
 

 

Chapter 5 

Dynamic behaviour of a frame in 
2D 
 
 
 
 
 Now that the behaviour of a single element is understood, we can advance in the 
seismic study and consider a frame as the structural system, which is only allowed to 
have in-plane movements. It is the previous step to the analysis of a whole façade and 
later a whole building in 3D. The aims of this chapter are to discuss which stabilizing 
system works best, what is the effect of varying the damping properties and how the 
weight of the roof affects the results.  
 
 
 

5.1 Horizontal stabilization: the need for a 
diagonal member 

 
The horizontal stabilization of a frame, and as a result of the whole façade, is the 

most important thing to consider when applying horizontal loads or ground motions on 
the structure. This stabilization may be done by means of fixed joints, clamped column-
bases or diagonal members crossing the frame, each of them providing different 
stiffness to the structure. Four different systems, as shown in figure 5.1, are analysed in 
this chapter. 

 
It has to be noted that configuration 4 should have two diagonals on the frame, 

but we put just one because they are assumed to not resist any compression force (the 
Euler’s buckling load is 2N). The reason is that when the ground acceleration acts in the 
x-positive direction one diagonal will be tensioned and the other compressed, so only 
the tensioned one will be considered to resist forces, whereas, when the acceleration is 
in the opposite direction, the forces on the diagonal members switch, so it will be the 
other diagonal that will work. Due to the analysis are performed assuming linear elastic 
materials, it is not possible to specify this constitutive relation on the diagonals, so an 
alternative way to model the global behaviour of the frame has to be found. It will 
consist in placing just one diagonal on the frame, with the same constitutive relation in 
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tension and compression. In consequence, the real building will have two diagonals, but 
they are replaced by just one in the computer model.  
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Figure 5. 1 Four methods for the horizontal stabilization of the frame. 1.- Clamped columns, hinged 
threshold. 2.- Hinged columns, fixed threshold. 3.- Fixed columns and threshold. 4.- Hinged columns, 

threshold and the bracing diagonal 

 
All the elements of the frame are made of steel 250, like the cantilever in the 

previous chapter, and its physical properties are shown in table 5.1.  
 

Young’s modulus E = 2.1·1011 Pa 
Density ρ = 7800 kg/m3 
Poisson’s coefficient ν = 0.3 

Table 5. 1 Required steel properties for the analysis 

 
The geometrical characteristics of the steel members are summarized in table 

5.2. The frame is in the x-z coordinate plane, and all the strong axis of the cross-section 
profiles are oriented in y-direction. 

 
 Threshold Columns Diagonal 

Length 1.20 m 2.75 m 3.00 m 
Area A = 1.245·102 mm2 A = 65 x 1 mm2 

Inertia around strong axis Iy = 2.91·105 mm4 Iy = 2.289·104 mm4 
Inertia around weak axis Iz = 4.45·104 mm4 Iz = 5.42 mm4 

Torsional inertia It = 4.62·101 mm4 It = 1·102 mm4 
Table 5. 2 Geometrical properties of the frame 

 
The dynamic loads that will be applied consist in the three types of ground 

motions described in Appendix A, and already used in the previous chapter.  
 
Like in the cantilever, the structural system is assumed to have proportional 

damping. Therefore, a value for the damping ratio ξi must be estimated for every 
eigenmode of vibration. It will be set as 0.05 for every mode. 
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In this case, the criteria to decide if a diagonal member is needed or not will be 
the horizontal displacement of the threshold, since it is the unique common parameter in 
the four configurations. It is meaningless to compare stresses, because the same member 
will behave differently in each configuration. For example, the columns in the frame 
with diagonal will have the axial force as the main stress, whereas in the layout with 
fixed joints the main stress will be the moment or shear force. In consequence, it is 
useless to compare the axial forces in both cases. Therefore, for every frame the 
horizontal displacement of the threshold’s mid-point is obtained applying different 
seismic loads. The results are shown in table 5.3.  

