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Abstract

In three-dimensional asymmetric buildings, the orientation of the applied forces with regard to the structural system as well
as the vertical distribution of the lateral forces affect the structural response. The proposed study addresses the
determination of the critical angle of incidence of the lateral static forces that are needed to carry out lateral force analysis
within the context of procedures for the seismic safety assessment of existing structures. For this purpose, an analytical
methodology is developed to obtain the critical angle of incidence that leads to the maximum demand in terms of storey
displacements. The procedure is based on the properties of the centre of stiffness and the principal directions of single
storey buildings and can be straightforwardly applied to single storey and multi-storey isotropic buildings with an arbitrary
in-plan configuration. Isotropic are buildings that have proportional horizontal stiffness matrices and, as a consequence,
possess principal directions. The proposed procedure is subsequently applied to general multi-storey buildings having any
configuration in plan, as long as rigid diaphragms can be considered at the storey levels. Still, for the later type of buildings
fictitious properties equivalent to the centre of stiffness and the principal directions have to be defined in advance. Finally,
two case studies are presented and the applicability of the methodology is discussed.
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1. Introduction

. )

The concept of the angle of incidence of the seismic action, termed as ASI hereon, has intrigued the scientific
interest and has constituted a challenging research topic among numerous earthquake related studies during the
past years. The quantification of the structural demand depending on the orientation of the seismic action with
respect to the building’s structural axes was recognized as early as 1975. At that time Newmark [1] suggested
that the arbitrary orientation of the seismic components may be sufficiently taken into account by considering a
combination involving 100% of the seismic action along one direction and 40% of the seismic action along the
direction perpendicular to that. On the other hand, Rosenblueth & Contreras [2], following the same rationale,
recommended that the percentage values should be 100% and 30% instead. Such directional combination rules
were, since then, adopted by seismic design standards, including Eurocode 8 Part 1 (EC8-1) [3], for buildings
not conforming with in-plan regularity criteria. These combination rules, complemented also by the use of the
guadratic combination rule, are currently still considered valid despite the fact that many research results indicate
the inadequacy of such conventions to produce conservative demand values, e.g. [4]. When performing non-
linear dynamic analysis with ground motion acceleration records, the simultaneous application of the two
horizontal components along the building’s structural axes is suggested by the standard. However, this
conventional approach has been proven inadequate to predict the structural demand as well (e.g. [5, 6]).

Since the previously referred provisions have been shown to be inadequate to determine conservative
estimates of the real structural demand, the research focus diverted towards the development of new techniques
that would lead to the ASI producing the maximum demand (ASl). It has to be noted herein that EC8
prescribes the application of the seismic action along the ASI;; but does not establish further provisions on how
to determine it. The majority of the existing studies on the topic are oriented towards the design of structures and
focus on local level demand parameters, e.g. internal element forces, concluding that no unique ASI exists that
maximizes all parameters simultaneously. In addition, the ASl;; of every parameter studied was found to be
influenced by several variables, including, for example, the frequency content and the intensity of the seismic
action when nonlinear material properties are employed, and, in general, no constant trends for its evolution
could be found. Among the limited amount of studies that suggest solutions to alleviate the complex issue of
determining the ASI, Menun & Der Kiureghian [7] introduced the complete quadratic combination rule that
determines the ASl; and the corresponding maximum response from results obtained from preliminary
standard analyses. Alternatively, Lopez et al. [8] suggested upper limits in the demand determined from response
spectrum analysis by considering every possible ASI. Athanatopoulou [9] prescribed analytical expressions that
lead to the exact ASl and maximum demand for response history analysis and linear material properties by
manipulating the results obtained from preliminary analyses. In the domain of nonlinear analysis, where the
results were found to be much more scattered, Cantagallo et al. [10] suggested that the seismic action should be
applied along the lowest strength direction of the building, in order to lead to the maximum demand. On the
other hand, Sebastiani et al. [11] introduced a simplified approach to evaluate the ASl.; by performing
parametric pushover analysis in simplified models of the structure aiming to reduce the computational effort.
Although, some improvements have been made towards determining the critical structural demand with respect
to the directivity of the seismic action, no constant trends are still observed and the correlation of the structural
response with the ASI remains unsolved.

