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Project goals

The proposed analysis aims to investigate the behaviour of a cantilever beam, 
exploiting the finite element method (FEM).
The main exercise goals will be:
- Assure the convergence between numerical and expected analytical results.
- Compare the features of two distinct element types used for the simulations.
- Analyse the influence of different contraints and loads conditions on stress and 

strain distributions.
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Model creation

Set up of the cantilever beam model material properties and geometrical 
dimensions. 
A property for the beam is defined in order to assign thickness value and “PSHELL” 
card image.
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Material Geometry Property



Model creation
Boundary conditions:

Constraints are applied on the left side of the beam and can be simulated in two ways:

- constrain the horizontal displacement of all the nodes to zero and the vertical displacement only of the middle node to zero.

- constrain the horizontal and vertical displacement of all nodes to zero.

A vertical load of 1000 N is set on the structure right edge. The force can be set concentrated on the middle node or eventually 
distributed on all edge nodes.
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To make a comparison between 3 and 4 nodes element, the depicted configuration is employed, having the load concentrated,
and both vertical and horizontal displacement constrained to zero on all nodes.



3 nodes element analysis 

The following plots highlight how the registered stresses and deflection values approach the 
analytical ones by increasing the number of degrees of freedom:
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Simulations results collection at increasing mesh grade:

Number of elements | Normal stress s | | Shear stress t | | Deflection |

Mpa Mpa mm

Theoretical values 150 15 0,1517

1 x 4 12,86 - -

2 x 8 48,84 9,271 0,07765

4 x 16 98,29 12,58 0,1242

6 x 20 116,1 13,63 0,1377

8 x 40 131,4 14,36 0,1492

16 x 80 141,6 14,83 0,1556



4 nodes element analysis 

As in the 3 nodes case, the registered stresses and deflection values approach way more the 
analytical ones when increasing the mesh size:
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Simulations results collection at increasing mesh grade:

Number of elements | Normal stress s | | Shear stress t | | Deflection |

Mpa Mpa mm

Theoretical values 150 15 0,1517

1 x 4 4,987E-13 - -

2 x 8 75 10 0,1547

8 x 32 131,2 14,65 0,1576

16 x 64 140,6 14,91 0,1579

32 x 128 145,3 14,98 0,158



Convergence of the solutions and 
comparison

The choice of the most significant mesh size is based on the relative error of the analyses values with 
respect to the theoretical ones. 

The selected mesh, 4 nodes element (16x64 configuration), has a relative error lower than 8% for all the 
evaluated quantities. The choice aims to use a model with high accuracy and limited computational cost.
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Number of elements | Normal stress s | | Shear stress t | | Deflection |

Error wrt Theor val (%) Error wrt Theor val (%) Error wrt Theor val (%)

1 x 4 91,4

2 x 8 67,4 38,2 48,8

4 x 16 34,5 16,1 18,1

6 x 20 22,6 9,1 9,2

8 x 40 12,4 4,3 1,6

16 x 80 5,6 1,1 -2,6

3 nodes element 4 nodes element

Number of elements | Normal stress s | | Shear stress t | | Deflection |

Error wrt Theor val (%) Error wrt Theor val (%) Error wrt Theor val (%)

1 x 4 100,0

2 x 8 50,0 33,3 -2,0
8 x 32 12,5 2,3 -3,9

16 x 64 6,3 0,6 -4,1

32 x 128 3,1 0,1 -4,2



Influence of different boundary conditions 
on stress and strain field

The results show the difference between applying the same force value first with a concentrated and 
then with a distributed load. The mesh size is the one previously chosen, the 4 nodes element 16 x 64.

Constraints: horizontal displacement of all the nodes to zero and the vertical displacement only of 
the middle node to zero. 
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Concentrated load Distributed load

| Normal stress s |

at half beam lenght

Mpa

140,6

| Shear stress t |

at half beam lenght

Mpa

14,91

| Deflection |

at half beam lenght

mm

0,1578

| Normal stress s |

at half beam lenght

Mpa

140,6

| Shear stress t |

at half beam lenght

Mpa

14,91

| Deflection |

at half beam lenght

mm

0,1578



Influence of different boundary conditions 
on stress and strain field
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As before, the difference between concentrated and distributed load is shown. The mesh size is the 
one previously chosen, the 4 nodes element 16 x 64.

Constraints: horizontal and vertical displacement of all nodes set to zero.

