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Abstract

In the study, the weight efficiency of the Triple Friction Pendulum Bearing (TFP) Isolators is investigated on
optimal weight of planar steel frames. For this investigation, an optimization program based on Artificial Bee
Colony (ABC) algorithm have been developed for this study. In the design of steel frames, the structure should
satisfy strength, inter-story drift, top-story drift and geometric requirements that are implemented from LRFD-
AISC. For the research, 8 different planar frames were optimized as seismic-isolated and fixed-based, which were
diversified according to story height and bracing. According to the results, the frames with TFP isolators,
especially non-braced ones are a lot more advantageous regarding the optimal weight.

Keywords: Triple friction pendulum isolator, Planar steel frame, Bracing, Seismic-isolated, Artificial bee colony
algorithm

1. Introduction

Minimizing the damaging effects of earthquakes on the structure is one of the most popular
fields of study in structural engineering. Various structural design methods are used for this
purpose. One of the methods is seismic isolation of the structures. Isolator devices increase the
period of the superstructure and thus decrease the earthquake-resulted story drifts and ground
accelerations acting to the floors, which means that earthquake-induced deformations are
mitigated. On the other hand, it should also be considered that seismic isolation can have a
reducing effect on the cost of the superstructure because it can allow the dimensions of the
structural elements to be smaller than those of traditional design. To investigate this effect, it is
necessary to conduct a comparative study of seismic-isolated structures and fixed-based
structures in terms of cost. It is very difficult to make this comparison with conventional
methods and does not give a realistic result. In this context, the metaheuristic optimization
techniques are effective methods for realistic comparison. Metaheuristic optimization
techniques with swarm intelligence present consistent solutions to complex optimization
problems [1-6]. Swarm intelligence is based on the resolution of problems in nature as a swarm
rather than as an individual. Metaheuristic optimization algorithms are created by simulating
the behavior of the swarm while it is foraging. Many metaheuristic optimization algorithms
such as Genetic algorithm, Archimedean optimization algorithm, and Crow search algorithm
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have been developed and successfully applied to complex optimization problem so far, and
artificial bee colony algorithm (ABC) is one of these algorithms. ABC algorithm which
simulates the foraging behavior of honey bees, performed well in structural optimization
problems for optimal sizing of truss and frame structures [7-8].

In literature, there are many optimization studies related to seismic isolated structures.
Skandalos et al. [9] conducted a comparative optimization study in terms of seismic response
on fixed-based, base-isolated, and inter-story isolated structures. Tsipianitis and Tsompanakis
[10] tried to optimize the seismic response of a seismic-isolated liquid storage tank by using
swarm intelligence algorithms and used single friction pendulum and triple friction pendulum
isolators from sliding-based isolator devices. In the study, dimensional parameters of the
isolator devices were also optimized as well as the seismic response of the superstructure. In a
study conducted by Cergevik et al. [11], isolator period and damping ratio of seismic isolation
systems were optimally designed by using metaheuristic search methods in a way to minimize
the roof acceleration. Peng et al. [12] optimized an adaptive sliding base isolation system to
prevent possible failure of isolator devices during an extreme ground motion and thus to
improve the seismic performance of structures. Rizzian et al. [13] presented a study on sizing
optimization of seismic isolated reinforced concrete structures where optimum design main
parameters were superstructure material cost, top floor displacement, and acceleration and it
was revealed that when the cost of seismic isolator devices was considered, base isolation did
not provide a cost advantage to the structure in total while it had positive effects in top floor
response and acceleration. In a study that Jiang et al. [14] conducted, isolator devices used in
seismic-isolated simply supported bridge model in the near-fault region was optimized by
considering the pulse effect.

Related to the papers mentioned above, it can be commented that there are not enough studies
to observe the effect of seismic isolation regarding the cost of the superstructure. In this context,
this paper contributes to the literature. The paper presents a comparative study of cost
optimization of base-isolated and fixed-base structure models. Accordingly, four different
examples are designed: (i) 4-story 2D steel frame with braces, (ii) 4-floor 2D steel frame
without braces, (iii) 8-floor 2D steel frame with braces, (iv) 8-floor 2D steel frame without
braces. Each of the examples is handled as both seismic-isolated and fixed-based. Triple friction
pendulum (TFP) isolator devices are used for seismic isolation of the models. All the models
are optimized by using ABC algorithm and the results from seismic-isolated models are
compared to those from fixed-based ones.

