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Abstract

After a short review of the torsional irregularity requirements of the new Turkish Earthquake Code
(TEC’97), a parametric study is carried out on various ten-storey shear-wall frames with rather high tor-
sional irregularities. The internal member forces are computed and compared in the solutions with 5%
accidental eccentricity and with increased eccentricities, under seismic loading, according to TEC’97. Tor-
sional amplification factors are introduced and calculated along the height of the buildings. The numerical
solutions of the investigated buildings show that the maximum increase in the bending moments at the most
critical beams and columns is about 10%. The torsional irregularity coefficients of the sample structures
evaluated according to Uniform Building Code’97 and TEC’97 are also compared in the study, the compu-
tations of which are based on absolute and relative displacements, respectively. The UBC’97 coefficients are

rather high with respect to the TEC’97 values.
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Introduction

Most recent earthquakes have shown that the irregu-
lar distribution of mass, stiffness and strengths may
cause serious damage in structural systems. How-
ever an accurate evaluation of the seismic behaviour
of irregular buildings is quite difficult and a compli-
cated problem. Due to the variety of parameters and
the choice of possible models for torsionally unbal-
anced systems, there is as yet no common agreement
nor any accurate procedure advised by researchers on
common practice in order to evaluate the torsional
effects.

Numerous studies have been published on the
assessment of code provisions and the seismic be-
haviour of torsionally irregular structures during re-
cent years, such as, Zhu and Tso (1992), Calderoni
et al. (1995), Chandler et al. (1996), Chandler and

Duan (1996), Ozmen et al. (1998), Tso and Smith
(1999) and Tezcan and Alhan (2001).

The research work into contemporary seismic
codes of various countries (Earthquake Resistant
Regulations: A World List, 1996) shows that plan,
or torsional irregularity is the most widely consid-
ered type of structural irregularity because of both
its seismic damage potential and its complex nature.
The investigations into the seismic codes of 40 differ-
ent countries show that some dissipative or preven-
tive measures are required for this type of irregularity
such as:

e The presence of torsional irregularity is not al-
lowed in 11 out of the 40 earthquake codes in-
vestigated. If it is unavoidable, then structural
dilatations are required or suggested in six of
these.
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e 3-D analysis based on an increased eccentricity
value is required in four of these codes.

e 3-D dynamic analysis is required in 13 of the
seismic codes as a preventive measure.

e In 10 of the seismic provisions an increase in
accidental eccentricity or dynamic analysis is
advised depending upon the level of torsional
irregularity.

Despite some preventive measures and provisions
required in the seismic codes, torsional irregularity
in buildings is sometimes inevitable for architectural
reasons; therefore its effect must be carefully taken
into consideration in design work.

The general procedure for the design of torsion-
ally unbalanced systems is as follows: the structure is
first analysed with accidental eccentricity, and then
the torsional irregularity parameters are computed
at each storey level. If the torsional irregularity ex-
ceeds an allowable limit, the lateral load analysis
is repeated with increased eccentricity, or else the
geometrical configuration must be modified to re-
duce the existing eccentricity. Recent seismic codes
UBC’97 (Uniform Building Code, 1997) and the new
Turkish Earthquake Code TEC’97 (Turkish Earth-
quake Code, 1997) have adapted almost the same
procedure except for slight modifications.

The main objectives of this paper are:

1. To evaluate and compare the variation of the
value of torsional irregularity coefficient
computed according to TEC’97 and UBC’97
over the height of torsionally unbalanced sam-
ple buildings.

2. To observe the level of change of internal
forces computed with increased eccentricity
compared to the 5% accidental eccentricity for
the code-designed sample buildings, in order to
assess the Turkish code requirements for tor-
sional irregularity (Calim, 1999).