Concentrated load Distributed load

| Normal stress s |

at half beam lenght

Mpa

140,6

| Shear stress t |

at half beam lenght

Mpa

14,91

| Deflection |

at half beam lenght

mm

0,1549

| Normal stress s |

at half beam lenght

Mpa

140,6

| Shear stress t |

at half beam lenght

Mpa

14,91

| Deflection |

at half beam lenght

mm

0,1579



Conclusions
The results of the four different load cases are almost the same, proving that the most significant 
mesh was properly chosen.

Moreover, the importance of the mesh size can be highlighted by looking at the results of the 
previous analyses with few elements, which are far from the theoretical values due to low accuracy.

It is also notable from the charts of the relative errors that the 4 nodes elements predict better the 
results with respect to the 3 nodes elements, requiring fewer elements to achieve the same results.
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Project overview

Goals of the study:
Characterization of the different load cases involved in 
the component working life;
Verification of the component reliability under heavy 
static load conditions.
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Subject of the study:
Rod of an internal combustion engine.

Clamping condition:
Big eye bottom part joint by means of two bolts M8x1.25: 𝑙 =
35𝑚𝑚 (standardised length).



Model generation
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Material and 
property definition

Nodes
positioning

RBE2 (rigid elements) 
positioning

Constraints and 
loads application

Load step 
definition3D mesh

Inside the screw hole, to take into account the 
90% of the load distribution in the threads:
𝑙𝑅𝐵𝐸2 = 6 ∙ 𝑝𝑖𝑡𝑐ℎ𝑀8 = 6 ∙ 1.25𝑚𝑚. 



Load cases
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Load case at engine rotational speed of 1900rpm:
Force related to the maximum pressure on the piston, enacted by the fuel
combustion:

𝐹𝑝𝑚𝑎𝑥
= 𝑆𝑝𝑖𝑠𝑡𝑜𝑛 ∙ 𝑝𝑚𝑎𝑥 = −73934.2𝑁

Inertia force of the piston:
𝐹𝑖 = 𝑚𝑝𝑖𝑠𝑡𝑜𝑛 ∙ 𝑎𝑇𝐷𝐶, 1900 = +1901.6𝑁

Clamping loads:
𝐹𝑐 = ±32000𝑁

Load case at engine rotational speed of 5000rpm:
Inertia force of the piston:

𝐹𝑖 = 𝑚𝑝𝑖𝑠𝑡𝑜𝑛 ∙ 𝑎𝑇𝐷𝐶, 5000 = +13169.1𝑁

Clamping loads:
𝐹𝑐 = ±32000𝑁



Postprocessing analysis
Initial mesh adopted to carry out the simulations: 4mm, R-trias 1° order elements.
Stress evaluation criteria: Tresca (conservative evaluation).
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1° load case 2° load case
Stress concentration along the rod
stem, that is the link where the load
is transferred from the small eye to
the big constrained one.

Stress concentration in the clamped
zone much higher than the
distribution on the rod stem, loaded
only by the piston inertia force.



Component verification
Cast iron average mechanical parameters:

Tensile and compressive yield strength: 𝜎𝑇,𝑦 = 428𝑀𝑃𝑎, 𝜎𝐶,𝑦 = 991𝑀𝑃𝑎.

1° load case 2° load case

Stress intensification in the
geometry variation zones.

𝑆𝐹 =
𝜎𝐶,𝑦

𝜎𝑇𝑟𝑒𝑠𝑐𝑎, 𝑀𝐴𝑋
=

991

297.6
= 3.3

The safety factor is computed considering the
compressive yield strength, because the rod, in
both cases, is loaded at the most in compression.

Stress intensification
nearby the clamping
region and in sharp
zones.

𝑆𝐹 =
𝜎𝐶,𝑦

𝜎𝑇𝑟𝑒𝑠𝑐𝑎, 𝑀𝐴𝑋
=

991

224.1
= 4.4
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Results discussion
The 2° load case is the most relevant because, by the postprocessing analysis, a non-
uniform stress distribution is highligthed on the rod along:

The big eye internal face, where the constraint unloads the clamping forces;
The inner part of the screw holes, where the load is applied by means of the threads;
The sharp edges at the big eye bottom surface.

Three analyses are undertaken, with the goal to get closer to the real phenomenon and to
smoothen the stress distribution:

Different constraint positioning;
Downsizing of the mesh: 4𝑚𝑚 → 2𝑚𝑚;
Increase of the element order: 1° order → 2° order.

