
Seismic Design of Slender Structures Including Rotational Components 
of the Ground Acceleration – Eurocode 8 Approach 
 
 
Z. Bonev 
University of Architecture, Civil Engineering and Geodesy, Sofia, Bulgaria 
 
E. Vaseva 
Bulgarian Academy of Sciences, Central Laboratory of Seismic Mechanics and 
Earthquake Engineering, Sofia, Bulgaria 
 
D. Blagov & K. Mladenov 
University of Architecture, Civil Engineering and Geodesy, Sofia, Bulgaria 

 
 
ABSTRACT: 
The subject of the paper concerns the seismic design of slender structures such as towers and chimneys 
according to Eurocode 8 approach. The seismic input is being represented by translational and rotational 
components of the ground accelerations. Design seismic forces are subdivided into two parts – first is being 
defined in terms of translational components, second part is defined in terms of rotational components. Elastic 
design response spectra for translational and rotational components are used. Modal combination rules applied to 
peak modal action effects preferably discussed. Another emphasis is placed on combination rules for action 
effect coming from translational and rotational components. 
The determination of sufficient number of modes considering the bending moment and shear force with 
reference to the base is carried out. The problem of response spectrum accuracy is discussed as a function of the 
number of modes included into the analysis. This question is much important when advanced and complex 
models containing large number of degrees of freedom are used. Especially the use of shells of revolution for 
modeling of towers can be mentioned in this respect. Finally, the influence of soil conditions is evaluated as well 
taking into account soil flexibility. 
The approach of Eurocode 8 is illustrated by numerical examples. Some important observations and conclusions 
are discussed and explained by means of  rotational component contribution on the total action effects. 
 
Keywords: Seismic design of slender structures, action effects, rotational component of the ground acceleration, 
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1. INTRODUCTION 
 
One of the most widely spread methods for evaluation of design action effects due to design seismic 
loading is the response spectrum method in combination with linear analysis. In Part 1 of Eurocode 8 
provisions this method is recommended for use in its classical formulation, when only translational 
components of the design seismic ground motion are accounted for. In Part 6 however the method is 
upgraded taking into account spacial variability of the seismic ground motion including rotational 
components of the ground accelerations which appear to be a result of Rayleigh and Love waves. This 
extended response spectrum analysis requires response spectra of rotational accelerations to be 
implemented. In Part 6 rotational spectra are defined and calculated on the basis of translational 
response spectra as well. 
 
“Extended” response spectrum method is expected to be very important for structures sensitive to 
spatial variability of design seismic action where the inclusion of rotational components leads to 
essentially unfavourable results for the design action effects. Such structures are: slender and tall 
structures such as towers, chimneys and masts (Part 6 of Eurocode 8), long in plan structures such as 
bridges and specific structures. The seismic action effects of high-rise buildings are also expected to 
be influenced by rotational components of design seismic action and spatial variability of the seismic 
input. An attempt to implement rotational component and its influence on the corresponding action 
effects is made in (Bonev, Z., Blagov, D., Vaseva, E. and Mladenov, K.). 
 



The purpose of the paper is to highlight the use of rotational component of ground acceleration within 
the framework of Eurocode 8, Part 6 according to linear response spectrum theory. The development 
is carried out in the viewpoint of traditional analysis but assuming translational and rotational design 
accelerations of the ground motion. Recommended design spectra for rotational components are 
employed to evaluate the peak values of the acction effects. The contribution of rotational component 
of acceleration to the design action effects is evaluated by means of the height of the structure and 
design ground acceleration. The application of response spectrum theory is illustrated by study of 
numerical model of a tower. In order to examine the influence of rotational component on action 
effects calculation is carried out twice – without and with inclusion of rotational accelerations and then 
the results are compared. It is proven numerically that for tall and slender structures action effects that 
are used for the design are seriously affected by the rotational design seismic action. 
 
 
2. DESCRIPTION OF THE PROBLEM  IN THE VIEWPOINT OF RESPONSE SPECTRUM 
ANALYSIS 
 
A simple tower structure modeled as slender cantilever beam is shown in Fig. 1. At first the structure 
is considered to be subjected to horizontal translational motion (ground acceleration). Transferred 
motion is defined assuming that all masses are moving horizontally following the same motion as the 
motion of the base. This formulation is the “classical” one. Peak values of seismic forces are 
determined through acceleration response spectra for each separate mode shape and mode of vibration. 
 
