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The brittle behavior of older non-ductile reinforced concrete
buildings such as shear-axial failure in columns can cause
lateral instability or gravity collapse. Hence, the attempt is to
assess the collapse potential through fragility curves. Current
research focuses on fragility assessment of these buildings
emphasizing on shear-axial failure using two  well-
established methods; empirical limit state material versus
ASCE/SEl 41-13 recommendations. To this aim, two 2D
reinforced concrete models (3 and 5-story) according to

Fragility curves. typical detail of existing buildings in Iran were modeled
using two aforementioned modeling approaches and
analyzed under monotonic analysis and incremental dynamic
analysis (IDA). In the following, seismic fragility assessment
were carried out by means of obtained results from IDA. The
results of fragility curves showed that collapse capacity of
buildings modeled by ASCE/SElI 41-13 are more than
empirical method and fewer cases can pass the level of safety
probability of failure suggested by ASCE/SEI-41.

1. Introduction

A significant portion of constructed buildings during 20™ century particularly those in under
developed countries do not satisfy seismic provisions proposed by new seismic regulations. In
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this regard, post inspections of past earthquakes revealed that such vulnerable buildings might
experience severe damages due to lack of adequate ductility and shear strength. Although,
modern buildings considerably secured life safeties under excitation of previous earthquakes it
was shown that they probably would not satisfy higher performance objectives coming from
higher life standards such as collapse prevention or global instability which may induce beyond
acceptable economical impacts [1]. Therefore, many research activities have been conducted to
shift conventional approaches to the new generation of seismic design so-called Performance-
Based Seismic Design (PBSD). With developing the PBSD approaches in both assessment or
design of old and new buildings, the attention on seismic collapse capacity of buildings,
particularly non-ductile, has been emerged as a main concern on the survivability of human life.
In the following, it was particularly noticed that defining reliable and accurate limit states or
performance criteria play a key role in the application of PBSD. In this regard, several
inconsistencies were shown in common proposed threshold values such as rotations, strains,
ductility and inter-story drift. For instance, equivalent local (e.g., rotations or strains) and global
(e.g., inter-story drift ratio) criteria for a moment-resisting RC frame can result in different safety
levels [2]. Hence, many experimental and analytical types of research have been conducted by
different researchers to explore one of the most widely observed failures in existing RC
components, i.e., the shear -axial behavior interaction including both strength and deformation
capacities. In addition, experimental and numerical studies of steel-concrete composite structures are
being conducted to improve the shear capacity and ductility of buildings during the earthquake [3—7]
However, the main focus is reinforced concrete structures. The past experimental tests have aimed to
discover the effects of shear failure on axial failure regarding involved influenced parameters [7—
19]. Almost all the conducted tests have been carried out on single columns as a whole or non-
ductile column as a part of the frame. Additionally, the results of experimental tests were
compared with those obtained from analytical models adopted from empirical proposed
equations [8] for flexure-shear-axial interaction (Eq. 1 and 2) or numerical models consistent
with compression field theory [20-26]. It is worthwhile to note that largely occurred nonlinearity
doubted applicability of common nonlinear analyses such as pushover for these aims. In this
regard, it was noticed that they might lead to acceptable outcomes regarding mean values, but a
significant drift under-estimation possibility and misleading damage location should be expected
[27]. Nevertheless, it was concluded that the proposed model by Elwood and corresponding
developed Limit State material [28] in OpenSees [29] seems to be one of the most practical
approaches. This Limit State material has been based on Equation 1 and 2 in which drift ratio at
shear, and axial failures are addressed, respectively.
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In Eq. 1 and 2, p” is the transverse reinforcement ratio, v is nominal shear stress, f¢ is the
compressive strength of concrete, P is the axial load on column and A4, is the gross cross-
sectional area, O is the crack angel from horizontal, s is the spacing of the transverse
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reinforcement, Ay is the area of the transverse reinforcement, Fj is the yield strength of the
transverse reinforcement and dc is the effective depth of column section. However, the
aforementioned equations are recently modified to increase its accuracy in prediction of the onset
of shear and axial failure in RC columns. Elwood et al. proposed ASCE/SEI 41 update and
introduced new modeling parameters for shear- axial behavior in non-linear columns using the
results of past researches [30]. Eventually, their proposed simple global modeling parameters
were included in last published ASCE-41 in 2013 [31].They implicitly considered shear-axial
failures into global moment-rotation response of deficient columns. In the literature, a few
analytical paper has been published on seismic fragility assessment or probabilistic assessment of
non-ductile R.C. buildings [32-34]. A research was presented by [35] as a part of ATC78 project
to assess a structure with 6 story and 5 bays perimeter moment- resisting frame for collapse risk.
They found that the ratio of column plastic shear to shear capacity and ratio of columns to beams
moment capacities are the important collapse indicators in non-ductile frames. Baradaran
Shoraka et al., conducted an analytical approach to find seismic loss estimation of such building
[36]. To this end, a seven-story eight-bay nonductile building located in Los Angeles was
investigated. They found that the first failure overestimates the financial loss due to ignoring
redistribution of loads. Although the behavior of columns susceptible to suffer shear-axial failure
has been well addressed in the literature, however less analytical assessment on existing non-
ductile R.C buildings, as a whole, has been carried out. Since the geometry and mechanical
properties, structural system, and practice of construction can affect the resulted responses,
generally the results of past few researches on such buildings cannot be assigned to elsewhere.
The existing old non-ductile RC buildings in Iran are different with others from point of
geometry (normally 3-5 story), material strength (very poor to fair), rebar type (the most of them
are plain instead of deformed bar), arrange of both longitudinal and particularly transverse
ties(one circumference hoop without interior ties and seismic hooks, spaced each 0.5H-H) [37].
In the current research, the effect of axial load ratio (P/4g.f’c), the ratio of plastic shear to shear
capacity (Vp/Vn), on collapse capacity of two representative non-ductile RC buildings are
investigated, where, Vp is the plastic shear demand on the column (shear demand at flexural
strength of the plastic hinges), and V'n is the shear strength of the column [8]. To this end, using
calibrated model and two different approaches, the seismic fragility of structures are assessed,
and finally, the effects of mentioned parameters are investigated.

