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ABSTRACT

In this paper, a design method is proposed for base isolation system under blast loading that
this method is based on transforming design problem into an optimization problem. Genetic
algorithm has been employed to solve the optimization problem whereas base isolation
system properties have been considered as design variables and a linear combination of base
drift and inter-story drift has been defined as objective function. A sensitivity analysis has
been also conducted to investigate the effect of base isolation system properties on the blast
performance of isolated structure. For numerical simulation, base isolation system is
designed using the proposed method for controlling the response of an eight-story nonlinear
shear-type building frame under blast loading. It has been found from the results that base
isolation system is an effective control system under blast loading that its performance is
dependent on the base isolation system characteristics especially the base mass. The
optimization results also show that base isolation system designed using the proposed
method is a well-designed control system for mitigating the blast response of structure and
the proposed design method can be considered as an effective design approach under blast
loading.
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1. INTRODUCTION

Earthquake is one of the most important natural hazards which seriously threatens the safety
of structures. Structures located in seismic regions usually experience various seismic
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excitations during their lifetime. Using structural control systems is known as an effective
approach for protecting structures against the seismic loading. Base isolation system is one
of the most effective passive control systems to mitigate seismic response of structures. In
order to achieve the best seismic performance, the optimum design of base isolation system
has been investigated in previous researches [1-4].

Although base isolation system is originally proposed for protecting structures against
seismic loading, the isolated strategic structures may experience terrorist attacks and blast
loadings during their lifetime. Previous researches, which have studied the performance of
structures under both blast and seismic loadings, demonstrated that the blast response of
structure should be paid attention in the design process [5]. Hence for effective control of
isolated strategic structures, the blast loading should be also applied in the design process.
The resistance of strategic structures against blast can be even more important than
earthquake because a high level of damage induced by explosions not only threatens the
human lives but also can cause the fundamental problems for national security.

The previous researches carried out for evaluation of blast performance of structures can
be categorized into three groups. In the first group, local damage of structural members has
been evaluated [6]. In the second group, progressive collapse of structures against blast
loading has been studied [7]. In the third group, it has been assumed that the structural
members are designed such that no local damage occurs in the structure and the global
response of structure is studied under blast loading [8-10]. The aim of this paper is studying
the global response of structure that to this end, blast scenario has been defined such that the
probability of local damage occurrence is negligible.

Although the performance of different structures under blast loading has been widely
paid attention by researchers, the base isolation system has not been designed for protecting
structures against blast loading and only in a few researches, the blast performance of
isolated structures has been investigated [11, 12].

In an attempt to address these issues in this paper, the effect of base isolation system
properties on the blast performance of isolated structure has been first evaluated through a
sensitivity analysis. Particular attention is given to specify base isolation system properties
having a significant impact on blast performance of structure and demonstrate high
importance of optimal design of base isolation for effective control of structures. The base
isolation system is then designed optimally using the proposed method under blast loading.
For comparison objectives and validating the proposed design method, the performance of
base isolated system designed for seismic loading has been also evaluated under blast
loading.

2. BLAST LOADING

Blast waves apply extreme pressure on the surface of structure that can cause a significant
damage, especially when an explosion device is exploded near the structure. The time
history of blast pressure has been investigated through different studies [13] that can be
presented using a general shape as shown in Fig. 1.



OPTIMAL DESIGN OF BASE ISOLATION SYSTEM UNDER BLAST LOADING 103

P |
Po |-
Positive Specific
Impulse
Negative Specific
Impulse
T
P, Iy . If.q"‘fd » / -
P : : i
Positive Negative
duration 7y duration 75

