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Abstract- It is well known that in the assembly of diesel engines large numbers of fasteners are used. They are mainly to 
provide leak proof joints, assembly of various components etc. In and off the working, they are subjected to various loads. 
Currently, pre-tensioning load of fasteners is an area of interest and concern for design engineers dealing with the assembly 
of Diesel Engines. Present work details out the analysis of critically loaded fasteners of cylinder head and connecting rod to 
prevent potential failure modes such as embedding, clamp load loss, bolt yielding and bolt fatigue failure. In this 
investigation analytical approach is used to estimate external forces to which joints are subjected. Preloading force to be 
applied is calculated on the basis of percentage yield of bolt. Fatigue analysis is carried out for this preload using Goodman 
line criterion. Cover factor is calculated taking into account losses due to embedding, relaxation and temperature effects on 
preloads. This cover factor was compared with permissible values for safe design. On the basis of estimated preloads 
elongation of bolts and deformations of mating parts were calculated. Elongation of bolts is then obtained computationally 
using FEA software ANSYS 14 and experimentally. Experiments were conducted with two different tightening techniques; 
direct torque tightening technique and angular torque tightening technique. The elongation of bolt was measured by using 
“ultrasonic bolt meter”. The characteristic curves between Angle vs. Elongation were plotted to compare the analytical, FEA 
and experimental results. It is observed that these results compares well within permissible deviation. The characteristics 
curves reveals that angular torque tightening technique gives better results to achieve desired preload in fasteners than direct 
torque tightening technique. The parametric study is also carried out to develop correlation between Angle turned and 
elongation, for bolts used in different engines. 
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Nomenclature: 
m  = mass of rotating parts  
M     =   mass of reciprocating parts  
m   =  mass of connecting rod assembly   
m    =  mass of piston assembly  
m =  mass of connecting rod cap   
r         = crank radius 
λ        = crank link ratio 
 ω   =  angular velocity of con rod crank      
p    =  radial pressure of con rod bearings  
n   = no of bolts for one con rod   
n  =  no of bolts for cylinder head   
d     =  gasket internal diameter       
P        = combustion pressure of one cylinder 
p        = pitch of the bolt 
 A    =  Area of the threaded portion, mm     A    =  Area of the unthreaded portion, mm     
 l      =  Length of the threaded portion, mm      
 l     = Length of the unthreaded portion, mm    
d    =  diameter of a washer head     
d     =  clearance hole diameter    
 l      =  total clamping length  
φ     = pressure cone angle  
S     =  Endurance strength     
S   =  Ultimate tensile strength   
S    =  Mean stress   
∆T    = Change in temperature 
F  =  Preload at temperature T  
f =  Preload at room temperature  
δ =  Elastic compliance of the bolt at RT  
δ =  Elastic compliance of the parts at RT  
 α  = Coefficient of thermal expansion of parts material 
α    = Coefficient of thermal expansion of bolt material 
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E = Young’s modulus of bolt at room temperature 
E   = Young’s modulus of parts at room temperature, 
E    =    Young’s modulus of bolt at temp ‘T’          
E   =    Young’s modulus of parts at temp ‘T’        
θ       = Angle turned for tightening of bolt after the snug torque 
δl  = Elongation of bolt for infinitely stiff mating parts. 
δl = Elongation of bolt considering snug torque elongation 
P  =  Preload generated due to δl   
δl = compression of mating members due to load P . 
δl = Elongation of bolt considering  compression of members. 
 
 
I. INTRODUCTION 
 
Everyone agrees that the design and development of 
automobile engines is a complicated process. To 
acquire the best performance of an engine in any 
operating condition even in harsh natural 
environments, many analytical tools and experimental 
methods are used to obtain the optimum parameters 
for engine design. Currently, pre-tensioning load of 
fasteners is an area of interest and concern for design 
engineers dealing with the assembly of Diesel 
Engines. However, numerous measured results point 
out that the gas escaping from the engine cylinder 
head not only affects the output efficiency of the 
engine substantially, but also pollutes the 
environment. Therefore, to guarantee that the 
assembly between the cylinder head, bolts, and gasket 
is reliable, leak proof and effective, through analysis 
of the same followed by tests becomes extremely 
important. 
 
