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Summary

Measurements of surface pressures and response on the CAARC standard tall building
model, made at six establishments, have been compared. In general, the degree of agree-
ment was good and mostly within the scatter of reasonable experimental accuracy.

Small trends were observable in respect of pressure measurements which could be at-
tributed to differences in the approaching longitudinal velocity spectrum and to the re-
quirement for blockage corrections. There were no obvious trends in the dynamic response
measurements where the majority of the data compared within +15%.

1. Introduction

Following a meeting of the Commonwealth Advisory Aeronautical Research
Council Coordinators in the Field of Aerodynamics in 1969, a specification
for a “‘standard tall building model for the comparison of simulated natural
winds in wind tunnels’ was prepared by Wardlaw and Moss [1]. A simple
model experiment was proposed for comparison between the techniques being
established in various wind tunnels for the simulation of natural wind charac-
teristics. It was hoped that direct comparison of the model dynamic response
and pressure measurements would help in the development of better tech-
niques and lead to more confidence in the considerable volume of test data
being obtained from wind tunnel measurements.

In the period up to 1975, five centres undertook measurements on the
CAARC Standard Tall Building Model. The work of the following people was
made available to W.H. Melbourne, who made an initial comparison of the re-
sults for discussion at an evening meeting at the 5th International Conference
on Wind Effects on Buildings and Structures, London, September 1975:

Holmes, J.D., The University of Western Ontario,
Canada [2]

Lawson, T.V., University of Bristol, England

Melbourne, W.H. Monash University, Australia

Walshe, D.E., Wills, J.A.B. and Jones, P., National Physical Laboratory, Eng-
land [3, 4]
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Cooper, K.R., and Wardlaw, R.L.., National Aeronautical Establishment,
Canada

Data were also presented by:
Sykes, D.M., The City University, England

It was agreed at that meeting that, after adjustments to achieve uniform
presentation, a comparison of these results would be prepared, along with a
commentary, so that other workers could ‘““calibrate” individual techniques
against this set of data relating to an isolated tall rectangular building.

2. Basic model specification

2.1 Building geometry

A rectangular prismatic shape was specified with full-scale dimensions,
sides 100 ft by 150 ft and height 600 ft (30.48 X 45.72 X 183.88 m). The
building was to be flat-topped, without parapets, and the exterior walls were
to be flat without mullions or other geometric disturbances. Definitions of
dimensions and angle of flow symbols are given in Fig.1 along with the loca-
tion of surface pressure tap holes and numerical identification.

2.2 Dynamic properties of the building

Only the fundamental mode of vibration was to be considered and the mode
shape was to be taken as being linear, rotating about a point at ground level.
The natural fundamental frequency was to be taken as 0.2 Hz about both
principle axes at ground level. The weight distribution was to be taken as 10
lb/ft® (density 160 kg m~3). The structural damping was to be taken as being
1% of critical (logarithmic decrement 0.063) for purposes of comparison of
results,

2.3 Wind structure

The natural wind boundary layer was to be representative of wind blowing
over a long fetch of forest or urban development with building heights in the
range of 20—50 ft (6—15 m). It was suggested that the power-law exponent
for such a boundary layer would be about 0.28.

3 Model measurements

3.1 The natural wind models

The longitudinal mean velocity and turbulence intensity profiles, and veloc-
ity spectra of the seven adiabatic boundary layer wind models used for the
tests reported are presented in Fig.2 and 3. The scale and methods used to
develop the seven wind models are summarized in Table 1.

The differences between the mean velocity and turbulence intensity pro-
files are relatively small. The only significant differences between the seven
wind models are in respect of the distribution of the turbulent energy as ex-
pressed by the longitudinal velocity spectra. In particular, the NPL wind model,
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Fig.1. CAARC standard tall building: full-scale dimensions, dynamic properties and
pressure tap locations.

has significantly more energy available at the resonant response frequencies
through to the fine-scale end of the spectrum. It may be possible to detect
the effect of this when comparing the response and pressure measurements
at a later stage.

Blockage corrections have not been applied to any of the test data; model
blockage as a percentage of working section area are noted in Table 1.