Figure 1. Time history of incident pressure

The blast pressure during time is represented by following equation:

p() =P, +Pso<1—ti)e*b”’d 0
d

where p(f) is the blast pressure in time ¢ which is measured from the instant of ¢,= blast
arrival time (see Fig. 1); Py is ambient air pressure (101 kPa typically); #; is positive phase
duration as shown in Fig. 1; the decay coefficient b is decisive in the extension of the negative
phase. Py, is peak incident pressure which the previous researches propose different empirical
equations and graphs for calculating it [13]. All of these researches show that the peak incident
pressure is function of a scaled distance parameter. This parameter is defined as [13]:

R

zZ= w3 &
where R is the distance from the explosion source in m; and W is the equivalent weight of
TNT in kg. The blast pressure applied in the design process of structures can be idealized as
a combination of several triangular pulses as shown in Fig. 2. The parameters given in this
figure have been explained in Unified Facilities Criteria [14] in more detail.

SHOCK T |
pEcT ¥ |! E:I"'s

:
//////J/| TIIIT ////J/z /]//

8 .
S| terte tof | — 1y
L | TIHE

8.25t

Figure 1. Idealized blast pressure for the structure design
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3. ISOLATED STRUCTURE MODEL
The idealized dynamic model of an n-story isolated structure has been shown in Fig. 3. The

base isolation system considered in this study is lead rubber bearing (LRB) which has been
widely used for protecting structures against seismic loading.
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Figure 2. Base isolated structure model

The equation of motion of isolated structure can be written as
MU () + F,(U@0)+ Fg (U (1)) = F(2) 3)

where U, U, and U are respectively the vectors of displacement, velocity and acceleration
relative to the ground, Fs is the vector of restoring force which is a function of displacement
and Fp is the vector of damping force as a function of velocity, M is the mass matrix of
system which is defined as

my, 0 0 0
0 m - 0 0

M= . 4)
0 0 0 m

where m;, is the base mass, and m; is the mass of ith story. In Eq. (3), F is the force applied
on the structure that for the blast loading, can be defined as

F(t)=F,(t) = P(t)Lh (5)

where P(?) is the vector of blast pressure at different stories of structure, L is the length of
structure which the blast loading is applied, and / is the height of stories.
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The linear behavior is usually used to describe the velocity-force behavior of structure.
Hence, the vector of damping force is defined as

Fp(U@)=CU(1) (6)

where C is the damping matrix of system which is defined as

(¢,+¢, —¢ 0 - 0 0 0 |
-¢ ¢+c, —c, -0 0 0
C=| : : Do : : : (7
0 0 0 ¢, ¢, +c, —c,
|0 0 o - 0 -c, ¢, |

where ¢ is the damping of base isolation system, and ¢; is the damping of ith story.

The force-displacement relationship should be defined in order to determine the restoring
force at each time step. It is assumed that the structural elements have been made of a
material having the bilinear hysteretic behavior as shown in Fig. 4. The bilinear hysteretic
loop is described by an elastic stiffness K;, a post-elastic stiffness K,, and a yield
displacement A )

Figure 3. Bilinear elasto—plastic stiffness model

The force-displacement relationship should be also defined for LRB. In recent years,
advanced models have been proposed to this end [15]. To avoid complexity in this case
study, the bilinear hysteretic model is employed for the force-displacement relationship of
LRB that can predict its nonlinear behavior with an acceptable accuracy [16, 17]. However,
parameters defined for bilinear model of base isolation system such as the elastic stiffness,
the post-elastic stiffness and the yield displacement, is different from the structural elements.

4. OPTIMAL DESIGN OF BASE ISOLATION SYSTEM

In this section, a design approach is proposed for base isolation system under blast loading.
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This design approach is based on transforming design problem into an optimization problem
that the base isolation system is designed by solving this optimization problem.
The parameters, which can be defined as design variables of LRB, are (1) the base mass

my, (2) the elastic base damping ¢, (3) the elastic stiffness &, (4) the post-elastic stiffness
k,, and (5) the yield displacement A, . The energy dissipation capacity of base isolation

system is primarily due to its hysteresis damping and the contribution of elastic base
damping ¢, can be neglected. Kumar et al. [15] showed that the effect of base damping on
the response of isolated structure is insignificant and concluded that even the elastic base
damping can be assumed to be zero for the analysis of LRB, if test data on the elastic base
damping is not available. Hence, eclastic damping ratio of base isolation is not effective
variable in the design process. Assuming 2% of critical damping as the elastic damping ratio
of base isolation system, the elastic base damping is defined as