Present work details out the analysis of critically 
loaded fasteners of diesel engines. Mostly in engine 
critical loading of fasteners is for cylinder head and 
connecting rod to prevent potential failure modes 
such as embedding, clamp load loss, bolt yielding and 
bolt fatigue failure. The design theory for bolted 
assemblies cannot be based solely on linear stiffness 
analysis, as external loads after the pre-stress may 
change the problem into a nonlinear one. Both the 
position and the magnitude of the external load have 
influence, especially the size of the contact area 
between the members has a large influence on the 
stiffness of mating members. 
 
The ‘Verein Deutscher Ingenieure’ (VDI) 2230 guide 
line of the ‘The Association of German Engineers’ 
can be a useful tool for designing bolted joints in 
many cases. Its use is for analytical calculation 
models, such as the simplified cone shape 
deformation model for stiffness of clamped members, 
the empirical parameters to account for the additional 
bolt stiffness from the head and nut or tapped threads, 
and the nominal stress approach for fatigue analysis. 
While assembling of the connecting rod and cylinder 
head, torque can be applied to fasteners by different 
techniques. First is direct torque control by 
mechanical torque wrench and second one is torque-
angle control. As per reviewed literature, in direct 

torque control tightening technique scatter in preload 
of bolts is about ±17 to ±23 % and by torque-angle 
signature, scatter in preload is about ±9 to ±17 %. 
 
II. ANALYTICAL APPROACH: 
 
When engine is working at full load, service loads 
acting on the connecting rod bolts and cylinder head 
bolts needs to be calculated for the safe design of 
bolts considering permissible value of cover factor. 
Connecting rod bolts of the engine are subjected to 
inertia force and radial bearing pressure as described 
below. 

m =  × m             (kg) 

M = m  + (  × m  )            (kg) 
Max inertia force,  
F  = {r. ω  (m (1+ 

λ
 ) + m –m ) } + p   (N) 

Inertia force shared by each bolt,    
f  =        Eq. (1) 

 
Similarly, cylinder head bolts are subjected to 
combustion pressures when engine is in working 
condition and that force tries to eject the joint, 
 
Total combustion force due to one cylinder, 

 F =  × dg
2 × P                               (N) 

 
Force per bolt, 

  f =                  Eq. (2) 

To calculate the tensile stress area, Stress diameter of 
the bolts is calculated, stress diameter is the mean of 
minor diameter dm=d-1.226869×p and pitch diameter 
d = d-0.649519×p. [2] 

Stress diameter, d = 
                           (mm) 

 
Now, preload calculation is done considering that the 
bolt elongates up to desired percentage of proof 
strength of the bolt. Preload generated per bolt is 
compared with the service load per bolt taking into 
account losses due to embedding, relaxation and 
temperature. This is essential to see whether 
generated preload is sufficient or not. To ensure this 
cover factor is calculated and compared with 
permissible value for safe design. 
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Preload generated per bolt, f  
 = Proof strength × % proof × π × dst

2      (N)     Eq. 
(3) 
Remaining preload after considering losses due to 
embedding and relaxation [3][4], 

 f  & = 0.8 × f        Eq. 
(4) 
Remaining preload after considering losses due to 
temperature [3], 

F =
(   )–  ∆  –  ∆  

  
(    )

      Eq. (5) 

 
Here, f =  f  &  
Cover factor =                     Eq. 

(6) 
Stiffness calculation:[5]   

Stiffness of bolt, 
k  =   

 ( )
                                               Eq. (7) 

 
And stiffness of mating members,  
k = 

    
 ( )
 ( )

     Eq. (8) 

 
Percentage of load carried by the bolt,  
 Joint constant =       Eq. (9) 

 
Thereafter, for designed preload fatigue failure is 
checked considering Goodman line criterion. 
 