 
 Horizontal Displacement (mm) 

 

Lowest 
Associated 

Eigenfrequency 
(Hz) 

Triangular 
Accelerogram 

Ardal 
Earthquake    

(ag = 8.9 m/s2) 

Eurocode 8     
(ag = 4.8 m/s2) 

Config 1 13.514 0.893 1.83 4.05 
Config 2 9.9869 0.693 3.70 9.14 
Config 3 22.089 0.102 0.52 0.94 
Config 4 45.034 0.008 0.04 0.06 

Table 5. 3 First eigenfrequency and horizontal displacement of the threshold for different methods of 
stabilization and applied ground motions 

 
The basis used in the modal analysis is formed by different types of eigenmodes 

for each frame. Some of them involve horizontal displacement of the threshold, whereas 
some others correspond to flexion of a particular structural member. In table 5.3, the 
lowest eigenfrequency associated with a horizontal displacement mode is included to 
give an idea of the global stiffness of the structure. Their related eigenmodes are shown 
in figures 5.2 to 5.5. In the three frames with no diagonal, the mentioned frequencies are 
also the lowest of all types of vibration. On the other hand, for the last frame, the lowest 
eigenfrequency is associated to the flexion of the diagonal member, figure 5.6. 

 
From table 5.3 it is very clear that the best behaviour, i.e. least displacement, 

corresponds to the stiffest frame, which is the one with diagonals as the bracing 
elements. We may remind that this relationship between stiffness and displacements is 
not always true in a dynamic analysis, since it depends on the frequencies included in 
the excitation signal. In this particular case the presence of a diagonal greatly reduces 
the displacements for three very different kind of ground accelerations, therefore we can 
assure that the stabilization of the frame with diagonals is better against seismic loading 
than performing fixed joints. 
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Figure 5. 2 First eigenmode of vibration of the frame with fixed columns and hinged joints, f = 13.514 Hz 

 

 
Figure 5. 3 First eigenmode of vibration of the frame with hinged columns and fixed joints, f = 9.9869 Hz 
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Figure 5. 4 First eigenmode of vibration of the frame with fixed columns and joints, f = 22.089 Hz 

 

 
Figure 5. 5 Second vibration mode of the frame with a bracing diagonal, f = 45.034 Hz 

 

 

57 



Dynamic behaviour of a frame in 2D 

 
Figure 5. 6 First vibration mode of the frame with a bracing diagonal, f = 16.927 Hz 

 
Figure 5. 7 Deformed shape of the frame with one diagonal when the Eurocode load is applied. The scale 

factor for the displacements is 1000. 

 
 Although this good response, the bracing with diagonals is not perfect. If the 
deformed shape is plotted, figure 5.7, it is seen that the maximum displacements take 
place in the centre of the diagonal. It is because the diagonal is simply supported at both 
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edges, so it behaves as a supported beam, and has very low inertia around the strong 
axis. The result is a lower eigenfrequency for the vibration of only the diagonal member 
than for the side-vibration of the whole frame. Therefore, the diagonal is more affected 
by common seismic excitations, which means that larger values of Sa will be used in the 
calculation. 
 
Another consequence of this large deformation is that moments and shear forces appear 
in the diagonal member, while only axial forces are desired. It will be seen in section 
5.3 that these problems with the diagonal are no longer important when taking into 
account the weight of the roof. 
 
 
 

5.2 Damping ratio variation 
 
 When studying the cantilever, many of the design parameters had been modified 
to evaluate their influence in the behaviour of the structure. In the discussion below it 
will be done for the damping ratio and the frame with diagonal. 
 
 It is known that for most of the structures the damping ratio must be in the range 
from 2 to 20%. It may seem a too wide range of variation, in consequence it is 
interesting to analyse if the response of the structure can also vary by a factor of 10 or 
higher. 
 
 First, all the modal ratios will be modified in the same way (ξ1 = … = ξn = 0.02 
to 0.20), and later the effect of varying only one of them will be considered, too. Only 
the results corresponding to ξ = 0.02, 0.05, 0.10 and 0.20 should be given, because the 
response spectrum curves have been defined for this damping ratios. The value of Sa(ω,ξ) 
for another ratio is the linear interpolation between the closest curves. Regarding this 
remark, the variation of displacements and axial forces due to the modification of all 
damping ratios is shown in table 5.4. 
 

