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ABSTRACT: Dynamic analysis should be pref erred for seismic design of buildings and other structures in-
stead of a static one. However, in several current building codes seismic static design of buildings requires an
amplification of torsion moments (or story eccentricities) computed from lateral forces statically applied at
floor levels. Discrepancy of factors used to estimate torsion amplification among codes suggests further study
on this subject. The main objective of this paper is to show estimations of the building dynamic torsion. These
estimations were obtained from experiments conducted in a four-story reinforced concrete building without
accidental eccentricity that was excited with a dynamic force generator placed at the roof. The exciter was op-
erated at several frequencies and it was placed at two roof position s. By assuming three degrees of freedom
for each building slab and using acceleration records from tests, equations of motion of the system were used
to estimate dynamic story torsional mo ments. Results support the idea th at building torsional response also
depends on coupling between the excitation force freque ncy and the building m odal frequencies associated

with torsion (either pure torsion or translation coupled with torsion).

Keywords: Experimental testing; torsion amplification; static design; torsional response.

1 INTRODUCTION

Dynamic analysis should be preferred for seism ic
design of buildings and othe r structures instead of a
static one. However, current building codes (ICC
2006, DDF 2004, ACNBC 2005) and some recom-
mendations (BSSC 2003) still allow static anal-
yses/designs. In the case of torsionally unbalanced
buildings, static design usually allows to incorporate
the effect of both slab rotational inertia and dam ping
through the use of an am plification factor (usually
identified as « or A,) to estimate the lateral effects
that a dynam ic analysis would provide. The com -
monly used equations (De la Llera & Chopra 1994)
to refer to this factor are expressed in terms of two
design eccentricities €q:

eq1 = aes+ Pb = aes; + e, (1a)
eqy, = beg — b = deg — e, (1b)

where « is the amplification factor that increases the
story (natural or inherent) eccentricity e; and J is a
factor to reduce e;. The factor fis used to estimate
the accidental eccentricity e, in terms of the building
plan dimension normal to the direction of the ground
motion, b. These eccentricities are com bined with
the (static) story shear forces (V) to obtain approxi-

mations to the sto ry torsion moments that could be
obtained from a dyna mic analysis (M,,,). Notice in
these traditional equations that a mplification only
applies to the natural eccentricity, although there is
no reason to discard amplification of the accidental
one. After all, both eccentricities ( e; and e;) give
place to a total eccentricity. Shear forces and the es-
timated amplified torsion moments (My) are com -
bined at each story to estimate forces at the lateral
resisting elements. Notice that in general M, = My,
For design of a given s tructural element, the selec-
tion of a design eccen tricity (either ey oreyy) is
based on the com bination of V and M, that causes
the largest element lateral force.

It is interesting to observe that, as for the factor &
is concerned, some building codes specify different
values (ICC 2006, DDF 2004, ACNBC 2005), as
follows: IBC (2006): a =1.0; MCBC (2004): « =
1.5; NBCC (2005): o =1.5. There is also a signifi-
cant difference between th e ASCE 7-05 standard
(ASCE 2005) and the NE HRP provisions (BSSC
2003). While inthe A SCE-7-05 and IBC (2006)
standards the amplification factor A, applies only to
the accidental eccen tricity e,, in the 2003 NEHRP
provisions the amplification factor A, applies to the
sum of e; and e,. In both cases, the sam e formula to
compute the design amplification factor (4,) is used,
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which is defined as follows, with 1.0 < 4, < 3.0:

A _ Smax 2 2
= () ®
where 6,,,, 1sthe m aximum displacement atth e
story while &g, is the average displacem ent of the
extreme points of the same structural level.

