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The design procedures contained in this Annex are based on a 5 % damped response spectra for the impulsive mode

and 0.5 % damped spectra for the convective mode supported at grade with adjustments for site-specific soil

characteristics. Application to tanks supported on a framework elevated above grade is beyond the scope of this
Annex. Seismic design of floating roofs is beyond the scope of this Annex.
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2 Anchorage earthquake 1964

®Niigata earthquake of 1964

*Nihonkai-chubu (Japan sea) Earthquake of 1983
®1zmit earthquake of 1999

® Tokachi-oki Earthquake of 2003

"Tohoku earthquake of 2011
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Table 1 Severely damaged floating-roof-type oil storage tanks in Tomakomai

Tank Capacity [n13} Oil*  Diameter (m) Liguid TS (s) Wh [Uhscn—'cd}d (m) Wh (calculated)® (m) Damage
height” (%)
A 32778 CR 427 30 7.0 ~3 29 Ring fire
B 32779 N 427 77 7.1 - 29 Roof sinking
and open-top fire

C 43,872 K 49.4 91 7.6 =2.1 34 Roof sinking
D 43,872 K 494 91 7.6 =21 34 Roof sinking
E 43,872 S 494 64 8.1 - 2.9 Roof sinking
F 109,900 CR 782 59 120 - 1.3 Roof sinking
G 109,900 CR 782 58 12.1 ~13 1.3 Roof sinking

*CR Crude oil, NV naphtha, K kerosene, S slop
PRatio of liquid height to tank height during the earthquake
“Natural period of fundamental mode of sloshing
4 Observed maximum sloshing height
“Maximum height of sloshed oil calculated from two horizontal components of observed ground motion by using a technique based
on velocity potential theory (Zama 1985)
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Buckling of
the pontoons

Diameter 80m, Estimated sloshing height 1.4m # A T R,

i

1] a3 oy 150 Wiloud ks Hlrd 4 obcwwd Jo od 95 1-18 JSb

RV +¥) nl5- 51 (B9 4395 58 o O3k 98 5 ST -0 o



Y S5 Sl jleslial b a5 oy 53 sl Ca slls () &l il O3len 53 (I 2alS”

[14] W DB 2 ol ygbo & 313 31 o 395 & Pl ol O3l i 111 JSCE

DAY +F) S92 g5 035 38 w3 oy 1 33 & P i oy 5 LT 11V JsCd



Yy G il Slestamal Lal3ls ul s s 5 olid Cadw (glyls (gl @l gzl O jles s r.lo)\: sl

29l i (330 40 pb Y S L S gy A V-7

YUMOtO, 35,5 oy 3% b ans 4 (sld Caiw Ojbes o Wbl e gla s, )
A5 N Caw skl a5 Jle o (Salus 2S00 oW aallles 4 [Y1] Matsui 2005-2007[Y+ ]1968
Rl Y 55 55ls (sla Gl bV ST 5t sl Ul g0 ) (sla gy EalST g 3 a3 slgtiy 5l et
0l &, Ll 5o =) sty bl 5 A2 LST Sy 4 polh Cadu p 5 aw GleS ) 5B, (qwy a5l L 50
2 s By el S s gl a3 5 0 Sl S5 Y Y s ks et Y (0 ST ks i)
15 Ol s &S alide 4 O ge S G (55 adlllae 390 ARG LST Joke (s oSt le3T s b
salo A AT O b 15 g xS el ados e 4 s gr o3l L Lt 53 U same Dy g 4 45
s A5 B ks ok (sl o3 S 515 3,57 55 (Salys 3 go Lol sy i S ilgT 2leST e 5

o b 03 y3 oW b Lo o gla T 2018 g on Cillies ,&al, 45 [¥Y]Sakai and Inoue (2005)
Loy LS 51 6,8 sl gl 0T @ oliS S i 039590 b Cr e SRl 330 L i) o ol inls @11 5ks
S a7 e 28l s o ol T4V OS5 5kt (ols Cae sl 4 'Y 53 5kk (sls Caia S eslicl
33 G o O3lid (o Lame 5 plad sl 53 Vb S ot Skl 5 b Sl (B b Sl S ol
Ll o313 JSK& s @b Sl odaT 552 50 slo 50 b ol o il 55l (s 457 (55205 4 oS S (sla Ol L Y
53 el S B 35051 (B Wb sl By 5 s S il g ol 5 A8l 553 4 555 Gl A bl
sl 0 @15l ol 95 pl b g Oy gom 4 e OT

