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ABSTRACT: This study aims to assess reinforced concrete moment frames designed at varying
ductility levels within a typical reinforced concrete structure, from a reliability perspective. The article
explores the probabilistic methods for designing different ductility levels in the current Iranian Concrete
Code, focusing on reliability. Specifically, a three-story concrete moment frame structure, designed to
low, medium, and special ductility levels as per the Iranian code, is studied. The reliability analysis
encompasses uncertainties in loading, dimensional parameters, and evaluating structural performance
functions such as floor drift and acceleration. The study utilizes horizontal earthquake components
specified by the FEMA P-695 standard to analyze earthquake record uncertainties. Furthermore, a
comparison of the reliability index and probability of failure for each performance function is used to
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assess failure uniformity. The findings reveal a maximum probability of failure in collapse damage state

of approximately 9%, 5%, and 2% for low, medium, and special ductility frames, respectively.
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1- Introduction

Despite the widespread use of concrete frames in
construction, significant damage has been observed in these
structures in some recent seismic events around the world,
resulting in human and financial losses (for example, the Sarpol
Zahab earthquake in 2016). Hence, numerous researchers
have recently explored the seismic performance of reinforced
concrete structures using diverse approaches. Reliability
analysis is increasingly deemed the optimal method for
evaluating the effectiveness of earthquake-resistant structural
systems. This is due to its ability to consider the uncertainties
in seismic loads and structural capacity. Lu et al. (1994)
assessed the reliability of reinforced concrete beams designed
according to ACI regulations. They examined a variety of
beams in different positions and compared the reliability index
for various modes. Their results emphasized the influence of
live load and material strength on the reliability index [1].
Dymiotis et al. (1999) studied the reliability of reinforced
concrete frames, assuming uncertainty in the structure’s
stiffness and capacity. Their approach includes accounting for
both local member failure and overall structure failure. They
utilized seismic table test results from small-scale models
of reinforced concrete frames to statistically represent the
structure’s critical response [2]. Arafah examined the factors
influencing the reliability of concrete beams, including
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concrete strength, cross-sectional dimensions, stress in the
beam, and shear strength. These factors need to be considered
in structural design [3]. The study by Dymiotis et al. (2002)
compared bending frames with frames containing masonry
infills. They found that in the ultimate limit state, the ductility
of concrete was the primary determinant of failure probability.
However, in the serviceability limit state, the shear resistance
of building materials had a more significant impact [4]. The
analysis and design of structures using reliability theory have
garnered substantial attention recently. Several studies have
explored the reliability of structures, yielding noteworthy
results. However, few research studies have been conducted
on examining current regulations using reliability theories
in concrete structures. For this purpose, in this research, by
Considering the uncertainties mentioned in the probability
space and the design of the structure based on the current
regulation, the reliability of different bending concrete frames
designed based on the regulation is investigated, and in this
way, the effect of the uncertainties directly in regulations is
studied.

2- Methodology

In this study, the initial step involves analyzing and
designing 3D models using Etabs software. Subsequently, a
2D frame of each structure is modeled in Oppenses software
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Table 1. Reliability index values in low-ductility frame for drift and acceleration functions

Earthquake DS1 DS2 DS3 DS4
Acc. Drift Acc. Drift Acc.  Drift Acc.  Drift
Manjil -2.32 -2.32 -2.32 -2.32 -0.82 235 0.73 inf
Imperial Valley  -2.19 -2.19 -2.19 inf inf inf inf inf
Northridge -2.19 -2.19 -2.19 -2.19 2.02 inf 2.20 inf
Kobe -2.28 -2.28 -2.28 -2.28 0.37 098 0.99 1.40
Landers -2.19 -2.19 -2.19 -2.10 2.57 inf inf inf
Duzce -2.19 -2.19 -2.19 -2.19 1.33 inf 1.83 inf

Table 2. Reliability index values in medium-ductility frame for drift and acceleration functions

Earthquake DS1 - DS2 - DS3 - D54 -
Acc. Drift  Acc. Drift Acc. Drift Acc. Drift
Manjil -2.19  -2.19 -2.19 -2.19 -0.29 2.69 1.09 inf
Imperial Valley -2.26 -2.19 -2.26 inf inf inf inf inf
Northridge 222 -198 -1.59  -1.98 2.09 inf 2.67 inf
Kobe 226 226 226 -2.26 0.58 1.11 1.21 1.62
Landers -2.08 -2.08 -2.08 -2.08 inf inf inf inf
Duzce -2.19  -2.19 -2.19 -2.19 1.61 inf 2.69 inf

Table 3. Reliability index values in special-ductility frame for drift and acceleration functions