Two interesting points of this formula to estimate
torsion amplification are pinpointed. First, when this
expression is used am plification increases with ec-
centricity magnitude. This is dif ferent to the tradi-
tional recommendation of using a single value of «
for all values of eccen tricity. This increment with
eccentricity implicit in Equation 2 is not consisten t
with other previous results (Chandler & Hutchinson
1988, Chandler & Duan 1993, De -la-Colina 2003,
De-la-Colina et al. 200 7) that indicate amplification
reductions with eccentricity in order to achieve uni-
form values of ductility demands. Second, the ampli-
fication magnitude given by Equation 2 can result in
factors up to twice larg er than those obtained with
traditional formulas.

The previous differences of the referred building
codes and recommendations clearly indicate that the
static torsion design procedure for buildings should
be restated. However, rega rdless of both the varia-
tion of the amplification factor or the m agnitude of
the accidental eccentricity, the (total) eccentricity of
a building story is unique and, therefore, the dynam-
ic amplification should apply to both static estimates
es and e, as explained below.

Two alternative ways within a static design can
be identified: If e, is a s tatic estimate of the acci-
dental eccentricity, then the amplification factor
should apply to both eccentricities ( e; and e,) as in-
dicated before (consistent in this respect with the
2003 NEHRP provisions (BSSC 2003)). On the oth-
er hand, if e, was a dynam ic estimate of the acci-
dental eccentricity, then the amplification factor
should apply to the natural eccentricity ( e) only, as
implied by the traditional Equations 1.

In case of a dynam ic analysis the previous analy-
sis has a parallel rationale when e, is included with-
in a structural model: If e, is a static e stimate of the
accidental eccentricity, then a dynamic analysis will
amplify both eccentricities (e; and e,). On the other
hand, if e, were a dynamic estimate of the accidental
eccentricity, then a dyn amic analysis will am plify
once the natural eccentricity and twice the accidental
eccentricity.

Last two paragraphs indicate that the assumption
that e, is a static estim ate is more reasonable than
assuming that e, is a dyn amic estimate. Therefore
the amplification factor (called either « or A4,)
should amplify both eg and e,,.
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It is the opinion of the au thors that an additional
study of « (or A,) is required, preferably consistent
with experimental results.() number of studies have
been carried out before to assess values of factor o
However, most of them have been analytical (D uan
& Chandler 1993). Experimentally, few studies have
been also performed to assess «. For instance, De-la-
Colina et al. (2007) used a simple two-story moment
resistant frame without accidental eccentricity to es-
timate «. They reported values of « close to 2.0 for
small-eccentricity models. In actual build ings, the
estimation of this factor is not simple because it is
difficult to identify the contribution of the accidental
eccentricity from the total response. It is well known
that in buildings, partitions, ceilings, stairs, and live
load, among others, lead to building accidental rota-
tions which are difficult to evaluate.

A first step toward the a ssessment of torsion am-
plification factors is the com putation of story dy-
namic torsional moments. These dynamic moments
also permit to obtain a better understanding of the
structure torsion behavior during earthquakes.

The main objective of this paper is to show a s-
sessments of the building dynamic torsion obtained
from forced-vibration studies carried out in a four-
story reinforced-concrete building with prac tically
no accidental eccen tricity. This condition ( e, =~ 0)
was achieved by testing the building just before in-
stallation of nonstructural elem ents and application
of live load. The good qualit y of materials and con-
struction procedures also contributed to attain al-
most-zero accidental eccentricity. This condition is
analyzed in the next sec tions. Because the building
had one symmetry axis, the eccen tricity was only
due to the location of the exciter for loads parallel to
the symmetry axis. The low level of structural damp-
ing, which was also due to the lack of nonstructural
elements, also sim plified the estimation of the dy-
namic torsions. Building tests were carried out with-
in the building elastic behavior.

