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ABSTRACT: With the increasing development of military weapons around the world and the variety
of explosives, terrorist attacks are growing threats. The vibration control technology is well developed
against natural loads. Although blast loads are different than natural loads, this technology can also be
used to reduce explosive load responses. For this purpose, passive and semi-active methods, including
tuned mass damper (TMD) and magnetorheological (MR) damper, have been used to reduce the
vibrations caused by the blast load in the base-isolated structure. In this study, a type-2 fuzzy system
has been used to determine the appropriate voltage of the MR damper so that the existing uncertainties
do not adversely affect its performance. The numerical simulation of two explosives at 15m from 5
degrees of freedom system, has been performed through theoretical and empirical equations. The use of
the proposed control tools along with the base isolation system showed that not only can these methods
maintain the proper performance of the base isolated system but limit the displacement and possible
damages at larger excitations. The comparative results show that the use of MR damper along with the
base isolation system can have the best performance against blast and seismic loads. The use of this
system, on average reduces the maximum drift of the stories to about 36% in blast loads, 68% in far-
field earthquakes and 46% in near-field earthquakes. Furthermore, the drift of the isolation bearing is
significantly limited compared to the base-isolated system with TMD.
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1- Introduction

The explosion is the process of releasing energy by a
large-scale stimulus that can occur rapidly and suddenly.
The explosion can produce a pressure of 10-30 GPa and a
temperature of 3000-4000C2 ,1] ]. The explosive charge mass
and the distance from the target are the two most important
parameters affecting the type and severity of the damage.
Many researchers have proposed solutions such as protective
sacrificial coatings [3] and a variety of foams [4] for local
protection against blast loads. These solutions can reduce
the amount of debris and restrict the damage to structural
members. In addition to comprehensive local protection, the
overall behavior of the structure is also very important and
should be taken into consideration.

Blast loads, unlike seismic loads, are not related to the
mass of the structure. Therefore, they affect the structural
system in a completely different manner. Zhang and Phillips
[5] used a base isolation system with shock absorbers at the
foundation level to reduce the response due to blast loading.
Kangda and Bakre [6] simulated three different weights of
explosives material at a certain distance from a 5-degree-of-
freedom (5-DOF) system and studied the LRB isolators for
reducing the positive and negative phase of the blast load.
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Tuned Mass Damper (TMD) is a vibration control system
consisting of mass, spring and shock absorber, which is
usually installed at the highest elevation of the structure. The
application of TMDs was successful in reducing the dynamic
response of high-rise buildings or flexible long-span bridge
structures subjected to fluctuating loads such as wind loads
or even far-field earthquakes [7-9].

Adaptive devices have been recently gaining attention
[10]. Magnetorheological dampers use fluids with the ability
to become semi-solid with controllable resistance due to
exposure to an electric or magnetic field. The variation in
properties takes place in a very short time (in the order of
milliseconds) and enables the device to perform well against
instant loads. The combined application of base isolation and
MR dampers has been investigated in recent research papers
[11, 12]. In recent years, the development and application
of fuzzy logic have increased due to its flexible application
and stability in nonlinear systems with uncertainty [13, 14].
Numerous studies have been conducted on type-1 fuzzy
systems in the time domain [15, 16]. Recently, increasing
attention has been paid to the more advanced type of fuzzy
systems, named type-2 fuzzy systems [17, 18].

A control system that is not specific to a particular type
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Fig. 1. The 5-DOF system and control systems proposed in the current study

of load and can perform well against a variety of possible
loads and is not affected by existing uncertainties is a
reliable control system. Previous studies have shown the
promising performance of seismic isolators against blast
loads. Furthermore, various passive and semi-active dampers
were employed to compensate for the weaknesses of base
isolation systems. Nowadays, there is a need to investigate
control tools and systems with the most robustness against
uncertainty and the ability to reduce the response of the
structure effectively. In the present study, the performance of
two different control strategies in reducing the response of a
5-DOF system subjected to blast loading is investigated and
compared to each other. The first control strategy includes
a base isolation system with a TMD at the base level to
improve the performance. The second strategy uses the MR
damper to improve the performance of the isolation system at
the foundation level. Due to the uncertainties related to sensor
noises and the time delay, a type-2 fuzzy controller is used to
determine the control voltage of the MR damper. Controlling
the vibrations due to the blast load should not lead to ignoring
the other important loads, such as earthquakes. Therefore, the
performance of the proposed methods against far- and near-
field seismic loads is also evaluated.

2- Numerical simulation

In this study, in order to investigate the performance of
different control systems under blast loading, the experimental
model of a 5-story steel frame structure is used. The structural
properties of the frame structure are presented in Table 1.

