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Abstract: The article discusses the terms of the US and EU standards (ASCE -7-10, ASCE-4-98, FEMA P-1051/2016, EN 1998-
6: 2005) concerning the calculations of earthquake -resistant buildings and structures taking into account wave seismic effects 
in the ground base. For the considered standards, wave propagation models and accepted approaches to seismic analysis were 
investigated; limitations on the use of the standard methods were identified. 
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Аннотация: В статье приведен анализ положений ряда сейсмических норм США и Евросоюза (ASCE-7-10, ASCE-4-98, 
FEMA P-1051/2016, EN 1998-6:2005) по проектированию сейсмостойких зданий и сооружений с учетом волновых сейс-
мических эффектов в грунтовом основании. Исследованы заложенные в нормы модели распространения волн и принятые 
подходы к проектному расчету, выявлены ограничения по применению нормативных методик.
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The wave seismic effects on buildings and structures 
occur when seismic waves pass through the ground 
base. Since seismic waves velocities are finite, 
there is a time-delay between kinematic parameters 
(displacements, velocities, accelerations) at various 
points of the ground. For correct analysis of spatial 
buildings and structures, it is necessary to consider 
a space-time field of displacements, velocities 
and accelerations at points of their ground base. 
As presented in [1–3], the effect of seismic wave 
propagation is introduced into the analysis by seismic 
impact vector consisting of three translational and 
three rotational (angular) components at each point 

of the ground base. In particular, in [1] is discussed 
the conditions under which the field of ground wave 
motions at the base is reduced to a single seismic 
impact vector applied to the geometric center of 
the base. Ideas about the rotational components of 
seismic motion, which must be considered in structural 
analyses together with translational ones, appear in 
many scientific publications, see, for example, [4–7]. 
The need to take into account the rotational seismic 
motion at the base for some types of buildings and 
structures is present in foreign standards. This problem 
has been most fully resolved in the EU building codes, 
and to a much lesser extent – in the United States. 
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In the ASCE-7-10 [8], the rotational motion is 
simulated by random eccentricities for overlaps of 
structure (the corresponding explanations are given 
in [9]). A similar approach to accounting for wave 
phenomena in the engineering design is observed in 
the American atomic standards ASCE 4-98 ([10], 
C.3.3.1.2). ASCE 4-98 accepts the hypothesis about 
vertical propagation of body seismic waves. 
The seismic analysis is performed on vertical 
displacements of the base from P-waves and 
horizontal displacements from shear waves. Apparent 
velocity of vertical shear waves on the surface tends 
to infinity and there are no rotations. The simplified 
model of seismic motions as vertically propagating 
body waves should be used with the simultaneous 
setting of overlap’s random eccentricities, for 
guarantee that the building or structure will not be 
affected by any unaccounted wave effects. Further in 
С.3.3.1.2, it is noted the complexity of the real wave 
motions in the base and the corresponding features of 
the dynamic behavior of structures, such as associated 
horizontal, vertical, torsional and rocking motions, 
depending on the soil parameters, the foundation, the 
frequency range, etc.
Сonsider in detail the approach implemented in the 
European seismic standards EN 1998-6: 2005 [11]. In 
EN 1998-6:2005, spatial translational and rotational 
ground motions should be taken into account for 
tall structures (towers, masts, chimneys, etc.). In 3.1 
"Definition of the seismic input" EN 1998-6:2005 it is 
written: "In addition to the translational components 
of the earthquake motion, defined in EN 1998-
1:2004, 3.2.2 and 3.2.3, the rotational component of 
the ground motion should be taken into account for 
tall structures in regions of high seismicity." A Note 
1 to p.3.1 states that conditions under which the 
rotational component of the ground motion should 
be taken into account in a country, will be found 
in National Annex. The recommended conditions 
are structures taller than 80 m in regions where the 
product agS exceeds 0.25g, where ag is the design 
ground acceleration for type А ground; S is the soil 
factor; agS – design acceleration of soil for a given 
soil. Informative Annex gives a possible method 
to define the rotational components of the ground 
motion and provides guidance for taking them into 
account in the analysis. It should be noted that the 
National Annexes of the EU countries (for example, 

Cyprus, Greece) use Appendix A in its original form 
without changes [13-14]. An analysis according to 
the informative Annex A of EN 1998-6: 2005 "Linear 
dynamic analysis accounting for the rotational 
components of the ground motion" should be carried 
out if there are no results of a special study or well-
documented field measurements. In these cases, the 
rotational response spectra may be determined as:

              (1)

             (2)

             (3)

where Rθ(T), Rθ(T), Rθ(T) are the rotation response             x          y          z
spectra around x, y and z axes, rad/s2; Se(T) is the 
elastic response spectra for the horizontal components 
on the site, m/s2; T  is the period, s; vs is the average 
S-wave velocity of the top 30 m of the ground profile, 
m/s.
The velocity vs is directly evaluated by field 
measurements, or through the laboratory measurement 
of the shear modulus G and the soil density ρ as vs = √G/ρ,
or vs is accepted for standard ground type A, B, C and 
D equal to 800, 580, 270 and 150 m/s, respectively.
Rotational response spectra have the same physical 
meaning as response spectra for translational motion, 
but in terms of angular accelerations: this is the 
maximum angular acceleration of an oscillator with 
natural period T and a damping coefficient ξ in response 
to ground rotations with peak angular acceleration θ̈. 
The analysis is performed simultaneously for three 
translational and three rotational components of the 
seismic ground motions.
Appendix A shows the equations of motion for a 
flat cantilever model (Fig.1), which is described 
by horizontal translational displacements ut of 
the concentrated masses mt relative to the base. 
The seismic action is determined as translational 
horizontal ̈X and rotational θ̈ ground motions with 
the corresponding spectra Se(T) and Rθ(T). In EN 
1998-6:2005, the equations of motion are written as:

 [M]{̈u} + [C]{̇u} + [K]{u} = –({m}̈X + {mh}θ̈ ),   (4)

where [M] = diag[mi] is diagonal inertia matrix, [K] 
is the stiffness matrix, [С] is the damping – matrix, 
{m} is vector comprising masses mi, {mh} is vector 
comprising products  (Fig.1). 
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The forces on the right part of (4) are represented 
as two independent loads. The participation factors 
are determined for each load. For modal analysis, 
the participation coefficients of mode k are equal, 
respectively for the first and second loads in the right 
part (4):
 

      

where {Φ} is the k-th modal vector; {Φh} is the 
vector of the products of the modal amplitude Φ at 
the i-th degree of freedom and its elevation hi.
For linear systems in the time domain, full dynamic 
response to both loads is calculated as superposition 
of responses for each load. For linear response 
spectrum method, the resulting dynamic response 
are found by the rule SRSS (Square Root of the Sum 
of Squares).
We try to determine the generalized wave model 
[1–3, 15] corresponding the spectra (1)–(3). In 
the generalized wave model, it is assumed that 
translational motion Xi along the i-th axis is caused 
by shear displacements from SH- and SV-waves and 
longitudinal displacements from P-waves (Fig. 2):

X1 = u1 + v1 + w1,  X2 = u2 + v2 + w2,
X3 = u3 + v3 + w3.   

Without longitudinal displacements from P-waves 
which do not cause rotations:
         X1 = v1 + w1, X2 = u2 + w2, X3 = u3 + v3.       (5)

Further, we assume that all components of the wave 
motion in (5) are harmonic waves from the Fourier 
spectrum with the same frequency, wave number, and 
their own phase delay:

Figure 1. The flat cantilever mode

Figure 2.  The generalized wave model
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Accelerations of the translational motion are equal:
 

 

 

with maximum absolute values: 

Rotational accelerations are calculated using well-
known formulas (see, for example, in [1, 2]):

The maximum absolute values of rotational 
accelerations are equal to
 

Rotational spectra (1)–(3) are expressed only in terms 
of acceleration of horizontal translational motion, so 
Ẍ3 = 0 and A31 = A32 = 0, therefore

  ,

               (7)

Assuming that the amplitudes in the above formulas 
are of the same order, we estimate translational and 
rotational accelerations

            (8)

The estimation (8) shows the ratio of the maximum 
amplitudes of the rotational and translational 
components of the seismic impact. For the linear 
system, the estimation (8) is also true for the 
translational and rotational response spectra. The 
wave number k is related to the wavelength λ = vsT, 
and, accordingly, to its period T and phase velocity vs:

             (9)

The spectra (1)-(3) with accounting (8) and (9):
  

          (10)

Consider in (10) the Type 1 elastic response spectra 
for horizontal translational motion Se(T) determined 
in Table 1 [11, 12].
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Fig. 3 and 4 show graphs of the rotational response 
spectra (10) and translational response spectra given 
in Table.1. The translational spectra are shown as a 
solid line, the rotational spectra as a dotted line. Fig. 
3 is drawn for soil A with Vs = 800 m/s, Fig. 4 – for 
soil D with Vs = 150 m/s.
The graphs of the rotational spectra in Fig. 3 and 4 
show that the rotational motion corresponding to 
(1)-(3) is a high-frequency component of the seismic 
action, the contribution of which to the structural 
response increases for soft, loose soils. The reduction 
coefficients in (1)-(3) equal to 0.85 for rotational 
spectra with respect to two horizontal axes. It seems 
to have been introduced artificially (for example, to 
account for the non-synphase of seismic waves or 
the weakening of the dynamic response due to the 
scattering of seismic waves).

CONCLUSIONS

1. The US standards ASCE-7-10 and ASCE-
4-98 accepted a model of vertical body wave 
propagation. In this case, the horizontal and vertical 
displacements of the base are caused by shear waves 
and compression waves respectively; there are no 
rotational components since the apparent velocity of 
vertical shear waves tends to infinity. The accidental 
eccentricity is used to indirectly account for various 
effects, including: plan distributions of mass that 
differ from those assumed in design, variations in the 
mechanical properties of structural components, non-
uniform yielding of the lateral system, and torsional 
and rotational ground motions [9]. However, the 
accidental eccentricity approach cannot be called 
successful for simulating torsional and rotational 
ground motions, since the motion of a dynamical 
system with eccentricities and with ground rotations 
has different causes and is described by different 
equations. Simple illustrative examples of the 
equations of motion can be found in [16].
2. In the European Union standard EN 1998-6:2005 
it is proposed a method of analysis of tall structures 
(towers, masts, chimneys, etc.) for simple flat 
cantilever (Fig.1) with the equation of motion (4). 
Rotational response spectra (1)-(3) are expressed 
through the response spectra of horizontal translational 
motion. The method is based on a simplified wave 
model as a composition of SH-waves propagating 

Table 1. Type 1 Elastic response spectra

Figure 3. Translational and rotational response 
spectra. Ground А, Type I

Figure 4. Translational and rotational response 
spectra. Ground D, Type I
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in two orthogonal horizontal directions with a finite 
phase velocity. For this wave model, the rotational 
response spectra are obtained, and the rules for 
calculating the resulting forces under the combined 
action of translational and rotational components of 
seismic motion are described. The spatial extended 
and large-span buildings and structures are not 
considered in the Eurocode. The reason is probably 
in a lack of scientific and methodological basis.
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