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Wind-induced coupled translational-torsional
motion of tall buildings
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Abstract. A three-degrec-of-freedom base hinged assembly (BHA) for aeroelastic model tests of tall
building was developed. The integral parts of a BHA, which consists of two perpendicular plane frames
and a flexural pivot, enable this modelling technique to independently simulate building translational and
torsional degree-of-freedom. A program of wind tunnel aeroelastic model tests of the CAARC standard
tall building was conducted with emphasis on the effect of (a) torsional motion, (b) cross-wind/torsional
frequency ratio and (c) the presence of an eccentricity between centre of mass and centre of stiffness on
wind-induced response characteristics. The experimental results highlight the significant effect of coupled
translational-torsional motion and the effect of eccentricity between centre of mass and centre of stiffness
on the resultant rms acceleration responses in both along-wind and cross-wind directions especially at
operating reduced wind velocities close to a critical value of 10. In addition, it was found that the vortex
shedding process remains the main excitation mechanism in cross-wind direction even in case of tall build-
ings with coupled translational-torsional motion and with eccentricity.

Key words: tall buildings; coupled motion; aeroelastic modelling technique; cross-wind/torsional fre-
quency ratio; eccentricity; wind-excitation mechanisms.”

1. Introduction

Recent advances in the use of high strength materials, innovative structural system, structural
analysis methodology and efficient construction methods, have increased the number of taller and
more slender buildings and towers with a wide variety of shapes all over the world. The major
design consideration for this new generation of tall buildings is wind-induced forces and
responses, in particular the resultant acceleration response which affects occupant comfort and is
a critical factor in the design process. In the case of tall buildings which have an eccentricity
between centre of mass and centre of stiffness, i.e., tall buildings which have asymmetric stiffness
distribution in plan, or ones with complex geometrical shapes such as cut-outs and/or multiple
level of set-backs, not only the two translational degree-of-freedom but also torsional degree-of-
freedom are of major concern. The resultant responses, which are coupled translationally and tor-
sionally, may be greatly amplified at the corner region of the building. Analytical studies of wind-
induced coupled translational-torsional motion of tall buildings have been performed and the
importance of the coupling between translational and torsional motion have been recognised, e.g.,
Patrickson and Friedmann (1979), Tallin and Ellingwood (1985) and Kareem (1985). However, a
comprehensive study of windrinduced coupled motion and wind-excitation mechanism is limited
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due to lack of the relevant information from wind tunnel aeroelastic model tests.

This paper presents the experimental results from wind tunnel model tests of the CAARC
(Commonwealth Advisory Aeronautical Research Council) standard tall building with coupled trans-
lational-torsional motion in order to provide a better understanding of wind-induced response charac-
teristics and wind-excitation mechanisms.

2. Base hinged assembly technique

Base hinged assembly (BHA) for aeroelastic modelling of tall buildings was originated by
Kwok, et al. (1994) in 1994. The basic concept of this modelling technique is the simulation of
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Fig. 1 Base hinged assembly test rig : (a) two-degree-of-freedom system; (b) three-degree-of-freedom system.
~ AB and CD are rigid members aligned in the same vertical planes. — EFGH is a rigid rectangular
frame, GH is attached to‘bottom of CD while EF runs above and perpendicular to AB. — KL and
MN are rigid members attached to frame EFGH. —PQ and RS are rigid members attached to AB. —
1-2 and 3-4 are flexural elements designed to examine the overturning moment M,,. —5-6 and 7-8
are flexural elements designed to examine the overturning moment M.,
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the building stiffness using two perpendicular plane frames. The original configuration of a
BHA is shown in Fig. 1a in which ABCD and KLMN are two perpendicular plane frames
rigidly connected to each other at point O. The integral parts of each frame are flexural elements,
i.e., 1-2, 3-4, 5-6 and 7-8, which are specially designed to match the stiffness of the building
model in its two principal directions. Consequently, the use of two perpendicular sets of flexural
elements allows the simulation of building translational degree-of-freedom in two directions to
be completely independent. The base of the rigid timber model of a tall building is attached to a
BHA at point Q and S, forming a BHA model.

