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Abstract In this study, linear and non-linear static
analysis of low-rise models representing two-bay
two-story and three-bay three-story reinforced concrete
framed structures designed as per Indian standard codes
(IS 450:2000 and IS 1893:2016) for the high seismic
region using Envelope loading combination are assessed
with and without the Guidelines of U.S. (GSA) General
Services Administration. The purpose of this study is to
describe the applicability of Finite Element software in
assessing the behavior of seismically designed low rise
structure before and after losing vertical structural element
column with and without considering dynamic increase
factor, and the results indicate demand resistance ratios
acquired from elastic linear analysis and the hinge
formation pattern obtained from non-linear elastic analysis
are similar for Envelope loading combination and GSA
loading combination, thus the dynamic increase factor of
2 recommended by the U.S. General Services
Administration guidelines for static analysis can be
underestimated for low-rise reinforced concrete framed
models designed seismically as far as progressive collapse
resistance is considered, since both types of loading
combinations (in which one combination considers only
normal design load path method while the other
combination considers alternate load path methods)
acquire same type of results, thus confirms seismically
designed low rise models does possess inherent property
towards progressive collapse resistance. This study
provides a good example and summary for the

construction industry and can be used by design engineers
while designing low-rise progressive collapse-resistant
structures.

Keywords Progressive Collapse, Low Rise Structure,
Linear Static Analysis, U.S. (GSA) General Services
Administration Guidelines, Non-linear Static Analysis,
Demand Capacity Ratios (DCR)

1. Introduction

Progressive Collapse is enlightened by several
researchers, Starossek [5] recognized different types of
collapse failures, namely pancake, zipper, domino, section,
instability and mixed type collapses. Managing anomalous
occurrences, managing local element behavior, and/or
controlling global system behavior are three strategies to
reduce the likelihood of gradual collapse. Normally,
structural engineers find it difficult to control unusual
phenomena. Engineers, on the other hand, can alter the
behavior of local and global systems, Starossek and
Haberland [6]. Starossek [16] discusses innovative
progressive collapse mechanisms that can be used on tall
structures. Nonstructural protective measures, particular
local resistance, alternate pathways, isolation of collapsing
parts, and prescriptive design rules are among these
solutions. Current design strategies for progressive



1328

collapse resistance, according to Starossek [19], are
insufficient. In another paper, using a simplified model of
the Alfred P. Murrah Federal Build, Starossek and Wolff
[23] provides a brief review of direct design techniques
for progressive collapse.

Frame structures are seismically designed using
SAP2000 Version 20 [26] as per IS 1893-2016 [31].
Linear static analysis is enacted separately for each case
of column elimination. The vertical structural element is
detached from the position under consideration in the
linear static analysis, and the linear static analysis with
Envelope Loading Combination and G.S.A Loading
Combination has been carved out of the structure. From
the elastic analysis results, ultimatum at key positions of
the beam elements is acquired and from the fundamental
original seismically built section of the structure, the
resistance of the horizontal member is decided. A check
for the demand capacity ratio in each horizontal element is
carted out. If the demand capacity ratio valve of horizontal
member surpasses the acceptance criteria, the given
member is deemed as unfit. The demand resistance ratio
obtained from linear elastic analysis assists to ascertain
the capability of building structure for progressive
collapse.

“The Demand Capacity Ratio (DCR), defined as the
ratio of the member force to the member strength is
computed and analysed according to the U.S. General
Services Administration guidelines. Member strength is
computed using the area of steel obtained in the design
results of the SAP2000 Program as per IS 456-2000 code”
[28]. The member force is directly drawn from obtained
design forces valves of the SAP2000 Program [26].

Non-linear static progressive collapse analysis includes
a step-by-step application of wvertical loads until an
extreme amplified load of 2(D.L +L. L) is reached while
allowing structural members to undergo non-linear
behavior, which can be described to as pushdown analysis
by Jalilkhani, Maysam, Manafpour, Ali Reza, 2018 [4].
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Non-linear static analysis is helpful in evaluating the
resilient and collapse failure limits of the system, even
though it cannot account for the dynamic effect due to the
sudden missing of columns studied by E.Brunesi, F.Parisi,
etal. [7]. “Experimental studies [14],[17],[18]; carried out
on RC beam-column sub assemblages have shown the
inherent ability to better resist progressive collapse of the
specimens with seismic detailing”. Numerical studies [2],
[11], [13], [22]; demonstrated that seismic design
improves the continuing collapse resistance of mid-rise
(11....13 storey) RCC framed structures. Since structural
efficiency under normal service loads is evaluated when
analyzing for progressive collapse potential, it was shown
that these structures will not collapse when columns are
removed.