3.2 Pressure measurements

The mean and standard deviation of the pressures at % H are given in Tables
2 and 3 for a range of wind directions 0 to 90° in 15° steps. In some cases, the
participants in this exercise measured pressures at % H and for a more exten-
sive range of wind directions. However, for wind tunnel calibration purposes

the range of data presented was thought to be adequate and also covered the
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Fig.2. Longitudinal velocity profile and turbulence characteristics of the adiabatic wind
models used for the CAARC building model tests.

best range for the purposes of comparing the five sets of data received.

In general, there is good agreement between the sets of data presented in
Tables 2 and 3. There are several small trends which can be observed and for
which there are possible explanations as follows:

1. The negative pressures from the City University measurements are lower

(more negative) than the others, with the exception of those from NAE (b).
This may be attributed to the model blockage which was between 3 and 4%
and for which no corrections were made. From McKeon and Melbourne [5]
the base pressure coefficient correction would have been between 0.10 and

0.13, which, if applied to the City University measurements, would provide
good agreement with the other results.
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Fig.3. Longitudinal velocity spectra ozf the adiabatic wind models used for the CAARC
building model tests measured at z = 3H (400 ft.).

2. The negative pressures from the NPL measurements are higher (less nega-
tive) than the others in spite of the model blockage being the second highest.
This trend may be attributed to the higher turbulence available in the wind
model at smaller scales, which is thought to reduce base pressures by promoting
earlier re-attachment of the shear layers.

3. There is no obvious explanation for the lower (more negative) mean pres-
sures from the NAE (b) measurements.

Pressure spectra were measured at Bristol, Monash, NAE and NPL, but un-
fortunately for a number of different conditions. The pressure spectra mea-
surements most common to all are given in Fig.4. At Pressure Tap 3, forg =0
the upstream face pressure spectra reflect the characteristics of the incident
longitudinal velocity spectra, with NAE and NPL measurements showing
higher energy at the higher frequencies relative to the Monash measurements.
At Pressure Tap 13, for 8 = 0 the distributions of energy in the wake are
shown to be similar, despite the differences in incident turbulence.

Measurements of mean, standard deviation and spectra do not describe all
the relevant characteristics of pressures on buildings. A knowledge of peak
pressures is most important for the design of cladding and glazing. A peak
pressure may be related to the mean and standard deviation through the proba-
bility distribution of pressure. These probability distributions vary from being
normally distributed to ones showing extremes of intermittency. Several
examples of these pressure distributions, measured at Monash University, are
given in Fig.5.



78

ISFLTEES

oTIR3UY

oT1ex afe)oorg

a03 A37100T34

otyey A3To0T94

sasjsweaey s{edS TIPOH

ssauydnoa aqno ww gz Aq psmorroF ‘ySry %9°0 mlﬁ:. oﬂm T°Z X h°2 UI23SoM
w gog ‘Spoa TRIUCZTAOY JO prad pspead JO Airsasatu
it AT oNe 03 ssauitnes o .
JSdiing i B LTS peRT PR 3572 £ 8t 6L ong TTxoLe teorshud
*S1BeTS TeOTIX9A 9pTM umt 9y xTs sntd ‘spoa T T TeuoT 1Ry
I919WeTp uMl 4Gz JO PIa8 TRIUOZTJAOY papeds :
(- uoT3eandTJuod STYI
ur pesn jou ade sadrds ‘ajoN) - Aeaxe
pouas38e1S S3J1USD W £°0Q U0 SIUUWRTD
ssauySnod aqno um 9/ JO UYOI8F w gz ¥ (q) o h 0oh 1uLWYSTTqRISI
‘Aeaae paasdBpis S2a1UI0 W £0p U0 SIUBWLDTD %90°0 ST I S 1°6 ¥ 1'6 Hmoﬁmmwwww
ssauy3nod aqnd WM gz JO YOISF W £°L TRUcTIEN
£q pamoTToy seards yBTy w z°T 330 9 (B)
*sjudWeTe ssauydnod ww g X 0Z X 07 Lz oh K1Tsaeatn
3o yo3eJ w z1 © Aq pamoTToJ saoledsusd 38° 1 o€ ] e AR : ’
¢ ‘ T 1 yseuoy
£1710T3a0A JeTnSueTdy .4 ‘Y3t w Z ‘J3o H
rsdno ySty wm Qg 3o
Keaae ue Aq pamorroz deis uwm QT pue %02 FAS s 005 I %Xz roastad 3o
T 1 K3Tsasatun
saojeaauad A370TIxoa 23pam oTAdTTTe - TWag v :
*S8Jqluad w Q9 X 0 3B Aeaae
paas38e3s ur siuswaTd ssauydnoa ysSty
ww oz X LT X LT 3O 49333 w 9'1 e Aq pe 46°¢ ST bm.m 0970 % 9,70 | A3TsTeaTun £11D
-MOTTOF JI2Tadeq P31BTTS1SED pue SIO}BJ2USE
A37oTax0a 38pam oT3dTTT2 Y8BTy W §*0 FfO ¢
eaae s/u SjuUsWRINSEIW
uoT1095 SuTydom S]USWAINS BB ssuodsaa or3iey
juawdoTaasqg Jakeq —_ - (W) uoTSUaWI(Q JusuysITqessi
Azepunog TopoK eoJR T3pOW " Xej aansssad Tepou ButpiIng J03F ya3uag uoT390g BUTIOH Suryse