Earthquake DS1 - DS2 - DS3 - DS4 -

Acc. Drift Acc. Drift Acc.  Drift Acc. Drift

Manyjil -2.19 219 -219 -2.19 -0.29 inf inf inf
Imperial Valley -2.26 -1.96 -2.26 inf inf inf inf inf
Northridge -1.65  -1.65 -1.51 -1.65  2.68 inf 2.67 inf
Kobe -226 226 226 225  0.82 1.31 1.45 1.69
Landers -1.94 194 -194 -194 inf inf inf inf
Duzce -2.19  -2.19 -2.19 -2.19 inf inf inf inf

[5]. After the completion of modeling and static analysis,
a time history analysis is conducted. Lastly, the Oppenses
software is connected to the RT software to carry out the
reliability analysis.

For the seismic design of the structures, a very high
seismic zone and type 3 soil were selected in accordance with
regulation 2800 [6], with a base earthquake acceleration of
0.35. The study considered three frames of normal, medium,
and special type on 3 floors to compare the ductility as per
the lateral bearing system regulations for concrete bending
frames. All buildings assumed the same residential use and
gravity loading details. In total, three types of buildings with
identical geometric conditions and loading were investigated.
The dead and live loads of the structure floors were chosen as
600 and 200 kg/m2, respectively, following the sixth section
of the national regulations [7]. Additionally, the dead and live
loads of the roof were 500 and 150 kg/m2. The beam and
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column sections of each floor of the three-story building in
three low, medium, and special ductility levels are designed.
All three structures had similar frames in two directions with
three openings of 5.5 meters in length, and the height of each
floor was 3.2 meters.

3- Result and Discussion
3- 1- Reliability index values for the limit state functions of
drift and acceleration.

The reliability coefficient (B) obtained from earthquakes
in normal, medium, and special bending frame models for
damage levels from DS1 to DS4 are given in Tables 1, 2, and
3, respectively. In these tables, both functions of maximum
drift and maximum acceleration have been considered.
Among the analyses performed, none of the cases resulted in
failure, and the probability of the failure level was zero.

It is evident that failure at lower levels occurs earlier
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Fig. 1. The average failure probability at different risk levels according to the maximum acceleration
performance function
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Fig. 2. The average probability of failure at different risk levels according tothe maximum drift performance
function

due to the lower limit values of acceleration and drift in
performance functions when changing the model and
characteristics of the earthquake record. Therefore, lower
failure levels are less reliable and more likely to occur. In
other words, the possibility of the structure reaching the limit
values of drift and acceleration is lower at higher levels of
structural failure, resulting in a lower probability of failure.
Moreover, by comparing the values of normal, medium, and
special frames in each earthquake, it can be seen that the
highest B values are related to the special frame, which is due
to the greater plasticity of this frame. Therefore, the bending
frame with high ductility has a lower probability of failure.
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3- 2- failure probability diagram in the functional function of
maximum acceleration and drift

To further illustrate the difference in failure rates due to
acceleration and drift, the average failure probability of all
models is depicted in the two bar graphs of Figures 1 and 2.

4- Conclusions.

* In low, medium, and special-ductility moment frames
in areas with the same seismicity, it can be observed that the
average probability index of frame failure due to drift at the
collapse risk level was 1.3, 0.087, and 0.075%, respectively. It
is evident that low-ductility frames have a higher probability
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of failure than medium and special ones, while the probability
of failure of the medium moment frame is higher than the
special frame. This is attributed to the superior reinforcement
of concrete components, resulting in the special frame being
more flexible than the medium one, and the medium frame
being more flexible than the low-ductility frame

* The examination of results in the series system, i.e.,
the probability of simultaneous occurrence of collapse due
to acceleration or drift, indicates that the probability of
occurrence decreases with the increase of the failure level.
For example, the upper limit of failure probability of low,
medium, and special-ductility moment frames at the level of
collapse risk were 8.6, 1.1, and 0.2%, respectively. Since the
probability of series failure occurs based on the occurrence
of each of the limiting values of acceleration or drift, the
probability of series occurrence is higher than the probability
of each of the functional functions.