In light of this, the focus of the current paper is to demonstrate an analytical procedure for the
determination of the ASI that leads to the maximum value of a selected structural demand parameter, based on
the structural characteristics and by taking into account the input seismic action. The analysis method considered
in the proposed procedure is lateral force analysis (LFA), which is prescribed by EC8 both for seismic design
and the safety assessment of existing structures. Only a few studies deal with LFA [12, 13] but they unanimously
conclude there is no unique ASI that maximizes the demand for all parameters simultaneously and that
neglecting the ASl.q, i.e. applying the lateral forces only along the structural axes and adopting a directional
combination rule, may lead to unconservative results. Herein, in the context of the seismic safety assessment of
existing structures, an analytical procedure is established for the determination of the ASI.; that leads to the
critical demand in terms of displacements. Those demand parameters were selected for their ability to express
global structural behaviour and due to the fact that limit states have already been developed in terms of
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displacements and can be found in the literature. The proposed procedure lays its foundations in the concept of
the centre of rigidity (centre of twist, centre of stiffness and shear centre) and the elastic axis of single storey
buildings, thus leading to the exact solution in single storey and isotropic multi-storey buildings [14]. In the
current paper, its applicability is extended for any type of multi-storey buildings and illustrated for two multi-
storey buildings. The results produced by the proposed methodology are verified with those obtained by
parametric numerical simulation analyses for every ASI using an adequate angle step.

. )

2. Presentation of the methodology

2.1 Fundamentals of the procedure

The methodology developed for the determination of the ASI;; is based on the static behaviour of three-
dimensional (3D) single storey buildings with an arbitrary configuration in plan, as described in [15]. Some basic
concepts of single storey structures and their behaviour under static loading are presented in advance to provide
some background for the developed rationale. The presented procedure is derived for single storey buildings and
is directly applicable to multi-storey buildings that possess principal bending directions. The same methodology
is then extended for general multi-storey buildings after considering some additional assumptions related to the
fictitious torsional axis and optimal principal directions previously defined in [16, 17].

In the current study the mechanical behaviour of the materials is considered linear elastic and the floor
slabs are assumed as rigid diaphragms. Furthermore, the vertical elements are considered to be axially rigid.
Single storey buildings with these properties always possess an elastic centre Cs and principal axes (I, Il, 1),
where the horizontal plane I-11 of the principal system is defined with respect to the structural axes X-Y with a
translation along two perpendicular horizontal directions and a rotation ® about the vertical axis Z [15] (Fig. 1).
Also, Cs is the intersection of the vertical principal axis Il (also termed elastic axis) with the floor diaphragm.
The importance of such properties lies in the fact that in the principal reference system Cs(l, 1l, 111) the stiffness
matrix takes a diagonal form and the static equilibrium can be described by three uncoupled equations:

Ki-up=R, Ky-up=R, Ky-0cs=Mcg (1)

where K,, K, K, are the principal stiffness matrix coefficients and [u, u, 6¢]" and [F, F; Mc]" are the
displacement and the loading vectors, respectively, with respect to Cs(l, Il, I1l). The translational principal
stiffness coefficients K, and K,, correspond to the minimum and maximum horizontal stiffness of the system,
hence the corresponding principal periods T, and T, correspond to the maximum and minimum periods,
respectively. It has been proven that the flexibility coefficients (f; = 1/K;) for each direction i lie on an ellipse
with a semi major axis a = f; and a semi minor axis b = f;; [18]. In the same way, it can be proven that the
uncoupled fundamental periods given by:

Tunc,i =2-7- m'fi (2)

also lie on an ellipse with a semi major axis a = T; and a semi minor axis b = T,;, where m is the total mass of
the structure and i an arbitrary orientation. As a consequence, the uncoupled periods of the structure can be
expressed as a function of the direction under consideration, expressed by the angle o with respect to the
principal axis I

