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 
Abstract—Optimal load factors (dead, live and seismic) used for 

the design of buildings may be different, depending of the seismic 
ground motion characteristics to which they are subjected, which are 
closely related to the type of soil conditions where the structures are 
located. The influence of the type of soil on those load factors, is 
analyzed in the present study. A methodology that is useful for 
establishing optimal load factors that minimize the cost over the life 
cycle of the structure is employed; and as a restriction, it is 
established that the probability of structural failure must be less than 
or equal to a prescribed value. The life-cycle cost model used here 
includes different types of costs. The optimization methodology is 
applied to two groups of reinforced concrete buildings. One set 
(consisting on 4-, 7-, and 10-story buildings) is located on firm 
ground (with a dominant period Ts  0.5 s) and the other (consisting 
on 6-, 12-, and 16-story buildings) on soft soil (Ts  1.5 s) of Mexico 
City. Each group of buildings is designed using different 
combinations of load factors. The statistics of the maximums inter-
story drifts (associated with the structural capacity) are found by 
means of incremental dynamic analyses. The buildings located on 
firm zone are analyzed under the action of 10 strong seismic records, 
and those on soft zone, under 13 strong ground motions. All the 
motions correspond to seismic subduction events with magnitudes M
 6.9. Then, the structural damage and the expected total costs, 
corresponding to each group of buildings, are estimated. It is 
concluded that the optimal load factors combination is different for 
the design of buildings located on firm ground than that for buildings 
located on soft soil.  
 

Keywords—Life-cycle cost, optimal load factors, reinforced 
concrete buildings, total costs, type of soil. 

I. INTRODUCTION 

design process focuses on getting the best cost/reliability 
ratio. Some reliability-based design methods are 

described in [1]. The expected costs during the useful life of 
the structures play an important role when establishing 
parameters for the design. The determination of costs in an 
issue that has been extensively studied in recent decades by 
various authors [2]-[9]; however, these methodologies, in 
general, are limited to particular cases. 

Recently, general methodologies have been proposed to 
establish optimal load factors combination that guarantees the 
minimum total cost expected in the useful life of the structures 
[10]. 
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II. METHODOLOGY 

The methodology used in the present study is as follows: 
1. Different reinforced concrete buildings are designed using 

different load combinations in accordance with a given 
code. In this study, we used the Mexico City Building 
Code (MCBC-2004). 

2. The maximum inter-story drift (MID) of each structure 
(associated with the structural capacity), is obtained by 
means of Incremental Dynamic Analysis (IDA). 

3. For each load combination corresponding to each 
building, the annual rate of exceedance of a certain MID 
is evaluated as [11], [12]: 
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where, :)(dD maximum drift demand hazard curve, :d  

value of the MID; :D structural demand, represented by the 
MID; :aS  pseudo-acceleration associated with the 

fundamental period of the building; :)|( aSdDP  fragility 

curve, which represents the conditional probability that D 
exceeds the value d, given an intensity Sa; and :)( aS  seismic 

hazard curve for the site of interest, which represents the 
average annual number that a seismic ground motion occurs 
with an intensity equal or greater than Sa. 
4. Then, the average annual rate of structural failure for each 

combination is calculated using (2) [13], [14]: 
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where f : average annual rate of structural failure. It 

represents the average number of times per year that the 
demand d exceeds the capacity C; and )( dCP  : probability 

that the structural capacity C (near collapse limit-state) is 
smaller than d. 

The buildings whose designs have an average annual rate of 
structural failure greater than that implicit in the MCBC-04 are 
discarded; so, the following condition is established: 

 

)()( 04,0  MCBCf                          (3) 

 
5. Based on the simulated seismic demands and on the 

capacity of the structure, the damage index of the 
structures is calculated. With this, it is possible to 
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calculate the total costs, which must be transported to 
present value with the following expression: 
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where VP: value at time 0 (i.e., at present); VF: value in time n 
(i,e., at future); i: discount rate; and n: number of years to be 
considered. 
6. For each load combination, the estimated total cost (CT) 

associated with the life-cycle of the structure is estimated 
(buildings are assumed to have a life-cycle of 50 years) 
as: 

