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Abstract. Structural seismic design optimization researches reviewing shows that existing economic
effect assessment methods take into account only traditional seismic retrofit schemes excluding baseisolation system employment. The purpose of this study is to obtain economic optimization which allows to
compare the economic effect E of base-isolated structure among with traditional seismic retrofit schemes.
Here the approach is proposed of earthquake caused damage state Drel computation in base-isolated
structure considering repair works with due regard to its life-cycle N. The example of damage state Drel
evaluation for base-isolated and traditional retrofitted structures is performed considering different seismic
intensities. It is shown how the value of damage state proceeds according to the building life-cycle N in
each case. The economic effect E for these cases is estimated with the aid of proposed optimization
algorithm.
Аннотация. Исследования в области оптимизации конструктивных решений сейсмостойкого
проектирования показали, что существующие методики оценки экономического эффекта различных
проектов не рассматривают применение сейсмоизоляции, принимая во внимание только
традиционные варианты сейсмоусиления. Целью работы является получение алгоритма
оптимизации конструктивных решений по экономическому критерию, который позволит сравнить
экономический эффект E от применения сейсмоизоляции наряду с традиционными вариантами
сейсмоусиления конструкций. Предложена методика по определению наступившего в результате
землетрясения ущерба Drel в сейсмоизолированном здании с учетом возможных ремонтных работ
на протяжении жизненного цикла здания N. Приведен пример расчета ущерба Drel
сейсмоизолированного здания и произведен сравнительный анализ с альтернативными
вариантами проектов сейсмоусиления при воздействиях различной интенсивности на протяжении
рассматриваемого жизненного цикла здания N. Выполнена оценка экономического эффекта этих
вариантов E по предложенному алгоритму оптимизации.

1. Introduction
The economic optimization problem of buildings structural design is paramount among others and
specifically important in earthquake engineering. Therefore, this study proceeds the problem initiated in [1]
and associated with economic optimization of seismic structural design considering the base-isolated
structures. To provide calculations of economic effect using the method proposed previously in [1], it is
necessary to define damage state of base-isolated building caused by earthquakes of different intensities.
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So, the research object in this article is the economic optimization algorithm, which consider the
employment of base-isolation system for seismic retrofit of the building.
Economic optimization in earthquake engineering has been developed for the last 15 years [1, 2, 3],
and the problem of economic effect assessment in seismic structural design was initiated in [4] at the first
time. However, the problem is that the above research works did not propose an algorithm that associates
the results of building seismic response computations to economic indicators for characterizing the building
damage state. Another problem is that the optimization criteria in these works, except [1], is presented
insufficiently specific. In article [1] that the economic effect with consideration of a building life-cycle is
assigned as optimization criteria. The cost value of damage state is taken into account with consideration
of repair work cost after a certain amount of seismic events. Nevertheless, the main shortage of study [1]
is that it was limited by a small range of frame types and seismic retrofit schemes 1 which were engaged for
economic analysis. Also the procedure of frames seismic response and damage state evaluation contains
many uncertainties and theoretical assumptions. These circumstances led to provide the present study to
reduce afore-mentioned drawbacks.
The problem of economic optimization in earthquake engineering was investigated by native and
foreign scientists A.M. Yaglom [4], A.M. Uzdin, Yu.L. Rutman [1], M. Papadrakakis, N.D. Lagaros,
M. Fragiadakis [2], Y.K. Wen, Y.J. Kang [5, 6] and others.
The big research work for developing of analysis methods and practical employment of seismic baseisolation systems was done by scientists J.M. Kelly [7], R. Scinner, W. Robinson [8, 9], A. Martelli [10],
M. Higashino, Sh. Okomoto [11], A. Chopra [12], O.A. Savinov [13], Ya.M. Ayzenberg [14], S.V. Polyakov
[15], Yu.L. Rutman [16, 17], A.M. Uzdin [18], Yu.D. Cherepinskiy [19], A.V. Kurzanov were involved in the
researching of the seismic behavior of base-isolated structures as well.
The damage state for traditional seismic design schemes was evaluated in [1] with the help of
capacity curves. There are also some studies, which consider inelastic seismic response of structures and
dynamic properties [20, 21]. These curves were developed using pushover analysis concept. Pushover
analysis is the nonlinear static analysis method that allows to evaluate the structural seismic performance
of the building under a seismic excitation. This method became popular in foreign code provisions [22, 23,
24, 25] in the last the last 20 years. The basic pushover theoretical foundations were given by H. Krawinkler,
G.D.P.K. Seneviranta [26, 27], V. Kilar, P. Fajfar [28], A.K. Chopra, R.K. Goel [29]. Nonlinear static
pushover analysis for the last 5 years has also attracted the attention of scientists Yu.I. Nemchinov,
N.G. Maryenkov, A.K. Khavkin, K.N. Babik [30], A.V. Sosnin [31, 32], K.T. Chkhikvadze, Ts.G. Tsiskreli,
N.Sh. Chlaidze, L.D. Kadzhaya [33]. At the present time this method is not included in Russian seismic
code [34] as an acceptable analysis procedure. Nowadays various studies are provided mainly by foreign
researchers which investigate the possibility of pushover analysis utilization for different types of structures
[35, 36], its compatibility with nonlinear dynamic analysis [37] and its modifications [38]. The big interest for
the current research is represented by the study [39], where the application of a N2, extended N2 and
modal pushover methods was demonstrated for the base-isolated building frames with lead rubber
bearings analysis.
The issue of inelastic behavior of base-isolated buildings, which the present article is deal with, is
analyzed in studies [40–42]. As it is seen, the number of studies, which consider the inelastic behavior of
base-isolated structures, is small. There is an experimental investigation of inelastic behavior of baseisolated cantilever structure with friction pendulum bearing isolators [40]. The article [39] is aimed to
consider the effect of higher modes and to compare different pushover methods for base-isolated frame
analysis, but we have to give more clear and understandable procedure for engineering-economical
practical purposes of fast cost-effectiveness estimation.
Therefore, the purposes of current research work are:
1. to propose the economic optimization algorithm, which should consider the base-isolated
building;
2. to estimate the damage state in base-isolated building;
3. to define the optimal type of seismic retrofit scheme according to proposed criteria.
For achieving these purposes, following problems have to be solved:
1. the objective function and variable parameters of economic optimization algorithm need to be
defined;
1

Seismic retrofit scheme means the term “anti-seismic measures” named in [1].
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2. the procedure for damage state evaluation of base-isolated building due the various seismic input
need to be developed;
3. the analytical model of the building need to be developed and the proposed optimization algorithm
need to be implemented to it.