Triangular Accel.  Ardal Earthquake Eurocode 8 Damping Ratios (ξi) Threshold Horizontal Displacement (mm) 
0.02 8.46·10-3 6.90·10-2 5.12·10-2 
0.05 8.14·10-3 6.64·10-2 4.50·10-2 
0.10 7.70·10-3 6.55·10-2 4.07·10-2 
0.20 7.31·10-3 6.58·10-2 3.80·10-2 

 Diagonal Maximum Displacement (mm) 
0.02 0.30 2.80 1.23 
0.05 0.26 2.22 0.98 
0.10 0.21 1.85 0.80 
0.20 0.17 1.49 0.65 

 Diagonal Axial Force (N) 
0.02 10.81 88.00 65.68 
0.05 10.42 84.97 57.74 
0.10 9.87 83.90 52.31 
0.20 9.38 84.42 48.77 

Table 5. 4 Evolution of the displacements and axial forces when all modal damping ratios are modified 
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As expected, all variables decrease when the damping ratio increases, except in 
two cases. It is also common in all examples that the greatest difference lays between 2 
and 5%, in such a way that displacements and forces corresponding to ξ = 0.05 can be 
thought as an average results for 0.02 and 0.20. This fact can be seen in figure 5.8, 
where the evolution of the threshold’s horizontal displacement for the Eurocode seismic 
load is plotted as an example.  
 

 
Figure 5. 8 Evolution of the horizontal displacement due to the variation of the modal damping ratios, the 

Eurocode seismic load is applied 

 
The particular case in which the displacement and axial force increase for a more 

damped structure, changing from 0.10 to 0.20, and applying the real earthquake is not a 
mistake of analysis. The justification can be found in section 3.5, where it was 
explained that the used coefficient in the modal combination, CQC, is an approximation 
to what it should be for real earthquakes. Moreover, this simplification becomes less 
accurate for higher damping ratios. These two facts together lead to an erroneous result 
of the displacement and axial force. 

 
In conclusion, to be in the safe side in a design task, the unknown damping 

should be estimated as 2%, whereas the values for 5% are more representative of the 
average structural behaviour. 

 
 It is not true that the damping ratio for all eigenmodes is the same, actually, it is 
common that modes with higher eigenfrequency also have higher damping ratio. 
Besides, the modification of some characteristics of the frame can influence just few of 
the modal ratios ξi. An example in this case would be the modification of the diagonal 
member joints, which would only affect the first eigenmode, flexion of the diagonal. 
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Another possible case is the addition of dampers at the column base, then ξ2 would be 
the one to be modified.  
 
 For these reasons, displacements and axial forces have been calculated again, but 
this time varying only one of the ratios and setting all the others to 0.05. Table 5.5 
summarizes the results showing the influence of ξ1 and table 5.6 does the same for ξ2. 
Comparing these two tables, it is easily conclude that the maximum displacement of the 
diagonal only depends on ξ1, whereas the threshold displacement and axial force mainly 
depend on ξ2 but also having significant influence from the first eigenmode. 
 

Triangular Accel.  Ardal Earthquake Eurocode 8 First Mode Damping 
Ratio (ξ1) Threshold Horizontal Displacement (mm) 

0.02 8.30·10-3 6.90·10-2 4.57·10-2 
0.05 8.14·10-3 6.64·10-2 4.50·10-2 
0.10 7.98·10-3 6.51·10-2 4.46·10-2 
0.20 7.89·10-3 6.41·10-2 4.44·10-2 

 Diagonal Maximum Displacement (mm) 
0.02 0.30 2.80 1.23 
0.05 0.26 2.22 0.98 
0.10 0.21 1.85 0.80 
0.20 0.17 1.49 0.65 

 Diagonal Axial Force (N) 
0.02 10.61 88.00 58.58 
0.05 10.42 84.97 57.74 
0.10 10.24 83.44 57.27 
0.20 10.13 82.28 57.00 

