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In this study, the effect of using two seismic design methodologies, Direct
Displacement-Based Design (DDBD) and traditional Force-Based Design (FBD),
on the probabilistic seismic performance of an 8-story RC moment resistant
building is investigated. Also, two probabilistic procedures are applied for
considering aleatory and epistemic uncertainties. Thus, this research is conducted
by studying (i) non-linear static curve (ii) incremental dynamic analysis curve (iii)
the Mean Annual Frequency (MAF) (iv) seismic demand of limit states (v) the
confidence level of structures under the earthquakes with low to high hazard levels.
Based on the comparing two mentioned seismic design methods, it can be said that
the structure designed with FBD, unlike DDBD methodology is not capable of
estimating performance goals. Also, it is concluded that the structure under both
aleatory and epistemic uncertainties behaves more wvulnerable and MAF of

1. Introduction

Direct Displacement-Based Design (DDBD)
methodology is one of the performance-based
seismic design methods, and with having a con-
ceptual framework is suggested as an alternative
design method for Force-Based Design (FBD).
Priestley and Kowalsky [1] developed the details
of DDBD procedure for RC frames. Pettinga and
Priestley [2] investigated the dynamic behavior of
six reinforced concrete frames using inelastic time
history analyses. They suggested a new design
DDBD procedure.
Rahman and Sritharan [3] performed a com-

displacement profile for
parative evaluation for the jointed wall systems
designed with DDBD and FBD procedures. The
results showed the satisfactory performance of
DDBD procedure. Sullivan [4] applied DDBD

exceeding the immediate occupancy and collapse prevention is increased.

methodology to a modern RC dual structural
system. Malekpour et al. [5] discovered that steel
frame structures have desirable performance even
at taller models. Sullivan et al. [6] investigated the
seismic performance of DDBD procedure for
design of steel moment resistant frame structures.
They showed that DDBD procedure can provide
adequate control of seismic structural defor-
mations. Wijesundara and Rajeev [7] developed
the DDBD methodology for design of steel
concentric braced structures. The results have a
good agreement with the design considerations.
Sullivan et al. [8] presented the software for
DDBD method. Results showed that this software
has excellent potential for using in the engineering
profession. These researches led to publishing a
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book by Priestley et al. [9] and model code
DBDI12 [10] for designing various structural systems.
Nievas and Sullivan [11] achieved promising
results by developing the DDBD design method
for RC strong frame-weak wall structures with 4,
12, and 20 stories. Salawdeh and Goggins [12]
found that DDBD method works relatively well on
the design of single story steel concentrically
braced structures and can predict base shear forces
well. Peng and Guner [13] developed a new
computer program to design RC frames based on
direct displacement approach with the aiming
facile design for engineers. Ye et al. [14] proposed
DDBD methodology for designing base-isolated
buildings. Performance comparison of 4 and 8
story RC structures designed with two DDBD and
FBD methods by Sharma et al. [15] showed the
high effectiveness of DDBD structures, unlike
FBD. Senthilkumar and Satish Kumar [16] studied
the seismic performance of composite frames with
semi-rigid connections designed with DDBD

approach. On the other hand, seismic performance
evaluation of structures based on probabilistic
principles due to the randomness of different
structural parameters has recently been seriously
considered. Among these probabilistic methods,
the method proposed by Jalayer and Cornell [17]
can be mentioned that is used as a criterion for
estimating the reliability of structures.

In this study, probabilistic seismic performance
of 8-story RC moment resistant building designed
with DDBD and FBD methods are investigated
and compared by studying (i) non-linear static
curve (ii) incremental dynamic analysis curve (iii)
the mean annual frequency (MAF) (iv) seismic
demand of limit states (v) the confidence level of
structures under the earthquakes with low to high
hazard levels.

2. Direct Displacement-Based Design Brief
In Figure (1), basic steps of DDBD methodology
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Figure 1. Conceptual framework of Direct Displacement-Based Design methodology [18].
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(which is based on the substitute structure
idea [19]) have been depicted. The basis of this
design methodology is that it allows the designer
to convert the Multi-Degree-Of-Freedom system
(MDOF) into an equivalent Single-Degree-Of-
Freedom system (e-SDOF). The properties of e-
SDOF system are expressed by secant stiffness K.
at maximum design displacement A4 and a level of
Equivalent Viscous Damping (EVD). For a certain
amount of ductility and knowing frame type, EVD
value is obtained from Figure (1c). In the following,
the effective period T: can be found for a known
EVD value and the target displacement level
(see Figure 1d). Figure (1d) depicts the reduced
displacement spectrum that can be scaled for
different damping levels. Finally, by calculating
design base shear, the shear is distributed as
equivalent lateral forces along the building height
according to story masses. The full methodology
may be found in [9] for RC frame buildings.

3. Case Study

An 8-story RC moment resistant frame
building with typical plan and constant story
height of 3 m is chosen as a case study (see
Figure 2). The structure plan has three bays in
each direction. The structural plan system is
lateral load carrying. The inner bay length is 7 m
and the length of outer bays is 4 m. In determining
the dimensions and longitudinal reinforcement of
beams and columns, the mean compressive
strength of the concrete equal to 400 kg/cm? and
the mean strength of reinforcing steel equal to
4000 kg/cm? was taken. The gravity load com-

bination applied in the seismic analyses equal to

DL+0.2LL (DL= 800 kg/m* and LL=200kg/m?)
was considered. The building is assumed to be
built in Tehran city with very high seismic hazard
and soil type III specified by Iranian Earthquake
Resistance Design Code [20]. To perform the non-
linear analyses, the excitation is considered for X
direction. The studied structure is designed in
accordance with two DDBD and FBD methodo-
logies in this article. In FBD methodology, the
structure seismic design is done based on Iranian
Earthquake Resistance Design Code for inter-
mediate ductility class.

Calculations of bending moments and shear
forces of beams and columns design for case study
designed with DDBD methodology are reported in
Tables (1) and (2). Design details of the case study
building designed with two methodologies (DDBD
based on the model code DBD12 provisions and
FBD based on Iranian Earthquake Resistance
Design Code provisions) are presented in Table (3).
Note that in order to match the DDBD and FBD
design methodologies, the design drift limit is
considered to be 0.02 in the case study. This value
is corresponding to repairable damage limit state
in DDBD methodology and life safety limit state
in FBD methodology.

Lateral Load
Carrying System

3F View

Floor Plan

Figure 2. Schematic and plan view of the under-study
building.

Table 1. Bending moments and shear forces of beams design for case study designed with DDBD method.

