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Development of an environmentally harmony type waterproofing system
utilizing the wind load reduction effects of photovoltaic panels horizontally
installed on flat roofs
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| Areal+2. :
Area 5 1 1
residence office commercial 1 1
numbers 29 3 2 1 1
total area(m2) ~ 16055.92 2943.41 649.63 1 1
ratio 82% 15% 3% 1 1
L 1
Areab. Area 3
Area3. Residence Office  Commercial
numbers 17 7 5
total area(m2) 7257.66 2886.47 2601.62
ratio 57% 23% 20%
Area 4
Areab. Area4. residence  office
numbers 39 4
total 4102700 3869.41
area(m2)
ratio 91% 9%
Area 6
residence  office  commercial hotel
numbers 20 18 1 1
ol oy 777820 134 986
area(m2)
ratio 39% 53% 1% 7%
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Case Area 3-A-HP  Area 3-L-HP  Area 3-M-HP| Area 3-N-HP| Area 3-O-HP | Area 3-P-HP
Utilization rate of large-scale buildings 0% 100% 50% 100% 0% 100%
Utilization rate of small-scale buildings 0% 0% 100% 50% 100% 100%
Sewage heat utilization potential Standard case 9.91% 10.54% 11.87% 4.16% 10.29%
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Case Area 3-A-HP | Area3-Q-HP | Area3-R-HP | Area3-S-HP | Area3-P-HP
Utilization rate of upstream 0% 100% 0% 0% 100%
Utilization rate of middle 0% 0% 0% 100% 100%
Utilization rate of downstream 0% 100% 100% 100% 100%
Sewage heat utilization potential Standard case 9.49% 4.43% 7.35% 10.29%
_. 60
F oo b 918 oo 4914 4914
3 a0 9.49% 4.43% 7.35% ¥ 10.20%
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Case Whole-A-HP Whole-B-HP Whole-C-HP Whole-D-HP
Utilization rate of Area 3 0% 50% 80% 100%
Utilization rate of Area 4 0% 50% 80% 100%
Utilization rate of Area 5 0% 50% 80% 100%
Utilization rate of Area 6 0% 50% 80% 100%

Sewage heat utilization potential Standard case 9.73% 10.69% 10.38%
— 400
=
3 3 52750 52750 2750
= g2 B3 g2 5}
3 300 9.73% 10.69% 10.38%
c 250
S
g 200
5 150
é 100
5
5 0
& Qg & &
o\“ & & & & &
S S S S S S
&\A e\‘\ aﬁ &qx & LP\\A
& & & <& & &

—HREEEA RREETME 5530 MIRMRFKFER(2021.10.29) 11

W Area3-6 : BYRAROFELIEE. BAX
> BYIRERICE T B T RKEF A LR

c EERBAZROBY LY BEALC (EICED) |
BEORWIIKERENLIKEEZ H D,
s RTLPERIEATENRE . BEKREDS L, FTEE

F 74 RFBBEANE

BACRE B IEL,

Residence

Hospital /‘\'

|24

Hotel Office

Retail

YRR O BEH & TR

Residential Retail Office Hotel Hospital Sewage heat
Up* Down* Up Down Up Down Up Down Up Down utilization potential
Case T 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% Standard case
Case U
(Proposal case) 0% 100% 0% 100% 0% 100% 100% 100% 100% 100% 8.6%
(conff::l\iase) 100% 0% 100% 0% 100% 0% 0% 0% 0% 0% 3.7%

*Up means upstream, Down means downstream
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Introduction
Recently, use of PBI in high-rise buildings increases ¥ %

Passive base-isolated (PBI) buildings

e minimize damages of superstructures
e resume operation

Great Hanshin ~~ |L_lal
1500 ————earthquak fffff -ngh -rise]

T ]
500 +--------4-- EHH =
0 r—w—w—w—\’—'—‘ D
1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011
u Recent trends of PBI building in Japan *

*) 1 Yuji T., Nobuo F., Jun T., Masafumi M., development and analysis of database for base-isolated buildings in japan, 2011
Daiki SATO, Tokyo Institute of Technology 2

Introduction

Recently, use of PBI in high-rise buildings increases © %
Issues:
(PBI layer is relatively soft )

Wind load contains mean component (along-wind)
Wind load acts directly on the superstructure

i bt TR EETE

*) : Yuji T., Nobuo F., Jun T., Masafumi M., development and analysis of database for base-isolated buildings in japan, 2011