Table 5. 5 Evolution of the displacements and axial forces when ξ1 is modified 

 
Triangular Accel.  Ardal Earthquake Eurocode 8 Second Mode 

Damping Ratio (ξ2) Threshold Horizontal Displacement (mm) 
0.02 8.29·10-3 6.64·10-2 5.05·10-2 
0.05 8.14·10-3 6.64·10-2 4.50·10-2 
0.10 7.84·10-3 6.64·10-2 4.11·10-2 
0.20 7.44·10-3 6.68·10-2 3.81·10-2 

 Diagonal Maximum Displacement (mm) 
0.02 0.26 2.22 0.98 
0.05 0.26 2.22 0.98 
0.10 0.26 2.22 0.98 
0.20 0.26 2.22 0.98 

 Diagonal Axial Force (N) 
0.02 10.62 85.26 64.87 
0.05 10.42 84.97 57.74 
0.10 10.03 84.37 52.70 
0.20 9.52 84.46 48.82 

Table 5. 6 Evolution of the displacements and axial forces when ξ2 is modified 
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 It might seem surprising that the force on the diagonal has not the same response 
as the displacement. This is because the displacement is related to flexion of the strap, 
first vibration mode, while the force corresponds to an elongation of the diagonal due to 
the horizontal displacement of the threshold, second eigenmode.  
 
 
 

5.3 Roof weight 
 
 Another question that we must answer is if the weight of the roof, beared by the 
threshold, can be neglected or not in the dynamic behaviour of the frame. 
 

Thus, next is to calculate the total mass resting on each frame. The roof is 
assumed to be supported only by the two long façades, and to know the weight 
supported by each frame the distance between these opposite façades is required, which 
is estimated to be 10 m. Also the density of the roof is needed, which is equal to 50 
kg/m2. All these parameters are shown in the sketch of the roof in figure 5.9. 

 

roof weight = 50 Kg/m²

1,2 m

10
 m

 
Figure 5. 9 Scheme of the roof to calculate the mass beared by each frame 

 
The total mass to be added in the computer model of the frame is: 
 

2 10M 50kg/m · m·1.2m  300kg
2roof = =  

 
Comparing this result with the total mass of the threshold, 1.17 kg, it can be 

assured, with no mistake, that the behaviour of the frame will be highly influenced by 
the consideration of the roof. The main modification is found in the eigenmodes that are 
included in the basis for the mode superposition analysis. The lowest eigenfrequency is 
significantly reduced, from 16.927 to 6.5359 Hz. As seen in section 4.3, when the mass 
of a constant structural configuration increases, the eigenfrequencies decrease. But there 
is another change concerning the type of associated vibration mode. The first mode is 
now related to a horizontal displacement of the threshold, as seen in figure 5.10, instead 
of the flexion of the diagonal member. This lowest eigenmode is very similar to the 
dynamic behaviour of a single degree of freedom (SDOF) system, such as a cantilever 
with a concentrated mass on the free edge. 
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Figure 5. 10 First eigenmode of the x-braced frame considering the roof weight, f = 6.5359 Hz 

 
From the rest of modes in the basis, it has to be remarked that the third one is the 

vibration of only the diagonal strap. Due to there are no variations in its properties when 
including the roof weight, the frequency in both cases is nearly the same, 16.993 Hz 
with the added mass and 16.927 for the original frame. 

 
The same discussion above can be applied to the other eigenmodes. Either new 

ones appear with lower frequencies or they stay the same like the vibration of the 
diagonal. However, all of them have large ωi, therefore their influence on the result will 
be too small to analyse them in detail. This low influence is because of a very small 
combination coefficient in the CQC (ωi >> ω1) and a small value of the response 
spectrum, Sa(ωi), when acting common ground accelerations. 

 
The structure is loaded with the three different types of seismic excitation, 

obtaining almost the same deformed shape in all cases, just differing in a scale factor on 
the horizontal displacement. This equality is absolutely true for the Eurocode and real 
excitations, whereas for the triangular signal a flexion of the diagonal is added, because 
the vibration frequency of the diagonal (16.993 Hz) is close to the main frequency of the 
signal (12.5 Hz). The deformed shape of the frame for the Eurocode response spectrum 
is shown in figure 5.11 as an example and the values of the threshold’s horizontal 
displacement for all the seismic actions is given in table 5.7. 