Further development and refinement of a BHA model to determine the full capacity and lim-
itations of this modelling technique have been ongoing since late 1996. Thepmongkorn, et al.
(1997) employed a BHA to examine wind-induced response characteristics of the CAARC stan-
dard tall building. The study program included an investigation of the effect of stiffness of flex-
ural elements on frequencies of model, integration of an oil damper to provide the variation of
damping of the system and investigation of response characteristics under various wind con-
ditions. It was found that the frequencies of vibration of a BHA model can be accurately predict-
ed by a free-standing-cantilever model. In addition, the results from the wind tunnel model tests
indicated that the responses of the CAARC building in along-wind and cross-wind directions,
for reduced velocities ranging from 3 to 20, observed by a BHA model are similar to those ob-
served by a conventional stick model and other published records. The major advantages of a
BHA model are its simplicity and its ability to readily change the mass, stiffness, structural
damping and geometric of building model. Two perpendicular frames of a BHA provide the
ability to independently simulate building translational degree-of-freedom in its two principal
directions and the ability to be further developed to model coupled translational-torsional mo-
tion.

A new generation of a BHA, which incorporates two translational and one torsional degree-of-
freedom, is shown in Fig. 1b. In this case, a cantilevered Bendix flexural pivot was introduced
to a BHA to provide a torsional degree-of-freedom. This flexural pivot is a frictionless bearing
of limited angular travel which requires no lubrication.

3. Base hinged aeroelastic model

The rectangular prismatic shape CAARC standard tall building as shown in Fig. 2 was select-
ed for a detailed study. The building corresponds to a prototype width, D,, 30 m, length, D,,
45 m, height, H, 180 m and building density, p,, 160 kg/m’. The subject building has linear
sway mode shapes and a structural damping value, & of 0.01 in both directions. Natural frequencies
of the building were selected as variable parameters for a study of the effect of coupled translational-
torsional motion on wind-induced response characteristics.

An aeroelastic model and balance system, as shown in Fig. 3, was used in this study. A 1:400
scaled timber model of the CAARC building was attached to a BHA by a screwed connection
by which the base of the model can be adjusted to the desired level along the vertical axis to
provide the best approximation of the true sway mode shapes. The eccentricities e, and e, of the
building model can be physically modelled by offsetting the vertical axis of a flexural pivot,
which coincides with the vertical axis of a BHA, to match them in each directions. This can be
achieved by adjusting the céntriod of the top plate of a BHA as shown in Fig. 3. Finally, a sim-
ple oil damper was attached to the bottom corner of the model below the wind tunnel floor to
provide the variation of damping of the system.
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Fig. 3 Base hinged aeroelastic model and balance system

4. Experimental program

Wind tunnel tests of the BHA model were performed in a boundary layer wind tunnel in the
Fluids Laboratory, University of Sydney. A natural wind model corresponding to an open ter-
rain (AS1170.2-1989), with a power law exponent of the mean wind speed profile o=0.15 and
a turbulence intensity at top of the building model 7,=0.10, was simulated using a set of spires
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Fig. 4 Characteristics of a natural wind model : (a) mean wind speed and longitudinal turbulence intensity
profiles; (b) longitudinal velocity spectrum at top of the model

and roughness elements placed upstream of the working section of the wind tunnel. The charac-
teristics of the simulated wind, i.e., mean wind speed profile, turbulence intensity profile and
longitudinal velocity spectrum of wind speed at top of the building model, were measured using
a linearlised DISA hot-wire anemometer and the results are presented in Fig. 4.

Three accelerometers were located at the top of the CAARC standard tall building model in
order to investigate the effect of coupled translational-torsional motion and structural eccentricity
on wind-induced response characteristics. Two accelerometers were located at point A and B,
which are 40 mm apart from each other, to sense the acceleration of the building model in y
direction, y, and y, and another accelerometer was located at point C to measure the acceleration
in x direction, X, as shown in Fig. 5. It was assumed that the acceleration caused by torsional
motion manifested as the translational acceleration when the angle of rotation is small, therefore
the translational acceleration x and y, were used as an indicator of wind-induced response charac-
teristics and discussions were made based on these two accelerations.