2. Optimum Design of Steel Plane Frames

To optimally design steel frames, it is necessary to select frame member sections from a suitable
steel section list in a way to satisfy specified limitations and serviceability by considering that
the main objective of the design is to minimize the material cost of the frame. It is well-known
that the material cost of a superstructure is proportional to its weight. Thus, the main function
of the design can be given as in Eq. (1) [7].
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Here, x , W( x ), m,, t,, NG, and I, respectively refer to a vector of the sequence number of W-
sections selected for member groups, the weight of frame as a function of the selected sections,
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unit weight of frame section to use for group r, total member number of group 7, total group
number of frame, and member length of the member of group r. In the design, three different
constraints are applied: (i) strength constraints, (ii) lateral drift constraints, and (iii) geometric
constraints. Firstly, strength constraints to be complied with for each element of the frame are
as in Eq. (2) [7].
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Here, M,, M,,, P,, and P, respectively refer to, a nominal flexural strength of the frame, design
moment, nominal axial strength, and design axial force for the structural element. M, value is
computed according to the second-order analysis of the structure. In the study, the approximate
method specified in part C of the LRFD-AISC [15] specification was used for the second-order
analysis.

Secondly, constraint functions of top and inter-story drift constraints are presented Egs. (3)-(4)

[7].
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of top story, j joint/I" load-case top story displacement, j** story/I" load-case story drift, story
number, story height, and lateral displacement limitation ratio from ASCE Ad Hoc Committee
report [16]. This report has presented that lower and upper bounds of Ratio values are 1/750H
and 1/250H for top story drift, and 1/500h,, and 1/200h;, for inter-story drift.

Finally, geometric constraints are explained in Eq. (5)-(6) [7].

Here, njc, H, njtp, A ny, hsy, Ratio are load-case number, height of frame, joint number
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Here, 7., mia , mzb , Dia’ le ,mj2, DY, (61, BJC,Z , and B?’ respectively refer to unit weight of

above story-W section, unit weight of below story-W section, depth of above story-W section,
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depth of below story-W section, number of beam-column connection joints, depth of column-
W section at the joint i, flange thickness of column-W section at the joint 7, flange width of
column-W section at the joint 7, flange width of column-W section at joint i, and flange width
of beam-W section at the joint i. Fig. 1 describes these parameters.

(a) (b)

Fig. 1. (a) Beam-Column, (b) Column-Column connections and constraint parameters

During the optimization process, if the candidate frame design does not satisfy Eq. (2)-(6), the
weight of the structure design increases with the penalty function. The static penalty function
(see Eq. (7)), which is frequently used in frame optimization problems, is preferred in the study.

Wp

=w-(1+P)° (7)
Here, Wp is the penalized weight, P is the total penalty value and ¢ is the penalty coefficient (
& =2 in this study). € value was considered as 2 in [7] and this value was found to be effective.
For this reason, it will be considered as €=2 in this study. The value of P is calculated by Eq.

®) [7].

-
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Here, subscript i represents any constraint function, NC is the total number of constraint
functions in the optimization problem. In the study, the fitness value of the candidate solution
(Fit) is inversely proportional to penalized weight and is formulated in Eq. (9).

NC
P=YC and G=. (8)
i=1
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3. Artificial Bee Colony (ABC) Algorithm

The ABC method was first developed by Karaboga and Basturk [17-23] by observing the
behaviors of bees for minimum energy expenditure during foraging. The method categorizes
worker bees as employed, onlooker, and scout bees. Employed bees handle collecting pollens
from nectar sources (NS’s) and sharing information about NS with the colony. Onlooker bees
decide to fly NS according to information shared from the employed bees. In the case of a
depleted NS, scout bees look for new NS instead of depleted sources. In each cycle of the ABC,
the employed bees choose one NS, and the onlooker bees have the same total number of flights
as the worker bees. The scout bees replace the worker bee that flies to the depleted NS.
Therefore, in the method, the numbers of employed bees, onlooker bees, and NS are equal. In
the method, the NS, the location of the NS, and the quality of the NS represent the candidate
solution, the design variables, and the fitness of the solution respectively. The optimization
process of the ABC algorithm can be explained in these steps:

(1) The algorithm constitutes initial designs randomly by Eq. (10).

xpi=xli+ap[xui—xliJ ap€[01] i=12..n p=12..pn (10)

Here, a,, n, pn is respectively a random value between 0 and 1, element number of solution
— — —
vector, and the number of NS. x,,; and xj; are respectively upper and lower bounds of x; . The

algorithm evaluates the initial design, finds their fitness values, and assigns the trial values to
the initial design as zero. All these values are stored in the algorithm memory.
(i) Worker bees modify designs in the memory as in Eq. (11).