The Code Provisions for Torsional
Irregularity

The new Turkish Earthquake Code, TEC’97, which
was put into effect in 1998, imposes some limits on
the use of various structural irregularities in build-
ings, such as an increase in design forces or a require-
ment for dynamic analysis. Under the code provi-
sions, torsional irregularity is taken into account in
design work as follows:
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The torsional irregularity coefficient 7, defined
as the ratio of the maximum relative storey drift to
the average relative storey drift, is computed at each
storey level. The 5% accidental eccentricity (g4) is
included in the drift computations. If the value of
Mp; is between 1.2 and 2, then the eccentricity is in-
creased by a factor as in the following formula:

Eij = Ea(nbj/l.Q)Q (1)

where €;; represents the amplified or increased eccen-
tricity for the j** storey, which is to be considered in
the analysis procedure, and ¢, represents the acci-
dental eccentricity that equals 0.05.

If the value of n; < 2, then the equivalent static
loading method for the earthquake analysis can be
utilised for buildings up to 60 m in height on the con-
dition that there is no B2 type irregularity. On the
other hand, if the value of n,; exceeds 2 at any storey,
then a complete 3-D dynamic analysis or change of
configuration is essential. In addition, if a dynamic
approach is utilised then the base shear computed ac-
cording to the modal analysis may not be less than
the value obtained with the equivalent static analy-
sis; otherwise it is increased by a factor.

The provisions for torsional irregularities accord-
ing to UBC’97 are quite similar, except that the
computation of the torsional irregularity coefficient
7y is based on absolute storey displacements instead
of relative displacements as in TEC’97. In order to
evaluate the effect of this slight difference on the
computations, 7, values were computed according to
TEC’97 and UBC’97 and compared for torsionally
unbalanced sample buildings.

Computation Procedure

The parametric investigation is performed on R/C
shear-wall frames with rather high torsional irreg-
ularity levels. The buildings considered are first
pre-designed according to Turkish provisions. Tor-
sional irregularity coefficient n;,; at each j*" storey of
the structures is computed in line with UBC’97 and
TEC’97, and then the curves for n,; versus storey
numbers are evaluated over the heights of the struc-
tures for comparison purposes, in the first part of the
study.

Then a series of analyses are performed on four
sample structures utilising TEC’97 in order to ob-
serve and detect the level of the increase in the in-
ternal forces with the increased eccentricity ¢; given
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in the formula (1). The comparison and evaluation
procedure is based on the numerical approach given
in the recent study by Ozmen et al. (1999).

The main steps of the second part of the investi-
gation procedure can be summarised as follows:

1. The initial structure named SS1 is analysed
with 5% accidental eccentricity for the seismic
loads of TEC’97, and the computed internal
forces in the structural members are called F,.

2. The values of torsional irregularity coefficient
1My, are computed at each jth storey of the build-
ing considered. If 15; > 1.2 then the increased
eccentricity €;; is computed.

3. The seismic analysis of the building is repeated
with the increased eccentricity €;; and the com-
puted internal forces are called F;.

4. The ratio of F;/F, for any beam or column
member is called the torsional amplification
factor (TAF). In order to observe the change
in TAF values over the height of the structure,
the curves for the TAF values of critical mem-
bers versus storey numbers are evaluated.

5. The weighted averages of TAF values for the
most critical members of the buildings are also
computed by taking the corresponding inter-
nal force F, due to the accidental eccentricity
as the weight factors and tabulated. The rep-
resentative columns and the beams at the flex-
ible and stiff sides are called cy, by and cs, b,
respectively.

6. The above procedure is repeated for the other
sample structures.

Numerical Investigations

The numerical study is carried out on four different
ten-storey shear-wall framed buildings derived from
the initial structure, SS1 (Calim, 1999). The typi-
cal floor dimensions of the SS1 building are given in
Figure 1. All beam dimensions are assumed to be 25
cm x 50 cm. The cross-sectional dimensions of the
vertical structural members are tabulated in Table
1.
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Figure 1. Floor Plan of Sample Structure SS1.

Table 1. Dimensions of vertical members of sample structures in cm.