The second state is defined assuming rotational ground motion (rotational ground acceleration). 
Transferred motion in this case is generated as inverted triangle shape provided that lateral 
displacements are linearly distributed in elevation. The only horizontal seismic forces are accounted 
for and their peak values are determined on the basis of rotation response spectrum for accelerations. 
For each mode shape and natural mode of vibration a new set of seismic forces are generated. This 
formulation is available in (BDS  EN  1998-6) and then considered in (Bonev, Z., Blagov, D., Vaseva, 
E. and Mladenov, K.). 
 

 
 

Figure 1. Transferred motion (translational – left and rotational – right) for tower structure modeled as cantilever 
beam 

 
The modal mass Mi attached to mode i is obtained basing on the concentrated masses mk and modal 
vector {Ф i} components being denoted by Ф ik (mode i, mass mk): 
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When the modal vectors are mass-normalized we get Mi = 1. 
 
2.1. Translational Motion of the Base 
 
The transferred motion once defined above is described by the dimensionless vector {vx}, namely 
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In this case the total translational mass of the structure is found to be: 
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and the participation x

i  is given in (Chopra, A.K.) and (Gupta, A.K.): 
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The matrix of concentrated masses is denoted by [m]. For mode i it is implied that at each node k 
appears one horizontal seismic force given by the expression 
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The lateral seismic force x

ikE  is obtained for mode i and acting on mass mk. An action effect caused by 
horizontal seismic action is represented by elastic response spectrum Se, see Fig. 2. 
 

 
 

Figure 2. Elastic design response spectrum for horizontal accelerations, ground type C, ag = 0.27g,  = 5% 
 
The action effects which are very important for the design of the tower are the base shear force V and 
base moment M. Since the design seismic loads are presented by modal definitions (Eqn 2.5) it is 
convenient the quantities V and M to be also defined for each of the included modes, thus 
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and 
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In this way the quantities x

iV  and x
iM  are the base shear force and the base moment being both related 

to mode i of natural vibrations and induced by horizontal translational motion of the base. It is worth 
noting that x

iV  is always remaining positive whereas x
iM  can have positive or negative sign. 

 
2.2. Need for Modal Combination of Translation-induced Action Effects 
 
Peak values for modal action effects (modes i and j) are combined taking into account the correlation 
between modes i and j. The need for modal combination is provoked by the fact that peak modal 
values are found to act in different moments of the time. Thus for the base shear force Vx and for the 
base moment Mx, being both induced by the translational motion of the base it could be written 
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where ij are the well known correlation coefficients (CQC rule). 
 
2.3. Rotational Motion of the Base 
 
Rotational motion of the ground is found to be a result of Rayleigh and Love waves, see Fig. 3. In 
(BDS  EN  1998-6) special attention is paid to this kind of motion because for tall and slender 
structures it may lead to unfavourable combinations for seismic action effects. In order to extend the 
response spectrum method the response spectrum of rotational ground accelerations is introduced. 
Action effects due to rotational ground motion are considered separately from the translational 
components following the philosophy of response spectrum method. 
 

 

 
 

Figure 3. Rotational motion around horizontal axis induced by Rayleigh waves (left) and rotational motion 
around vertical axis induced by Love waves (right) 

 
At first it is worth defining the vector of the transferred lateral motion of the masses, {v}, see Fig. 1, 
right. The ordinates of this vector can be considered as lateral displacements of the mass points caused 
by certain base rotation: 
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The total mass MTot associated to rotational motion with respect to the base is 
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and the participation factor i

  (mode i) is then obtained as 
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The design values of lateral seismic forces ikE  (mode i) are obtained as follows: 
 

 ik k ik i iE m hS     T  (2.12) 

 
The height of the structure herein is denoted by h. The response spectrum for rotational accelerations 
around horizontal axis is denoted by S  and plotted in Fig. 4. The most essential action effects (mode 
i) for the design are given below. 
 
Base shear force (mode i): 
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Both signs (plus and minus) are possible for this action effect depending on the signs of both 
participation factors x

i and i
 . 