The same values for the captions are selected, to compare the differences.
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Boundary condition

Mesh quality



Different constraint positioning
Expectation: lack of stress intensification inside the big eye.
Results:

Little stress distribution improvement in the internal big
eye surface, attending a lower peak stress too:
200.1𝑀𝑃𝑎 → 196𝑀𝑃𝑎;
Worse stress level in the screw holes, where the load is
applied: 224.1𝑀𝑃𝑎 → 227.3𝑀𝑃𝑎 . The stress around the 
threads unloads in a narrower space in this case, thus 
featuring this higher stress concentration.
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Mesh downsizing
Expectation: better discretization→ accuracy ↑.
Results:

Higher overall maximum stress: 224.1𝑀𝑃𝑎 → 387.2𝑀𝑃𝑎;

Stress intensification along the sharp edges and the geometry variations: 191.3𝑀𝑃𝑎 → 224.8𝑀𝑃𝑎;
Better stress distribution along the internal surface of the big eye, complying with the expected
simmetry with respect to the Y-midline, but with higher stresses: 200.1𝑀𝑃𝑎 → 307.2𝑀𝑃𝑎;

Higher stress values inside the screw holes: 224.1𝑀𝑃𝑎 → 387.2𝑀𝑃𝑎.
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Increase of the element order
Expectation: DOFs per element ↑ (better estimation of the displacements field)→ accuracy ↑.
Results:

Higher overall maximum stress: 224.1𝑀𝑃𝑎 → 359𝑀𝑃𝑎;

Severe stress intensification along the sharp edges and the geometry variations: 191.3𝑀𝑃𝑎 →
359𝑀𝑃𝑎;
Better stress distribution along the internal surface of the big eye, complying, in this study case
too, with the expected simmetry with respect to the Y-midline. Difference in the peak stress
attending a lower value: 200.1𝑀𝑃𝑎 → 125.2𝑀𝑃𝑎;

Higher stress values inside the screw holes: 224.1𝑀𝑃𝑎 → 311.5𝑀𝑃𝑎.
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Conclusions
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Study zones 2° load case Different constraint
positioning Mesh downsizing 2° order elements

Maximum value 224.1 MPa 227.3 MPa 387.2 MPa 359 MPa

Sharp edges and the 
geometry variations 191.3 MPa - 224.8 MPa 359 MPa

Internal big eye surface 200.1 MPa 196 MPa 307.2 MPa 125.2 MPa

Screw holes 224.1 MPa 227.3 MPa 387.2 MPa 311.5 MPa

The mesh downsizing and the 2° order simulations show smoother stresses distributions and results
quite similar among them, standing for a convergence of the simulation to the real phenomenon.
Thus, the new retrieved values can be considered as reference ones.
A new safety factor is computed:

𝑆𝐹 =
𝜎𝐶,𝑦

𝜎𝑇𝑟𝑒𝑠𝑐𝑎, 𝑀𝐴𝑋
′ =

991

387.2
= 2.56
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Targets
This project aims to evaluate the bending and torsional stiffnesses of a commercial 
vehicle frame.
In order to investigate the structure properties, a 1-D elements approach is exploited.
Moreover, to understand the relation between the main model parameters and stiffness, 
some variations in the frame properties will be analyzed.
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Model creation

NMS EXERCISE 3 – Study of a commercial vehicle frame
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Material and properties definitionCross-sections definition

“Tube section” for 
the cross beams

“Channel section” for 
the longitudinal beams

Line mesh 1-D elements

Element size 100 mm



Description of applied loads and constraints
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Given the load conditions, it is supposed a Center of Gravity at half length of the third cross beam. 
Being an industrial vehicle, it is assumed a full load case of 4000 kg total mass.

Bending load case Torsion load case

Constraints:   At all suspension attachments. All 
                          degrees of freedom set to zero, 
                          except the rotation around y axis.

Loads:              Two forces applied as shown,
                          representing vehicle weight.

𝐹𝑏 =
𝑚 ∙ 𝑔

2
= 19620 𝑁

Constraints:   Only at rear suspension attachments. 
                          All degrees of freedom set to zero, 
                          except the rotation around x axis.

Loads:              Two forces applied as shown. Values
                          come from load transfer considerations.

