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In the future, skyscrapers or large structures will become lighter and
more flexible. In order to clarify the aerodynamic behavior of such
structures by wind tunnel test, flexible, low-density square prism models
were developed using polyurethane foam. In this report, mechanical
properties and bending vibration characteristics of the models are
investigated by material tests and vibration tests. The results show that
the models can be treated as uniform and elastic within the range of the
deformation occurred by the across-wind aerodynamic vibration. It is
shown that, bending vibration characteristics can be evaluated using the
Bernoulli-Euler beam theory.
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Fig.1 Side of model and
measurement points

Photo 1 Square prisms made by
polyurethane foam

Maximum response [mm]| Maximum response [mm]
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Wind velocity [m/s] Wind velocity [m/s]
(a) LDU model (b) HDU model
Fig.2 Wind velocity vs Across-wind response of Ch.01 & Ch.04

Table 1 Maximum across-wind Table 2 Density

response under resonant wind LDU _HDU
velocity and assumed strain Sample 11515 49.09
Sample 2 14.92  48.77
LDU HDU Sample3  14.86  49.23
model model
) Sample 4 14.89  48.39
Maximum response 5.1 146
under resonant wind velocity [mm] ’ : Sample 5 14.88 4833
Average 1494  48.76
Assumed maximum strain [%] 34 1.1 B
[kg/m’]
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kg/m® Th 0, — M7 Z2 JIREMEAL & LD L/ h SN E 52503,
3. 2 —EhEMHR
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Uniaxial tensile test (LDU)

Stress [kPa] Stress [kPa]
10 30

__ Loading

Unloading

Strain [%]

10 15
(a) LDU (b) HDU
Fig.3 Compressive stress
vs compressive strain

Photo 2 Uniaxial
compressive test (LDU)

Stress [kPa] Stress [kPa]
10 30

Strain [%]

0 5 10 15 0 5 10 15
(a) LDU (b) HDU

Fig.4 Tensile stress vs tensile strain
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%, EHLOBRIZEBNTY, hiX5~6% BREDIFIE—TEDME L

M, @
e VLB 1

- - )
— ey,

Laser
— Displacement

Data logger

Sensor

PC for recording

® Compressive test
+  Tensile test
= Identification from natural frequency
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(1Y
E=(xf) [1875j 3
2T, p IXEEE, A XBTmEAE, 1 3Mrm kT A b, HITHE

BOESThDH. Fig7 OFRER IV, LDUAE TIX f=3.5Hz, HDU
BHRICIE £,=5.0Hz & LTRQ)ND E 3R T D &, T2 ss8
kPa &) 388 kPa A3 H 5. Fig8iZ, ZM 6D E Oz A=
H® LDU & HDU DG E— O T RER &, MEEBRRER (Fig. 3,
4) L OB A IRT. 7ep, AMIRENESRIL Table 1 (LR LI2ER L~
N IRICEN L2 Z & D, Fig8 OKIREPHIX, Table 1 #2351

@ Average per amplitude level
@ Coefficient of variation

Maximum across-wind response
under resonant wind velocity

fi1Hz] CV. hy
10 “0 010 Y10
8 —o08  008)= 0.8
6 o6 006 0.6
4 —lo4 004 0.4
2 —~o02 002 02
=== “L‘L“foo o.oo““‘-r 0.0
0 8 16 24 32 40 48 0 32 40 48
y [mm] »[mm]

(a) LDU model

/i [Hz] e "y (A
10— =00 010 1.0
8 —os 008 0.8
61— —o6 006 0.6
4= l — 04 0.04 l 0.4
2 o2 002 S 02
B s e e 1S ) N S B B 0.0

0 4 8 12 16 20 24 0 4 8 12 16 20 24

y [mm]
(b) HDU model

Fig.7 Variation of 1st-order natural frequency f; and 1st-order
modal damping ratio h, of free vibration wave with amplitude

Table 3 Modulus of
elasticity identified

- Linear regression (Compression)
—— Linear regression (Tension)

Fig.5 Apparatus for free vibration test

Ch.03 — Ch.04 ----- Ch.05 — Ch.06 ----- Ch.07 — Ch.08

Response [mm]

[~ cnoi Ch.02

Response [mm]
45

Stress [kPa]
3

Stress [kPa]
6

from each experiment

LDU HDU

Compression 42 329

Tension 68 360
0 - SLram|%]
0 0 Identification
o 2 3 0 05 ! from Natural 58 388
(a) LDU model (b) HDU model (a) LDU model (b) HDU model frequency
Fig.6 Free vibration wave Fig.8 Comparison of stress-strain relationships [kPa]
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Bernoulli-Euler %%