¢ =& x2m, +3 m)o, ®)

i=1

where ¢, is the elastic damping ratio, » is the number of stories, and @, is defined as

)

Also in order to reduce the design variables, the values of A, and r =k,, /k, are taken to

be 2.5 (cm) and 0.142, as proposed for LRB in previous researches [2, 18]. Finally, the base
mass m, and the elastic stiffness k, are considered as design variables of base isolation

system.

To achieve a safe-designed base isolation system, the safety of isolated structure should
be provided in two different levels related to superstructure and base isolation system. A
large story drift can damage the structural elements and a large base drift at the LRB can
create the large over turning moments and cause serious instabilities in the structure.
Therefore, a linear combination of maximum story drift and maximum base drift is
considered as multi-objective function. Hence the optimization problem for the blast-based
optimal design of LRB can be defined as:

Find

P =(my,k,) (10a)

minimize

max(d,) f(-a) max(d,,d,,...,d,)
D, D

s

f=a (10b)
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subject to

0.7m; <my <1.3m, (10¢)
kmin < kb < kmax (IOd)

where a is a constant to represent relative importance between base drift and story drift;
max(d,) and max(d;) are respectively the peak base drift and the peak drift of ith story under
blast loading; D, and D; are defined to make dimensionless the objective function. In this
case study, D, and D, have been respectively defined maximum base drift and maximum
story drift under blast loading when the base isolation system is designed based on the
common seismic design approach. Designing the base isolation system based on this
approach will be explained in the numerical analysis section. A variation domain has been
defined for each design variable based on the technical and practical limitations. These
variation domains are defined to be around the values proposed by the common seismic
design approach. Hence, m; is defined a value in intervals [0.7my, 1.3my] where my is the
floor mass and k; is considered such that the fundamental period of the isolated structure is
in intervals [2Tfved,4 Tfivea] Where Thyeq is the fundamental period of fixed-base structure.

5. NUMERICAL ANALYSIS

In this section, a numerical example is conducted to illustrate the effectiveness of proposed
design method for base isolation system under blast loading and investigate the effect of
control system characteristics on the blast responses of structure. To this end, an eight-story
nonlinear shear-type building frame [19] equipped with a base isolation system, as shown in
Fig. 3, is subjected to blast loading. A bilinear hysteretic material behavior, as shown in Fig.
4, is considered for the nonlinear behavior of isolated structure where the elastic stiffness
K,=3.404x10° (kN/m), the post-clastic stiffness K,=3.404x10* (kN/m) and the yield

displacementA =2.4 (cm) for each story. The mass and damping of each story are also

345.6 (ton) and 734.3 (kN.s/m), respectively. The reason of selecting shear frame is avoiding
more complexity in modeling the structure and determining the blast load. In previous
researches [10, 11], different shear frames have been also evaluated under blast loading.

As earlier noted, the bilinear hysteretic model is also used for the force-displacement
relationship of LRB. The base mass m; and the base stiffness &, are considered as design
variables and the elastic base damping ¢ is also determined by using Eq. (8) with assuming
the damping ratio &, = 0.02.