NOILVWHOANI ONITI3QOW ONV TINNNL ANIM 130OW ONIQIING *D2'Y'V'V'D

T 34l




79

TdN
(3) IvN
(®) IvN
yseuoy
To3stag
Lo

TN
(®)avnN
yseuop

To1sTIg

£110

TN
(®) IvN
yseuoy
TO3ISTIg

faro

TdN
(9) IVN
(®) avN
yseuoy
TeisTIg

£110

TdN
(®) 3wN
yseuop
TO3STag
£

TdN
(®) I
yseuoy
To3STag
L7102

TdN
(q) I
(®) I¥N
yseuoy
To31sTIg
£310

e8T ZLT ALt ozl 8§t h9t~ OL°- L9~ BSTT Tnt- o £Z- §Z°- €27 §Z°- LTT- Th'- hST- L9~ OLT- M-
9h'  SLT LLT gL"  ShT 96"~ 66'- 06~ TIB'- G9'- 9g°- En'- Gn'- Gh'- 99'~ LL°- 18°- 10'T- 8B'-
S§° Z8° 88" Z8" 65" 89°- hL'- EL'~ L9~ EH'- ge'- 8Z'- 6R°- 19~ EL°- hL'- B9'-
95"  SLT BLT LT 9§ OL'~ hL'- 69" T9°- §S'- et~ mEge- §6°- 29°- 89°~ SL'- 0L~ 06
RS BLT W8T LLT 0§ §L°- 6L- LLT- 65'- Th'- BE- T9°- 69°- 8L~ LL'- EL°-
95" 18" (8" 18"  1§° gL'~ 18°- 0L~ 8g - £§°- TL'- 08'- BLT- SL'-
L9°  8L"  SL”  H9T  O%  gh~ Tw'- W~ Eh°- 8®'- 2g*- 1g'~ Tg€'- T€'- 0"~ 2T - 91°- 9h"- sL-
RLT 98T W8T kLt O £h'- hht~ BRTS 0§ LST- et~ Zet- 280~ TET- §T°- €Z'-~ 9§°- ZL-
SL
L9° 8L §L° h9  8e° gk~ eh- 2S°- 9§~ 65T~ Th'- L€'~ 8L~ 8E'- GE'- §Z°- BI'~ GZ'- 8BS~ 6L'-
8L° €LY 78 an  e7” 98~ S€°- L€'~ €€~ €€°- €8°- €£°- TE°- Lo° 81T ST 8V
98" 18" 89" 15  €2° gn’= Bh'~ €G°- 6E°- In'- 6E°- 8e°~ XL AN : AR} 4
8L° 697 09" Bhc  Z7* 6h' = TS~ IST-  hh'- hnt- Gnt- wo'- LT° SET ZT° 09
88" h8" 9L €5°  0T° LR 0§~ £$°- €T EN- €R'- ThT- 3T~ 10 NI W £0°-
€8° 9L H9T  Lhw* ST° 9§~ 09°- 19°- 0§'~ 0§'- I§"- 6h'- 0z~ 0 LI A F A
€9° 28  BE"  HZT  hO'  we'- HE'- #E°- EE°- hE°- GET- €T~ L0°  OE° €N 95 BY”
