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Exercise 1: Plane frame

Calculate the natural frequencies and modes of the plane frame in the figure. Perform a modal
analysis and direct integration. Use a dynamic load frequency with the values w, = 0.75w;,
1.0w; and 1.25w;, where w; is the principal natural frequency.
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Figure 1: Plane Frame

Solution:

1.1. Purpose of the exercise

The objective of this exercise is perform a modal analysis of the frame. Firstly, we will find the
natural frequencies and modes of the plane frame. This is followed by analysing the frame with
application of a point sinusoidal load to understand its behaviour.

1.2 Free vibrations: Natural frequencies

1.2.1 Pre-processing
(i) Geometry

The first step of pre-processing is to model the geometry as per the given dimensions in Ram-
Series as shown in Figure 2.
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Figure 2: Defining the geometry

(ii) Data

Once the geometry is defined, we apply the given data to the model.

Boundary Conditions

Next, we define the boundary conditions as shown in Figures 3 and 4. The bottom nodes of the
frame are fixed in all dofs while the other nodes cannot have a movement in the z-direction or
rotation along x or y-axis. This is the usual condition to solve a plane state problem.

- ,gConslraints ' - K{:onstrainis l
= £ Fixed constraints ~ £ Fixed constraints
- @ [ @] group: Fixed constraints Auto2
[ %Activation I @
b & Values B £ Elastic constraints >
activation m activation m
Activation Activation
X X Constraint X Constraint
X Y Constraint Y Constraint
X Z Constraint X Z Constraint
X Bx Constraint X Bx Constraint
X By Constraint X By Constraint
X Bz Constraint 8z Constraint
Local axes Local axes
points lines ‘ surfaces ‘ volumes points lines H surfaces H volumes
Group: |Fixed constraints Auto2 Group: |Fixed constraints Auto3
QK Cancel OK Cancel
(@ (b)

Figure 3: Boundary conditions - fixed constraint
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L..

Figure 4: Boundary conditions - fixed constraint applied

Material

The material properties of the structure are defined with the given parameters as shown in
Figure 5. For the thickness of the beams, we assign different width parameters for the vertical
and horizontal rectangular sections as shown in the Figures 5(a), 5(b) and 6, respectively.

- (:’ Materials and properties l
= ¢ Materials and properties + 7% Beams
- E‘?Beams - [?Rectaugular section
4 § Rectangular section b [ group: Rectangular section Autol
= [l group: Rectangular section Auto o B L -
Edit Rectangular section Edit Rectangular section

Width y: 23 cm d Width y: 50 cm =
Width z 25 cm T Width z: 25 cm o
Material: User defined b Material: User defined =
E 3elD M/m* - E 3el0 N/m® =
G: 1.25e10 N/m® - G: 1.25¢10 M/m® -
Specific weight: 25000 M/m* = Specific weight: | 23000 N/m* .
Maximum stress: Pa T Maxirnum stress: Pa he
A Local Axes:  Open W -~ Local Axes;  Open ¥

Group: [Rectangular section Auto] Group: |Rectangular section Autod
QK Cancel oK Cancel
(a) Vertical rectangular sections (b) Horizontal rectangular sections

Figure 5: Material properties defined
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Figure 6: Material properties applied
Mesh
In this problem, we consider a mesh of line elements as shown in Figure 7.
Generate mesh n_—

element size

Maximum element size:

mesh criteria delete results

Mesh all surfaces X Delete result files
Mesh surfaces in active layers
#® Mesh using default options

unstructured size transitions

slow fast
@ 0.6 P
¥ | L1
i Generate Cancel
1_. x
(@ (b)

Figure 7: Mesh generated
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Problem type

For the given problem we use Dynamic Analysis as the analysis type in Ramseries Structural
analysis. To choose the analysis data, we use two specific data specific to the problem we are
solving. As discussed earlier, first we obtain the natural frequencies and modes of plane frame
and later analyse the dynamic response under the influence of a sinusoidal point load. For the
first part of this exercise to find the natural frequencies of the problem, we select the modal
analysis data ‘Only calculate natural freqgs: 1’ as shown in Figure 8.