For the blast loading, an external explosion with W=1000 (kg) located at distance of
R=11.3 (m) has been considered where the minimum scaled distance in first story is equal to
7=1.18 (m/kg'?). In previous researches, it has been proven that a safety scaled distance can
be determined for a structure such that for a larger Z than it, the probability of local damage
occurrence in the structural elements will be negligible. As instance, Wu and Hao [20]
demonstrated that for an eight-story structure, there is no local damage in the structural
elements for Z>1.18 (m/kg'?). In this study, following the guidelines proposed in previous
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researches, the blast scenario has been considered such that the minimum scaled distance is
equal to Z=1.18 (m/kg'?) to prevent the local damage and evaluate the global response of
structure. The parameters of blast pressure applied on different stories of structure have been
determined as recommended by Unified Facilities Criteria [14] and have been presented in
Table 1. Assuming the height of stories #=3.5 (m) and the length of structure L=30 (m), the
blast loading applied on different stories of structure is shown in Fig. 5.

Table 1: The parameters of blast loading

z P, P. q Py Ly l. ly  lo 1

Story  R(m) (m/kg"?) (Jd;a) (kPa)  (kPa) (k];a) (mas) (ms)  (ms) (ms) (ms) (ms)

1 11.8 1.18 920 4710 1200 80 6.5 223 15.12 457 205 95
2 133 1.33 700 3080 850 64 8 260 1693 571 21.0 103
3 15.4 1.54 500 1890 510 51 105 3.07 19.06 6.80 20.5 118
4 18.0 1.80 330 726 240 43 15 551 2140 9.09 20.0 112
5 20.8 2.08 250 425 150 40 19 7.53 23.06 10.40 20.0 110
6 23.8 2.38 190 304 100 31 24 9.87 2452 11.58 21.0 129
7 27.0 2.70 140 217 54 27 30 1198 2595 1429 250 119
8 30.2 3.02 120 180 40 22 34 11.67 26.68 1500 29.0 136
550
450 —
2 5
. 350 =
g | ---F5
£ 201 |k
g S F6
2 150 U\ e
3 .|\ F8
2 1 = | h_.l. A e o ]
50
0 0.02 0.04 0.06 0.08 0.1

Time (s)
Figure 4. Blast loading applied on different stories

The numerical simulation conducted in this study includes the following sections:

Section (a): blast performance of earthquake-based designed base isolation system

Section (b): effect of base isolation system properties on blast performance of isolated
structure

Section (¢): blast-based optimal design of base isolation system

5.1 Blast performance of earthquake-based designed base isolation system

For comparison objectives and validating the proposed design method, the performance of
base isolation system deigned based on seismic loading is evaluated under blast loading. The
results of this evaluation can also give useful information about the blast performance of
earthquake-based designed base isolation system. Hence in this section, the base isolation
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system is designed according to the common seismic design approach and the isolated
structure is subjected to blast loading. In the common seismic design approach proposed by
previous researches and seismic design codes [21], the base mass m; is considered almost
equal to the floor mass and the base stiffness k; is chosen such that the fundamental period
of isolated structure is almost triple the fundamental period of the fixed-base structure. The
fundamental period of isolated structure can be determined as [21]:

(11)

Hence the base mass m, is taken as 345.6 (ton) and the fundamental period of isolated
structure is taken about T;,=3.255 (sec) because the first three mode periods of structure are
1.085 (sec), 0.366 (sec) and 0.224 (sec). From Eq. (11), the base stiffness is determined as
k»=11.59 kN/m and the base damping is obtained as ¢,=240.2 kN.s/m according to Eq. (8).

The maximum responses of uncontrolled and controlled structures under blast loading
have been reported in Table 2 where d), and d; are the peak base drift and the peak inter-story
drift of ith floor, respectively. The time history response of first story drift and the
corresponding hysteretic loop have been also shown in Figs 6 and 7 for uncontrolled and
controlled structures.

According to the results presented in Table 2, 29.2% reduction in the peak story drift
under blast loading is achieved when the structure is controlled by the base isolation system.
The base isolation system also effectively reduces the inelastic response of the fixed-base
structure under the blast loading as shown in Fig. 7. As instance, the ductility demand of
first story in the fixed-base structure is s, =A, /A, =4.39/2.4=1.83 where A, is the

peak first story drift whereas the corresponding value is 1.3 for the isolated structure. On the
other hand, the peak base drift is also in a desired level and the base isolation systems can
usually sustain this drift without damage. Therefore the earthquake-based designed base
isolation system has acceptable performance under blast loading but as earlier noted, the
resistance of strategic structures against blast can be even more important than earthquake.
Hence in this study, the base isolation system is designed optimally under blast loading in
order to get the maximum reduction in the base drift and the story drift.

