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CONSIDERING THE BI-DIRECTIONAL EFFECTSAND THE SEISMIC ANGLE
VARIATIONSIN BUILDING DESIGN

Ivan FERNANDEZ-DAVILA?, Silvana COMINETTI? And Ernesto F CRUZ?

SUMMARY

Different methodologies to consider the bi-directional seismic effects in the building design
process are analyzed in this work. These effects consist in: a) the transverse seismic component,
and b) the variation of the incidence angle of the ground motion. Analysis recommendations are
studied. A number of five story concrete buildings are analyzed. The materials are considered as
elastic. The models of the buildings are three-dimensional, compatibility of vertical deformations
is enforced, and the transverse and torsional stiffness of the particular elements is considered. The
seismic angle variation is studied, and critical angles for stated maximum responses are
determined. The maximum responses and their relations with the maximum responses obtained
from uni-directional ground motion input are determined. The observed responses correspond to
the maximum element forces. The studied design criteria to define the design strengths are: i) the
combination of the force resulting from an uni-directional earthquake applied in the direction of
the element added to a 30% of the force resulting from an uni-directional earthquake applied in the
orthogonal direction of the element; ii) the combination defined as the square root of the sum of
the square of the forces resulting from the use of an uni-directional earthquake applied in both
directions; iii) a 20% amplification of the maximum force resulting from an uni-directional
earthquake applied in the most unfavorable direction for the element. For the analyzed structures
the building analysis by an uni-directional seismic input, amplified by a factor of 1.2 gives similar
responses to those coming from bi-directional seismic analysis acting in the most unfavorable
incidence angle. From this methodology the responses are overestimated, and the maximum
observed error is of 25%. The design criteria defined in points i) and ii) underestimate the
responses, and the errors are close to —25%.

INTRODUCTION

The buildings have resistant elements orientated according to two principa directions, in order to resisting the loads
due to gravitational actions (self weight, permanent load, overload of use, etc.) and eventual actions due to seismic
movement of the ground. Latest east, to the being of hazard nature, it is manifested in magnitude and direction both
variablesin the time. Theinstruments that measure such actions only register the seismic acceleration in the direction
in that they has been orientated and which not necessarily coincides with the predominant direction of the movement
that had the ground. Is as well as, in case to be counted with the information that bringing these instruments, is
provided of a total of three records of acceleration: two horizontals orthogonals components and a vertical
component. Obviating the effect of the vertical acceleration, not because it worthless, but because it complicate il
plus the solution of the problem that is expounded in this study, the following query ¢with the tools appears that they
now are provided in an office of projects, how could consider the effects of a bi-direccional seismic for the structure
that is analyzed appropriately if not to be acquainted with who is it the most unfavorable direction for the system
structure and seismic movement given?. Also, ¢would this unfavorable direction originate the big strainin al the

resistant elements that conform the structure? and ¢js it only one?. In the Chilean current practice of design is
supposed that the seismic actions does act separately in each one of the two orthogonals directions that possesses the
building. This is valid if the seismic has had a predominant direction that coincides with any of these. For the
contrary, if the seismic has two horizontal components simultaneous, all the resistant axes will meet committed in
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resstant elements that conform the structure? and ¢js it only one?. In the Chilean current practice of design is
supposed that the seismic actions does act separately in each one of the two orthogonal s directions that possesses the
building. This is valid if the seismic has had a predominant direction that coincides with any of these. For the
contrary, if the seismic has two horizontal components simultaneous, al the resistant axes will meet committed in
important form. If this last situation is produced, the added difficulty is added of that the seismic movement
experiences change in the directions of incidence and in their magnitude during the occurrence of the event. The
norm of earthquake resistant design of buildings recommends carry out two analysis, according to the principal
addresses of the building, considering the structure like a three-dimensional system and solicited by a uni-directional
movement of the ground. The seismic movement, that possesses really one only component in an arbitrary direction
and that for practical goods [bi-direccional] is represented for a movement, it could generate different answers of
those that result of effecting analysis independent with uni-directional seismic. One could think then that the
conclusions to that we are arrived in the analysis that they are carried out considering to uni-directional seismic they
could not be the most representative. For this reason, we are interested in determine the effect of the component
traverse of the seismic on the resistant lateral elements, enjointmy with the direction of incidence that could result
more unfavorable for the structure, with the objective of finding rational solutions that consider these goods during
the procedure of analysis and design of a structure in adequate form. At the present time, a series of
recommendations is relied on coming nationa professionals and foreigners, as well as aso of some of norms of
earthquake resistant design of buildings.