Layers Groups z

s -

b 4+ Simulation data
i ﬁGeneral data
b+ (o Analysis
= }_D}fnamic analysis data
-
[ ] Type: Modal analysis
] Only calculate natural fregs.: 1
1Ak Qs
[ Mumber of steps: 0
[] Type of modal analysis: Mumber of modes
[ Mumber of modes: 10

(] Compute all modes: [

Figure 8: Modal analysis data: Free vibrations case

1.2.2 Post-processing: Free vibrations

In this section, we show the solution of the free vibrations case in Figure 9. The first six
modes of vibration of the frame are shown in Figures 10-15.

Meshes i Preferencer Time step p 4
i Limits: il il P -
~ ik Modes

> 4= Mode 1 (freq.: 4.229)
> 4= Mode 2 (freq.: 12.56)
» 4= Mode 3 (freq.: 19.6)
? 4= Mode 4 (freq.: 43.3)
> 4= Mode 5 (freq.: 48,18}
» 4= Mode 6 (freq.: 52.33)
> 4= Mode 7 (freq.: 54.99)
» 4= Mode 8 (freq.: 54.99)
> 4= Mode 3 (freq.: 54.99)
» 4= Mode 10 (freq.: 74.16)
&2 Mo result

Figure 9: Result: first ten modes of vibration with natural frequencies
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Figure 10: Result: Mode 1 of vibration with natural frequency of 4.229

Figure 11: Result: Mode 2 of vibration with natural frequency of 12.56
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Figure 13: Result: Mode 4 of vibration with natural frequency of 43.3
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Figure 15: Result: Mode 6 of vibration with natural frequency of 52.53
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1.3 Dynamic response under point load

Problem type

For the second part of this exercise to analyse the behaviour of the frame under point sinusoidal
load, we select the modal analysis data ‘Only calculate natural freqs: 0’. Also, we know that
all modes shown in the previous section are not required in complete dynamic analysis. The
dynamic system is defined with the condition,

where, we consider w;'** = 1.25 w; and w, is the frequency (corresponding to mode 1) found
in the last section. Computing this we get w;'** = 5.28625 and therefore, wy < 21.145. It is
interesting to note that this condition is only satisfied by the first three modes presented above.
Therefore, we need to study these modes for analysing the dynamic response under point load.

To perform this dynamic analysis, we need to specify the time step and total simulation time.
Considering a total time ¢ = 1 s, we need to define a small time step to capture the oscillations
but avoid unnecessary computation time. We use the highest frequency (corresponding to mode
3) satisfying the dynamic condition in our analysis of wy, = 19.6. Therefore, we get,

T 1
At = — — -9 _
20 50 wo 55e — 3 s
and
Number of steps = b_ 1 = 392 steps
P = Nt T 255c—3 P

We specify these data in the general dynamic analysis data as shown in Figure 16.

~ I_D}rnamic analysis data
~ ]_General

[ Type: Modal analysis
]
AR 2.55e-3 5
[ ] Mumber of steps: 392
] Type of modal analysis: Number of modes
[ ] Mumber of modes: 3

] Compute all modes: 0
1] Range of modes, min. value (Hz): 1

] Range of modes, max. value (Hz): 100

Figure 16: Modal analysis data: Dynamic analysis case
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Define load

We define a sinusoidal load for the dynamic analysis at the top-left node (node 4) of the frame
as given in the problem. We specify the required parameters as shown in Figure 17 with varying
frequency field for simulating different casesi.e w, = 0.75w;, 1.0w; and 1.25w;. Next, we define
the value of the load given in the z-direction as shown in Figure 18.