Therefore, the present study aims to assess the behavior
of 2D low-rise RC framed structures to progressive
collapse designed according to the provisions of the
Indian standard codes (IS 456-2000 and IS 1893-2016)
[28].[31] for Envelope loading Combination for high
seismic regions where the peak ground acceleration is
0.36g, based on GSA criteria, the progressive collapse
behavior is determined by conducting linear static analysis
and non-linear static analysis procedure.

2. Description of the Structure

SAP2000. v.20 computer program [26] is used to craft a
model of buildings structures and to scrutinize distribution
and redistribution of loads before and after removing a
column, Figure.l shows an elevation view of
two-dimensional Reinforced concrete framed structures
with 2-bay2story and 3-bay3story buildings. Figure.2a
illustrates a typical plan view of these buildings with a
square plan, and a span length of 3m throughout
respectively. These models were designed and checked as
per Indian Standard codes [28], [31], [32]; respectively.
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Figure 1. Elevation of two Cases used for the Study
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2.1. Material and Sectional Property

Building structures are analyzed and designed as per
Indian standard codes IS 456:2000 [28] for envelope
loading combination. The dimensions of columns and
beams are similar for all stories and are 230mm x 230mm.
Material properties used for the structures are M25 for
beams and M30 for columns, unit weight of concrete as
25N/mma3. The elasticity modulus of steel and concrete
are 200000MPa and 25000MPa (beams) to 27000MPa
(columns) respectively.

2.2. Loading Intensities Considered

2.2.1. Dead Load

The dead load is computed from IS 875 (partl) [32].
Concrete is assumed to have a unit weight of 25kN/m3.
Self-weight of the building elements include:

Floor finish (except top floor) = 3kN/m?, For Top floor
= 1.5kN/m? Thickness of wall, Parapet wall and slab
assumed as110mm, 90mm and 120mm respectively.

Hence total Dead Load on each frame and top floor
frames are 10.77kN/m and 5.085kN/m respectively.

2.2.2. Live Load

IS 875(part2) [32] is used to estimate the live load.
Same Live load on roof and floor = 3kN/m2.After
calculations, live load on each R.C frame = 2.25kN/m.

2.2.3. Earthquake Load

The structures are designed for Zone-5 (Jammu and
Kashmir), Zone factor taken as 0.36. For all structures,
Soil type Il, Response Reduction Factor = 5, Importance
Factor = 1 are considered as per IS 1893-2016 [31].

3. Analysis Methods

For the analysis, two cases are considered as shown in
Figure.1. Each story is assumed to be 3 meters high. In
this study, elastic linear analysis and non-linear
load-controlled pushdown analysis was carried out to
understand the behavior of two-dimensional low rise
reinforced concrete framed structures by evaluating
demand capacity ratios at critical structural elements and
visualizing the hinge formation pattern, Displacement of
joints adjacent to removed column and at top story along
x-axis and z-axis are also evaluated. The step-by-step load
multiplication was applied as per GSA guidelines through
the Envelope Loading combination [32] and GSA loading
combination [24], to safeguard a more truthful likelihood
of the dynamic effect. To evaluate the Behavior of
two-dimensional low rise reinforced framed structures
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subjected to progressive collapse using linear and
Non-Linear static analysis with and without the U.S.
General Services Administration, GSA Guidelines [25],
two-column removal positions are only considered as
shown in Figure.2a.

Case 1- Missing of Corner Column.

Case 2- Missing of Middle Column.

3.1. Loading Criteria

When executing elastic analysis, the below-mentioned
vertical load combinations are directed in a downward
direction if the column is removed statically, the gravity
load increases as per G.S.A Guidelines [25]. To get
progressive-collapse behavior, the Load arrangement for
the factored region (affected region above missing column)
is given by Eq. (1), and the unfactored region (remaining
regions) is given by Eq. (2). When the analysis is done
without using GSA guidelines load combinations used are
as shown in Figure.2b

Above the Missing column Region/position.