X pi = X pi+fp| * pi- X ki ﬁpe[—l,l] k=i i=12,..n (11)

— — (—) —

—
Here, x j; is a randomly selected NS and f, is a random value between -1 and 1. Then the

ABC computes the fitness values of the new designs and compares them with the old designs.
The new design replaces the old one if the new designs have better fitness. Otherwise, the old
solution stays in memory and its trial value increased by one. This process is named as “greedy
selection”.

(ii1) Onlooker bees figure out the designs to modify based on the information received from the
worker bees. This decision must be based on a probability value, named as PV, calculated by
Eq. (12).

PV =—Fit(xp) (12)
P= "
. Fit(x)
p=1
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After the decision, the algorithm performs the same procedures to decided designs as in the
worker bee part.

(iv) If the trial number of the design is greater than the limit value defined at the beginning of
the optimization process, scout bees step in. Scout bees remove the design from the memory
and find the new design in the same way with step (i).

After step (iv), the algorithm completes one cycle and goes back to step (ii). The algorithm
performs operations between steps (ii) and step (iv) until it reaches the maximum cycle number
and/or function evaluation number.

4. The Design of Triple Friction Pendulum Bearing (TFP) Isolators

TFP isolators are a type of frictional-based seismic isolator devices and are commonly used in
seismic isolation of structures (see Fig. (2)). They are composed of 5 components: (i) Top
concave sliding plate (C,), (i) Bottom concave sliding plate (C,), (iii) Top concave slider (Cs),
(iv) Bottom concave slider (C4), and (v) Inner articulated slider (Cs). Figure 2 describes TFP’s
components and parameters. For the concave surfaces, it must be R; = Ry and R, = R; and
likewise d; = dy and d, = d; for the displacement capacities. There are four frictional interaction
surfaces between the components. The friction coefficients of the surfaces are u;, u», 3, and
U4, from the bottom to the top, respectively and generally g, =z <p;=puqor = usz < u;
< ty4. In this study, it is taken as pr = U3 < ;= Uy.

DC
DS
DR

tslider |  —— J

Sy

Cs ’r—’\ o

vt b7 B ok
b

topen
Cs —d2

Fig. 2. A TFP model and its parameters

TFP isolator devices to use in this study are designed by abiding by “LRFD-Based Analysis
and Design Procedures for Bridge Bearings and Seismic Isolators” [24]. DC and R; values
required for the design are given in Table 1, quoting from section 4.4 of [24]. Considering the
values selected from Table 1, d; and then DS can be calculated by Eq. (13)-(14).

d| =0.15DC (13)
DS = DC -2d, (14)

Table 1. R1 and DC parameter values of friction pendulum bearings [23]
R;(inch) | 61 | 61 | 61 | 61 | 61 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88
DC(inch) | 14 | 18 | 22 | 31 | 36 | 27 | 31 | 36 | 39 | 41 | 44 | 46 | 51 | 56
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After the calculation of DS, axial pressure, p;, of a concave slider to concave sliding plate is
obtained by Eq. (15).

/4
x-DS?

4

Pl = (15)

Here, W is an axial load on the isolator device and its unit must be kips. Friction coefficients
are proportional to axial pressure and the y; value is calculated by Eq. (16) as based on p;.

1 =0.122-0.01p| (16)

In this design, it is considered that the 4 ; value is better to be equal to 0.05 or larger than 0.05.
If u; < 0.05, the above process must be repeated with new R; and DC values until ¢; > 0.05.
Moreover, the i, value is 30 percent of the ; value. With the calculation of u, if Eq. (16) is

rearranged with respect to ¢, Eq. (17) can be derived by subtracting p, from the new equation
rearranged.

_0.122-ump

17
0.01 {17
Here, p; is the axial pressure of the articulated slider to the concave slider. ¢, figer, and Ay im2
parameters are obtained as respectively DS/30, DS/7, and DS/20 for this study. In the next step,
applying Eq. (15) for p», Eq. (18) is obtained.

w
p2= 5 (18)
7 DR
4
And thus, DR value can be attained by Eq. (19).
pr- |2 (19)
T p2

DR value is wished to be larger than 0.25DS and smaller than 0.5DS. If these boundary
conditions exceed, all the processes must be repeated from the beginning. The calculation of
DR value leads up to d, (See Eq. (20)).

