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3 CASE STUDY DESCRIPTION AND SENSITIVITY ANALYSIS 

3.1 BUILDING DESCRIPTION 

The structure is constituted by a series of equal frames in a grid of 8,6 meters. These frames are 
single spanned with 4 floors of different heights, with all junctions clamped. Between those frames 
there are pinned girders of 8,6 meters length. Orthogonally on these girders the floors are formed by 
concrete slabs on trapezoidal sheeting working as lost formwork. Shear connectors are used between 
the pinned girders and the concrete slabs. 
 

 

Figure 3–1: 3D-View building and ramp 

 
In this figure on the left side it is shown the triangular end of the building, which provides a higher 
stiffness to the structure. The ramp is clamped to the frame columns at different heights from zero at 
the frame on the left side until 4,13 meters from base at the frame on the right side. 
 
The stiffness of  a bending element depends on the following parameters: 

• length 
• cross-section 
• restraints 
• material 
• mass distribution and 
• orientation 

of the bending element. 
 
As the length of  the structural elements is very well defined, it will not be considered as variable. The 
cross-sections and the orientation are known as well, so the parameters to vary are: 

• clamping ratios 
• specific weight of steel and concrete 
• concrete´s Young´s modulus and 
• mass distribution 
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3.2 CONCRETE SLABS 

The floors are constituted by concrete slabs on trapezoidal sheeting working as lost formwork: 

 

Figure 3–2: Trapezoidal sheeting 

   

 

Figure 3–3: Sheeting´s dimensions 

 
The height of  the slab, including mortars and pavement, is about 20+6 centimetres. As the sheeting 
might be deformed, the exact cross-section is slightly variable. Additionally the specific weight of the 
concrete can vary along the structure because of different ingredients, mixtures, treatments, etc. In 
this project the specific weight was varied from 22 to 25 kiloNewtons per cubic meter (kN/m³). 
 
Other parameters to vary are the concrete´s Young´s modulus and the permanent load assigned to 
the slab. The Young´s modulus was varied as a function of n, which is the quotient of 

 
concreteulussYoung

steelulussYoung
n

_mod´

_mod_´
= . Taking the Young´s modulus of steel as 210.000 Newtons 

per square millimetre, n was varied from 6 (210.000/6 = 35.000 N/mm²) until 10 (210.000/10 = 
21.000 N/mm²). The concrete´s specific mass was varied from 22 to 25 kN/m³. 
 
The first three Eigenfrequencies were calculated as shown: 
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Figure 3–4: 1st Eigenfrequencies concrete slabs 

 
As expected, the less mass and the higher the E-modulus, the higher is the first Eigenfrequency. 
 
In single-spanned beams, the second Eigenfrequency is between 2,75 and 4 times the first 
Eigenfrequency. In this case it is assumed a continuous beam of 7 spans, as indicated in the figure 
below. The span direction is equal to the frame direction, orthogonally to it the pinned girders. These 
girders represent the restraints for the continuous beam. 
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Figure 3–5: Floor plan with concrete slab span direction indicated 

 
Assuming a continuous beam of constant stiffness, the relation between the Eigenfrequencies is 
different and the modes show more similarity than in a single-spanned beam. The first mode shows 
the minimum of inflection points, which is the number of spans minus one. In this case of 7 spans, 
there are 6 inflection points, observe the figure below. The restraints represent the orthogonal steel 
profiles IPE 330, assumed as rigid bodies. 

 

 

Figure 3–6: Bending moment over deformed continuous beam in first mode 

 
The figure shows the bending moment for the first mode over the deformed beam. The second mode 
has 7 inflection points, which leads to a different distribution of moments and deformations, observe 
the figure below. 

 

Figure 3–7: Bending moment over deformed continuous beam in second mode 

 
The third mode has 8 inflection points, the following modes continue this scheme. As mentioned 
before, the difference between one mode and the next is less in continuous beams than in single-
spanned ones. 

 

Figure 3–8: Bending moment over deformed continuous beam in third mode 

 
With the aim of taking in account this phenomenon, the second and third modes were calculated as 
well: 

 

span  
direction 
concrete 
slab 
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Figure 3–9: 2nd Eigenfrequencies concrete slabs 
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Figure 3–10: 3rd Eigenfrequencies concrete slabs 

 
From now on, frequencies between 45 and 62 Hz can be assigned to the concrete slabs as their 
Eigenfrequency. 
 
