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1. INTRODUCTION

The objective of this study is to conduct a life-cycle cost
analysis (LCCA) of steel moment frames (SMF) designed
with a focus on failure mode control. To implement failure
mode control, the theory of plastic mechanism control
(TPMC) is employed. TPMC is an energy-based method
that utilizes the upper bound plastic theorem and balances
the energy associated with the internal and external works
done by the structure during the development of a plastic
mechanism in a seismic event [1]. This method ensures the
achievement of a global mechanism, wherein all plastic
hinges form in all beams and at the base of the columns in
the first story of a moment frame.

2. METHODOLOGY

The expected total life-cycle cost (TLCC) for seismic hazard
represents the average cumulative net present value of a
building, encompassing both initial costs and anticipated
expenses associated with damage over the expected lifespan

[2].

C(t:X):Co(X)"'CLc(t:X) ®

Where C, is the initial cost, C; is the expected life-cycle
cost of the structure, and X is the design variable vector. The
C . is calculated for the lifetime ¢ of the structure as follows

[3]:
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Where C, - ; is the expected damage cost for the ith limit
state (L.S), n is the number of LSs, A is the constant discount
rate per year, V is the annual seismic hazard occurrence rate
assuming a simple Poisson process distribution, and P; is
the failure probability of the ith damage state as follows [4]:

Pi(t,X):_v—tl[ln(1—Pt(d>DIi))—ln(1—Pt(d: <
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Where P, (d >DI ,-) is the t-year failure probability of
exceeding of ith damage state (DS), quantified as:

Pd>D1,=1-(1-P, | @

Where P afi is the annual probability of exceedance, which
can be calculated using seismic fragility function,
p {d>D1i\/ 3I= a}, and seismic hazard, H (a) as follows
[5]:

PAﬁ:f P[d>DII.\/S:a]‘dZI—(£a) da (5)
0

The seismic fragility function can be described as cumulative
lognormal distribution as follows:

P[d>DI\/S:a}ztb{(lna—lnSa)/BT} (6)

Where @ is the standard normal cumulative distribution, S,

is the median value of the fragility of the structure, and BT
is the standard deviation of the natural logarithm of the
mean DI demand of the structure in ith DS under the
earthquake with a spectral acceleration a. The dispersion
parameter ST reflecting total uncertainties for each LS is
estimated as follows [6]:

BT:\/BizTR"'BJZJR"'B;D"'ﬁi/IDL ™)

Where Pz is the record-to-record uncertainty, and f3pg,

B and PBypp, with values of 0.1, 0.2, and 0.2

respectively, represent the design requirements-related, test
data-related, and modeling uncertainties. The seismic

hazard, H|a|=P[3>a), is the annual probability of
exceeding specified levels of IM, a, as follows:

Hlal=kya™ 8)



Where K, and k are the constants depending on the site of
the structure. Figure 1 illustrates the LCCA flowchart
employed in this research. It is noted that in Eq.(2), C; ;
itself involves some other damage cost components as

follows [7]:
Crc.;=Cs+Cis+Cp+Cc+Ci+Ch )

Where for the ith LS the components of C 5 ; described and
quantified as Table 1.
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Figure 1. Methodology of life-cycle cost assessment used in this study.

Table 1. Costs related to jth limit state [7, 8].

Cost  Description Basic cost ( Relation
B,(

C lS Structural damage $1500/m? BS DiIl A ‘
C ;V S Non-structural damage $500/m? BNS D—Il A )
C ; Cost of rent loss $10/month/m’ BR Ar TRi

. . 2
Ce g domimeotwoting BeA T
C ;\/I . Cost of minor injuries $2x10°/person p BMI D—Il i
C g ’ Cost of serious injuries $2x10*/person p BSI D—Il R
C ;7 Cost of human fatalities $2.8x10%/person p BF D—Il R

D—Ii = mean damage state (see Table 2)
A f= Floor area

A r = Rentable floor area

TDi= Loss of time in ith LS (see Table 2)

