Earthquakes and Structures, Vol. 21, No. 2 (2021) 113-124
https://doi.org/10.12989/eas.2021.21.2.113

Component deformation-based collapse evaluation of RC frame
under different collapse criteria
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Abstract. Developments in performance-based earthquake engineering have emphasized the importance of evaluation of
structural collapse resistance. Several collapse criteria were proposed to define structural collapse in various perspective. In this
paper, collapse resistant capacity of ductile reinforced concrete (RC) frame was evaluated using different collapse criteria. Since
most of the criteria focus on overall structural response, a component deformation-based method was adopted to describe the
damage in component level. Incremental dynamic analysis (IDA) of a 6-story ductile RC frame conforms to current codes was
conducted in OpenSEES. The collapse resistant capacity under different collapse criteria was compared. Moreover, relationship
between overall structural response and the distribution of damaged components were discussed through the component
deformation-based method. It was indicated that the story of maximum inter-story drift ratio is neither consistent with the one
which is most seriously damaged nor with the story of maximum residual inter-story drift ratio. Furthermore, the component
deformation-based method can depict structural damaged state and formation of collapse mechanism more reasonably. The
analysis result evidences that structure conforms to current code have the good ductility and hardly reaches physical collapse
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under rare earthquake, however, the structure is more likely to be demolished due to unacceptable residual deformation.
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1. Introduction

The collapse resistant capacity of RC frame structure
has drawn great attention from researchers and engineers
since RC frame is the most commonly used structural form.
However, hazard investigation of past earthquakes indicated
that the safety margin of frame structure is relatively low
comparing with other structural forms (Kam et al. 2011). In
order to describe the collapse of structures, several collapse
criteria were proposed, which can be mainly divided into
two categories: the physical collapse criterion and the
indirect collapse criterion. The physical collapse criterion
can reflect the actual collapse resistant capacity of structure
by simulating the real collapse process. However, it is
difficult to simulate the actual collapse state of structure
because it is time consuming and not easy to converge in
complex structure, which is not suitable for practical
engineering. Therefore, the indirect collapse criterion is
adopted in most cases. Currently, several indirect collapse
criteria have been put forward as follows. (1) The
deformation-based criterion: the limit of elastic-plastic
inter-story drift for different structures were presented in
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GB50011-2010 (2016), ASCE 41-06 (2007) and other
codes. This definition of collapse was used extensively in
practical engineering with certain safety margin. (2)
Component failure-based criterion: the collapse of structure
is defined when the first failed component appears, such as
Shoraka et al. (2013) and ASCE 41-17 (2017). (3) Stiffness-
based criterion: the reduction of structural stiffness can
characterize the failure of structure, and the collapse limit
state can be considered when the stiffness degradation
reaches a certain extent. The change of tangent stiffness and
natural frequency were adopted to describe the structural
failure by Gu and Shen (1997), Mohd and Sangle (2017)
respectively. (4) Stiffness and deformation-based criterion:
the incremental dynamic analysis (IDA) is used to portray
the process of structure from elastic state to plastic state,
until the structural dynamic instability and side-way
mechanism occur, as described in Vamvatsikos and Cornell
(2002), FEMA P-695 (2009), Haselton et al. (2011), Tian et
al. (2016), Bayati and Soltani (2016), Qiao et al. (2017). (5)
Residual deformation-based criterion: the experiences of
Mexico earthquake and Kobe earthquake indicate that
structures which cannot be repaired have to be demolished
due to excessive residual deformation (Ramirez and
Miranda 2012). In recent years, more and more researchers
have used residual deformation as an index for building
resilience assessment (Dai er al. 2017, Li et al. 2018,
Aydemir et al. 2019).

At present, the previous research of indirect collapse
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Fig. 1 Component deformation limits and performance levels

criterion focuses mainly on the overall structural response
in macro sense like inter-story drift ratio, which is rarely
related to the component level in micro sense. However, it
is difficult to reflect the actual distribution of structural
damage using inter-story drift ratio. In this paper, the
component deformation-based method was adopted to study
collapse resistant capacity of structure under different
collapse criteria, and the relationship between the
distribution of damaged components and the collapse
criteria was analyzed.