S5l oS ST Bg5 6K Ol e 1, odd a5 wle 0 g ST e 3l e3lizl [YY] Sakai and Inoue (2008)
b il S D15 o b 8 el 51 lin alizel Sy 53 il 0315 0L LT (ol 03 a3 slgiiy sl (o
315 S Ll a3 5 G 534S dim a3l SEalST (a4 Sl 0303 13 LA 50 1y O s &5 S o S
s STA B3 b 15 (Sol (5 Vo A Sl ey e 21 e Dlides 4 plasl 4 0 S
Y (GBALF) sl Ol b a5 ps eddislam) WbB bl 4 o ST 53 15 55l G b (285 05 me 51 6005
53 305 10 1 0y oobas e Ot 8 e cla Sl 1 aslizad Jol Caliimn g5 iz 03 50 T Sl

De Angelis, <ol sii @1, 5ols Cadw Ok oL SalS S Sl eSS Ol w0 gl o)) gl
Gt 53V 5 O 53ee &S5 (gl 03 Ll lwl T Gdss opl s . [YF] M., Giannini, R and Paolacci, F (2010)
3 ST g O3 e el ST L gl OT 1 ey 5 6387 (s 2 (63048 Sy g 0 (81 05 ) Slasliter Slaslizal L1 )5l
Gleldr a5 b wl Sl 53 1) Sl l3T 555 (adls bl b 036 oa3)ler 5 T (g5lduts O e sla

&‘ﬂb&Y)Lﬂlb J)\ 348 C_J;)\Jé oslaw! J)}ﬁ)l.«ﬂ‘v\?' C}JJJ ol LS)LMJL'\?' C_JB-JJ ..UJ}»JV.A&'JoM

! Double deck floating roof
2 Single deck floaing roof
% Tuned liquid column damper (TLCD)
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! High-damping rubber bearings devices

2 Sliding isolators with elasto-plastic dampers
% Viscous

4 Frictional

® Passive control

® Hoop tensile stress
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! Finite volume
2 Artificial Neural Netwrok
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Model name

H(cm) Excitation

Experimental | Analytical
Harmonic F=0.95Hz, A=4 mm (NB) 317-10 h70WOBHf095
Harmonic F=0.95Hz, A=2 mm (NB) 317-10 h70WOBHf095
Kocaeli (NB) 317-09 h70WOBKoca
Loma Prieta (NB) 317-08 h70WOBLoma
Chi-Chi (NB) 317-07 h70WOBChichi
Harmonic F=0.95Hz, A=4 mm (WB?7) 318-19 h70WB07Hf095
Harmonic F=0.95Hz, A=2 mm (WB?7) 318-19 h70WBO07Hf095
70 Kocaeli (WB7) 317-18 h70WBO07Koca
Loma Prieta (WB7) 317-17 h70WBO0O7Loma
Chi-Chi (WB7) 317-16 h70WBO07Chichi
Harmonic F=0.95Hz, A=4 mm (WB11) 317-05 h70WB11Hf095
Harmonic F=0.95Hz, A=2 mm (WB11) 317-05 h70WB11Hf095
Kocaeli (WB11) 317-04 h70WB11Koca
Loma Prieta (WB11) 317-03 h70WB11Loma
Chi-Chi (WB11) 317-02 h70WB11Chichi
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Model name

H (cm) Excitation
Experimental | Analytical
Harmonic F=0.95Hz, A=4 mm (NB) 312-10 h50WOBHf093
Harmonic F=0.95Hz, A=2 mm (NB) 312-10 h50WOBHf093
Kocaeli (NB) 312-9 h50WOBKoca
Loma Prieta (NB) 312-8 h50WOBLoma
Chi-Chi (NB) 312-7 h50WOBChichi
Harmonic F=0.95Hz, A=4 mm (WB?7) 0312-05 h50WB07Hf093
Harmonic F=0.95Hz, A=2 mm (WB?7) 0312-05 h50WBO07Hf093
50 Kocaeli (WB7) 0312-04 h50WBO07Koca
Loma Prieta (WB7) 0312-03 h50WBO07Loma
Chi-Chi (WB7) 0312-02 h50WBO07Chichi

Harmonic F=0.95Hz, A=4 mm (WB11) 0312-19 h50WB11Hf093
Harmonic F=0.95Hz, A=2 mm (WB11) 0312-19 h50WB11Hf093
Kocaeli (WB11) 0312-18 h50WB11Koca