Occupancy rate p = 0'02

RMI e R SLi & RF. i: minor injury, serious injury and human fatality rate in the it.h LS (see
Table 2)

3. PRACTICAL EXAMPLES

The SMFs are designed according to both current seismic
provision codes and by TPMC. These designed structures
are displayed in Figure 2. To compare the seismic behavior
of these structures and validate the TPMC design
procedure, pushover analyses were conducted, with the
results presented in Figure 3.
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4. RESULTS

The seismic fragility of both the SMFs designed according
to current seismic provision codes and those designed by
TPMC was assessed through incremental dynamic analyses
(IDA). Figure 4 displays the scaled spectra of the
considered earthquake records and the ASCE 7-22
spectrum. The IDA results are presented in Figure 5. By
defining limit states as presented in Table 2, a fragility
analysis was conducted, and the fragility curves are
illustrated in Figure 6. The dispersion parameters and
median of the failure spectral accelerations are reported in
Table 3. Using the hazard function shown in Figure 7, a
LCCA was performed.

The expected economic losses throughout the life cycle,
were compared between the two SMFs as shown in Table 4
and Figure 8. The results demonstrate that the SMF designed
using TPMC, despite having higher initial costs, ultimately
reduces the expected costs of the structure due to its superior
seismic performance.



Figure 2. SMFs are designed using steel F y =310.66 MPa, seismic

parameters of I 621, R=7.0, C = 5.5, and site of structures
—1.U, — V.0 for a) Code-based design, an TPMC-base

Sps=1.0, S;;=0.6 for a) Code-based d d b) TPMC-based

design with design drift ratio,  =(0.04.
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Table 2. Definition of limit state in term of inter-story drift ratio (%) [9]
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Figure 3. Pushover curves of designed structures. The Equilibrium
Mechanism Curve is provided to show validation of design in TPMC

procedure.
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Figure 4. Scaled considered record spectra to standard spectrum at
fundamental period used for IDA.

5. CONCLUSIONS

From an economic perspective within the realm of LCCA,
TPMC emerges as the more favorable choice for the seismic
design of structures.

Table 3. Record by record and total dispersion of and average spectral
acceleration in each limit state.

LS Code-Based Design TPMC-Based Design
:BRTR :8 TOT Sa (8 B RTR B TOT Sa
(3]

Slight 0.512 0.540 0.112 0.352 0.392 0.115
Light 0.513 0.542 0.281 0.352 0.393 0.288
Moderate  0.515 0.543 0.393 0.354 0.394 0.403
Heavy 0.519 0.547 0.836 0.346 0.387 0.868
Major 0.442 0.474 1.417 0.305 0.350 1.476
Collapse 0.339 0.381 2.251 0.275 0.325 2.316

Damage DS in term YA

state (DS) of DR (%) D Ii TDi TRi RMI.i RSI.i RF.i
(%) (%) (%)

I- None DR<0.2 0 0 0 0 0 0

1I- Slight 0.2<DR<0.5 0.5 0.9 0.5 3x10° 4x10° 1x10°

III- Light 0.5<DR<0.7 5 3.33 5 3x10* 4x10° 7.4x10*

1v- 0.7<DR<1.5 20 12.4 20 3x10° 3.2x10? 9x10*

Moderate

V- Heavy 1.5<DR<2.5 45 34.8 45 2.6 0.35 0.09

VI- Major 2.5<DR<5.0 80 65.4 80 27 3.6 0.9

VII- DR>5.0 100 100 100 35.7 35.7 18

Collapse
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Figure 5. Maximum inter-story drift ratio (MIDR) of a) code-based design,
and b) TPMC-based design SMF.
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Figure 7. Considered seismic hazard curve used in LCCA.