&> Create function for Factor x
Function variables
X Function on time Sinuscidal load -

Sinuscidal load

Amplitude (A): 1.0 T=(2'n)fw
3
Frequency (f): 5.28625 Hz =
Phase angle (©): 0.0 deg |- A /
i
Initial time (t0): 0.0 4 - i0 tI'
End time (t1): ! 5 -
fit)=Asin(2.mf.t+ D)

Figure 17: Define sinusoidal load for dynamic analysis

—= = E E ®m E FE N E EE SN E®E SN ®E SN E®
£ HLoadcases l - -
M Combined LC . .
b mLoadcase'l . .
) ngadCase propertie; : " m m m B EE EEE ESE NN EEENEB® :
+ 4l Punctual load . .
~ % . .
[ 1 Fartar #Simocnidal lnadi it : :
Edit Punctual lcad . .
Factor:  [f(Sinusoidal load)... |Z L] L]
Kforce: (50 kM - . .
¥ forces 0.0 N i
Z force: 00 M - : :
Mz force: 0.0 M- - . .
My force: 0.0 MN.m 5 . .
Mz force: 0.0 M. - . .
y L] L]
L . .
Group: [Punctual load Autol 3 3
H o= .
oK Cancel . .

(@ (b)

Figure 18: Define the point load at top-left node (node 4) of the frame
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1.3.1 Post-processing: Dynamic response

The following figures present the post-processed results for the dynamic analysis by show-
ing the horizontal displacement vs time plots of the left-top node (node 4, where the load was
applied) and the deformation at total time as a representation.

Firstly, considering w, = 0.75w;, we have the results shown in Figure 19. The sinusoidal be-
haviour of the load applied is clearly seen in the results obtained. As the frequency is not equal
to the natural frequency of the structure, the displacements seem to be within an acceptable
range. This is an expected results since the load frequency is not close enough to the natural
frequency of the structure.

Displacements - Disp_X (m) (N=149 P=0,9,0)
Displacements - Disp_X
»

0.05 0.1 015 0.2 0.25 0.3 0.35 04 045 0.5 0.55 0.6 0.65 0.7 075 0.8 0.85 0.9 095
T (seconds)

@

Displacements |Displace
rments| 1 ()

0030015
026681
0.023346
0020011
0.D1BETE

y 0013341
0 10005

d 0.0066703
0.0033351
x o

(b)

Figure 19: Result: Horizontal displacement vs. time plot and deformed surface at total time for w),
= 0.75w; = 3.17175
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Next, we consider the case of w, = w;, which is an interesting case to analyse since the load
frequency is exactly equal to the natural frequency of the structure. It is expected that the
displacement in this case would drastically increase without control due to resonance. In the
resonance phenomenon, the external force drives the structure to oscillate with greater ampli-
tude and could potentially lead to failure. This effect is clearly seen in the results obtained as
shown in Figure 20.

Displacements - Disp_X (m) (N=149 P=0,9.0)

Displacements - Disp_X
3

0.124

0.11
0.084
0.06+
0.044
0.024

-0.024
-0.04
-0.061
-0.084
0.1
-0.124
-0.144 >
0.05 0.1 015 0.2 025 0.3 035 04 045 0.5 055 06 065 0.7 0.75 0.8 0.85 0.9 0.95
T (seconds)
(a)
Displacements |Displace
ments| 1 {mj
0012157
0010842
0. D04 B6G
00081317
0 D0 T 76
0.O0s4211
¥ 0.0040658
] 0.0027 106
0.0013553
1_» X 0
(b)

Figure 20: Result: Horizontal displacement vs. time plot and deformed surface at total time for w,
= w1 = 4.229
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Finally, we analyse the case with w, = 1.25w;. The oscillations in this case are not expected to
increase drastically since the load frequency is not close to the natural frequency of the struc-
ture. As seen in Figure 21, the results show the expected behaviour and the oscillations are
damped with time.