2 THE BUILDING

A four-story reinforced concrete building, planned
for government offices, was tested. It is located on
firm soil in the city of Toluca, Mexico. The structure
consists of orthogonal fram es separated 6.00 m in
both directions. The reinfo rced concrete columns
and beams are rectangular with dimensions of 40 x
55 cm and 30 x 60 cm, respectively. W affle slabs
with thickness equalto 30 cm are supported on
beams. Figure 1 shows the geom etry of the building
structural frames. A pa rticular characteristic of the
building is its irregu larity in the longitudinal direc-
tion (E-W) caused by the set-backs of upper stories;
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however, in the transversal direction (N-S) the struc-
ture is regular. The irregular condition is due to the
lack of vertical alignm ent of the centers of m ass of
each floor. Therefore, the structure is susceptible to
torsion response to base excitation in the north-south
direction.
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Figure 1. Geometry of the tested building

The tested structure form s part of a bigger con-
struction complex, so the referred structure is only
one of the bodies of the whole building. Figure 2a
shows a fr ont-view image of the tested building
Figure 2b shows the lateral view of the building.

An important condition of the bui 1ding during
testing was that the st ructure did not have non-
structural elements such as separation walls, win-
dows, doors, ceilings, instal lations, etc. Moreover,
the structure had neither stairs nor slab openings.
Tests were conducted after the building structure
construction finished, but before non-structural ele-
ments were attached.

In accordance with design specification s, con-
crete with £ =25 MPA (250 kg/cmz) and reinforc-
ing steel with f, =420 MPA (4,200 kg/cm ) were
used. The foundation of the buildingisa30cm -
thick reinforced concrete slab with 80 cm -depth
beams. Reinforced concrete weight resulted equal to
22,650 N/m’, approximately.
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Building modal frequencies were obtained using
several frequency dom ain identification techniques
such as the m ean value of the normalized singular
values of the density sp ectral matrices, the co her-
ence between couples of acceleration records and the
Fourier’s amplitude of res ponse records. The results
obtained with these id entification techniques are
consistent among them for the analyzed cases (De-
la-Colina & Valdés 2006, De-la-Colina & Valdés
2007). The acceleration records used for identifica-
tion of dynamic properties were obtained from sev-
eral free and forced vibration E-W  direction tests
conducted on the building.
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Figure 2. Condition of the building during testing.

To compare identification experim ental results
with those obtained with an analytical m ethodology,
a tridimensional finite-element model of the building
was developed. Its properti es (geometry, materials,
etc.) were those of th e building nominal design
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drawings and specifications , but without live load

and using a reduced dead load. The analytical mod-
el was calibrated by adju sting the first mode fre-
quency identified from the experimental data with
the first mode frequency of the model. This was
achieved by increasing 18% the concrete nom inal

elasticity. Figure 3 show s the mode shapes and fre-
quencies obtained with the f inite element model.
Table 1 shows a com parison between the building
frequencies obtained with the analytical model and
those obtained with experim ental data. Using the
free-vibration decay method a viscous damping ratio
£=0.01 was obtained.
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3 TESTS

The structure was dynam ically excited witham e-
chanical force generator (shaker or exciter). This de-
vice works with two equal eccentric weights rotating
in opposite directions to  generate a unidirectional
harmonic force with magnitude P given by

P = 2m, r; ®°sin(®t)
P =2(W,; r;/g) ®?sin(@t)
P = (Wr/g)®? sin(wt) 3)
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where m; is the mass of each rotating weight Wy, r;
is the mass eccentricity, @ is the rotation frequency
of m,, g is the gravity acceleration, and t denotes
time. In the actual exciter, Wr accounts for all rotat-
ing weights (baskets, plates, bolts, etc.) that contrib-
ute to P.

Table 1. Experimental and analytical mode frequencies.