 
 Horizontal Displacement (mm) 

Triangular Accelerogram 0.45 
Ardal Earthquake 11.8 

Eurocode 8 (ag = 4.8 m/s2) 7.10 
Table 5. 7 Horizontal displacement of the threshold, considering the roof weight in the analysis 
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Figure 5. 11 Deformed shape of the x-braced frame considering the roof weight when the Eurocode load 

is applied. The scale factor for the displacements is 100. 

 
The existing resonance with a secondary mode when applying the triangular 

accelerogram is not expected for real earthquakes. Thus, the conclusion is that the 
general response of a frame bearing the roof weight is controlled by the first eigenmode, 
which consists in a horizontal displacement of the threshold.  

 
Next step is considering the consequences of this displacement on the stress 

field. It can be seen in the deformed shape, figure 5.11, that all the frame elements 
remain straight when ground accelerations act on the structure. This means that they 
have mainly suffered rotation, which does not cause any stress because all joints are 
hinged, and extension or shrinkage, which originates axial forces on the profiles.  

 
This is exactly the desired result, since the shear forces and moments on the 

diagonal strap will be small enough to be neglected, when compared with the axial 
forces that has to be resisted. This statement will be assured by following the previous 
example, using the Eurocode seismic load, and giving the value of the maximum forces 
on each element. These results are summarized in table 5.8. From this table of results it 
is also seen that a preliminary design or verification of the columns and threshold can be 
done regarding only to the axial force.  

 
 Axial Force (kN) Shear Force (kN) Moment (kN·m) 

Diagonal 9.1 0.006 0.004 
Threshold 3.5 0.178 0.050 
Columns 8.5 0.012 0.007 

Table 5. 8 Internal forces on the frame elements for the Eurocode response spectrum 
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5.4 Different configurations of the bracing 
elements 

 
 It was shown in section 5.1 that the best way of horizontally stabilise a frame is 
using diagonal bracing elements. Due to this importance, the seismic behaviour of 
different choices on their design is checked. This analysis is done as in previous cases, 
obtaining horizontal displacements and axial forces on the members. The main goals 
are: 

• Influence of the column base boundary conditions. 
• Influence of the diagonal member width. 
• Influence of adding a second diagonal or an extra column in the middle of the 

frame. 
 

When a second diagonal is added to the computer model, it is defined to work in 
tension and compression following the same elastic and linear constitutive equation. 
Previously, it has been said that this behaviour of the diagonal straps is not possible due 
to their small buckling resistance (2 N). Therefore, the aim of including this additional 
diagonal member in some of the seismic analysis is to clearly show that, in order to 
obtain realistic displacements and stresses, it must be neglected.  

 
The material properties of the frame do not vary from the previous sections, 

neither do the dimensions and cross-section constants, so they can be looked up in 
tables 5.1 and 5.2. Only the cross-section of the diagonal is variable, its width can take 
the values 65, 100 and 150 mm., whereas the thickness is constant and equal to 1 mm. 
One more fact has to be remarked: the roof weight supported by the threshold is taken 
into account; we refer to section 5.3 for a more detailed explanation.  

 
 A total of six frames, shown in figure 5.12, have been used for the mentioned 
purposes. The first step in all cases, as in every modal superposition analysis, is to 
identify the lowest eigenmodes of vibration. A very similar behaviour for the six frames 
has been obtained, thus the lowest mode of vibration corresponds to a horizontal 
displacement of the threshold. It is due to the consideration of the roof weight, as it has 
been explained in section 5.3. All the other eigenmodes are the in-plane flexion of the 
frame members (columns, diagonal and threshold).  
 

654321
 

Figure 5. 12 Configuration of the different bracing units being analysed. 1.- 1 diagonal, hinged columns. 
2.- 1 diagonal, clamped columns. 3.- 2 joined diagonals, hinged columns. 4.- 1 diagonal joined to the 

centre column, hinged columns 5.- 2 diagonals joined to the centre column, hinged columns. 6.- 2 
diagonals not joined, hinged columns. 
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 A total of 18 eigenvalues calculations have been carried out, corresponding to 
three widths per each configuration of the frame. All the obtained lowest frequencies are 
summarized in table 5.9. On the other hand, the vibration modes are all of them nearly 
the same. Therefore, just some of the deformed shapes will be shown, those significant 
for the explanation of the bracing configuration. 
 