𝐹𝑡
2
=
𝑚 ∙ 𝑔 ∙ 𝑏

2 ∙ 𝑊
= 8000 𝑁



Bending stiffness evaluation

Bending stiffness is defined as the
ratio of total applied load on vehicle
frame and the relative displacement
in the plane of application of the force:

𝐾𝑏 =
2 ∙ 𝐹𝑏
|𝛿𝑧|

=
2 ∙ 19620 𝑁

66,15 𝑚𝑚
= 593,2 𝑁/𝑚𝑚
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Torsional stiffness evaluation
Torsional stiffness is defined as the ratio of
total applied torque on the front
suspensions plane and the relative twist
angle of the frame in the plane of
application of the force:

𝐾𝑡 =
𝐹𝑡 ∙ 𝑡

𝜗𝑡
=

8000 𝑁 ∙ 1400 𝑚𝑚

0.1237 𝑟𝑎𝑑

= 90535,8 𝑁𝑚/𝑟𝑎𝑑

where:

𝜗 = tan−1
|𝛿|

𝑡/2
= tan−1

87,04 𝑚𝑚

1400
2

𝑚𝑚
= 7,1 °
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Mesh and material variation
Same results previously obtained have been confirmed decreasing the element size
from 100 to 10 mm.
New study: Material change to Aluminum.
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Expectations: Lower bending and torsional stiffness, due to the lower Young Modulus.

Bending deflection [mm] Bending stiffness [N/mm] Torsion deflection [mm] Twist angle [°] Torsional stiffness [Nm/rad]

Steel -66,15 593,2 87,04 7,1 90535,8

Aluminum -194,7 201,5 260,4 20,4 31448,5



Analysis with a cross section variation
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Longitudinal beam hypothesis Cross beam hypothesis

Goal: Define a more rigid structure.

Boundary conditions: Same external dimensions and thickness of previous analyses.

Method: Cross section variation analysis, seeking for highest relative moments of inertia.



Results discussion
Longitudinal beams → Box cross section

Cross beams → Tube cross section
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𝐾𝑏
′ =

2 ∙ 𝐹𝑏
|𝛿𝑧

′|
=

2 ∙ 19620 𝑁

51,08 𝑚𝑚
= 768,2 𝑁/𝑚𝑚 𝐾𝑡

′ =
𝐹𝑡 ∙ 𝑡

𝜗𝑡
′ =

8000 𝑁 ∙ 1400 𝑚𝑚

0.0684 𝑟𝑎𝑑
= 163793,2 𝑁𝑚/𝑟𝑎𝑑

Bending load case Torsion load case



Conclusions
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9

Comparison:

• By having lower values of E and G, the relative stiffnesses of Aluminum structure are lower.

• Bending and torsional stiffness vary accordingly to hypothesis concerning the moments of inertia related to
the specific load case.

Bending stiffness [N/mm] Torsional stiffness [Nm/rad]

STEEL (100 mm element size) 593,2 90535,8

ALUMINUM (100 mm element size) 201,5 31448,5

STEEL (New cross section) 768,2 163793,2

Observation:

Considering the torsional loading case, the frame rotates around the
x-axis, but its longitudinal beams only bend in their plane (XZ)
registering a null y-axis displacement.

This issue may result by the elementary type applied mesh: 1D line 
mesh.
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Project overview

Goals of the study:
Evaluation of the T-joint bending stiffness around the X and Z 
axes (model FOR) and of its torsional stiffness around the Y 
axis;
Evaluation of the fluctuation of the different stiffness values, 
when changing the number of spot welds.

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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Subject of the study:
Car body T-joint.

Clamping condition:
Top sheet joint to the bottom one by means of spot welds;
T-joint lower part constrained to emulate the rigid body
behaviour of the vehicle sills.



Model generation

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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Material and 
property definition

Nodes and reference
lines generation

2D mesh
(5mm elements)

Spot welds
positioning

The starting model is
just half component.

Model reflection

The spot welds
are simulated as
rigid elements.



Model generation

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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RBE2 (rigid elements) 
positioning

Constraints and 
loads application Load step definitionEdge equivalence

Continuity of the 2D mesh
must be ensured at the
simmetry plane;
The spot welds rigids must
be attached to the mesh.