If the three-dimensional model of the building is solicited by bi-directional seismic movements, the effect of
interaction of responses acquires importance especialy in the elements vertical located in the corners; like responses
are the follows: a) bending moments M, and M,,, around to two principal axes of the element; b) shear forces V,, and
V,; €) torson moment M,; d) axia force N. Such effects acts on the element in the same instant of time, the one
which implicates that the maximum response considerate like "exact" should be evaluated through a history time
analysis, not could be esteemed for a spectral modal superposition dynamic analysis.

[Hisada et al, 1988] they study the orthogonals effects in structures with concerning the characteristics of the
movement of the ground and the structural elastic response. They obtain mean vaues of the maximums responses
that are 1,3 to 1,7 time higher that the of an uni-directional seismic and in the case of the columns of corner the axial
forces are substantially higher. The Chilean norm of earthquake resistant design of buildings [INN, 1996], advise to
effect independent analysis according to each one of two orthogonal directions or approximately orthogonals, but it
doesn't make reference any on the combination of like outputs in order to represent appropriately the effect of the bi-
directionality of the seismic movements. [Wilson, 1997] proposes a methodology in order to confront the problem of
the bi-directional effects, meeting their application in the work of [Fernandez, 1994] who take it upon to incorporate
said methodology for the estimate of the responses of one story structure, employing the method of spectral modal
superposition. Many studies of smple elastic systems, such as[ Riddell, 1992], who demonstrate that the estimate of
the response suggested by [Chopra et al, 1980] well-known like the rule of the sguare root, result adequate for the
particular studied case. In this study are observed that if the uni-directional lateral response is considered plus the
30% of the response due to the same solicitation applied in the traverse direction be obtained a value equal to 91% of
the maximum response. If on the other hand be evaluated the root of the square of both valuesis obtain a value equal
to 97% of the maximum response. Based on these observations could be concluded that it is necessary amplify the
responses coming from uni-directional earthquake applied in the direction of the element in a 40% in order to
consider the two effects in study, or that it is more adequate combine the responses in base to the square root of the
sum of the sguare of the resulting values of uni-directional analysis. However in order to effect recommendations of
this type for al the structural systems it should investigate more to the respect, enlarging the models of analysis to
systems that represent more real structures.

2.METHODOLOGY
2.1 Basic M odel

Considering that the axial effect is relevant in column elements under the occurrence of bi-directional seismic
movement, three-dimensional models of concrete buildings structured by frames is and with a wall centra
double "T" representative of the nucleus of elevatorsis studied. Varying the characteristics of the extreme axes
(axis 1: rigid side and axis 3: flexible side) allow to study a range of buildings with different levels of
eccentricity; from the same manner, vary the characteristics of the centra wall allow to study buildings with
several values of lateral stiffness. A building of five story is analyzed, with story height equal to 3m and a plant
of 10 x 5 m% In the figure 1 is shown six models of analyzed structures and in the table 1 is indicated the
dimensions of the elements that conform them.
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Table 1: Dimensions of the individual elements of the analyzed models
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2.2 External Loads

For the determination of the seismic massis considered gravitational 1oads coming from of the self weight of the
structure and of the overload of normal use for buildings, and they are considered as an uniformly distributed
load of wy=1.0T/ m?. As seismic loads is utilized the two horizontal components of acceleration of the ground
recorded in Llo-Lleo during the earthquake occurred the March 3 of 1985 in the central region of Chile. The
components principal, LLN10E, and secondary, L L S80E, reached maximums acceleration peaks same to 0.668g
0.4243g respectively. In a first analysis both components are applied simultaneoudly in two orthogonals
directions, making vary the angle of incidence, such is indicated in the figure 2, in that is shown the three-
dimensional model utilized also. In a second analysis the higher component is applied for separating in the two
orthogonals directions.