 
Base moment (mode i): 
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It is evident that this action effect is strongly positive. 
 

 
 

Figure 4. Elastic design response spectrum for rotational accelerations around horizontal axis, ground type C,   
ag = 0.27g,  = 5% 

 
2.4. Need for Modal Combination of Rotation-induced Action Effects 
 
The need for modal combination of modal peak responses iV   and jV   (modes i and j) for the base 

shear is motivated because peak values are found to act in different moments of the time. The 
correlation between peak responses for each pair of modes is accounted for by the correlation 



coefficients  ij (CQC rule). 
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Similarly, for the base moments after modal combination we have 
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2.5. Need for Combination of Component-induced Action Effects (Component Combination) 
 
The model considered in the paper is a plane model being characterized with two components of 
seismic action – one horizontal and translational and one rotational (around horizontal axis orthogonal 
to the plane). Both components are uncorrelated and this is the reason why it is recommended the 
maximum values of action effects to be obtained through SRSS rule, thus 
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3. NUMERICAL EXAMPLE 
 
In order to numerically demonstrate the application of extended response spectrum analysis and to 
evaluate the contribution of rotational component of ground acceleration on the action effects one 
tower structure is considered as well. It is modeled as a simple cantilever structure with 20 lumped 
masses. The height of the tower is 60 m. Also, the following data are assumed: ground type C, ag = 
0.27g,  = 5%. 
 
At first, by carrying out independent analyses assuming only translational or only rotational 
component it is worth to study the effective mass ratio. This ratio is calculated as 
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The amount of the ratio is dependent on the number of modes included into the analysis. The modal 
mass Mi is calculated by Eqn. 2.1. For the translational component only this ratio can be calculated 
taking into account that x

i  i

i

, see Eqn. 2.4, and MTot is given by Eqn. 2.3. For the rotational 

component only the ratio (Eqn. 3.1) is determined assuming that i
   , see Eqn. 2.11, and MTot is 

provided by Eqn. 2.10. Fig. 5 shows the sufficiency of included modes taking into account the 
requirement to have at least 90% effective modal mass coefficient. It is clear that in case of 
translational component with inclusion of 3 modes only the requirement is satisfied (solid line). 
Considering the case of rotational component only one mode (first or fundamental) is sufficient to 
reach 97.5% accuracy of the spectral result (dashed line). 
 
Fig. 6 shows the modal participation in the base moment considering again both cases: seismic action 
consisting of only one translational component (solid line) and seismic action consisting of only one 
rotational component (dashed line). Considering only first mode the contribution of translational 
component is twice greater than the contribution of rotational component. However after first mode 
the modal contribution is strongly reduced and after mode 4 the contribution is practically zero. 
 



 
 

Figure 5. Effective mass ratio considering only translational ground motion (solid line) and only rotational 
ground motion (dashed line) 

 

 
 

Figure 6. Modal participation for the base moment: assuming only translational component (solid line) and 
assuming only rotational component (dashed line) 

 

 
 

Figure 7. Amount of the base moment: assuming both translational and rotational components (solid line) ad 
assuming only translational component (dashed line) 

 
 



Fig. 7 illustrates the results for the base moment once including both translational and rotational 
components of seismic action (solid line) and second – including only translational component 
(dashed line) as implied in the traditional response spectrum analysis. For both lines it is evident that 3 
modes are sufficient to provide a reliable response with respect to accuracy of the response spectrum 
method. The solution including both components of seismic action provides greater results than the 
solution obtained using only translational component. Obviously excluding the rotational component 
underestimates the spectral action effects. In this example if the rotational component is missing the 
action effect for the moment is 11% less than if this component is included. Thus omitting the 
rotational component ground acceleration is not on the side of safety. 
 
 
4. CONCLUSIONS 
 
The following conclusions can be formulated as a result of the study: 
 
1. Implementation of rotational ground acceleration components is an efficient method to account for 
the special variability of seismic action. 
2. For tall and slender structures the influence of the rotational component is essential and cannot be 
neglected otherwise the design action effects will be underestimated. The influence of rotational 
component is larger when the height of the structure is increased. 
3. The contribution of higher mode response considering rotational type of the motion should be 
studied carefully in each case.  
4. Response spectrum method can be extended and upgraded by making use of rotational response 
spectra. 
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