Daiki SATO, Tokyo Institute of Technology

Introduction

Recently, use of PBI in high-rise buildings increases %
Issues:
(PBI layer s relatively soft

Wind load contains mean component (along-wind)
Wind load acts directly on the superstructure

It is difficult to suppress displacement response
within the allowable range

7

Active structural control (ASC) strategy

m Control system designed by trial-and-error approach
= Much guess and simulations are required

ittt e R

Design method for PBI buildings with ASC
*) 1 Yuji T., Nobuo F., Jun T., Masafumi M., development and analysis of database for base-isolated buildings in japan, 2011
Daiki SATO, Tokyo Institute of Technology 4




Introduction

Gust factor approach

2|
max x

gust factor for d'isplacement

Story wind force
(along-wind direction)

mean displacement
mean wind force —

Displacement response

mean control force

stiffness

@ gust factor

maximum displacement

Daiki SATO, Tokyo Institute of Technology

@ gust factor

maximum control force

Objective of this study
]

PBI buildings with ASC

Mean displacement response Mean control force

The authors, 2018.3

gust factor

Max. displacement response Max. control force

Design method
This paper

Daiki SATO, Tokyo Institute of Technology 6

Model of buildings

20m 20 m]

100 m

aspect ratio 5

Daiki SATO, Tokyo Institute of Technology

m
height: 100m
aspect ratio: 5
10 DOF
shear building model
1t patural period: 2 s
1st damping ratio: 0.02

Model of buildings

~
height: 100m
aspect ratio: 5
10 DOF
shear building model
1st natural period: 2 s
1st damping ratio: 0.02

isolated period: 3,4and 5s

502026

damping ratio: 0.05
ASC device installed

Daiki SATO, Tokyo Institute of Technology 8




Control system

Feedback control @ control force @
FO @ state vector <——— X(t)
_)-j /| X (t)

@ ‘ feedback gain

Kpp displacement feedback gain
Kpy velocity feedback gain

control law: u(t) = KpZ(t)

= KppX(t) + Kpy X (2)

Control system design

control law: u(t) = KpZ(t) )

=7 ( Z70Qz® + uT®Ru@®) dt

Aerax Q x Aera Aera X R x Aera
t t
= N =LA
N S
State (displacement or velocity) Control force

weight matrix
L o U €—— K, €«—— QR «<— ¢«
Q 102{ ]and R=1 ‘

~ -
~ -

Daiki SATO, Tokyo Institute of Technology

Daiki SATO, Tokyo Institute of Technology

Along-wind force

Along-wind force is calculated by wind tunnel experiment™ P~
Information of design wind load

location (expectation) Tokyo L. ) O
flat terrain category 111
wind direction 0° —
return period 500-years
. —
top wind speed 63.8 m/s
story 10F —

A5 building model A4 building model

Daiki SATO, Tokyo Institute of Technology

Mean control force

_](') _
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Mean control force

| i |

/\ ‘];) @_
; L%
< | (s G
A Pl IR I O A
014 : _
Fo Tl L
a 11x1

m
o)
—~

H
~

accuracy verification

o

o

— —
i mnn

=}

g b~ w
w n n

validity is confirmed
via numerical simulations

Daiki SATO, Tokyo Institute of Technology

Gust factor for displacement
]

T_ natural period for the 1st mode (with ASC)
damping ratio for the 1st mode (with ASC)

accuracy verification

=001 =i

¢, =0.05
¢, =0.10

Daiki SATO, Tokyo Institute of Technology

Gust factor for displacement
()

T_ natural period for the 1st mode (with ASC)
damping ratio for the 1st mode (with ASC)

accuracy verification

(=001 m—| © Validity is confirmed
¢ =0.05 via numerical simulations
s =0.
=010 —
To=3s

Daiki SATO, Tokyo Institute of Technology

Gust factor for displacement
| 2 |

T_ natural period for the 1st mode (with ASC)
damping ratio for the 1st mode (with ASC)

accuracy verification

(=001 =—— ® Validity is confirmed

¢ =005 via numerical simulations
s =0.
¢, =0.10

* Gplas Gt if a<10

e G is same for different &,
L1 ifa>1s

To=3s
Daiki SATO, Tokyo Institute of Technology 16




Gust factor for control force

/\ 2|
_ max{ful} u(t) = KppX(t) + Kpy X (t)
= -
u
KPDmax{X} + Kmeax{X}
Kpoax{X} + KPVmaX{X} max{X} ~ (max{X} — X)w,
KppX
KPDmax{X} Kpy (max{X} — X)w,
KppX KppX
KppXGp Kpy (XGp — X)w,
KppX KppX
KPV
=~ @G =(Gp —1
D KPDX( D Jwy