* The probability of failure due to acceleration in low,
medium, and special-ductility frames at the severe risk
level (level 3) were 21%, 16%, and 10% respectively. The
probability of failure due to drift in low, medium, and special-
ductility moment frames at the same risk level were 8.2%,
2.2%, and 5.1% respectively. Comparing the probabilities
of failure due to acceleration and drift shows that the non-
structural failure probability, i.e., the effect of acceleration,
is much higher than the structural collapse probability due
to drift.
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Table 2. Boundary values of acceleration and drift for different failure levels in concrete moment frame structure
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Table 3. Characteristics of far-field earthquakes according to FEMA P-695 regulations
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Fig. 4. Sections of beams and columns and reinforcement of columns in the special-ductility frame
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Table 4. Low-ductility frame reinforcement
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Table 6. Special-ductility frame reinforcement
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Table 7. Characteristics of random variables
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Fig. 8. Comparison of the force-deflection diagram of the second floor
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Table 8. Reliability index values in low-ductility frame for drift and acceleration functions
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Table 9. Reliability index values in medium-ductility frame for drift and acceleration functions
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Table 10. Reliability index values in special-ductility frame for drift and acceleration functions
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Fig. 10. The average failure probability at different risk levels according to the maximum acceleration
performance function
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Fig. 11. The average probability of failure at different risk levels according to the maximum drift
performance function
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Table 10. Combined probability of failure (P)) with acceleration and drift in the low-ductility frame
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Table 12. Combined probability of failure (P,) combined with acceleration and drift in the medium-ductility frame
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Table 13. Combined probability of failure (Pf) combined with acceleration and drift in the special-ductility frame

Y o

¥ ol e ¥ ol gl Vo> gl i
ey JJyeY +/aVA +/AYA YU 5y
o[y NARYS \ \ ol jye

Jgans siias B 5 Jlais] 6Vl 1 Jlto o &l o ialS
2o Ve g 1N NF iy s 5 & (052958 s gaw 3 0329 9 bawsie
)JbLo.a )‘ PIAf).Qv )‘..\5) dL.m P CanSs JL@.&I as L’>U] )‘ Lol 0dg
Sl sy go8y Jloin! cplplo widl o slasl cay oy b ol cansll o>
ol yidas (00, Sas mlgy il plaS o Jlois
9 Coanss) 03¢ Juoyd \'5 AV A ).gl).g Culy (Y’ c‘a.w) ..\J..\.w).]o_’> Cja.m
e 0329 g buwgio ((Jgens (oded QB > iy Sl p oS Jlezs]
Jhin] duslio Caol 035 1o yd> VO o FIY SN sy d ylas mdaw
Slojlups o3 Jlnl & wad o plis cips g Sld Jl p S
ol i Jln i) 515 glojls ol Jlas] Sl Glis S1 m
035 450 0sS (slolu 3550 40 0b 3L ol ol d)ai)li a5y

Al b ojlo plo & puend BB jty Sldllas (e 4

&lo

[1] [1] R. Lu, Y. Luo, J.P. Conte, Reliability evaluation of

reinforced concrete beams, Structural Safety, 14(4)
(1994) 277-298.

[2] C. Dymiotis, A.J. Kappos, M.K. Chryssanthopoulos,

Seismic reliability of RC frames with uncertain drift

and member capacity, Journal of Structural Engineering,

125(9) (1999) 1038-1047.

[3] A. Arafah, Factors affecting the reliability of reinforced
concrete beams,C.A  Brebbia,ISBN 1-85312-830-9,

V€

Gl p s S o] o8 bl )l aibly, alS+/-0Y
ke 18] o 3] iy 3 b ol ek (e ppolio 1 1S m 3l
seba 3o 2l il plaiSya Jleisl ) Sl g g58y Jloi
S5 41 08 3y S 1 5 b 5 ol e oIS e ol
s o5 e G plgin b oo (221 a3 Sl e b
slp 398 Gl aw ol Jleinl (Vb o o5 90 oo oy

ol 0351 12,3 ¥ 4D A D3gis 3L g bausgte o (6 mls IS5 L (glools

G5 Ao -

S5 oo b ilas (GoSie Al aw i B Y adlas (pl 5
e 3 oo el e i g onsn 35 5 bsgin o5 62
AlodS s b ollad (sl )8y (3,5 Ld Lojle (Jas o
b s el 4855118 (o) 2 3590 rgald Lawgs (g0 (S0 jgazmo
bl Joov glas Cluogad g dwiin b Cuslad pae (35l )
dawglo wiid o3 zobaw ly g 593 0jg> A5 55,V > bl
opl 53 el vty ol oM sl 0000)5 oy (By9y8 9 A
il 25 g & 35

b2l ) ok g bwgie (Jgens (ded ol gy b ¢
Lol olp Jlin! jadls bawgio & 298 o0 odalin sy (55505
o IV [V Y &y s s s 3 s 1
ly Gy calds Join! Jgome bl o8 Cul zusly (cunl 0dg
Cansd Jloin] piomed 03,5 Dbl 0fg 5 lawgio (sl 4 s
sgpaze bbb 4 doxi cpl iy ooy OB | lawgle (ded OLS
4 s ohog B il gy S8 dom )3 g i Slibad yig (S
Al o Jsere CB & Cuns lawgio BB g lawgio LI

2 0898 £8Pl Jleinl m (s a3 @S oy



checking when using non-normal stochastic models
for basic variables,Load Project Working Session,MIT,

Cambridge ,MA,USA, (1976).