Factored Region/Area Load = 2 (D. L+0.25L.L) (1)
Adjacent to the Missing column Region/position

Unfactored Region/ Area Load= Envelope Load
Combination IS 875-1987 (Part 1,2 and 5) 2

3.2. Analysis Loading Combinations

3.2.1. Envelope Loading

This type of loading comprises the envelope of
Fourteen loading combinations which are as following: -
(1) 15D.L
(2) 15D.L+15L.L
(3) 1.2D.L+1.2L.L+1.2E.Q(X)

(4) 12D.L+1.2L.L-1.2E.Q(X)
(5) 1.2D.L+1.2L.L+1.2E.Q(Y)
(6) 1.2D.L+1.2L.L-1.2 E.Q(y)
(7) 15D.L+15E.Q(x)

(8) 1.5D.L-1.5E.Q(x)

(9) 15D.L+15E.Q(y)

(10) 1.5D. L-1.5 E.Q(y)

(11) 0.9D. L+1.5 E.Q(x)

(12) 0.9D. L-1.5 E.Q(x)

(13) 0.9D. L+1.5 E.Q(y)

(14) 0.9D. L-1.5 E.Q(y)

Where

D.L= Dead Load

L.L=Live Load

E.Q(x)= Earthquake load along x-direction and
E.Q(y)=Earthquake load along y-direction respectively
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Figure 2a. Location of Column Removal member
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Figure 2b. Load Combinations and locations for different column removal scenarios.

3.2.2. GSA Loading

According to the U.S. GSA (2003) Guidelines [25]
General Services Administration, the possibility of
progressive collapse is evaluated when a column located
at first story of a building structure is eliminated from one
of four zones:

(1) Elimination of an exterior column in the intermediate
of the short side,

(2) Elimination of an exterior column in the intermediate
of the long side,

(3) Elimination of a corner column, and

(4) Elimination of an interior column.

Only the first three cases are taken into account in this
article.

The corresponding load arrangement is directed in
downward direction to the building structure when
conducting elastic analysis:

Load =2 (D.L +0.25 L.L)

This load arrangement directed in gravitational direction
is known as the GSA loading combination.

Where

D.L is Dead load and
L.L is Live load.

4. Progressive Collapse Analysis,
Results and Discussions

4.1. Linear Static Analysis

GSA (2003) guidelines [25] suggest a general loading
factor for static analysis. Equation (1) indicates the load
scenario.

The Demand Capacity Ratio (DCR) is used to assess
the acceptance criterion for the primary and secondary
structural components, as shown in equation (3).

Demand Resistance Ratio (DCR) =QUD /QCE  (3)

Where, QUD = Demand calculated from linear elastic
analysis in element or beam-column joints (moment, shear,
axial force, and combined forces).

QCE = Un-factored resistance of the element and/or
connection/joint (moment, shear, axial force, and
combined forces).

GSA specifies the following permissible Demand
resistance ratio values:

DCR values that are higher than the permissible limits
are regarded as abnormal or damaged.

« Demand resistance ratio < 2.0 for standard or regular
building configurations
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«  Demand resistance ratio < 1.5 for unusual or irregular
building configurations

GSA guidelines [24] allow increasing the asset or
strength of the design material by strength-increasing
factors in calculating the competences of the
elements/components or connections to detect the
estimated material strengths. As per GSA guidelines, the
strength-increase factors to be used for both concrete and
reinforcing steel are 1.25. To evaluate the behavior for
progressive collapse of 2D Low rise RCC framed
structures using linear static analysis, Figure.3a and
Figure.4a, Figure.3b, and Figure.4b show the demand
capacity ratio(flexure) for the Envelope Loading
combination and G.S.A Loading Combination for
two-column removal Cases.
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Figure 3a. Demand capacity ratio for Case A (2 Bay 2Story), without
considering Dynamic Increase factor for removal of corner column and
middle column.