Mode Exper-  Analyti-  Differ- Observation
imental  cal freq. ence
freq. (Hz) (%)
(Hz)
1 1.50 1.50 0.00 Translation
(1st mode, E-W)
2 1.75 1.60 9.37 Translation
(1st mode, N-S)
3 2.25 2.23 0.89 Torsion
(1st mode)
4 3.75 4.07 -7.86 Translation
(2nd mode, E-W)
5 Not 4.92 - Translation
found (2nd mode, N-S)
6 5.00 5.25 4.76 Torsion
(2nd mode)

The exciter was placed at two different positions
on the roof building (in dicated with shaded area in
Figure 4). P osition A corresponded to the geom et-
rical center of the roof, while position B was 2 m ec-
centric. This exciter eccentric position leads to a ra-
ti0 egre/b = 0.10, with b = the building dim ension
perpendicular to the direction of the force resultant.
Although different excitation directions were con-
sidered, in this paper tests associated to the force P
acting along the east-west direction are analyzed on-

ly.
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Figure 4. Building plan view showing the exciter positions

For each exciter position, the load P was applied
with six different frequencies (2= @/2m = 1.5, 3.0,
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3.5, 4.0,4.5 and 5.0 Hz). In all cases, 2myr, =
2(Wyr/9) = Wr/g =23.02N -s* (2.347 kg.s?) in
Equation 3. Excitation frequencies were selected as
follows. After the exciter was installed at the build-
ing, an initial exploration of excitation frequencies
was carried out to loo k for those frequencies with
large building response. Th e first modal frequency
was clearly identified (close to 1.5 Hz). The follow-
ing modal frequencies were identified between 3.5
and 5.0 Hz, approximately. By then, the building re-
sponse was not discrim inated either as translational
or torsional. For this re ason, excitation frequencies
were set at intervals of 0.5 Hz from 3.0 to 5.0 Hz, in
addition to the first one. Subsequent analytical re-
sults and a detailed analysis of the experim ental sig-
nals showed that the f irst torsional frequency was
close to 2.3 Hz, out of th e testing frequency range.
Unfortunately, additional tests could not be carr ied
out for the m issing frequency range (between 1.5
and 3.0 Hz).
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triaxial ~ accelerometer  connected to two
Kinemetrics® digital recorders (Altus/K2 and SSR-
1). All accelerometers were placed along the axis A
(building west facade). Four schemes of instru men-
tation were used for each test associated to a particu-
lar frequency, excitation di rection, and exciter posi-
tion. For each test and for each building lev el the
translation acceleration along the building ax es 1
and 4 shown in Figure 5 (east-west direction) and
the translation acceleration along the building axis A
(north-south direction) were recorded.
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Uniaxial accelerometer connected to recorder SSR-1
Uniaxial accelerometer connected to recorder Altus
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Figure 5. Schemes of locations for accelerometers

The response of the stru cture was recorded by 7
Kinemetrics® unidirectional accelerom eters (4
EpiSensor® FBA-ES-U2 and 3 FBA-11) and one
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Figure 6. Recorded response for the building 4th level in E-W
direction, associated to exciter position A (concentric) and 2=
4.5 Hz. (a) Accelerations. (b) Acceleration differences.

For the procedure outlined in the m  ethodology
section, it is im portant to analyze the building acci-
dental eccentricity during tests. An east-west excita-
tion with the force generator at position A did not
induce structure torsional response, while at position
B it did. T his showed that torsional response was
caused almost exclusively by eccentricity of the ap-
plied force, showing that the building practically did
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not have accidental eccentricity during tests.

Figure 6 shows the 4th level reco rded accelera-
tions for a test with the exciter at po sition A (not ec-
centric) and 2 = 4.5 Hz. It is observed that the north
side recorded acceleration was si milar to that rec-
orded in the south side. On the other hand, Figure 7
shows the same that Figure 6 but with the exciter lo-
cated at position B (eccentric). Both recorded accel-
eration (north and south si des) are quite different
each other in Figure 7. The sm all accelerations rec-
orded in the south side in Figure 7 (as com pared
with those in Figure 6) suggest that for the exciter in
eccentric position the slab movement shifts from a
translation-dominant movement (Figure 6) to a rota-
tion-dominant movement (Figure 7) with center of
rotation close to the building south side.