95 Lk T&T 9T ShT-  §g°- 09"~ Sh'- 8S°- 8S'- §§°- hG°- 90°- 0Z° LS° hST  oL”
L9" IS BE°  GZ°  TO'  The- gn'= Gh'- Hwh'- €'~ Th'- Oh'- £0° 0 9n"  T9°  8L" 54
oe'-~ €0° 80" 0" 2I°- he - ng'- €€~ ZE'~ TE'- Le°- 9e’- 9L~ GE'- SE'- SZ° IS §9° wLT BLC
9€'~ 20°- 1L0° 0" 6T'- 8E'- £~ THT- Th'- Oh'~ gr'-= Sh'- nRT- ZhT- Oh- hwZT €ST LT 28 L8”
Lht= ZZT- h0°-  0°  8T°- 6E€°- k'~ Sh'= SGh'- gr'~ gg'- IG'- I§°- GBh'- Bh'- €2°  hhT 99" 6L 08" o€
Lth'= T0'= 10"  h0' £2°- E£h- €h'= €R'~ hW'- TG’ 0S°- Bh'- Lh'- 9W'- 02 €S’ TL°  €8°  98”
68°~ Z6'- BL'- 9G'- BE- HE‘- hec- E€°- ZE°- ZE°- wh'- Oh'- BE- BE'- LE'- hhwT 89" GL° 08 99°
26'- LB'- B8°- L9'~ Lh'- wh'= E€h'- kb= gS'- HS'~ TG~ Bh'- Lh'- en'  LL°  h8°  BBT  EL°
ST
L0°T~ OT°T- 66°- L'~ 6G°- Tg'- G- €§'- [g'- T§'~ g9~ h9T- 65~ 85°- 9G°- BET 89"  eL I8 h9°
0G'- €§°= hG'~ #G* §eT~ hE'~ S€°- BE'- 8GT-  MG- mGT- 6h'- 98" 9L° 08" 9L LST
98°- 98'- T16°~ 06" 66°~ 8S'- 29°- 99°- 99°- 98"~ BB~ G§B'- $B'- 6h°  BL® T8 9L hg®
§9°~ 69°- €L~ Ti- Bh'- Sh'- BT RGT= LL'~ TLT- ZLC- 89— 99°- LS hBT 98" T8 LGT
H9'- OL'- hL'- SL'- €5°- TG~ €G¢°- 96"~ gL'~ GL'- hL° oL h9*- GG* 8L" 18" 8L SS” 0
99°~ 0L°- OL'- TL- €6°- 08°- TI§°- 8S'- LL'- €L°- OL'- 69°- 99°- €S 08" 08" 9L  6n"
SL*- 6L~ TB'- Z8°'- €6~ §§°- ng- LLr- 9L- ng* 08" L8 h8' 6§70
0z 6T S ¢
[} LT 9t St nt €T A 1T oF 6 8 L 9 S t € z T de,
"s88d,
Boo 5 4
H{E/) =2 Ly * q = S5 “1INIII14430D0 JUNSSIYd NVIW 13A0W ONIQIING “‘O* ¥V ¥'D
d