After column deletion, the demand capacity ratio is
established in the context of demand as a member strength
in respect of the loading combinations as mentioned in
Equation 1 and Equation 2. Capacity is calculated for the
designed reinforcement of that section. In all these cases,
it can be observed that the adjacent joints are very much
affected due to column removal as the given load gets
transferred by the alternate load path method as shown in
red color. Also, the top story is most vulnerable to
enhance progressive collapse due to the large demand
capacity ratio for flexure compared to the bottom story.

g 8 9 7 8 9
1.7 35 3.5 18 26 24 ‘ 24 26
1 094 22 3 26 145 * s 123 © 123 25 ©
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D/C Ratio (GSA)
Figure 3b. Demand capacity ratio for Case A (2 Bay 2Story),

Considering Dynamic Increase factor for removal of corner column and
middle column

When the corner column is removed statically, the
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demand capacity ratio at column removal location is less
than 2 irrespective of loading combination but the demand
capacity ratio at adjacent joints exceeds valve 2 and
couldn’t pass while performing design and analysis as
shown in Figure 3a and Figure 3b. As the number of
stories increases from two to three, the demand capacity
ratio at top story joints is more compared to bottom story
joints which indicate, top story structural elements are
under severe stress due to loss of vertical member at the
ground story which shows load resisted by removed
column before removal is directly proportional to load
transferred by top story beam elements as shown in Figure
4a and Figure 4b.

’16 ‘)]S J‘:ii 2S5, 709 ]1“»34 3JA:5 347
| |
'11 19714 27729 17 | : 1 u"i 2116 26
508 13008 4.7 0s° oy 12727 17’14 227
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D/C Ratio (ELC)

Figure 4a. Demand capacity ratio for Case C (3 Bay 3Story), without
considering Dynamic Increase factor for removal of corner column and
middle column.

When the middle column is removed statically, the
demand capacity ratio at or just above column removal
location shows no failure except at top story beam
elements. But at the adjacent beam-column joints either
the left side or right side of the column removal location,
the demand capacity exceeds valve 2 irrespective of the
type of loading combination as shown in Figure 3a and
Figure 3b. As the number of stories increases, the demand
capacity ratio also increases with the maximum at top
beam-column joints and minimum at bottom
beam-column joints as shown in Figure 4a and Figure 4b

7 08 217, 095 437 56 23S

56 7.%"' ':0_5 51 4"‘.5’ 397,
06 1805 27)35 | >o.s 1,1"3.4 2116 o
S0 101 22 4 11 104 093 TR
& & & = & &
D/C Ratio (GSA)
Figure 4b. Demand capacity ratio for Case C (3 Bay 3Story),

Considering Dynamic Increase factor for removal of corner column and
middle column.

When Column is removed statically at the corner or
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middle location of the longer side of the building plan, the
demand capacity ratio is observed maximum towards the
interior side where there is more possibility of gaining
alternate load path from having a greater number of
beam-column joints compared to those joints which are
located at the extreme side of the building as shown in
Figure 4a and Figure 4b. When the analysis was done for
the Envelope loading combination in which no particular
dynamic increase factor is considered and GSA loading
combination where dynamic increase factor of 2 is
considered, it was concluded that the behavior of 2D
reinforced concrete framed structure designed seismically
is almost the same for both type of loadings, which
indicates those structures which are designed seismically
possess inherent property to resist progressive collapse to
some extent as GSA loading is meant for determining the
potential of structure to progressive collapse.

4.2. Non-Linear Static Analysis

In this study, non-linear static analyses are carried out
through the allocation of auto hinge properties to
framework elements. The Finite Element Program
automatically designs for each hinge a generated hinge
property. Axial, Torsion, Moment, Shear, and coupled are
the five default hinge options. Hinge properties are
assigned using the cross-section and reinforcement
information given by the user. In this case default moment
hinges, are used from SAP2000 V.20

R
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Figure 5. Plastic Hinge

The autonomous M3 hinge feature from ASCE 41-13
[29] has been added to the beam components by choosing
them and selecting it from the specified option. According
to the early study, the flexural failure mode of beam
elements dominates the collapse of reinforced concrete
buildings under column-removal conditions, hence only
this failure mechanism, rather than shear or prospective
column failure, is addressed. For non-linear static analysis,
the plastic hinge model, as shown in Figure5, is applied to
beam ends. Tables in ASCE 41-13 are used, along with
item | of Table 10-7 (concrete beams-flexure) [29],[30]. In
SAP2000 V.20, the behavior and response of a building
are observed for the moment rotation relationship. Until
the hinge yields at point B, there is no plastic deformation.
Following that, there's a point C, which represents the
hinge's full potential. The hinge's force capacity
diminishes after point C, reaching point D, which
corresponds to the hinge's latent power.