_ DS-DR-2t)
2

d (20)

In the design, the distance between the closest endpoints of the support in the vertical direction
is 1 inch. According to this, the 4, value can be geometrically obtained by Eq. (21).
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2

DS lopen
h2=R2—\/R§—(7—t2) hyj + ]; @1)
Finally, 4; value is calculated as related to 4, and 4. by Eq. (22).
h = hy +tjider (22)

5. Design of Steel Plane Frames

This study aims to evaluate the effect of seismic isolation on weight by optimizing seismic
isolated and fixed-based steel plane frame samples using the ABC optimization algorithm. For
this goal, four steel plane frame examples, two of which have 4-story and the other two have 8-
story, are designed. All 4-story and 8-story frames are modeled both with and without braces.
Frame members are grouped as: one group for outer columns in every 4 floors, one group for
inner columns in every 4 floors, one group for beams in every 4 floors, one group for braces in
each floor. Joint, member, and group number of the frames are given in Table 2. The member
grouping of all the frame examples are handled as both fixed-based and seismic-isolated (see
Fig. (3-6)). The profiles to be assigned to the member groups are selected from the W sections
from WI150X13 to W920X1191 as given in LRFD-AISC. In seismic-isolated frames, 3
members are added to the base floor for 4-story frames and 5 members for 8-story frames to
provide the lateral stability of isolator devices. The vertical loads applied to the frames are 2.88
kN/m* of dead load (D), 2.39 kN/m” of live load (L), and 0.755 kN/m? of snow load (S). The
equivalent earthquake loads for each story are acted on both X and Y directions (EX and EY)
and re-calculated in each iteration of the optimum design. The design load combinations are
1.4D, 1.2D + 1.6L + 0.5S, 1.2D + 0.5L + 1.6S, 1.2D + 0.5L +0.2S + 1.0EX, and 1.2D + 0.5L +
0.2S + 1.0EY. Top-story and inter-story drift limitations are taken as respectively H / 300 and
hi/ 300, which H is the height of frame and 7, is the height of i”" story. The vertical loads, the
drift limitations, and the load combinations are calculated by obeying to LRFD-AISC.

Table 2. Group and joint number of frame models

4-Story Frame Models 8-Story Frame Models
FB SI FB SI
# of WB | WOB | WB | WOB | WB | WOB | WB WOB
Joint 24 20 24 20 70 54 70 54
Member 44 28 47 31 152 88 157 93
Group 7 3 7 3 14 6 14 6
WB: with braces WOB: without braces FB: Fixed-based SI: Seismic-isolated
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Fig. 3. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 4-Story Model without Braces
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Fig. 4. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 4-Story Model with Braces
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Fig. 5. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 8-Story Model without Braces
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Fig. 6. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 8-Story Model with Braces

All the design examples are optimized by using ABC algorithm. Section lists of the optimum
designs are given in Tables 3-6. Moreover, the maximum constraint values, which are minimum
weight, PMM ratios, maximum story drifts, maximum total drifts, and maximum number of
iterations, computed at optimized design for the design examples are presented in Table 7.
Considering the weight values determined, it can be seen that the seismic isolation decreases
the weight by: 28.45% for 4-story model without braces, 6.44% for 4-story model with braces,
and 22.43% for 8-story without braces, 9.45% for 8-story model with braces. The design
histories are shown in Fig. (7)-(10). It is clearly seen from the figures that ABC algorithm has
sufficient convergence rate.

Table 3. The best design weights for 4-story frame models without braces

# of Group | Fixed-Based | Seismic-Isolated
1 W410X46.1 W250X17.9
2 W410X46.1 W310X32.7
3 W310X38.7 W250X32.7

Table 4. The best design weights for 4-story frame models with braces
# of Group | Fixed-Based | Seismic-Isolated
1 W150X22.5 W150X18

2 W200X31.3 W200X26.6
3 W130X23.8 W130X23.8
4 W200X19.3 W100X19.3
5 W150X18 W150X13
6 W150X13 W200X15
7 W150X13 W150X13.5

Table 5. The best design weights for 8-story frame models without braces

# of Group | Fixed-Based | Seismic-Isolated
1 W360X39 W460X52
2 W360X39 W250X28.4
3 W410X67 W410X60
4 W410X53 W310X32.7
5 W410X53 W310X44.5
6 W360X51 W250X32.7
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Table 6. The best design weights for 8-story frame models with braces