T,-T
Tunc(a'): - | 1 -
\/COS(a') T2 +sin(o)” - T,
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Based on the properties of Cs [18], a static force passing through the centre of stiffness causes a
translation without rotation of the floor diaphragm. In addition, a torsional moment about a vertical axis causes
rotation of the diaphragm about Cs. Therefore, a horizontal static force F rotating about any point of the
diaphragm, e.g. point O in Fig. 1, causes an elliptical translation of Cs and a rotation of the diaphragm around
Cs. The overall displacement of the floor can then be obtained as a superposition of two states of pure translation
within the planes I-111 and 11-111 and of one state of pure rotation about the axis Ill, as illustrated in Fig. 1.

Fig. 1 — Displacement of a single storey building subjected to a horizontal unit static force applied at O with an
arbitrary direction a with respect to the structural axis X.

The displacement vector of Cs, ucs =[ux“® u,“® 0,], due to a horizontal force F applied at O with an arbitrary
orientation o is determined as a function of the angle o” by:

LB F-cos(a)
us K, I_<| |
uSS _ LT _ F-sin(a) @)
0 I<II I<II
L I<III 4 L I<III i

where F, and F, are the projections of F to the axes | and 11, respectively, while the coordinates Xcs” and y¢s” of
Cs correspond to the rotated system (as shown in Fig. 1). Similarly, the displacement of a generic point of the
diaphragm, e.g. point A in Fig. 1, may then be calculated according to Eq. (5) that defines the displacement of A
us =[ux? u,™ 0] with respect to the displacement of Cs based on rigid body kinematics:

ux U$S Va0
uf |=| uSS +x, -0, ®)
02 02

where x,” and y, " are the coordinates of point A determined with respect to Cs(l, 11, 111) as shown in Fig. 1. By

combining Eqg. (4) with Eq. (5), the total displacement of A may be obtained using the Pythagorean Theorem:

2 2
Arnc (A (oA ([ R R Yes R Xes R Fi - Yes-hin - Xes
e \/(uX(a)) +(uY(a)) \/[KI o Ky J +[KII A Ky ] ©
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In LFA, the lateral force F corresponds to the base shear determined according to a certain earthquake design
standard and its derivation and combination with Eq. (6) is presented in the next sub-section.

. )

2.2 Introducing the seismic action

The response spectrum used for the representation of the seismic action in the context of the seismic safety
assessment procedure defined by EC8-3 [19] corresponds to the elastic ground acceleration response spectrum
provided in EC8-1 [3]. The shape of the spectrum is divided into four branches, the limits of which are
determined by the National Determined Parameters (NDP). The second branch corresponds to the constant
spectral acceleration region, the third to the constant spectral velocity region and the fourth to the constant
spectral displacement region. The spectral acceleration S, is defined as a function of the structural period, which
in LFA corresponds to the fundamental period of vibration in the horizontal direction under consideration. It was
shown in section 2.1 and Eq. (3) that the uncoupled structural period can be expressed as a function of the angle
a’, Tunc(a”). Accordingly, the S, can also be expressed as a function of the same angle. Hence, the resultant base
shear can be expressed by:

F(a) = Se (Tunc (o)) m-A (7)

where m is the total mass of the structure and A is a modal mass correction factor used to account for the
effective modal mass of the fundamental mode of vibration. The effective modal mass that corresponds to the
first mode is on average 15% smaller than the total mass in buildings with at least 3 storeys and translational
degrees of freedom in each horizontal direction.