Minimum bolt load= Bolt preload generated 
 
Maximum bolt load = Bolt preload generated + 
service load taken by the bolt. 
 
Service load carried by the bolt is based on (joint 
constant) percentage of load carried by the bolt and is 
calculated on the basis of stiffness of bolt and its 
mating members.[4] 

Sa = 
 –  

  
   &  S = S + σ                     Eq. 

(10) 
 
Bolt elongation for infinitely stiff mating parts, 
 δl   =   ×   Eq. (11) 

 F   = 
 ×

                  Eq. 
(12) 
                δl

 
=                    Eq.(13) 

Sample calculations: For connecting rod bolt sample 
calculation is done. 
 
Input data: 10.9 grade bolt; m =1.925 kg; m = 
1.65kg; m =0.44 kg; r= 60 mm; λ=3.6;n= 3000 
rpm; n =2; d=14 mm; p=1.5;   l =50;  l =5; d = 
24mm; d =15mm;  l =55;   E 210 GPa; E =210 

GPa; S = 162 MPa; S =1040 MPa; ∆T=110C; α = 
1.35E-05 mm/ºC; α  =1.26E-05 mm/ºC; EST= 203 
GPa; EPT=203 GPa; p = 4922 N; Torque to % of 
proof strength = 65%; Permissible cover factor=2. 
 
All the standard values have been taken as an input 
parameters further using the formulations mentioned 
in above sections the desired values of cover factor is 
calculated. 
 
Table.1. Calculated values using Eq. no. 1 to Eq. 
no.10. 

f  13628 N 

f  67193 N 

f  &  53754 N 

F  52118 N 

k  474899N/mm 

k  3124984 N/mm 

Joint constant 13 % 

Sa, S  91N/mm2  , 453N/mm2 

Calculated cover factor 3.97 

 
Table.2.Analytical calculation of bolt (from Eq.11, 12 

and 13) 
θ δl  δl  P  δl  δl  
0 0.0000 0.0260 12365 0.0040 0.0221 

30 0.1250 0.1510 71728 0.0230 0.1020 
60 0.2500 0.2760 131090 0.0419 0.2081 
90 0.3750 0.4010 190452 0.0609 0.3141 
120 0.5000 0.5260 249815 0.0799 0.4201 
150 0.6250 0.6510 309177 0.0989 0.5261 

 
III. EXPERIMENTAL SETUP 
 
Equipment used for the experimentation is ‘Norbar 
USM-3 Bolt Meter’. The Norbar USM-3 provides 
state of the art hardware and software to achieve 
measurements with maximum automation, 
minimizing operator interpretation. 
 
The goal is to transmit as much sonic energy as 
possible from the transducer into the bolt, and to send 
that energy, to the greatest extent possible, down and 
back the center of the bolt, as shown in Figure. 
 

 
Fig.1. Ultrasonic energy transfer through bolt [6] 
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Ultrasonic measurement of clamping load is obtained 
through a predictable decrease in the sound velocity 
within the body of the bolt with increase in tensile 
load. By introducing a sonic pulse at one end of the 
bolt and accurately measuring the time required for 
the echo to return from the opposite end, the 
ultrasonic length is determined. As the fastener is 
tightened, the change in this ultrasonic length is used 
to calculate and display the actual fastener elongation 
or the clamping force produced. 
 
Before start of the experiment both the top and 
bottom face of the bolt must be grinded. As the USM 
transducer is resting on to the head of the bolt, head 
surface and bottom face should have good surface 
finish for better reflection of the pulses. 
 
Experimental Procedure- 
While conducting the experiment, torque is applied to 
the bolts by two different tightening techniques. First 
is, ‘Direct torque control’ by mechanical torque 
wrench and second is, ‘angular torque tightening 
technique’. 
 
While conducting the experiment by direct torque 
control, following steps are followed. 

