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Abstract

The validity of the typical 100/30 combination rule for horizontal seismic action effects is in-
vestigated for the design of structures that are axially symmetric along the vertical direction.
The 100/30 rule stipulates that one should combine 100% of the seismic action in one prin-
cipal direction (as estimated by the design spectrum) with 30% of the action in the other prin-
cipal direction, and vice-versa. Having been derived for azimuth-dependent structures,
having e.g., a rectangular plan, it takes advantage of the fact that the two horizontal compo-
nents of ground motion are only partially correlated, with peaks that in general do not hap-
pen simultaneously, to reduce the overall design loads. On the contrary, vertical liquid-
storage tanks, silos and chimneys are examples of azimuth-independent structures, which by
virtue of their symmetry will always experience the worst-possible incidence angle of a
ground motion. To quantify the effect of axisymmetry we employed a database of 150 records
with three components of ground motion. The results show that an 106/106 combination rule,
or more accurately a 1.12 amplification factor on the design spectrum in a single direction,
rather than the 1.04 implied by the 100/30, is adequate to account for the effects of axisymme-
try. Still, this value depends on the definition of the underlying design spectrum, and whether,
e.g., the maximum, arbitrary or geometric mean component is employed, which should be ac-
counted for in all calculations.

Keywords: Azimuth Independant Structures, Combination Rules, Horizontal Seismic Com-
ponents, Structural Dynamics, Earthquake Engineering.
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1 INTRODUCTION

In seismic design, engineers address the structure's seismic capacity by applying an accele-
ration, and therefore a seismic action to the structure, which corresponds to the site where the
structure is going to be located. Those values are provided from hazard maps and are speci-
fied in the design code [1-3]. In typical structures, it is also the case that two orthogonal hori-
zontal axes are defined, corresponding to the principal directions of the structure, along which
the ground motion and therefore the acceleration is applied. As is often the case in modal re-
sponse spectra analysis (MRSA) or equivalent lateral force (ELF), the response of the struc-
ture is calculated separately by applying the design spectra per each of the principal axes.
After the response of the structure has been successfully calculated in each, specific combina-
tion rules are applied to combine the results of both directions in a singular peak response for
designing the structure [4]. Many combination rules and methods have been described in the
literature [5] and have been adopted by different design codes, for example the combination
rules described in Eurocode 8 [1], for seismic design, proposes the 100+30% rule [6] that
suggests that for a specific response we consider the following cases:

Egg "+" 0, 30EEdy
0,30Egax "+" Egay (1)

where the "+" symbol typically signifies a square-root-sum-of-square (SRSS) combination of
the effects of the two horizontal components, rather than an actual addition.

This whole process has been chosen after investigations suggesting that with the assump-
tions above we can safely combine the responses of a building in its principal axes X and Y,
without being overly conservative. It would not be realistic to consider that in each direction
the worst case values of acceleration would occur simultaneously [7]. This is of course an ef-
fective approach for the usual case of azimuth-dependent structures, but there is an obvious
difference in case of structures that are fully symmetric with respect to a vertical axis and
therefore have azimuth-independent properties, like cylindrical silos, spherical or vertical cy-
lindrical liquid-storage tanks, circular pillars etc. In those structures the worst case scenario,
considering the incidence angle of the ground motion, will always be in effect, as the structure
has the same response and is equally vulnerable regardless of the axes defined.

In the following, a symmetrical three-dimensional elastic oscillator will be employed to
examine its response after performing dynamic analysis using 150 pairs of strong ground mo-
tion records. The goal is to highlight the differences of such vertical axisymmetric structures
when it comes to their response, ultimately calculating various amplification factors that allow
combining the two horizontal components of motion when performing MRSA or ELF analy-
sis for design purposes.

2 GROUND MOTION ACCELERATION DEFINITIONS

To properly clarify the process presented in the following paragraphs, in this segment some
definitions [8] of how the ground motion acceleration parameters are usually defined in ha-
zard maps provided by most design codes, are necessary. The following parameters represent
the acceleration values calculated for a pair of records of the horizontal components derived
for a specific earthquake:

e Sapomioo: The maximum acceleration value from all possible orientations of the records

for a specific response period T.

e Sagreinso: The median value from all possible orientations for a specific period T.
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® SagMmrotpioo: The maximum value of the geometric mean of the horizontal components
from all possible orientations of the paired records for period T.