Table 2: Peak responses of uncontrolled and controlled structures under blast loading

Drift (cm) Fixed-Base Structure Isolated Structure
dp - 6.56
d; 4.39 3.11
d; 2.31 2.45
ds 2.14 2.04
dy 2.28 1.65
ds 2.34 1.26
ds 2.38 1.18
d; 2.33 1.20

ds 247 1.88
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Figure 5. Time histories of first story drift of fixed-base and isolated structures under blast
loading
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Figure 6. Hysteretic loops for the first story of fixed-base and isolated structures under blast
loading

5.2 Effect of base isolation system properties on blast performance of isolated structure

Studying the effect of design variables of a control system can be useful for achievement of
the best possible performance and identification of design variables having a significant
impact on the performance of structure. Although the effect of base isolation system
properties on the seismic responses of structures has been presented in previous researches
[18], their effect has been not investigated under blast loading. Hence in this section, the
effect of base mass and base stiffness on the blast response of structure is studied.

5.2.1 Effect of base mass

In this section, the effect of base mass on the blast response of structure equipped with the
base isolation system is studied assuming three different values for the base stiffness which
the peak base drift and the peak story drift have been shown in Fig. 8.
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Figure 7. (a): Peak base and (b): Story drifts versus base mass

As shown in Fig. 8, the base mass has a significant impact on the blast response of
isolated structure. The peak base drift and the peak story drift respectively decreases and
increases with the increase of base mass. Hence in this case study, the greatest and lowest
values of base mass can be considered as appropriate values to control the base drift and the
story drift, respectively; and for simultaneous control, an appropriate value of base mass can
be determined based on the relative importance of base drift and story drift.

5.2.2 Effect of base stiffness

The stiffness of base isolation system is known as an important factor in the seismic
performance of structures. In this section, the effect of base stiffness on the blast
performance of structure is investigated. To this end, the blast response of the isolated
structure has been determined for different values of base stiffness that its results have been
presented Fig. 9. The results show that in this case study, the peak base drift of isolated
structure decreases with the increase of base stiffness whereas the peak story drift is almost
independent of base stiffness.
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Figure 8. (a): Peak base and (b): Story drifts versus base stiffness
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5.3 Blast-based optimal design of base isolation system

In previous section, the effect of design variables on the blast performance of isolated structure
was investigated. Although a well-designed base isolation system can be achieved following a
sensitivity analysis similar to previous section, this design method will have a high
computational cost and also, the designed control system can not be confidently considered as
an optimal design. In order to achieve an optimal base isolation system under blast loading, a
method has been proposed for optimal determination of design variables via transforming the
design problem into an optimization problem as explained in section 4. The defined
optimization problem can be rewritten as follow according to the results of section 5.1:
Find

P =(my,k,) (122)
minimize
fr = ma);(ibgblast +(-a) max(d, ,3 di ’0 -7-, d,)blast (12b)
subject to
240 < m,, < 450(ton) (12¢)
7 <k, <32(kN/m) (124d)

These constraints have been defined based on the variation domains considered in section
4. The defined optimization problem has been solved for different values of a by using the
genetic algorithm (GA). The procedure of solving this optimization problem is explained for
o=1 and for other values of a, the design procedure is quite similar.