2. Different definitions of collapse

Different collapse criteria describe the collapse state of
structure from various perspective and have different safety
margin. Collapse criteria commonly used were compared
herein.

2.1 Deformation-based criterion

Exceedance of inter-story drift ratio limit is taken as
collapse prevention. It is employed extensively in current
design standards. The limit of inter-story drift ratio for RC
frame is 2.0% in GB50011-2010 (2016), and 1.5~2.5% in
ASCE 7-10 (2010). Similarly, ASCE 41-06 (2007)
prescribes 4.0% as the limit of collapse prevention.

2.2 First component failure-based criterion

This criterion is proposed in ASCE 41-17 (2017) and
Shoraka et al. (2013). RC frame is regarded as collapse
prevention once failure occurs in structural components.
ASCE 41-17 (2017) presented acceptable criteria of
different component performance levels including
Immediate Occupancy, Life Safety and Collapse
Prevention, i.e., 10, LS and CP, for existing buildings.
However, a series of research indicated that the criteria are
too conservative for most buildings (Acun and Sucuoglu
2010, Siahos and Dritsos 2010, Ricci et al. 2012).

Therefore, acceptable criteria of component
performance level were modified based on plentiful

experimental data by researchers (Qi 2013, Parrotta et al.
2014). Base on a test database of 103 RC beams, 469 RC
columns and 236 RC shear walls collected from published
literatures, Cui (2017) proposed a component deformation-
based method to evaluate the performance of RC structures
in component level, which is adopted for performance
evaluation of RC frame hereinafter. In this method, 6
component deformation limits are established in terms of
drift angle, which divides the component performance into
7 states: Intact (Li), Minor Damage (L»), Slight Damage
(L3), Moderate Damage (Ls), Relatively Severe Damage
(Ls), Severe Damage (Ls) and Collapse (L7). As illustrated
in Fig. 1, deformation limits are defined based on
component skeleton curves and three key limits, namely, P,
Ps, Pg, are the basis of definition. P is the drift angle at
normal yielding calculated through the method proposed by
Sezen and Moehle (2004), which represents the threshold
between elasticity and plasticity. The drift angle at which
the applied shear force dropped to 80% of the peak shear
force is defined as Ps. Once the component reaches Ps,
obvious degradation of lateral bearing capacity occurs but
the component still able to stably withstand vertical loads.
Ps is defined as the drift angle corresponding to lost of axial
capacity or 50% degradation of lateral bearing capacity.
Then P,, P3;, Ps are determined by quartering the
deformation between P; and Ps, as illustrated in Fig.1.
Through the regression analysis and systematic
experimental verification, Cui et al. (2018a, 2018b) put
forward new failure mode classification criteria for RC
beam, column and shear wall. Han et al. (2019) adopted this
method in seismic evaluation of a tall building beyond code
specification, which proves its rationality and feasibility.
Completed component deformation limits adopted here are
provided in appendix.

As is introduced in Shoraka et al. (2013). one column
exceeds performance limit Ps is considered as collapse
prevention in first component failure-based criterion.

2.3 Side-way-based criterion

Side-way collapse is defined as dynamic instability by
Vamvatsikos and Cornell (2002). In this criterion, collapse
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Fig. 2 Side-way collapse mechanism

Table 1 Different collapse criteria

Collapse criterion No. Definition of collapse
Deformation-based cl MIDR > 2%
criterion (GB50011-2010, 2016)

First component failure-
based criterion
Deformation-based
criterion

C2 First column failure

MIDR > 4%
(ASCEA41-06, 2006)
Dynamic instability or
storey drift ratio > 10%
Rx <5.0%

C6 RIDR > 1.5%

C3

Side-way-based criterion C4

Stiffness-based criterion C5
Residual deformation-
based criterion

of structure is defined by two characteristics. First, the
maximum inter-story drift ratio (MIDR) increases sharply
with the minor ground acceleration increases, which is
reflected as the dramatic decline of “story stiffness”
represented by the tangent slope of IDA curves, as shown in
Eq. (1). Moreover, excessive MIDR in single earthquake
excitation also implies the collapse of structure. 10% of
MIDR is employed as the threshold. If any of these
conditions are met, the structure is regarded as dynamic
instability and collapse, as illustrated in Fig. 2.

