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In reciprocating engines, connecting rod cap and connecting bolts are critical as they are
exposed to varying loads under different operating conditions. This paper focuses on the
failure of the connecting rod of a 1.5 dci K9K diesel engine. As a result of the engine
operating for approximately 378400 km, the connecting rod was broken, and the reasons for
the failure of the connecting rod cap and connecting bolt were investigated. The connecting
rod of the KOK engine was designed in accordance with the dimensions by using
SolidWorks software, and then exported to ANSYS software for stress and fatigue analysis.
Also, the macrostructure of the broken connecting rod cap and bolt was investigated. We
knew that the mechanic who fixed the engine about two years ago tightened the connecting
rod bolts without using a torque meter. Therefore, stress and fatigue analyses were
performed to determine the effect of different tightening torques (ranging from 22.5 to 52.5
Nm) at 2000 rpm. According to the numerical analysis results, with increasing tightening
torque, the maximum equivalent stress and alternating stress values increased significantly,
while the fatigue safety factor and the cyclic life of the connecting rod decreased. First, a
fatigue fracture occurred in the right hand bolt. Immediately after, the lower cup deformed
and crashed to the cylinder liner. Therefore, a brittle fracture occurred on the left shoulder
of the connecting rod shank. The chevron markings were clearly visible in the
macrostructure as evidence of brittle fracture.

1. INTRODUCTION

the small head of the connecting rod, the crank pin, the roller

Connecting rods are critical among reciprocating engine
parts. It provides the connection between the piston and the
crankshaft. The thrust force generated on the piston surface is
transmitted to the crank shaft through the connecting rod, and
then work is obtained by the rotation of the crankshaft [1]-[3].
Therefore, it is exposed to compression load as a result of
combustion and tensile load due to inertia. A connecting rod
must withstand these high cyclic loads for a long time (usually
at least 108 cycles) [4], [5]. As a result, analyzes such as stress,
fatigue and failure detection in the connecting rod have
become important.

In researches made to date, the study of the connecting rod
failure analysis was carried out in many ways. Many factors
such as fatigue and improper material selection, poor design
or fabrication defects, overload bending, incorrectly adjusted
bolts, application of excessive load to critical stress areas,
coupling and assembly deficiencies lead to failure in the
connecting rod part [6]-[8]. Most of the failures occur in some
parts of the connecting rod, such as the rounded fillet of the
big connecting rod end [9], over the connecting rod body [10],

bearing and the connecting rod bolt [11]. Rakic et al. [12]
conducted a failure analysis of the connecting rod in a 12-
cylinder diesel engine. Structural steel marked 18H2N4MA
was used as connecting rod material. Besides chemical and
metallographic analysis, the stress distribution under
maximum load has been evaluated. The location of the
fracture in the analysis is consistent with the highest stress
zone obtained in the experiment. The fracture occurred at the
length of the connecting rod close to the piston pin. Juarez et
al. [13] discussed the results of a failure analysis study in the
connecting rod of a diesel engine used in electrical power
generation. AISI / SAE 4140 low alloy steel material is used
in the connecting rod. According to the experimental and
microstructural analysis of the study, the connecting rod has
fractured in the body in a section close to the crankshaft side.
The source of the fracture was determined in the crankshaft
lubrication channel. The lubrication channel has been found
to have been embedded in the surface, possibly as a result of
an incomplete manufacturing process of tungsten-based
material from a machining tool. The purpose of use of this
material is that it is more suitable for the application area in
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terms of chemical composition and mechanical properties.
[13]-[15]. Rezvani et al. [16] studied the catastrophic
deformation of the 645E3B engine connecting rod due to
unknown reasons. The used connecting rod has 42CrMo4
material. Critical loads and buckling forces on the connecting
rod were calculated using ADAMS software. It turns out that
the connecting rod failure is due to buckling with the
hydrolock phenomenon. Rabb [17] analyzed the fatigue
failure of a connecting rod in a medium speed diesel engine.
34CrNiMo6TQ + T was used as the connecting rod material.
It had been found to be failure near the crankshaft side. The
screw thread profile has been changed to prevent failure, and
the connecting rod material has been changed to increase
fatigue strength. Bari et al. [18] conducted a finite element
analysis simulation to determine the cause of the failure
connecting rod from a motorcycle engine. Simulation in the
ANSYS software was used to verify the surface failure and
strength studied. The connecting rod material is AISI 4140
steel, and it has broken at the big end and the bolt housing of
the connecting rod. It was concluded that the connecting rod
failed at the end of the exhaust stroke due to the fatigue
loading.