External Frames

Internal Frames

w»
-

0
Mdesign, Outter span Mdesign, Inner span ¢

Vdesign, Outter span

Vdesign, Inner span Vdesign, OQutter span Vdesign, Inner span

8 139.6 145.3 1.25 110.6 93.8 125.7 141.7
7 218.7 229.1 1.25 166.7 125.6 181.5 173.2
6 290.9 304.7 1.25 216.8 154.3 231.7 201.9
5 348.5 367.4 1.25 260 178.8 274.7 226
4 394 418.1 1.25 295.8 199.1 3103 245.9
3 433.1 459.7 1.25 323.8 215.1 338.2 261.9
2 460.1 488.3 1.25 343.1 226.1 357.5 272.9
1 4741 503.1 1.25 353.1 231.8 367.5 278.6
Units:kN, m

Note: In this table, M stands for moment, V for shear force, and [1° is overstrength factor.
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Table 2. Bending moments and shear forces of columns design for case study designed with DDBD method.

st p & o M.\u, Design N.[.\Jz, Design & V..\u, Design V:.\IZ, Design
Exterior Column Interior Column Exterior Column Interior Column
8§ 1.03 1.25 1 169.94 339.88 0.75 163.29 326.58
7 117 125 1.09 183.28 366.56 0.75 246.98 493.96
6 147 125 1.17 263.17 526.35 0.75 326 651.99
5 147 125 1.17 319.72 639.44 0.75 387.49 774.97
4 147 125 117 366.63 733.26 0.75 438.5 877
3 147 125 1.17 403.07 806.14 0.75 478.13 956.26
2 147 125 1.17 428.2 856.4 0.75 505.46 1010.92
1 147 125 1.17 441.18 882.37 0.75 519.58 1039.16
Units:kN, m

Note: In this table, M stands for moment, N for nominal, V for shear force, and p, ¢°, o and ¢s are displacement ductility,
overstrength factor, dynamic amplification factor for flexure, and strength reduction factor, respectively.

Table 3. Geometric dimension for prototype building designed with DDBD and FBD methods.

Column (Square) Beam Column Beam
st Corner Col. Side Col. Interior Col. b, hy (Square) by hy,
8 35 40 40 35 35 35 35 35
7 40 40 40 35 40 40 35 40
6 40 45 45 40 50 40 40 50
5 45 45 45 40 50 45 40 50
4 50 50 50 40 50 50 40 50
3 50 50 50 45 50 50 45 50
2 50 50 50 45 50 50 45 50
1 50 50 50 45 50 50 45 50
DDBD Design Methodology FBD Design Methodology
NB: bwis the beam width; hs is the total beam depth. Unit: cm

4. Analytical Modeling

Analytical model is developed in OpenSees
framework. For this purpose, beams and columns
are modeled using the nonlinear Beam Column
element, and sections are considered as Fiber. The
behavior model of materials for concrete and steel
are concrete02 and steel02, respectively. Also to
consider the confinement effect of transverse rein-
forcements, the parameters of confined concrete
are calculated using Mander equations [21].

5. Verification of Modeling

In order to validate the numerical modeling
technique used in this study, a two-story RC frame
structure tested by Vecchio and Emara [22] is
selected. The laboratory structure under-study has
been tested using a quasi-static load and it is
pushed until collapse occurred. Two constant
vertical loads P = 700 kN have been applied at

94

the top of the columns (see Figure 3). In the
following, the tested frame geometry has been
displayed in Figure 3). As shown in the figure, the
frame has a single-span of 3.5 m and the story
height of 2 m. The cross-section of columns
and beams were reinforced with longitudinal
rebars of diameter of 20 mm and stirrups with
diameter of 10 mm at 125 mm spacing. The clear
cover of beams and columns is 30 and 20 mm,
respectively. The material properties i.e., con-
crete compressive strength, £°, longitudinal
rebar yield strength, £, and Young’s modulus,
E; were considered 30, 418, and 192,500 MPa,
respectively.

In Figure (4), the comparability of experiment-
tal results [22] with the analytical model developed
in OpenSees and other studies results [23-25] has
been demonstrated. There is a quite satisfactory
agreement between the pushover analysis results

of experimental and this study.
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Figure 4. Comparing the results of numerical simulation
with experiment.

6. Seismic Response

6.1. Nonlinear Static Analysis of Prototype
Building

In the process of performing nonlinear static
(pushover) analysis, the procedure presented in
FEMA P695 [26] is used. According to provisions
of these guidelines, the distribution of forces is
performed in accordance with the structure’s first-
mode under the gravity load combination of
1.05DL + 0.25LL. In nonlinear static analyses, the
analysis continues until the center of mass of the
structure roof reaches a drift of 10%. In Figure (5),
a comparison is made between the pushover curves

JSEE / Vol. 22, No. 2, 2020

designed with DDBD and FBD methodologies.

of 8-story structure designed with two DDBD and
FBD methodologies. As can be seen, in a certain
amount of drift, e.g. drift of 8%, by changing the
design methodology from DDBD to FBD, the
base shear is reduced by 45%.

6.2. Nonlinear Dynamic Analysis of Prototype
Building
In this
Analysis (IDA) is employed to perform the
Due to the
dependence of the nonlinear behavior of structures

article, the Incremental Dynamic

reliability analysis of structures.

to the earthquake record characteristics (eg
frequency content), a set of earthquake records
should be used to cover the entire range of

structural behavior, i.e., linear to nonlinear.
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Table (4) shows specifications of twenty far-field

ground motions proposed by FEMA P695. All

IDA analyses are done according to Hunt-Fill

algorithm [27] and the results are plotted in IM-

DM coordinate system. The considered IM

(Intensity Measure) and DM (Demand Measure)

indices in this study are maximum inter-story

drift (Bmax) and 5%-damped first mode spectral
acceleration (S;(Ti, 5%)), respectively. In the
following, the definition of performance levels

i.e., Immediate Occupancy (IO) and Collapse

Prevention (CP) are performed according to

FEMA-350 [28]. Based on FEMA-350, the 10

performance level is defined for Om.x of 1.5%,

and the CP performance level is defined for Omax

of 10% or 20% of the elastic slope. By deriving

IDA curves, statistical fractiles are also obtained.

There are two methods to draw 16%, 50% and

84% fractiles:

1. IM-based procedure: Based on this procedure,
seismic responses (DM) are first sorted from
small to large for the specific IM levels, then
the numbers of 0.16 Ny, 0.5 Nree, and 0.84 nyec
(which for 20 ground motions is 3™, 10™, and
16™ number, respectively) are considered for
16, 50, and 84 percent fractiles, respectively. At

low IM values, there is the DM value for all
earthquake records, but with the increasing 1M,
since some records have reached the CP limit
state, there is no DM value for those records.
Thus, a big number indicating collapse must be
considered for those records. Consequently,
when seismic responses are sorted from small
to large, those large numbers are placed at the
bottom of the list. Note that in calculating the
fractiles, instead of using the median numbers
(i.e., 0.16 nNrec, 0.5 Nyec, and 0.84 nrec), the mean
numbers can also be used. However, because
in higher earthquake intensities, a number of
earthquake records collapse, calculation of mean
numbers is faced with a problem.