2. Methods
2.1. Optimization criteria and procedure
Some types of seismic traditional structural retrofit schemes Frame SPS and Frame SMS was
considered along with the typical Frame Stip designed without any seismic considerations, and the
economic optimization criterion was proposed in [1]. The possible damage was defined as:
D(I)=Dpr (I)+Drel (I),
(1)
where Dpr defines the prevented damage, Drel defines the real damage and D defines the damage that
occurs in Frame Stip, I – earthquake intensity 2. These economic parameters allow to formulate the
optimization criterion as follows:
𝐼𝐼=𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸 = −𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑓𝑓(𝑘𝑘, 𝑁𝑁) � 𝐿𝐿(𝐼𝐼) ∙ 𝐷𝐷𝑝𝑝𝑝𝑝

(2)

𝐼𝐼=𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

where Kant – seismic retrofit cost (otherwise the building may collapse due the seismic ground shaking, and
there would not be income profit, or it would be decreased, as the damage would limit the production
output); f(k,N) – cost adjustment factor in accordance with recommendations given in [1] under equation
1

d+d*

, where d* - depreciation rate (the parameter which determines
f(k,N)= � -1� [1-(1-k) N ]. Here k=
1+d
k
reduction of building value over the time inverse to its maintenance period) d – annual profitability of
manufacturing; L(I) – average number of rate I earthquakes on the building site; N – time after the
maintenance start (years).
In the Eq. (1) D-Dpr =Drel the real damage, as well as the prevented damage, contains the following:

-

repair and replacement cost of injured structural elements;

-

losses of equipment inside facility;

-

losses in profit due to idle period when repairing.

The usage of two types of damage in the optimization criteria provides substantially more universal
criteria as it said in [1]. If the typical frame is designed without any seismic considerations, then Kant = 0
and Dpr (I) = 0. Thus, financial losses after earthquakes are defined by the damage D(I), considering a
number of certain seismic events with different intensities I, and by the adjustment of repair cost with
respect to building life-cycle. If it is applied any type of seismic retrofit scheme like SPS, SMS [1], or if it is a
base-isolated Frame SSIS, then real damage D(I)rel =D(I)-D(I)pr is less then D(I), while financial losses
increase with the rising of Kant. The optimization objective function Eeff is defined by relationship of these
parameters.
The prevented damage D(I)pr , the real damage D(I)rel and the D(I) damage in Frame Stip can be
obtained with the help of capacity spectrum pushover method. For providing computation according this
method, firstly, the building capacity (pushover) curve need to be constructed. The capacity curve allows
to forecast building damages and the kind of a structural failure corresponding to the roof displacement.
The structural damage need to be associated with financial loss given by financial curve, which helps to
provide calculations by Eq. (1).

2.2. Damage state and response spectrum developing for SIS buildings
As it was said, the damage state for traditional seismic design schemes is evaluated with the help of
capacity curve, and this curve can be plotted using pushover concept. For developing this curve it is
necessary to have the acceleration response spectrum which corresponds to the building foundation

2

The intensities of earthquakes are measured in terms of rate by MSK-64 scale.
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motion. In the case of traditional seismic design 3, it is considered that the motion of the foundation coincides
with the ground motion. In this case, the response spectrum is taken from seismic code [34]. Nevertheless,
if it is supposed by seismic retrofit scheme the base isolation system (SIS) implementation, the code
spectra applying is not justified [25] and this approach is not acceptable. The movement of the
superstructure (structure located on SIS) does not coincide with the movement of the substructure
(foundation of the structure). Thus, before calculating the economic effect by Eq. (2) the difference between
substructure (kinematic foundation) and superstructure (building) motions have to be considered.
The current situation in seismic design practice of base-isolated building usually does not deal with
inelastic behavior of superstructure and does not consider its damage caused by earthquake. This is related
to the fact that the several code provisions prohibit yielding of base-isolated structures. However, for
providing comparable economic analysis of different frame types and solution of structural optimization
problem along with varying base-isolator types, it is necessary to consider the possibility of approximate
damage, which could be caused to the base-isolated frame by earthquakes of different intensities.
The damage state of base-isolated building can be defined as the result of inelastic structural
behavior of the structural elements of the building caused by the earthquake of sufficient intensity. Inelastic
structural behavior leads to financial losses in terms of repair cost. So, for economic optimization problem
solution the damage state need to be defined as a financial loss for repair works after every earthquake
which can occur on the building site. To quantify the value of the damage state it is necessary to associate
it with some seismic response parameter of the frame. Here this parameter becomes the frame roof
displacement that is why a superstructure (frame) response spectrum have to be developed. This
procedure is based on tier-by-tier spectrum approach and implies the following steps:
1. Accelerations of the substructure are obtained through a numerical simulation process involving
nonlinear time history analysis of "superstructure - SIS" system response to seismic ground shaking. It is
assumed here that the superstructure is extremely rigid. The analysis is performed for representative
ground motion ensembles which are grouped by intensities in terms of the rate.
2. When acceleration of substructure for every time history from the ensemble are calculated, it
becomes possible to develop the superstructure response spectrum. Therefore, a single degree of freedom
system (SDOF) calculation is performed. The oscillator is subjected to total acceleration values from the
previous step time history analysis, and the ensemble of response spectrums is obtained. The final
superstructure response spectrum for each group of seismic ground shaking intensity can be defined with
the help of the statistical analysis as the sum of mathematical expectations assessment and estimation of
the standard deviation. Thus, by averaging spectral acceleration values the superstructure response
spectrum can be developed

2.3. Economic optimization for SIS buildings
Based on the superstructure response spectrum, the roof displacement, the structural damage of
the frame and the corresponding financial loss could be defined with the help of simplified nonlinear static
pushover analysis. Then the optimization algorithm described before can be applied. In the case of
comparing economic effect from using different types of seismic base isolators, the variable parameters
become SIS mechanical characteristics. Therefore, not only the structural repair cost (this kind of loss may
not occur) contributes life-cycle investments, but SIS price increase it as well. In the present study it is
shown, how the economic effect of base-isolated frame comes out respect to other retrofit schemes
proposed in [1].