 Initially 3 kg-m snug torque is applied and 
elongation is measured for both connecting 
rod and cylinder head. 

 Hereafter for connecting rod bolts 6 kg-m, 9 
kg-m and 13.5 kg-m torque is applied and 
simultaneously ‘turned angle’ and 
‘elongation’ readings are recorded. 

 Thereafter for cylinder head bolts 10 kg-m 
and 15 kg-m torque is applied and 
simultaneously ‘turned angle’ and 
‘elongation’ readings are recorded. 

Cumulative angle and elongation values have been 
recorded for different number of bolts and then values 
are averaged. 
 
The experiment by torque-angle control tightening 
involves following steps, 

 Initially 3 kg-m snug torque is applied and 
elongation is measured for both connecting 
rod and cylinder head.  

 Thereafter for connecting rod bolts, using 
digital torque wrench angle is turned by 60 
degrees and again by 30 degrees. 

 For each angle, torque value is recorded 
which is displayed on wrench and respective 
elongation readings were recorded on USM 
bolt meter.  

 For cylinder head bolts, using digital torque 
wrench angle is turned initially by 90 degree 
and then by 60 degree. 

 
Finite element simulation- 
The ‘Verein Deutscher Ingenieure’ (VDI) 2230 guide 
line of the ‘The Association of German Engineers’ 

can be a useful tool for designing bolted joints in 
many cases, but its use is limited due to the inherent 
assumptions of the analytical calculation models, 
such as the simplified cone shape deformation model 
for stiffness of clamped plates, the empirical 
parameters to account for the additional bolt stiffness 
from the head and nut etc. The finite element (FE) 
analysis is the alternative way to design and analyze 
the bolted structure. Preload generated while doing 
the assembly is calculated from the experimentation 
for both the tightening techniques and used as bolt 
pretension for computational analysis.  
 
In analysis, interest is to find out the elongation of the 
bolt. From the experimental elongation values 
generated preload is calculated and used as bolt 
pretension to define boundary condition in the 
analysis when direct torque tightening technique is 
adopted. Figures 2, 3, 4 and 5 shows elongation of 
connecting rod bolts when direct torque controlled 
tightening technique is used. 
 

 
Fig.2. Elongation of bolt at 3 kg-m torque 

 

 
Fig.3. Elongation of bolt at 6 kg-m torque 

 

 
Fig.4. Elongation of bolt at 9 kg-m torque 
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Fig.5. Elongation of bolt at 13.5 kg-m torque 

 
Similarly, preload generated in torque-angle 
controlled tightening is calculated and used as bolt 
pretension to define boundary condition in the 
analysis. Figures 6, 7 and 8 shows elongation of 
connecting rod bolts when torque-angle controlled 
tightening technique is used. 
 

 
Fig.6. Elongation of bolt at 3 kg-m snug torque 

 

 
Fig.7. Elongation of bolt at (3 kg-m+ 60 degree) angular torque 

 
Fig.8.Elongation of bolt at (3 kg-m+60+30degree) angular 

torque 
 
Similarly, for cylinder head bolts when tightening is 
done by torque-angle control tightening technique, 
generated preload values are calculated and used as 
bolts pretension for deformation analysis. This is 
shown in fig. 9, 10& 11. 

 

 
Fig.9. Elongation of bolt at 3kg-m degree angular torque 

 

 
Fig.10. Elongation of bolt at (3kg-m+ 90 degree) angular 

torque 
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Fig.11. Elongation of bolt at (3kg-m +90+62 degree) angular 

torque 
 
Development of correlation –  
Parametric variation is also done to develop 
correlation between angle turned and elongation of 
bolt. This is done by conducting experiments on bolts 
of different engines. By this parameters varying are 
bolt diameter, bolt length, bolt grade and bolt type 
(Neck down type or standard shank type). The 
experimental results generated for connecting rod 
bolts of five different engines (4R-810, 3R, DV, 
SL90, 4K) shown in figure 12 and for cylinder head 
of four different engines shown in figure 13 are used 
to obtain the correlation given below, 
  y = B ∙ x + C 
 Where   y = elongation of bolt in mm. 
 X = angle turned in degrees 
 B and C are constants  
 

 
Fig.12. Connecting rod bolts angle-elongation plot. 

