection, as is the case 
of the Mioveni arm: the very large increases in the traffic volume on one arm of the intersection do not 
produce equally large increases in the control delays on the respective arm. All these findings support 
the need to organize the traffic in roundabout intersections in the case of those intersections with high 
traffic variations on one of the arms. 
 
This work was presented at the European Congress of Automotive, EAEC-ESFA 2015 25.11.-27.11.2015, 
Bucharest, Romania and it was published in Proceedings of the Congress (ISSN 2067-1083). 
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Abstract: The work shows aspects of research carried out in order to define and validate an global  
assessment of toxicity index of urban traffic. Applying concepts developed in Braşov highlights the use of 
such an index for complex pollution studies. 
 
Key-Words: traffic, pollution, toxicity index, environment 
 
1. INTRODUCTION 
 
Most existing vehicles in road transportation, which are equipped with an internal combustion engine for 
the propulsion system, have a significant influence on the quality of atmospheric air. For this reason, 
there are complaints regarding the impact of internal combustion engines on the atmosphere, which is 
polluted by noxious exhaust gas emissions and noise, but also leakages of fuel and lubricants. In the 
combustion chamber of an internal combustion engine, the burning process has the biggest contribution 
on the pollution due to short reaction time, mixture formation difficulties, heat losses and other. For the 
pollution evaluation of an internal combustion engine, the adoption of a coefficient, having a harmful 
effect on the environment and health is proposed. This coefficient is characterizing the global toxicity 
effect of the emissions resulting from internal combustion engine operation and it can be used for 
comparing the emissions level produced by different engines. The evaluation of global toxicity of exhaust 
gases is usually done with the help of coefficients, which consider the noxious component effect and 
noxious character of these components relative to the toxicity of carbon monoxide. 
 
2. TOXICITY INDEX (IT) 
 
Global toxicity can be evaluated considering components, such as bezo(a)pyrene, formaldehyde, lead, 
which are not comprised in the legislation regarding emissions of means of transportation. The defined 
global coefficient has a less technical significance, but a more environmental one. The general form of 
this toxicity coefficient, called IT [1] is described by Equation 1, such as: 

      
∑

∑ ⋅

=

i
i

i
ii

w

wK

IT

                (1)

 

where: i – considered pollutants. 
Nowadays, the list of selected pollutants contains carbon monoxide (CO), unburned hydrocarbons (HC), 
nitrous oxides (NOx) for spark ignition engines and for compression ignition engines, particles (PT) are 
added to this list. The list may continue with other very toxic components that are found in the burnt 
gases too, although in small quantities. 
In the case of compression ignition, considering the most common pollution legislations containing clear 
limitations of the mentioned values, this coefficient evaluates the effects on the environment produced by 
the pollutants under law, in a technical manner, with the Equation 2.  
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where:  
KCO, KNOx, KHC, KPT  – toxicity specific coefficient of each considered pollutant, defined  on a toxicity scale 
based on the effects produced of the corresponding pollutant on health and environment; 
wCO, wNOx, wHC, wPT – masses of the respective pollutants. 
Usually, the toxicity of pollutants is considered with respect to the toxicity of carbon monoxide.  
So, ZCO = 1 and K 'NOx= KNOx / KCO [1]. 
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where:  
KNOx, KHC, KPT - toxicity specific coefficients with respect to the toxic effects of CO. 
Finding the K' coefficients represents a difficult task due to the fact that the evaluation of the toxicity of 
the pollutants is greatly subjective [1]. Toxicity specific coefficient K’HC, K’NOx and K’PT, have the following 
values: K’HC=1, K’NOx=20 and K’PT=40 [1]. These coefficients support the idea of summing up the toxic 
effect of the components forming the burnt gases, comparing it with the toxicity of CO. The K' coefficients 
are computed as a ratio of the maximal allowable concentration of pollutant i and the maximal allowable 
concentration of CO. The list of pollutants may continue with other toxic compounds as lead, sulfur 
oxides, acrolein, formaldehyde and bezo(a)pyrene [1].  
The coefficients K' were computed based on the limit values of the concentrations of the concentrations 
of the pollutant substances according to quality standards of the air in Romania [1]. 
 