(a) Envelope loading Combination
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el |
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(b) GSA Loading Combination

Figure 6. Hinge formation pattern for Case A (2 bay 2story), Removal of corner column and middle column.

Point E denotes the hinge's ultimate displacement power, after which the hinge will fail. The moment hinges
properties were determined using the ASCE 41-13 seismic design code and adapted for progressive collapse analysis to
envelope and GSA loading combinations. “The maximum permissible rotation in a plastic hinge is increased from 0.02
rad to 0.035 rad, which correlates to the collapse prevention efficiency level on the Moment vs Rotation curve. The
GSA Guidelines for RC frames suggest this, to account for strain hardening, the slope from point B to C is taken to be
10% of the elastic slope. The residual strength ratio of 0.2 corresponds to point D. Since the GSA Guidelines don't
define a valve for point E as a failure limit, a valve of 0.07 rad. is used as an average of the DoD, U.S. Department of
Defence Guideline” [27] valves. The compressive strength and tensile yield strength of concrete for reinforced steel
were also increased by a factor of 1.25. (GSA 2003) [25].

(a) Envelope loading Combination
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_— — g

(b) GSA Loading Combination

Figure 7. Hinge formation pattern for Case C (3 bay 3story), Removal of corner column and middle column.

The hinge formation pattern obtained for 2D low rise
RCC framed models for different types of loading
combinations is shown in Figure 6 and Figure 7 for Case
A and Case C respectively. It can be observed that the
hinges are formed at all those points or spots where the
demand capacity ratio surpasses valve 2. Therefore, the
hinge formation pattern is in good agreement with Linear
static analysis results. Also, the hinge formation behavior
is almost similar for both types of loading combinations
irrespective of column removal locations. The only
difference lies in the number of steps for obtaining
pushdown results. GSA loading combination takes lesser
steps compared to Envelope loading combination but the
Ultimate results are almost similar.

4.3. Displacement of Joints along X-axis and Z-axis

The displacement of the beam-column joints above the
column removal location and adjacent to the removed
column locations along x-direction and z-direction are
also investigated for both Cases A and C. As shown in

Figure 8 and Figure 9. red colour arrow with having prefix
indicates displacement along x-direction with magnitude
represented by its prefix in numbering order, on the other
hand, green colour arrow shows displacement along
z-direction with prefix meant for providing a measure of
the magnitude of displacement. The following conclusions
were made.

When the corner column was removed statically, the
displacement along x-direction of beam-column joints at
the top story is maximum, followed by the bottom story
beam-column joints and minimum at just above the
column removal location. Whereas the displacement along
z-direction is maximum at just above column removed
joint followed by the top story beam-column joint and
minimum at beam-column joint adjacent to removed
column location as shown in Figure 8, But the
displacement along the x-direction and z-direction for
both types of loading combinations are almost same as
can be seen from Table 1, Table 2, Table 3 and Table 4
respectively.
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Figure 8. Displacement of Joints along X-axis (red arrow) and Z-axis (green arrow) for Case A (2 Bay 2Story) and Case C (3 Bay 3Story),
Removal of corner column.
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Table 1. When Corner Column is Removed CASE A

Displacement along x-axis(meters) JOINT5S JOINT6 JOINTS8
ELC” 0.00268 0.00266 0.01044
GSA” 0.00269 0.00267 0.01043
*Envelope loading Combination.
%GSA Loading Combination.
Table 2. 'When Corner Column is Removed CASE A
Displacement along z-axis(meters) JOINT5S JOINT6 JOINT8
ELC -1.70E-04 -0.06856 -2.45E-04
GSA” -1.70E-04 -0.06852 -2.43E-04
Table 3. When Corner Column is Removed CASE C
Displacement along x-axis(meters) JOINT7 JOINTS8 JOINT11 JOINT15
ELC” 0.00106 0.00104 0.00436 0.00794
GSA” 0.00106 0.00104 0.00436 0.00795
Table 4. When Corner Column is Removed CASE C
Displacement along z-axis(meters) JOINT7 JOINTS8 JOINT11 JOINT15
ELC” -2.30E-04 -0.06676 -3.79E-04 -4.43E-04
GSA” -2.29E-04 -0.06675 -3.77E-04 -4.39E-04
1
1 e— | 1) —
| el g -
7 -? 8 9
9 _1 0 | — )
P 1 2
4 5 5 e i <iga
3 5 6 7 8 '
¥ :
1
: 3 1 2 4
- o - 5