Bernoulli-Euler

AREINAR S 00 _EIZFRE L 72 R E)

Model PC for control

— Displacement
> Sensor

>
Shaking table

PC for recording Power amplifier

Fig.9 Apparatus for harmonic excitation test
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x| 0.9211 Average 0 [rad
16— ®  ChOI&Ch04 - [rad]

nE e Fitting (Eq.(9))| /2 F 2 ! o
[ . ’ :
s 0 Y
C B8-t-e-egees
4= }» 4
ot p2xHz L9 | | pl2x [Hz]
0 2 4 6 8 0 2 4 6 8
4 0 [rad] 0.71H e Ch0s
of s o
8 [ '
L N 0 lta s
4 .o.. % 'n'"tionng
| . .,
P S S 7-71 T N L4 | | pl2 [Hz]
0 2 4 6 8 0 2 4
x| -0.5()H A 0 [rad - Average
12~ Ch028Ch.06 712 frad] 030 ® Ch.02&Cho6
o Fq.9) . \ Eq.(10)
8 r 0 F P { T
41— FAN A
E > e, /27 [H 7
0T Peiedeateand p2n[Hz] [ | | p/2z [Hz]
0 2 4 6 8 0 2 4 6 8
x| 0 [rad] 0331 o Cho7
4t 71N
L 0l aasd || “eoesoso,
e . }
o T | MeevwyetetpnrHg [ ;) ! | p/27 |Hz]
0 2 4 6 8 0 2 6 8
[l 0.17H Average 0 [rad Avi
6 ®  Ch.03&Ch.08 212 [rad] ®  Chosechos
4 Eq.9) F Eq.(10)
N P L S
2
P I T i i i 07222 | RO ! ! ! | pl2m [Hz)

0 2 4 6 8 0 2 4 6 8
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Fig.10 Examples of comparison of frequency response: Experiment vs fitting curve
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Fig.11 Variation of 1st-order natural frequency f; and 1st-order modal damping ratio h; with amplitude: Harmonic excitation vs Free vibration

N—=T7 4 v M, BN _FETH S Levenberg-Marquardt
15 D% 7o, Fig.10 12 LDU #3Y & HDU A58 0D JR1 e 50 25 D FE i
WRET (v T AV T SELERRH—T L ORBO—HlE T, 72
B, BROBRFRAORHS = & ICRIE |4 L6 0 oM E zhZh
FRLTVER, WFRORICBWTHLEG{D—T DT A—% (§
Y oh) EHIRO £ O IR LEA—0lch s, HiE|oRe RS
L, BEHMOMBICE ST, EREREOT 1y b EHERH—7 D
FEC -8 L TRY, WKL RN T A —F TEZHITFHET
XBZERHND. (T ODKTIE, RIR|Y & s L EKoRE
FRRHE D b0, REAILNARZL O EMEMIC—E LT

L. ZO[mIE, MOMIRRE OGS ORI W THLRERTH > 7.

I EDRERERNS S, d5e LTWAEROMEMNIZIT 5K
WO #ITIRE O FEAMIZ 35 T, Bernoulli-Euler 255 2318 F FTHE Td
52 EMREZ S, FiglllZ, FEEISEN O —T 7 4> MTEV R
7E L72 LDU £ & HDU BRI D 4RIE = & o 1 IR i F B A7 IREE £,
BEOE— RBETEHE L &, HEREBERGE (Fig7) Lokks
. MO y 13 Fig7 & RARICIREZ R L TR0, Mok
) OE%DS Fig7 LRETHD. B, =774 v MCEBHFEE
FEALE, TEHEROFHALS (Ch.01 & Ch.04) (ZE 1T 5 FH O IIRIRNE (F0

RIZENE) DR E S ZREEIC & > TW B Figdl ® £ O TIE, LDU B
AL HDUBALO X5 HIZB W T, I—7 7 4 v MZ LA RERE
EHBEBEROBRITIFIE-HLTBY, nORIZBNTYH,
FHIXIZIER UM Z TR L TWD ZERNSND. ZOMENS, HEIE
WK L RFIMEER O 2 SORBIERIC L 2 TR ORI,
BEMDRINTBY Y ThDLLEEZLND. o, 2IRE—FRET
et & L EBRERIC OV T, —H% 3Tk 10), 1THIT/RL TN A,