2. DM-based procedure: In this procedure, at each
level of the damage index (i.e., same DM), the
IM values are sorted from small to large, and
then the fractiles of 16, 50, and 84% are
calculated. The disadvantage of the DM-based
procedure is that since IDA curves of some
earthquake records have successive segments of
hardenings and softenings, there are several
responses for an earthquake record at a specific
DM level, and this issue makes it difficult to
calculate 16, 50, and 84 percent fractiles.

Table 4. List of the considered earthquake records.

No. Earthquake event M, Station NEHRP class PGA/g
GM1 Chi-Chi, 1999 7.6 CHY101 D 0.44
GM2 San Fernando, , 1971 6.6 LA-Hollywood Stor D 0.21
GM3 Friuli, 1976 6.5 Tolmezzo C 0.35
GM4 Hector Mine, 1999 7.1 Hector C 0.34
GMS5 Kocaeli, 1999 7.5 Arcelik C 0.22
GM6 Kocaeli, 1999 7.5 Duzce D 0.36
GM7 Northridge, 1994 6.7 Canyon Country-WLC D 0.48
GM8 Northridge, 1994 6.7 Beverly Hills - Mulhol D 0.52
GM9 Imperial Valley, 1979 6.5 Delta D 0.35
GM10 Imperial Valley, 1979 6.5 El CentroArray#11 D 0.38
GMI11 Landers, 1992 7.3 Yermo Fire Station D 0.24
GM12 Landers, 1992 7.3 Coolwater D 0.42
GM13 Loma Prieta, 1989 6.9 Capitola D 0.53
GM14 Loma Prieta, 1989 6.9 Gilroy Array #3 D 0.56
GM15 Superstition, 1987 6.5 H. El Centro Imp. Co. D 0.36
GM16 Superstition, 1987 6.5 H. Poe Road (temp) D 0.45
GM17 Kobe, 1995 6.9 Nishi-Akashi C 0.51
GM18 Kobe, 1995 6.9 Shin-Osaka D 0.24
GM19 Manyjil, 1990 7.4 Abbar C 0.51
GM20 Cape Mendo, 1992 7.0 Rio Dell Overpass D 0.55
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In this study, IM-based procedure to draw
statistical fractiles has been used. In Figure (6),
the IDA curves of the 8-story structure designed
with two DDBD and FBD methodologies have
been illustrated. As shown, in 6max of 0.06, IM
value for 50th percentile (median) curve of the 8-
story structure designed with DDBD methodology
is reached to a value of 3 g and for the 8-story
structure designed with FBD methodology is
reached to a value of 1 g. Consequently, this sig-
nificant reduction in the damage index indicates
the inadequacy of FBD design methodology.

s 8-Story Building-DDBD /
C
<
0
£
©
(%)

GO 0.02 0.04 0.06 0.08 0.1

6max

C
<
0
£
©
)

Figure 6. IDA curves of prototype building designed with
DDBD and FBD methodologies.

7. Reliability Theory Formulation

In this study, the reliability assessment of
designed with DDBD and FBD
methodologies is performed with the aim of

structure

estimating confidence level and calculating MAF
of exceedance. The following approximations [29]

JSEE / Vol. 22, No. 2, 2020

are used to calculate the MAF:

e [t is assumed that the hazard curve can be
expressed exponentially near the desired

performance level in accordance with the

following equation:
H(S,)=k,S,* (1)

Parameters k and ky are coefficients for linear

regression of hazard.

e [t is assumed that the drift demand can be
approximated by the following equation:

D=a(s,) )

where a and b are regression coefficients for linear

regression.

e [t is assumed that the drift demand curve is
log-normal and has a standard deviation equal
to Bossa (dispersion factor).

7.1. Calculation of MAF

The MAF can be determined based on two
evaluation procedures of “appraisal by considering
the only source of uncertainty” and “appraisal by
considering randomness and uncertainty as the
sources of uncertainty” [17].

7.1.1. Appraisal by Considering the Only Source
of Uncertainty

In calculating MAF, when only the aleatory
uncertainty is contemplated for estimating the
median of drift demand and drift capacity,
the value of this parameter is obtained from
Equation (3). Note that IDA analysis results are
used to calculate drift demand median and drift
capacity median.

P, =H<S;’>exp[%’;—z(sé/sa +B2)] 3)
where:
H(SS) = ky(S)* @)

in which, S, is the spectral acceleration of drift
capacity level, Pps. is dispersion measure for
drift demand and Pc is dispersion measure for
drift capacity.
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7.1.2. Appraisal by Considering the Only Source
of Uncertainty

In calculating MAF, when uncertainties of
aleatory and epistemic are contemplated for
estimating the median of drift demand and drift
capacity, the value of this parameter is obtained
from Equation (5):

. 1k
P, =H(S, )GXP[Eb—Z(Bf)/sa +Bip)]x

. 5)
exp[z? (Bé + Béc )]
where:
H(SS) = ky (¢ )'k-exp(%BffH) (©6)
BUD _ BD/S‘, )
n

rec

in which, Bup is demand uncertainty, Buc is
capacity uncertainty and is assumed to be 0.2 for
8-story structure, By is assumed to be 0.5 in this
study, and ne is the number of earthquake
records.

7.2. Calculation of Confidence Level

The calculating confidence level of structure is
performed from:

CL=o¢(K,) ()
where:

__ L, D
AR e ®

in which, K is standardized Gaussian variate,
Bur is total uncertainty and for the case study
building equal to 0.2 at IO performance level and

equal to 0.425 at CP performance level is
considered according to FEMA-350, and yp and
®c¢ are factored demand and factored capacity,
respectively. The value of parameters of y and ¢
can be calculated based on Equation (10) and
Equation (11), respectively.

1k,

Y= CXP[EEBD/SH ] (10)
1k,

cp:eXp[—EEBc] (11

8. Investigation of Results of Reliability
Analysis

8.1. Investigation of Effect of Two Probabilistic
Procedures on MAF Estimation

In Table (5), the MAF of exceeding the 10
and CP performance levels has been illustrated.
As seen, by changing the evaluation procedure
from “appraisal by considering the only source of
“appraisal by
randomness and uncertainty as the sources of

uncertainty”  to considering
uncertainty”, the MAF value of exceeding the 10
DDBD
methodology is changed from 3.61x10* to
4.47x10* and 2.41x107 to 3.01x107, respectively.
Whereas for FBD methodology, it is changed
from 6.35x10* to 7.7<10* and 5.58x10* to
6.89x10™, respectively. Hence, based on the

and CP performance levels for

results, it can be said that by considering aleatory
and epistemic uncertainties, the MAF increases
above 20 to 25 percent. Increasing this parameter
increases the vulnerability of the structure. In
comparing DDBD and FBD methodologies, the
MAF value of exceeding the IO and CP
performance levels under both aleatory and
epistemic uncertainties for DDBD methodology
are reached 3.61x10* and 2.41x10” and for FBD

Table 5. Comparing MAF of exceeding limit state by different probabilistic procedures.