If the steel profiles IPE 330, which are represented as restraints, are supposed as springs, the model 
and its modes change: 

 

Figure 3–11: Beam on springs representing steel girders 

 
In this case, the Eigenfrequencies descend, while the modes change: The first mode now has just one 
inflection point, see figure below. Assuming these restraints as rigid, there were 6 inflection points. 
The frequency is about 16 per cent lower in case of springs compared to rigid restraints. 

symmetry edge 
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Figure 3–12: 1st mode when simulating IPE 330 as springs for concrete slab 

 
The second mode has two inflection points now: 

 

Figure 3–13: 2nd mode when simulating IPE 330 as springs for concrete slab 

 
Finally, the third mode shows some similarity to a single span beam: 

 

Figure 3–14: 3rd mode when simulating IPE 330 as springs for concrete slab 

 
So not just changes the frequency, but also the deformation. This makes possible to distinguish 
between those assumptions, measuring at different points and comparing the movements. 

3.3 MIXED BEAMS 

The floors are constituted by concrete slabs on trapezoidal sheeting working as lost formwork. This 
can be modelled as a mixed beam, with the metallic profile, a gap which represents the trapezoidal 
sheeting, and the concrete: 

 

Figure 3–15: Mixed beam 

 
While the steel profile is very well defined, the concrete again includes more uncertainties; its specific 
weight and its Young´s Modulus scatter. In this case the restraints are a parameter to vary too. The 
restraints were  designed as pinned ends: 
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Figure 3–16: Detail restraint steel profile 

 
Although the flanges are not connected, the bolts and the concrete layer above make the beam semi-
continuous. The clamping ratio is low because of the length and stiffness of the mixed beam. This 
relation causes that the mixed beams behave like a series of single-spanned beams. 
 
With the following data a comparison was done using the calculation programme SAP2000®:  

 

Figure 3–17: Continuous beam of 9 mixed beam elements 

 
profile IPE 330, made of steel S235, Es = 210.000 N/mm2 
gap of 6 cm 
concrete layer of 20 cm, n = 7, so Ec = 30.000 N/mm2, γ = 25 kN/m3 
beam width 2,45 m 
span width 8,6 m (9 spans) 
permanent load of 1 kN/m² 
total load 17,03 kN/m 
 
The first Eigenfrequency was calculated to 4,65 Hz. 

 

Figure 3–18: Bending moment over deformed continuous beam in first mode 

 
Cutting the continuous beam to a single spanned beam of equal characteristics (loads, stiffness, etc.) 
conserving all program adjustments, the first Eigenfrequency was calculated to 4,65 Hz as well. This 
shows that in this particular case the clamping ratio does not have importance in the dynamical 
behaviour of the mixed beam.  

 

Figure 3–19: Bending moment over deformed single span beam in first mode 

 
The second Eigenfrequency of the continuous beam was calculated to 4,81 Hz. 
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Figure 3–20: Bending moment over deformed continuous beam in second mode 

 
By changing the specific weight of the concrete from 25 to 23 kN/m3, which could represent the actual 
case, the first Eigenfrequency increases to 4,81 Hz as well. So when measuring the vibrations in situ, 
it will be necessary to compare displacements in different spans at the same time in order to 
distinguish the Eigenmodes. 
 
In single spanned beams the modes show very different frequencies, thus it is easier to distinguish 
between them. 
 
From now on, frequencies between 4,6 and 4,8 Hz can be assigned to the mixed beams as 
Eigenfrequency. 

3.4 FRAME BEAMS 

The frame consists of columns and beams with all junctions designed as clamped joints: 

 

Figure 3–21: Detail junction frame elements 

 
The material is very well known, the parameters to vary in the sensitivity analysis are: 

• loads applied and 
• clamping ratio 

 
The applied loads are: 

• 1 kN/m2 at all floors except the roof, representing the office equipment 
• 5 cm of gravel on the roof floor 

 



3 Case Study Description and Sensitivity Analysis 

 

 - 23 - 

       

Figure 3–22: Clamping ratio frame beams 

 
For a static load the clamping moment was calculated for each floor, and then put in relation to a 
clamping moment of a clamped beam, as to say without flexible columns. The clamping ratios 
resulted: 
 

Floor Clamping ratio 
1 88,0% 
2 90,8% 
3 92,2% 
4 76,5% 

Figure 3–23: Table Clamping ratio in frame beams per floor 

 
With these clamping ratios taken in account, the first Eigenfrequencies were calculated for a variety of 
loads. This variation was carried out by adopting different specific weights of the concrete which 
forms the floor slabs. Another way to vary the load would have been adopting different live loads. The 
effect of the concrete weight over the load to apply was stronger in this particular case. 
 