 Diagonal 
Width (mm) 

Lowest 
Eigenfrequency 

(Hz) 
 Diagonal 

Width (mm) 

Lowest 
Eigenfrequency 

(Hz) 
65 6.5359 65 6.5894 
100 7.5137 100 7.6109 Config 1 
150 8.3861 

Config 4 
150 8.5557 

65 6.6521 65 9.2645 
100 7.6157 100 10.674 Config 2 
150 8.4780 

Config 5 
150 11.973 

65 9.2617 65 9.2524 
100 10.665 100 10.643 Config 3 
150 11.956 

Config 6 
150 11.887 

Table 5. 9 Lowest eigenfrequency for all the different braced frames and widths of the diagonal 

 
 Starting with the variation of the diagonal width, it has to be said that it does not 
significantly affect the shape of the vibration mode, whereas the eigenfrequency, ω1, 
increases with a wider strap, which means higher stiffness of the structure. In figures 
5.10 and 5.13 the eigenmodes of configuration 1 for 65 mm and 100 mm width are 
shown, and no significant differences can be observed.  
 

 
Figure 5. 13 First eigenmode for configuration 1 and a width of 100 mm., f = 7.5137 Hz 
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 Next is to consider the column base boundary condition. Comparing ω1 for 
configurations 1 and 2, it is seen that the global stiffness of the frame is very little 
increased when performing a fixed joint instead of a hinged one. Regarding this small 
difference, it is possible to anticipate that the horizontal displacement of both frames 
will be similar when applying the seismic action. The significant influence of the 
boundary condition is on the stress field. Looking at the deformed shapes, in figures 
5.10 and 5.14, it becomes obvious that for the hinged bases only axial forces act on the 
columns, while in the fixed columns also moments and shear forces have to be resisted.  
 
 

 
Figure 5. 14 First eigenmode for configuration 2 and a width of 65 mm.,  f = 6.6521 Hz 

 
 The addition of a third column in the middle of the frame has again very little 
influence, even less than the boundary conditions. The first eigenfrequency, notion of 
the stiffness, is only increased from 6.5359 to 6.5894 Hz, and from figure 5.15 we may 
notice that no significant shear forces or moments are expected at the beams. 
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Figure 5. 15 First eigenmode for configuration 4 and a width of 65 mm.,  f = 6.5894 Hz 

 
 The following modification is to place a second diagonal in the computer model. 
Like in the case of varying the strap width, the deformed shape of the first mode is not 
very different from the frame with one diagonal, figures 5.10 and 5.16. But the stiffness 
is greatly increased, which can be checked comparing the results for configuration 1 and 
3 or 4 and 5 in table 5.9. 
 

The last change in the x-braced frame with two diagonals was to see if there is 
some difference in having them joined at the mid-point or not. Comparing the results for 
configurations 5 and 6 it is clearly observed that the difference in the stiffness, or lowest 
eigenfrequency, is small enough to be neglected. Noticing that it is only true when 
carrying out the 2D analysis of the frame. 
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Figure 5. 16 First eigenmode for configuration 3 and a width of 65 mm.,  f = 9.2617 Hz 

 

 After these four comparisons are done, it is clear that the lowest vibration mode 
of the frame is mainly controlled by the characteristics of the diagonal member. 
Moreover, as mentioned before, taking into account the roof weight leads to a structural 
response very similar to the first eigenmode. The consideration of these two facts makes 
it reasonable to expect displacement and stress fields mostly depending on the strap 
features, which will be analysed in the discussion below. 

 
 The three different seismic loads that were used in the previous section has been 
also applied to all the frames in this case, calculating for each one: 
 

• Horizontal displacement at both ends of the threshold (δ1 and δ2). They are 
calculated for two reasons, to be able to estimate the deformation of the beam 
and to check that the frames with 2 diagonals really have a symmetric response. 