 
)()()(  dIT CCC                        (5) 

 
where, CT: total cost associated with the life-cycle of the 
structure, CI: initial cost, Cd: cost associated with structural 
damage,  : specific load combination  

7. The optimal combination of the factors corresponding to 
dead, live, and earthquake loads is obtained, based on the 
minimum total cost. That is, the total cost is minimized 
as: 

 

 )(min TC                                  (6) 

III. STRUCTURAL CAPACITY AND SEISMIC STRUCTURAL 

DEMANDS 

A. Structural Capacity 

Structural capacity curves are obtained from incremental 
dynamic analyses, IDA [15]. In this study, the parameter to 
measure the damage is the MID that is plotted versus the 
seismic intensity at which the seismic record is scaled, and this 
graphic representation is known as curve IDA. 

To determine the structural behavior in the seismic 
environment, it is necessary to obtain a collection of capacity 
curves using different seismic records of the same family. 

From these curves, the statistics of the yielding limit-state 
and of the collapse limit-state are defined. 

B. Seismic Structural Demands 

To estimate the total cost during the life-cycle of the 
structures it is necessary to obtain the seismic structural 
demands. In this study, the structural demands are given in 
terms of the MID. Different values of this parameter (chosen 
to measure structural damage) are obtained from the structural 
demand hazard curves, by means of Monte Carlo simulations. 
For the numerical simulation of the seismic structural 
demands, the inverse transformation method is used [16]. 

It is assumed that the occurrence times of the seismic events 
follow a Poisson process. Thus, the waiting times between 
events are modeled with an exponential probability 
distribution. 

IV. COSTS ANALYSIS 

The total cost includes the initial cost and the cost 

associated with structural damage that occurs during the life-
cycle of the structure. 

A. Initial Cost 

The initial cost (CI) includes direct cost, indirect cost and 
the utility paid to the builder. Equation (7) is useful for 
estimating the initial cost through the costs of materials 
(concrete and steel) [17]. 

 

MI CC 93.1                                   (7) 
 

where CM is the cost of materials. 

B. Cost Associated with Structural Damage 

The cost of damages (Cd) can be considered as the sum of 
the following costs: repair or reconstruction, CPR; loss of 
content, CPC; indirect losses, CPI; loss of life, CPV; and injuries, 
CPL. Then, the cost associated with damages is expressed as 
[2]: 

 

PLPVPIPCPRd CCCCCC               (8) 
 

Structural damage costs are estimated from a measure of 
physical damage, represented by the damage index, DI, which 
takes values between 0 and 1. Thus, for the case of total 
damage DI is equal to 1, while it is 0 when there is no damage. 
DI is given by [18]: 
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where d : MID demand in the structure; y : MID associated 

with the service limit-state (structure without damage); and 

u : MID associated with the collapse limit-state. 

1. Repair or Reconstruction Cost 

In many cases, the damages are very severe, and by security 
it is necessary to demolish the structure. Reference [19] 
establishes that, from an ID>0.7 in reinforced concrete 
structures, the repair can no longer be carried out, so it is 
necessary to demolish. The cost for repair or reconstruction is 
given by [10]: 
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2. Loss of Contents 

The maximum cost for loss of contents (ID≥1) is a fraction 
of the initial cost of the building, adopting a fraction of 50% 
[20]. For the case of ID <1, a cost variation is considered as a 
function of the ID in a linear way. Thus, the cost of contents 
loss is defined as [2]: 
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3. Indirect Loss 

In this study, the structures analyzed are office buildings, so 
that indirect losses are associated with not generating money 
due to the rent during the time the structure is repaired or 
rebuilt. The cost for indirect losses is estimated using [2]: 
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where PR is the maximum period (in months) of 
reconstruction, A is the building area (in square meters) and R 
is the cost per square meter of rent per month. 