North side
100 r T . T T T
NQ -
£ 504 4
o
g. _
E 0 -
5 _
8 50+ ]
< _
-100 ' T T T r T
0 20 40 60 80
South side
100 T T T T T
o
S
o
I
9o
©
Q2
[0}
Q
(&)
<

-100 . . . , . , :
0 20 40 60 80
Time, s.

b)

Figure 7. Recorded response for the building 4th level in E-W
direction, associated to exciter position B (2 m eccentric) and
=45 Hz.(a) Accelerations. (b) Acceleration differences
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To analyze the twist of the s labs, the differences
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of these recorded accelerations (F igures 6a and 7a)
were computed. Differences can be seen as an indi-
cator of slab twists. By comparing Figures 6b and
70, it is clear that the differences between the accel-
erations recorded in both building sides are much
more notable for exciter at position B (Figure 7b)
than for exciter at position A (Figure 6b). This cor-
roborates that the most important eccentricity in the
building for the excitation along the E-W direction is
due to the exciter position. Accidental eccentricity
resulted to be so small that it could be neglected.

Differences between E-W accelerations of axes 1
and 4 (Figure 4) were com puted to approximate slab
acceleration rotations (without div iding by the dis-
tance between thes ¢ two axes). These differences
were used also to analyze the effect of the force fre-
quency {2 on the torsional response of the building.
Figure 8 shows floor a ccelerations differences nor-
malized twice, so that all ordinates at 2 = 1.5 Hz re-
sulted equal to 1.0. The first norm alization was with
respect to the force magnitude for the frequency 2 =
1.5 Hz. This normalization was done to attain accel-
eration differences independent of the force m agni-
tude. Notice that the applied force m  agnitude in-
creases with the square of its frequency (Eq. 3).

The second normalization was with respect to the
acceleration difference computed for the value 2 =
1.5 Hz. Therefore, ordinates in Figure 8 show rela-
tive values of rotational accelerations, independent
of force magnitude in terms of the force frequency
for £2 = 1.5 Hz. For instance for the 4th floor, this
figure indicates that floor acceleration differences
(rotations) for operation frequencies of 4.5 and 5.0
Hz can res ult several times (2 to 5 tim es) greater
than the those corresponding to sm aller frequencies
(2 =1.5,3.0, or 3.5 Hz). This corroborates that tor-
sional response depends on the excitation frequency.
Although it seems an obvious result, this dependen-
cy is not cu rrently taken into ac count inthe static
torsion design of buildings.

It is observed that exci tation frequency of 1.5 Hz
coincides with the bu ilding first translation modal
frequency while the excitation frequency of 5.0 Hz
is close to the building second m odal frequency as-
sociated to torsion (6th mode in Figure 3). The same
figure shows that although th ere is a frequency ratio
close to 1.0 in both cases ( Q,/f; = 1.0 for the first
mode and Qg/fs = 1.0 for the sixth m ode), the tor-
sional acceleration for 5 Hz is 4.5 times larger than
that recorded for 1.5 Hz . Thus, it can be corroborat-
ed with these experimental measurements that build-
ing torsion response depe nds on coupling between
the excitation force frequency and the building mode
frequencies associated with torsion (either pure tor-
sion or translation coupled with torsion). However,
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no current code provisions takes into account this ra-
tio explicitly for static torsion design.

The small response of the 3rd floor for high fre-
quencies (4.5 and 5.0 H z) can be explained with an
analysis of the building second torsional m odal re-
sponse (6th modal shape in F igure 3). This shape
shows that both the first and the second floors rotate
in the same sense while the fourth floor rotates in the
opposite sense. For this m ode, the third floor shows
a small rotation that can explain the third-floor small
acceleration rotations for these high excitation fre-
quencies.
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T T T
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Force generator operation frequency, Q [HZ]

Figure 8. Relative values of floor rotational accelerations, in-
dependent of force magnitude

4 METHODOLOGY TO ESTIMATE
BUILDING TORSIONAL MOMENTS

One of the objectives of these tests and sub ject of
this paper is to estim ate, from building m easure-
ments, values of the dynamic torsion. In this section,
the procedure to obtain estimations of these torsional
moments is described. It can b e established that the
design torsion moment M, can be given by the peak
dynamic torsion moment Mgy, (t) , i.€.,

My = max {Mdyn(t)} 4)

According to static design procedures, the design
torsion moment is given by

My = Fs - eq ®)

where F; is the static lateral shear force in the story
acting at the story shear center (which does not nec-
essarily coincide with center of mass of the corre-
sponding floor). For design, both the torsion moment
M, and the static force Fg are superposed to com-
pute the forces (and d isplacements) of the lateral re-
sisting elements.