2.3 Determination of the critical angle of incidence

By combining Eq. (7) with Eq. (6), the overall displacement of the structure is expressed only as a function of
the angle o’ and depends on the structural and geometrical characteristics of the building, as well as on the shape
of the response spectrum. To account for the spectrum shape and the value of the principal periods, the
expression may take different forms. In the special case where both the principal fundamental periods T, and T,
fall onto the second branch of the spectrum, i.e. T, < T¢ and T, > T, the spectral acceleration is independent of
the uncoupled fundamental period for every direction and, therefore, F is constant for all o', Fons. In that case,
Eqg. (6) takes the following form:

UA (av):FZConst X\/[ COS(U,') y , COS(a‘) . ycs'_sin(ou) . XCS'JZ . ( Sin((l‘) oy COS(U.’) . YCS"Sin(a') ) Xcs‘jz (8)

A A
KI KIII KII KIII

Subsequently, the o' that leads to the maximum resultant horizontal displacement of A is calculated by
maximizing Eq. (8), i.e. deriving Eq. (8) with respect to o', for o’ = [0°, 360°], and setting the derivative to zero:

du? (o)
do!

0 - 0"crit (9)

In this case, o' does not depend on the value of the force, which is a constant. In cases other than the one
expressed by Eq. (8), F is a function of the fundamental period. Therefore, Eg. (6) takes the following form:

™ (@)=F(@) J(cos(av N .cos(a')-yc;-sinm')-sz'JZ+[sin<ov> o -cos<a'>-yc;-sm<a'>~sz‘Jz (10)

A A
KI KIII KII KIII
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When both T, and T, belong to the same branch of the spectrum, e.g. T, > T¢c and T, < Tp, Eqg. (10) has only
one branch and the angle a.; is determined by Eq. (9), i.e. deriving the equation for o’ = [0°, 360°]. When T, and
Ty belong to different branches of the spectrum, Eq. (10) has more than one branch and each branch corresponds
to a certain range of angles. The limits of the branches are determined from Eq. (3) by replacing the uncoupled
period by the appropriate NDP: Tg, T¢ or/and Tp. Finally, since o’ is defined with respect to the principal axis
I, the ASl;; with respect to the global axis X can be determined by adding angle o to .

3. Extension of the methodology for multi-storey buildings

3.1 Buildings with a real elastic axis

The prerequisite for the application of the previously presented procedure is the diagonalization of the stiffness
matrix and the decomposition of the static equilibrium equations. i.e. the existence of an elastic axis and
principal bending directions. In multi-storey buildings, however, those properties generally do not exist [20].
Nevertheless, there are special categories of multi-storey buildings for which an elastic axis Il and principal
bending planes (I-111, I1-111) can be defined and belong to one of the following categories of systems [18, 20]:
systems with two horizontal axes of in-plan symmetry, isotropic systems, ortho-isotropic systems and complex-
isotropic (coaxial) systems. In those systems, the static response may be obtained by the superposition of two
states of pure bending within the planes I-11l and II-11l and one state of pure torsion about the axis Ill. The
response of such systems may be then determined by analysing a torsionally uncoupled N-storey system along
with a torsionally coupled single storey system, where N is the number of storeys. The procedure to define the
properties of the torsionally coupled and the torsionally uncoupled systems that is described analytically in [18]
leads to the following systems of equations:

ki -Kol-ui=fy, [k -Kol-uy=fy, [ky -Kol-0y=my, (11)

where Ko is a constant reference matrix of order N that corresponds to the torsionally uncoupled system. The
terms fj, f}, and my,, are the N-dimensional vectors of the loads and u;, uy and 0y, are the N-dimensional vectors
of displacements with respect to the principal reference system (I, 11, 1l1). Moreover, k;, k;, ky;, are numerical
coefficients that correspond to the principal directions of the single storey system and are calculated by the
diagonalization of the stiffness matrix that corresponds to the coupled single storey system. Finally, the
uncoupled fundamental periods of the structure can be expressed by Eq. (3) and the procedure developed in
section 2 can be implemented for the determination of the ASlg; of the displacement of the structure. An
illustrative example of the implementation of the procedure in a 3-storey isotropic building is given in [14].