2.4. Structural model and numerical simulation
2.4.1. Structural frame and SIS characteristics

Figure 1. Industrial building Frame Stip
3 In this study and [1] the traditional seismic design implies strengthening of loadbearing structures by increasing the
main reinforcement of the concrete columns and steel structures elements profile sections
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The frame which is used for instance of the damage state evaluation process in building with SIS
and for representation the economic optimization concept along with other frame types has been already
presented in [1]. This is the industrial building frame given in Figure 1, but for the case of SIS applying the
foundation framework was designed supported by elastomeric isolators. All strength characteristics of
elements sections of Frame SSIS are similar to Frame Stip in study [1]. Total building dead weight plus
anticipated live loads is assumed equal to 28000 kN. The construction of SIS building implies to design the
foundation framework located on elastomeric isolators. These isolators are presented of two types: with
maximum vertical load on one support 1400 kN and with maximum vertical load on one support 600 kN.
The combination of these supports with the consideration of relative vertical load distribution composes the
layout for the foundation framework (kinematic foundation). The chosen construction parameters of baseisolation supports provide natural frequency of isolation system f = 0.4 Hz.
Ground motions used in this study were generated by PEER ground motion database 4. Ensembles
of ground motions compiled in such manner that the amount of earthquake occurrences of a certain rate
does not exceed their average number for considered building life-cycle equal to 50 years. Then, in
accordance with the amount of ground motions used in [1], it is necessary to provide numerical simulations
for Frame Stip for the number of ground motions shown in the last line of Table 1.
Table 1. Life-cycle earthquake occurrences amount and the number of ground motions in
ensembles for numerical simulation
6 rate

7 rate

8 rate

9 rate

Life-cycle earthquake occurrences amount,
N = 50 years

5

4

3

1

Ground motions for numerical simulation

15

12

9

3

2.4.2. Nonlinear time history analysis and mean response spectrum developing
1. The nonlinear time history analysis is provided for every seismic ground motion record from
ensembles for the system "superstructure (equivalent SDOF system) - SIS". The calculation is carried out
using Nonlin and MathCad programming. In Figure 2, as an example, the seismic ground shaking record
of the rate 9 earthquake is shown. After computation, the maximum acceleration 0.46 m/s2 was obtained
(Fig. 3). The same numerical simulations are provided for all time histories divided into 4 groups accordingly
to the rate of earthquake.

Figure 2. Ground motion record for the rate 9 earthquake
2. The calculation of the single degree of freedom system (SDOF) is provided. The oscillator is
subjected to total acceleration values from a previous stage time history analysis (Fig. 3). Thus, the
response spectrum is generated in terms "Spectral acceleration – Oscillator frequency" for each kinematic
foundation motion, thereat, total acceleration absolute values for discrete oscillator frequencies are fixed.
Frequency increments in the peak spectral acceleration range should be small enough not to miss their
maxima.
3. The obtained response spectrums are divided into 4 groups depending on the rate of initial
seismic ground shaking. Then the statistical processing of response spectrums within each group is
performed and oscillator absolute acceleration peak values are derived as well. Consequently, it is possible
to determinate the mean response spectrum associated with each group of seismic intensity (Fig. 4).

4

https://ngawest2.berkeley.edu/
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Figure 3. Computed kinematic foundation motion for the rate 9 earthquake

Figure 4. Mean of response spectrums represents time histories ensembles of (a) rate 9
earthquakes (b) rate 8 earthquakes (c) rate 7 earthquakes (d) rate 6 earthquakes

2.4.3. Calculating maximum structural displacement using simplified nonlinear static analysis
procedure
Further calculations consist in applying simplified nonlinear static analysis procedure, in particular,
the capacity spectrum (pushover) method “A” [20], for calculation the maximum structural displacement. If
the maximum structural displacement is computed, then it becomes possible to estimate the structural
damage by the displacement demand. The procedure implies the performance of the step-by-step process,
the essence of which is as follows:
1. Mean values of response spectrums obtained at stage B are transformed from the Sa vs
Frequency format to the Sa vs T format. Then, accordingly to capacity spectrum procedure “A” used for
determining system performance point, 5 % elastic response spectrums are constructed from the mean
ones. The obtaining results are converted then from the standard Sa vs T representation to Acceleration–
Displacement Response Spectra (ADRS) format. Figure 5 shows the mean of 5 % simplified (by enveloping
peaks of the initial Sa vs T spectrum) damped elastic response spectrum conversion from the standard
simplified Sa vs T format to ADRS format associated with the ensemble of rate 9 ground motions.
Ivanov A.Y., Chernogorskiy S.A.,Vlasov M.P. Structural seismic design optimization by economic criteria. Magazine
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Figure 5. Mean of response spectrums conversion from Sa vs T to ADRS format associated with
the ensemble of rate 9 ground motions
2. The obtained in [1] capacity curve for Frame Stip is converted to a capacity spectrum which have
to be plotted in ADRS format as well using equations and provisions provided by [24–26]. Computations
are performed for 2 points, which was calculated in [1] and used for Frame Stip capacity curve construction.
The amount of these points corresponds to the number of selected performance levels. To provide further
analysis, the building is substituted with equivalent single-mass system, and modal participation factor PF1,
modal mass coefficient α, parameters w and ϕ are computed with consideration of this assumption. Figure 6
depicts the conversion of the capacity (pushover) curve to the capacity spectrum for Frame Stip.
3. A trial performance point is selected. The first choice of the trial performance point could be the
displacement obtained using the equal displacement approximation [20]. The construction of this point is
given in Figure 7.
4. A bilinear representation of the capacity spectrum is developed emanating from the requirement
of the approximate equality of the area designated A1 and the area designated A2. These areas are formed
by the rotation of a straight line starting from the trial performance point (Fig. 7).
5. The spectral reduction factors SRA and SRV are calculated as given by equations in [7].
Therefore, the reduced 5 % damped elastic response spectrum, called the demand spectrum, can be
developed by the multiplication of the 5 % damped elastic response spectrum points by spectral reduction
factors SRA and SRV. The characteristic points of the constant acceleration (horizontal) range of 5 %
damped elastic response spectrum are multiplied by the spectral reduction factor SRA and the points of
the constant velocity (descending) range are multiplied by the factor SRV. Demand spectrum points are
obtained by intersecting horizontal projections of computed spectral acceleration ordinates with lines of
constant period radiating from the origin.

