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ABSTRACT

Evaluation of Progressive Collapse Resistance of RC Framed Bsildgigg Alternate Path Method

Omar El Kafrawy, Ph.D.

Concordia University, 2025

This thesis presents a comprehensive investigation into the progressive cokspstamce of reinforced concrete
(RC) framed structures using the Alternate Path Method (APM), a widely used threat-independesacapp
aimed at ensuring building stability after localized structural damage. Progressivesegltdyaracterized by
disproportionate structural failure following the loss of one or more critical ponents, is often triggered by
extreme events like explosions, impacts, or material degradation. The primarytiebjet this research is to
evaluate the ability of RC frames to withstand progressive collapse undeusa@umn loss scenarios, while

examining the effects of structural simplifications and modeling reductions on amalysiracy.

The study investigates the behavior of full-frame and bare-frame models under the suddewatephnterior
and corner columns. Nonlinear static and dynamic analyses were condusieg finite element modeling.
Analytical models were validated against experimental data to ensure the reliabiighwérical results, followed
by the design and analysis of a multi-story case study building. Dynamic nEweziers (DIFs) were calculated to
account for the increased demands on structural elements due to the dynamic nature umfircabkmoval
scenarios. Average values of approximately 1.33 and 1.67 were observed |fiyarhds and bare-frames,
respectively. These results were more critical compared to the average DIF of 1.17 presgrihedGeneral

Services Administration (GSA) and Unified Facilities Criteria (UFC) guidelines.

The influence of floor slabs on structural robustness was quantified, revealing enhancemaegiitg) from 87%

to 114% under quasi-static analysis and from 160% to 187% undemitymnalysis, further highlighting their
contribution to resisting inertial forces. Model reduction techniques focusinmtamior column loss showed that
simplified models could predict load capacity within 2% error, offeringfeignt computational savings without

compromising reliability.

Finally, a simplified approximate method was developed to evaluate progeessiNapse, estimating peak

flexural/arch capacity with average errors of 5.6% for peak load and 17% for cordasgasisplacement
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compared to experimental results. This method, validated against experimental data, offers a ptactid¢ai

early-stage design evaluations, balancing accuracy and efficiency in progressive collapse assessment.
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1. INTRODUCTION

1.1 BACKGROUND

In 1968, in East London, Mrs. Ivy Hodge, who lived on the eighteenttofithe Ronan Point Tower, unaware of
a gas leak, lit up a match to light the stove, and an explosion occurred. The blast tookhgosamtrete bearing
walls of her kitchen which in turn triggered the collapse of an entire corner of the byi(Bligure 1-1), killing five
people in the process and injuring seventeen others. The disproportionate natuhe ddonan Point collapse
became a subject of interest for researchers and engineers. As a result, changes ingheSBxitdards as well as
the American and Canadian codes of practice were implemented to ensure a minéwelof structural integrity
[1]. However, these new provisions dealt with progressive collapse resistanceinmuisgct way by providing
adequate ductility, continuity and redundancy to ensure that the structure was robust enough $b égsieme

loading conditions.
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Figure 1-1: The Partial Collapse of the Ronan Point Building (L&itY'f®] Alfred P. Murrah Building (Right) [3]

The need for a more direct analysis procedure became more evident after thalpaotiapse of the Alfred P.

Murrah federal building in Oklahoma City. On Wednesday, Apfil 1995, a bomb placed in a truck was
detonated in front of the building, bringing almost half the structure to ¢gmeund (Figure 1-1) and killing 168
people in the process. This partial collapse can be attributed to the failure g th¢E  (teahst&r [girder after

the complete damage of one of its supporting columns [4].
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CHAPTER 1. INTRODUCTION

The Oklahoma bombing followed by the collapse of the Twin Towers derSlegr 11", 2001, influenced the
introduction of progressive collapse assessment and design guidelines by Bengfl Service Administration

(GSA) and by the US Department of Defense (DOD).