Loma Prieta (WB11) 0312-17 h50WB11Loma

Chi-Chi (WB11) 0312-16 h50WB11Chichi
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H (cm) Excitation Model name

Experimental | Analytical
Harmonic F=0.95Hz, A=4 mm (NB) 318-24 h20WOBHf076
Harmonic F=0.95Hz, A=2 mm (NB) 318-24 h20WOBHf076
Kocaeli (NB) 318-231 h20WOBKoca
Loma Prieta (NB) 318-221 h20WOBLoma
Chi-Chi (NB) 318-211 h20WOBChichi
Harmonic F=0.95Hz, A=4 mm (WB7) 318-32 h20WBO07Hf076
Harmonic F=0.95Hz, A=2 mm (WB7) 318-32 h20WBO07Hf076
20 Kocaeli (WB7) 318-31 h20WBO07Koca
Loma Prieta (WB7) 318-30 h20wWBO07Loma
Chi-Chi (WB7) 318-29 h20WBO07Chichi
Harmonic F=0.95Hz, A=4 mm (WB11) 318-192 h20WB11Hf076
Harmonic F=0.95Hz, A=2 mm (WB11) 318-192 h20WB11Hf076
Kocaeli (WB11) 318-18 h20WB11Koca
Loma Prieta (WB11) 318-17 h20wB11Loma
Chi-Chi (WB11) 318-16 h20WB11Chichi
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H Excitation Relative Damping
(cm) Experimental | Analytical Difference Ratio
(%) (%)
Harmonic F=0.95Hz, A=4 mm 15.50 17.36 12.00 2
Harmonic F=0.95Hz, A=2 mm 8.50 8.64 1.65 2
70 Kocaeli 12.67 12.02 -5.13 4
Loma Prieta 16.33 19.42 18.92 4
Chi-Chi 17.67 19.17 8.49 4
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Loma Prieta 8.00 7.89 -1.38 4
Chi-Chi 8.00 8.18 2.25 4
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MSH (cm)
H N Relative Cable Damping
Excitation . . . .
(cm) Experimental |[Analytical|Diffrence length Ratio CDrop | CSAB
(%) coefficient (%)
Harmonic
F=0.95Hz, 2.75 2.86 4.00 1.04 2 4 40
A=4 mm
Harmonic
70 F=0.95Hz, 2.00 1.91 -4.50 1.04 2 4 40
A=2 mm
Kocaeli 6.50 6.97 7.23 1.04 4 4 40
Loma Prieta 11.67 11.89 1.89 1.04 4 4 40
Chi-Chi 7.33 7.76 5.87 1.04 4 4 40
Harmonic
F=0.93Hz, 3.00 2.85 -5.00 1.05 2 4 40
A=4 mm
Harmonic
50 F=0.93Hz, 2.00 1.93 -3.50 1.05 2 4 40
A=2 mm
Kocaeli 6.00 6.85 14.17 1.05 4 4 40
Loma Prieta 10.33 11.37 10.07 1.05 4 4 40
Chi-Chi 7.00 7.42 6.00 1.05 4 4 40
Harmonic
F=0.76Hz, 3.00 2.91 -3.00 1.06 2 4 40
A=4 mm
Harmonic
20 F=0.76Hz, 2.00 1.95 -2.50 1.06 2 4 40
A=2 mm
Kocaeli 5.50 4,73 -14.00 1.06 4 4 40
Loma Prieta 7.67 6.96 -9.26 1.06 4 4 40
Chi-Chi 6.50 6.08 -6.46 1.06 4 4 40
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MSH (cm)
H o Different Cable Damping
Excitation . . .
(cm) Experimental |Analytical| Percent length Ratio CDrop | CSAB
(%) coefficient (%)
Harmonic
F=0.95Hz, 2.25 2.12 -5.78 1.04 2 5 75
A=4 mm
Harmonic
70 F=0.95Hz, 1.25 1.33 6.40 1.04 2 5 75
A=2 mm
Kocaeli 5.00 5.67 13.40 1.04 4 5 75
Loma Prieta 10.50 9.85 -6.19 1.04 4 5 75
Chi-Chi 6.67 6.60 -1.05 1.04 4 5 75
Harmonic
F=0.93Hz, 2.00 1.97 -1.50 1.05 2 5 75
A=4 mm
Harmonic
50 F=0.93Hz, 1.25 1.33 6.40 1.05 2 5 75
A=2 mm
Kocaeli 5.00 5.58 11.60 1.05 4 5 75
Loma Prieta 10.17 9.48 -6.78 1.05 4 5 75
Chi-Chi 6.00 6.39 6.50 1.05 4 5 75
Harmonic
F=0.76Hz, 2.25 2.22 -1.33 1.06 2 5 75
A=4 mm
Harmonic
20 F=0.76Hz, 1.63 1.50 -7.98 1.06 2 5 75
A=2 mm
Kocaeli 4.75 3.88 -18.32 1.06 4 5 75
Loma Prieta 6.42 6.54 1.87 1.06 4 5 75
Chi-Chi 5.67 5.63 -0.71 1.06 4 5 75
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MATLAB Code:

clear all

clc

M=1;%Mass e.g Kg

K=100;%Stiifness e.g N/m

wn=sqgrt (K/M) ;

T=2*pi/wn;

kissi=0.05;

C=2*M*wn*kissi;%Damping e.g N.sec/m
t=0:0.01:10;%step time

pt=sin(t) *0;%Ft excitation
pu=[0;1]*pt;

in=[.1;0];%e.g m

x=ode4u (@dxdt,t,in,pu,M,K,C) ;
disp=x(1l,:) ;% khode motoghaer
velo=x(2,:) ;$moshtaghe marhale avale motoghayer
figure('Name', 'disp based on runge kutta
odedu', 'NumberTitle', 'off')
plot(t,disp, 'color', 'blue');

xlabel ('Time (sec)');

ylabel ('Disp (m) ') ;

grid
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Abstract

Reducing the seismic sloshing in cylindrical storage floating roof
tanks subjected to earthquake by using energy dissipators

Sloshing is the oscillation of liquid because of excitations such as sudden motion and
acceleration induction, and due to this oscillation some forces and moments are exerted to the
container of the liquid or the structures inside the liquid. Sloshing causes damage to tanks during
earthquake. Various techniques have been used for reduction of sloshing, of which the major one
is using baffles. Single layer floating roof tanks have had remarkable losses due to recent
earthquakes, and this is while there and exist several ones of these oil tanks in Iran (only around
40 in Kharg island) and other parts of the world (1-million barrel tanks with 100 meters’ diameter
and 20 meters’ height). Regarding the several cases of fire in these tanks and sinking of their roofs
in past earthquakes, studying the seismic response of these tanks is of paramount importance
strategically and economically. Furthermore, most of the existing tanks in Iran are very old, and
in some cases it is more than 50 since the start of their operation. In the reference code of the US
for design of steel tanks it has stated that design of this type of tanks is out of the scope of that
code. Regarding these facts, the main goal of this projects is proposing a novel technique for
reducing the sloshing and preventing the floating roof from sinking or from fire. In the proposed
technique by using the inherent damping of the liquid trough installation of a suspended annular
baffle (SAB), which is located near the tank's bottom, it is tried to reduce the sloshing amplitude.
First, the efficiency of the proposed technique was evaluated by applying it to a test tank by
considering three different values for the liquid depth in it, once without SAB and once more with
it, subjected to both harmonic and seismic excitations. Then, the dynamic equations which govern
the sloshing phenomenon in a floating roof tank with and without SAB along were derived based
on Lagrange equations, by using velocity potential function and considering the liquid drag force.
It should be mentioned that in this formulation derivation the floating roof and the baffle were both
assumed to be rigid. In the next step, a computer program was developed in MATLAB
environment and by using it and doing many many cases of computations with modifications, and
comparing the test results with the analytical results, a good agreement was achieved between the
experimental and analytical values of the sloshing periods as well as the experimental and
analytical time histories of sloshing subjected to both harmonic and seismic excitations, in both
without and with SAB cases. The developed computer program can be used by the corresponding
engineering community for preliminary analyses for prediction of the sloshing amplitude in
cylindrical tanks. The results have shown that using the SAB reduces the maximum sloshing
amplitude around 40% in average. It can be concluded from comparison of analytical and
experimental results that with the existing nonlinearities due to the liquid damping and
complexities of the slackness of the holding strings of the SAB, as well as the different behavior
of the SAB in upward and downward motions, an average agreement of more than 95% for
harmonic excitations and more than 90% for seismic excitations is observed between the
experimental and analytical results.

Keywo rds: Earthquake induced sloshing in floating roof tanks, Suspended Annular Baffle
(SAB), Shaking table test, Convective damping ratio, Seismic passive control in cylindrical tank,
Swirling of the floating roof, Lagrange equations, Velocity potential function, Analytical solution
for sloshing.
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