K'<0.2K, (1)

where Kj is the initial tangent slope of IDA curves when
structure remains in elastic range, K’ is the tangent slope of
IDA curves when structure reaches the capacity point of
collapse prevention.

2.4 Stiffness-based criterion

Damage of structure comes with degradation of
structural stiffness, therefore, several stiffness-based
collapse criteria were put forward by researchers (Sozen
and Loopez 1987, Banon and Veneziano 1986, Roufaiel and
Meyer 1987). Since stiffness is directly related to dynamic
property of structure, Gu (2000) defined the collapse state
through structural circular frequency. The collapse appears
when the ratio of structural stiffness degradation Rk
approaches 0, as shown in Egs. (2)-(4).
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R, =K/K,~0 2)

Where, Ky and K denote the structural stiffness of
original state and collapse prevention separately.

K, =ma}, K = mao? 3)

o and wy corresponds to the circular frequency. Hence,
R at collapse prevention can be derived,

R(=K/K,=e" &} =0 4)

2.5 Residual deformation-based criterion

Through the disaster investigations of earthquakes over
the past few decades, researchers found that in many cases
although collapse did not occur during earthquake, many
RC structures had to be demolished due to expensive
repairing cost or loss of repairability caused by excessive
residual inter-story drift (RIDR) (Lu et al. 2012, Elwood
2013, Ruiz-Pinilla et al. 2016). The importance of residual
deformation in seismic performance evaluation was realized
and several collapse criteria based on residual inter-story
drift were proposed (Dai et al. 2017, Ruiz-Garc’ia and
Miranda 2006, Hatzigeorgiou et al. 2011, Pettinga et al.
2007, Ramirez and Miranda 2012). The residual inter-story
drift ratio of 1.5% is taken as the median for probability
curve of demolition in Ramirez and Miranda (2012), and
1.0% is proposed in FEMA P-58 (2012). The limit of 1.5%
was employed herein.

Finally, aforementioned
summarized in Table 1.

collapse  criteria  are

3. Numerical examples
3.1 Archetype model

The 2D RC frame structure which conforms to
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GB50011-2010 (2016) is shown in Fig. 3. In order to
achieve the design concept of “strong columns and weak
beams”, “strong shear and weak bending”, “strong joints
and strong anchoring”, specific seismic detailing was
adopted, which implies the joint failure will not occur in
this model. Uniform distributed load is 19.3 KN/m
(including dead and live load) on beams. In addition, mass
is 17.6 ton at every beam-column joint connection. Seismic
fortification intensity of this building is degree 8 according
to GB50011-2010 (2016). Peak ground acceleration (PGA)
is 0.07 g and 0.40 g for frequent earthquake and rare
earthquake (probability of exceedance is 63.2% and 2% in
50 years) respectively, and site predominant period is 0.35
s. Section information of beams and columns is illustrated
in Fig. 3. 8D16 stands for eight rebars whose yield stress is
400MPa and diameter is 16 mm. Cl10@100 represents
stirrup with yield stress of 300 MPa and diameter of 10 mm
in a spacing of 100 mm.

3.2 Modeling in OpenSEES

Concrete01 and Steel02 in OpenSEES (2013) were
selected as material constitutive model of concrete and
reinforcement, which parameters setting is described in
Figs. 4 and 5. Furthermore, as illustrated in Fig. 6, fiber
section and nonlinearBeamColumn with five integral points
along the longitudinal orientation were used for modelling
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Fig. 6 Fiber section with five Gauss-Lobatto integral points

beams and columns. P-Delta effects was considered in
columns. In addition, beam-column connections were
assumed to be connected by rigid connection and the
bottom columns were fixed on the ground fully.