The connecting rod must be able to withstand enormous
loads and transfer large amounts of power smoothly.
According to Lee et al. [19], failure usually occurs at the big
end of the connecting rod. The stress distribution was
estimated and the value of the corner radius was optimized by
using ANSY'S software. Andoko et al. [20] investigated the
cause of the failure of a connecting rod in a car. AISI 4315
material was used. As a result, big near-edge cracks had
greater stress and strain values than the far area. Mirehei et al.
[21] investigated the problem of the connecting rod fatigue
failure of the universal tractor (U650) by using ANSYS
software. This research demonstrated the occurrence of
fatigue failure in the connecting rod due to continuous cyclic
loads and variable speeds. Thomas et al. [22] indicated that
the probability of fatigue failure due to fluctuation of loads
was very high. Dupare et al. [22] stated that 50-90% of the
failure in the connecting rod was due to fatigue failure. For
this reason, authors were emphasized that it was very
important to consider fatigue failure in connecting rod design.
Ranjbarkohan et al. [23] performed an analysis of a Samand
engine connecting rod for fatigue failure using the ANSYS
workbench. Maximum tensile and compression load was
applied to assess critical failure points to improve the strength
and life of the connecting rod. According to the analysis
results, the maximum tension (297.361 MPa) was determined
at the pin end.

Another issue that needs to be considered is the stress and
failure analysis of the connecting rod in diesel engines. Witek
and Zelek [24] conducted a study on the failure and stress
analysis of the connecting rod of a turbocharged diesel engine.
ANSYS software was used for analysis. In the nonlinear static
analysis results, it was determined that the high stress regions
were located at the crack centers during the operation of the
engine with maximum power. The results showed that the bolt
tightening torque has a significant effect on the maximum
stress value at the center of the crack. When the results of the
study are examined, the main cause of the failure of the
connecting rod was the high pretension of the bolts and the
high stresses in the areas near the bolt hole. Griza et al. [25]
examined the fatigue of the engine connecting rod bolt due to
the laps occurring. The torque disassembly of the connecting
rod bolts was monitored, and the fractured parts were

examined in the laboratory. A finite element analysis based on
an analytical fracture mechanics approach was carried out to
evaluate the relationship between tightening force and fatigue
crack propagation in connecting rod bolts. It has been
suggested that engine collapse was caused by the forming laps
in the grooves of the bolt shank. Zhu et al. [26] made a failure
analysis of the connecting rod cap and connecting bolts for a
reciprocating compressor. The reasons for the failure of the
connecting rod cap and connecting bolts as a result of
operation for approximately 175.200 hours were researched.
In the study, microstructure (by using scanning electron
microscope (SEM) and optical microscope) and chemical
composition of the connecting rod material were examined,
and tensile, hardness and impact tests were applied. Moreover,
the general stress distributions in the connecting rod were
evaluated based on the maximum stress criterion using the
finite element method. Looking at the results of the research,
it was determined that the cause of the failure was high cycle
fatigue, and the initial crack location was consistent with the
high stress concentration. Acri et al. [27] scrutinized the
coating processes of bolts and their effects on fatigue life of
the connecting rod. As a result, it was thought that the stress
concentration factor was smaller than the first engaged thread
and the failure to the head was caused by thread rolling in the
connecting rod.

'Remaining part
of the broken

bolt

|Broken from the

Figure 1. Macro view of the connecting rod after failure. (a) genral view,

(b) and (c) broken parts.

In this study, a broken connecting rod belonging to
Renault Kangoo vehicle with 1.5 dci K9K (55kW) diesel
engine was used. To simulate fatigue and stress distributions
on the connecting rod, it was drawn according to its original
dimensions by using SolidWorks software, and this drawn
part was exported to ANSYS software. Different tightening
torque values (22.5, 27.5, 32.5, 37.5, 42.5, 47.5 and 52.5 Nm),
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Figure 2. (a) Main parts of connecting rod, (b) finite element model showing meshes, (c) angles of crankshaft and

connecting rod at the maximum in cylinder pressure, (d) loading conditions.

were evaluated at 2000 rpm. The fatigue behavior, maximum
equivalent stress distributions, safety factor and alternating
equivalent stress were analyzed to determine the effect of
different tightening torques. Moreover, microstructural
analysis was carried out to determine failure mechanism of the
connecting rod.

