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Abstract. Iran is one of the most seismically active regions in the world. A major challenge of
identifying all high-risk buildings should be embarked in large cities of Iran such as Tehran.
Obviously, collapse is the most important performance level of seismic risk assessment of
these buildings. This paper focuses on developing a new methodology on the basis of modern
seismic guidelines (FEMA-P695 and ATC-78-1) for seismic collapse risk assessment of the
existing mid - rise reinforced concrete buildings in Tehran.

A new methodology is introduced briefly. Then, it has been implemented for two types of mid-
rise buildings having 7 and 10 stories buildings they are all engineered buildings constructed
in Tehran during past 25 years. Two archetypes which made up of ensembles of them were
selected for demonstrating the proposed methodology. The archetype buildings are selected in
a way that flexural failure mode under seismic loads would be dominant for them. Several
nonlinear analyses were performed to evaluate structural responses of this archetype model
under moderate and severe earthquakes. All nonlinear analytical models were implemented in
the OpenSees (2016) structural analysis software. A simulation model for components and
structural system capable of capturing flexural collapse modes are applied. Meanwhile, a
lumped plasticity model, developed by Ibarra et al. (2003), is used to detect severe deteriora-
tion that precipitates sideway collapse. A number of parameters, as calibrated in FEMA-
P695, are used in this model. A collapse drift matrix is developed for each archetype to dis-
tinguish between the partial collapse of each story and the conventional collapse detection
through IDA curves. The collapse drift matrix affects the collapse capacity of the reinforced
concrete buildings strongly. Under the framework of this new methodology, an attempt is
made to achieve reliable results for the studied archetype structures. Also, the existing limita-
tions and uncertainties of this proposed methodology are summarized and discussed.
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1 INTRODUCTION

One of the main challenges of earthquake engineering is still whether the ductile buildings
designed according to older codes are safe enough against collapse during the major earth-
quakes or not. In this regard, quantifying the collapse probability plays a major role in any
urban decision making in earthquake-prone cities such as Tehran.

The probability of collapse for a building depends on structural configuration, construction
quality, building location, and site-specific seismic hazard apart from the code by which the
building is designed (Liel ef al. 2012; Haselton et al. 2012). The authors of this paper are
investigating and quantifying the effects of major parameters on the collapse of existing
concrete buildings. (Eshghi et al.2017)

Tehran as the capital of Iran is a megacity and accommodates many people in itself, so it is
very vital to assess the collapse potential of its existing buildings especially the residential
ones. In this study, a new method is developed to assess collapse capacity of building con-
structed in Tehran during past 25 years. Two types of reinforced-concrete buildings designed
according to the third revision of the Iranian Seismic Code (NO. 2800, 2004) are selected for
this study. Each type contains 7 and 10 story reinforced concrete frame buildings. These
buildings are moment frame and their ductility is classified as intermediate based on Iranian
Standard (NO. 2800). According to various field surveys, these buildings can be suitable rep-
resentations for the residential reinforced-concrete buildings in Tehran. The capability of col-
lapse is evaluated in these buildings through nonlinear dynamic analysis. The simulation
model employed in this study is well and calibrated to capture the critical aspects of strength
and stiffness deterioration as the structure collapses (Haselton et al. 2011b). The development
of the specifications such as FEMA P-695 through FEMA P-750 which focuses on collapse
assessment of reinforced concrete buildings, is applied in this paper.

On this basis, a new method is developed and applied. The aim of this paper is to quantify
collapse limit in two archetypes which are representations of typical urban mid-rise buildings
in Tehran. In order to achieve this purpose, it is necessary to know the probable collapse
modes for this type of frames. The side-way collapse is considered as a predominant collapse
mode for this type of frames. It is assumed that the vertical collapse mechanism and beam-
column joint failure will not occur in this type of frames, providing that the structural details
in columns and joints meet the seismic requirements of ACI-318 specifications (ACI318-05).

2 ANEW METHODOLOGY OF COLLAPSE ASSESSMENT

The results of a study carried out by the authors, imply that using the current procedure as-
sessing collapse through IDA (Incremental Dynamic Analysis) lead to an overestimation of
collapse capacities (Eshghi ef al. 2017). On the other hand, the IDA analysis is necessary to
account for the uncertainty specifications of records in collapse assessment. Thus, a new ap-
proach is developed to evaluate collapse capacities more realistically. This study sheds light
on several steps of collapse assessment and it also focuses on the new approach of collapse
determination through IDA. This new approach is more reliable than current approach defin-
ing collapse. According to a newly proposed methodology, steps incorporated in collapse as-
sessment are explained. As a beginning step, two archetypes are selected.among mid-rise
buildings from field surveys in Tehran. These surveyed buildings were designed according to
the past revisions of the Iranian seismic code and their configurations and details are extracted
for defining archetype buildings. In order to conduct a nonlinear analysis, the calibrated con-
centrated hinges are employed. Flowingly, pushover analysis is performed for each archetype
to obtain collapse capacity for each story and to develop a capacity matrix. Subsequently, a
series of IDA are done and then the collapse criteria associated with the capacity matrix are
applied in order to detect collapse on each IDA curve. Finally, the collapse probability curves
for the archetypes are developed.
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3 ARCHETYPICAL RC FRAMES