6. &
RBTH, T U274 — A TR LTz B A R 00 %2 T B2 8)
SEE) O Y) 70 A TR QRSO 72 %0, SR JEGE EF O BRI 0 JBVE 22 7
FHRENC K DR DL - 0P L& it & LT, BmirtE s
L O IR DR & FBRIC L TR R A £ LT A%,
IR O Bt 5 AL, fRAVIREN 2 kG & LIRS FEhi+ 5. Fiz
MEHESRCIZBI8E & LM TR A B2 578 &, BMAMEEIZ -
WT XY M2 RE A L E 2 D, ERIE R A TR R
IR 2D2MMERER ELSHBROMELE LI, 512, FohERIC
BoE, B OZEJIREVFB OFEM R 2 ED T FETHD.
7L, FOBITAGREBICL A RBICHETALERD .

il

613



B

AR, AR THE (B & U LRI K DRI O MR
DO—HFEELHIZLOTHY, RFFRO—EFL, IST FEFEAT T >~
k7 4 — L SRFEBFIEHEE 7 1 25 2 (JPMIOP1723) 12X % 6 DT .
T, ARMOPECHIY, R TERY KNLLHRICEERD
WEEBVELE., ZICRLTHEEZRLET.

SEXHk

1) Amano, T.: The effect of corner-cutting of three-dimensional square
cylinders on vortex-induced oscillation and galloping in uniform flow,
Journal of Structural and Construction Engineering (Transactions of
AlJ), Vol. 60, No. 478, pp. 63-69, 1995.12 (in Japanese)
REFFEC —ARIRHICI1T 5 ZRTIEMAEO MRS L OF vz o v
U KIETHIR E - MU0 OB R, AAREEFSHEE R UE, F 60
%, H5 478 %, pp. 63-69, 1995.12

2) Sato, D., Kasai, K. and Tamura, T.: Development of wind tunnel test
system considering passive control of tall building and fundamental
study on wind response — Wind tunnel test of tall building having
viscous or visco-elastic damper under uniform flow —, Journal of
Structural and Construction Engineering (Transactions of AIJ), Vol. 71,
No. 609, pp. 65-73, 2006.11 (in Japanese)
Vel M, SEJERE, BATTER: S ) OHE & k5 & U 7z B B
B OB X ORISR E CB T 2 JEMERIFTE —REtE - REME & v N — &
T2 B EW O — KR IS 31T 2 R FE B —, B AREEL ARG R
1£, F71%, %609 %, pp.65-73, 2006.11

3) Nishi, M. and Kanda, M.: Study on added-mass effect and on-set wind
velocity for a three-dimensional square prism under response vibration
in air-flow, Journal of Structural and Construction Engineering
(Transactions of AIJ), Vol. 75, No. 651, pp. 895-904, 2010.5 (in
Japanese)
VEE, AR sE 2RI CINEIREY 9 5 S ROCIE T A O AN &
ZhA & BIRIEGHIC B D8, A ARBEUE ARG R SUE, B 15 &,
651 7, pp. 895-904, 2010.5

4) Marukawa, H., Katagiri, J., Katsumura, A. and Fujii, K.: Development
of multi-degree-of-freedom aeroelastic model and evaluation of wind
response of a high-rise building, Journal of Structural and Construction
Engineering (Transactions of AlJ), Vol. 61, No. 484, pp. 39-48, 1996.6
(in Japanese)
QUSSR RARSLIE, BFFE, B 2B AR OB & &
JE I O JBE B FHGIC DV T OMES, AR SIE R SUE, 5 61
%, %5 484 75, pp. 39-48, 1996.6

5) TG, ERRE: mEEYOR CEIRENCE T 2058, AARREEAS
HFai AL B-1, pp. 123-124, 2004.8

6)  PJIWK, SILE, RREA, BT, e, AT, S
B =T AR D AR L EIRE) ST B 3 2 EBRAITZE, B AR 7
2442 2020, 252, 2020.9

T PR, FEEERR PR, LB, FRMETRR: EURERR A E %
ToBBHEPE =TT A DIRBVRFE DR O 7o D O SLRERIMRET 201 B HE
8 F2BR I & ORI FE RS SR O FE RN, B AR S BRI E IS 4 I,
% 91 %, pp. 293-296, 2021.3

8) WK, PERERM, HIER, LS, EAETRS BIR R B E X
ToBBREE =R OT AL D IRBVRFIE DR O 72 D O SRR 2 D 2 ik
WEEGRH & FEM (Z & 2 SerEE A AT, B AR S BRESmT RS
£ 1, % 91%, pp.297-300, 2021.3