To evaluate the dyna mic torsion mom ent for a
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given building story, the e quations of motion of a
simplified model of the building are used. In this
case, considering three degrees of freedom per fl oor,
the equations of motion can be expressed as follows

mi+cu+f=p (6)

where m is the system mass matrix, ¢ is the viscous
damping matrix, f is the restoring force vector, and
p is the vector of externally applied forces. Here, ve-
locity and acceleration vectors (1 and U respective-
ly) have the arrangem ent dictated by the disp lace-
ment vector u

ul =
[u; up us uy vy v, v3 vy 0; 6, 63 04](7)

while p and f (which also depend on the time t) have
the following forms (with Feyciter = F)

pT=[0 0 0 FOOOOOGOO0F-e)]
(8)
fT =
[fxl fx2 fx3 fxa fy1 fyz fy3 fy4 Myg Mz My3 mt4]
)

The indexes in vectors u and f correspond to the
floor number as indicated in Figure 9.

From Equation 6, the restoring force  f can be
seen as follows:
f=p—mu-cu (10)

This equation indicates that the restoring force in
the structure, which contains both shear forces and
torsion moments, can be com puted with the force
function p due to the force genera tor, the ine rtia
forces, and the dam ping forces. For the stabilized
operation of the generator, which is achieved af ter a
few seconds of starting its electrical motor, the vec-
tor p is constructed with the following function of
the exciter force (see Equation 3)

F=Wr/g)®?sin(®t) = A, sin(®t) (11)

where 4, is the éﬁ%iter force amplitude. As indicated
before, calibration of the exciter allowed to estim ate
p with good accuracy.

Before using Equatio(n 10, floor acceleration s
were properly scaled, Bhse-line corrected, and
bandpass filtered ( 2,,,, =20 Hz). Moreover, be-
cause the mass matrix m was a diagonal m atrix and
¢ was assumed to be proportional to m to account
mainly for the dam ping of the f irst modes (i.e.,
¢ = aym), the torsion moments of the restoring forc-
es f could be easily computed with the experimental-
ly obtained records A and B indicated in Figure 9.
For instance for the top story, the dynam ic torsion
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moment (12th component of f) results:

My g4 = [Maynla = A €5 sin(@t) — J, (icm)s —
ao J4 (Ucm)a4

(12)

I
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Figure 9. Coordinate system and dispiacements of a sche matic
view of the building

where J, is the mass moment of inertia of the fourth
floor computed with respect to the vertical axis pass-
ing through the slab center of m ass (in this case the
centroid of the slab ), (iicy)4 is the ro tational accel-
eration of the sam e floor given by (icp)a =
[(iig)s — (iig)4al/dy , and (ticp)4 1s the corresponding
rotational velocity. This rota tional velocity was
computed by integrating, filtering and base-line cor-
recting the acceleration records. The distance d,, is
also indicated in Figure 9.