1.2 DESIGN APPROACHES

Progressive collapse is a low probability/high consequence (LPHC) event [ e Nv AES VS }( uP
}00 %oe 3Z 5 ]e ]e% E}%}IES]IV § 3} $Z u Koy hsdis theteoe sqmétirhes fef@rred v 3§ _
to as disproportionate collapse. The design of buildings to resist thisofypalapse is not as straight forward as
designing for gravity or lateral loads. The ambiguity associated with events thdtcauge progressive collapse
poses a lot of difficulties in developing an efficient and effective desigthodology. In general, progressive

collapse design can be divided into two distinct approaches.

1.2.1 INDIRECDESIGMPPROACH

Indirect design methods are similar to the early guidelines formulated in teenadith of the Ronan Point building
collapse. With this approach, progressive collapse is only accounteahiidicitly by ensuring that the building
possesses minimum levels of strength, continuity and ductility [7]. Thewioliptwo indirect methods are

prescribed by the United Facilities Criteria (UFC), released by the DOD.

1.2.1.1 TiIEFORCEMETHOOTF)

The TF ensures that the structural elements (slabs, beams and columns) possess a minimuamoatensile
strength to transfer the load from any damaged portion of the structure through axiaédoand catenary

behavior.

1.2.1.2 BENHANCEDOCAIRESISTANGELRMETHOD

The ELR ensures that a ductile failure occurs when vertical support members (columns apdredéterally
loaded by increasing their flexural and shear strengths. To ensure a non-brittle failure, #vesgkagth of these

elements must be higher than the shear demand associated with their flexural strength.

1.2.2 DIRECDESIGNMPPROACH

Direct design methods can be further classified into threat-dependent and threat-independehbdsetin the
former, the building is designed to withstand a specific extreme loading caseiwhile latter, the building is

designed to remain stable after suffering local damage regardless of its cause.
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CHAPTER 1. INTRODUCTION

1.2.2.1 SPECIFILOADRESISTANGSLRMETHOD

The SLR is a threat-dependent method used to test whether a structure is capable afgesispiecific extreme
load without progressive collapse. The problem with this method is thad,to the inherent uncertain nature of
abnormal events, it is hard to define and quantify the design threat, which may leath& ah uneconomic or
an unconservative design. However, the use of SLR in progressive calteghgsis and design can be found in
many literatures. Some researchers studying the subject of progressive collapse haneeekidne effects of fire
and blast loads on structures. In [8], a multi-story building is analyzbd event of a terrorist attack. The building
is subjected to a specific blast load, which is defined by the type, weightamdi-sff distance of the bomb. The
analysis was carried out in two stages, local and global. The local analygieneaisied on a single column to
examine the minimum stand-off distance, below which the column would be svdamaged and therefore
removed from the global model. The global model was then conducted for the whole structure,eanditimns
close enough to the bomb to be severely damaged were removed from the an&lsiilar approach was also

used in [9], and the results were validated with experimental data.

1.2.2.2 ALTERNATBATHMETHOZAPM)

The APM is a threat-independent method that examines the ability of the structure to bridggeaoremoved
structural element without damage propagation (i.e., damage is localized). In this dyeti@oextreme event that
He §Z o} o uP Je v}$ }ve] E X dZ €E *po3]vP du%oe}Eogdie U Z} A

building should be able to remain stable after the removal of a specific structural element. Oneiofitatons
of this method lies in the oversimplified post-event damage. The likeliladaan extreme event occurring that
causes the complete failure of only one element is very low, as argued in [L0hadnstgartially distributed
damage method was proposed, in which extreme event damage is distribiggdeén two columns using
damage indices. The results of the study were then compared with those obtainedHeoAPM, and show that
the latter, in most cases, can be unconservative. Two partially damagesi®ican generally be more critical
than one completely damaged (removed) column. Nevertheless, it is thiswepjicity and threat-independence
that make the APM both flexible and, consequently, the primary method recommendptbhyessive collapse

guidelines.
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CHAPTER 1. INTRODUCTION

1.3 GUIDELINES

1.3.1 UNITEDFACILITIESRITERIAUFC)

The DoD firstissue8Z h& Ppu] o]Jv e (}J& S$Z ~ ]Pv }( p]o JvePe %frZh 2005 AW E}P E
more refined edition was published in 2009, with subsequent updates through Change 4, ddéle2624. Three

*]Pv u 8Z} « A E % E}A] U 3Z d&U >Z v WDBY £33 u(oodyR[s EJE ]\
which is defined according to Table 2-2 of UFC 4-023-03 [7], reproduced a4 Tlaln this thesis, and Table 2-2
of UFC 3-301-01 [11].