The selected buildings in this study are residential and have 7 and 10 stories. They have a
30-cm deck floor system, which is conventional in Iranian construction industry and were de-
signed according to the Iranian seismic code (Standard No.2800) and ACI 318 -05. The They
have a plan area of 12 m by 25 m. The first story of both archetypes has 3 m high and all other
stories have 3.3 m high. The structures are designed for the highest seismic hazard zone ac-
cording to the Iranian seismic code (Standard No.2800) as required for Tehran megacity.
These buildings are designed to withstand the dead and live load and the seismic load and
their combinations. These structures conform to seismic codes detailing requirements such as
transverse confinement in beam column region, seismic hook and lap splice. They also fulfill
other requirements of RC moment frames, including maximum and minimum reinforcement
ratios, maximum hoop spacing, etc.

A two-bay frame is selected for each building that has a total length of about 11.5 m which
is equal to the width of these buildings. The selected RC moment frames are without infill
walls and are regular in plan, without major strength or stiffness irregularities. Figure 1 shows
the layout of elevation for these frames. It also presents the dimensions of beams and columns.
There are four types of beams and columns in each frame. The variations in beams’ and col-
umns’ sizes are from bottom to top levels of frames. The sizes of beams vary from 45x60 to
30x50 (all in cm) in the 7-story frame and 45x65 to 30x50 (all in cm). The columns are all
square shaped and are 40x40 to 55x55 (all in cm) in the 7-story; and 50x50 to 65x65 (all in
cm) in the 10-story frame. These are code-conforming structural elements and would resist
design base shear relating to the Iranian seismic code.

Table 1 presents the longitudinal bar reinforcement in beams and columns in two frames.
The reinforcements are adjusted to meet the required ACI 318-05 minimum and maximum
percentages. The maximum reinforcement percentage for beams is 1.54% and for columns is
2.60%. The transverse reinforcement is also designed according to the seismic provisions of
ACI318-05 which would delay the shear failure of elements and provide the formation of
flexural hinges in all elements. The ratios of Vp to Vi for these configurations are not larger
than 0.45 for both frames.

4 STRUCTURAL MODEL AND SIMULATING COLLAPSE

A two-dimensional model developed for each archetype of RC frames using the OpenSeeS
(2016) structural analysis software. Inelastic beams and columns are modeled through con-
centrated hinge developed by Ibarra et al. (2005). The nonlinear hinges modeled as zero-
length elements at two points for beam-column elements. Figure 2 illustrates the backbone
and hysteretic models of the nonlinear hinge model. As depicted in Figure 2, Ibarra et al.
(2005) model captures the important modes of monotonic and cyclic deterioration that precip-
itates sideway collapse.

The properties of nonlinear hinges of beam-column elements are extracted from a set of
calibrated parameters according to the experimental tests of beam-columns, as described by
Haselton (2007). This model includes eight parameters. The first two parameters are My and
0y. My and Oy are defined according to Fardis et al. (2001) equation. In addition, the concrete
cracking occurs at low-level deformation, so the initial elastic stiffness of hinge is very signif-
icant to simulate the response at low-level deformation. In this study, according to Ibarra et al.
(2005), the initial stiffness of all members (zerolength and elastic) are defined in order to ac-
count for cracking and to model the full range of behavior appropriately. The residual strength
of the hinge (Mr) is determined equal to twenty percent of yield moment.
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4.1 Analytical and empirical periods of structural models

Table 2 demonstrates the periods of the first mode computed for each frame through ei-
genvalue analysis in OpenSees (2016) and the periods calculated based on empirical equa-
tions of Iranian Seismic Code (No. 2800). It is clear from Table 2, that the periods from
eigenvalue are approximately 50 percent greater than code-based periods. According to the
Iranian seismic code, (No. 2800) the periods estimated based on analytical methods must not
be 1.25 times greater than the periods resulted from simplified equations of the code. It is of
course because of the conservatism that existed in code-based formulas.