¢ SagMmroso: The median value of the geometric mean of the horizontal components from
all possible orientations for period T.

e Sa,b: An "arbitrary" horizontal component of the ground motion for a specific period T,
as estimated by rotating the as-recorded components of the ground motion so that one
coincides with a given axis

e Sagm: Geometric Mean of as-recorded horizonal components for period T:
Sagm (T) =V [Sa(T)xSa,(T)] ()

The above acceleration definitions are generally referring to acceleration values that are
taking into account the incidence angle of the ground motion, meaning that for example for a
value of Sagmropxx the response of the structure is calculated by rotating the ground motion
records in all angles (for example with a suitable step of 2°), and calculating the geometric
mean value of the horizontal components, with the D50 or D100 value being chosen accor-
dingly, in other words the median or maximum value could be adopted. In most codes the
median values are adopted (Sarotnso, Sacgmrotpso) taking into account that the principal axes
of most structures, would not align to what the critical incidence angle of the ground motion
would be, something though that as mentioned, is not true for azimuth independent structures.
At this point it should be also clarified that in many cases in design codes the Sagoso (period-
independent-rotation-angle measure) is adopted, but according to available literature [9, 10],
the differences are insignificant between the RotDXX or RotIXX definitions.

mass M

Eigenperiod T (sec)

stiffness K

N

Figure 1: A perspective image of the 3 dimensional elastic and symmetrical oscillator's model, showing the
common mass, stiffness and period in both horizontal axes.
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Figure 2: Incident angle rotation of horizontal ground motion components.
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3 OSCILLATOR MODEL AND DYNAMIC ANALYSIS PARAMETERS

To calculate the acceleration values mentioned above, a three-dimensional elastic and
symmetrical oscillator will be used, having the same dynamic parameters in both its major
directions X and Y. Using all the aforementioned 150 pairs of ground motion records, from
earthquakes of various characteristics, dynamic analysis is performed in each case of record
pairs, rotating the ground motion accelerations with an angle step of 2° through a complete
circle, essentially altering in each case the incidence angle of the ground motion accelerations.

Through this process and by performing those calculations for all possible incidence angles
starting from 0° to 180° (with the previously mentioned 2° step), the accelerations mentioned
in the previous paragraph are easily defined, providing a range of responses that can be used
to convert the GMRotD50 and RotD50 values in the more suitable D100 cases, that as men-
tioned before are more reasonable for axisymmetric structures. In Figures 3-4 the results for a
specific case of an oscillator with an eigenperiod of T=1.0 sec are presented to put into pers-
pective the process in a more practical way.
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Sa,arb /SaRotD50
Mean Values

For T=1.0sec

02 I i i i i I i i
0 20 40 60 80 100 120 140 160 180

Rotation Angle (degrees)

Figure 3 : Results for each record pair, with diagrams for Sa,, (0)/Sar.pso and the mean value for each rotation
angle (arbitrary case).
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Figure 4 : Results for each record pair, with diagrams for Sagy (0)/Sagmromso and the mean value for each rota-
tion angle (geomean case).

It is very important to mention that to better identify the output of the results, each diagram
for each record was plotted starting from the incidence angle where the maximum accelera-
tion was found. Of course the results were also divided with the equivalent Sarepso and Sag.
MRotDso Values accordingly, for the results, concerning each pair of records, to be comparable
to each other (in the second case where the geometric mean values are examined, after the 90°
angle the diagrams repeat themselves).

4 RESULTS

Using the process mentioned above for a wide spectrum of eigenperiods T(sec) for the os-
cillator described, and by identifying the mean value for each of the factors, appearing in Fig-
ure 5, for every T, taking into account all 150 records, the more condensed diagrams were
created. They of course provide a wider perspective of how the different definitions of ground
motion acceleration relate to one another, examining not only the obvious cases of Sa-
RotD100/SaRotDs0 and SagMmRrotn100/SaGMRotDs0, but also cases like  Saromioo/ Sagmroso and Sa-
RotD50/ SaGMRotD50, 1N case a conversion of that kind could be useful.

According to the results of this investigation, it is obvious that if the peak horizontal acce-
leration value of a common structure according to the 100+30% rule, and combining the two
horizontal components with the SRSS rule would be 1.044-a,. In a case where the hazard
maps proposed are set up using the Sagmromso definition, which is expected to be the case of
Eurocode, an amplification factor of 1.117-a, should be employed. A value between 1.20—
1.25-a, 1s proper in case of a design spectrum definition based on Sarenso. Those are signifi-
cant differences that certainly should not be disregarded when axisymetric structures are ex-
amined, as this could lead to non conservative results. At this point a reference of similar
works can verify some of the results above especially in cases of the Saropi00/Sarotnso dia-
grams for example, as similar results have appeared in the literature [9, 11].
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Figure 5 : Aggregated results for various amplification factors for various eigenperiods T.
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Figure 6 : Aggregated results for the Sagmromioo/ Sagmrotso conversion factor for various eigenperiods T.
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S CONCLUSIONS

To conclude, the perspective of this article is to propose specific amplification factors in
cases of azimuth-independent structures. Their symmetry suggests that the seismic accelera-
tions that would affect them would act upon them in maximum effect, as the incidence angle
of the ground motion will affect the structure regardless of the axis X and Y arbitrarily de-
fined in the design process, always subjecting the structure in the peak acceleration produced
by the earthquake. That is why we propose amplification factors for the horizontal accelera-
tion component used in design, of 1.12 in a case of an acceleration definition of Sagmrotnso in
the hazard maps and an amplification factor of 1.25 for the Sag.pso case accordingly. Specifi-
cally for Eurocode 8 the authors propose the 1.12 case, as an amplification factor for the de-
sign spectrum accelerations applied in a single direction to simultaneously account for the
combined effect of both horizontal components in axisymetric structures.
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