The applicability criteria for progressive collapse design under the UFCigesdate outlined in Section 1-2 of
UFC 4-023-03 [7], which defines the scope of buildings subject to these requieivased on factors such as
height, occupancy and operational characteristics, including whether the buildiadvés new construction,

major renovation or leasing. Compliance is mandatory for new construcfidnittlings three or more stories

high, while application to existing buildings is determined by the project authorityrisdjction.

Table 1-1: Risk Categories & Design Requirements Accordirgid-@ Guidelines [7]

Risk Category Design Requirement

I No specific requirements

Il Option 1: Tie Forces (TF) for the entire structure and Enhanced Local Resi{&aR) for the corne
and penultimate columns or walls at the first story
OR
Option 2: Alternate Path (AP) for specified column and wall removal locations

11 Alternate Path (AP) for specified column and wall removal locationsEahdnced Local Resistan
(ELR) for all perimeter first story columns or walls

v Tie Forces (TF) and Alternate Path (AP) for specified column and wallaldotations and Enhance
Local Resistance (ELR) for all perimeter first story columns or walls

1.3.2 CGENERAS=RVICADMINISTRATIOGSA)

The GSA released its first progressive collapse design guidelines in 2003 whesienthmethods mentioned in
§Z % @E Al}pe ¢« 3]}V vV % E « E] C 3Z K J[*h& A E u%6hicC018,,}A A «
the GSA eliminated the TF and ELR and left the APM as the only method alloneedigedbin the design of
buildings to resist progressive collapse. The load combination factorschareged to match those used in the
more modern UFC in an effort to unify the progressive collapse design gagleind make use of the latest
observations and research in the subject. The applicability of the GSA guidelsuesmarized in the flow chart

presented in Figure 1-2, which outlines the conditions under which progressiapsmliesign is required.
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|
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Figure 1-2: Progressive Collapse Design Applicability CharAEtmrding to the GSA Guidelines [6]

1.4 ANALYSIS & DESIGN PROCEDURES

1.4.1 ANALYSI®ROCEDURES

Essentially, progressive collapse is a structurally nonlinear dynamic probleafly caused by extreme loading
events such as vehicle collisions, accidental explosions, terrorist bombings [12pby iensudden failure of a
structural member due to material degradation, fatigue, steel corrosion, etc. However, thddaSAot require

the use of any specific analysis procedure, and instead allows the Useoosd Ev $]A & 3]}v 0 v 0Ce]e_
as long as they are based on fundamental principles of engineering [6]. Acceptable analygislude the use

of Finite Element Method (FEM), Applied Element Method (AEM) as well as handtaaisulThis flexibility in

the analysis procedure also means that 2D models can be used instead of 3D modelsaasheggomply with

the performance objectives and fulfill the acceptance criteria of the guidelines. dlsap the complexity and
time-consuming nature of nonlinear dynamic analysis (NDA), statibadstmay be used in combination with

dynamic amplification factors (DAF) as well as linear methods withraddnmodifiers to account for plastic
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behavior. The latest GSA guidelines allow the use of the following thres tfpanalysis in progressive collapse

design.

1.4.1.1 LINEARSTATIANALYSIE SA)

LSA is the simplest method of analysis where loads are applied once in a linear siigstsam order to account
for the dynamic nature of the extreme event a DAF is applied to the gravity loads. Fustieeamdemand modifier
(m-factor) is applied to the expected capacity of the structural element in defooma&ibntrolled actions to
account for the ductility and plastic behavior of the member. The m-facdor be regarded as the maximum

allowable demand-capacity ratio (DCR). The GSA allows the use of LSA for regulgshupltinten stories.