3.2 Buildings without a real elastic axis

Since the elastic axis and the principal bending directions are good descriptors for the behaviour of a building,
efforts have been made to extend and generalize these concepts for general multi-storey buildings [16, 17, 21].
For that reason, the previously referred studies define a fictitious torsional axis as an approximation of the elastic
axis by minimizing the sum of the squares of the rotations of all the diaphragms for a preselected vertical
distribution of lateral forces. In addition, the optimal principal directions are defined as the two horizontal (and
orthogonal) directions associated with the minimum and maximum stiffness of the building [16, 17].

From the definition of the optimum axis it can be deducted that its direct application to the procedure
described in section 2.1 would require the diagonalization of an intrinsically non-diagonal matrix. To overcome
this issue, an alternative approach is implemented herein for general multi-storey buildings that lays its
foundations in the fundamentals of structural analysis by using the static condensation technique proposed by
Guyan [22]. According to this technique, the definition of a stiffness matrix condensed to the degrees of freedom
(dofs) of one storey, i.e. two translational and one rotational dofs, is performed prior to the application of the
methodology presented in section 2. In the condensation procedure, the dofs of the storey under consideration
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are defined as the masters (m) while the dofs of the rest of the storeys are defined as slaves (S). The static
equilibrium of the structure is then expressed by:

Ksm KSS XS I:S
where [xn X,]" is the displacement vector of the master and the slave dofs and [F., F<]" is the force vector acting
on the master and on the slave dofs. The equilibrium of the condensed system is given by:

Kg - Xy =Fq (13)

where Kg is the condensed stiffness matrix that corresponds to the master dofs and Fg is the equivalent force
vector acting on the master dofs, respectively, expressed by:

KR :Kmm'Kms ’ Ksi ’ Ksm (14)

Fr=Fn-Kpms - Kst R (15)

Since Ky corresponds to an equivalent one storey structure, its diagonalization is possible and a new reference
system can be defined representing the fictitious principal reference system of the i storey for which the
condensation was carried out. Subsequently, the geometrical and mechanical parameters required in Eg. (6) are
defined, namely K, Ky, K, Xa’, Ya', Xcs'y Xcs” and ', similarly referred as the fictitious parameters of the i
storey. Finally, Eq. (6) takes the following form:

2 2
A (o) \/( Fa (@) Fa (@) Yos PR () Xes Mg (a')] { i @) o F@) Yo P @)X ™Mp(@) | o

A
KI KIII KII KIII

where [Fr'(a); Fr"(a); Fr'(@)-ycs-Fr'"(0)-Xcs'+Mg(a)]" is the force vector determined by Eq. (15)
transformed to the fictitious principal reference system.

Regarding the determination of the base shear in a way similar to the one defined in section 2.2 for single
storey buildings, some assumptions need to be adopted in advance. In Eqg. (7), the base shear is expressed with
respect to the uncoupled natural periods along the principal directions of the structure. Since real principal
directions do not exist in general multi-storey buildings, the procedure proposed in [17] is implemented for the
definition of optimum principal directions. According to this procedure, an initial distribution of the base shear
throughout the height is assumed. For this distribution of forces, the position in plan of the fictitious torsional
axis is calculated and subsequently the optimum principal horizontal directions are determined. The fundamental
uncoupled periods that correspond to these optimum directions T o, and T Will play the role of the principal
periods T, and T, respectively. The fundamental periods for every other uncoupled direction will be assumed to
follow an ellipse according to Eq. (3). This assumption is expected to be close to the reality for buildings that are
regular in elevation, i.e. buildings for which the LFA is allowed by common seismic analysis standards.

Having defined all the parameters required in Eq. (16), the ASl.; may be determined according to the
procedure described in section 2.3. Nevertheless, some key-points that require special attention during the
application of the procedure in multi-storey buildings are summarised hereafter. The whole procedure depends
on the initial assumption of the vertical distribution of the base shear both for the definition of the optimum
principal directions, as well as for the definition of the equivalent condensed vector of forces acting on the
master dofs Fr. When T, and Ty,op: fall both on the second branch of the spectrum, the procedure leads to the

7
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exact solution. In the remaining cases, the solution is an approximation to the reality due to the assumption that
the uncoupled fundamental periods follow an ellipse. Nevertheless, the error is negligible for multi-storey
buildings regular in elevation.