3.3 Nonlinear time-history analysis

22 earthquake records, which were selected from a set
of records proposed in FEMA P-695 (2009), were adopted
in time history analysis, as demonstrated in Table 2. The
Rayleigh damping of 5% was assumed for the first and
second vibration modes. IDA, which was introduced by
Vamvatsikos and Cornell (2002), was conducted in
OpenSEES (2013). Maximum inter-story drift ratio (MIDR)
of each time-history analysis was plotted as one point in
Figs. 7(a)-7(b). Thus, a suite of points was presented in Fig.
7(a) under different peak ground accelerations (PGA), and
the collapse points defined by different criteria were also
marked on the IDA curves. Similarly, the maximum residual
inter-story drift ratio (RIDR) can be obtained in Fig. 7(c).
The square of circular frequency @’ can also be calculated
and recorded in Fig. 7(d) when each time-history analysis
was finished. g is 10 m/s?.

3.4 Collapse fragility

The curves of cumulative collapse probability under
different collapse criteria can be derived according to Fig.
7(a) and logarithmic curves fitting were obtained in Fig. 8.
As illustrated in Fig. 8, in a range of relatively low PGA,
the cumulative collapse probability curve for criterion C1 is
the steepest, those of C6, C3 and C2 come second, and the
curves of C4 and C5 are the flattest, which implies that
criterion C1 is most prone to be met, while criterion C4 and
C5 are the toughest to reach. However, as the PGA
increases, curves of C4 and C5 become steeper while others
become flatter. From the increasing trend of these curves, it
was indicated that the collapse states defined by C1, C2, C3
and C6 mainly distributed in a range of relatively low PGA,
while those defined by C4 and C5 concentrated in a range
of high PGA.

In a physical sense, side-way-based criterion (C4) is the
closest state of actual collapse. However, from the
perspective of economics, loss of repairability or overpriced
repairing cost also means failure of structure. According to
residual deformation-based criterion (C6), residual inter-
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story drift ratio (RIDR) of 1.5% corresponds to the median
in the curve of cumulative demolition probability, which
means demolishing is more economic than repairing when
the RIDR of structure exceeds 1.5%. Therefore, as
illustrated in Fig. 9, based on cumulative probability curves
of C4 and C6, post-earthquake state of structures can be
divided into three parts, namely, repairability, demolition
and collapse. As can be seen in Fig. 9, when RC frame
structures which conform building code suffer the rare
earthquake (PGA=0.40 g), the probability of reaching
criterion C4 is 6.6%. However, there is a demolishing
probability of up to 13.5%, which is more than two times of
that of side way collapse (C4). And the demolishing
probability increases firstly and decreases later as the PGA
increases. In other words, although many structures avoid
collapsing because of good ductility, they are more likely to
be considered as unrepairable and demolished after the
earthquake due to excessive residual deformation.

The corresponding PGAs under cumulative collapse
probability of 10% and 50% are summarized in Table 3.
Collapse probability under different seismic level can also
be established in Table 4. Collapse margin ratio (CMR)
proposed by FEMA P-695 (2009) was adopted to evaluate
the collapse resistance of structure, which can be calculated

by Eq. (5).
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Fig. 8 Cumulative collapse probability under different
collapse criteria

where Sa(7T7)s0% is the median spectral acceleration of the
collapse level ground motions, Su(7))mre is the spectral
acceleration of the rare earthquake ground motions.
According to Table 3, the CMR of criterion C2, C3, C4,
C5, C6 increases 119.0%, 76.2%, 152.4%, 219.0%, 119.0%
and 115.4%, 92.3%, 233.3%, 274.4%, 59.0% than criterion
C1 when the cumulative collapse probability reaches 10%
and 50% respectively. The criterion C1 is the most
conservative, criterion C2, C3 and C6 come second, which
is consistent with Fig. 8. The same trend can also be proved
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Table 2 Earthquake records of IDA

Record Event Year Abbreviation Duration(s)
SFERN/PEL090 San_Fernando 1971 El 15
SFERN/PEL180 San_Fernando 1971 E2 15

FRIULI/A-TMZ000 Friuli-1taly 1976 E3 15
IMPVALL/H-DLT262 Imperial_Valley 1979 E4 15
IMPVALL/H-E11140 Imperial_Valley 1979 E5 15
SUPERST/B-ICC000 Superstition_Hills 1987 E6 15
SUPERST/B-POE270 Superstition_Hills 1987 E7 15

LOMAP/CAPO00 Loma_Prieta 1989 ES8 15
LOMAP/G03000 Loma_Prieta 1989 E9 15
CAPEMEND/RIO270 Cape_Mendocino 1992 E10 15