Displacements - Disp_X (m} (N=149 P=0,9,0)

Displacements - Disp_X
3

0.05 0.1 035 0.2 0.25 03 0.35 0.4 045 05 0.55 0.6 0.65 0.7 0.75 0.8 0.85 09 035
T (seconds)

(@

Displacements |Displace
ments| 1 (m}

1.017078
05181
| | 0.013283

0.011388

[.005488
[ 0075404
0.0056928

b 0.0037952
0.0018378
x )

(b)

Figure 21: Result: Horizontal displacement vs. time plot and deformed surface at total time for w,
= 1.25 w; = 5.28625
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Exercise 2: Spatial shell

Calculate the natural frequencies and modes of the spatial shell in the figure. Perform a modal
analysis and direct integration. Use a dynamic load frequency with the values w, = 0.75wy,
1.0w; and 1.25w;, where w; is the principal natural frequency.

4.0m

3.0m

Vi
N\

Figure 22: Spatial shell

Solution:

2.1. Purpose of the exercise

The objective of this exercise is perform a modal analysis of the shell. Firstly, we will find the
natural frequencies and modes of the shell structure. This is followed by analysing the shell
with application of a distributed sinusoidal force to understand its behaviour.

2.2 Free vibrations: Natural frequencies

2.2.1 Pre-processing

(i) Geometry

The first step of pre-processing is to model the geometry as per the given dimensions in Ram-
Series as shown in Figure 23.

15
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Figure 23: Defining the geometry

(ii) Data
Once the geometry is defined, we apply the given data to the model.
Boundary Conditions

Next, we define the boundary conditions with the bottom line of the shell (line 4) is fixed in all
dofs as shown in Figure 24.

~ & Constraints ]
~ gFixed constraints

K Elastic constraints -

activation  yalues

Activation

X X Constraint L
XY Constraint
X Z Constraint
X 6x Constraint 5
X By Constraint
X 6z Constraint

Local axes

points lines surfaces volumes

Gl'c:l.lp:|Fi><Et| constraints Autol

[7]

oK Cancel

(a) (b)

Figure 24: Boundary conditions - fixed constraint
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Material

The material properties of the shell structure are defined with the given parameters as shown

in Figure 25. For the thickness of the structure, we select an isotropic shell in order to define a
thickness of 0.3 m.

e & Materials and properties
> fBeams I
~ 43 Shells

~ 4 Isotropic shell
> [ group: Isotropic shell Autol
“4Q Orthotropic shell -
Edit Isotropic shell

Thickness: 2.2 m @
Material: User defined @
E 3e1q| N/m?* -
v 0.2

Specific weight: | 25000 N/m?* -

A Local Axes:  Open N

Group:|lsotropic shell Autol

OK || Cancel L Y

(a) b)

Figure 25: Material properties defined

Mesh

In this problem, we consider a structured mesh of linear quadrilateral elements as shown in
Figure 26.

Generate mesh n
element size
Maximum element size: || - -
mesh criteria delete results

Mesh all surfaces X Delete result files

Mesh surfaces in active layers
® Mesh using default options

unstructured size transitions

cslow fast
& 0.6 =
I L1
Generate Cancel
(b)

Figure 26: Mesh generated
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Problem type

For the given problem we use Dynamic Analysis as the analysis type in Ramseries Structural
analysis. To choose the analysis data, we use two specific data specific to the problem we are
solving. As discussed earlier, first we obtain the natural frequencies and modes of shell structure
and later analyse the dynamic response under the influence of a sinusoidal distributed load. For
the first part of this exercise to find the natural frequencies of the problem, we select the modal
analysis data ‘Only calculate natural freqgs: 1’ as shown in Figure 27.