An experimental program to examine the effect of (a) torsional motion, (b) cross-wind/tor-
sional frequency ratio and (c) the presence of an eccentricity between centre of mass and centre
of stiffness on wind-induced response characteristics, were performed in the boundary layer
wind tunnel. Six test cases as shown in Table 1 were carried out and the results were presented
in the next section.

Free vibration tests were conducted at the beginning of the wind tunnel tests to confirm natural
frequency and damping of a scaled acroelastic model. The effect of coupled translational-torsional
motion on the natural frequency, n,, and n,,, and damping, ¢, and { ,, of a BHA model, were
also investigated. It was found that coupled translational-torsional motion significantly decreased
the natural frequency, n,, ahd n,,, by approximately 24% and 20% respectively, as shown in
Table 1. However, it was also found that coupled translational-torsional motion has a negligible
effect on the damping, {,, and (., of the model.
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Fig. 5 Arrangement of accelerometers at top of the model

Table 1 Summary of experimental test cases

cse | iy | a | d | e | e | e | o0 | )
1 4.04 435 o N 0 0 0 0
2 (431:(3)431) (izgg) 5.54 0.60 0 0 0 0
3 (‘5‘:23) (?Lg‘s‘) 5.54 0.84 0 0 0 0
4 (g:gg) (Z:gg) 5.54 0.84 +10 0 +133 0
5 (‘;gg) (Zg;_") 5.54 0.84 +10 10 +133 8.9
6 (;‘:gg) (izgg) 5.54 0.84 0 -10 0 89

Note : n,, n,, and n,, listed in the table are frequency of the building model about x, y and z axes
respectively, obtained from free vibration tests when it is undergoing coupled translational-torsional motion,
while the number listed in the parentheses are the frequency of the model when it independently vibrates
about x and y axes.

The decrease in the natural frequency of the CAARC building model is believed to be caused
by the effect of the coupling between translational and torsional degree-of-freedom, which caus-
ed changes in the equation of motion of the system. This effect can be readily illustrated by the
analytical study of a three-degree-of-freedom single mass model as shown in an Appendix A. In
this case, torsional degree-of-freedom, 6, of the rigid block creates the translational degree-of-
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freedom, x, and y,, which is coupled with the original translational degree-of-freedom, x,; and y, .
By introducing a degree of coupling parameter, c, i.e., x,=cx, and y,=cy, , the equation of motion
of the system can be formulated and presented in a generalised form as seen by Egs. (AS) and
(A6). In fact, the degree of coupling parameter, ¢, can be varied from zero (uncoupled) to one
(fully coupled) depended upon the closeness of the natural frequency in torsional and trans-
lational modes. The analytical results indicated that, for the CAARC building with fully coupled
mode, the natural frequencies n,, and n,, can be decreased by up to 44% and 22% depended on
the stiffness ratio ky/k, and k,/k;, as shown in Fig. A3b and A3a respectively.

The maximum decrease in n,, and n,, by approximately 24% and 20%, respectively, observed
in this study, indicated a high degree of coupling due to the closeness of the natural frequency in
torsional and translational modes as shown in Table 1. Furthermore, the experimental results
indicated little effect of coupled motion on the damping, { , and {,, of the model and this ob-
servation is consistent with the analytical prediction as seen by Egs. (ASc) and (A6c) respectively.

5. Response characteristics

The resultant rms accelerations at point C, o; and point A, 0;,, in case of the incident wind
normal to the wide face of the building model, are plotted as a function of reduced velocity,
Uy/ (n,,.D,) and presented in Figs. 6 and 7. It should be noted that a specific term “resultant ac-
celeration” is used to represent the acceleration, which contains both translational component
caused by translational motion and torsional component caused by torsional motion.