Figure 6. Capacity (pushover) curve to capacity spectrum conversion for Frame Stip
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6. Drawing the demand spectrum on the same plot as the capacity spectrum develops the
intersection point. This point represents the condition for which the seismic capacity of the structure is equal
to the seismic demand imposed on the structure by the specified ground motion [22]. If this point is within
acceptable tolerance, then the trial performance point is the performance point and the displacement
represents the maximum structural displacement expected for the demand earthquake. If the demand
spectrum does not intersect the capacity spectrum within acceptable tolerance, then the obtained
intersection point becomes a new trial point and computations are provided again.
In case of this computation, a few iterations have been provided before the demand spectrum
intersects the capacity spectrum in the trial performance point obtained on previous step within acceptable
tolerance (the first and the last iterations are shown on Figure 7). Thus, the result displacement represents
the maximum structural displacement expected for the seismic demand. As the calculation is performed
for the multi degree of freedom system, so it is necessary to convert the maximum structural displacement
value back into the MDOF format using the equation (14) denoted in [10]. Figure 7 depicts that the
considering seismic demand causes the structural displacement which leads the frame to collapse. On the
financial curve plotted for the Frame Stip in [1] the obtained performance point is outside the range of
displacements limited by performance objectives (Fig. 8a). According to the idea proposed in [1] this fact
designates that the considering seismic demand induces the maximum possible damage state equal to 1.
In the same way, computations are conducted for ensembles of rate 8, 7 and 6 seismic demands. The
corresponding financial curves are plotted in Figure 8b-d. The results of these calculations are summarized
in Table 2.

Figure 7. Performance point search using the capacity spectrum method “A” of nonlinear static
analysis
Table 2. Nonlinear static analysis results of Frame Stip considering all possible earthquakes
of different intensities on the site with due regard to its life-cycle
Ground motion
ensembles

Maximum
displacement

Damage from caused by
a single earthquake Drel

Damage from caused by all
earthquakes for considered lifecycle

Rate 6

0.01

0

0

Rate 7

0.02

0

0

Rate 8

0.06

0.011

0.033

Rate 9

0.23

1

1

Ivanov A.Y., Chernogorskiy S.A.,Vlasov M.P. Structural seismic design optimization by economic criteria. Magazine
of Civil Engineering. 2018. No. 4 (80). Pp. 138–150.
145

Инженерно-строительный журнал, № 4 (80), 2018

Figure 8. Financial curves with maximum displacements defined by nonlinear static analysis for
time histories ensembles of (a) rate 9 earthquakes (b) rate 8 earthquakes (c) rate 7 earthquakes (d)
rate 6 earthquakes

2.4.4. Economic effect estimation and seismic retrofit cost
As was quantified in [1], the cost of Frame Stip, including cost of materials and construction works
cost, is Ctip = 15.9 million rubles. The SIS cost for isolating the entire building is defined as the total cost of
considering isolators combination plus seismic foundation framework supported by them. The cost of all
supports in accordance with the commercial offer received by the manufacturer plus the seismic foundation
framework cost is Kant=0.037 in fractions of the total building cost. Therefore, all necessary data for the
economic effect E calculation using Eq. (2) are now available.
Values of the economic effect E are calculated at seven points that characterize financial loss at a
certain moment of building life-cycle. The results are plotted in terms of «economic effect E – building lifecycle N», each frame corresponds the respective curve. When calculating parameter f(k,N) the variable,
which characterizes the profitability, is applied equal to d = 0.1 and d* = 0.03, but its value may change
depending on the size of income profit