1.4.1.2 NONLINEASTATIANALYSIENSA)

Also allowed by the GSA is NSA which accounts for the nonlinearity of the stioginrementally applying the
gravity loads and calculating the response of the structure. Usually referred to sklgun analysis, this
procedure resembles the pushover analysis used in lateral load design. A DAF, hisngtilleequired to account
for the dynamic effects of the structural response. Another NSA method, not incinddet GSA guidelines,
developed in [13], does not require the use of a DAF. In this method ptie@tial energy released by the colurm
removal is balanced with the internal strain energy, and the deformation capacity requirathabilize the

structure is evaluated [1].

1.4.1.3 NONLINEARYNAMIGANALYSIENDA)

NDA is the most accurate analysis procedure as it takes into account inertial effectdl &s vnaterial and
geometric nonlinearities [6], and therefore, no DAFs or m-factors are ne&fdg a time integration procedure,
the response of the structure can be determined as a function of time.

1.4.2 DESIGNRITERIA

In general, the design methodology for any analysis method is more or less theAtten the analysis, the actions
and/or deformations are checked against, and should not exceed, the allowable capatitiny element at any
cross section. First, the loads are combined using the following general gravitolo&chation prescribed by the

GSA:
GA R2D+(0.5Lor0.2S)]

where G = Design gravity loads,
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O= Load increase factor, dynamic amplification factor or dynamic increase factor inf ¢t25& and NSA,
respectively, for bays immediately adjacent to the removed element and all flookeatbe 1 for all other

bays and floors and in case of NDA,

D = Dead load including facade loads,

L = Live load including live load reduction, not to exceed 2.4 kN/m

S = Snow load.
Then, the safety of the structure is checked using the following general acceptance criteria:
LmQeH

where L = Strength reduction factor in case of force-controlled actions and LSA-deformatitofieshactions
= 1in case of NSA- and NDA-deformation-controlled actions,
m = m-factor (demand maodifier) in case of LSA-deformation-controlled actionsatl biher cases,
Q.e = Lower-bound strength in case of LSA-force-controlled actions, N9¥Sihe expected strength in
case of LSA-deformation-controlled actions = expected deformation capacity in case-cdmMd¥DA-
deformation-controlled actions,
Qu = LSA action, NSA-force-controlled action and NDA-force-controlled adti®a and NDA deformation

in case of deformation-controlled actions.

1.5 MOTIVATION & APPROACH

The study of progressive collapse of structures is one that is still constantly evbleirggresearch is still needed
to advance our knowledge in the subject and create a more coherent framework for tligagdiuildings against
such phenomenon. Unfortunately, while full-scale testing of whole structures idtééfithe best way to examine
the behavior of structures under extreme loading conditions, it is usually not ttet practical and feasible way.
However, experimental studies on sub-assemblages and scaled structural systenssilinapvide valuable
insight into the response and resistance of structures to disproportionate collapse. These resultsusad be

calibrate numerical models capable of accurately simulating the nonlinear lmehaiRC structures under
extreme conditions. Such validated models, in turn, support the development ofisgdpools that make

progressive collapse assessment more practical for everyday design.

In this research, a numerical study is conducted with the main focus being on the Ag8Mitss the primary
method prescribed in the progressive collapse design guidelines. A case studygisiltbnsidered and analyzed
extensively for progressive collapse using the APM. First, however, data prodocedxperiments available in
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the literature were used to validate the chosen software for creating reliable structural analgsisls. This

validation was essential to ensure the credibility of the modeling approach and the subsequetitahedgults.

1.6 RESEARCH OBJECTIVES

The ability of a structure to resist progressive collapse in column loss scdmegios with the robustness of the
structural members directly supported by the removed column. If these immediate members aetcabl
withstand the load redistribution as well as the dynamic impact caused by the extreme evelitetit®od of a
disproportionate collapse reduces significantly. It is, therefore, more computatjorathnomic to study the
progressive collapse behavior of sub-systems without sacrificing too much acanda@levance. A large portion
of progressive collapse research is focused on the behavior of singlesstoigssemblages, where only part of

the structure is taken from one floor and examined.