Storey Sl SQ Sg S4 Pl
10-9 | 30 x 30 | 30 x 30 | 30 x 30 | 150 x 25 | 25 x 375
8-7 30 x 30 | 30 x 40 | 40 x 40 | 150 x 25 | 25 x 375
6-5 30 x 40 | 30 x 45 | 45 x 45 | 150 x 25 | 25 x 375
4-3 30 x 45 | 30 x 55 | 45 x 60 | 150 x 25 | 25 x 375
2-1 30 x 55 | 30 x 70 | 45 x 70 | 150 x 25 | 25 x 375

13



GULAY, CALIM

The sample structure SS2 is obtained by adding
a b m span lengthwise to SS1. The sample structure
SS3 is obtained by adding another 5 m span length-
wise to SS2. The sample structure SS4 is produced
by shifting the location of the shear-wall: P; from
the 1% to the 2"¢ axes and the shear-wall: Py from
the 2"¢ to the 3"¢ axes, respectively. The dimen-
sions of the structural members of the investigated
buildings are assumed to be unchanged.

The total height of the buildings is 31 m. The
storey height is 4 m at the first level and 3 m at the
others. The structures are assumed to be located in
the second-degree earthquake region, and the coef-
ficient of effective ground acceleration is thus Ay =
0.30. The coefficient of building importance is taken
as I = 1, since the sample structures are considered
to be residential buildings. The local soil profile is
72, and the characteristic spectrum periods T 4 and
Tp are thus taken as 0.15 s and 0.40 s, respectively.
The structural behaviour constant is considered to
be R = 7, as suggested by the code (Turkish Earth-
quake Code, 1997).

The equivalent static earthquake loading ap-
proach is utilised for the seismic analysis of the sys-
tems. Since the systems are all symmetrical about
the X-axis, the lateral load analyses have been car-
ried out only in the Y direction. The mass centres
of the sample structures are assumed to be at the
geometrical centres of the floor plans.

The SAP90 Structural Analysis Package (Wilson
and Habibullah, 1992) is utilised for 3-D analyses.
The 3-D computer models for the sample structures
utilised in the computations are shown in Figures 2
and 3.

Figure 2. SAP90 Model for SS1, SS2 and SS3 Structures.
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Figure 3. SAP90 Model of SS4 Structure.

Each structure is first analysed under seismic
loading with ¢, = & 5% accidental eccentricity, and
the torsional irregularity coeflicients 7;; according to
TEC’97 and UBC’97 are computed. Since their val-
ues are all greater than 1.2, the increased eccentrici-
ties €;; at each storey of the buildings considered are
also computed. Figure 4 shows the variation of the
;5 values over the heights of the considered struc-

tures in accordance with the two codes, TEC’97 and
UBC97.

The internal forces, namely bending moments
and shear forces, of the most critical beams and
columns at the outermost axes, corresponding to
€q = £ 0.05 are called F,. The structural analy-
ses are then repeated with the increased eccentricity
€;; values, computed according to TEC’97, at each
jth storey of the buildings considered. The mem-
ber forces utilising the increased torsional effects are
then called F;.

The TAF values defined as F;/F, are evaluated
for the critical structural members at each jt" storey
of the investigated buildings. The TAF values versus
the storey numbers for buildings SS1, SS2 and SS3
are shown in Figure 5. Here the notations cy and
b represent the column and the beam at the out-
ermost flexible sides, respectively. Figures 6(a) and
(b) illustrate the change of the TAF values of the
beam and column members of building SS4 consid-
ering increased eccentricity (+) €;; and Figures 7(a)
and (b) illustrate the TAF values of SS4 considering
decreased eccentricity (—) e;; where by and ¢, rep-
resent the column and the beam at the stiff sides,
respectively.
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Figure 5. TAF values versus storey numbers of buildings SS1, SS2 and SS3.
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Figure 6. TAF values versus storey numbers of the beam
and column members of building SS4 consider-
ing increased eccentricity (4) &;.