4-4 7 TavL




TdN
(9) IvN
(®) IWN
Useuoy
TO1STag

TdN
(®) I¥N
SBUOK
To1sTag

TdN
(e) IvN
ySeuoR
TOoasTag

1dN
(®) JvN
YSPUOK
To3sTag

TdN

(®) IYN
YSRUOK
TO3STag

TdN
(®) I¥N
UYSBUOR
ToIsTIg

TdN
(q4) I
(®) 3VN
yseuop
To3sSTag

HE/D =

80

1 €T 4% €T° [4% 81" 0c” [ ¢t 0c* 80" 80" 80" 80" oc’ Gc” ¢z’ 0¢” 81"
(42 og” [ e’
(4% 1e” 81" oe” 06
eT”’ hE” ar’ St” hi” [4 (4 14 1¢° I otr-* otr* 80" 80° otr” S¢” 1 €¢” €C° et
ST” LT gr-’ 9T-” HT® €C” he” se” he” ford A 11° 507 T €T’ €’ €c’ S¢” £C” (2
€T” er” er” Hno" ot 80° or” ol " (X (22
ot ST* LL” oe”
SL
60° otr- ST- 60"
8T’ ST” €T” hi® oT” L0° Lo" L0° L0” 4% 90" L0" L0° L0 390" 50° 30° 90" (4% 8¢° o9
81" LT” €T €T’ 60" 90" 90" 90" LO" ot” LO" 90" 90" L0° 90" 50° 90" 30° it Lz
£€T° ot” 60° n0*  h00T0  LOT L0 80° or-” [
[Oh o 60° €r” 4%
Sh
or- [ L ST
he” e’ 81" 90" 80" LO" 90" 80° L0" 80° 80" 90 L0" 80" L0° 80" it 31 nie ST° 0¢
he: et ST- 30" S0 90° 90" 90" 90" Lo’ 50° [Ath L0° L0 90" 60" [4% €T’ 9T )
61" £€¢° 9c* L0° S0° [N 1% [ nt” 1t
LT hl” Le” LT
St
TT at” 81" 81" 61" 60° 90" S0° 90" 60° 61" 8T Lt atr” it er” 2% €T’ [ €T’
Te” 1T Le” 24
e’ S1” e 0c¢” ) s}
1% T £€2° 9z 9c” 8L” A% €T’ L1” 81’ Le” 9Z° €¢’ [2% 1 St” 81" 61" 8L- ST”
0¢ (24 SZ° (2 €C” 9T’ er” T1" hl” LT €C” 1 81- 61" el er’ ER ST° al’ ni
(624 6T 81 LT 91 St hl €T [ Tt 01 6 e
8 L 9 S f € 4 1 cssad

Had %

Hnd 5

¢ Javt

Z 1V ALMAﬁI 10) IHNII = mbu ZINI1D144307 34NSS3I¥d NOILYIA3IA QYVANVLS 13AOW ONIATING *D°¥'V'V'D
o




81

1.0 |
PRESSURE TAP 3
o) & —
nSp{n a» E]
o2 + +
?
v %
to
0.1 + Q. + g
T +
=]
+ MONASH + o
O NAE (»)
O NAE (b) +
v NPL +
a
0.01 1 P
0.001 0.01 & 0.1 1.0
Uy
1.0 T
PRESSURE TAP 13
nSp(n __.,l}
% o
8+ +% Q0
+ +Q
et 7§
0.1 +o
+ 74
vV o+
v +
vV v
+
+ ? +
va
v
0.01 oV
0.001 0.01 nd 0.1 1.0
Y

Fig.4. Pressure spectra measured on upstream and downstream faces, at centre %—H, on the
CAARC building model for g = 0°,

3.3 Response measurements

Aeroelastic models were tested at Monash University, NAE, NPL and The
University of Western Ontario at length and velocity scales given in Table 1.
All were linear mode models either pivoted at the base or mounted on a
cantilever with an effective pivot about the base. The model response was
measured as a base overturning moment via restoring force sensors and tip
displacement obtained through static calibration, except for the NPL tests
where only the standard deviation of tip displacement was determined from
accelerometer measurements.

The mean and standard deviation of the x and y displacements at the top
of the building as a function of reduced velocity for wind directions g = 0
and 90° and damping ¢ = 0.01 are given in Figs. 6 and 7. Two separately set-up
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Fig.5. Probability distributions of pressure measurements on the surface of the CAARC
building model (Monash).

and measured sets of data from Monash University are given (one set was
measured as a student project), and two sets of data from the NAE are given
for measurements in the two boundary layer models, refer to Table 1.

The majority of these response measurements compare within +15%. Only
very weak trends are observable. The scatter of data is a little more evident
for 8 = 0°, which is understandable because of the effects of turbulence on
rectangular sections with depth to upstream face ratios of about 2/3, when
the separated shear layers are beginning to re-attach. At g = 90°, where the
ratio of depth to upstream face is 3/2, the difference between the various
response measurements is for the most part better than +10%.
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The dashed curves shown in Figs. 6 and 7 have been included to assist in
comparing other measurements with those reported here. These curves are
not a best fit to the data in a mathematical sense, but rather have been fixed
to vary with wind speed squared and cubed for the mean and standard devia-
tion measurements, respectively, with the constant in each case selected to
give the best fit to the majority of the data, (i.e. values a long way from the
majority have been ignored in determining the constants). Whilst the varia-
tion of mean response with the square of the wind speed may come as no sur-
prise, the fit of the standard deviation of response to the cube of the wind
speed is slightly illusory. In fact, the standard deviation of response tends to
vary with wind speed to a lower power than three at low reduced velocities and
to a higher power than three at the higher reduced velocities approaching the
peak of the force spectrum.