Table 4. LCCA results for designed structures for t=25(years,

Seismic hazard curve for a site located in
- the Los Angeles, CA. with and

| | 4
0 0.25 0.5 0.75 1

v=0.02.and A=0.05. The cost parameters are in term $1000.

e
~

Collapse umm DS

Probability of exceedance
=] =]
w )]

<
o

TPMC-based design

o
Iy

— — — — Code-based design

25 3 3.5 4

Sa(T,,5%)/g

Figure 6. Fragility curves of designed SMFs for all limit states.
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DS
Pi CLC,i CLC Pi CLC.i CLC
I- None 0.0 0.0 0.0 0.0 0.0 0.0
1I- Slight 3.40E-01 118.6 14.8 1.82E-01 118.6 7.93
1II- Light 1.75E-02 2118 13.6 9.68E-03 2118 7.53
1v- 1.03E-02 17600 66.3 5.79E-03 17600 37.44
Moderate
V- Heavy 1.27E-03 146745 68.7 6.43E-04 146745 34.62
VI- Major 2.26E-04 1392562 115.5 1.28E-04 1392562 65.67
VII- 5.44E-05 26637210  532.2 4.21E-05 26637210 412.09
Collapse
Total 811.1 565.3
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Figure 8. LCCA results vs. service life time of designed structures.

6. REFERENCES

[1] M. Fathi Sepahvand, J. Akbari, “Toward seismic design
of tall steel moment resisting frames using the theory of
plastic mechanism control”, Journal of Building
Engineering, vol. 24, 2019.

[2] Y-K . Wen, Y. Kang, “Minimum building life-cycle cost
design criteria. I: Methodology”, Journal of Structural
Engineering, vol. 127, no. 3, pp. 3307, 2001.

[3] M. Fragiadakis, N. D. Lagaros, M. Papadrakakis,
“Performance-based multiobjective optimum design of
steel structures considering life-cycle cost”, Structural
and Multidisciplinary Optimization, vol. 32, pp. 1-11,
2006.



[4] B. R. Ellingwood, Y. K. Wen, “Risk-benefit-based
design decisions for low probability/high consequence
earthquake events in Mid-America”,  Progress in
Structural Engineering and Materials, vol. 7, no. 2, pp.
56-70, 2005.

[5] E. Miranda, H. Aslani, “Probabilistic Response
Assessment for Building-Specific Loss Estimation”,
Pacific Earthquake Engineering Research Center, PEER
Report 2003/03, 2003.

[6] FEMA P695, “Quantification of building seismic
performance factors,” Washington, DC, 2009.

[71 B.R. Ellingwood, K. Kinali, “Quantifying and
communicating uncertainty in seismic risk assessment”,
Structural Safety, vol. 31, no. 2, pp. 179-87, 2009.

[8] N.D. Lagaros, "Life-cycle cost analysis of design
practices for RC framed structures", Bulletin of
Earthquake Engineering, vol. 5, pp. 425442, 2007.

[9] ATC-13, “Earthquake Damage Evaluation Data for
California”, Applied Technology Council, 1985.

7. AUTHOR BIOGRAPHIES

Mostafa Fathi
Sepahvand holds a D.
Eng. in Structural
Engineering from Malayer
University, Iran, and
currently serves as a
postdoctoral researcher at
Chulalongkorn  University.
His  research  primarily
centers around structural
dynamics, nonlinear

. structural analysis, seismic
design, plastic design, numerical methods in structural
engineering, optimization, and probabilistic analysis of
structures.

Akhrawat Lenwari is a
Professor in  Structural
Engineering, Department of
Civil Engineering, Faculty
of Engineering,
Chulalongkorn  University,
Thailand. His research
works include strengthening
and repair of bridges and
buildings,  fatigue  and
fracture mechanics, finite
element analysis, advanced
structural analysis, adhesive-bonded joints, fiber-reinforced
polymers, steel and composite structures.

Bangkok, Thailand: October 2023

TSER2023

The 1% Thailand Symposium on Earthquake Research



	1. INTRODUCTION
	2. METHODOLOGY
	3. PRACTICAL EXAMPLES
	4. RESULTS
	5. CONCLUSIONS
	6. REFERENCES
	7. AUTHOR BIOGRAPHIES