DDBD-The Only Source of

DDBD-Randomness and Uncertainty as the

Uncertainty Sources of Uncertainty
10 CP 10 CP
MAF 3.61E-04 2.41E-05 4.47E-04 3.01E-05
FBD-The Only Source of FBD-Randomness and Uncertainty as the
Uncertainty Sources of Uncertainty
10 Ccp 10 cp
MAF 6.35E-04 5.58E-04 7.70E-04 6.89E-04
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methodology are reached 6.35x10* and 5.58x10™.
As a result, it can be stated that by moving from
FBD to DDBD methodology, MAF of exceeding
the IO and CP performance levels decreases
significantly.

8.2. Investigation of Confidence Level Changes
vs. Drift Demand and Earthquake Intensity for
Two DDBD and FBD Design Methodologies

The effect of seismic design methodologies on

the structural confidence level has been
investigated in Figure (7). A quick look at curves
represented in Figure (7a) depicts that the
structure designed with DDBD, unlike FBD
methodology, up to the 4 g spectral acceleration
satisfies 35% confidence level. In other words,
FBD-designed structure at the spectral accele-
ration value of 2 g reaches to 0% confidence level.
In the following, based on the mentioned figure,
the spectral acceleration corresponding to 25, 50,
75, and 100% confidence levels for both DDBD
and FBD methodologies can be derived. The
results have been reported in Table (6). It is
observed that the spectral acceleration at the 75%
confidence level for DDBD-designed structure is
2.54 g whereas for FBD-designed structure is

0.52 g. Also, at 25% confidence level, the spectral

acceleration value for the prototype structure
designed with DDBD and FBD methodologies is
equal to 4.53 and 0.88 g, respectively. Hence, it
can be said that the spectral acceleration decreases
dramatically by moving from the DDBD to FBD
methodology for a specific value of confidence
level. Finally, the decrease rate of structure
confidence levels with demand increasing from
0 to 0.15 has been revealed in Figure (7b). In the
structure designed with FBD methodology, the
confidence level reaches zero at a demand value
of 0.05. Whereas for the structure designed with
DDBD methodology, a 79% confidence level is
provided at the same value of demand and it is
observed that the confidence level of 50% is still
provided at the demand value of 0.071. This
subject shows the great performance of DDBD
methodology in the seismic design of structures.

8.3. Investigation of Effect of Using Two Design
Methodologies in Distribution of Drift Demand
and Confidence Level

In Figure (8a), the diagram of seismic demand
changes under hazard levels of SLE25, SLE43,
SLE72, DBE, MCE, and OVE has been displayed.
By having seismic demand corresponding to
hazard levels of low to high, confidence levels

100r— 1001+
< \ 8-Story S t 8-Story
X > ) .
= 80r \\ Building-DDBD = 80 1 Bulldlng-DDBD
: \ G 3
g eof 8 eof |
9 \ 8 L
S 40r \\ S 40 i 8-Story
e ,  8-Story Rl } Building-FBD
§ 20+ \Building-FBD é 20 \
AN \
0 L S - ! I I 0 N " .
0 1 2 3 4 5 6 7 0 0.05 0.1 0.15 0.2
IM = S,(T4,5%) DM = 0,54

C)

(b)

Figure 7. Curve of confidence level changes against a. seismic demand and b. seismic intensity.

Table 6. Calculation of spectral acceleration corresponding to 25, 50, 75, 100% confidence levels for DDBD and FBD

methodology.

Spectral Acceleration Corresponding to a
Confidence Level of 100%

Spectral Acceleration Corresponding to a
Confidence Level Of 75%

DDBD FBD

DDBD FBD

1.02 g 022 ¢

254 ¢ 052¢g

Spectral Acceleration Corresponding to a
Confidence Level of 50%

Spectral Acceleration Corresponding to a
Confidence level of 25%

DDBD FBD

DDBD FBD

339¢g 0.67 g

453¢g 0.88¢g
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versus these hazard levels are obtained (see
Figure 8b). These six hazard levels namely
SLE25, SLE43, SLE72, DBE, MCE, and OVE
have return periods of 25, 43, 72, 475, 2475, and
4975 years, respectively. As seen in Figure (8-a),
by moving from the hazard level of SLE25 to
OVE, the maximum demand value with a steep
upward slope increases, and eventually, it reaches
its maximum value at the OVE hazard level. For
example, the maximum demand value at SLE25
hazard level corresponding to the CP performance
level for the structure designed with DDBD
methodology is equal to 0.0019, and it is reached
to 0.025 for OVE hazard level corresponding to
Checking the
confidence levels of structure designed with both
DDBD and FBD methodologies at hazard levels
of SLE25 to DBE corresponding to 10 and CP
performance levels (Figure 8-b) shows that it is
reached to 95-99% because earthquakes with the
return periods from 25 to 72 years are not among
the strong ecarthquakes. Whereas at MCE and
OVE hazard levels, the conditions for both
mentioned design methodologies are quite
different. For instance, at IO performance level
corresponding to MCE and OVE hazard levels,
DDBD-designed structure achieves 61 and 8%
confidence level, respectively, and the confidence

the CP performance level.

level of 99% is provided at CP performance level.

0.03
. i
s BSLE25
@ 0.02 BSLE43
o 1 BSLE72
3 0.01 oDBE
i mMCE
mOVE
8sto
(DDBD)  (FBD) (DDBD) (FBD)
(@)
. 100+
S
2 807 mSLE25
>
8 4o- mSLE43
3 @SLE72
S 407 oDBE
€ 20- mMCE
5] =OVE
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(DDBD)  (FBD) (DDBD) (FBD)

(b)

Figure 8. Distribution of (a) drift demand and (b)
confidence level at different hazard levels for the DDBD
and FBD methodologies.

100

However, by changing the design methodology
from DDBD to FBD, the confidence levels versus
MCE and OVE hazard levels at both 10 and CP
performance levels reduce. Hence, it can be said
that reliability reduces dramatically by moving
from DDBD to FBD.