The uncoupled fundamental period used for the definition of the S, needs to be aligned with the direction
defined by the angle o’. An incompatibility may arise when the orientation of the optimum principal direction
determined by the procedure prescribed in [17], noted as ag;, does not coincide with the orientation ' of the
fictitious axis | determined from the condensed stiffness matrix of the i storey. In that case the uncoupled
period inserted in Eq. (7) should be modified to:

Tlopt 'Tllopt (17)

Tune ()=
I

2 2 . N2 2
cos(0'-0tgy + @")" - Tyiop” +8in(a'-aigy +@")" - Tygpy

The application of the methodology for the Ky of the i storey results in the ASls.;; of the columns of the
respective storey. The implementation of the methodology in two case studies is presented in the next section as
well as the discussion of the obtained results.

4. Examples of application

4.1 Characteristics of the considered seismic action

For the following case studies the seismic action will be represented by the Type 1 elastic response spectrum
defined by EC8-1. The parameters describing the spectrum correspond to a ground type B (S = 1.2, Tg = 0.15
sec, Tc = 0.5 sec, Tp = 2.00 sec), 5% viscous damping (n = 1) and ground acceleration equal to 0.35g. The
response spectrum is presented in Fig. 2.

Type 1 Spectrum. PGA=0.35¢g, Soil B

[
N

=
(=2 o] o

Sa (m/sec/sec)

N

0 0.5 15 2

1
T (sec)

Fig. 2 — Elastic response spectrum used for the analyses.

4.2 Considered structures

The following two case studies are analysed to illustrate the proposed methodology: a 5-storey building
and a 3-storey building that are represented in Fig. 3(a) and 3(b), respectively. The 5-storey structure has the
typical plan view of Fig. 3(c). All five storeys have a height of 3 m and the columns’ cross sections are square S
40x40 cm? and rectangular Rx 80x40 cm?, Ry 40x80 cm? with constant dimensions throughout the height. All
beams have a cross section of 25x60 cm®. The 3-storey structure has the typical corner-shaped plan view shown
in Fig. 3(d) and has a 4 m height first storey and two upper storeys with 3 m height each. The columns’ cross
sections of the 3-storey building are square S 40x40 cm? and rectangular Rx 60x40 cm?, Ry 40x60 cm?, constant
throughout the height. The beam cross sections are all 25x55 cm?. The modulus of elasticity in both buildings is
considered equal to 25 GPa. A 50% reduction of the stiffness is assumed according to the EC8-1 provisions.
Both structures are subjected to the analytical procedure presented in section 3.2 and the ASl; for selected
structural elements is determined. Furthermore, a parametric LFA in carried out for both structures for ASlIs that

8
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vary from 0° to 360° in steps of 1°. The comparison of these results to validate the proposed methodology is then
performed.

®

A
A

(a) (b)
s Tre Tae Ryl ‘ s3 S Ry4] |
Y n
Y @ IS IS Ry5 L
T .
oM, | x | M .
s S S st S S |
S S S s, ‘
| ¢ - - u |
™ n
.Sl IS IS 52. f Rx1 Rx2 L
4 5 6 —— 7.8 8
® () 1 (d)

Fig. 3 — 3D representation of the 5-storey structure (a) and the 3-storey structure (b) and their typical plan views
(c), (d), respectively (dimensions in m).