Daiki SATO, Tokyo Institute of Technology

Gust factor for control force

P

Kpy
Gy = Gp + K X(GD Dwq
PD

accuracy verification

£, =001 ==
=005 ——
=010 ——

Daiki SATO, Tokyo Institute of Technology

Gust factor for control force

P

G, = Gp +m(GD — Dy

accuracy verification

=001 == o Validity is confirmed
£,=005 — via numerical simulations

=010 ——

To=3s

Daiki SATO, Tokyo Institute of Technology

Gust factor for control force

P q
~Gp+—=(Gp—1
Gy D KPDX( D Jwy
accuracy verification
§, =001 == | e Validity is confirmed
£, =005 — via numerical simulations
©=010 ——] o Gylasg,tif a<10

e G, is same for different &,

m—

T,=3s

Daiki SATO, Tokyo Institute of Technology 20




Design method & example

Step 1. Specify: parameters of building, wind force =
superstructure return period
PBI layer

super struct.: 100 m, T,=2s, £, =0.02
PBI layer: T,=3s, ¢ =0.05 return period of 500 years

Daiki SATO, Tokyo Institute of Technology

Design method & example

Step 1.  super struct.: 100 m, T, =2, ;= 0.02 P
PBI layer: T,=3s, ,=0.05 return period of 500 years

Step 2. Determine the restrictions of max. response and control force
=40cm, u =10000 kN

X max,lim —

max,lim

Daiki SATO, Tokyo Institute of Technology 22

Design method & example

Step 1.  super struct.: 100 m, T, =2, ;= 0.02 P
PBI layer: T,=3s, ¢, =0.05 return period of 500 years

Step 2. Xmaxlim = 40 €M, U o im = 10000 kN

Step 3. Calculate the mean displacement and mean control force
Step 4. Calculate the gust factors

Step 5. Calculate the max. displacement and max. control force

Daiki SATO, Tokyo Institute of Technology

Design method & example

Step 1.  super struct.: 100 m, T, =2, ;= 0.02 iz
PBI layer: T,=3s, ,=0.05 return period of 500 years

Step 2. Xmaxlim = 40 €M, Upoy jim = 10000 KN

Step 3. Calculate the mean displacement and mean control force
Step 4. Calculate the gust factors

Step 5. Calculate the max. displacement and max. control force
Step 6. Select the weighting entry «

a =13 for model 1

a = 15 for model 2

Daiki SATO, Tokyo Institute of Technology 24




Design method & example

Step 1.  super struct.: 100 m, T, =2s, ;= 0.02 P
PBI layer: T,=3s, ¢, =0.05 return period of 500 years

Step 2. Xmaxlim = 40 €M, U0y im = 10000 KN

Step 3. Calculate the mean displacement and mean control force
Step 4. Calculate the gust factors

Step 5. Calculate the max. displacement and max. control force
Step 6. | @ = 13 for model 1 a =15 for model 2
Step 7. Construction the control system

Daiki SATO, Tokyo Institute of Technology

Design example: simulation results

= Model1l —— Model 2 without ASC «10° q
10 FeFrr— e —————— e ks bk
o design limit
design limit 8
Z 6
S 4
2
0
50 150 250 350 450 550 650
t[s]
Daiki SATO, Tokyo Institute of Technology 26

Conclusion

P

This study developed:

1. Gust factor approach for PBI buildings with ASC

e Estimation method for mean control force and displacement

e gust factor for control force and displacement

e Estimation method for max. control force and displacement

2. Design method for PBI buildings with ASC

e No trial-and-error approach

e No numerical simulation

Daiki SATO, Tokyo Institute of Technology




2021/10/29
SE3E HEARBES

I ntroduction
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 Tornadoes are the most devastating meteor ological natural hazards and are generaly
defined as violently rotating columns of air, pendant from the base of a convective cloud

and often observable as funnel cloud attached to a cloud base.