• Axial force at the diagonal (Ndiag), which is approximately constant along the 
whole strap because the mass, and therefore the inertia forces, is very small. 

• Maximum axial force at the threshold (Nthr), which has a linear variation along 
the beam due to the distributed mass from the roof. 

 
These variables are shown in figure 5.17 for two different frames, with one and 

two diagonals, and their values are summarized in table 5.10, for the displacements, and 
table 5.11, for the axial forces.  
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Ndiag NdiagNdiag

δ1

Nthr

δ2

Nthr

δ1

Nthr

δ2

 
Figure 5. 17 Scheme of the variables calculated in the structural analysis 

 
 
 Triangular Accel. Ardal Earthquake Eurocode 8 
 

Diagonal 
Width 
(mm) δ1 (mm) δ2 (mm) δ1 (mm) δ2 (mm) δ1 (mm) δ2 (mm) 

65 0.46 0.45 11.81 11.67 7.12 7.04 
100 0.47 0.46 9.07 8.93 5.37 5.29 Config 1 
150 0.49 0.49 10.42 10.22 4.29 4.21 
65 0.46 0.45 11.90 11.76 6.87 6.79 
100 0.47 0.46 9.49 9.34 5.23 5.15 Config 2 
150 0.50 0.49 10.53 10.32 4.19 4.11 
65 0.54 0.54 10.17 10.17 3.53 3.53 
100 0.69 0.69 6.12 6.12 2.55 2.55 Config 3 
150 0.78 0.78 4.54 4.54 1.89 1.89 
65 0.46 0.45 11.91 11.77 7.05 6.96 
100 0.47 0.47 9.55 9.40 5.28 5.20 Config 4 
150 0.50 0.49 10.70 10.49 4.18 4.09 
65 0.54 0.54 10.18 10.18 3.53 3.53 
100 0.69 0.69 6.11 6.11 2.55 2.55 Config 5 
150 0.78 0.78 4.55 4.55 1.88 1.88 
65 0.54 0.54 10.18 10.18 3.53 3.53 
100 0.69 0.69 6.15 6.15 2.56 2.56 Config 6 
150 0.77 0.77 4.54 4.54 1.92 1.92 

Table 5. 10 Horizontal displacements of the threshold for different bracing configurations, diagonal 
widths and ground motions 
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 Diagonal Axial Force (kN) Threshold Maximum Axial 
Force (kN) 

 

Diagonal 
Width 
(mm) Triangular Ardal Eurocode Triangular Ardal Eurocode 

65 0.59 15.11 9.11 0.22 5.72 3.44 
100 0.80 15.39 9.10 0.30 5.82 3.44 Config 1 
150 1.06 22.05 9.08 0.40 8.32 3.43 
65 0.59 15.23 8.79 0.23 5.86 3.38 
100 0.81 16.10 8.85 0.31 6.16 3.39 Config 2 
150 1.06 22.28 8.88 0.41 8.50 3.39 
65 0.70 13.17 4.57 0.25 4.68 1.62 
100 1.19 10.57 4.40 0.42 3.74 1.56 Config 3 
150 1.71 10.00 4.16 0.60 3.50 1.45 
65 0.61 15.77 9.33 0.22 5.75 3.40 
100 0.84 16.90 9.34 0.30 6.14 3.40 Config 4 
150 1.13 24.11 9.40 0.41 8.69 3.39 
65 0.71 13.36 4.63 0.25 4.65 1.61 
100 1.22 10.71 4.46 0.42 3.71 1.54 Config 5 
150 1.74 10.17 4.21 0.60 3.48 1.44 
65 0.70 13.13 4.58 0.25 4.68 1.62 
100 1.18 10.54 4.38 0.42 3.75 1.56 Config 6 
150 1.66 9.73 4.11 0.59 3.45 1.46 

Table 5. 11 Axial forces in the diagonal and threshold for different bracing configurations, diagonal 
widths and ground motions 

 

 It was shown before that a wider diagonal member leads to a higher first 
eigenfrequency or stiffness of the frame. It may be thought that this will also result in a 
reduction of the displacements for the same seismic excitation. This behaviour is 
absolutely true for the design response spectrum in figure A.4, since all the frequencies 
correspond to either the maximum value of Sa(ω) or to the descending part of the curve, 
and the displacement is proportional to 2

1
ω

, see equation (3.21). 