4. Cost of Fatality 

To estimate the cost of loss of life, it is necessary to 
estimate the average number of people killed within a 
construction area, during intense seismic events. To do this, a 
nonlinear regression to estimate the number of deaths (Nd) as a 
function of the collapsed area was employed. The regression is 
based on the total area of collapsed buildings in Mexico City 
during the 1985 earthquake [21] and the number of deaths 
[22]. Here, Nd is defined as: 

 
2531744.548.45 ANd                       (13) 

 
where A is the area of collapsed building in 1000m2. 

The maximum cost for life loss (ID≥1) is equal to the 
number of deaths multiplied by the expected value of their 
income during their working life (IVL). Therefore, the cost for 
life loss is calculated by using (14) [2]. For ID <1, a cost 
variation is assumed as a function of the ID raised to the 
fourth power. 
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5. Cost of Injuries 

The cost of injuries refers to the costs involved during the 
hospital stays of people injured in an earthquake. 

According with [2], the average number of people injured 
per unit of collapsed area of buildings is equal to 0.0168/m2. 
This amount is the result of dividing the number of injuries 
reported in the 1985 earthquake that affected Mexico City [22] 
by the total area of collapsed buildings [21]. 

The maximum cost for injuries (ID≥1) is calculated by 
using (15) [2], where the number of people with disability is 
equal to 10% of the total number of injured, while the 
remaining 90% have injuries without disability. For ID <1 a 
cost variation is assumed as a function of the ID raised to the 
second power. 

 

 
 









1);)(0168.0(9.01.0

10);)()(0168.0(9.01.0 2

DIACLSCLI

DIDIACLSCLI
CPL (15) 

 
where CLI is the cost for injuries with disability, and CLS is 

the cost for injuries without disability. 

V.  CHARACTERISTICS OF THE BUILDINGS ANALYZED  

In the present study three reinforced concrete buildings with 
different number of stories and different separation of bays for 
each type of soil (firm ground and soft soil) are analyzed. The 
structuring is based on orthogonal rigid frames, with three 
bays in both directions at constant separations and with a story 
height constant of 4 m for all stories. Therefore, the buildings 
have a symmetrical distribution both in floor and in elevation. 
Table I shows the geometric characteristics of the buildings 
analyzed. 

 
TABLE I 

GEOMETRIC CHARACTERISTICS OF REINFORCED CONCRETE BUILDINGS 

Soft soil Firm ground 
Num. of 
stories 

Separation of 
bays (m) 

Num. of 
stories 

Separation of 
bays (m) 

6 6 4 6 

12 8 7 7 

16 8 10 8 

A. Analysis and Structural Design Specifications 

The buildings are designed in accordance with Mexico City 
Building Code (MCBC-2004). Table II shows the different 
combinations used for the buildings design. 

VI. RESULTS 

The methodology mentioned in Section II was applied to 
the two groups of reinforced concrete buildings designed with 
the load factors combinations listed in Table II. Results 
corresponding to the structural systems located on the two soil 
types are shown below. 

A. Soft Soil 

Table III shows a summary of costs normalized with respect 
to the initial cost of combination 1, CI(1), expected on average 
during the life-cycle of the three buildings (6, 12, and 16 
stories) located on soft soil, corresponding to each load 
combination. 

From Table III it can be seen that combination 4 
corresponding to FCM=1.1, FCV=1.1 and FCS=1.4, is associated 
with the minimum total cost. 

 
TABLE II 

LOAD FACTORS COMBINATIONS 

Combination FCM FCV FCS 

1 1.1 1.1 1.1 

2 1.1 1.1 1.2 

3 1.1 1.1 1.3 

4 1.1 1.1 1.4 

5 1.1 1.1 1.5 

6 1.1 1.1 1.6 

7 1.1 1.1 1.7 

8 1.1 1.1 1.9 

9 1.1 1.1 3 

FCM: dead load factor; FCV: live load factor; FCS: seismic load factor 
 

Fig. 1 shows the behavior of each of the standardized costs 
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with respect to the initial cost of combination 1, CI(1), which 
can be expected during the life-cycle of the three buildings (6, 
12, and 16 stories) corresponding to combination 1 to 9. 