Coupled translational-torsional motion has a significant effect on both the along-wind resul-
tant rms acceleration, oy, and cross-wind resultant rms acceleration, o; , as shown in Figs. 6a
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Fig. 6 Resultant rms acceleration at top of the CAARC building model as a function of reduced velocity at
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and 6b, of which the main findings can be summarised as :

(a) For reduced velocities ranging from 4 to 8 :
Coupled motion decreased the along-wind response, 0;, in the test Case 2 (cross-wind/tor
sional frequency ratio 0.60), by approximately 15% and cross-wind response, o; , by ap-
proximately 35%. However, when the frequencies of vibration in cross-wind and torsional
directions approach each other, which corresponds to the test Case 3 (cross-wind/torsional
frequency ratio 0.84), coupled motion affected the responses by increasing the along-wind,
o;, and cross-wind, o;_, responses by approximately 80% and 20% respectively.

(b) For reduced velocities ranging from 8 to 12 :
A significant reduction in the cross-wind response, o; , by approximately 80% and 60%
at operating reduced velocities close to a critical value of 10 was observed in the test Case
2 and Case 3 respectively. At operating reduced velocities close to a critical value of 10, a
more prominent peak in the along-wind response, o, is evident in the test Case 3. This is
believed to be caused by oscillation energy transferred from cross-wind direction to along-
wind direction through torsional motion, particularly when cross-wind/torsional frequency
ratio approaches unity.

(c) For reduced velocities higher than 12 :
Coupled motion decreased the along-wind, o}, and cross-wind, o; , responses in Case 2
by approximately 20% and 40% respectively. However for Case 3, coupled motion increased
the along-wind response, o;, by approximately 15%, while the cross-wind response, o; , was
essentially unchanged.

It is evident that, for reduced velocities ranging from 4 to 20, coupled motion has a sig-

nificant effect on both the along-wind, o;, and cross-wind, g;, responses. When the cross-wind
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frequency is well below the torsional frequency, for example at a cross-wind/torsional frequency
ratio of 0.60, coupled motion decreased both the along-wind, o;, and cross-wind, o;, responses.
However, when the frequencies of vibration in cross-wind and torsional directions approach
each other, such as when cross-wind/torsional frequency ratio was 0.84, an increase in the
responses, particularly the along-wind response, o;, due to coupled translational-torsional mo-
tion was evident. However, at operating reduced velocities close to a critical value of 10, coupl-
ed motion significantly decreased the cross-wind responses, o;, in both Case 2 and Case 3.
These effects of coupled motion and cross-wind/torsional frequency ratio will have a significant
impact on the estimation of cross-wind response of tall buildings.

The effects of eccentricity between centre of mass and centre of stiffness on wind-induced
response characteristics of the CAARC building model with coupled translational-torsional
motion are shown in Fig. 7. It is evident that eccentricity has a significant effect on both the
along-wind, o;, and cross-wind, o; , responses, in particular at operating reduced velocities
close to a critical value of 10. For Case 4 in particular, where the eccentricity was shift to 10
mm downwind (13.33% of the building width), both the along-wind, o;, and cross-wind, o; ,
responses were substantially increased. In this case, the cross-wind response, o , was greatly in-
creased by approximately 240% and part of the energy of vibration was apparently transferred to
the along-wind direction and significantly increased the along-wind response, o;, by ap-
proximately 110%. It is interesting to note that all rms response curves in Figs. 7a and 7b show-
ed the same characteristic, the only difference is their magnitudes, especially at operating reduc-
ed velocities close to a critical value of 10. It is, therefore, believed that the wind-excitation
mechanisms in each case are the same.

6. Wake spectrum

The most common sources of cross-wind excitation for most tall buildings is associated with
vortex shedding and is frequently referred to as wake excitation. In this study, the investigation
of wake characteristic, in particular frequency distribution, around an oscillating body was con-
ducted in order to estimate the energy contribution due to the vortex shedding process.

Velocity fluctuations in a near wake of the CAARC building model were measured by a
linearlised DISA hot-wire anemometer, which is the most common type of instrumentation used
in the investigation of this nature. According to Kwok (1977), the hot-wire was located just out-
side the wake region to avoid the effect of flow reversals, but close enough to detect the fre-
quency of velocity fluctuations due to periodic vortex shedding wakes. A measuring height of
75% of the building height, where the flow was not expected to be affected by flow entrainment
from the top of the building, was selected. Two wind velocities were selected for a detailed
study, the first one corresponds to the reduced velocity well below 10 and another one is close
to a critical value of 10. Four cases, which emphasise the effect of the eccentricity on wind-
induced coupled translational-torsional motion, were tested in the wind tunnel.