4.3 Results of the analyses

4.3.1 5-storey building

The 5-storey building has fundamental periods along the X and Y axes of 0.93 sec and 0.98 sec, respectively. By
assuming a 1% mode distribution of the lateral forces and by applying the procedure described in [17], the
location of the fictitious torsional axis is determined with respect to the CM(X,Y), (Xfict,Ysiet) = (-0.47,0.88) m.
Subsequently, the angle ao; = 90.0° is determined, which defines the orientation of the optimum principal axis |
with respect to X. The uncoupled fundamental periods along the optimum principal axes are T, = 0.97 sec and

Ty =0.92 sec. It is observed that both T, and T, fall on the third branch of the spectrum (Fig. 2), thus the base
shear will vary for different ASls.

For the determination of the ASl; of the horizontal displacement of the vertical structural elements of
each storey, five static condensations are performed, each one considering the dofs of the respective storey as
masters. For the sake of the present study, the ASls.; results for the centre of mass CM and for the four corner
columns, shown in Fig. 3(c), are presented. The ASIsg;; that lead to the maximum resultant displacement for
these five elements of each storey are presented in Table 1. For each element, the first column corresponds to the
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angi'es calculated analytically using the methodology presented in section 3.2 (ASI,*™) while the second
column presents the critical angles determined by the parametric analysis (ASI¢ ™).

Table 1 — The ASlIs that lead to the maximum resultant displacement of the columns of the 5-storey building,

determined from the proposed analytical procedure (Anal) and from the parametric analysis (Param).

lem CM S1 S2 Ry3 Ry4
Stor. Anal. | Param. | Anal. | Param. | Anal. | Param. | Anal. | Param. | Anal. | Param.
1 2200 | 219 | 168.9 | 169 | 2105 | 210 | 306.0 | 306 | 246.9 | 246
2" 253.6 | 253 | 1689 | 169 | 2184 | 218 | 123.6 | 123 | 252.8 | 253
3" 258.6 | 258 | 169.7 | 170 | 2222 | 222 | 123.2 | 123 | 255.4 | 255
4" 261.1 | 261 | 169.7 | 170 | 224.8 | 224 | 122.3 | 122 | 256.8 | 257
5t 263.2 | 263 | 168.7 | 169 | 227.7 | 227 | 120.8 | 121 | 258.0 | 258

4.3.2 3-storey building

The 3-storey structure has fundamental periods along the X and Y axis of 0.69 sec and 0.59 sec, respectively.
Similarly to the procedure followed for the 5-storey building, but assuming a uniform distribution of the base
shear along the height of the building, the fictitious torsional axis is determined with respect to the CM(X,Y),
(Xfie,Yrir) = (1.38,-1.00) m. Subsequently, the angle og; = 0.0° is determined. The uncoupled fundamental
periods along the optimum principal axes, which are parallel to X and Y, respectively, are T, = 0.68 sec and
T, =0.57sec. It is observed that both T, and T, fall on the third branch of the spectrum. For the determination of
the ASlI,;; of the horizontal displacement of the different columns of each storey, three static condensations are
performed and the methodology presented in section 3 is applied. The results corresponding to the centre of mass
CM and all five corner columns Rx1, Rx2, S3, Ry4 and Ry5, shown in Fig. 3(d), are presented in Table 2.
Similarly to Table 1, the first column of each element shows the results of the analytical procedure (ASI,*"™),
while the second column presents the results obtained from the parametric analysis (ASI ™).

Table 2 — The ASls that lead to the maximum resultant displacement of the columns of the 3-storey building,
determined from the proposed analytical procedure (Anal) and from the parametric analysis (Param).

lem CM Rx1 Rx2 S3 Ry4 Ry5
Stor. Anal. | Param. | Anal. | Param. | Anal. | Param. | Anal. | Param. | Anal. | Param. | Anal. | Param.
1% 42.2 42 88.3 89 | 300.9| 302 | 504 50 16.5 18 1785 | 177
2" 22.6 25 2823 | 284 | 3179 | 318 41.8 42 11.7 13 1774 | 177
3" 13.7 17 308.6 | 310 | 326.7 | 326 36.1 37 10.0 12 1779 | 178