The weighted averages of TAF values are ob-
tained and given in Table 2 by utilising the following
expression:

CMayr Y M,

TAF g, = =
avg Z Ma Z Ma

(2)

T 1
1.500 1.800

STOREY NO
» >
y >

/"“'

T 1
5.000 15.000

10.000
TAF VALUES

STOREY NO
P S S S S S S

4.000
TAF VALUES

2.000 6.000

Figure 7. TAF values versus storey numbers of the beam
and column members of the building SS4 con-
sidering decreased eccentricity () &;.

where M, and M; are the bending moments due
to the accidental eccentricity and the increased ec-
centricity, respectively, for the outmost column and
beam elements of buildings SS1 SS2, SS3 and SS4.

The bending moment values M, and M; obtained
for the column and beam members (¢, by and c,
bs) for the most critical structure, SS4, are tabulated
in Table 3.

Table 2. Weighted averages of TAF values for bending moments of the beams and columns at the flexible and stiff sides.

Structures | Eccentricity | cf by Cs by
SS1 (+) & 1.076 | 1.078 - -
SS2 (+) & 1.095 | 1.095 - -
SS3 (+) & 1.094 | 1.094 - -
554 (+) & 1.059 | 1.061 | 0.851 | 0.781
554 (—) & 0.886 | 0.891 | 1.121 | 1.098
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Table 3. Bending moment values for the outmost column and beam memberends at the flexible and stiff sides of building
SS4 (in KNm).

Cr bf Cs bs

Storey €a g €a g €a € €a €

M, M; M, M; M, M; M, M;

1 1st end -55.22 | -60.68 62.43 68.24 12.35 25.44 6.49 -2.61
2nd end 46.27 51.02 -62.43 -68.24 | -19.85 | -27.04 | -6.49 2.61
9 1st end -83.88 | -90.98 87.91 95.31 | -31.32 | -21.3 | 20.83 | 11.82
2nd end 78.18 84.96 -87.91 -95.31 16.15 6.23 -20.83 | -11.82
1st end -91.59 | -98.74 97.08 104.55 | -22.62 | -15.61 | 28.07 | 20.24
3 2nd end 89.23 96.35 -97.08 | -104.55 | 17.96 | 10.55 | -28.07 | -20.24
4 1st end -89.49 | -95.71 102.02 109.12 | -34.69 | -27.47 | 29.26 22.68
2nd end 87.93 94.2 -102.02 | -109.12 | 32.76 25.09 | -29.26 | -22.68
1st end -94.1 | -100.37 | 103.06 109.51 | -22.64 | -18.05 26.3 21.46
E 2nd end 93.59 99.66 | -103.06 | -109.51 | 22.5 17.56 | -26.3 | -21.46
6 1st end -85.79 | -90.43 | 101.09 | 106.59 | -28.62 | -24.46 | 25.67 | 21.83
2nd end 85.55 90.34 | -101.09 | -106.59 | 28.12 | 23.76 | -25.67 | -21.83

. 1st end -81.72 | -85.53 97.23 101.69 | -20.72 | -18.1 24.83 22.06
2nd end 81.89 85.86 -97.23 | -101.69 | 20.47 17.7 | -24.83 | -22.06

1st end -68.04 | -70.39 85.68 88.77 | -24.11 | -22.2 | 19.66 | 18.03
8 2nd end 69.9 72.48 -85.68 | -88.77 24.7 22.62 | -19.66 | -18.03
1st end -60.00 | -61.71 75.27 77.36 -12.24 | -11.6 13.1 12.36
9 2nd end 61.71 63.31 -75.27 -77.36 12.62 11.92 -13.1 | -12.36
10 1st end -49.65 | -50.36 44.72 45.95 | -14.96 | -14.49 | 7.77 7.34
2nd end 55.72 56.59 -44.72 | -45.95 | 15.29 | 14.79 | -7.77 | -7.34

The first natural periods T; in seconds and the total equivalent earthquake load or the base shear V; in KN
computed in accordance with TEC’97 for the sample structures are shown in Table 4.

Table 4. Total base shear V; and the first natural periods T; of the sample structures.