 
 

TABLE III 
SUMMARY OF STANDARDIZED COSTS (6, 12 AND 16 STORIES) 

Combination CI/ CI(1) Cd/ CI(1) CT/ CI(1) 

1 1.000 1.153 2.153 

2 1.038 0.958 1.997 

3 1.090 0.880 1.970 

4 1.130 0.826 1.957 

5 1.177 0.793 1.970 

6 1.294 0.766 2.060 

7 1.341 0.726 2.067 

8 1.507 0.616 2.123 

9 2.783 0.176 2.959 

CI: initial cost; Cd: structural damage cost; CT: total cost 
 

 

Fig. 1 Standardized cost with respect to the initial cost of 
combination 1, CI(1) of the three buildings (6, 12, and 16 stories) on 

soft soil 

B. Firm Ground 

Table IV shows a summary of costs normalized with respect 
to the initial cost of combination 1, CI(1), expected on average 
during the life-cycle of the three buildings (4, 7, and 10 
stories) located on firm ground, corresponding to each load 
combination. 

From Table IV, it can be seen that combination 1 associated 
with an FCM=1.1, FCV=1.1 and FCS=1.1, generates the 
minimum total cost. 

 
TABLE IV 

SUMMARY OF STANDARDIZED COSTS (4, 7 AND 10 STORIES) 

Combination CI/ CI(1) Cd/ CI(1) CT/ CI(1) 

1 1.000 0.144 1.144 

2 1.008 0.143 1.150 

3 1.015 0.141 1.156 

4 1.024 0.130 1.154 

5 1.031 0.128 1.159 

6 1.043 0.124 1.167 

7 1.053 0.113 1.166 

8 1.080 0.112 1.192 

9 1.298 0.081 1.379 

CI: initial cost; Cd: structural damage cost; CT: total cost 
 
Fig. 2 shows the behavior of each of the standardized costs 

with respect to the initial cost of combination 1, CI(1), which 
can be expected during the life-cycle of the three buildings (4, 
7, and 10 stories), corresponding to combinations 1 to 9. 

 

 

Fig. 2 Standardized cost with respect to the initial cost of 
combination 1, CI(1) of the three buildings (4, 7, and 10 stories) on 

firm ground 

VII. CONCLUSION 

Based on the results obtained, it is concluded that, for 
structures located on firm ground, the optimal combination of 
design load factors, that gives place to the minimum total 
structural cost is: 

 
FCM=1.1, FCV=1.1 and FCS=1.1 

 
On the other hand, the costs associated with earthquake 

damage during the life-cycle of structures located on soft soils 
are important and have a significant influence on the load 
factors selection. For structures located on soft soil of Mexico 
City, the optimal combination of design load factors that gives 
place to the minimum total structural cost is: 

 
FCM=1.1, FCV=1.1 and FCS=1.4 

 
Therefore, it was shown that the optimal combination of 

load factors is different for the design of buildings located on 
firm ground and for buildings located on soft soil. 

ACKNOWLEDGMENT 

The scholarship given by CONACyT to the first author is 
appreciated. This research had the support of DGAPA-UNAM 
under project IN103517. 

REFERENCES   
[1] N. Gayton, A. Mohamed, J. D. Sorensen, M. Pendola, and M. Lemaire, 

“Calibration methods for reliability-based design codes,” Structural 
Safety, vol. 26, no. 1, pp. 91-121, 2004. 

[2] D. De León, “Integration socio-economics in the development of criteria 
for optimal aseismic design of R/C buildings,” PhD. Thesis, University 
of California, 1991. 

[3] Y. K. Wen, and Y. J. Kang, “Minimum building life-cycle cost design 
criteria. II: applications,” Journal of Structural Engineering, ASCE, vol. 
127, no. 3, pp. 338-346, 2001. 

[4] E. Aktas, F. Moses, and M. Ghosn, “Cost and safety optimization of 
structural design specifications,” Reliability Engineering & System 
Safety, vol. 73, no. 3, pp. 205-212, 2001. 