2. The validation of numerical modeling technique

2.1. The description of the analyzed frame

The aim of this study focuses on the seismic fragility assessment of local and global failures in
low-rise non-ductile existing RC buildings by means of two techniques, empirical modeling, and
ASCE/SEI concrete provisions. To validate the modeling method of columns for simulation of
shear-axial failures, an experimental test is selected [38]. The tested model is a frame with two
stories and two bays: The dimensions and general view of the tested specimen are shown in
Figure 1. The ratios of Vp/Vn and P/Ag.f’c were 0.84 and 0.2 respectively. The Young’s modulus
and the Poisson’s ratio for concrete were set to 18200 MPa and 0.2, respectively. For reinforcing
steel, The Young’s modulus and the Poisson’s ratio were set to 138 GPa and 0.3, respectively.
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The compressive strength of concrete was 28 MPa, and the yield strengths of the longitudinal
and transverse bars in the columns were 444 MPa and 417 MPa respectively [41].
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Fig. 1. Schematic scheme of the tested frame MUFS (Yavari et al., 2008) [13].

To calibrate the analytical model with experimental test results, the Limit State material [8]
implemented at OpenSees [31] program is considered to model shear and axial failure [30].

To account slip behavior at the end of members, an elastic rotational spring (Eq. 3) using zero-
length element [39], is modeled.

Kslip
8u
dpfs
Where, u is the bond stress (assumed to be 0.8V(f..), MPa); d is the nominal diameter of the
longitudinal reinforcement, f; is the yield tensile stress in the longitudinal reinforcement, and
FElfpex 1s the effective flexural stiffness. The effective flexural stiffness is calculated from moment-

Elfiex(MPa) (3)
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curvature analysis of a column section. Figure 2 shows the scheme of modeling which is used in
this paper.
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Fig. 2. Schematic presentation of the frame model.

Based on observed damages reported by researchers, the beams and joints remained elastic, and
hence, the nonlinear behavior is not assigned here in Fig 2 [13,38]. In the model, five gauss
integration points are defined along the columns. The effect of damping was considered in the
model using Rayleigh damping, and a damping ratio of 0.02 is assigned to the first two modes of
the structures.