2.3 Combination of theresponses dueto lateral seismic and due traver se seismic
In order to proposing combinations that represent the maximums seismic responses due to the application of uni-
directional seismic, it is necessary to obtain the maximums seismic responses resulting of analyzing in the time

each three-dimensional model of the building, according to the follows considerations:

a) Response that results of applying the two horizontal components of the earthquake with several angles of
incidence simultaneously. The calculated response in thisway is called "exact", Re..

b) Response that results of applying the higher component of the earthquake in each direction of the building
independently.

¢) Responsethat results of the combination:

R,, =R” +0.3R™” (1)

In that the superscript indicates the inclination of the earthquake concerning the direction of the element in that is
evaluating the combination.

d) Response that results of the combination:

R =/(R) +(R°) @

with equal meaning of the superscript that in the previous combination.
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€) Response that results of amplifying in 20% the maximum response obtained of the application of the higher
component in the two principal directions of the building in independent form, that is:

Ry =1.2 max{ R”; R*’} ©)

3. ANALYSISOF THE RESULTS

In the figures 3 and 4 is shown the curves of the responses of some structural elements (column P1 of the axis 1,
column P2 of the axis 3 and central wall of the axis 2) corresponding to the model 6, which have been subjected
to the hi-directional seismic movement and to the uni-directional seismic movement, with angles of incidence
variables each 15°. It are observed in these figures that the maximum response that is obtained in the majority of
the elements, due to the application of a bi-directional earthquake, not necessarily coincides with the principal
directions that possesses the building. The same occur when on the same structure is applying uni-directional
earthquakes, in where one could appreciate that the maximum response are not obtained when the angle of
seismic incidence coincides with any of the principal directions of the building. Precisely the response belonging
to the axial force of the columns of corner P1 and P2, possess the observed characteristics previously, with
which is manifested the necessity of knowing the most adequate criterion that allows to esteem this response. Is
also observed that the angle of incidence that produces the maximum responses is different and is not only.

In the tables 2 and 3 is shown the estimates for each one of the several rulers of combination of the responses,
obtained of applying the higher horizontal component of the seismic in each principal direction of the building.
I's appreciated that so much the rule of the 30% (item 2.3.c) as well as the rule of the sguare root (item 2.3.d), in
general underestimate the seismic response in almost 25% if they are compared with the 'exact' response. The bi-
directional effect sometimes produces minors responses to those that would be obtain of applying uni-directional
earthquake, for example, the axial forces of compression and of traction due to both effects. It is for this that
sometimes this combination comes to produce larger errors at 20% and could come to be of until a 25%. On the
other hand, a better estimate is obtained upon amplifying in 20% the response that results higher upon applying
the higher horizontal component of the seismic in each one of the two principal directions of the building. From
this manner, is underestimated the response in quantities that like maximum arrive at 25% respect of the value
considerate like exact, which from the engineering point of view results acceptable.

4. CONCLUSIONS
The maximum response that is obtained in any structural element due to the application of a bi-directional
seismic movement with angle of variable incidence, not necessarily coincides with any of the two principal

directions of the buildings.

The rules of combination of the 30% and of the sguare root, underestimate the seismic responses in 25% respect
of the 'exact’ response.