Simulation of control strategies and analyses

In this study, in order to reduce the responses of the
structure under blast loading at medium to long distances,
two different control systems are used (Figure 1). The
performance of different strategies is evaluated based on
the vibrations during and after the loading phase. In the first
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Table 1. The structural properties of the S-DOF model

St M(kg) K(kN/m) C(kg/s)
Base  m, =61200 k,=2129.8 ¢, = 69938
1 m, =53073 k =101196 ¢, =348140

2 m, =53073 k, =87279 ¢, =301380

3 my =53073 k, =85863 ¢, =296180
4 m, =53073 k, = 74862 ¢, =259810

5 mg = 53073 k, =57177 ¢, =197450

control system, the structure is isolated from the fixed base
using the isolation bearing and controlled using the TMD. In
the second control system, instead of TMD, the MR damper
controlled by the type-2 fuzzy algorithm, is used to mitigate
the isolator displacements.

3- Results and Discussion

The results show that the base isolation system with
MR damper has the ability to reduce the maximum and
the norm displacement of the base level, which is reflected
in the rapid damping in displacement response. For blast
loadings, if a final force of 0.01 of the maximum force is
considered, the loading times for 500 and 1000 kg of TNT
will be 0.14 and 0.18 seconds, respectively, which is less
than 25% of the main period of the structure. Therefore, the
blast load is applied as an impact load. The results of the time
history analysis using blast loading show that the maximum
displacement response occurred after loading, and therefore
the MR damper performs well. However, during the loading
phase, the control strategies perform almost similarly, and no
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meaningful difference is observed.

4- Conclusions

Comparison of performance criteria describing the
maximum displacement and acceleration of the base level
and floors as well as the base shear of the structure, showed
that the control system with an MR damper has a promising
performance. This control system was able to reduce the
relative displacement of the isolation bearing by 39.08% for
blast load, 59.66 for far-field seismic load, and 63.81% for
near-field seismic load, compared to other control systems.
Moreover, the base isolation control system with MR damper
was able to reduce the base shear by 95.35% for blast load,
93.07% for far-field seismic load, and 79.48% for near-field
seismic load, compared to the structure with a fixed support.
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Table 1. The structural properties of the 5S-DOF model
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Table 2. Parameters used for simulating the MR damper
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Fig. 6. Mechanical behavior of MR damper obtained from the present study
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Table 3. Linguistic variables defined for displacement input
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Table 5. Linguistic variables defined for output variable
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Table 6. Fuzzy rule tables
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Table 7. Performance criteria employed to evaluate the control systems
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Table 8. Characteristics of the near- and far-filed earthquakes

No. Name Station Type Duration (s) Mag PGA(g)
1 Northridge Beverly Hill Far Field 23.95 6.69 0.62
2 Imperial Valley Delta Far Field 100.10 6.50 0.35
3 Kobe, Japan Nishi-Akashi Far Field 40.95 6.90 0.48
4 Imperial Valley-06 El Centro Array #6 Near Field 39.08 6.50 0.44
5 Irpinia, Italy-01 Sturno Near Field 39.34 6.90 0.31
6 Loma Prieta Saratoga-Aloha Near Field 39.98 6.90 0.38

odmd i Jp jle il s o3y Lisled Hlade yiSlas 4 ons Jloy
Jleil (2ol S0l Jlse (pl S50 (il cul 4l 515 abule ]S
Ji Jene dumlio b 8l co (658 (639,59 (S1oSs 25 3 Lotz 4 ]
4l MR S1ie olyen & jlolis J S sl a5 294 0 odalin
8 3o 1y ol bl (sl 5] (6350 5 o (ol
S e &S a0 o LS A ol plt ad ialS glalas e
ole yob a1y J) b Cawl dtuslg MR Slyie o o 4y jlulis
b 590 oje> bl RSk sl AYANRD b Jbxiil ()5S (ol
3 Sloy ZYVIVE b oo 0je cbdlil; o )8)L sl o ZN0IYSE
o) Gl diwslyy TMD 31y ol o & jlolis S pipw a8 Jb
IS5k el 5 AEVIDY b jloniil (5351 (sl 550l ysb 421y Jlons
S35 035 S5 SHISL sl 5 TINY 6 192 ojs (slad
s 45 L5 i e s ol duolie b by £V F/VA e 4
@ jlolie (JpS ptuss 4 Cand MR Slye ol o & jlulis Jpus
bl b sl AYAA cp A ]y Slee o) Cusdls TMD ol yon
ojo> SBAlPj )L slp ZEVIAY 5 593 039 sladlils Jl (sl /0358
Loojlo ;a8 b ol o 8 S5 jlre (swyp ey Lials oo
5 29% 0j5> Sl 5 ool (S )L )3 aly (S oo 4 55 sl
MR 3150 ol yois 4 jlolis i 3l odlaiwl b &8” Jls )3 YA+ ¥/AY kKN