Load cases

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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Three different loads to evaluate the T-joint stiffness:
Load along the Z-direction → bending stiffness around the X axis:

𝐹𝑍 = 1000𝑁

Load along the X-direction → bending stiffness around the Z axis:
𝐹𝑋 = 1000𝑁

Moment around the Y-direction → torsional stiffness:
𝑀𝑌 = 10000𝑁 ∙ 𝑚𝑚

Three different spot welds spacings at constant end offset (20mm):
30mm;
50mm (reference value);
70mm.

Three simulations with these spacing values are undertaken and the postprocessing results
are examined. 



50mm spot welds spacing
Bending stiffness direction: X axis;

Maximum Z displacement value: 24.36mm.

𝐾𝑋,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹𝑧
𝑓𝑧
= 41.1𝑁/𝑚𝑚

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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Bending stiffness direction: Z axis;

Maximum X displacement value: 0,2293mm.

𝐾𝑍,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹𝑋
𝑓𝑋

= 4361.1𝑁/𝑚𝑚

Torsion stiffness direction: Y axis;

Maximum Z displacement value: 0,031mm.

𝐾𝑌,𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =
𝑀𝑌

𝜑𝑌
=

𝑀𝑌

sin−1 ൗ𝑑𝑍
𝑙

=
10000𝑁 ∙ 𝑚𝑚

5.74 ∙ 10−4𝑟𝑎𝑑

= 1.74 ∙ 107 𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑 =54mm



70mm spot welds spacing
Bending stiffness direction: X axis;

Maximum Z displacement value: 30.44mm.

𝐾𝑋,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹𝑧
𝑓𝑧
= 32.9𝑁/𝑚𝑚

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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Bending stiffness direction: Z axis;

Maximum X displacement value: 0,2421mm.

𝐾𝑍,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹𝑋
𝑓𝑋

= 4130.5𝑁/𝑚𝑚

Torsion stiffness direction: Y axis;

Maximum Z displacement value: 0,0338mm.

𝐾𝑌,𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =
𝑀𝑌

𝜑𝑌
=

𝑀𝑌

sin−1 ൗ𝑑𝑍
𝑙

=
10000𝑁 ∙ 𝑚𝑚

6.26 ∙ 10−4𝑟𝑎𝑑

= 1.60 ∙ 107 𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑

Expectation: lower overall stiffness.



30mm spot welds spacing
Bending stiffness direction: X axis;

Maximum Z displacement value: 29.44mm.

𝐾𝑋,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹𝑧
𝑓𝑧
= 34𝑁/𝑚𝑚

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
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Bending stiffness direction: Z axis;

Maximum X displacement value: 0,2194mm.

𝐾𝑍,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹𝑋
𝑓𝑋

= 4557.9𝑁/𝑚𝑚

Torsion stiffness direction: Y axis;

Maximum Z displacement value: 0,02782mm.

𝐾𝑌,𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =
𝑀𝑌

𝜑𝑌
=

𝑀𝑌

sin−1 ൗ𝑑𝑍
𝑙

=
10000𝑁 ∙ 𝑚𝑚

5.15 ∙ 10−4𝑟𝑎𝑑

= 1.94 ∙ 107 𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑

Expectation: higher overall stiffness.



Conclusions

NMS EXERCISE 4 – Car body T-joint stiffness evaluation
8

Spot weld spacing Bending stiffness
around the X axis

Bending stiffness
around the Z axis

Torsional stiffness
around the Y axis

30mm 34𝑁/𝑚𝑚 4557.9𝑁/𝑚𝑚 1.94 ∙ 107 𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑

50mm 41.1𝑁/𝑚𝑚 4361.1𝑁/𝑚𝑚 1.74 ∙ 107 𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑

70mm 32.9𝑁/𝑚𝑚 4130.5𝑁/𝑚𝑚 1.60 ∙ 107 𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑

Expected trend confirmed by the simulations:
Spot welds number ↑ T-joint global stiffness properties ↑

Enough stiff to comply with
the standards imposed for
crash events

Stiffness high enough to
ensure the whole frame to
behave such as a rigid box
structure

Stiffness around the Z axis >> Stiffness around the X axis



For any question send an e-mail to the following contacts:
Carlo Vittorio Colucci: s329703@studenti.polito.it;
Alessio Covetti: s329876@studenti.polito.it;
Pierpaolo Placida: s323197@studenti.polito.it.

Thanks for your attention!

mailto:s329703@studenti.polito.it
mailto:s329876@studenti.polito.it
mailto:s323197@studenti.polito.it
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