9. Conclusion

Based on the probabilistic seismic performance
appraisal of the 8-story RC frame building
designed with DDBD and FBD methodologies,
the following conclusions are obtained:

e The results of nonlinear evaluations showed
that both pushover and IDA curves of structure
designed with DDBD methodology, which
derived from nonlinear analyses, are placed at
a higher level than the curves of structure
designed with FBD methodology. In other
words, for a certain amount of roof drift, the
base shear in the pushover curve of DDBD-
designed
compared to the pushover curve of FBD-

structure  increases dramatically
designed structure. Besides, in IDA median

curve, the earthquake intensity decreases
dramatically for a certain amount of inter-story
drift by moving from the DDBD to FBD
methodology.

e In checking the vulnerability of the structure
under study, it was concluded that by applying
both aleatory and epistemic uncertainties, the
MAF value of exceeding the immediate
occupancy and collapse prevention increases in
comparability to the state where only aleatory
uncertainty is contemplated.

e The MAF value of exceedance considerably
increases by changing the methodology from
DDBD to FBD. The increasing this parameter
indicates that the overall probability of failure
in FBD-designed structure has increased.

e In investigating the confidence level changes
versus intensity and demand, it was observed
that by moving the design methodology from
FBD to DDBD, the confidence level signify-
cantly increases for a specific value of demand
and intensity.

e By calculating the confidence level at different

levels of seismic hazard, it was observed that

JSEE / Vol. 22, No. 2, 2020
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the with  DDDB
methodology, in contrast to FBD methodology

structure  designed
is safe and provides the 99% confidence
level at severe seismic hazard levels against
the CP performance level.
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book by Priestley et al. [9] and model code
DBD12 [10] for designing various structural systems.
Nievas and Sullivan [11] achieved promising
results by developing the DDBD design method
for RC strong frame-weak wall structures with 4,
12, and 20 stories. Salawdeh and Goggins [12]
found that DDBD method works relatively well on
the design of single story steel concentrically
braced structures and can predict base shear forces
well. Peng and Guner [13] developed a new
computer program to design RC frames based on
direct displacement approach with the aiming
facile design for engineers. Ye et al. [14] proposed
DDBD methodology for designing base-isolated
buildings. Performance comparison of 4 and 8
story RC structures designed with two DDBD and
FBD methods by Sharma et al. [15] showed the
high effectiveness of DDBD structures, unlike
FBD. Senthilkumar and Satish Kumar [16] studied
the seismic performance of composite frames with
semi-rigid connections designed with DDBD
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approach. On the other hand, seismic performance
evaluation of structures based on probabilistic
principles due to the randomness of different
structural parameters has recently been seriously
considered. Among these probabilistic methods,
the method proposed by Jalayer and Cornell [17]
can be mentioned that is used as a criterion for
estimating the reliability of structures.

In this study, probabilistic seismic performance
of 8-story RC moment resistant building designed
with DDBD and FBD methods are investigated
and compared by studying (i) non-linear static
curve (ii) incremental dynamic analysis curve (iii)
the mean annual frequency (MAF) (iv) seismic
demand of limit states (v) the confidence level of
structures under the earthquakes with low to high
hazard levels.

2. Direct Displacement-Based Design Brief

In Figure (1), basic steps of DDBD methodology

~
g
a

(b) Effective Stiffness Kg

Displacement (m)

Period (s)

(d) Design Displacement Spectra

Figure 1. Conceptual framework of Direct Displacement-Based Design methodology [18].
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(which is based on the substitute structure
idea [19]) have been depicted. The basis of this
design methodology is that it allows the designer
to convert the Multi-Degree-Of-Freedom system
(MDOF) into an equivalent Single-Degree-Of-
Freedom system (e-SDOF). The properties of e-
SDOF system are expressed by secant stiffness Ke
at maximum design displacement Aq and a level of
Equivalent Viscous Damping (EVD). For a certain
amount of ductility and knowing frame type, EVD
value is obtained from Figure (1c). In the following,
the effective period Te can be found for a known
EVD value and the target displacement level
(see Figure 1d). Figure (1d) depicts the reduced
displacement spectrum that can be scaled for
different damping levels. Finally, by calculating
design base shear, the shear is distributed as
equivalent lateral forces along the building height
according to story masses. The full methodology
may be found in [9] for RC frame buildings.

3. Case Study

An 8-story RC moment resistant frame
building with typical plan and constant story
height of 3 m is chosen as a case study (see
Figure 2). The structure plan has three bays in
each direction. The structural plan system is
lateral load carrying. The inner bay length is 7 m
and the length of outer bays is 4 m. In determining
the dimensions and longitudinal reinforcement of
beams and columns, the mean compressive
strength of the concrete equal to 400 kg/cm? and
the mean strength of reinforcing steel equal to
4000 kg/cm? was taken. The gravity load com-
bination applied in the seismic analyses equal to

DL+0.2LL (DL =800 kg/m? and LL =200 kg/m?)
was considered. The building is assumed to be
built in Tehran city with very high seismic hazard
and soil type Il specified by Iranian Earthquake
Resistance Design Code [20]. To perform the non-
linear analyses, the excitation is considered for X
direction. The studied structure is designed in
accordance with two DDBD and FBD methodo-
logies in this article. In FBD methodology, the
structure seismic design is done based on Iranian
Earthquake Resistance Design Code for inter-
mediate ductility class.

Calculations of bending moments and shear
forces of beams and columns design for case study
designed with DDBD methodology are reported in
Tables (1) and (2). Design details of the case study
building designed with two methodologies (DDBD
based on the model code DBD12 provisions and
FBD based on lIranian Earthquake Resistance
Design Code provisions) are presented in Table (3).
Note that in order to match the DDBD and FBD
design methodologies, the design drift limit is
considered to be 0.02 in the case study. This value
is corresponding to repairable damage limit state
in DDBD methodology and life safety limit state
in FBD methodology.

Lateral Load
Carrying System

3F View

Floor Plan

Figure 2. Schematic and plan view of the under-study
building.

Table 1. Bending moments and shear forces of beams design for case study designed with DDBD method.

External Frames

(2]
—

Internal Frames

Mdesign, Outter span Mdesign‘ Inner span 4)0

Vdesign, Outter span

Vdesiqn, Inner span Vdesiqn, Qutter span Vdesign, Inner span

8 139.6 145.3 1.25 110.6 93.8 125.7 141.7
7 218.7 229.1 1.25 166.7 125.6 181.5 173.2
6 290.9 304.7 1.25 216.8 154.3 231.7 201.9
5 348.5 367.4 1.25 260 178.8 274.7 226

4 394 418.1 1.25 295.8 199.1 310.3 2459
3 433.1 459.7 1.25 323.8 215.1 338.2 261.9
2 460.1 488.3 1.25 343.1 226.1 3575 2729
1 474.1 503.1 1.25 353.1 231.8 367.5 278.6

Units:kN, m

Note: In this table, M stands for moment, V for shear force, and ¢ is overstrength factor.
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Table 2. Bending moments and shear forces of columns design for case study designed with DDBD method.

st ° or c |V|_N1, Design MNZ, Design b V_Nl, Design V_Nz, Design
xterior Column Interior Column Exterior Column Interior Column

8 103 125 1 169.94 339.88 0.75 163.29 326.58

7 117 125 1.09 183.28 366.56 0.75 246.98 493.96

6 147 125 1.17 263.17 526.35 0.75 326 651.99

5 147 125 117 319.72 639.44 0.75 387.49 774.97

4 147 125 117 366.63 733.26 0.75 438.5 877

3 147 125 117 403.07 806.14 0.75 478.13 956.26

2 147 125 1.17 428.2 856.4 0.75 505.46 1010.92

1 147 125 117 441.18 882.37 0.75 519.58 1039.16

Units:kN, m

Note: In this table, M stands for moment, N for nominal, V for shear force, and p, ¢° or, and ¢s are displacement ductility,
overstrength factor, dynamic amplification factor for flexure, and strength reduction factor, respectively.