2. MATERIALS AND METHOD (Helvetica 10p Bold)

2.1. Definition of failure and damaged connecting rod

The K9K type diesel engine used for power of a 2003
model Renault Kangoo type vehicle failed during operation.
This engine had a turbocharger and a maximum power of 55
kW as can be seen from the detailed properites given in Table
I

TABLE I.

PROPERTIES OF K9K ENGINE [28].
Number of cylinders 4
Bore 76 mm
Stroke 81 mm
Compression ratio 18.3
Rated power 55 kW /3900 rpm
Maximum torque 156 Nm /2000 rpm
Admission type Turbocharged

When the engine was disassembled, one of the connecting
rods was found to be broken. The vehicle was known to be at
378400 km when the failure occurred. Also, about 2 years ago
from the connecting rod failure, the crankshaft was changed
for another reason, and therefore the connecting rods were
removed and reassembled. However, it was learned that the
mechanic did not use a torque meter during this removal and
reassembly of the connecting rods. The connecting rod was
removed, and as seen in Figure 1 (a), in the big end region, the
left bolt connecting the lower cap and the upper cup of the
connecting rod was broken in the middle. The remaining part
of bolt on the connecting rod shank could be seen in Figure 1
(b). The bolt on the right was intact (Figure 1 (a and c)).
However, the right side of the connecting rod was broken from
the big end shoulder. Also the lower cap of the big end was
deformed.

2.2. Numerical model, meshing, boundary and loading
conditions of the connecting rod

To understand the mechanism of connecting rod failure,
first, the geometric model of the connecting rod was created
using SolidWorks software. As seen in Figure 2 (a), the
connecting rod consisted of three basic components. Part 1, 2
and 3 were the connecting rod shank, lower cap and bolts,
respectively. Then, the created model was exported to the
ANSYS Workbench software for numerical analysis. AlSI
4140 low alloy steel was defined as the material with linear-
elastic properties [13]. The maximum young’s modulus, yield
strength, ultimate strength and poison ratio of 4140 steel were
210 GPa, 1540 MPa, 2073 MPa and 0.29 %, respectively. In
the next step the contact definitions between neighboring
components were carried out. The friction coefficients of bolts
and all other parts were defined as 0.15 and 0.1 p, respectively
[24]. Tetrahedron meshes were used to divide the connecting
rod onto finite elements (Figure 2 (b)). The average mesh
quality value was tried to be 0.85 and above to obtain more
accurate results. To achieve this, different operations such as
patch independent, patch conforming and mesh sizing were
applied. The model was occurred with 160994 nodes and
104508 elements.

In this study, as mentioned above, failure analysis of
connecting rod of K9K diesel engine was made. In order to
calculate the maximum load acting on the connecting rod in
this engine, the maximum in-cylinder pressure must first be
determined. Nutu et al [28] reported that maximum in cylinder
pressure of K9K engine was about 58 bar at 2000 rpm and
70% load. This value was converted to the newton force by
using Equation 1. The angle of a was 3.55 degrees, as the
maximum pressure occurred when the crank angle was 10°
after top dead center (ATDC) (see Figure 2 (c)) [29]. As seen
in Figure 2(d), the load was applied according to this angular
value. On the other hand, net force acting on connecting rod
was calculated by using Equation 2. The force arising from
inertia (Finertia) OF the connecting rod and reciprocating mass,
and force arising from friction (Fiction) OF the piston rings, and
the piston were calculated according to Equations 3 and 4,
respectively.
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Figure 3. (a) equivalent (von-Mises) stress distributions on the all components of connecting rod, (b) graph of max. equivalent stress values on the bolt as a
function of bolt tightening torque, (c) equivalent stress distributions on the connecting rod shank.

_ mxd?

Fas =22, (1)
F = Fyas + Finertia — Friction )
Finertia = M * w? * 1 % (cosa + 1 * Colsa) (3)
Frriction = h*m*d * i+ P x )

Here, M was mass of piston and rings + Piston pin + 1/3 rd
of the connecting rod. w, r and | were angular speed (rad/s),
crank radius (mm) and length of the connecting rod (mm),
respectively. o was crank angle (°). Moreover, different bolt
pressures were applied to the bolts as seen in Figure 2 (d). The
required normal bolt tightening torque value was obtained
from the K9K engine workshop repair manual (Renault
Technical note) [30]. This value was 20 £2 Nm +45°+ 6°, and
it converted to the clamping force (N) value by using simply
Equation 5.