3. Results and Discussion
The diagram in Figure 9 shows that economic effect curves for Frame S¬PS and Frame S¬MS are
parallel and the curve for Frame SSIS is descending with time. This is associated specifically with the fact
that the rate 8 earthquakes drives Frame SSIS into inelastic range and leads to some structural damage
and the rate 9 earthquakes causes completely collapse of this frame. Represented at Figure 9 curves were
developed by values of total structural damage obtained in Tables 1–3 in study [1] and in Table 2 of this
paper. However, as it was previously noted in [1–3, 5, 6], not only structural elements become defected
after earthquake, but also non-structural ones (partition walls, false ceiling and etc.) are failed. Furthermore,
the utility systems, MEP, technological equipment and site landscaping could be damaged that represents
financial losses related with business interruption. Considering this, the approximate assumption that the
total damage increases twice in comparison with the structural one (as it was supposed in [1]), is admitted
here. Consequently, the economic effect variation is plotted on the graph at Figure 10. Thus, the biggest
economic effect E at the end of the building life-cycle can be achieved, as before, applying S¬PS seismic
retrofit scheme. The small economic effect of base-isolated Frame SSIS can be explained by the low initial
strength of some elements of the frame itself and small effective SIS construction or mechanical
parameters.
In this paper and in the study [1] only 4 types of structural frame is compared: Frame Stip designed
without any seismic considerations, partially-reinforced Frame S¬PS, maximum reinforced Frame S¬MS
and base-isolated Frame SSIS. However, the greater economic effect at the different life-cycle stages could
be achieved considering more options of seismic retrofit schemes, for example:
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1. Performing partial reinforcement of the most stressed structural elements in Frame SSIS, for
instance, reinforced-concrete columns and braces in truss system. In this case, SIS cost may be
decreased;
2. Performing various types of a more effective (in terms of seismic input reduction), but more
expensive SIS, and compare economic effects. For instance, the analysis could be provided for some types
of rubber elastomeric isolators [7], as it was done in [39], especially high damping soft type isolators. In
another case, friction pendulum seismic isolation bearings, discussed in [16], or the similar ones [40] could
be considered as well.
3. Involving supplemental damping devices in base isolated frame if it is necessary.
4. As the obtained results have shown, the big problem is still the capacity curve construction and
the calculation of points, which could characterize adequately the structural performance of the building.
The optimization algorithm obtained in this study is specific in comparison with optimization
algorithms obtained in studies [1–3]. In article [2] optimization algorithm takes into account the life-cycle
cost of the building as well. However, the optimization criterion is not represented clearly. The range of
frame types is limited with consideration of traditional seismic retrofit schemes. The article is mostly aimed
for comparing the different pushover methods. Study [3] is turned to more general economical problem of
seismic hazard, it considers the social losses caused by earthquakes, but it does not propose the tool for
structural optimization in earthquake engineering. The optimization algorithm proposed in [1] is
supplemented by this paper and gives the especial tool for engineering-economical analysis in seismic
structural design.

Figure 9. Dependence plot «economic effect E – building life-cycle N» considering structural
damage

Figure 10. Dependence plot «economic effect E – building life-cycle N» considering total damage
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4. Conclusions
1. In this study the economic optimization algorithm is proposed and it is shown how to use it for the
base-isolated frame financial loss estimation along with traditional retrofit schemes. It becomes possible to
compare and to find the reasonability of applying any type of mainstream seismic retrofit schemes at the
project designing stage.
2. The procedure for estimation the damage state in base-isolated building is proposed by
performing the following tasks:
• Consideration of the effect of seismic isolation system implementation with the help of tier-by-tier
spectrum approach and time-history analysis of the system "superstructure - SIS";
• Evaluation of the damage state of structural system with a help of nonlinear static pushover
analysis capacity spectrum method that allows to take into account the possibility of inelastic
behavior in base-isolated frame.
3. The computations were performed and the practical application of proposed economic
optimization algorithm and damage state evaluation method was demonstrated by the example of industrial
building frame analysis.
Литература

References
1.

2.

3.

4.

5.

6.

7.
8.
9.
10.

11.

12.

13.

14.

Vatin N.I., Ivanov A.Yu., Rutman Yu.L., Chernogorskiy S.A.
Earthquake engineering optimization of structures by
economic criterion. Magazine of Civil Engeneering. 2017.
No. 8(76). Pp. 77–93.
Lagaros N.D., Fragiadakis M. Evaluation of ASCE – 41,
ATC – 40 and N2 static pushover methods based on
optimally designed buildings. Soil Dynamics and
Earthquake Engineering. 2011. No. 31. Pp. 77–90.
Saadat S., Camp C. V., Pezeshk Sh. Seismic performancebased design optimization considering direct economic loss
and direct social loss. Engineering Structures. 2014.
No. 76. Pp. 193–201.
Keylis-Borok V.I., Nersesov I.A., Yaglom A.M. Metody
otsenki ekonomicheskogo effekta seysmostoykogo
stroitelstva [Methods of assessment of economic effect in
earthquake design]. Moscow: AN SSSR, 1962. 46 p. (rus)
Wen Y.K., Kang Y.J. Minimum building life-cycle cost
design criteria. I. Methodology. Journal of Structural
Engineering New York. 2001. No. 127(3). Pp. 330–337.
Wen Y.K., Kang Y.J. Minimum building life-cycle cost
design criteria. II. Applications. Journal of Structural
Engineering New York. 2001. № 127(3). Pp. 338–346.
Kelly J.M. Earthquake resistant design with rubber. London:
Springer-Verl., 1997. 243 p.
Skinner R.I., Robinson W.H., McVerry G.H. An introduction
to seismic isolation. New York: Wiley, 2003. 398 p.
Skiner R.I. An introduction to seismic isolation. New Zeland:
John Wiley & Sons, 1993. 353 p.
Martelli A., Forny M. Seismic isolation: present application
and perspectives. International Workshop On Base
Isolated High-rise Buildings. Yerevan, Armenia. 2006.
Pp. 1–26.
Higashino M., Okamoto Sh. Response Control and Seismic
Isolation of Buildings. New York: Taylor & Francis, 2006.
484 p.
Chopra A.K. Dynamic of structures. Theory and
Applications to Earthquake Engineering. New Jersey:
Prentice-Hall, 2006. 794 p.
Savinov O.A. Seysmoizolyatsiya sooruzheniy [Seismic
insulation of structures]. Izbrannyye stati i doklady
Dinamicheskiye problemy stroitelnoy mekhaniki. SaintPetersburg, 1993. Pp. 155–178. (rus)
Ayzenberg Ya. M. Seysmoizolyatsiya vysokikh zdaniy
[Seismic base isolation of tall buildings]. Seysmostoykoye
stroitelstvo. Bezopasnost sooruzheniy. 2004. Vol.1.
Pp. 28–32. (rus)

1.

2.

3.

4.

5.

6.

7.
8.

9.
10.

11.

12.

13.

14.