Wake spectra of the CAARC building model with 0.01 critical damping in an open terrain
wind environment at reduced velocities of 5.75 and 9.65 are shown in Figs. 8 and 9 respectively.
Longitudinal velocity spectra of the upstream wind measured at top of the model are also shown
in the figure as dotted lines for comparison.

The wake spectra provide ‘a reasonable representation of the energy available in the wake and
assessment will be made mainly in terms of frequency distribution of this energy. The energy of
velocity fluctuations in the wake is concentrated at the reduced frequency of about 0.1 for all
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cases, including that for the building without torsional motion, as can be seen in Figs. 8 and 9.
The peak of the wake spectra at the reduced frequency of 0.1 is consistent with the concentrated
excitation energy associated with the vortex shedding process, which is a common wind-
excitation mechanisms of tall buildings without coupled translational-torsional motion and with
sharp edges. This characteristic has been widely reported by many researchers, e.g., Melbourne
(1975), Bearman and Davies (1975), Kwok and Melbourne (1981) and Kwok, et al. (1988). It
can be concluded that the vortex shedding process remains the main excitation mechanism in
cross-wind direction even in case of tall buildings with coupled translational-torsional motion. In
addition, it is evident from Figs. 8 and 9 that there is a narrowing and an increase in the mag-
nitude of the spectral peak when the vortex shedding frequency and the natural frequency is
close together, that is at operating reduced velocities close to a critical value of 10. This
increase in magnitude of the spectral peak is expected to be accompanied by a corresponding in-
crease in the cross-wind force spectrum, which was reported by Kwok, ef al. (1988) and result-
ed in an increase in the crdss-wind response. The spectral peak in building Case 4 with ec-
centricity is the highest and this resulted in the largest cross-wind acceleration response com-
pared with other cases, as shown in Fig. 7b.
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Fig. 9 Wake spectra of the CAARC building model at structural damping 0.01 and reduced velocity 9.65

7. Conclusions

A three-degree-of-freedom base hinged assembly for aeroelastic model tests of tall buildings was
developed. The modelling technique has the ability to independently simulate building translational
and torsional degree-of-freedom by using two perpendicular plane frames and a flexural pivot.

Aecroelastic model tests of the CAARC standard tall building were performed in a boundary layer
wind tunnel in the Fluids Laboratory, University of Sydney. Six test cases were carried out to
examine the effect of (a) torsional motion, (b) cross-wind/torsional frequency ratio and (c) the pres-
ence of an eccentricity between centre of mass and centre of stiffness on wind-induced response
characteristics. The experimental results indicated the significant effect of coupled translational-tor-
sional motion on both the along-wind and cross-wind rms acceleration responses at reduced velo-
cities ranging from 4 to 20. For the CAARC building model with a cross-wind/torsional frequency
ratio of 0.60, coupled motion decreased both the along-wind and cross-wind rms acceleration
responses. However, when cross-wind/torsional frequency ratio approaches unity, an increase in the
ms acceleration response was evident. In particular, an increase in the along-wind rms acceleration
response by up to 80% was found at operating reduced velocities lower than 10.
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In addition, at operating reduced velocities close to a critical value of 10, a large decrease in
cross-wind rms acceleration response was observed in both cases of cross-wind/torsional fre-
quency ratio and a decrease by up to 80% was found when cross-wind/torsional frequency ratio
was 0.60. Therefore, it is evident that cross-wind/torsional frequency ratio has a significant
effect on wind-induced response characteristics, and this effect warrants further studies.