 

Figure 3–24: Eigenfrequencies frame beams per floor frames 2 – 8 

 
The first 3 floors show similar clamping ratios, thus the dynamic systems are similar; the loads are 
equal. That is why their Eigenfrequencies are similar. As expected, the frequency is lower with rising 
loads. 
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The roof floor has more loads applied and are more flexible springs. Thus, the frequency is higher at 
this floor, although the beam has a higher second moment of inertia. 
 
From now on, frequencies between 3,7 and 4,3 Hz can be assigned to the frame beams of the first 3 
floors as Eigenfrequencies. Frequencies from 3,5 to 3,7 Hz can be assigned to the frame beams of the 
roof floor as its Eigenfrequencies. 
 
Vibration problems are documented in upper floors and where the ramp is higher. Thus, the frames 
on the other building´s end, which form a stiffer triangle, are considered less important. For the same 
reasons, the last frame on the “right side”, is considered important to study deeply. In difference to 
the other frames, the load has half the value, which leads to different vibration characteristics. As the 
stiffness is equal, the frequencies raise with factor 1,41 (square root of two). 
 

 

Figure 3–25: Eigenfrequencies frame beams per floor frame 1 

3.5 FRAMES 

The frame has many Eigenmodes with movements in gravity and mainly horizontal direction. Thus, 
the measurement in situ will have to be at least biaxial in order to capture vertical vibrations of the 
floor elements and horizontal vibrations of the frames. 
 
A frame was modelled with the characteristics described before, and submitted to a variation of loads 
equal to the chapters before:  

• specific concrete weight from 22 to 25 kN/m3 
• gravel height (on roof) from 3 to 6 centimetres 

 
The first twelve Eigenmodes showed the following nodal displacements and frequencies: 
 

Frequencies (Hz) γc (kN/m3) 
susceptible to the excitation typeMode 22 23 24 25 

1 0,95 0,92 0,90 0,88 x 
2 3,64 3,54 3,43 3,32   
3 3,65 3,56 3,48 3,40 x 
4 3,71 3,62 3,55 3,49 x 
5 3,85 3,78 3,71 3,64   
6 3,89 3,81 3,74 3,68 x 
7 5,99 5,86 5,74 5,63 x 
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8 9,00 8,79 8,58 8,39 x 
9 9,69 9,48 9,27 9,08 x 
10 10,28 10,07 9,87 9,68 x 
11 10,67 10,48 10,29 10,12 x 
12 11,92 11,60 11,31 11,06   

gravel height (cm) 3 4 5 6   

Figure 3–26: Table Eigenfrequencies in frames 

 

  
Mode 1: 0,88 – 0,95 Hz Mode 2: 3,32 – 3,64 Hz Mode 3: 3,40 – 3,65 Hz 

   

Mode 4: 3,49 – 3,71 Hz Mode 5: 3,64 – 3,85 Hz Mode 6: 3,68 – 3,89 Hz 

   
Mode 7: 5,63 – 5,99 Hz Mode 8: 8,93 – 9,00 Hz Mode 9: 9,08 – 9,69 Hz 

   
Mode 10: 9,68 – 10,28 Hz Mode 11: 10,12 – 10,67 Hz Mode 12: 11,06 – 11,92 Hz 

Figure 3–27: Deformation schemes first 12 modes 
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In order to distinguish the modes, while measuring in situ it is helpful to place sensors on significant 
structural nodes and to compare their displacements at equal time steps. These sensors should be at 
least biaxial to reproduce vertical and horizontal movements. 
 
Similar to the anterior chapter, frame number one (at the building´s end) deserves special 
attendance, as here the loads are less, but the ramp joint is higher than in any other point, which 
leads to a more efficient excitation. Thus this frame was modelled with the ramp linked, under equal 
conditions as the other frames. 
 

 

Figure 3–28: One Eigenmode 1st frame with ramp, f = 10,89 - 11,47 Hz 

 
The 8th Eigenmode has its frequency near to the ramp´s Eigenfrequency, calculated to 10,20 - 11,23 
Hz, see next paragraph. 

3.6 RAMP 

The ramp consists of 7 longitudinal profiles IPE 550 sustaining a trapezoidal sheeting as described in 
anterior chapters which served as lost framework for the 22 + 6 centimetres thick concrete slab. 
Originally this concrete slab was paved with an asphalt layer of 10 centimetres. Because of filtration 
problems adaption works were executed on the ramp, replacing the asphalt layer with a layer of 
reinforced concrete of the same thickness. This concrete is combined with the existing slab by means 
of shear connectors in order to raise the overall stiffness. 
 