Ватин Н.И., Иванов А.Ю., Рутман Ю.Л., Черногорский
С.А. Оптимизация конструкций сейсмостойких
сооружений по экономическому критерию //
Инженерно-строительный журнал. 2017. № 8(76).
С. 77–93.
Lagaros N.D., Fragiadakis M. Evaluation of ASCE – 41,
ATC – 40 and N2 static pushover methods based on
optimally designed buildings // Soil Dynamics and
Earthquake Engineering. 2011. No. 31. Pp. 77–90.
Saadat S., Camp C.V., Pezeshk Sh. Seismic
performance-based design optimization considering
direct economic loss and direct social loss // Engineering
Structures. 2014. No. 76. Pp. 193–201.
Кейлис-Борок В.И., Нерсесов И.А., Яглом А.М.
Методы
оценки
экономического
эффекта
сейсмостойкого строительства. М.: АН СССР, 1962.
46 c.
Wen Y.K., Kang Y.J. Minimum building life-cycle cost
design criteria. I. Methodology // Journal of Structural
Engineering New York. 2001. No. 127(3). Pp. 330–337.
Wen Y.K., Kang Y.J. Minimum building life-cycle cost
design criteria. II. Applications // Journal of Structural
Engineering New York. 2001. No. 127(3). Pp. 338–346.
Kelly J.M. Earthquake resistant design with rubber.
London: Springer-Verl., 1997. 243 p.
Skinner R.I., Robinson W.H., McVerry G.H. An
introduction to seismic isolation. New York: Wiley, 2003.
398 p.
Skinner R.I. An introduction to seismic isolation. New
Zeland: John Wiley & Sons, 1993. 353 p.
Martelli A., Forny M. Seismic isolation: present
application and perspectives // International Workshop
On Base Isolated High-rise Buildings. Yerevan, Armenia:
2006. Pp. 1–26.
Higashino M., Okamoto Sh. Response Control and
Seismic Isolation of Buildings. New York: Taylor &
Francis, 2006. 484 p.
Chopra A.K. Dynamic of structures. Theory and
Applications to Earthquake Engineering. New Jersey:
Prentice-Hall, 2006. 794 p.
Савинов О.А. Сейсмоизоляция сооружений //
Избранные статьи и доклады. Динамические
проблемы строительной механики. СПб. 1993.
С. 155–178.
Айзенберг Я.М. Сейсмоизоляция высоких зданий //
Сейсмостойкое
строительство.
Безопасность
сооружений. 2004. № 1. С. 28–32.

Иванов А.Ю., Черногорский С.А., Власов М.П. Оптимизация конструктивных решений сейсмостойкого
проектирования по экономическому критерию // Инженерно-строительный журнал. 2018. № 4(80).
С. 138–150.

148

Magazine of Civil Engineering, No. 4 (80), 2018
15. Polyakov S.V., Kilimnik L.Sh., Soldatova L.A. Opyt
vozvedeniya
zdaniy
s
seysmoizoliruyushchim
skolzyashchim poyasom v fundamente [Experience in the
construction of buildings with seismic isolation sliding zone
in the basement]. Moscow: Stroyizdat, 1984. 31 p. (rus)
16. Rutman Yu.L. Mayatnikovyye seysmoizoliruyushchiye
opory. Konstruktsiya, raschet, eksperiment [Pendulum
seismic isolation bearings. Design, analysis, experiment].
Magazine of Civil Engeneering. 2012. No. 1. Pp. 31–36.
17. Rutman Yu.L., Chylbak A.A. Otsenka seysmoprochnosti
sooruzheniya,
raspolozhennogo
na
sisteme
seysmoizolyatsii. [Seismic structural strenght assessment
of base-isolated building]. Vestnik grazhdanskikh
inzhenerov. 2009. No. 1(18). Pp. 30–33.
18. Uzdin A.M., Dolgaya A.A. Raschet elementov i
optimizatsiya
parametrov
seysmoizoliruyushchikh
fundamentov [Calculation of the elements and optimization
of seismic isolation foundation parameters]. Moscow:
VNIINTPI, 1997. 76 p. (rus)
19. Cherepinskiy Yu.D., Zhunusov T.Zh., Gorvits I.G. Aktivnaya
zashchita zdaniy i sooruzheniy [Active protection of
buildings and structures]. Alma-Ata: Kaz. NIINTI, 1985.
34 p. (rus)
20. Mrdak I., Rakočević M., Žugić L., Usmanov R., Murgul V.,
Vatin N. Analysis of the influence of dynamic properties of
structures on seismic response according to montenegrin
and european regulations. Applied Mechanics and
Materials. 2014. Vol. 633–634. Pp. 1069–1076.
21. Dražić J., Vatin N. The Influence of Configuration on to the
Seismic Resistance of a Building. Procedia Engineering.
2016. Vol. 165. Pp. 883–890.
22. Seismic Evaluation and Retrofit of Concrete Buildings. Vol.
1: ATC-40 Report. – Applied Technology Council. Redwood
City, California. 1996. 334 p.
23. FEMA 440. Improvement of nonlinear static seismic
analysis procedures. Federal Emergence Managment
Agency. Washington, DC. 2005.
24. ASCE/SEI Standard 41-13. Seismic Evaluation and of
Retrofit of Existing Buildings. Structural Engineering
Institute, American society of civil engineers, 2014.
25. EC8. Eurocode 8: Design of structures for earthquake
resistance. European Committee for Standardisation:
Brussels, Belgium, The European Standard EN 1998-1,
2004.
26. Krawinkler H. Pushover analysis: Why, how, when, and
when not to use it. Prosessings 1996 Convention,
Structural Engineers Association of California. Maui,
Hawaii, 1996. Pp. 17–36.
27. Krawinkler H., Seneviranta G.D.P.K. Pros and cons of a
pushover analysis of seismic performance evaluation.
Engineering Structures. 1998. No. 20(4). Pp. 452–464.
28. Kilar V., Rilar V., Fajfar P. Simplified pushover analysis of
building structures. 11-th World Conference of Earthquake
Engineering. 1996. No. 11. P. 8.
29. Chopra A.K., Goel R.K. A modal pushover analysis
procedure for estimating seismic demand of buildings.
Earthquake Engineering and Structural Dynamics. 2002.
No. 31. Pp. 561–582.
30. Nemchinov Yu.I., Maryenkov N.G., Khavkin A.K.,
Babik K.N. Proyektirovaniye zdaniy s zadannym urovnem
obespecheniya
seysmostoykosti
(s
uchetom
rekomendatsiy Yevrokoda 8, mezhdunarodnykh standartov
i trebovaniy DBN) [Performance-based earthquake
engineering (taking into account Eurocode 8 recommends
and DBN international standarts]. Kiyev: GP GNIISK, 2012.
53 p. (rus).
31. Sosnin A.V. Ob osobennostyah metodologii nelineinogo
staticheskogo analiza i ego soglasovannosti s bazovoi
normativnoi metodikoi rascheta zdaniy i sooruzheniy na
deistvie seismicheskih sil [Nonlinear static analysis
procedure details and its assosiating with the code analysis
method of buildings and structures]. Vestnik YUrGU. 2017.
No. 1(16). Pp. 12–19.