The used ground motion in shaking table test was Chi-Chi earthquake (1999 — Station TCU047)
with the PGA of 0.40g. Three tests were carried out with the scaled PGA of 0.30g, 1.10g, and
1.35g. The natural period of the frame was measured 0.29 second. The results of nonlinear
analysis and experimental results are plotted together in Figure 3. The comparison shows
acceptable convergence between the obtained results such as shear failure, maximum drift ratio,
and maximum base shear.
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Fig. 3. The comparison of numerical and experimental models via Non-linear time history analysis.
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3. Considered Non-ductile reinforced concrete buildings

3.1. General properties of frames

In this paper, two models as representative of old non-ductile R.C in Iran are considered; a frame
with 3 stories and 3 bays and another one with 5 stories and 2 bays. The mentioned models are
more consistent with existing non-ductile RC buildings in Iran. For analyzing purpose, an
interior frame is chosen and analyzed as a 2D frame as shown in Figure 4. The height of columns
and the span length for all models are 3200 and 4000 mm respectively. The Young’s modulus
and the Poisson’s ratio for concrete were set to 24000 MPa and 0.2, respectively. For reinforcing
steel, The Young’s modulus and the Poisson’s ratio were set to 200 GPa and 0.3, respectively.
The yield stress of longitudinal and transverse reinforcement was selected as 300 MPa, and the
compressive strength of concrete was 20 MPa. All geometric and mechanical characteristic
values are common for residential and office buildings in Iran. Figure 5 illustrates two different
modeling approaches, which are employed in this study, proposed by Elwood (2002) and
ASCE/SEI 41. The nonlinear modeling approach, proposed by Elwood, describes the flexure-
shear-axial behavior of reinforced concrete columns by means of slip, shear, and axial springs,
respectively. More information regarding this nonlinear modeling method can be found in
[28,29]. On the other hand, ASCE/SEI 41 proposes criteria for the occurrence of flexure, shear
and axial failure based on geometry and mechanical properties of RC columns. Hence, force-
rotation relations for concrete columns were assigned to the rotational spring, located at the top
of columns, by means of the three-line curve which will be further described in sec. 4.2. In this
paper, three models for each approach are considered. These three models can be stated based on
the initial axial load ratio of columns and the transverse reinforcement spacing in columns
(P/Ag.f’c — S(mm)) as; 0.12-200, 0.17-250 and 0.25-300.
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It is important to note that, the authors' field survey showed that, all the past old R.C. buildings
have not necessarily beams stronger than columns. Representatives models here are selected
based on average of those exist in Iran. Therefore, the beam and column elements are modeled
using nonlinear beam-column element, which is a structural elements. It is worthwhile to note
that using micro-modeling techniques such as continuum elements is another widely employed
option, mostly in research objectives, which can provide more detailed investigations; however,
it is computationally more expensive than conventional macro-modeling structural elements, but
it may provide more detailed information.

Two modeling approaches for flexure-shear-axial interactions are considered; shear-axial spring
model, and ASCE-41 global model. The period of 3 and 5-story models was measured 0.96 and
1.31 second respectively. The term of mass was assigned as a concentrated mass to the top of
columns. All beams for both modeling techniques were modeled using non-linear fiber section
and joints were modeled using rotational spring.

4. Modeling parameters and approaches

4.1. Shear-axial springs model

In this approach, the coupled shear- axial springs were modeled at the top of columns as
described in Sec. 3.1. At this empirical-based modeling technique, shear and axial springs are
limit state uniaxial materials with shear and axial limit curves respectively. Slip springs were
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located at the bottom of columns to consider the effect of strain penetration of longitudinal bars.
Nonlinear beam-column elements connect two zero-length elements located at the top and
bottom of columns. Beams were modeled using nonlinear beam-column element, and slip
springs were located at both ends of beams. To model the behavior of joints, the prescribed
parameters of ASCE/SEI41-13 [31] for Non-ductile reinforced concrete joints, were
implemented. Figure 6 shows the assigned shear force-rotation curves for the joints with initial
axial load ratio of 0.12. The joint behavior curves in other models with the initial axial load ratio
0f 0.17 and 0.25 follow the same manner.
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=4, 250 ® Axial Failure
L
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5 200
[
5 150
O
% 100
50
0 l l » l l

0 0.004 0.008 0.012 0.016 0.02

Y (rad)
Fig. 6. Shear Force Vs. Rotation of the joints for the model with P/Ag.f'c =0.12 (ASCE/SEI 41).

Fig. 6 demonstrates that the strength and ductility capacities of the modeled joints considerably
vary based on the location of joints. This can be described as the effects of confinement on the
terms of strength and ductility. On the other hand, it was observed that with increasing the axial
load in columns, the ductility capacity decreases.