[14] A. Haldar, S. Mahadevan, Probability, reliability, and
statistical methods in engineering design, J. Wiley &

Sons, Incorporated, 2000.

[15] H. Madsen, 0., Krenk, S., and Lind, NC, Methods of
Structural Safety, in, Prentice-Hall, Inc., Englewood

Cliffs, NJ, 1986.

[16] C.A. Cornell, A probability-based structural code, in:
Journal Proceedings, 1969, pp. 974-985.

[17] M. Mahsuli, T. Haukaas, Computer program for
multimodel reliability and optimization analysis, Journal
of Computing in Civil Engineering, 27(1) (2013) 87-98.

[18] H. Tajammolian, F. Khoshnoudian, Reliability of
symmetric and asymmetric structures mounted on TCFP
base isolators subjected to near-field earthquakes, Journal

of Performance of Constructed Facilities, 32(4) (2018).

[19] A.T. Council, Quantification of building seismic
performance factors, US Department of Homeland
Security, FEMA, 2009.

[20]1 PEER, (2008). Open System for Earthquake Engineering
Simulation (OpenSees). development platform by
the Pacific Earthquake Engineering Research Center
(PEER),, in, pp. http://opensees.berkeley.edu.

[21] Iranian Code of Practice for Seismic Resistant Design
of Buildings. Standard No. 2800, Tehran: Buildnig and
Housing Research Center,Edition 4.in Persian

[22] National Building Regulations, (1392). Part 6: Design
Loads for Buildings. Tehran: IRI Ministry of Roads and
Urban Development. . in Persian

[23] S. Fadavi, Reliability Based Evaluation of Seismic

Design Methods for Steel Moment Frames, Amirkabir

AEA]

WIT Transactions on Ecology and the Environment, 45

(2000).

[4] C. Dymiotis, B.M. Gutlederer, Allowing for uncertainties
in the modelling of masonry compressive strength,
Construction and building materials, 16(8) (2002) 443-
452.

[5] M. Bianchini, P. Diotallevi, J. Baker, Prediction of
inelastic structural response using an average of spectral
accelerations, in:  10th international conference on

structural safety and reliability (ICOSSARO09), 2009.

[6] K. Benaissa, K. Abdellatif, Reliability analysis of
reinforced concrete buildings: comparison between
FORM and ISM, Procedia Engineering, 114 (2015) 650-
657.

[71 H.-P. Chen, Monitoring-based reliability analysis of
aging concrete structures by bayesian updating, Journal
of Aerospace Engineering, 30(2) (2017).

[8] R. Thomas, K. Steel, A.D. Sorensen, Reliability
analysis of circular reinforced concrete columns subject
to sequential vehicular impact and blast loading,
Engineering Structures, 168 (2018) 838-851.

[9] M. HAZUS, MR4 Technical manual, Multihazard Loss

Estimation Methodology, (2003).

[10] F. Prestandard, commentary for the seismic rehabilitation
of buildings (FEMA356), Washington, DC: Federal
Emergency Management Agency, 7 (2000).

[11] A.S.0.C. Engineers, Seismic Evaluation and Retrofit of
Existing Buildings (ASCE/SEI 41-13).: , in, American
Society of Civil Engineers, 2014.

[12] A.M. Hasofer, N.C. Lind, Exact and invariant second-
moment code format, Journal of the Engineering

Mechanics division, 100(1) (1974) 111-121.

[13] R. Rackwitz, B. Fiessler, Note on discrete safety



reinforced concrete frames, ACI Structural journal, 89(1) University of technology, 2013. in Persian

(1992) 46-56. [24] G. Chang, J.B. Mander, Seismic energy based fatigue
damage analysis of bridge columns: part 1-evaluation
of seismic capacity, NCEER Technical Rep. No.
NCEER-94, 6 (1994).

[25] T. Vrouwenvelder, The JCSS probabilistic model code,

Structural Safety, 19(3) (1997) 245-251.

[26] F.J. Vecchio, M.B. Emara, Shear deformations in

w23 gl | o opl 4 g
N. Soltani, H. Tajammolian, B. Ahmadi-Nedushan, Reliability Based Evaluation of Low-rise
Reinforced Concrete Moment Frames Designed for Different Levels of Ductility, Amirkabir J.
Civil Eng., 56(2) (2024) 125-142.

DOI: 10.22060/ceej.2024.18916.6998

V&Y