15. Поляков С.В., Килимник Л.Ш., Солдатова Л.А. Опыт
возведения
зданий
с
сейсмоизолирующим
скользящим поясом в фундаменте. М.: Стройиздат,
1984. 31 с.
16. Рутман Ю.Л. Маятниковые сейсмоизолирующие
опоры. Конструкция, расчет, эксперимент //
Инженерно-строительный журнал. 2012. № 1.
С. 31–36.
17. Рутман Ю.Л., Чылбак А.А. Оценка сейсмопрочности
сооружения,
расположенного
на
системе
сейсмоизоляции // Вестник гражданских инженеров.
2009. № 1(18). С. 30–33.
18. Уздин А.М., Долгая А.А. Расчет элементов и
оптимизация
параметров
сейсмоизолирующих
фундаментов. М.: ВНИИНТПИ, 1997. 76 с.
19. Черепинский Ю.Д., Жунусов Т.Ж., Горвиц И.Г.
Активная защита зданий и сооружений. Алма-Ата:
Каз. НИИНТИ, 1985. 34 с.
20. Mrdak I., Rakočević M., Žugić L., Usmanov R., Murgul V.,
Vatin N. Analysis of the influence of dynamic properties
of structures on seismic response according to
montenegrin and european regulations // Applied
Mechanics and Materials. 2014. Vol. 633–634.
Pp. 1069–1076.
21. Dražić J., Vatin N. The Influence of Configuration on to
the Seismic Resistance of a Building // Procedia
Engineering. 2016. Vol. 165. Pp. 883–890.
22. Seismic Evaluation and Retrofit of Concrete Buildings.
Vol. 1: ATC-40 Report. – Applied Technology Council.
Redwood City, California. 1996. 334 p.
23. FEMA 440. Improvement of nonlinear static seismic
analysis procedures. Federal Emergence Managment
Agency. Washington, DC. 2005.
24. ASCE/SEI Standard 41-13. Seismic Evaluation and of
Retrofit of Existing Buildings. Structural Engineering
Institute, American society of civil engineers, 2014.
25. EC8. Eurocode 8: Design of structures for earthquake
resistance. European Committee for Standardisation:
Brussels, Belgium, The European Standard EN 1998-1,
2004.
26. Krawinkler H. Pushover analysis: Why, how, when, and
when not to use it // Prosessings 1996 Convention,
Structural Engineers Association of California. Maui,
Hawaii, 1996. Pp. 17–36.
27. Krawinkler H., Seneviranta G.D.P.K. Pros and cons of a
pushover analysis of seismic performance evaluation //
Engineering Structures. 1998. No. 20(4). Pp. 452–464.
28. Kilar V., Rilar V., Fajfar P. Simplified pushover analysis of
building structures // 11-th World Conference of
Earthquake Engineering. 1996. No. 11. P. 8.
29. Chopra A.K., Goel R.K. A modal pushover analysis
procedure for estimating seismic demand of buildings //
Earthquake Engineering and Structural Dynamics. 2002.
No. 31. Pp. 561–582.
30. Немчинов Ю.И., Марьенков Н.Г., Хавкин А.К.,
Бабик К.Н. Проектирование зданий с заданным
уровнем обеспечения сейсмостойкости (с учётом
рекомендаций
Еврокода
8,
международных
стандартов и требований ДБН). Киев: ГП ГНИИСК,
2012. 53 с.
31. Соснин А.В. Об особенностях методологии
нелинейного
статического
анализа
и
его
согласованности с базовой нормативной методикой
расчёта зданий и сооружений на действие
сейсмических сил // Вестник ЮУрГУ. Серия
"Строительство и архитектура". 2016. № 1(16).
С. 12–19.
32. Соснин А.В. Особенности оценки дефицита
сейсмостойкости железобетонных каркасных зданий
методом нелинейного статического анализа в
SAP2000
//
Техническое
регулирование
в
транспортном строительстве. 2015. № 6(14).
С. 97–110.