3. ESTABLISHING THE REFERENCE VEHICLE 
 
Due to the diversity of the road traffic, for diverse analyses on it, there is necessary that for each vehicle 
an equivalence coefficient to be considered based on vehicle type. In urban traffic, defining a reference 
vehicle is simple, because the considered elements concern the shape and dimensions of the vehicles, 
but for defining a toxicity equivalent for each vehicle is more difficult. In this situation, there are more 
influencing factors, such as capacity, fuel consumption, working regime and more. Representative 
vehicles for road traffic are presented in Table 1, where a multi-criteria analysis of establishing the 
equivalence coefficients for different vehicles in road traffic is presented. For defining a reference the 
vehicle category with the highest number of units/category from the Brașov vehicle fleet will be used. 
The most common vehicle met in urban road traffic is the passenger car [3]. The corresponding 
equivalence coefficient is 1, reason for it is called a reference vehicle [2]. 
 

Table 1.  
Multi-criteria analysis for establishing the equivalence coefficients [2] 

non

 euro

Euro

1

Euro

2

Euro

3

Euro

 4

Euro

 5

Euro 

6
1 1.2 1.4 1.6 1.8 2 >2 >3 >5 >7.5 >10 0-4 5-8 9-12 >12 Gasoline Diesel

MOTOCYCLE 0.6 0.5 0.4 0.3 0.2 0.1 0 0 0.05 0.1 0.2 0.3  -  -  -  -  -  - 0.1 0.3 0.4 0.5 0.1 0.3

PASSENGERS CAR 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8  -  - 0.1 0.3 0.4 0.5 0.2 0.4

UTILITY VECHICLE 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1  - 0.1 0.3 0.4 0.5 0.4 0.6

MINIBUS 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 0.1 0.3 0.4 0.5 0.4 0.6

TRUCK 1 0.9 0.8 0.7 0.6 0.5 0.4 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 0.1 0.3 0.4 0.5 2 2

BUS 1 0.9 0.8 0.7 0.6 0.5 0.4 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 0.1 0.3 0.4 0.5 2 2

Pollution norm Capacity [dm³] or [liters] Age [years] Fuel

Similarity coefficients

 
 
Table 1 presents the multi-criteria analysis that helps in establishing some specific equivalence 
coefficients for the six vehicle classes present in Braşov vehicle fleet.  
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For the calculation of the equivalent coefficients, there have been considered the pollution norm, engine 
capacity, vehicle age and engine type, with which the vehicles are equipped. So, for the pollution norm, 
some marks have beet attributed ranging from 0 – for engines meeting Euro 6 requirements, to 1 – for 
engines that do not meet any pollution norm. In the case of engine capacity, some marks have beet 
attributed ranging from 0 – for engine capacity under 1 liter, to 2.4 – for engine capacity higher than 10 
liters. Vehicle age has been evaluated with marks starting from 0.1 – for new vehicles, and 0.5 – for 
vehicle older than 12 years. 
To make the difference between the vehicles using spark ignition engines and those using compression 
ignition engines, marks from 0.1 to 2.0 have been attributed. The highlighted values from Table 1 are 
showing the marks that when summed up, the equivalence coefficient 1 for passenger cars is obtained. 
 
4. TOXICITY INDEX (IT) REGARDING THE REFERENCE VEHICLE 
                                                            
Based on the data from “Directia Regim Permise de Conducere si Inmatriculare a Vehiculelor (DRPCIV)” 
[3] the number of vehicles existing in the Braşov vehicle fleet, from 2007 and 2014, can be found. With 
these values, an analysis on the toxicity can be realized, using the toxicity index (IT) and its correlation to 
the reference vehicle [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The evolution of the Braşov vehicle fleet [2] 
 
We can observe an increase of 54475 vehicles from 2007, when the number of vehicles was about 
134088 [3] and in 2014, 188563 [3].  
In Figure 2, the yearly evolution of the Braşov vehicle fleet can be observed. 
From the total number of vehicles in 2014, 56553 [3] are equipped with Diesel engines, and 95951 [3] 
are equipped with gasoline engines.  
For each of the six categories, the characteristic index will be established.  
This index represents a sum of the marks attributed during the multi-criteria analysis from Table 1 for the 
four domains: pollution norm, engine capacity, vehicle age and fuel.  
The characteristic index is marked with ic_i, and has the following subscript corresponding for the vehicle 
category from the Braşov vehicle fleet: ic_1 – motorcycle, ic_2 – passenger car (ic_2a – gasoline, ic_2b – 
Diesel), ic_3 – utility vehicle, ic_4 – microbus, ic_5 – truck, ic_6 – bus. With the help of the equivalence 
coefficients presented in Table 1, it results the following characteristic indexes for each category: 
ic_1 = 0,7; ic_2a = 1; ic_2b = 1,5; ic_3 = 1,9; ic_4 = 2,1; ic_5 = 4,9; ic_6 = 5,1 
The coefficients ic_1 and ic_2a are considered for the vehicles with gasoline engines and the coefficients 
ic_2b, ic_3, ic_4, ic_5, ic_6 are valid for Diesel engines.  
For the Diesel engines, the specific toxicity index for particles is added, K’PT = 40 [1]. 
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Figure 3. The distribution on categories of the Braşov vehicle fleet in 2014 [2] 
 