“ ]_Dynamic analysis data

i ]_General

] Type: Modal analysis

7] Only calculate natural freqs.: 1

[ ] A0 s

(] Mumber of steps: 10

] Type of modal analysis: Number of modes
1] Mumber of modes: 10

[ Compute all modes: 0

(] Range of modes, min. value (Hz): 1

(] Range of modes, max. value (Hz): 100

Figure 27: Modal analysis data: Free vibrations case

2.2.2 Post-processing: Free vibrations

In this section, we show the solution of the free vibrations case in Figure 28. The first six
modes of vibration of the shell are shown in Figures 29-34.

i Modes
> 4= Mode 1 (freq.: 4.52)
> 4= Mode 2 (freq.: 8.62)
» 4= Mode 3 (freg.: 12.57)
» 4= Mode 4 (freq.: 19.8)
» 4= Mode 5 (freq. 51.06)
> 4= Mode & (freq. 56.34)
» 4= Mode 7 (freq. 71.3)
» 4= Mode 8 (freq.: 83.59)
» 4= Mode 9 (freq. 102.4)
> 4= Mode 10 (freq.: 112.9)

& Min/Max

- 2 No result

Figure 28: Result: first ten modes of vibration with natural frequencies
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¥

Figure 29: Result: Mode 1 of vibration with natural frequency of 4.52

Figure 30: Result: Mode 2 of vibration with natural frequency of 8.62

19
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P

Figure 31: Result: Mode 3 of vibration with natural frequency of 12.57

P

Figure 32: Result: Mode 4 of vibration with natural frequency of 19.8

20
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Figure 33: Result: Mode 5 of vibration with natural frequency of 51.06

P

Figure 34: Result: Mode 6 of vibration with natural frequency of 56.34

21
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2.3 Dynamic response under point load

Problem type

For the second part of this exercise to analyse the behaviour of the shell under distributed sinu-
soidal load, we select the modal analysis data ‘Only calculate natural freqgs: 0’. Also, we know
that all modes shown in the previous section are not required in complete dynamic analysis.
The dynamic system is defined with the condition,

where, we consider w)'** = 1.25 w; and w is the frequency (corresponding to mode 1) found in
the last section. Computing this we get w;**® = 5.65 and therefore, w, < 22.6. It is interesting
to note that this condition is only satisfied by the first four modes presented above. Therefore,
we need to study these modes for analysing the dynamic response under distributed load.

To perform this dynamic analysis, we need to specify the time step and total simulation time.
Considering a total time ¢ = 1 s, we need to define a small time step to capture the oscillations
but avoid unnecessary computation time. We use the highest frequency (corresponding to mode
4) satisfying the dynamic condition in our analysis of wy, = 19.8. Therefore, we get,

At—T— 1 = 2.93 3
T2 Wy T8
and
Number of steps = b_ 1 = 396 steps
DS = At T 253¢—3 P

We specify these data in the general dynamic analysis data as shown in Figure 35.

b I_D}rnamic analysis data
G l_GeneraI

(] Type: Modal analysis
]
(] At 2.53e-3s
(] Number of steps: 396
[_] Type of modal analysis: Number of modes
(] Mumber of modes: 4

[ ] Compute all modes: (
(] Range of modes, min. value (Hz
. .
(] Range of modes, max. value (Hz): 100

Figure 35: Modal analysis data: Dynamic analysis case
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Define load

We define a sinusoidal load for the dynamic analysis on the surface 2 of the structure as given in
the problem. We specify the required parameters as shown in Figure 36 with varying frequency
field for simulating different cases i.e w, = 0.75w;, 1.0w; and 1.25w;. Next, we define the
value of the pressure load given in the negative z-direction and consider the self-weight of the
structure as shown in Figure 37.