Table 3. Geometric dimension for prototype building designed with DDBD and FBD methods.

Column (Square) Beam Column Beam
st Corner Col. Side Col. Interior Col. by ho (Square) bw ho
8 35 40 40 35 35 35 35 35
7 40 40 40 35 40 40 35 40
6 40 45 45 40 50 40 40 50
5 45 45 45 40 50 45 40 50
4 50 50 50 40 50 50 40 50
3 50 50 50 45 50 50 45 50
2 50 50 50 45 50 50 45 50
1 50 50 50 45 50 50 45 50

DDBD Design Methodology FBD Design Methodology

NB: bw is the beam width; hy is the total beam depth. Unit: cm

4. Analytical Modeling

Analytical model is developed in OpenSees
framework. For this purpose, beams and columns
are modeled using the nonlinear Beam Column
element, and sections are considered as Fiber. The
behavior model of materials for concrete and steel
are concrete02 and steel02, respectively. Also to
consider the confinement effect of transverse rein-
forcements, the parameters of confined concrete
are calculated using Mander equations [21].

5. Verification of Modeling

In order to validate the numerical modeling
technique used in this study, a two-story RC frame
structure tested by Vecchio and Emara [22] is
selected. The laboratory structure under-study has
been tested using a quasi-static load and it is
pushed until collapse occurred. Two constant
vertical loads P = 700 kN have been applied at

94

the top of the columns (see Figure 3). In the
following, the tested frame geometry has been
displayed in Figure 3). As shown in the figure, the
frame has a single-span of 3.5 m and the story
height of 2 m. The cross-section of columns
and beams were reinforced with longitudinal
rebars of diameter of 20 mm and stirrups with
diameter of 10 mm at 125 mm spacing. The clear
cover of beams and columns is 30 and 20 mm,
respectively. The material properties i.e., con-
crete  compressive strength, f°, longitudinal
rebar yield strength, f,, and Young’s modulus,
Es were considered 30, 418, and 192,500 MPa,
respectively.

In Figure (4), the comparability of experiment-
tal results [22] with the analytical model developed
in OpenSees and other studies results [23-25] has
been demonstrated. There is a quite satisfactory
agreement between the pushover analysis results
of experimental and this study.

JSEE / Vol. 22, No. 2, 2020
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Figure 4. Comparing the results of numerical simulation
with experiment.

6. Seismic Response

6.1. Nonlinear Static Analysis of Prototype
Building

In the process of performing nonlinear static
(pushover) analysis, the procedure presented in
FEMA P695 [26] is used. According to provisions
of these guidelines, the distribution of forces is
performed in accordance with the structure’s first-
mode under the gravity load combination of
1.05DL + 0.25LL. In nonlinear static analyses, the
analysis continues until the center of mass of the
structure roof reaches a drift of 10%. In Figure (5),
a comparison is made between the pushover curves

JSEE / Vol. 22, No. 2, 2020

designed with DDBD and FBD methodologies.

of 8-story structure designed with two DDBD and
FBD methodologies. As can be seen, in a certain
amount of drift, e.g. drift of 8%, by changing the
design methodology from DDBD to FBD, the
base shear is reduced by 45%.

6.2. Nonlinear Dynamic Analysis of Prototype
Building

In this article, the Incremental Dynamic
Analysis (IDA) is employed to perform the
reliability analysis of structures. Due to the
dependence of the nonlinear behavior of structures
to the -earthquake record characteristics (eg
frequency content), a set of earthquake records
should be used to cover the entire range of
structural behavior, i.e., linear to nonlinear.
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Table (4) shows specifications of twenty far-field
ground motions proposed by FEMA P695. All
IDA analyses are done according to Hunt-Fill
algorithm [27] and the results are plotted in IM-
DM coordinate system. The considered M
(Intensity Measure) and DM (Demand Measure)
indices in this study are maximum inter-story
drift (Bmax) and 5%-damped first mode spectral
acceleration (Sa(T1, 5%)), respectively. In the
following, the definition of performance levels

i.e., Immediate Occupancy (I0) and Collapse

Prevention (CP) are performed according to

FEMA-350 [28]. Based on FEMA-350, the 10

performance level is defined for Omax Of 1.5%,

and the CP performance level is defined for Omax

of 10% or 20% of the elastic slope. By deriving

IDA curves, statistical fractiles are also obtained.

There are two methods to draw 16%, 50% and

84% fractiles:

1. IM-based procedure: Based on this procedure,
seismic responses (DM) are first sorted from
small to large for the specific IM levels, then
the numbers of 0.16 Nrec, 0.5 Nrec, and 0.84 Nrec
(which for 20 ground motions is 3, 10", and
16" number, respectively) are considered for
16, 50, and 84 percent fractiles, respectively. At

low IM values, there is the DM value for all
earthquake records, but with the increasing 1M,
since some records have reached the CP limit
state, there is no DM value for those records.
Thus, a big number indicating collapse must be
considered for those records. Consequently,
when seismic responses are sorted from small
to large, those large numbers are placed at the
bottom of the list. Note that in calculating the
fractiles, instead of using the median numbers
(i.e., 0.16 Niec, 0.5 Nree, and 0.84 nyec), the mean
numbers can also be used. However, because
in higher earthquake intensities, a number of
earthquake records collapse, calculation of mean
numbers is faced with a problem.

2. DM-based procedure: In this procedure, at each
level of the damage index (i.e., same DM), the
IM values are sorted from small to large, and
then the fractiles of 16, 50, and 84% are
calculated. The disadvantage of the DM-based
procedure is that since IDA curves of some
earthquake records have successive segments of
hardenings and softenings, there are several
responses for an earthquake record at a specific
DM level, and this issue makes it difficult to
calculate 16, 50, and 84 percent fractiles.

Table 4. List of the considered earthquake records.