 
The axial forces also behave as expected for the Eurocode excitation. From 

equation (3.22) it is observed that the internal forces depend on Sa(ω), the mass matrix 
and the eigenvectors, therefore they are not directly frequency-dependant like 
displacements are. When varying the strap’s width only significant variations on ω1 are 
observed, thus, the value of the axial forces will be controlled by Sa(ω). In the case of 
frames with one diagonal the response spectrum value is constant, and it is seen in table 
5.11 that also axial forces are nearly constant. For the frames with two diagonals Sa 
decreases for a stiffer frame, as a result the axial forces have lower values for wider 
straps. 

 
On the other hand, a similar behaviour is not generally obtained for the other 

kind of ground motions. Concerning displacements, a reduction of them when having a 
stiffer structure is only obtained for the frames with two diagonals and applying the real 
earthquake in figure A.6. This is because the related values of Sa lay after the peak 
value, in the descending branch. The displacement for all the other cases depends on the 
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variation of the ratio ( )
2

aS ω

ω
, in which both parameters increase but in different 

magnitude.  
 
Referring now to the axial forces, the frames can be separated in the same two 

groups. For the real earthquake and two diagonals as the bracing elements, the forces 
always decrease when having a stiffer structure, whereas for the rest of frames they 
always increase. As mentioned above, this is due to the forces mainly depend on the 
value of Sa(ω), in figures A.2 and A.6. 

 
Next the influence of the boundary conditions is studied comparing 

configurations 1 and 2. It is known that the clamped bases provide a stiffer structure, in 
consequence the displacements for the Eurocode excitation (figure A.4) are lower but 
not for the other response spectrums. The reason is the same as in the case of varying 
the width, but changing also Ai in equation (3.21), because the eigenvectors are 
noticeably different. It is seen comparing the axial forces for the EC8, table 5.11, and 
equation (3.22), where Sa is constant but the force changes, so it must be due to a 
variation of Ai. This variation can be thought as a reduction of the axial force because 
the columns collaborate to the horizontal stabilization by taking shear forces and 
moments. When applying the other seismic loads, the increment of Sa(ω) in equation 
(3.22) is higher than the modification of Ai, therefore the axial force is bigger. 

 
 Anyway, all these variations are small enough to be neglected in a first design of 
the frame and it would be reasonable to work with the simplest boundary conditions.  
 
 The effect of adding a third column in the middle of the frame (configurations 4 
and 5) is very similar to the one obtained by modifying the boundary conditions. The 
little variation of stiffness originates little changes on the displacements, decreasing for 
EC8 and increasing for the other loads, and on the axial forces. It may be noted that in 
this case the diagonal force is higher in the stiffest structure for all ground motions. It is 
obvious for the triangular (figure A.2) and real (figure A.6) excitations, because Sa(ω) has 
a greater value, but not for a constant Sa(ω) like in the Eurocode response spectrum 
(figure A.4). This increment is caused by the new column, since it introduces more 
mass, i.e. more inertia forces, to be stabilized by the diagonal member. 
 
 All the previous discussion clearly shows that the behaviour of the frames is not 
very influenced by any parameter except the bracing element. So, a mistake on the 
boundary conditions or number of columns will not be of too much importance. But the 
same affirmation can not be made when considering two diagonals in the computer 
model. Previously, it was shown that the stiffness is highly increased, and now, 
comparing configurations 1-3 and 4-5, it is seen that the displacements and axial forces 
are reduced to half of their value. As a consequence, computing with two diagonals 
leads to a non-realistic response of the frame, since it is supposed that the diagonal 
would resist compression forces about 4 kN whereas its buckling load is 2 N. 
 
 As expected, joining or not the two diagonals does not originate remarkable 
changes on the results, because the variation of ω1 is very small. The main change is a 
reduction of the buckling length in a factor of 0.5, therefore the buckling load is 
increased four times, resulting 8 N. But this new resistance may also be neglected when 
expecting forces on the diagonal of the kN order. 
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