To solve the optimization problem, the problem is first converted to an unconstrained
optimization problem according to the penalty method [22] whereas parameters and
operators of GA have been selected as explained in Mohebbi et al. [23]. The algorithm starts
with an initial population of design variables composed of 50 randomly generated vectors
P(my,kp). The blast performance of system is evaluated for each set of generated P vector
and the blast responses of structure in terms of the peak story drift and the peak base drift are
determined. Then, the objective function value is calculated for each set. In each generation,
a number of the fittest sets (N.ies=5), carrying the best values of objective function, are
recognized as elite by monitoring the objective function and transferred to the next
generation directly. The new generations are produced by a combination from these elites
and a population generated by mating and mutating the individuals of previous generation
until convergence is ultimately achieved. Different runs of GA with different initial
populations are carried out in order to reach the global minimum and ensure the optimization
accuracy. The convergence of the best values of objective function towards an optimum
answer for three different runs has been shown in Fig. 10. It can be seen that although the
convergence speeds have been different for different runs, almost the same optimum answer
has been obtained for all runs.
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Figure 9. Convergence toward optimum answer for different runs of GA

Table 3: Optimum design results under blast loading

Design Results o=1 0=0.8  oa=0.5 a=0.2 =0

Optimum Design my (ton) 449.1 449.8 449.8 243.2 240.0
Variables ks (MN/m) 32.0 31.7 31.8 31.9 7.0
d, 558 558 558 681 745

d, 332 332 332 282 2.80

d, 239 239 239 212 233

, ds 202 202 2.02 170 1.90

Peak D)“ft d, 1.64 164  1.64 142 143
(em ds 130 130 130 131 123
d, 139 139 139 133 126

d, 139 140 140 101 092

ds 194 194 194 146 1.63

The optimum values of design variables and the peak blast responses of structure have
been presented in Table 3 for different values of a. As instance, the peak story drift of
isolated structure is 2.80 (cm) for a=0 whereas corresponding value was 4.39 (cm) in the
fixed-base structure. Therefore it can be concluded that 36.2% reduction in the peak story
drift of the fixed-base structure has been achieved and the base isolation system designed
using the proposed method can effectively mitigate the response of structure under blast
loading. Also, 14.9% reduction in the peak base drift with respect to the base isolation
system designed using the common seismic design approach (section 5.1) has been reached
for a=1. Therefore it can be concluded that under blast loading, the proposed design method
is more effective than the common seismic design approach in controlling the blast response
of isolated structure. For the multi-objective design, the parameter o should be defined based
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on the relative importance of base drift and story drift. As instance, a well-multi-objective
design is obtained for 0=0.2 as shown in Table 3. Therefore, it can be concluded that the
proposed design method is effective in the optimal design of base isolation system and the
achievement of different design objectives.

6. CONCLUSIONS

In this study, a method has been proposed for designing base isolation system to protect
strategic structures against explosion due to terrorist attacks. This method is based on
transforming the design problem into an optimization problem whereas the control system
properties such as the base mass and the base stiffness have been considered as design
variables and a linear combination of base drift and inter-story drift of isolated structure
under blast loading has been defined as objective function. To illustrate the effectiveness of
proposed method, base isolation system has been designed for controlling an eight-story
shear frame under blast loadings. In this regard, a sensitivity analysis has been first
conducted to study the effect of base isolation system characteristics on the blast responses
of structure. The results show that the base mass has a significant effect on the blast
responses of structure whereas the effect of base stiffness on the blast response of isolated
structure is not considerable. The optimization results show that the base isolation system
designed using the proposed design method leads to a considerable reduction in the response
of structure under blast loading. As instance, 36.2% reduction in the peak story drift of
fixed-base structure has been obtained by using the base isolation system designed with the
objective of minimizing the peak story drift. For comparison objectives and validating the
proposed design method, the performance of earthquake-based designed base isolation
system has been also evaluated under blast loading. The results show that although the
earthquake-based designed base isolation system has an acceptable performance under blast
loading, the base isolation system designed using the proposed method works more effective
in mitigating the blast response of structure. Therefore, it can be concluded that the proposed
optimal design method is an effective design approach for base isolation system under blast
loading.
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