The P-Delta effects are also included in the computation of the periods precisely and the
values are increased by it slightly. As the previous studies explained (such as PEER Report
No0.2007-12), the periods of RC structures can be evaluated based on different levels of crack-
ing. In this study, the initial stiffnesses of the models were calibrated to secant stiffness equals
to 0.4 yield of all members (beams and columns). (Liel et al. 2012; Haselton et al. 2008).

4.2  Pushover analysis

The nonlinear static analyses were conducted for two archetype models using an inverted
triangular pushover load distribution. Figure 3 shows two graphs for archetype models. De-
sign base shears, on the basis of the Iranian seismic code (2800), for 7- story and 10-story
frame are shown in Figure 3. According to design shear and ultimate base shear, the over-
strength coefficients were calculated for both frames. The design base shears were 471 and
583 kN for 7-story and 10-story, respectively. Thus, the overstrength coefficients (€2) were
1.21 and 1.45 for 7-story and 10-story, respectively. The results showed the 10-story frame
has approximately 20% more overstrength; however, the ductility decreased remarkably as
the stories rise in frames. It shows there is a deal between Q and ductility in structural design
and it would not be always beneficial for ductility to strengthen sections.
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Figure 1: General configurations
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7-Story 10-Story
Beams Columns ** Beams Columns **
Reinf. " (p) Reinf. * Reinf. " (p) Reinf. " (p)
Type Top Bottom Type p) Type Top Bottom Type

B1 Cl 2.60% Bl Cl 1.86%

0, 0, 0, V)
B2 0.91% 0.51% %) 166% B2 1.13% 0.73% 2 3 18%
B3 ) ) a3 163% | B3 ) ) 3 2.01%
B4 1.5% 0.49% C4 2.54% B4 1.54% 0.7% C4 1.63%

*: Reinforcement bar ~ **: Columns are all square-shaped

Table 1: Reinforcement of columns and beams of Archetype Frames

= =
s z
g ’ £
S S
= =
Chord Rotation 0 Chord Rotation 0
(a). Backbone curve of modified Ibarra-Medina-Krawinkler (b). Cyclic deterioration

Figure 2: A peak- oriented model for concentrated plastic hinge (Ibarra et al. 2005)

Frame Period (second)
Fundamental Period Fundamental Period
(Modal Analysis) (Iranian Seismic Code)
7-Story 1.498 0.91
10-Story 1.886 1.194

Table 2: Analytical and code-based fundamental periods of the frames
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Figure 3: Static pushover curves using an inverted triangular load pattern for the 7- story and thel0-story arche-
type frames

Figure 3 also presents the ultimate roof drift ratio (DRDui) for two archetype models. The
ultimate DRD is defined in which the ultimate strength has been decreased by 20% (Liel et al.
2012). It is clear from the Figure 3, the ductility of the 7-story structure is nearly 2 times larg-
er than the 10-story frame. The DRDui are 3.5% and 1.82% for 7-story and 10-story, respec-
tively. Thus the maximum displacements of the roof are 79.8 cm and 59.44 cm for 7-story and
10-story respectively. The source of this result is depicted in Figure 5. As schematic signs for
all of the hinges in beams and columns described, the spread of nonlinearity is much more
uniform in the 7-story frame than 10- story frame. The involvements of elements in higher
stories of the 10-story frame are almost zero and they did not experience any yield rotations at
ultimate roof displacement. One reason could be the effect of P-Delta and greater demands of
gravity force at the bottom of 10-story than 7-story.

4.3 Collapse mode detected using pushover analysis

As explained in previous sections, the sideway collapse is the frequent collapse mode for
this type of archetypical frame, owing to detailing and other reasons such as the ratio of VP to
Vn for these configurations, which were not larger than 0.45 for both frames(FEMA-P750,
Collapse indicator). Figure 4 presents two probable collapse modes for sideway collapse. The
Figure 5 makes clear the plasticity spread throughout all members of the frames in a way that
the probable sideway collapse mode can be predicted and determined in the analysis. Figure 5
shows the collapse mechanism in frame structures. So, in this study, the collapse mode cap-
tured and recognized as beam mechanism. Thus, the designs and detailing of archetypical
frames of this study were performed on the basis of modern codes and the frames were ductile,
it is expected that story mechanism would not occur in these frames, it should be mentioned
that any significant deficiencies of construction could challenge this assumption. The effects
of deficiencies are out of the scope of this study.
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4.4 Collapse drift capacity for each story

When the pushover analysis is conducted for a building structure, the capacity curve plot-
ting shear story versus drift can be extracted for each story. The results of this graph present
structural behavior of the story. This would be a suitable and simplified method to define ca-
pacity drift. Collapse can be defined in terms of an acceptable story drift limit following the
formation of a failure mechanism in the structure or other criteria depending upon the type of
structure (Cimellaro et al. 2014; Bracci et al., 1997). So, a matrix is calculated to contain N
drift capacities (N is story number). This matrix will be employed to determine collapse and
called capacity matrix in the following section. Figure 6 and Figure 7 shows the calculated
drift capacities for 7-story and 10-story frame respectively. The ultimate drift in every curve is
termed as a capacity drift for the corresponding story.