In this study, the estim ated dynamic torsional
moment was normalized with respect to the product
of the magnitude exciter force (Fexciter) and the ex-
citer eccentricity (e.,.). The normalization was done
in order to show values without units which can be
easily compared among them. This normalized dy-
namic torsional moment can be thought as an ampli-
fication factor that increases an ap plied static tor-
sional moment caused by the exciter, i.e.,

a'(t) = Mdyn/[Fexciter " Coxc] (13)

The selected quantities for the normalization were
chosen to obtain s imilar amplification factors to
those of building codes. Th is normalization is used
for all stories. The resulting factor a* is similar to
the amplification factor used in static torsion design
(Ec. 1a). Although this factor a* is not the same than
the amplification factor used for torsion design in
codes, it allows to study the effect of both excitation
frequency and eccentricity on the dynam ic torsional
behavior.
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5 RESULTS

As an illustration, values of & computed with the
procedure previously described are plotted in F igure
10 for a force frequency (2 equal to 3.0 Hz of a short
time interval corresponding to the steady-state re-
sponse. In all cases, the steady-state response was
clearly identified for a time interval between 20 and
40 seconds approximately after the excitation start-
ed. Each curve in the figur e corresponds to a build-

ing story.

Alpha

15 g '-'L‘l:\:\:\j
| Force frequency = 3.0 Hz |

20.0 205 21.0
Time, seconds

Figure 10. Time variations of normalized torsional moment «*
for a force frequency 2 = 3.0 Hz

The factor " varies with time and can be either
positive or negative. For this pa rticular case, it can
be observed that peak values for all stories vary be-
tween -1.5 and 1.5, approximately.

Peak values of the amplification factor o*com-
puted during the steady-state response for each exci-
tation frequency and building story are show n in
Figure 11. For the 4th stor y a single value was not
obtained because the phase angle was unknown be-
cause the exciter signal a nd the response were not
synchronized. In the figure, this is suggested with
vertical lines that indicate the range of values that
the amplification factor would take. This range is the
result of varying the phase angle of the exciting
force with respect to the response, from null to full
synchronization. It can be observed in this figure
that peak values varied between 0.4 and 6.5, approx-
imately. T’lés largest values were found for 2 =5.0
Hz, Whigl as close to the sixth building m odal fre-
quency (building second torsion mode) computed
with the calibrated finite element model of the build-
ing (De-la-Colina & Valdés 2007). The mean values
of these peaks resulted to be as follows. Using the
minimum peaks of 4th story: a*,.; = 1.82 while the
standard deviation resulted to be oy,; = 1.65 (coef-
ficient of variation covgg,; = 0.9). On the other hand,
using the maximum peaks of 4th story: a*¢,, = 2.05
while the standard deviation resulted to be
1.73 (coefficient of variation covgs,, = 0.84).

Ossr2 =
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Figure 11. Peak values of o for the steady-state responses

When the com plete response (transient and sta-
tionary) was considered, peak values resulted slight-
ly larger than those computed for the steady-state re-
sponse, as shownin Fi gure 12. Here the range
vertical lines of 4th floor are shown only for the total
response. Steady-state ranges are shown in Figure
11. In this case peak valu es varied between 0.8 and
7.3, approximately. For this total-response case, the
mean values and the standard deviations resulted as
follows. Using the m inimum peaks of 4th story:
a* 1 = 2.59 while the standard deviation resulted to
be g1 = 1.89 (coefficient of variation  covyq =
0.73). On the other hand, using the m aximum peaks
of 4th story: a*,, = 2.84 while the standard devia-
tion resulted to be og;,, = 1.99 (coefficient of varia-
tion covg,, = 0.70).

The results of the stead y-state response are typi-
cal of a harmonic excitation which can be consid-
ered as representative of earthquakes recorded at soft
soil. Therefore, steady-state results can be associated
to soft-soil ground motions. On the other hand,
whole-response results, which were governed by the
transient response in all cases, correspond to an exci-
tation that monotonically grows both in frequency
and in magnitude up to th e motor is steady. In this
case, however, both exciter force m agnitude and ex-
citer frequencies do not recur. The beginning of this
excitation could be similar to a short earthquake rec-
orded in rock or firm soil. Due to th e time variation
of excitation frequencies, the authors believe that
steady-state results are more realistic than results of
the whole response.

It is clear from these results that story dynam ic
torsion moments can be significantly larger than the
corresponding static moments. As anticipated, this is
due to the effects of both rotational inertia (floor slab
and story columns) and damping.
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Figure 12. Peak values of «* for both the steady-state and the
whole responses.