# of Group | Fixed-Based | Seismic-Isolated
1 W200X26.6 W360X39
2 W200X22.5 W150X24
3 W460X74 W360X51
4 W360X39 W150X37.1
5 W150X22.5 W130X23.8
6 W200X26.6 W200X31.3
7 W250X32.7 W310X23.8
8 W150X29.8 W150X22.5
9 W310X38.7 W250X22.3
10 W310X32.7 W150X18
11 W150X29.8 W310X23.8
12 W200X26.6 W250X17.9
13 W150X13 W100X19.3
14 W310X21 W250X17.9

Table 7. Maximum constraint values computed at optimized design for design examples

4-Story 8-Story

w Braces w/o Braces w Braces w/o Braces

FB SI FB SI FB SI FB SI
Minimum W (kN) 37.8 35.3 49.1 35.2 181.7 164.5 198.1 153.6

Max. story drift (mm) 3.6 1.2 9.6 9.6 7.4 4.8 8.1 9.1
Max. total drift (mm) 11.8 4 29.4 28.9 42.8 31.3 514 50.6
Max. PMM ratio 0.95 0.92 0.45 0.94 0.93 0.96 0.70 0.78
Max. iteration 1000 | 1000 | 1000 | 1000 1000 1000 1000 1000

w: with w/o: without FB: Fixed-based SI: Seismic-isolated

—Fixed-Based

Seismic-Isolated

60
250
= 40
30
0 200 400 600 800 1000
Iterations

Fig. 7. Design histories of the ABC algorithm for 4-story frame without braces

—Fixed-Based Seismic-Isolated

60
250 |
= 40 ™
30
0 200 400 600 800 1000
Iterations

Fig. 8. Design histories of the ABC algorithm for 4-story frame with braces
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Fig. 9. Design histories of the ABC algorithm for 8-story frame without braces
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Fig. 10. Design histories of the ABC algorithm for 8-story frame with braces

6. Summary and Conclusions

To investigate the effect of seismic isolation on optimum weight of superstructures, 8 steel
plane frame examples, which are considered as fixed-based and seismic-isolated, are tested.
The frames are diversified as related to story height and bracing. TFP isolator devices are used
for the seismic isolation. An optimization program developed as based on the ABC algorithm
is employed to obtain the optimum structural weight values. The frame examples are designed
in a way to satisfy strength, inter-story drift, top-story drift and geometric requirements that are
implemented from LRFD-AISC. The following conclusions are drawn from the conducted
study:

* The optimization program developed based on the ABC algorithm is well-performed
with a consistent convergence rate and proximity to the limitations.

* For the examples with braces, the most effective design constraints are PMM ratios,
while for the examples without braces, the most effective design constraints are story
drift limitations.

* In the frame examples with braces, the drift values are far from the limit values.
Therefore, the drift limitations are not very effective and the efficiency of the seismic
isolation is not sufficient. On the other hand, the drift limitations are highly effective in
the unbraced frame examples and the seismic isolation is very effective.

* [tis observed that the weight advantage of the designs dominated by drift limitations is
much higher than ones dominated by the PMM ratios.
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* The seismic isolation offers more advantage in the unbraced frames rather than the
braced ones in terms of the weight because drift limitations are more dominated than
the other limitations in terms of weight reduction. Seismic isolation decreases story drift
values of superstructure. Accordingly, seismic isolation is not so effective in braced
frames because braces already restrict the story drifts of the structure so that the structure
cannot approach the drift limits. Therefore the effect of drift is not seen for the optimum
weight solution of seismic-isolated braced frames.

In the study, it is seen that the seismic isolation generally offers a weight advantage depending
on the drift values, and it is understood that this advantage is much lower than the drift effect
for the PMM values. However, the lateral drifts in irregular and 3-D structures result in
undesirable effects such as torsion, and in these types of structures, the effect of seismic
isolation on optimum design can be seen better. In the light of these assumptions, the effect of
seismic isolation on the optimal design of 3-D structures is thought to be done in future studies.
Although the design based on seismic isolation offers a cost advantage, this advantage can be
lost when the cost of the isolator devices is taken into account. A more realistic comparison is
made if the structure is optimized together with the cost of the isolator devices. Such a study is
planned to be conducted in the future.
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