9) WIRHER, PEREREE, IR, LB, RRI&A, FRERS: RN

R K 2 M ke A AT O g T IR BN OREN o 10 HEIRE

PR IS UBIERE OB L EE, B ARG A AR B

2, pp. 937-938, 2021.8

RRIA, \WDBER, PEpixst, BiIwk, Silisth, AR FFm

HRIZ & 2 e = oe AT o g P IREIMR ORIl 20 20 REH %

AW FRER FEER DML, A ARSI FAEEEE B-2, pp. 939-

940, 2021.8

SUILI B, I RRER, PR, IR, REM&A, BAETRS: FFm

PRI K 2 M = o A AR o d P IR BT R OREM =0 30 1 —7

=

10,

11

-

614

74 v M DEAREE L £ — FERERON, HARG A2
TAEAELE B-2, pp. 941-942, 2021.8

12) Yamaguchi, Y., Sato, D. and Tamura, T.: A practical method for
calculating natural bending frequencies of uniform elastic beams
considering rotatory inertia and shear deformation, dJournal of
Structural and Construction Engineering (Transactions of ALJ), Vol. 87,
No. 791, pp. 72-82, 2022.1 (in Japanese)
IO BER, VERERR, MRERR « BRI & A MIA TG 4 B8 L — kR
PR T B AR O EHA G T, ARG A SIS R SUE,
%5 87 %, %5 791 %, pp. 72-82, 2022.1

13) RfE—: T bAyin D b BRI SR TR E T, 6L
AR, pp. 132-134, 2005.9

14) SIMULA User Assistance 2017, ABAQUS,

http:/lice0.int.t3.gsic.titech.ac.jp/abaqus/DassaultSystemes/SIMULIA

2017doc/English/ DSSIMULIA Established.htm

(Reference date 2021/ 09/ 07)

SRIRAE, BEFHEN HRR & BN N D ERARERE I2Lb— 3

v, AL, p. 76, 2010.9

=

15

18 EBREICE DK VT HOHE & ERZMIERMIEDKRIT

Fig Al ® X 512, WEAESENRESTME I I VETFERL, @& 2
IZBWT S OKRPEEMBELTZET D, 2oL, BNERMRICESL &,
SIERANDEIICEEND. £, 2oL, HITEFICL-THIES 2
O Wi O AR L 5lERICAE U T O3 A e ZA)D L itk END.

23]

-1
p(H -2V 2ps(H -2V | 1, = FaY

o= (4EI L (H" ! {1_3[1_7]{4_[1_7J H A2
HKAIZTBWT, 2=092H, z/=0& L, §ICZENEIHFER TORKNIGEME
AT 2L TTable 1 DOTHRHELND. 78, FigA2 IRT L9, &
SyAitr IS £ B M OMUE L, 22 #E) FE 5 T o SR R R O B 0 #R )
T—REIFE TS, 22T, LA FEM fi#ht Y 7 b ABAQUS 201797 Jflu»
TRA)DIRAEZAT o Tk Fe 27”7, Fig. A3 2%, FEM fiffr €7V ChbH. T
L ERER L RO LA FT 5 3RO A FFLMIEIEN AR & L, SR
B OfEIT LDU B o [ A REV A 6 FIE L7 58 kPa & V2. BRI A
RV RIEHEATE— K C3DSIZ VY, BEHY A XE—i0 10 mm & L7,
S 440 mm TOHKZENIAY, Table 11277 L7 LDU KR 00 28 SR BIRE O fg K
ZENT & [RIFEIE O 47 mm & 72 555554 A 8 20 N/mm? % & 7 /L Ol i | 2§ 1C
EH &, JEfEz L llE& Tom S FOOT 2ofiz K7z, FigAd (T,
FEM fEHTHER & ¢ OBGRE O Z 7. ¢ OB, (AT FEM fighr
LEBEOMEZRALTELNT s DENLRA) IV EHLAETH .
FEM figfr CIXSMEMIERIEEEE L TEBY, o7 ey MY, T ALOME
itk & BIIEGOAMIE O L (Fig. A3 OFREO SHRES) (IS 5 S Ha o
FOTHOHATH L. Kb, Bl & FEM TR RIT L &L TBY,
K THE L T2 Table | DL L~ULTIE, MUNETRE & 3% 1058 T %
5NN D. 7eE, Fig.Ad O FEM MEATHE S I E U s ¢t Tun
M, ZHUIFR ORI L 216 DR R DOEBTH L LEZBND.

=== Deflection against distributed load 2
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Micro deformation theory (Eq.(A2))
A Large deformation analysis (FEM)
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Eq.(A2) vs FEM analysis

Square prism acted Comparison Fig.A3
on distributed load of mode FEM model
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