Ivanov A.Y., Chernogorskiy S.A.,Vlasov M.P. Structural seismic design optimization by economic criteria. Magazine
of Civil Engineering. 2018. No. 4 (80). Pp. 138–150.
149

Инженерно-строительный журнал, № 4 (80), 2018
32. Sosnin A.V. Osobennosti otsenki defitsita seysmostoykosti
zhelezobetonnyih karkasnyih zdaniy metodom nelineynogo
staticheskogo analiza v SAP2000 [Earthquake resistance
shortage estimation features of RC frame buildings using
nonlinear static analysis and software SAP2000].
Tehnicheskoe regulirovanie v transportnom stroitelstve.
2015. No. 6(14). Pp. 97–110.
33. Chkhikvadze K.T., Tsiskreli Ts.G., Chlaidze N.Sh.,
Kadzhaya L.D. Priminenie nelineinogo staticheskogo
(Pushover) metoda dlya otsenki povedenia konstruktsiy pri
seismicheskom vozdeistvii [The application of nonlinear
static (Pushover) methods for estimating the behavior of
structures under seismic excitation]. Stroitel'naya
mekhanika i raschet sooruzheniy. 2010. No. 2. Pp. 48–52.
34. Russian Seismic Code 14.13330.2014. SNiP II-7-81*
Stroitelstvo v seysmicheskikh rayonakh [Construction in
seismic regions]. TsNIISK im. V.A. Kucherenko, OAO
«NITs «Stroitelstvo». Moscow: OAO «TsPP», 2014. 126 p.
35. Poursha M., Khoshnoudian F., Moghadam A. The extended
consecutive modal pushover procedure for estimating the
seismic demands of two-way unsymmetric-plan tall
buildings under influence of two horizontal components of
ground motions. Soil Dynamics and Earthquake
Engineering. 2014. No. 63. Pp. 162–173.
36. Mohamad A., Poursha M. A non-adaptive displacementbased pushover procedure for the nonlinear static analysis
of tall building frames. Engineering Structures. 2016.
No. 126. Pp. 586–597.
37. Li S., Zuo Zh., Zhai Ch., Xie L. Comparison of static
pushover and dynamic analyses using RC building shaking
table experiment. Engineering Structures. 2017. No. 136.
Pp. 430–440.
38. Soleimani S., Aziminejad A., Moghadam A. Approximate
two-component incremental dynamic analysis using a
bidirectional
energy-based
pushover
procedure.
Engineering Structures. 2018. No. 157. Pp. 86–95.
39. Faal H.N., Poursha M. Applicability of the N2, extended N2
and modal pushover analysis methods for the seismic
evaluation of base-isolated building frames with lead rubber
bearings (LRBs). Soil Dynamics and Earthquake
Engineering. 2017. No. 98. Pp. 84–100.
40. Tsiavos A., Schlatter D., Markic T., Stojadinovic B.
Experimental and analytical investigation of the inelastic
behavior of structures isolated using friction pendulum
bearings. Procedia Engineering. 2017. No. 199.
Pp. 465–470.
41. Cancellara D., De Angeli F. Assessment and dynamic
nonlinear analysis of different base isolation systems for a
multi-storey RC building irregular in plan. Computers &
Structures. 2016.
42. Mazza F. Seismic demand of base-isolated irregular
structures subjected to pulse-type earthquakes. Soil
Dynamics and Earthquake Engineering. 2018. No. 108.
Pp. 111–129.

Andrei Ivanov*,
+(950)031-81-62; andreyivanov4@gmail.com
Sergey Chernogorskiy,
+7(911)917-78-16; chernog_sa@spbstu.ru
Mark Vlasov,
+7(965)061-07-87; markvlasov@mail.ru

33. Чхиквадзе К.Т., Цискрели Ц.Г., Члаидзе Н.Ш.,
Каджая Л.Д. Применение нелинейного статического
(Pushover) метода для оценки поведения конструкций
при сейсмическом воздействии // Строительная
механика и расчёт сооружений. 2010. № 2. С. 48–52.
34. СП 14.13330.2014. СНиП II-7-81* Строительство в
сейсмических районах / ЦНИИСК им. В.А. Кучеренко,
ОАО «НИЦ «Строительство». М.: ОАО «ЦПП», 2014.
126 с.
35. Poursha M., Khoshnoudian F., Moghadam A. The
extended consecutive modal pushover procedure for
estimating the seismic demands of two-way
unsymmetric-plan tall buildings under influence of two
horizontal components of ground motions // Soil
Dynamics and Earthquake Engineering. 2014. No. 63.
Pp. 162–173.
36. Mohamad A., Poursha M. A non-adaptive displacementbased pushover procedure for the nonlinear static
analysis of tall building frames // Engineering Structures.
2016. No. 126. Pp. 586–597.
37. Li S., Zuo Zh., Zhai Ch., Xie L. Comparison of static
pushover and dynamic analyses using RC building
shaking table experiment // Engineering Structures. 2017.
No. 136. Pp. 430–440.
38. Soleimani S., Aziminejad A., Moghadam A. Approximate
two-component incremental dynamic analysis using a
bidirectional energy-based pushover procedure //
Engineering Structures. 2018. No. 157. Pp. 86–95.
39. Faal H.N., Poursha M. Applicability of the N2, extended
N2 and modal pushover analysis methods for the seismic
evaluation of base-isolated building frames with lead
rubber bearings (LRBs) // Soil Dynamics and Earthquake
Engineering. 2017. No. 98. Pp. 84–100.
40. Tsiavos A., Schlatter D., Markic T., Stojadinovic B.
Experimental and analytical investigation of the inelastic
behavior of structures isolated using friction pendulum
bearings // Procedia Engineering. 2017. No. 199.
Pp. 465–470.
41. Cancellara D., De Angeli F. Assessment and dynamic
nonlinear analysis of different base isolation systems for
a multi-storey RC building irregular in plan // Computers
& Structures. 2016.
42. Mazza F. Seismic demand of base-isolated irregular
structures subjected to pulse-type earthquakes // Soil
Dynamics and Earthquake Engineering. 2018. No. 108.
Pp. 111–129.

Андрей Юрьевич Иванов*,
+(950)031-81-62;
эл. почта: andreyivanov4@gmail.com
Сергей Александрович Черногорский,
+7(911)917-78-16;
эл. почта: chernog_sa@spbstu.ru
Марк Павлович Власов,
+7(965)061-07-87; эл. почта: markvlasov@mail.ru
© Ivanov A.Y.,Chernogorskiy S.A.,Vlasov M.P., 2018

Иванов А.Ю., Черногорский С.А., Власов М.П. Оптимизация конструктивных решений сейсмостойкого
проектирования по экономическому критерию // Инженерно-строительный журнал. 2018. № 4(80).
С. 138–150.

150