The effect of an eccentricity between centre. of mass and centre of stiffness on wind-induced
coupled translational-torsional motion was also investigated. The eccentricities tend to increase
both the along-wind and cross-wind rms responses. The responses tend to vary with the degree
of eccentricity and an increase in cross-wind rms responses by approximately 240% has been
observed where the centre of stiffness was shifted to 0.13D, downwind. However, from the
analysis of wake energy distribution, it was found that the vortex shedding process remains the
main excitation mechanism in cross-wind direction even in cases of tall buildings with coupled
translational-torsional motion and with eccentricity.
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Appendix A-Three-degree-of-freedom single mass model

In a three-degree-of-freedom single mass model as shown in Fig. Al, mass, elastic resistance
to displacement and energy-loss mechanism, are represented by : mass (m); mass moment of in-
ertia (I,,); stiffness (k;, k,, k3); and damping (c,, c,, cs) respectively. The x, and y, translational
degree-of-freedom resulting from translational motion and the x, and y, translational degree-of-
freedom resulting from torsional motion, are assumed created by the wind. The system is
represented by the inertia f;, damping f;, and elastic spring force f;, as shown in Fig. Alb. Since

x, and y, are independent, it is more appropriate to formulate the equation of motion in each
direction independently.

Consider now the motion of the rigid block in x-direction as shown in Fig. A2, the inertia f,
damping f;, and elastic spring force f;, are given by : f=k.x,; foi=cX1; fu=m X, ; fa=ks0; frs=c,0
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Fig. A2 x-68 coupled motion
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and f,=I 0. The equilibrium equations, £ F,=0 and M =0, are given by :

mx,+c,x,+kx,=p (A1)

where the dots represent differentiation with respect to time. In case x; and 8 are uncoupled, Egs.
(A1) and (A2) give two separated circular frequencies of vibration, ie., @y =27mn,=Vk,/m

and wy=27mn,=\ks/I, . However, if x, and 6 become coupled, Egs. (A1) and (A2) have to
be solved simultaneously, thus

mX1+%Im 9+Clx1+%639+k1x1+%k39=2p (A3)
24 b2 ) .
Substituting I, =m azth ; 8= gxz; 0= 3)&2 and 6= 3)'62 into Eq. (A3), gives
12 b b b
2 2
m)f1+a—3ZTbm).C-2+Cl).C1+%C3x2+k1x1+%k3x2:2p (A4)

Introducing a degree of coupling parameter, c, i.e., x,=cx, and rewrites Eq. (A4) as :

mixi+cix,+kx,=p} (ASa)
. . . az+b? .
inwhichm’=|1+ 37 ¢ | - m = generalised mass (ASb)
. 4 cC; . .
c'=|1+ XN ¢ |- ¢, = generalised damping (ASc)
* 4 ks . :
k,=|1 e -k, = generalised stiffness (A5d)
1

1.5

0 e |
A
"o : '\ c=0.1
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Fig. A3 Variation of a frequency ratio as a function of stiffness ratio for the CAARC building with coupled
translational-torsional motion : (a) x-8 coupled motion; (b) y-6 coupled motion
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pi=2p = generalised load (ASe)

Egs. (A5 a-e) give the generalised form of the coupled x-0 equation of motion in which the

circular frequency of vibration is given by @, =2 wn,. =Vk’,/m? . The plot of the uncoupled/
coupled frequency ratio, @/, , as a function of stiffness ratio, ki/k, , for the CAARC building
(a=30 m and b=45 m) is shown in Fig. A3a.

The coupled y-6 equation of motion can be formulated in the same fashion and the gen-
eralised form is given by : '

myy +cyyi+k,y1=p (A6a)
2
in which m’, = (1 + a_;%—;L c j - m = generalised mass (A6b)
a

* 4 Cs . .

ch,=1|1+ T, - ¢, = generalised damping (Abc)
* 4 k3 . .
k,=|1+ TR ¢ | - k, = generalised stiffness (A6d)
2

pL=2p = generalised load (Abe)

Finally, the circular frequency of vibration is given by @, =2 n,, =Vk%/m’ and the vari-
ation of the uncoupled/coupled frequency ratio, @,/®,., as a function of stiffness ratio, k;/k,,
for the CAARC building (a=30 m and b=45 m) is shown in Fig. A3b.

It is evident that the frequencies of vibration in both directions were decreased by the influence
of coupled motion, which depend on the degree of coupling, ¢, as shown in Fig. A3. It was also
found that, in case c¢;=c,=c; and c=1, Eqgs. (A5c) and (A6c) give the ratio c¢,/c’ = 1.00 and
¢,/c%= 1.00, which indicate a negligible effect of coupled motion on damping of the system.