0jo> sladlJj lxil clao,l38)L > cusy aly al Jop ol oy e

££9

ol Jllod oy e £y ol o oS
Silwand ojlw | (640 VO aliold )3 0 yoxiio 0dle p)SlS Ver e g A0
Calolud ¥ g 599 0je> cubllus ¥ 5l adllas opl )5 Cpoicces 0
sl > S Gt 3Sles anlie clp 5 S35 oje>
ol o LI A s 5 ol Slastie a5 ol ord odlizul (gloj)
uS;.oLu.) J.J?u U 9 Slods U»L.O.c ol o 4 beusKolus
Cygo 4 y5 SaS g 5 S pele prr Oyge  ojle gileae
sSle 3l Jlel Gl i plwl MATLAB li8ley 50 o yile
099y bl o b Lo s sales 5 )lg 5yl> S5 o 5 Sl &S (il 5

Do plsl pylag 4y b b S,

@ s O

Sl Jb g5 o onds &) S slas 3wl 5 Sles iz (ol 5
2 250 )8 o dp5e S0P 9 993 i sloj ) Sl )l g
A3l5 g sl slas, 38,1 cod (bl glajlae ol 40MS A Jga
ol 03 1)

Syge & Bjlae 1 (S0 WY JSS ) il i dwolie jglaie &

1 Runge-Kutta



359 bl g, 138, 4 (J 55 (Gl piunw Fwly A Jgo>

Table 9. The response of the controlled structures to the blast and seismic loadings

sk o 500kg  1000kg Northridge Imperial Kobe Imperial Irpinia, Loma
U3y & s (TNT) (TNT) Valley Valley-06 Italy-01  Prieta
FB N/A N/A N/A N/A N/A N/A N/A N/A
J, (m) BI+TMD  0.2547 0.6956 0.1789 0.5602 0.4029 1.3940 1.2556  0.4459
BI+MR  0.1251 0.4538 0.0697 0.2552 0.1358 0.4792 0.4699 0.1711
FB 0.0658 0.1616 0.0259 0.0451 0.0754 0.0340 0.0390  0.0311
J, (m) BI+TMD  0.0424 0.0884 0.0034 0.0098 0.0072 0.0227 0.0210  0.0078
BI+MR  0.0494 0.0953 0.0151 0.0172 0.0143 0.0190 0.0196  0.0173
FB N/A N/A N/A N/A N/A N/A N/A N/A
J, (m/s%) BI+TMD  141.13  307.105 9.6881 9.9757  10.7660  10.5871 9.9840  12.3769
BI+MR 141.13  307.105 12.0166 16.6198  13.6774 11.3634  11.5575 12.0200
FB 30594  663.262 21.3618 22.8849  44.5286  21.0479  30.5325 19.7281
J, (m/s*) BI+TMD  307.00 665.110 9.8545 10.2582  11.5218 10.8792  10.9928 12.7963
BI+MR  306.94  665.063 15.8833 17.6633  17.2502  13.2055  17.4507 14.3444
FB 8640.44 18801.50 2295.20 4538.37  7502.88  3925.05  4384.17 3402.23
Js (kN) BI+TMD  554.48  1498.06 386.15 1198.51 861.43 297476  2680.67 956.93
BI+MR  289.76 986.59 150.55 548.35 295.27 1025.44 100449  373.79
FB N/A N/A N/A N/A N/A N/A N/A N/A
Js (m) BI+TMD  0.0605 0.1764 0.0161 0.1500 0.0747 0.1997 0.2113 0.0558
BI+MR  0.0151 0.0746 0.0061 0.0327 0.0109 0.0577 0.0536  0.0164
FB 0.0055 0.0166 0.0026 0.0100 0.0102 0.0042 0.0051 0.0034
J, (m) BI+TMD  0.0036 0.0063 0.0003 0.0027 0.0014 0.0033 0.0038 0.0010
BI+MR  0.0033 0.0064 0.0013 0.0036 0.0018 0.0020 0.0023 0.0015
FB N/A N/A N/A N/A N/A N/A N/A N/A
Jg (m/s*)  BI+TMD  3.9588 8.0147 0.06471 1.5610 1.0164 1.1519 1.5228 0.6871
BI+MR  3.3770 7.4190 1.5784 3.1201 1.7971 1.5599 2.0441 1.6008
FB 6.8654  16.2082 2.0439 5.3496 5.8730 2.3741 3.0456 1.9097
J, (m/s’)  BI+TMD 53284  11.2713 0.6811 1.6669 1.0908 1.2165 1.6215 0.7276
BI+MR  5.3995  11.4311 1.5019 2.8516 1.8498 1.4017 1.8286 1.3773
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Fig. 11. The comparison of performance criteria for different control strategies subjected to
blast and seismic loadings
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Fig. 12. Time history of the base displacement due to blast and seismic loadings
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