4.2. ASCE/SEI-41 method

This approach was developed according to ASCE/SEI41-13 [31] concrete provision. In this
modeling technique, flexure, shear, and axial springs were removed and a moment-rotation
spring defined to consider the flexure-shear-axial behavior in columns. All rest details are the
same of the previous modeling technique. Figure 7 shows a sample of defined shear force-
rotation curves for the columns in 3 story frame according to the variation of initial axial load
ratios. In figure 7, the shear force is estimated by the sum of shear strength carried by concrete
and stirrups.
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Fig. 7. Shear Force Vs. Rotation curves for the columns in 3 story frame according to the variation of
initial axial load ratios (ASCE/SEI 41-13).

Both three and five-story models were categorized using three initial axial load ratios (P/Ag.f’c =
0.25,0.17 and 0.12) and three spacing of transverse reinforcement (S= 300, 250 and 200 mm).

5. The Pushover Analysis

The results of the push-over analysis can present the mechanism of collapse initiation in
buildings. The obtained results due to pushover analysis for 3 and 5-story models are shown in
Figure 8. Figure 8 illustrates the response of base shear versus roof drift ratio regarding three
axial load ratios and spacing of transverse reinforcement as well as two mentioned modeling
approaches. As expected, decreasing of initial axial load ratio and spacing between stirrups for
the models with shear and axial springs cause an increasing of drift ratio at shear and axial
failure. All models have the same behavior until the occurrence of the first shear failure.
However, when first shear failures were detected, the models experience strength degradation.
After the occurrence of the first shear failure, the rate of strength degradation is different. The
models with shear-axial spring show sudden strength loss, and consequently, first axial failure
terminate the analysis. Unlike this model, modeling based on ASCE-41-13 [31] shows less
strength degradation after first shear failure, and displacement ductility increases more than
shear-axial spring models. The occurrence of an axial failure in this model can not limit
increasing of displacement capacity until a numerical divergence terminates the run. It is
important to note that, the first axial failure in this model (ASCE-41 model) just loses the lateral
capacity of the same column and the last axial failure (as indicated in Figure 8) does not
necessarily happen in the same story. It may occur in another story. Hence, after first axial
failure, the shear capacity necessarily has not sudden drop up to shear-axial spring model.
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The global gravity collapse in non-ductile columns mostly appears after the occurrence of an
axial failure. In other words, in a floor when the axial capacity of a single column is lost, the
other columns can carry the distributed weight from the first failed column. In this circumstance,
the quality of beams performance is crucial. If the beams can bridge between remained columns
and no failure appears in the beams, it is expected that the remained columns can carry excessive
demanded loads until their ultimate axial capacities are met. To investigate the difference
between first and global axial failure, all models have been assessed. Figure 9 shows a sample of
results. Figure 9a illustrates the axial load in a column that experience axial failure (first axial
failure) versus axial displacement. Figure 8b shows the sum of axial loads in story's columns
versus axial displacement. As shown in Figure 9a the initial axial load in column increases (due
to overturning actions) until at displacement of 0.25 cm, axial failure is detected. In the same
manner, axial load of floor illustrated in Fig. 8b is constant up to first axial failure. Rationally,
after first axial failure, the total axial force should be constant, if the lost weight can transmit to
other columns. The analysis results show that, due to numerical problems, the program was not
able to consider more steps of pushover analysis after detection of an axial failure.
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Fig. 9. Axial Load — Vertical Disp. plot due to non-linear pushover analysis in 3-Story model (a) the first
axial failure in the column and (b) the first axial failure in the floor.
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The numbers of brittle responses in columns at higher drift ratio can produce numerical
instability in responses. So in current research, the first axial failure and global gravity failure are
assumed the same, and in the remaining discussion, no difference is made between them.

6. Earthquake records properties

To perform time history analyses in OpenSees due to far-field records, twelve records were
chosen from FEMA P695 [39]. The magnitude of records varies between 6.5-7.5, the site
distance is between 7.1-23.6 km, and the peak ground accelerations are between 0.21g-0.53g.

The graphs of pseudo-Acceleration versus period for the mentioned records are shown in figure
10.
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Fig. 10. The Sa(g) of applied records vs. time period.

7. Incremental dynamic analysis of modeled buildings

Incremental dynamic analysis (IDA) is a collection of non-linear dynamic analyses that uses
several spectra accelerations. Scaled intensity measure (IM) is chosen to consider linear and non-
linear situations of a structure and eventually lateral dynamic instability.