LANDERS/YER270 Landers 1992 Ell 15
LANDERS/CLW-LN Landers 1992 E12 15

NORTHR/MULO009 Northridge 1994 E13 15

NORTHR/LOS000 Northridge 1994 El4 15

KOBE/NIS000 Kobe-Japan 1995 E15 15
KOBE/SHI000 Kobe-Japan 1995 E16 15

KOCAELI/DZC180 Kocaeli-Turkey 1999 E17 15

KOCAELI/ARCO000 Kocaeli-Turkey 1999 E18 15
CHICHI/CHY101-E Chi-Chi-Taiwan 1999 E19 15
CHICHI/TCUO045-E Chi-Chi-Taiwan 1999 E20 15

DUZCE/BOL000 Duzce-Turkey 1999 E21 15

HECTOR/HECO000 Hector_Mine 1999 E22 15

100 Table 3 Collapse resistant capacity under different collapse
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Fig. 9 The post-earthquake states of structure

by Table 4: the collapse probability of criterion CI1 is 7.7,
43,79, 13.7, 2.6 times of criterion C2, C3, C4, C5, C6
under rare earthquake respectively. It is evidenced that RC
frame structure conforms to current codes hardly reach
physical collapse state under rare earthquake. However, it is
likely to be demolished with a probability of 13.5%, which
is also confirmed in Figs. 8 and 9.

3.5 Damaged components distribution under different
collapse criteria

Different collapse criteria define the structural collapse
state in different aspects, however, most of them focus on
the response of overall structure. Component deformation
makes it possible to get insight into the structural
performance under different collapse criteria. The
component deformation limits adopted here for RC beams

PGA(10%) 0.21g 046g 0.37g 053g 067g 0.30g¢g
CMR; 053 115 093 133 168 0.75
PGA(50%) 0.39g 084g 0.75¢9 1.30g 1.46g 0.62¢g
CMRs 098 210 188 325 365 155

Table 4 Collapse probability under different seismic levels

Seismic level Cl C2 C3 C4 C5 C6
Frequent (0.07g) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Moderate (0.20g) 85% 0.6% 2.8% 0.0% 0.0% 4.2%

Rare (0.40 g) 52.1% 6.7% 12.2% 6.6% 3.8% 20.1%
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Fig. 10 Time history of Earthquake E1

and columns were derived based on Cui (2017) according to
design parameters, as shown in appendix. By applying the
deformation limits, yielding mechanism and damaged state
of a 6-story frame under different collapse criteria can be
described in component level. Structural damage under
earthquake E1 and E7 was taken as examples. As shown in
Fig. 10, duration of earthquake records is 15 seconds, and
the structure vibrates freely from 15 seconds to 40 seconds.
The distribution of component damage under each collapse
criterion was illustrated in Figs. 11 and 12. And the inter-
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story drift ratio (IDR) time history of each story was also
presented respectively.

As shown in Fig. 11, when the structure was under
excitation of ground motion E1, maximum inter-story drift
ratio (MIDR) approaches 2% when PG4 is 0.35 g, which is
at fourth story. Thus, the criterion C1 was reached first.
Most beams yielded and reached performance level Ls and
Lg, nevertheless, only two columns yielded and reached L,.
Beam yielding mechanism was formed under this seismic
intensity. When PGA was 0.60 g, the criterion C3 and C6
reached simultaneously. Almost all of the beams were in L.
At the same time, all columns of the first story yielded,
most of them were in L3, which means Slight Damage. And
the columns in the rest stories generally remained in L.
Component performance shown that first story was most
severely damaged, while MIDR was at the second story.
Maximum residual inter-story drift ratio (RIDR) was also at

the first story. When PGA was 0.90 g, the first column
reached L7 at the first story, which means criterion C2 was
met. The MIDR was at the first story, while RIDR was at
the sixth story. When PGA reached 1.50 g, criterion C4 and
C5 ware attained. All of the columns in first story reached
L7 therefore side-way mechanism was formed in first story,
which leads to steeply drop of structural stiffness and side-
way collapse. The occurrence order of different collapse
criteria is C1-C3/C6-C2-C4/C5 under El. Similarly, the
order is C1-C6-C3-C2-C4-C5 under E7.