No. Earthquake event My Station NEHRP class PGA/g
GM1 Chi-Chi, 1999 7.6 CHY101 D 0.44
GM2 San Fernando, , 1971 6.6 LA-Hollywood Stor D 0.21
GM3 Friuli, 1976 6.5 Tolmezzo c 0.35
GM4 Hector Mine, 1999 7.1 Hector Cc 0.34
GM5 Kocaeli, 1999 7.5 Arcelik o 0.22
GM6 Kocaeli, 1999 75 Duzce D 0.36
GM7 Northridge, 1994 6.7 Canyon Country-WLC D 0.48
GM8 Northridge, 1994 6.7 Beverly Hills - Mulhol D 0.52
GM9 Imperial Valley, 1979 6.5 Delta D 0.35
GM10 Imperial Valley, 1979 6.5 El CentroArray#11 D 0.38
GM11 Landers, 1992 7.3 Yermo Fire Station D 0.24
GM12 Landers, 1992 7.3 Coolwater D 0.42
GM13 Loma Prieta, 1989 6.9 Capitola D 0.53
GM14 Loma Prieta, 1989 6.9 Gilroy Array #3 D 0.56
GM15 Superstition, 1987 6.5 H. El Centro Imp. Co. D 0.36
GM16 Superstition, 1987 6.5 H. Poe Road (temp) D 0.45
GM17 Kobe, 1995 6.9 Nishi-Akashi C 0.51
GM18 Kobe, 1995 6.9 Shin-Osaka D 0.24
GM19 Manjil, 1990 7.4 Abbar C 0.51
GM20 Cape Mendo, 1992 7.0 Rio Dell Overpass D 0.55
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In this study, IM-based procedure to draw
statistical fractiles has been used. In Figure (6),
the IDA curves of the 8-story structure designed
with two DDBD and FBD methodologies have
been illustrated. As shown, in Omax of 0.06, IM
value for 50th percentile (median) curve of the 8-
story structure designed with DDBD methodology
is reached to a value of 3 g and for the 8-story
structure designed with FBD methodology is
reached to a value of 1 g. Consequently, this sig-
nificant reduction in the damage index indicates
the inadequacy of FBD design methodology.
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Figure 6. IDA curves of prototype building designed with
DDBD and FBD methodologies.

7. Reliability Theory Formulation

In this study, the reliability assessment of
structure designed with DDBD and FBD
methodologies is performed with the aim of
estimating confidence level and calculating MAF
of exceedance. The following approximations [29]

JSEE / Vol. 22, No. 2, 2020

are used to calculate the MAF:

e It is assumed that the hazard curve can be
expressed exponentially near the desired
performance level in accordance with the
following equation:

H (S.) =k,S," M)

Parameters k and ko are coefficients for linear

regression of hazard.

e |t is assumed that the drift demand can be
approximated by the following equation:

D =a(S,) 2

where a and b are regression coefficients for linear

regression.

e It is assumed that the drift demand curve is
log-normal and has a standard deviation equal
to Possa (dispersion factor).

7.1. Calculation of MAF

The MAF can be determined based on two
evaluation procedures of “appraisal by considering
the only source of uncertainty” and “appraisal by
considering randomness and uncertainty as the
sources of uncertainty” [17].

7.1.1. Appraisal by Considering the Only Source
of Uncertainty

In calculating MAF, when only the aleatory
uncertainty is contemplated for estimating the
median of drift demand and drift capacity,
the value of this parameter is obtained from
Equation (3). Note that IDA analysis results are
used to calculate drift demand median and drift
capacity median.

P, =H (s:)exp[%E—z(Bé,sa +B2)] 3)
where:
H(5S) =k, (55) ™ (4)

in which, Sy is the spectral acceleration of drift
capacity level, Ppssa IS dispersion measure for
drift demand and Bc is dispersion measure for
drift capacity.
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7.1.2. Appraisal by Considering the Only Source
of Uncertainty

In calculating MAF, when uncertainties of
aleatory and epistemic are contemplated for
estimating the median of drift demand and drift
capacity, the value of this parameter is obtained
from Equation (5):

. 1k?
P, =H(, )eXp[Eb_Z(BZD/Sa +Bio )1

e ©
eXp[Eb_z (Be +Bic)]
where:
H (8) =ko(82)™ exp(5 ) ©
Buy = BD/Sa )

n

rec

in which, Bup is demand uncertainty, Puc is
capacity uncertainty and is assumed to be 0.2 for
8-story structure, Pun is assumed to be 0.5 in this
study, and nc is the number of earthquake
records.

7.2. Calculation of Confidence Level

The calculating confidence level of structure is
performed from:

CL =¢(K,) 8)
where:

__ 1, b
Kx - BUT Ln(q)c) (9)

in which, Ky is standardized Gaussian variate,
Bur is total uncertainty and for the case study
building equal to 0.2 at 10 performance level and

equal to 0.425 at CP performance level is
considered according to FEMA-350, and yp and
¢c are factored demand and factored capacity,
respectively. The value of parameters of y and ¢
can be calculated based on Equation (10) and
Equation (11), respectively.

Y= exp[%%ﬁé/sa] (10)
1k
OES eXp[_EHBC] (11)

8. Investigation of Results of Reliability
Analysis

8.1. Investigation of Effect of Two Probabilistic
Procedures on MAF Estimation

In Table (5), the MAF of exceeding the 10
and CP performance levels has been illustrated.
As seen, by changing the evaluation procedure
from “appraisal by considering the only source of
uncertainty” to “appraisal by considering
randomness and uncertainty as the sources of
uncertainty”, the MAF value of exceeding the 10
and CP performance levels for DDBD
methodology is changed from 3.61x10* to
4.47x10* and 2.41x10° to 3.01x10°®, respectively.
Whereas for FBD methodology, it is changed
from 6.35x10* to 7.7x10* and 5.58x10* to
6.89x10*, respectively. Hence, based on the
results, it can be said that by considering aleatory
and epistemic uncertainties, the MAF increases
above 20 to 25 percent. Increasing this parameter
increases the wvulnerability of the structure. In
comparing DDBD and FBD methodologies, the
MAF value of exceeding the 10 and CP
performance levels under both aleatory and
epistemic uncertainties for DDBD methodology
are reached 3.61x10* and 2.41x10° and for FBD

Table 5. Comparing MAF of exceeding limit state by different probabilistic procedures.

DDBD-The Only Source of

DDBD-Randomness and Uncertainty as the

Uncertainty Sources of Uncertainty
10 CP 10 CP
MAF 3.61E-04 2.41E-05 4.47E-04 3.01E-05

FBD-The Only Source of

FBD-Randomness and Uncertainty as the

Uncertainty Sources of Uncertainty
10 CP 10 CP
MAF 6.35E-04 5.58E-04 7.70E-04 6.89E-04
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methodology are reached 6.35x10* and 5.58x10*,
As a result, it can be stated that by moving from
FBD to DDBD methodology, MAF of exceeding
the 10 and CP performance levels decreases
significantly.