In this study, twelve models are considered to conduct IDA (two buildings, two modeling
approaches, three axial load ratios and transverse reinforcement spacing). Each model is
analyzed under twelve far-filed records to determine the shear and axial failure in columns. To
this end, at first, the IDA curves are developed for every twelve models. The IDA curves show
the spectra acceleration at fundamental period of buildings versus maximum inter-story drift. The
Figures1l and 12 show the sample of results of IDA curves for three and five-story building
models respectively with the same axial load ratio and transverse reinforcement spacing. In the
plotted curves in Figures 11 and 12, the black triangles and circles show the point of first shear
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and axial failure respectively, and black stars indicate the point of lateral dynamic instability. The
dynamic instability point has defined the point on curves that, with a small increase in lateral
acceleration, infinite inter-story drift ratio can achieve. The two points should be paid attention.
The first point is that many of IDA curves have not attained dynamic instability due to numerical
divergence encountered after axial failure and hence, dynamic instability is not addressed in
curves. The second point is that in some cases, the indicated point as dynamic instability is
before axial failure point which is turned to our judgment on indicating a point as dynamic
instability. This matter can not affect our purposes from this research. As a result of Figures 11
and 12, following few steps of analysis after first axial failure, the model becomes unstable and
analysis is terminated. Therefore, in current research, the point of occurrence of first axial failure
can be considered as instability state.
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Fig. 11. Sa (g) Vs. Maximum Inter-story drift ratio for 3-Story model with P/Ag.f’c =0.12, S=200 mm. a)
ASCE/SEI 41-13 modeling approach, b) shear and axial springs modeling approach.
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The derived results from Figures 11 and 12 are shown in Table 3. Moreover, for comparison, the

Max Drift InterStory

| [Shear & Axial Sp. Model |

A First Shear Failure
@ First Axial Failure
%  Dynamic Instability

0.04

0.06

Max Drift InterStory

Fig.12. Sa (g) Vs. Maximum Inter-story drift ratio for 5-Story model with P/Ag.f’c =0.12, S=200mm. a)
ASCE/SEI 41-13 modeling approach, b) shear and axial springs modeling approach.

results of pushover analysis on both modeling techniques are also listed in Table 1.
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Table 1
The mean of maximum inter-story drift ratio at first shear and axial failure derived from IDA.

PIAGfc=0.12 P/Agf.=0.17 P/Ay.fc=0.25
S=200 mm S=250 mm S=300 mm
Time Push Time  Push Time Push
History over Histor over History  over
%) () y®) (%) (%) (%)
Shear 319 275 3.07 2.53 2.86 2.35

No. of | Modelling Type of
Story | approach  Failure

3 story Elwood  \jial 550 350 467 305 286  2.35
nsoe | Sher 385 328 351 300 308 262

Axial 766 597 664 544 308  2.62

wooq | STeAr 579 324 439 227 350 210

5 Story Axial 652 337 535 292 359  2.10
nsop | Shewr 397 339 355 302 328 250

Axial 7.15 562 6.18 5.13 3.28 2.50

The results of Table 1 demonstrate that both modeling approaches in two considered frames
nearly present the same shear and axial drift ratios, except that the modeling based on shear-axial
springs, the values of drift ratio at first shear failure of five-story buildings are more than 3-story
frame as 25%-81%. The mentioned differences become smaller where axial load ratio increases
from 0.12 to 0.25. At all listed results in Table 3 with increasing axial load ratio from 0.12 to
0.25 the reported values on both modeling approaches and frames show the fewer differences
and smaller values of drift ratio. For instance, for an axial load ratio of 0.25, all resulted values
are nearly resembled, and less dispersion can be seen in results. The results also reveal that with
increasing in axial load ratio, the difference between first shear failure and first axial failure
become negligible. In comparison between two modeling approaches, the following results can
be inferred:

- In 3-story frame for all axial load ratio, the drift ratio at first shear failure from modeling with
shear-axial springs is less than that of ASCE-41-13 approach as 7%-17%, while in the 5-story
frame, it 1s inverse (45%-10%).

- Both frames and both modeling approaches have shown that the values of drift ratio at first
axial failure from shear-axial springs model are less than ASCE-41/13 approach. The differences
vary between 7%-17% for the 3-story frame and 9%-14% for the 5-story frame. An exception is
for the 5-story frame at axial load ratio 0.25 which can be assigned to the dispersion of IDA
results.