Applying the characteristic indexed, Equation 3 becomes: 
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For defining the equivalent CO quantity for each vehicle, the vehicle group with the indexes ic_2a and ic_2b 
will be considered. 
Considering the following vales [4], [1] for the vehicles equipped with Diesel engines, the toxicity index 
results as follows: 
wCO = 0.71g/km, wHC = 0,19g/km, wNOx = 0,67g/km, K’NOx = 20, K’HC = 1, 
replacing in Equation (3), the toxicity index becomes: 
ITTOXgasoline=8.96gCOechTOX/km 
and for Diesel equipped vehicles [4], [1] : 
wCO = 1,58g/km, wHC = 0,42g/km, wNOx = 1,44g/km, wPT = 0,05, K’NOx = 20, K’PT = 40, K’HC = 1 the toxicity 
index becomes: 
ITTOXdiesel=9.4gCOechTOX/km 
where, gCOechTOX/km – the measurement unit for ITTOX expressed in equivalent grams of CO 
The toxicity index (ITTOX) for each of the six vehicle category can be found using Equation 4: 
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, – for compression ignition engines                (5b)

 

So, the resulted toxicity indexed are presented in Table 3 for each vehicle category. 
 
           Table 2.         Table 3 
       Toxicity index for gasoline and diesel     Toxicity index - ITTOXic_i 

ITTOXgasoline 8.96gCOechTOX/km  ITTOXic_i gCOechTOX/km 

ITTOXdiesel 9.4gCOechTOX/km  ITTOXic_1 6.27 
   ITTOXic_2a 8.96 
   ITTOXic_2b 14.1 
   ITTOXic_3 17.86 
   ITTOXic_4 19.74 
   ITTOXic_5 46.06 
   ITTOXic_6 47.94 

According to Figure 4, the passenger cars have the highest influence on toxicity, with 63.3%, followed by 
trucks, having 31.7%. 
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Figure 4. TOXICITY corresponding to Braşov vehicle fleet in 2014 [2] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. TOXICITY corresponding to Braşov vehicle fleet in 2011 [2] 
 
Considering the Braşov vehicle fleet, for the year 2011, when more information about the population is 
available, the population in the county was 549217 inhabitants [5], in the city – 253200 [5] and the 
vehicle fleet was about 163716 vehicles [3], out of which 132207 [3] of them were passenger cars. That 
means that almost 60.6% of the total of vehicles from the Braşov vehicle fleet are passenger cars which 
contribute to the overall air toxicity. According to the above data, in Braşov county, at year 2011, there 
was one vehicle at 4.16 inhabitants, it follows that almost 60800 vehicles were contributing to urban 
toxicity in Braşov city. 
At year 2011, in Braşov vehicle fleet there were 132207 [3] passenger cars, 44579 [3] of them were 
equipped with Diesel engines (33.71% – almost 1/3 of the total) and 87628 [3] equipped with gasoline 
engines (66.28% – almost 2/3 of the total). One approximation can be done by considering that in 
Braşov city there are also 2/3 of the total passenger cars equipped with gasoline engines, the rest with 
Diesel. Considering that 60800 passenger cars are moving 1 km thus, producing 642.45kgCOechTOX.  
However, an annual average distance of 15000 km [6] will be considered for each passenger car, 
resulting that only the passenger cars in Braşov city produce 9639 tonsCOechTOX per year.                                                                                  
 
5. CONCLUSIONS 
 
Using this calculus method for the vehicles in Braşov vehicle fleet, in year 2014, at an average distance 
of 15000 km [6], a quantity of about 40490tonsCOechTOX produced would result per year. 
In the case of an increase of Braşov vehicle fleet during 2015, similarly to the increase in 2014, by 8324 
[3] vehicles, the resulted toxicity COecxTOX could reach 42277tonsCOechTOX. 
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The engineering of vehicles represents the engine of the global development of the economy.  
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