 

Figure 3–29: Working joint ramp 

   

Figure 3–30: Pouring the new concrete top-layer 

 
In accordance to the building, the frames which sustain the ramp are located every 8,6 metres. The 
transversal beam is a combination of an HEB-280 with an HEB-700 welded above: 
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Figure 3–31: Transversal ramp profile 

 

   

Figure 3–32: Ramp column 

 
 
With the following data a comparison was done using the calculation programme SAP2000®:  

 

Figure 3–33: Continuous beam of 9 mixed beam elements 

profile IPE 550, made of steel S235, Es = 210.000 N/mm2 
gap of 6 cm 
concrete layer of 22 cm, n = 7, so Ec = 30.000 N/mm2, γ = 23 kN/m3 
asphalt layer of 10 cm, n = 14, so Ec = 15.000 N/mm², γ = 24 kN/m³ 
span width 8,6 m (9 spans) 
total load 90,66 kN/m 
 
The first Eigenfrequency was calculated to 10,79 Hz. 

 

Figure 3–34: Bending moment over deformed continuous beam in first mode 

 
Cutting the continuous beam to a single spanned beam of equal characteristics (loads, stiffness, etc.) 
conserving all program adjustments, the first Eigenfrequency was calculated to 10,79 Hz as well. This 
shows that in this particular case the clamping ratio does not have importance in the dynamical 
behaviour of the mixed beam. 
 
Assuming that the asphalt layer for dynamic loading works as a load-bearing member too, four 
parameters can vary in order to realize a sensitivity analysis: 

• the concrete´s specific weight 
• the asphalt´s specific weight 
• the concrete´s Young´s modulus 
• the asphalt´s Young´s modulus 

 
With the aim to abstract the asphalt´s specific weight was defined as constant with 24 kN/m3. The 
asphalt´s Young´s modulus is linked to the concrete´s Young´s modulus in order to make visible the 
effects on the first Eigenfrequency: 
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Frequencies (Hz) for Easphalt = Econcrete/2 Frequencies (Hz) for Easphalt = Econcrete/3 

Ea = Ec/2 Ec 
γc (kN/m3) 21000 23333 26250 30000 35000

22 10,72 10,73 10,76 10,81 10,90
23 10,56 10,58 10,60 10,65 10,74
24 10,42 10,43 10,46 10,51 10,59
25 10,28 10,29 10,32 10,37 10,45

 

Ea = Ec/3 Ec 
γc (kN/m3) 21000 23333 26250 30000 35000

22 10,54 10,54 10,55 10,58 10,64
23 10,39 10,39 10,40 10,43 10,49
24 10,25 10,25 10,26 10,28 10,34
25 10,11 10,11 10,12 10,15 10,20

Figure 3–35: Table calculated Eigenfrequencies original ramp 

The influence of masses and Young´s modulus is very little. This can be explained by the strong 
dependence of the mixed beam on its steel girder and its geometry. The total stiffness is the sum of 
the partial stiffnesses (steel girder, concrete slab, asphalt layer) and Steiner-parts. The Steiner-parts 
change little when varying Young´s modulus and specific weights of concrete and asphalt layer; the 
contribution of the steel girder is constant. 
 
After the substitution of asphalt by concrete is executed, the Young´s modulus and specific weight of 
the top layer (asphalt – concrete) changes, the stiffness raises more than the load, thus, the 
frequency should raise as well: 

 
Frequencies (Hz) for Econcrete1 = Econcrete2 

Ea = Ec Ec 
γc (kN/m3) 21000 23333 26250 30000 35000 

22 11,23 11,27 11,34 11,44 11,60 
23 11,00 11,04 11,11 11,21 11,37 
24 10,79 10,83 10,89 10,99 11,15 
25 10,59 10,63 10,69 10,79 10,94 

Figure 3–36: Table calculated Eigenfrequencies altered ramp 

 
Effectively, the first Eigenfrequencies are higher for this case. It is to note that the number of 
variables is higher than the number of equations, so there is an infinite amount of solutions. If one 
frequency is defined by measurement, many combinations of loads (specific weight) and stiffnesses 
(Young´s modulus of concrete layers) can be found to match theoretical and measured value. 

3.7 STAIRS AND HOISTWAYS 

In the building there are 2 pairs of stairs and hoistways. The stair profiles are welded to the structure, 
which creates a structural interaction or reinforcement for both of them. As there is no vibration 
problem documented in the stairs, it is only considered the effect of the stairs on the structure, while 
inner movements of the stairs are not investigated. 
 
The hoistways neither add masses nor stiffness to the dynamic system; consequently they are 
assumed as dynamically independent from the building´s structure. 
 