The results listed in table 3 show that push-over analysis almost underestimates the first shear
and axial failure in comparison with IDA particularly at the 5-story frame and for lower axial
load ratio.
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In section 4, the probability of global collapse occurrence after axial failure in a floor due to non-
linear pushover analysis investigated. In this section, the occurrence of global collapse is
investigated in all models with shear and axial springs. A sample result of models with initial
axial ratios of 0.12 in the 3-Story model due to non-linear time history analysis is shown in
Figure 13.

920 (b)
300 1 3 Story
& ~ 915 1
Z 290 g
= =
« = | J.d
= 280 | a At i
= =
= =
< 2701 905
Model With Shear & Axial Sp.- P/Ag.f'¢=0.12 Model With Shear & Axial Sp.- P/Ag.f'¢=0.12
* First Axial Failure in Column * First Axial Failure in Floor
260 T T T T T 900 - : .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (Sec) Time (Sec)

Fig. 13. Axial load versus time in 3-Story model, (a) in a column suffered axial failure, (b) in the floor
including the column which suffered axial failure.

In Figure 13, the graph of axial load versus time for a column and floor is presented. In Figure
13, the column and floor experienced the first axial failure due to non-linear time history
analysis. According to Figure 13a, the axial load capacity of column decrease around 10% after
axial failure initiation, whereas the axial load capacity of floor did not change significantly
(Figure 13b). The results of the assessment on other columns show that losing axial load at failed
column due to axial failure redistribute on other columns. However, the sum of axial load
capacity of columns in a floor did not change significantly. However as stated in section 4, due to
convergence problems no much more drift is seen after first axial failure. The same conclusion
discussed in section 4, is inferable here and for brevity not explained again. Therefore, no
significant differences can consider between first axial failure and global axial failure in low-rise
buildings.

8. Seismic fragility assessment

The conditional seismic demand in reinforced concrete columns for each record and each
spectral acceleration may be calculated using lognormal distribution as follows:

In(Sg * g) — A)

: (4)

Where, @ is a logical value that determines the form of function, Sa is pseudo acceleration, g is
gravity acceleration, A is mean deviation and & is a standard deviation for each pseudo

acceleration in shear and axial failure. So, the fragility curve is calculated using the following
equation:

P=1—CD<
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R (ln«sa : g)/@)

3 (5)

The results of statistic calculations for all analyzed models are presented in Table 2, where A and
& are mean and standard deviation of spectral accelerations respectively.

Table 2
Statistic results of the calculation of mean and standard deviation.

PIAGfc=0.25 PIAqfc=0.17 P/Agfc=0.12
Number Modelling Typeof  S=300 mm S=250 mm S=200 mm
of Story Approach Failure A £ A £ A £

Shear 1728 0.493 1.751 0.494 1836 0.491

Elwood Axial 1728 0.493 2051 0429 2262 0.482

3 Story ASCE Shear  2.002 0.449 2167 0443 2256 0.446
Axial 2002 0449 2653 0503 2795 0.453

S lwood Shear 1712 0564 1969 0573 2.037 0557

5 Story Axial 1712 0564 2169 0559 2478 0.534
ASCE Shear  1.797 0584 1.954 0597 2.043 0.605

Axial 1797 0.584 2524 0.628 2.573 0.586

The results of Table 2 show that the statistic parameters for shear and axial failure in all models
with initial axial load ratio of 0.25 and the spacing of transverse reinforcement of 300 mm, are
the same. The main reason refers to Eq. 1 and 2 which axial failure occurs simultaneously with
the onset of shear failure. The other models follow failure mode of flexure-shear-axial
respectively.
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= = V& 7 e
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Fig. 14. Seismic fragility curves of shear and axial failure for the 3-story models, (a) probability of first
shear failure, (b) probability of first axial failure.
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Fig. 15. Seismic fragility curve of shear and axial failure for 5-story models, (a) probability first shear
failure, (b) probability first axial failure.

The fragility curves for all models are illustrated in Figures 14 to 15. In Figure 14 and 15, the
probability of shear failure (PoS) and axial failure (PoA) for 3 and 5-story frames in companion
with two modelling approach, and different axial load ratios and transverse reinforcement
spacing, are compared.