A comparison of the effects of change in structural damping was possible
between the Monash University and University of Western Ontario data and
this is given in Fig.8. Both sets of data appear to have inconsistencies, at low
values of damping in particular, but there are no obvious trends. Holmes noted
that difficulties were encountered in measuring the damping at low values
because of cross-coupling effects. All results presented show dependence of
response to an inverse exponent of damping close to a half, as shown by the
dashed curves fitted in Fig.8.

The effect of wind direction on response is shown in Fig.9, where the mean
and standard deviation of the base overturning moments have been presented
for a value of ug/ne Dy = 4.7, (ug/noDy = 7.0). The problem in presenting
these data is in the selection of normalising lengths. In this case, base over-
turning moments in the positive x and y directions have been defined as M,
and M,, respectivelsi1 and mean and standard deviations of moments in both
x and y directions (My My, oy, , 0 M, ) have all been normalised by %pﬁﬁ]—[’py ,
ie.
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The base overturning moment data can be presented in terms of displacement and
vice versa. For a constant density, linear mode, building the relationship can be
developed as follows:

The fundamental natural frequency, n,, of the constant density linear mode
building can be expressed as

ne = (1/27)VT/I (1)

where I is the mass moment of inertia about the base, and T is the rotation
stiffness of the building about the base. For a tall building, the moment of
inertia may be approximated as

where p; is the density of the building. The base overturning moment, M, in
terms of a tip displacement, A, is

M=TA/H (3)
which on substitution from (1) and (2) gives
M =% (2nno)? - psH*Dy Dy A 4)

Evaluating for the CAARC Building Model gives

ou,s30(2)" (22" ;)

D, uy D,
D D,\?
o0 (3) (2 (2)
' Dy’ \ugy Dy

and similarly CMox and Cy,, .
Y

The comparison of measurements of base overturning moment or tip de-
flection with wind direction shows the poorest agreement between the sets
of data. The author believes that the cause of the differences may lie in the
behaviour of the shear layers and attendant re-attachment, which is known
to be dependent on the incident flow turbulence and even acoustic energy
in the wind tunnel. These effects on shear layer behaviour become more ap-
parent when the flow direction is almost normal to a main face.

The dashed curves shown in Fig. 9, whilst being consistent with the earlier
curves at § = 0 and 90°, have been drawn through the data only to assist in
reading the figure.

Some response spectra were measured at Monash University and the NAE,
but direct comparison was not possible because the data were not measured
at the same values of reduced velocity. The response spectra measured at
Monash University have already been published in the form of a generalised
force spectrum by Saunders and Melbourne [6] and the measurements at
the NAE are to be published.
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4. Conclusions

The comparison of pressure and response measurements on the CAARC
Building Model tested at six establishments, in simulated wind flows, showed
only small differences mostly within the scatter of reasonable experimental
accuracy. .

Small trends were observable in respect of pressure measurements which
could be attributed to differences in the approaching longitudinal velocity
spectrum and to the requirement for blockage corrections. There were no
obvious trends in the dynamic response measurements and the majority of
these data compared within +15%.

It might have been more interesting, in addition, to have compared data
measured in incorrectly modelled wind flows, and perhaps this could be taken
up by subsequent investigators.
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Notation
. . M
Cum base overturning moment coefficient = (m)
D, narrow dimension of building cross section = 100 ft (30.5 m)

D, wide dimension of building cross section = 150 ft (45.7 m)
H building height = 600 ft (182.9 m)

M, base overturning moment in the x direction

M, base overturning moment in the y direction

n frequency

ng natural fundamental frequency of the building (0.2 Hz in x and y
direction)

D local pressure

PH reference static pressure at height H

Sp(n) power spectral density of pressure fluctuations
Sy (n) power spectral density of velocity fluctuations

u local mean longitudinal velocity
ug reference velocity at height H
z height above ground

o exponent in power-law representation of velocity profile (see Fig.2)
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§ wind angle (see Fig. 1)

Op standard deviation or root-mean-square value of pressure fluctuations

gy standard deviation or root-mean-square value of the longitudinal veloc-
ity fluctuation

p air density

¢ critical damping ratio
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