&> Create function for Factor *

Function variables

Function on geometry |Triangular load |‘|| View

X Function on time Sinuseidal load - View

Sinusoidal lead

Amplitude (A): 1.0 T=(Z'n)fw
3
Frequency (f): 4.52 Hz v
A
Phase angle (®): 0.0 deg |v o /
Initial time (t0): 0.0 5 - 10 tl'
End time (t1}) 1 5 - \/ \/
ft)=Asin(2mf i+ D)

Ok Cancel

Figure 36: Define sinusoidal load for dynamic analysis

~ M Shells 4 =
~ 4l Pressure load /3’/ .
~ [ - }”/
Edit Pressure load | >
|

Factor: f(Sinuscidal load)... | E |

Load type: global - :
X pressure: 0.0 Pa -

B
¥ pressure: (0.0 Pa @
Z pressure: |-50 kN/m? @
z
Group: |Pressure load Autol C
0K | Cancel by
(a) (b)
~ M Shells
> 4l Pressure load
mBoundar}f pressure load
« 1l Self weight load
...@ 57
Group: |Self weight load Auto2
QK Cancel
()

Figure 37: Define the distributed load on the surface 2 of the structure and considered self-weight.
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2.3.1 Post-processing: Dynamic response

The following figures present the post-processed results for the dynamic analysis by show-
ing the vertical displacement vs time plots of the corner node 1 to represent the surface of load
application and the deformation at total time as a representation.

Firstly, considering w, = 0.75w;, we have the results shown in Figure 38. The sinusoidal be-
haviour of the load applied is clearly seen in the results obtained. As the frequency is not equal
to the natural frequency of the structure, the displacements seem to be within an acceptable
range. This is an expected results since the load frequency is not close enough to the natural
frequency of the structure.

Displacements - Disp_Z (m}) (N=1 P=54.3)

Displacements - Disp_Z
0.254
0.2
0.15
0.1

0.05

-0.05
-0.1
-0.15%
-0.2

-0.25

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 7
T (seconds)

@

isplacements |Displace
ments| 1 (mi

16274
014466
012658
01085
0L0E0413

0072331

0054248

035165

0013083

. o
¥

(b)

Figure 38: Result: z-displacement vs. time plot for w, = 0.75 w; = 3.39
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Next, we consider the case of w, = w;, which is again an interesting case to analyse since the
load frequency is exactly equal to the natural frequency of the structure. It is expected that the
displacement in this case would drastically increase without control due to resonance. As seen
earlier, in the resonance phenomenon, the external force drives the structure to oscillate with
greater amplitude and could potentially lead to failure. This effect is clearly seen in the results

obtained as shown in Figure 39.

Displacements - Disp_Z (m) (N=1 P=543)

Displacements - Disp_Z

0.64
0.51
0.41
0.3
0.21

778e-016
0.1
-D.E-
'0.3'
0.4l
'D.S"
'D.E"

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

@

placements |Displace
ments| 1 (M}

063817
0. 6206
0.54302
046545
0.38787
0.3103

0.23272

0.15515
0077574
o
by

(b)

Figure 39: Result: z-displacement vs. time plot for w, = w; = 4.52

v ]

;
T (seconds)
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Finally, we analyse the case with w, = 1.25w;. The oscillations in this case are not expected to
increase drastically since the load frequency is not close to the natural frequency of the struc-
ture. As seen in Figure 40, the results show the expected behaviour and the oscillations are
damped with time.

Displacements Disp_l%isplacements - Disp_Z (m) (N=1 P=5,4,3)
|..
0.2
0.151
0.1;

0.051

0.1 0.2 0.3 0.4 0.5 0.6 07 0.3 09 N
T (seconds)

(@

placements |Displace
ments| 1 (m}

014841
013152
011543
0.05893%
0.082445%
0. 06536
004847

0. 032938
001645
by —D)

(b)

Figure 40: Result: z-displacement vs. time plot for w, = 1.25 w; = 5.65
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3. Conclusion

In these set of exercises, we analysed the dynamic behaviour of the given structures by first
calculating the natural frequencies and modes of the structures and then performing modal
analysis. Use of dynamic load frequency with different values was understood by the results
obtained where we could analyse the phenomenon of resonance in these structures. Under-
standing the importance of resonance is vital in the field of structural dynamics. It was evident
from these examples that in day-to-day life, every component has to be designed such that it
operates away from their natural frequency to avoid failure.
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