T=KXFxd (5)

Here, T, K and F were tightening torque (Nm), a constant
factor and the clamping force (N), respectively. d was the
diameter (m) of the bolt. According to this formula, the
clamping force at the normal tightening torque was about
12500 N. Big end bearing surfaces of the connecting rod was
fixed as fixed support.

2.3. Analyzes

Six different (abnormal) tightening torque values, which
are above the given normal value, were used to perform the
numerical analysis of the failure of the connecting rod.

Because as mentioned above, during the previous engine
repair, the mechanic tightened the connecting rod bolts
without using a torque meter. The maximum equivalent
stresses (von Mises) were analyzed to determine the effect of
different tightening torques. In addition, fatigue analyzes were
made in each case according to Goodman stress theory. The
minimum life (cycles) and safety factor values were
determined. During the analyses, the ambient temperature was
set to 95°C.

3. RESULTS AND DISCUSSION

3.1. Stress Analysis

As a result of nonlinear static analyzes performed with the
application of different bolt pretensions, maximum equivalent
stress values in the connecting rods were obtained (Table I1).
During the analyses, bolt pre-tensions caused by different
tightening torques varying in between 22.5 - 52.5 Nm were
applied to the connecting rod. As seen in Figure 3 (a), the zone
of maximum equivalent stress (483.01 MPa) at normal bolt
tightening torque (22.5 Nm) was observed at the left-side bolt.
This zone corresponded to the junction of the lower and upper
cup of the connecting rod. In fact, as seen in Figure 1, the bolt
on the left-side was broken at this zone. This equivalent stress
value was considerably lower than the yield strength value of
the bolt (1540 MPa). Therefore, at normal tightening torque,
the stress safety factor in this zone was about “3.2” and it did
not pose any problem. However, as seen in Figure 3 (b), the
maximum stress value in this region significantly increased
with the increase of the tightening torque. Such that, at the
52.5 Nm tightening torque, the maximum equivalent stress
value on the bolt was 1167.5 MPa. This meant that the stress
safety factor was approximately “1.3”.

TABLE II.

RESULTS OF STRESS AND FATIGUE ANALYSES.
Bolt tightening Axial bolt clamping Force due to Equivalent stress Equivalent Safety factor for Life (cycle)
torque (Nm) force (N) combustion (N) (N) alternating stress (N)  fatigue x107
225 12500 27138 483.01 284.72 1.9878 1x10°
275 15278 27138 592.35 359.53 1.6208 1x10°
325 18056 27138 699.23 437.05 1.3731 1x103
375 20883 27138 806.89 519.96 1.1899 1x10°
425 23611 27138 923.52 615.78 1.0396 3.45x102
475 26389 27138 1044.1 722.13 0.91952 6.81
52.5 29167 27138 1167.5 839.37 0.8224 2.25x10*t
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Figure 4. (a) Distribution of equivalent alternating stress at T=22.5 Nm, (b) distribution of equivalent alternating stress at T=47.5 Nm, (c) graph of alternating
stress vs bolt tightening torque, (d) distribution of safety factor for fatigue at T=22.5 Nm, (e) distribution of safety factor for fatigue at T=47.5 Nm and (f)
graph of safety factor for fatigue vs bolt tightening torque.

Witek et al. [24] stated that connecting rod bolts were
subjected to complex loads acting as both tension and
compression during engine operation. Therefore, the risk of
breaking of the connecting rod bolts was high when the bolts
were tightened above the normal tightening torque. On the
other hand, as seen in Figure 3 (c), the maximum stresses on
the connecting rod shank were concentrated in the right
shoulder zone (417.46 MPa). This zone (right shoulder region
of the connecting rod) was also the region where the break in
the connecting rod shank occurred (see Figure 1). Because the
maximum in cylinder pressure occurred when the crank angle
was 10° after the piston top dead center, the load was applied
to the piston pin of the connecting rod at an angle of 3.55
degrees. Therefore, the zones where the stresses concentrated
on the components of connecting rod and the zones where the
fractures occurred were completely matched.