Figure 9. Displacement of Joints along X-axis (red color arrow) and Z-axis (green arrow) for Case A (2 Bay 2Story) and Case C (3 Bay 3Story),
Removal of middle column.
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Table 1a. When Middle Column is Removed CASE A
Displacement along x-axis(meters) JOINT4 JOINT5S JOINT6 JOINT7?
ELC’ -1.69E-05 0 1.69E-05 2.38E-05
GSA” -1.67E-05 0 1.67E-05 2.37E-05
Table 2a. When Middle Column is Removed CASE A
Displacement along z-axis(meters) JOINT4 JOINTS JOINT6 JOINT?
ELC” -9.35E-05 -0.0639 -9.35E-05 -1.33E-04
GSA® -9.43E-05 -0.0639 -9.43E-05 -1.34E-04
Table 3a. When Middle Column is Removed CASE C
Displacement along JOINT6 JOINT? JOINTS JOINT10 JOINT14
x-axis(meters)
ELC” -5.33E-04 -5.28E-04 -5.23E-04 -0.00156 -0.00302
GSA” -5.34E-04 -5.29E-04 -5.24E-04 -0.00156 -0.00301
Table 4a. When Middle Column is Removed CASE C
Displacement along JOINT6 JOINT? JOINT8 JOINT10 JOINT14
z-axis(meters)
ELC -2.03E-04 -0.06441 -1.40E-04 -3.31E-04 3.86E-04
% - - - - - - -
GSA 2.03E-04 0.06436 1.41E-04 3.30E-04 -3.83E-04

When the middle column was removed, displacement
of joints above or at column removal location along the
x-direction is zero or negligible. But the adjacent
beam-column joints displaces either in positive x-direction
or in negative x-direction depending on the position of the
beam-column joint to column removal location. In case
the column is removed at the exact middle as in Figure.9,
the top story left-sided beam-column joints displace
maximum along positive x-direction whereas the top story
right-sided joint to column removal location displaces
with the same maximum magnitude but along negative
x-direction. The beam-column joints adjacent to column
removal location at bottom story displaces in opposite
direction, left-sided joint along negative x-direction and
right-sided joint to column removed location along
positive x-direction with minimum magnitude compared
to top story joints. This is very well in agreement with
experimental data given by authors S, Yu, J. and Tan, K.H.
[14], Sasani, M., and Sagiroglu [15] and Choi H, Kim, J. [17]

In case the column is removed at the center of the
longer span of the building plan as per Figure.9, the top
story joints, as well as bottom story joints, displaces along
negative x-direction that is towards the building structure
with maximum displacement valve at the top story and
minimum at the bottom story as shown in Table 3a and
Table 4a. on the other hand, Displacement along
z-direction for middle column removal case is maximum
just above the column removal location in push downward
direction, followed by top story beam-column joints and
ultimately minimum magnitude at bottom story joints
which are adjacent to column removed location as shown

in Figure.9 by green color arrows with prefix numbering
from 1 to 5.

After analysis for displacement along the x-direction
and z-direction, it was concluded that the behavior is
almost similar for both types of loading combinations for
both types of column removal cases. This analysis also
boosts the inherent property of resisting progressive
collapse by seismically designed 2D low rise reinforced
concrete framed structures. It also clarifies the
underestimation of the Dynamic increase factor for
seismically designed low rise models to resist progressive
collapse by acquiring similar types of results in terms of
beam-column joint displacements while considering
dynamic increase factor and without considering dynamic
increase factor in the above-mentioned case study.