T T I ﬂ#%T w)%T it

(@ (b)

Figure 4: Schematic types of sideway collapse mechanism a) Story mechanism and b) Beam mechanism (Crainic
etal,2013)

5 INCREMENTAL DYNAMIC ANALYSIS (IDA) AND COLLAPSE ASSESSMENT

Figure 8 and 10 show the IDA analysis for two frames. The IDA analyses are conducted
for 11 ground motion record pairs. The records are selected from the far field set of FEMA-
P695. The increasing of record intensities is continued up to the sideway collapse. Totally
about 506 and 473 analyses are carried out to capture the global collapse of the 7-story and
the 10-story frames, respectively. Thus, pushover analysis of archetypical frames shows the
formation of beam mechanism in the frame resulting in a global sideway collapse in structures.
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A building’s global drift capacity is considered to the maximum story drift ratio at which the
maximum story drift ratio versus spectral acceleration curve becomes flat, or, alternatively,
the maximum story drift ratio at which this curve reaches a slope equal to 20% of the slope in
the elastic region of the curve. Hence, for each record, the IDR of collapse is assigned in
curves through this approach (Figure 8).

Relative size of inner and outer circles indicates
the ratio of o — - in blue region and
@ ian {Fpp In the red region

)4 V7 vV Vv
O o eO® 6
0}’ ecap Gpc
)
b @
%
L 4 & o
e L an 4 @
@
g Lan 4 L 4
D D 0] ) 1))
(a) The 7- story frame (b) The 10-story frame

Figure 5: Pushover deformations of the frames

The results of IDA analyses clarify that IDR and Sa parameters for two frames both follow
the lognormal distribution. The median computed collapse value is 0.05 for IDR in both ar-
chetypical frames (Figure 8). The median Sa(T1) capacities are calculated as 0.483g and
0.897g for the 7-story and for the 10-story, respectively. The value of the record-to-record
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variability (@ugpg) are estimated as 0.240 for the 7-story frame and 0.284 for the 10-story
frame. Now, the cumulative density function of Sa(T1) parameters is plotted. Figure 9 pre-
sents probability curves of the frames using IDA analyses. The ratios of Saso%) (Median) to
Sa@uofs0) for both structures result in a number less than 1 (FEMA P695).

As it is pointed out previously, the results of global collapse capacities are marked in Fig-
ure 8. These capacities contradict those are indicated in Figure 10. To be more precise the
global drift capacities do not correlate well with partial capacities and definitely violate them.
To deal with this challenge a new approach is applied. In this approach, the capacity matrix is
incorporated into the assessment of collapse through IDA curves (Figure 10). Therefore, the
modified collapse probability curve is estimated (Figure 11). It is observed that the procedure
of collapse definition strongly affects the collapse probability. For instance, the median drift
calculated from IDA analyses of 7-story varies from 5% to 3.7% for the conventional and the
new approach, respectively. These data demonstrate the importance of collapse definition.
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Figure 6: Shear vs. drift of each story for the 7-story frame triangular pushover load pattern (squares indicate drift
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drift capacity)
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Figure 9: Collapse probability curves

6 CONCLUSION

In this study, the capability of collapse has been evaluated for residential reinforced-concrete
buildings in Tehran. These buildings were designed according to the third revision of the Ira-
nian seismic code (NO. 2800). Several nonlinear analyses were performed to assess structural
responses of these archetype model experiencing two seismic hazard levels associated with
the Iranian seismic code design earthquakes (DBE and MCE). The nonlinear static analyses
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were conducted for two archetype models. The collapse modes for archetypes were beam
mechanism. The new approach was applied in collapse assessment. In this approach, the ca-
pacity curves of the stories were extracted from pushover analyses of frames. Then, these
curves were involved in collapse definition and the event of partial collapse can be estimated
for each story. Whereas it would be better if the shaking table tests were conducted to assess
seismic demands on stories, the experimental tests are cost demanding and not beneficial for
the simplified method. Hence, the demands on the structures are evaluated through IDA anal-
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Figure 11: modified-collapse probability curves
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The collapse definition was carried out through IDA curves in these two methodologies. In
the conventional method, the global drift capacity was considered to the maximum story drift
ratio at which the maximum story drift ratio versus spectral acceleration curve becomes flat,
or alternatively, the maximum story drift ratio at which this curve reached a slope equal to
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20% of the slope in the elastic region of the curve. The collapse definition in the proposed
methodology is based on the capacity matrix. The results have been indicated that the collapse
assessment procedure is highly dependent on how to determine the collapse of structures. In
this study, the authors attempted to propose an accurate and simplified method for collapse
assessment. The application of this method results in a variety of the lower bound collapse
capacities. However, it can be acceptable because of the destructive consequences of the
probable collapse.