* To evaluate tornado-induced loads precisely, three loading cases should be considered.
i) First istime-varying surface pressur es over the buildings/ structures
ii) Second is loads due to pressur e differences
iii) Last isloads induced by wind-borne debris

I ntroduction

Equations of motion

« Since tornadoes move fast and their courses are unpredictable, the study of tornadoes

from direct measurements has been always difficult and limited.

e Thus, many theoretical and empirical numerical models have been proposed for

preliminary tornado-resistant design of buildings and structures.

* Objectiveisto proposes a new empirical modeling (1% year) for atornado vortex and
itseffects on low-rise/ tall buildings and flying characteristics of wind-borne debris

(2 year) were investigated and compared with other existing numerical models.

 Time independent « AXisymmetric

* Pressure = function(r, 2)

* No body forces
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Equations of motion

« Time independent « Axisymmetric

* Pressure = function(r, 2)

* No body forces

* Velocity components = f(r) X f(2)

Radial U

Tangential V

Verticad W

U=5
T=5
W =

—27(1 - Z?)

+72) (1 + 22)?2

477

+ 7)1 + 22)

40z

(1+72)2(1+22)

Parameters:
Umax’ rref1 Zref

(é‘: Zref/ rref)

Proposed model: Characteristics

* Maximum radial velocity was found at the ground,

reflecting the findings of field measurement and

experiments, i.e. the strongest inflow was concentrated

very near the ground.

* Maximum radial and tangential velocities were shown at
r =1 and maximum tangential and vertical velocities were

shown at z=1.

* The velocity components show clear variationswith
radius and height, overcoming the shortcomings of

existing numerical models.
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Proposed model: Vertical variation
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The proposed model shown by a dotted line shows good agr eement with

existing data.




Other numerical model

Peak normal stresses on low-rise building

Using proposed model, peak normal stresses on low-rise building and aerodynamic force Tornado properties:
coefficients on tall building were calculated and compared with those obtained from existing _
numerical models shown below. Uroy = 15m/s
U, = 65m/s
Proposed model _
. : Mgt = 50M
Modified Rankine model (1882) _ —27(1 - 2%)
U= — - =50m
Burgers-Rott model (1948, 1958) A1 +72)(1+2%)? fre
X = -500m ~ 500m
Kuo-Wen model (1971, 1975) _ 47z
V= _ _ Iminterva
Fujitamodel (1978) 1+ +2%) ( )
_ y =-200m ~ 200m
Baker model (2016) 7= 4z _
T A+7)2(1 +22) (Iminterval)
Peak normal stresseson low-rise building Contribution of each stress component
S —
D F; =0.50U2CA « At apoint where the maximum total stress g, occurs.
— P 1
A C=12i=XY,Z =Ml Z,
Modified Rankine 0§ :
. My = (5/16)F,H model ) Oy oy =My/ Z,
_ £04 o, =F, I A
M, = (5/16)FH L
- 0.4
(Ibeam - I(:olumn)
B XD X H=20m X 20m X 10m 0%
Y _ 7 - 52_ =
D b=d=05m ox= Myl 2y VR "
\ t=0.02m oy =M,/ Z, X/ Frer
b ¥ A=0.0384m? _ oy isthelargest and o, isthe smallest. o, was resulted only from the vertical velocity,
Z, = Z, = 0.005008m° 0z = Fzl A
i X =Y

Oita = Ox T Oy T 03

implying that the vertical velocity could be ignored in the calculation of tornado-induced
load by the surface pressure.




Contribution of each stress component

Maximum total stress o,

At a point where the maximum total stress o, occurs.
: A

Modified Rankine model (6, rankine~ 61kN/cm?)
T T T —il— T T

o I\ M odified Rankine model “ .
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e -/ \ Quite strange variation, which comes from £0.8 4 Ay
5“-;‘ I \ the existence of a boundary layer in the = Proposed model
P / JEEE tornado vortex, was found. g 06} ]
074 -2 [} 2 4 g
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Kuo- Proposed S047
0.8r'\\Wen 08 model oy [
306 model 306 " Sool Baker
£ s ‘ £
804 804 oy /I \ =
o2 02 ’ “ The maximum total stress of the modified Rankine model is the largest, and the smallest oneis found for
o _- \ the Baker model, which is only 20% of the modified Rankine model. The maximum total stresses of the
0 ’/X/J"N = - s 07 Burgers-Rott, Kuo-Wen, Fujitaand the proposed models show similar value, corresponding to almost
42 0z ooz bzt 80% of that of the modified Rankine model.
x/ rref x/ rref
Aerodynamic forceson tall building Aerodynamic forceson tall building
T+Y
Vy> B X D X H = 30m X 45m < 250m The resulting aerodynamic forces F(h) and F (h) at elevation h
oo, (Cp=1.0,C =-01,Cy'=-1.1,C,' = 2.2, = tar’(U,/U,))
iz ! v | :
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A tornado was assumed to

passthrough the center of
— the building along the X-axis
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M aximum aer odynamic for ce coefficient