5. Correlation between Linear and
Nonlinear Static Results

Comparison of linear static and nonlinear static analysis
findings for two types of load combinations, one that does
not follow GSA recommendations and the other that does,
reveals that hinge formation occurs only at those locations
where the demand capacity ratio in flexural surpasses
acceptance criteria of GSA Guidelines. Hence, in
locations where the demand capacity ratio exceeds the
permissible valves in the linear static analysis, there is a
high possibility that the member components exceeded
their elastic limits during the column failure scenario.
Following the failure of a particular column due to
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anomalous loading, appropriate reinforcement to restrict
the DCR within the acceptability requirements, as well as
suitable detailing, can be used to avoid progressive
collapse incompetence of beams and columns.

Secondly, demand capacity ratios are almost similar for
both types of load combinations which are validated by
nonlinear static analysis results by revealing a similar
pattern of hinge formation. Hence, when a low-rise RCC
structure is seismically designed and analyzed statically,
the behavior of the structure is assessed from demand
capacity ratios, hinge formation patterns and displacement
of beam-column joints at a critical location along the
x-axis and z-axis respectively are almost similar for both
cases. Where in one case (E.L.C case) dynamic increase
factor (DIF) of 2 multiplied to load combination as the
dynamic effect is not considered, and in the second case
(G.S.A case) the dynamic increase factor of 2 multiplied
to load combination is considered. Thus, upgraded seismic
detailing can knowingly improve comprehensive behavior
in counterattacking progressive collapse, these structures
possess the intrinsic property for counterattacking
progressive collapse. So, no need to design these
structures for anomalous loads like accidental loads. Or in
other words the dynamic increase factor of 2 endorsed by
GSA guidelines (can be underestimated when GSA
recommendation for progressive collapse potential
procedure is considered where collapse potential is
decided from the valve of 200% for demand resistance
ratio taking into account the dynamic effect and
overestimated when general load carrying capacity of
seismically designed low rise RCC structure is considered,
as these structures can easily resist these anomalous loads
without designing for progressive collapse potential,
Marchis A.G. loani AM, Cucu HL,Mircea C.[13],[22]
recognized final loading capacity of models considered
for restrained seismic region and high seismic loading as
128% and 177% of the GSA Loading. In our study, rather
than getting a different type of results, a similar type of
behaviors is observed, these findings are true and can be
verified from Marchis A.G. Ioani AM, Cucu HL,Mircea
C.[13],[22].

6. Conclusions

In this study, the behavior of 2D low-rise reinforced
concrete framed structures to progressive collapse
designed for the high seismic region as per Indian
standard code was investigated. Linear static analysis was
conducted with two types of loading combinations first to
establish progressive collapse behavior of structural
models through demand capacity ratio. Nonlinear static
analysis was conducted to validate these results. In
addition, the impact of seismic design on progressive
collapse-resistance was explored, which can be
summarized as: -
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(1) By using linear static analysis, it was observed from
demand capacity ratio that in the case of 2D low-rise
seismically designed models, for corner or middle
column removal scenarios upper story or top story
beam-column joints are more critical than lower or
bottom story beam-column joints.

By using non-linear static analysis, the hinge
formation pattern observed indicates that the hinges
have gone beyond E-state(failure) at all those
locations where the demand capacity ratio exceeds
valve 2, which is well in agreement with linear static
analysis results, the hinge formation behavior for
envelope loading combination and GSA loading
combination are almost similar, the only difference
lies in the number of pushdown steps to obtain results.
GSA loading combination takes a smaller number of
pushdown steps to obtain the same results compared
to the Envelope loading combination.

The simplest linear and nonlinear static analysis
shows that when the column is removed statically
without considering the dynamic increase factor
which in this case is written as Envelope loading
combination and when the column is removed
dynamically, the same static analysis with loading
multiplied by factor 2 to account for dynamic nature
of loading which in this case is written as GSA
loading combination, the results are almost similar for
both types of loading combinations as observed from
demand capacity ratio, hinge formation pattern and
displacement of beam-column joints along
x-direction and z-direction, As a result, for 2D
low-rise reinforced concrete framed seismically built
structures, the dynamic increase factor proposed by
GSA (2003) recommendations to be employed in
non-linear static analysis to approximate a dynamic
solution is underestimated.

Thus, improved seismic detailing or improved
seismically designed low-rise reinforced concrete
framed structures can significantly improve global
behavior in resisting progressive collapse due to the
loss of any wvertical structural element. These
structures possess the inherent property for resisting
progressive collapse.

@)

®)

(4)
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