4.3 Discussion

Tables 1 and 2 summarize the results obtained from the application of the proposed methodology for selected
elements of the 5-storey and 3-storey buildings, respectively, as well as the real ASI. ™" obtained from the
parametric analyses. It is observed, as previously stated also by other researchers, that each column reaches its
maximum displacement for a different ASl,;; and that the ASl.;; of one column also varies for different storeys.
Although the ASls.;; do not seem to follow any constant trends, their straightforward determination is possible
by the proposed methodology. It is observed that for all the analysed elements, the ASl;; was determined with a
sufficient accuracy. The difference between the ASI.,"*™ and ASI,*™ is negligible and does not exceed two
degrees except in one case, represented by the bold font in Table 2, where the difference is three degrees. The
errors of up to one degree may be explained by the resolution of the angle step used for the parametric analysis,
while the errors larger than that are due to the assumption of a perfect elliptical shape to represent the relation
between the uncoupled fundamental periods.
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In order to quantify and assess the induced error, the difference between the displacement that corresponds
to the ASI.; obtained from the analytical procedure and the maximum displacement obtained from the
parametric analysis for all ASls, normalized by the latter, is determined. Regarding the 5-storey structure, the
error for all parameters was found to be lower than 0.01%. For the case of the 3-storey structure, Table 3
presents the results of the error. It is observed that for this case, the induced error is practically negligible also,
since it does not exceed 0.03%. Based on these results, it can be considered that the proposed analytical
methodology is able to determine adequately the ASl; for general multi-storey buildings.

Table 3 — The % error between the displacement that corresponds to the ASl;; determined from the analytical
methodology and the maximum displacement obtained from parametric analysis for the 3-storey building.

lem CM Rx1 Rx2 S3 Ry4 Ry5
Stor.
1 0% 0.008 % 0.007 % 0% 0.017 % 0.002 %
2N 0.015 % 0.011 % 0% 0% 0.008 % 0%
3" 0.025 % 0.001 % 0.005 % 0.002 % 0.011 % 0%

6. Conclusions

The current paper presented an analytical methodology for the determination of the ASl.; in the context of the
seismic safety assessment of existing RC buildings with lateral force analysis procedures. The methodology
comprises an extension of an existing study for the case of general multi-storey buildings in which the analysis
with lateral forces is allowed by the standard earthquake analysis provisions. In the context of seismic safety
assessment procedures, storey displacements were selected as demand parameters.

The methodology has been proven to lead straightforwardly to the exact value of the ASlg; in buildings
with a real elastic axis, while its application for general multi-storey buildings remained a challenge. The use of
structural condensation techniques led to the procedure proposed in the current paper which allowed the
application of the methodology in those cases as well. The presented case study applications have shown that the
ASl; calculated by the proposed methodology provides very good estimates of the real ASl.;. The angles
determined by the proposed analytical procedure were verified by the parametric analysis results and the
differences did not exceed two degrees except in one case. In the cases where there was a mismatch between the
angles determined by the analytical procedure and the parametric analysis, errors in the maximum displacements
were practically negligible. The observed errors in the angle determination are attributed to the resolution of the
angle step during the verification by the parametric analysis and to the assumption of the relation between the
uncoupled periods in the analytical procedure.

The competitive advantage of the presented methodology is the low demand in computational power and
time, as opposed to the parametric analysis for different ASls that would be required in order to reach the same
results. It should be noted herein that the purpose of the paper is not to discuss the selection of the critical
demand parameter that should be used for the seismic assessment procedure, but to provide an analytical
solution for the case of storey displacements. According to this solution the ASI; that leads to the maximum
displacement of a specific column of a storey can be obtained straightforwardly, without the need for multiple
analyses and without the use of the conventional combination rules provided by standards which are of
guestionable validity. Since the requirements of the methodology are the mechanical and geometrical
characteristics of the structure, as well as the elastic response spectrum, the presented methodology may be
easily implemented in a finite element software. Lastly, more buildings with different configurations in plan and
in elevation need to be analysed for the validation of the methodology for a wider variety of buildings.
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