Supposing that a* is comparable to a, some com-
parisons can be m ade between magnitudes of these
factors. The mean values of the amplification factors
for the steady-state response (for all stories and exci-
tation frequencies) resulted for this case between
18% and 27% larger than the amplification factor o
= 1.5 suggested by both the National Building Code
of Canada (ACNBC 2005) and the Mexico City
Building Code (DDF 2004). This percentage range
results after considering the range of « values for the
4th story indicated before.

The application of an E-W force with an ec cen-
tricity e; = 2.0 m on a representative analytical mod-
el of the building ledto A, = 1.436 (Equation 2).
This value resulted between 21% and 30% sm aller
than the mean values of the amplification factors for
the steady-state response (for all stories and excita-
tion frequencies).

6 CONCLUSIONS

This paper presents estim ations of experim entally
obtained building dynamic torsion moments. These
values were obtained from acceleration m easure-
ments taken from a four-story reinforced concrete
building without accidental eccentricity subjected to
forced vibrations. Excitation force was applied with
one eccentric-mass force generator attached to the
building roof. Forces were applied with an eccen-
tricity of the exciter (e; ~ 0.1b and e,= 0) and six
frequencies (1.5, 3.0, 3.5, 4.0, 4.5, and 5.0 Hz). The
procedure used to compute the dynamic torsion was
based on the motion equations of a representative 12
degree-of-freedom model and the building recorded
accelerations. The conclusions derived from this
study are as follows.

The simple analysis presented in the introduction,
which assumes that e, is a static es timate of the ac-
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cidental eccentricity, in dicates that within a s tatic
analysis the amplification to account for dynamic ef-
fects should apply to both natural (inherent) and ac-
cidental eccentricities. Moreover, e, should not be a
dynamic estimation of the acciden tal eccentricity to
avoid a double am plification if e, is used with in a
dynamic analysis.

Experimentally obtained results corroborate that
building torsion response also depends on coupling
between the excitation force frequency and  the
building mode frequencies associated with torsion
(either pure torsion or tr anslation coupled with tor-
sion). Current codes do not take into account explic-
itly this effect for static torsion design. In these ex-
periments, test results showed that torsion m oments
near resonance can be up to seven tim es larger than
those without coupling.

The previous conclusions are considered the most
relevant ones from this study, however other m inor
conclusion are as follows. Peak values of the nor-
malized torsional moment " computed during the
steady-state response varied between 0.4 and 6.5,
with mean values between a*.,; = 1.82 and a*¢»
= 2.05 and standard deviations between oy, = 1.65
(covger; = 0.90) and ogs, = 1.73 ( cOvgg, = 0.84).
When the com plete response was considered, o
varied between 0.8 and 7.3, with mean values be-
tween a*;q =2.59 and a*., =2.84 and standard
deviations between o;,; = 1.89 ( covy; =0.73) and
Org = 1.99 (covy, = 0.70).

It is important to pinpoint that during these exper-
iments the building remained in th e elastic range, so
the (elastic) results rep orted here have a lim ited
scope because during strong ground m  otions the
structures usually reach the inelastic behavior.

Results observed in this study are consistent with
the analytical results obtained by Chandler et al.
(1994), who also found that the response also de-
pends on the m odel period. This dependency was
found by studying ductility de mands in models with
lateral-resisting elements along one direction only. It
is important to pinpoint that Chandler et al. (1994)
found this period dependency in term s of the lateral
period of the m odel; on the other hand, the experi-
mental results reported in this paper depend on the
torsional frequencies of the building. Similar analyt-
ical results were reported by Correnza et al. (1995).

Results of other studie s (Kan & Chopra 1981)
suggest that torsion effects decrease with inelastic
deformation; therefore, it is exp ected that the ampli-
fication factors for buildings with inelastic response
should be smaller than those obtained from elastic
responses.
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