8.2. Investigation of Confidence Level Changes
vs. Drift Demand and Earthquake Intensity for
Two DDBD and FBD Design Methodologies

The effect of seismic design methodologies on
the structural confidence level has been
investigated in Figure (7). A quick look at curves
represented in Figure (7a) depicts that the
structure designed with DDBD, unlike FBD
methodology, up to the 4 g spectral acceleration
satisfies 35% confidence level. In other words,
FBD-designed structure at the spectral accele-
ration value of 2 g reaches to 0% confidence level.
In the following, based on the mentioned figure,
the spectral acceleration corresponding to 25, 50,
75, and 100% confidence levels for both DDBD
and FBD methodologies can be derived. The
results have been reported in Table (6). It is
observed that the spectral acceleration at the 75%
confidence level for DDBD-designed structure is
2.54 g whereas for FBD-designed structure is
0.52 g. Also, at 25% confidence level, the spectral

acceleration value for the prototype structure
designed with DDBD and FBD methodologies is
equal to 4.53 and 0.88 g, respectively. Hence, it
can be said that the spectral acceleration decreases
dramatically by moving from the DDBD to FBD
methodology for a specific value of confidence
level. Finally, the decrease rate of structure
confidence levels with demand increasing from
0 to 0.15 has been revealed in Figure (7b). In the
structure designed with FBD methodology, the
confidence level reaches zero at a demand value
of 0.05. Whereas for the structure designed with
DDBD methodology, a 79% confidence level is
provided at the same value of demand and it is
observed that the confidence level of 50% is still
provided at the demand value of 0.071. This
subject shows the great performance of DDBD
methodology in the seismic design of structures.

8.3. Investigation of Effect of Using Two Design
Methodologies in Distribution of Drift Demand
and Confidence Level

In Figure (8a), the diagram of seismic demand
changes under hazard levels of SLE25, SLE43,
SLE72, DBE, MCE, and OVE has been displayed.
By having seismic demand corresponding to
hazard levels of low to high, confidence levels

1007 — 1007~
o) \ 8-Story = i 8-Story
% 8o \\ Building-DDBD %‘ 80 Building-DDBD
& eof & o
= \ — 1
o \ o 1
s oaf L € 40l % 8Story
hel \  8-Story he! \Building-FBD
S 20 \Building-FBD S 20 \
© 0 \\\‘——_L - ! I °© 0 \\ o= . .
0 1 2 3 4 5 6 7 0 0.05 0.1 0.15 0.2
IM = S,(T4,5%) DM = 6,124
(a) (b)

Figure 7. Curve of confidence level changes against a. seismic demand and b. seismic intensity.

Table 6. Calculation of spectral acceleration corresponding to 25, 50, 75, 100% confidence levels for DDBD and FBD

methodology.

Spectral Acceleration Corresponding to a
Confidence Level of 100%

Spectral Acceleration Corresponding to a
Confidence Level Of 75%

DDBD FBD

DDBD FBD

1.02g 0229

254 0529

Spectral Acceleration Corresponding to a
Confidence Level of 50%

Spectral Acceleration Corresponding to a
Confidence level of 25%

DDBD FBD

DDBD FBD

3399 0679

453g 0.88g
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versus these hazard levels are obtained (see
Figure 8b). These six hazard levels namely
SLE25, SLE43, SLE72, DBE, MCE, and OVE
have return periods of 25, 43, 72, 475, 2475, and
4975 years, respectively. As seen in Figure (8-a),
by moving from the hazard level of SLE25 to
OVE, the maximum demand value with a steep
upward slope increases, and eventually, it reaches
its maximum value at the OVE hazard level. For
example, the maximum demand value at SLE25
hazard level corresponding to the CP performance
level for the structure designed with DDBD
methodology is equal to 0.0019, and it is reached
to 0.025 for OVE hazard level corresponding to
the CP performance level. Checking the
confidence levels of structure designed with both
DDBD and FBD methodologies at hazard levels
of SLE25 to DBE corresponding to 10 and CP
performance levels (Figure 8-b) shows that it is
reached to 95-99% because earthquakes with the
return periods from 25 to 72 years are not among
the strong earthquakes. Whereas at MCE and
OVE hazard levels, the conditions for both
mentioned design methodologies are quite
different. For instance, at 10 performance level
corresponding to MCE and OVE hazard levels,
DDBD-designed structure achieves 61 and 8%
confidence level, respectively, and the confidence
level of 99% is provided at CP performance level.

0.03
S
Eooz BSLE25
= BSLE43
o 1 BSLE72
2 0.01- BDBE
i EMCE
BOVE
gstio  sstio  sstcp sst.cp
(DDBD)  (FBD) (DDBD) (FBD)
(a)
. 100~
2
S 80 BSLE25
>
- mSLE43
3 BSLE72
£ 40 oDBE
% 20 mMCE
S mOVE
8stio 8slio gst.cp gst.cp
(DDBD)  (FBD) (DDBD) (FBD)

(b)

Figure 8. Distribution of (a) drift demand and (b)
confidence level at different hazard levels for the DDBD
and FBD methodologies.

100

However, by changing the design methodology
from DDBD to FBD, the confidence levels versus
MCE and OVE hazard levels at both 10 and CP
performance levels reduce. Hence, it can be said
that reliability reduces dramatically by moving
from DDBD to FBD.

9. Conclusion

Based on the probabilistic seismic performance
appraisal of the 8-story RC frame building
designed with DDBD and FBD methodologies,
the following conclusions are obtained:

e The results of nonlinear evaluations showed
that both pushover and IDA curves of structure
designed with DDBD methodology, which
derived from nonlinear analyses, are placed at
a higher level than the curves of structure
designed with FBD methodology. In other
words, for a certain amount of roof drift, the
base shear in the pushover curve of DDBD-
designed structure increases dramatically
compared to the pushover curve of FBD-
designed structure. Besides, in IDA median
curve, the earthquake intensity decreases
dramatically for a certain amount of inter-story
drift by moving from the DDBD to FBD
methodology.

e In checking the vulnerability of the structure
under study, it was concluded that by applying
both aleatory and epistemic uncertainties, the
MAF value of exceeding the immediate
occupancy and collapse prevention increases in
comparability to the state where only aleatory
uncertainty is contemplated.

e The MAF value of exceedance considerably
increases by changing the methodology from
DDBD to FBD. The increasing this parameter
indicates that the overall probability of failure
in FBD-designed structure has increased.

e In investigating the confidence level changes
versus intensity and demand, it was observed
that by moving the design methodology from
FBD to DDBD, the confidence level signify-
cantly increases for a specific value of demand
and intensity.

e By calculating the confidence level at different
levels of seismic hazard, it was observed that

JSEE / Vol. 22, No. 2, 2020
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the  structure  designed with DDDB
methodology, in contrast to FBD methodology
is safe and provides the 99% confidence
level at severe seismic hazard levels against
the CP performance level.
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