International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734

Vol:11, No:6, 2017

728

 

 

[5] N. D. Lagaros, “Life-cycle cost analysis of design practices for RC 
framed structures,” Bulletin of Earthquake Engineering, vol. 5, pp. 425-
442, 2007. 

[6] A. H.-S. Ang, “Life-cycle considerations in risk-informed decisions for 
design of civil infrastructures,” Structure and Infrastructure 
Engineering, vol. 7, no. (1-2), pp. 3-9, 2011. 

[7] L. Esteva, D. Campos, and O. Díaz-López, “Life-cycle optimization in 
earthquake engineering,” Structure and Infrastructure Engineering, vol. 
7, pp. 33-49, 2011. 

[8] C. Ch. Mitropoulou, N. D. Lagaros, and M. Papadrakakis, “Life-cycle 
cost assessment of optimally designed reinforced concrete buildings 
under seismic actions,” Reliability Engineering & System Safety, vol. 96, 
no. 10, pp. 1311-1331, 2011. 

[9] G. Barone, and D. M. Frangopol, “Life-cycle maintenance of 
deteriorating structures by multiobjective optimization involving 
reliability, risk, availability, hazard and cost,” Structural Safety, vol. 48, 
pp. 40-50, 2015. 

[10] J. Bojórquez, S. E. Ruiz, B. Ellingwood, A. Reyes-Salazar, and E. 
Bojórquez, “Reliability-based optimal load factores for seismic design of 
buildings”, submitted for publication in Earthquake Engineering & 
Structural Dynamics. 

[11] C. A. Cornell, “Engineering seismic hazard analysis,” Bulletin of the 
Seismological Society of America, vol. 58, no. 5, pp. 1583-1606, 1968. 

[12] L. Esteva, “Bases para la formulación de decisiones de diseño sísmico,” 
PhD. Thesis, Facultad de Ingeniería, UNAM, México, 1968. 

[13] C. A. Cornell, F. Jalayer, R. O. Hamburger, and D. A. Foutch, “The 
probabilistic basis for the 2000 SAC/FEMA steel moment frame 
guidelines,” Journal of Structural Engineering, ASCE 128, pp. 526–533, 
2002. 

[14] M. A. Montiel, and S. E. Ruiz, “Influence of structural capacity 
uncertainty on seismic reliability of building structures under narrow-
band motions,” Earthquake Engineering & Structural Dynamics, vol. 
36, 1915-1934, 2007. 

[15] D. Vamvatsikos, and C. A. Cornell, “Incremental dynamic analysis,” 
Earthquake Engineering and Structural Dynamics, vol. 31, 491-514, 
2001. 

[16] R. Y. Rubinstein, “Simulation and the Monte Carlo Method,” John 
Wiley and Sons, pp. 372, 1981. 

[17] I. Velázquez, “Costos iniciales de edificios de C/R en la zona IIIb 
considerando distintas combinaciones de factores de carga,” Master 
Thesis, Programa de Posgrado en Ingeniería, UNAM, México, 2015. 

[18] D. Tolentino, and S. E. Ruiz, “Time intervals for maintenance of 
offshore structures based on multiobjetive optimization,” Mathematical 
Problems is Engineering, doi: http://dx.doi.org/10.1155/2013/125856, 
2013. 

[19] D. De León, and A. H.-S. Ang, “A damage model for reinforced 
concrete buildings, Futher study with the Mexico City earthquake,” 
Structural Safety and Reliability, Balkema Rotterdam, pp. 2081-2087, 
1995. 

[20] A. Surahman, and K. B. Rojaniani, “Reliability based optimum design of 
concrete frames, “Journal of the Structural Division, ASCE, vol. 109, no. 
3, pp. 71-76, 1983. 

[21] Instituto de Ingeniería, UNAM, “Efectos de los sismos de septiembre de 
1985 en las construcciones de la Ciudad de México,” Mexico Distrito 
Federal, 1985. 

[22] Tokyo Metropolitan Government, “Report in the investigation of the 
earthquake in Mexico,” June 1986. 