According to Figs. 11 and 12, beams yielded first, which
means structure has the good ductility. The damaged
process was captured based on component deformation-
based method. The damage extent of columns was slight
when criterion C1 was reached first, therefore, C1 is
conservative to be considered as collapse criterion.

Similarly, when structure reaches C3, most of the beams
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suffered serious damaged and reached L7, but the columns
still remained in L3. Criterion C2 was reached once the first
column failure occurs, that is to say, reaching L; in
component deformation-based method. Actually, the
internal force will redistribute when a column failed, thus
the remaining columns are still able to withstand the
vertical load so that the structure will not collapse. C4 and

C5 are the most difficult to reach, but once they are
reached, the damage extent is severe. The side-way
mechanism formed in one or several stories when structure
collapses. Therefore, to a certain extent, criterion C4 and C5
can reflect the true collapse resistant capacity of structure.
Moreover, the criterion C4 and C5 are close to each other.
Further, C6 is more prone to achieve than C4 and C5, which
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indicates the structure is more likely to be demolished due
to unacceptable residual deformation before physical
collapse occurs.

Figs. 11 and 12 also shows that in many cases the story
of MIDR is not the most seriously damaged one.
Furthermore, the stories of MIDR and RIDR are not
consistent. However, both of MIDR and RIDR increase
simultaneously with PGA enhances. The more serious
damaged the structure is, the greater MIDR and RIDR are.

4. Conclusions

Several collapse criteria were discussed, and the
collapse resistant capacity of a typical RC frame structure
under different criteria was compared. The failure
mechanism and the distribution of damaged components
corresponding to each collapse criterion were also analyzed.
Based on the studies above, the following conclusions can
be drawn.

¢ Criterion CI is most easily to meet, C2, C3 and C6
come next. When criterion Cl is met, the damage of
column is slight, thus CI1 tends to be conservative. By
neglecting the redistribution of internal force, criterion
C2 is also conservative. C4 and C5 are the most difficult
to achieve, but achieving C4 or C5 means the formation
of side-way mechanism in one or several stories. To a
certain extent, structure is close to physical collapse
state under C4 and C5 thus they reflect the true collapse
resistant capacity of structure.
» Frame structures designed in accordance with current
codes have good ductility, and hardly reach physical
collapse under rare earthquake. However, analysis of
post-earthquake state shown that in most cases
structures meet criterion C6 first before C4 or C5, which
indicates the structures are more likely to be demolished
due to unacceptable residual deformation even if they
are not collapsed.
* The story of maximum inter-story drift ratio is neither
consistent with the one which suffers the severest
damaged nor with the one of maximum residual inter-
story drift ratio. Through the component deformation-
based method, the distribution of structural damage
under different collapse criteria can be reflected clearly,
which provides insight into the collapse mechanism for
researchers and engineers.
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Appendix

Notation:

A is shear span ratio of the component, which can be
calculated by A=L /h ~M/Vh,.

m is flexural shear ratio of the component, which can be
calculated by m=V, IV, =M /V,L,-

L, is the effective length of the cantilever.

M and V is the moment and shear force at cantilever end.
hois effective height of section, for beam and column equal
to the distance between section compression edge and the
point of resultant force of tension reinforcement, for shear
wall equal to 0.8 times the section height.

M is the flexural capacity of RC component.

V, is the shear capacity of RC columns and beams according

to ACI 318-14.

V., Is the shear capacity of RC shear wall according to

ACI 318-14.
v, is the shear capacity of RC beams, columns and shear

walls according to Chinese code GB 50010-2010.

Vlfabho is the nominal shear compression ratio.

fex is the characteristic value of concrete compressive
strength.

b is width of section.

Ay is stirrup characteristic value of the component, which

can be calculated by A, = 0, 1ume fy /f..
Puonme 15 the volume stirrup ratio, for beams and columns, it

is calculated according to the stirrup in the component, for
shear walls, it is calculated according to the stirrup in
boundary elements.

f, is the yield strength of stirrup.

fC is the axial compressive strength of concrete.

pris stirrup ratio along the loading direction.