Effect of Iyand I

Maximum value for all heightsthrough out the tornado passage
— The heights for the maximum value differs depending on models.
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(For the Baker model, Cy: —110.6, C: —98.7)

The modified Rankine and Kuo-Wen models show larger values, and the proposed
model shows intermediate value. The Baker model shows the largest one, because
velocity components increase to infinity with height.
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Aerodynamic force coefficientsincrease by roughly 10% when the
turbulence intensities increase by 10%.

Effect of U, and U,

Effect of r. ¢ and z«

Reference velocity U, 4 Moving velocity U,

U,y = 7Tm/s~585m/s Uy = 1.7m/s ~135m/s

20 T T 20
515 a | Crv> Cex 515 2
2 G 2 &
E 10 @Ei) Jccsi E 07 @meg, 'dﬁ
8 o o 8 SO ol
g s o g5 5 oo g 5| mosga.g "

0 0 .

10° 10! 10 10° 10° 10t 10 10°
Urer (MUs) Unov (V)

Aerodynamic force coefficients decrease Opposite trend to U, 4

with increasing reference velocity and
increase slightly with increasing
reference velocity.
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Aerodynamic force coefficients were little influenced by
the reference radius and reference height.




Combined effect of U, and U, U,/ Uproy,

Characteristics wind-borne debris

20
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Aerodynamic force coefficients were well collapsed for the same normalized velocity
U, /U0 implying that the combined effects of reference velocity and moving velocity are
mor e meaningful than theindividual effects.

Wind-borne debris: Stone
0.1m Size: 0.1Im X 0.1m X 0.1m
Mass m: 3kg

il Aerodynamic parameter C,A/m
: 0.01m?kg

T, (pU,4/2Cg - CoA/m): 1.35

Initial velocity (x,y,2): (0, 0, 0)

A
v

0.1m

Tornado properties:

Uy =0, U = 65m/s
I'et = 50M, Z = 50m

Initial positions of wind-borne debris

Equations of motion of wind-borne debris

(X, ¥, 2 =(X,y, 10m)

IlOm

(Uematsu et a., 1992)

X-direction: ax _ %(UX — )y Uy — %)%+ (Uy — )% + (U, — 2)?
dt 2m
dy AC

Y-direction: 2> = %2 Uy = 3 WUx =07 + Uy = )2 + U; = 2)?

L dz pAC
Z-direction: d—i:'o D

= Uz =2 Uy =22 + (Uy = 3)2 + (Uz = 2)* — g

2 ©210.512
Impact load: WM=m{(x I

(Riera Equation)

Lmin




Flowchart of calculation

M odified Rankine model

Maximum horizontal velocity of wind-borne
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Flying trajectory in X-Z plane

Comparison of impact loads

V:z=0
@: Location where the
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Concluding remarks

Concluding remarks

« A new empirical model for tornado vortex was proposed, and peak normal stresses on low-
rise building, aerodynamic forces on tall buildings, flying characteristics of wind-borne
debris were calculated and compared with those from several existing models.

* There are three parameters in the proposed model, and the velocity components show

clear variations with radius and height, overcoming the shortcomings of existing numerical
models.

* In the proposed model, the maximum radial flow was found at the ground, reflecting the

results of field measurement and wind tunnel experiment, i.e. the strongest inflow was
concentrated very near the ground.

¢ The maximum total stress on column on low-rise building the modified Rankine model was
the lar gest, and that of the proposed model show similar valueto other numerical models.

« Aerodynamic force coefficients on tall building were calculated based on the simplified quasi-
steady theory. The results from the proposed model show similar values to most existing
models, while those from the Baker model show much larger values. Aerodynamic force

coefficients collapsed to one curve for the same U, /U ., The effects of reference radius and
reference height were found to be small.

e Maximum horizontal velocity from the proposed model was about 75% of that of the

modified Rankine model, giving maximum impact loads about 56% of that of the modified
Rankine model.




Thank you very much
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