It proposes a rule that consists of amplifying in 20% the response that results higher upon only applying the
higher horizontal component of the seismic in each one of the two principal directions of the building, with
which it is possible get errors that don't overcome the 25%.
A valid correspondence between the structural configuration of the building could not have been found (so much
in plant like in elevation) and the response that is obtained of applying a bi-directional seismic movement
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Figure 1. Models of the analyzed buildings
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Figure 2: Three-dimensional model and seismic excitation utilized

Axial Force in P1 Axial Force in P2
20.0 6.0
15.0 - 20
10.0 4
50 20
& 00 & 00
-5.0
-2,
-100 0
-15.0 -4.0
-20.0 -6.0
-10.0 -5.0 0.0 50 10.0 50 40 -30 20 -10 00 10 20 30 40 50
ton ton
Moment X in P1 Moment X in P2
10
e 05 T S
£ ; T
£ Z 00 i ] : -
S 5 \.\_/_Q___/' 3
-05 '~-f__~ __.-"
1.0
6.0 -4.0 20 0.0 20 40 6.0 -15 -1.0 05 0.0 05 1.0 15
ton-m ton-m
Moment Y in P1
0.2 20
15
0.1 . 1o
0.1 = £ 05
E 0.0 /-—>_—)\\ ) < ¢ 00 =
o [ G S .05 [
=01 T - 1.0
0.1 4 --- - -1.5
02 20
02 01 01 00 01 01 02 15 -1.0 05 0.0 05 1.0 15
ton-m ton-m
——EathU ——EarthV ----- Eath U-V | |[—EathU ——EarthV ----- Earth U-V

Figure 3: Seismic responses in

columns of model 6
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Figure4: Seismic responses in the central wall of model 6
Tabla 2: Combined responses in the columns of first story
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Tabla3: Combined responses in the central wall of first

error (%) Sél
<

o < < o < L < L <

Bl ey yoel 8 S| 2 18 S| Blyeye ye| 8 : S| &8 ¢

o| V,~ Vo Vi x 5| < 5 x 5 o|M,” M, My x s 5 x 5

= > 5 5| > 5 = = 51 = 5
1 319 312 000} 312 -25 31 -25 374 171 1| 998 751 000] 751 -24.7 75 247 9.01 -97
2 319 312 000} 312 -25 31 -25 374 171 2 998 751 0.000 751 -247 75 -247( 9.01 -97
3| 193 158 0.000 158 -18.1 16 -181f 1.9 -1.7 3 921 816 000 816 -11.4( 82 -114 979 64
4| 193 158 0.000 158 -18.1 16 -181f 1.9 -1.7 4] 921 816 0.00f 816 -11.4| 82 -11.4( 979 6.3
5 017 017 000} 017 00f 02 00 021 200 5( 089 089 000 08 00f 09 00 107 200
6] 385 383 000] 383 -06{ 38 -0.6 459 192 6[ 1459 1436 0.00] 1436 -1.6] 144 -1.6( 1723 180

s X X s X 2 X X 2 X

3\, o ey 8 £ z £ g < 2 ex - < g ¢

o[V, V, V, > 5| S B S b o(M,~ M, M, ~ 5| s bB ~ b

= > o 5| > 5 = = 5 5| = 5
11 1592 0.00 1592| 1592 0.0f 159 0.0/ 19.10 20.0 1115265 0.00 152.65|152.65 0.0 152.7 0.0]183.18 20.0
2| 560 000 536 536 -42[ 54 -42 643 150 2| 26.65 0.00 26.05 2605 -22| 261 -22 3126 173
3| 1503 0.00 14.82| 1482 -1.4| 148 -14| 17.78 183 3(160.65 0.00 158.71|158.71 -1.2] 158.7 -1.2(190.45 185
4| 457 0.00 3.65 3.65 -20.0 3.7 -20.0] 4.38 -4.0 4] 2386 0.00 19.96| 19.96 -16.3] 20.0 -16.3| 23.95 0.4
5| 485 000 377 377 -223 3.8 -223| 453 -6.7 5( 2514 0.00 22.09| 22.09 -121 221 -121| 2651 54
6] 546 000 464 464 -150[ 4.6 -150 557 20 6| 2373 0.00 2239 2239 -5.6|] 224 -5.6[ 26.87 13.3

8 0435