& is the confinement effectiveness factor in Mander
concrete model.

n is the axial load ratio of component, which can be
calculated by n=p / Af,.

Table A-1 Failure mode classification criterion of RC
beams

Failure mode Shear span ratio  Flexural shear ratio
Flexural 1>=2.0 m<=1.0
1>=2.0 m>1.0
Shear 1<2.0

Table A-2 Failure mode classification criterion of RC
columns

Failure mode Shear span ratio Flexural shear ratio
Flexural A>=2.0 m<=0.6
Flexural-shear 1>=2.0 0.6<m<=1.0
A>=2.0 m>1.0
Shear

1<2.0
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Table A-3 Deformation limit of RC beams

Performance level

Design Parameter Minor . Moderate Relatively Severe Severe
Intact Slight Damage
Damage Damage Damage Damage
Flexural
m v VIfexbho
<0.2 >0.2 <0.02 0.004 0.011 0.023 0.034 0.045 0.050
<0.2 >0.2 >0.1 0.004 0.005 0.010 0.015 0.020 0.025
>0.8 >0.2 <0.02 0.005 0.014 0.028 0.041 0.055 0.060
>0.8 >0.2 >0.1 0.005 0.009 0.018 0.026 0.035 0.040
<0.2 <0.02 <0.02 0.003 0.003 0.007 0.010 0.014 0.015
<0.2 <0.02 >0.1 0.003 0.001 0.001 0.002 0.002 0.002
>0.8 <0.02 <0.02 0.005 0.007 0.014 0.020 0.027 0.032
>0.8 <0.02 >0.1 0.005 0.002 0.004 0.006 0.008 0.010
Shear
m Y4
<0.5 >0.008 0.004 0.005 0.010 0.015 0.020 0.022
>2.5 >0.008 0.004 0.003 0.005 0.008 0.010 0.012
<0.5 <0.0005 0.004 0.003 0.005 0.008 0.010 0.012
>2.5 <0.0005 0.004 0.001 0.003 0.004 0.005 0.008

Table A-4 Deformation limit of RC columns

Performance level

Design Parameter Moderate  Relatively Severe

Intact  Minor Damage Slight Damage Severe Damage

Damage Damage
Flexural

n v Vifexbho
<0.1 >0.4 <0.02 0.006 0.008 0.015 0.023 0.030 0.044
<0.1 >0.4 >0.1 0.008 0.014 0.028 0.041 0.055 0.060
>0.6 >0.4 <0.02 0.005 0.006 0.012 0.017 0.023 0.025
>0.6 >0.4 >0.1 0.005 0.006 0.012 0.018 0.024 0.028
<0.1 <0.02 <0.02 0.004 0.006 0.012 0.018 0.024 0.028
<0.1 <0.02 >0.1 0.008 0.010 0.020 0.030 0.040 0.048
>0.6 <0.02 <0.02 0.005 0.000 0.000 0.000 0.000 0.000
>0.6 <0.02 >0.1 0.005 0.005 0.009 0.014 0.018 0.022

Flexural-shear

n Pt m
<0.1 >0.01 <0.6 0.008 0.009 0.018 0.027 0.036 0.043
<0.1 >0.01 >1.0 0.008 0.008 0.016 0.024 0.032 0.034
>0.6 >0.01 <0.6 0.003 0.004 0.009 0.013 0.017 0.020
>0.6 >0.01 >1.0 0.003 0.005 0.010 0.015 0.020 0.023
<0.1 <0.0005 <0.6 0.006 0.006 0.013 0.019 0.025 0.031
<0.1 <0.0005 >1.0 0.006 0.003 0.007 0.010 0.013 0.016
>0.6 <0.0005 <0.6 0.002 0.001 0.001 0.002 0.002 0.002
>0.6 <0.0005 >1.0 0.002 0.000 0.000 0.000 0.000 0.000

Shear

n Pt
<0.1 >0.008 0.004 0.003 0.005 0.008 0.010 0.015
>0.6 >0.008 0.004 0.002 0.004 0.006 0.008 0.010
<0.1 <0.0005 0.003 0.001 0.002 0.003 0.004 0.004

>0.6 <0.0005 0.003 0.000 0.000 0.000 0.000 0.000