3.2. Fatigue Analysis

Fatigue analyzes were performed on the model to
determine the effect of non-normal bolt tightening torque on
the life of connecting rod components. During engine
operation, connecting rods are subjected to cycling
compression due to combustion force and tensile load due to
inertia of moving parts [31]. Therefore, these loads should be
considered in order to obtain realistic results in numerical
modeling. As mentioned above, the maximum compression
force due to combustion was 27138 N, and the tensile force
due to inertia of moving parts was 1243 N. Hence, the ratio of

-0.046 was used for the stress-life fatigue analysis. As
expected, equivalent alternating stresses were concentrated on
the bolt where equivalent stresses were maximum (see Figure
1 (a and b)). The maximum value of equivalent alternating
stress considerably increased with increasing bolt tightening
torque. While the maximum value of equivalent alternative
stress was 284.72 MPa at normal bolt tightening torque (22.5
Nm), this value increased to 839.37 MPa at 52.5 Nm bolt
tightening torque (Figure 1 (a-c)). Tabulated data including all
the results of the fatigue analysis are given in Table II.
Tabulated data including all the results of the fatigue analysis
were given in Table Il. On the other hand, as seen in Figure 4
(d-f), safety factor values for fatigue decreased with the
increasing bolt tightening torque. At normal bolt tightening
torque, safety factor for fatigue was about "1.99" (Figure 4 (d
and f)). This value was quite satisfactory in terms of fatigue.
However, this value was lower than "1", especially with the
application of 47.5 Nm and higher bolt tightening torque
(Figure 4 (e and f)). This greatly increases the likelihood of
fatigue damage. As Consistent with this, as seen in Table I,
at 42.5, 47.5 and 52.5 Nm bolt tightening torque values, the
fatigue life of connecting rod decreased to 3.45x10°, 6.81x107
and 2.25x10® cycles, respectively. As explained in the
previous section, the zones where alternating stresses and
minimum safety factors
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Figure 5. Macrostructure of damaged zones. (a) fracture surface of the remaining part of the broken left side bolt and (b) fracture surface of the broken right

L

side shoulder.

concentrated were the points where breakage occurred in the
connecting rod (left bolt and right shoulder).

3.3. Macrostructural investigation and failure mechanism
The macrostructural photograph of the damaged zones of
the connecting rod was given in Figure 5 (a and b). In Figure 5
(a), the possible fatigue area in the remaining part of the broken
bolt is indicated by the arrow. Due to the fact that the mechanic
did not use a torque meter, fatigue occurred in the over-
tightened bolt, and the remaining section of the bolt after the
fatigue damage area was broken because it could not bear the
axial clamping force. As proved in the previous sections, the
stresses in the broken region of the bolt were maximum and the
safety factors were minimum. Immediately after the bolt on the
left broke, the right shoulder area of the connecting rod was
overloaded (stresses were also concentrated in this area as the
maximum cylinder pressure took place at the crank angle of 10°
ATDC). The deformed lower cap hit the cylinder liner and
broke on the right shoulder and completely separated from the
connecting rod shank. As a result, a brittle fracture occurred in
the right shoulder region (Figure 5 (b)). As evidence of this,
chevron markings (indicated by arrows in Figure 5 (b)) were
observed in the fracture zone. Because it was reported that
chevron markings typically result from the brittle fracture of
steel materials [32]. Then the rings and valves took damage due
to the uncontrolled movement of the piston. Thus, the
connecting rod bolt, which had fatigue fracture due to
excessive tightening torque, caused the connecting rod to break
completely and the engine to be seriously damaged.

4. CONCLUSIONS

The present work was aimed to determine failure
mechanism of a K9K diesel engine connecting rod. Existing
connecting rod was broken from right side bolt and left side
shoulder (on shank). We knew that the mechanic who fixed the
engine about two years ago tightened the connecting rod bolts
without using a torque meter. Therefore, stress and fatigue
analyzes were performed to determine the effect of different
tightening torques (ranging from 22.5 to 52.5 Nm) at 2000 rpm.
The maximum equivalent stress and alternating stress values
increased from 483.01 to 1167.5 MPa and 284.72 to 839.37
MPa, respectively. After a tightening torque of 42.5 Nm, the
fatigue safety factor was lower than "1", and cycling life
decreased up to 2.25x108, cycles. The points where the failure
in the connecting rod occurred and the zones where the stresses
concentrated in the analyzes were compatible. Firstly, a fatigue

fracture occurred in the right hand bolt. Immediately after, the
lower cup deformed and crashed to the cylinder liner.
Therefore, a brittle fracture occurred on the left shoulder of the
connecting rod shank. The chevron markings were clearly
visible in the macrostructure as evidence of brittle fracture. As
a result, the use of torque meters was very important in the
assembly of engine post-repair parts.
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