 
Constants B and C are obtained from the 
experimental data generated for the above four 
different models of engines and are given as, 
B =  ( )

( )
         ;        C =                Eq. (14) 

 

 
Fig.13. Cylinder head bolts Angle-elongation plot. 

Where values of S1, S2, L1and L2 are expressed as 
below for connecting rod bolts and cylinder head 
bolts.  
For, 10.9 grade and standard shank type connecting 
rod bolts values of S1, S2, L1and L2 are expressed as, 
S    =  −17.355 −  ( 13− d )  ×  4.565  
S    =  0.046051 + ( 13 –  d )  ×  0.016098   
L    =  −17.355 +  ( 60− l )  × .   

L    =  0.046051− ( 60 – l )  × .   
 
Where, d= shank diameter of bolt and l = length of 
bolt shank (without considering length of head). 
Similarly, for 10.9 grade, neck down type connecting 
rod bolts values of S1, S2, L1and L2 are expressed as,  
S  =  − 11.8 −  14.65 –  d × (− 0.45)  
S  =   0.02728− (14.65 –  d)  ×  0.0074  
L   =  −11.8 + ( 57.5 –  l )  ×  ( . )

.
  

L   =  0.02728−  ( 57.5 –  l )  × .
.

   
 
Similarly, for cylinder head bolt of grade 10.9, values 
of S1, S2, L1and L2 are expressed as,  
S   =  −34.63 +  ( 13 –  d )  × ( . )   

S   =  0.0839 −  (13 − d )  × ( . )  

L   =  −34.63 + (160 –  l )  × ( . )  

L   =  0.0839 −  (160 –  l )  × ( . )  
 
IV. RESULTS AND DISCUSSION 
 
Results shown figure 14 and 15 reveal that for the 
designed preload, bolt is safe under fatigue. Results 
of theoretical, experimental and finite element 
analysis are compared in the form of characteristic 
curves Angle vs. Elongation. Fig. 16 shows the 
characteristic curve for connecting rod bolt when 
experiment is done by angular torque tightening 
technique.  
 
It is observed that FEA and experimental results were 
matching within 4% error. Figure 17 shows the 
characteristic curves for connecting rod bolt when 
direct torque technique is adopted. Results reveal that 
the trend line of FE analysis and experimental 
analysis is matching within 6% error.  
Figure 18 show the characteristic curve for cylinder 
head bolts when experiment is done by angular torque 
tightening technique. Results reveal that Theoretical 
and experimental results were matching within 3% 
error and FEA and experimental results were 
matching within 10 % error. Fig. 19 shows the 
characteristic curve for cylinder head bolts when 
experiment is done by direct torque tightening 
technique. Results reveal that theoretical and 
experimental results were matching within 4% error. 
Fig.20 The load vs. deformation graph showing the 
comparison of analytical, experimental and 
computational results.  
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Fig.14.Fatigue factors for connecting rod bolts. 

 

 
Fig.15. Fatigue factors of cylinder head bolts 

 

 
Fig.16. Torque-Angle control technique. 

 

 
Fig.17. Direct torque control technique. 

 
Fig.18. Torque-Angle control for cylinder head bolts. 

 

 
Fig.19. Direct torque control for cylinder head bolts. 

 

 
Fig.20. Load vs. Deformation comparison. 

 
CONCLUSION 
 
Results reveal that for critical fasteners Torque-Angle 
controlled tightening technique gives better results 
than the direct torque control tightening technique. 
The Correlation is developed between angle and 
elongation for connecting rod bolts and cylinder head 
bolts for any size, length, grade and type of the bolts. 
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