REFERENCES

[1] A. B. Liel, C.B. Haselton, G.G. Deierlein, Seismic collapse safety of reinforced con-
crete buildings. II: Comparative assessment of non-ductile and ductile moment frames.
Journal of Structural Engineering 137.4, 492-502, 2010.

[2] American Concrete Institute (ACI, Building code requirements for structural concrete
and commentary. ACI 318-05/ACI 318R-05, Farmington Hills, M1, 2002.

[3] BHRC (Building and Housing Research Center). 2004. Iranian Code of Practice for
Seismic Resistant Design of Buildings. Standard No. 2800, 3rd edition. BHRC: Teh-
ran.

[4] C. B. Haselton, A. B. Liel, G. G. Deierlein, B. S. Dean, J. H. Chou, Seismic collapse
safety of reinforced concrete buildings. I: Assessment of ductile moment frames.
Journal of Structural Engineering 137.4, 481-491, 2010.

[5] C. B. Haselton, A. B. Liel, G. G. Deierlein, Simulating structural collapse due to
earthquakes. Model idealization, model calibration, and numerical solution algo-
rithms. Computational Methods in Structural Dynamics and Earthquake Engineering
(COMPDYN), Greece, 2009.

[6] C. B. Haselton, C. A. Goulet, J. Mitrani-Reiser, J. L. Beck, G. G. Deierlein, K. A.
Porter & E. Taciroglu, An assessment to benchmark the seismic performance of a
code-conforming reinforced-concrete moment-frame building. Pacific Earthquake En-
gineering Research Center (2007/12).

[7] D Vamvatsikos, C.A. Cornell. Direct estimation of seismic demand and capacity of
multidegree-of-freedom systems through incremental dynamic analysis of single degree
of freedom approximation 1. Journal of Structural Engineering. 2005 Apr; 131 (4):589-
599.

[8] Evaluation of the methodology to select and prioritize collapse indicators in older con-

crete buildings. Applied Technology Council (ATC 78-1), 20009.

[9] G. P. Cimellaro, S. Nagarajaiah, S.K. Kunnath, editors. Computational methods,
seismic protection, hybrid testing and resilience in earthquake engineering: A Tribute to
the research contributions of Prof. Andrei Reinhorn. Springer; 2014 Sep 16.

[I0]H. T. William, Identification and mitigation of collapse prone concrete buildings
(ATC 78). 10th National Conference on Earthquake Engineering (10NCEE), U.S., 2014.
[11]J. M. Bracci, S.K. Kunnath, A.M. Reinhorn. Seismic performance and retrofit evalua-
tion of reinforced concrete structures. Journal of Structural Engineering. 1997 Jan;

123(1):3-10.

[12]L. Crainic, M. Munteanu, Seismic performance of concrete buildings. Structures and
Infrastructures Book Series (Vol. 9). CRC Press, 2012.

[13]L. F. Ibarra, R.A. Medina, H. Krawinkler, Hysteretic models that incorporate strength
and stiffness deterioration. Earthquake Engineering & Structural Dynamics, 34.12,
1489-1511, 2005.

1462



M. Zahedi, S. Eshghi

[14]S. Eshghi, Z, Zahedi, Developing a methodology for collapse seismic risk assessment
of existing concrete buildings (Research Project No.7735, International Institute of
Earthquake Engineering and Seismology, Iran), 2017 (In Progress).

[15]P. H. Galanis, J. P. Moehle, Development of collapse indicators for older-type rein-
forced concrete buildings. 15th World Conference on Earthquake Engineering
(15WCEE), Portugal, 2012.

[16] FEMA, Quantification of building seismic performance factors. Federal Emergency
Management Agency (FEMA-P695), 2009.

[17]R. Villaverde, Methods to assess the seismic collapse capacity of building structures:
state of the art. Journal of Structural Engineering. 2007 Jan; 133 (1): 57-66.

1463