To investigate seismic fragility assessment, the values of spectral acceleration at first natural
period of each frame are illustrated in both Figures 14 and 15 by a vertical solid line and relevant
values. As seen from both Figure 14 and 15, generally the fragility curves at axial failure are
wider than shear failure curves. As a general concluding, the probability of failure attained by
shear-axial spring modeling approach, are more than ASCE-41 modeling approach. To compare
the value of failure probability, Table 3 is presented. In Table 3 the values of probability of
failure for all models are listed.

Table 3
The Probability of shear and axial failure at first natural period of each frame for two employed modeling
approach.

P/Ag.fc =0.25 P/Ag.f’c=0.17 P/Ag.f’c=0.12
No. S=300 mm S=250 mm S=200 mm
of TF’;?ITJ:’: Prob. of Failure (%) Prob. of Failure (%) Prob. of Failure (%)
Story .
Diff. piff. ~ Elwoo Diff.
Elwood ASCE %) Elwood ASCE ) q ASCE %)
3 st Shear  48.8 26.0 87 47.8 15.5 209 40 11.3 255
| Axial 48.8 26.0 87 21.9 3.4 539 13 3.0 330
5 St Shear 35.7 31.1 14, 21.1 22.7 7 7.9 18.8 58
| Axial 35.7 31.1 14. 12.3 5.2 137 3.6 3.4 4

Table 3 reveals that in most cases, the PoS and PoF derived from modeling based on shear-axial
spring are more than ASCE-41 approach. An exception is PoS in 5-story frame for axial load
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ratio 0.12 which can be due to dispersion in results. The differences between PoS and PoF due to
two modeling approaches are also listed in Table 3. The listed values show that the differences
between the obtained results for two modeling techniques do not follow a clear procedure,
however with increasing in axial load ratio from 0.12 to 0.25, dispersion becomes smaller.

8.1. Comparison with the level of safety probability of failure suggested by ASCE-41

ASCE-41-13 considers the level of safety when proposed modeling parameters for nonlinear
analysis. The goal in selecting values for modeling parameters in non-ductile concrete columns is
to achieve a high level of safety probability of failure less than 15% for columns that may
experience shear failures, while allowing a slightly lower level of safety 35%, for columns
expected to experience flexural failures. Given the potential of collapse resulting from axial load
failure of individual columns, a high level of safety 15% is desired. It emphasizes that the target
limits for probabilities of failure were selected based on the judgment of Ad Hoc Committee. To
investigate the reliability of proposed modeling parameters and compare the results of two
modeling approaches on buildings responses, in Table 5 those PoS or PoF less than 15% are
bolded. The numbers of bolded items show that many cases do not meet such target. Except for
frames with lower axial load ratio, it can be concluded that no other cases can pass the mentioned
target. Although the proposed rotation values in ASCE-41 on shear and axial failure of columns
have resulted from experimental tests and proposed target values, have considered columns test
and judgment as a whole. However, it seems the probability of failure on the building should be
considered where the modeling parameters are suggested.

9. Summary and conclusion

In this paper, the main purpose was to investigate the prediction of the drift ratio capacity at
shear and axial failure in existing RC columns in framed buildings due to the earthquake.
Therefore, six numerical models were developed according to two modeling techniques, as the
models with shear and axial springs at the top of columns and the models based on ASCE/SEI
41-13 concrete provisions. The results of push-over analysis and IDA were processed and using
fragility curves the following conclusions are inferred:

e No meaningful difference in drift ratios between first axial failure, story gravity failure,
and lateral instability was achieved. Almost all cases became unstable after first axial
failure detection.

e In comparisons between two modeling approaches, the method of ASCE-41-13 over-
estimates first axial failure than modeling with shear-axial springs. In shear failure
detection, the specific conclusion was not achieved.

e The derived results showed that pushover analysis underestimates drift values at shear and
axial failure in comparison with IDA results.

e The results of fragility curves showed that the probability of failure attained by shear-axial
spring modeling approach, are more than ASCE-41 modeling. The differences between
results of two modeling techniques do not follow a clear procedure; however, with
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increasing in axial load ratio from 0.12 to 0.25 and transverse reinforcement spacing from
200-300 mm, dispersion becomes smaller.

the results of probability of failure for shear and axial failure corresponding to spectral
acceleration at first natural period (Sa(T1)) showed that, where axial load ratio or spacing
of transverse reinforcements become larger (from 0.12-0.25 for both modelling
approaches), the level of safety cannot pass the level of safety target suggested by ASCE-
41-13(i.e. 15% probability of shear and axial failure on columns).
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