Structure SS1 SS2 SS3 SS4
T (s) 0.921 0.956 0.953 0.834
Vi (KN) | 1420.23 | 1636.99 | 1895.35 | 1529.60

Conclusions sionally irregular structural systems. The tor-
sional irregularity coefficient 7, exceeds the
limit value 1.2 in all storeys of the buildings,
and their values are higher at the lower storeys,
as expected. Thus, in accordance with the code

requirements, the structural analysis must be

In conclusion, designers realise that it is a challeng-
ing matter to make a rigorous and accurate analysis
of torsionally unbalanced structures under seismic
loading, due to the complexity of the problem and

the variability of the parameters. It is also a well-
known fact that torsional effects are important and
may cause severe structural damage as experienced
in recent earthquakes, so this must be avoided during
the planning procedure as much as possible.

The following results are obtained based on the
limited number of solutions:

e All four of the investigated buildings are tor-

carried out with different increased eccentricity
gijvalues at each storey.

e The values of 7, coefficients computed accord-
ing to UBC’97, based on absolute displace-
ments, are rather higher than those obtained
under TEC’97 and are smoother in character
along the height of the structure. The average
of the percentage increases of the four sample
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buildings (SS1, SS2, SS3, SS4) is 8.01% , where
the difference at the top storeys of buildings
SS1 and SS4 raises to 26% (Table 5).

On the other hand, the difference is more ev-
ident between the increased eccentricities &;,
computed according to UBC’97 and TEC’97,
respectively. The increased eccentricities ¢;
computed according to UBC’97 at the top
storeys of buildings SS1 and SS4 are about
60% higher than those computed according to
TEC’97 (Figure 4). The average of the increase
of the four sample buildings is 17.1%, (Table
5).

Table 5. Average percentage increase in the 7, and
€; values computed according to UBC’97
and TEC’97.

Structure | SS1 SS2 SS3 SS4 Avg

s 10.21 | 5.92 4.97 | 10.94 | 8.01

€ 22.00 | 12.45 | 10.35 | 23.60 | 17.10

Thus, computing with UBC’97 will naturally
give larger design values than TEC’97 in terms
of the torsional irregularities. In order to eval-
uate the effect of this difference on TAF val-
ues, a parallel study was carried out on similar
structures by designing according to UBC’97,
(Ozmen and Giilay, 2002).

The upper limit for the 7,; = 2.0 as defined
in TEC’97 may be exceeded at lower storeys of
some buildings, as in SS4 (7,1 = 2.044). In that
case 3-D dynamic analysis is required accord-
ing to TEC’97, which is in reality an indication
of a requirement to change the dimensions of
structural members.

The investigations made in the sample struc-
tures with different configurations showed that
in all cases the amount of increase in the inter-
nal forces of the most critical beam and column
members is within the range of maximum 10%
in comparison with those computed with 5%
accidental eccentricity.

e The increase in internal forces mostly occurs at
the lower storeys of the structures and gradu-
ally decreases towards the upper storeys.

e The range of the weighted average of TAF val-
ues change about 1.059-1.095 for the computed
beam and column members (Table 2). On the
other hand, the increases in the internal forces
of the shear-wall members are disorderly dis-
tributed and sometimes give conflicting results.

e When the structural systems are computed
with decreased eccentricity, that is with (-) &;,
the internal forces of the structural members
at the stiff side of the structures may increase
up to a maximum of 38% compared to those
computed with £, = —0.05 accidental eccen-
tricity. The weighted average values are about
1.10-1.12 for the computed beam (by) and col-
umn (c;) members (Table 2). However, this
increase may not be considered important be-
cause the design forces are rather low for those
structural members.

e For engineering applications, it may be more
practical to consider the additional torsional
effects (for np; < 2.0) simply by increasing
the design forces by a reasonable amount, in-
stead of performing many long and compli-
cated calculations, presented here. A practi-
cal approach to the additional torsional effects
in the structural member forces is suggested in
the recent study by Ozmen (2001).

Finally, based on the limited parametric studies
performed, it can also be concluded that if torsional
irregularity is unavoidable some additional and more
rational measures must also be considered to ensure
the inherent safety of the structure, in addition to the
code requirements of rigorous 3-D torsional analysis
of the structure.
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