Furthermore, numerous numerical studies have been conducted on bare structures where floowvetahsot
included in the model, for simplicity and time saving. However, as of late, tlaarbden a noticeable increase in
research exploring the role of slabs in progressive collapse scenarios. Whilewirsggnterest has undoubtedly
enriched our understanding of slab contribution, there still remains a need tdorem and consolidate these
findings, especially through comprehensive comparisons between full-frame and bare-frelnaior under

different column loss scenarios.

Another common approximation is to use nonlinear quasi-static analysis in @flalinear dynamic analysis,
given its lower computational cost and simpler implementation. Whileuse of dynamic analysis has become
more widespread in recent studies, particularly as computing power imprdiiege is still a need for deeper
investigation, especially in terms of how different modeling assumptions, struatordigurations and loading

conditions affect the dynamic response.
In this research, focusing on regular RC framed structures, the main objectives are as follows:

1. Investigate the Influence of Floor Slabs on Progressive Coll&mssstance
Floor slabs play a crucial role in redistributing loads and enhancing structut@nessiduring column loss
scenarios. This research aims to quantify the contribution of floor slabs byacorgphe progressive collapse

response of bare frames (without slabs) and full frames (with slabs) under difi@vkmhn removal scenarios.

2. Examine the Effect of Column Location on Progressive Collapse Resstanc
The structural response to column loss varies depending on whether the removed calanrinterior or

corner column. This study will assess the differences in load redistribudorngation and load capacities,
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and failure mechanisms associated with each case to better understand the role ofnctdoation in
progressive collapse resistance. Additionally, the effect of removing a cdhammndifferent floors will be

investigated to determine how the building's response varies across its height.

3. Compare Nonlinear Static and Nonlinear Dynamic Analyses fodieting Progressive Collapse Response
Due to the computational cost of nonlinear dynamic analysis, many stueliesn nonlinear static analysis as
a more practical alternative. This research will compare both approaches to evaluateetlatirer accuracy
in predicting structural behavior under sudden column loss conditions. Byrp@rig both nonlinear static
and nonlinear dynamic analyses, the dynamic increase factor (DIF) wiltdsendeed as the ratio of dynamic
to static response values. The obtained DIFs will then be compared with the values prescribedrbgsive

collapse guidelines to assess their accuracy and applicability.

4. Evaluate the Accuracy of Model Reduction Approaches
Many progressive collapse studies utilize model reduction techniques, such asstorgl sub-assemblages
or single-frame models, to reduce computational effort. This study will systeatigtiassess the accuracy of

these simplifications by comparing their results with those obtained from full models.

5. Develop a Simplified Method for Evaluating Progressive Collapsp&esse
Given the complexity of high-fidelity numerical models, there is a need fong@ifed yet reliable method to
estimate progressive collapse behavior. This research aims to develop soethed based on analytical
approximations while validating its accuracy against both numerical and experimental res@isuBiyng a
balance between computational efficiency and predictive reliability, the proposethad will provide a

practical tool for assessing progressive collapse resistance.
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2. LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents a review of the existing research related to the progressive collapiséonted concrete
framed structures. It covers key experimental investigations on quasi-static and dynaummdoks scenarios,
different numerical modeling approaches and various structural analysis methods ussthutate collapse
behavior. Additionally, concepts related to structural robustness and the main resistance rismhactivated
during progressive collapse are discussed. The chapter concludes by summaeiziogspwork and identifying

key challenges and gaps that motivate the focus of this study.

2.2 EXPERIMENTAL WORK

Due to the extreme nature of progressive collapse, data from actual events mentairce. Therefore,
experimental studies are fundamental to our understanding of progressive collapse resiftdhckn the last
couple of decades, interest in progressive collapse research has significaatly spurring an increase in
experimental studies of the subject. In [14], a summary of the experimental research fielth is presented,
where 158 papers are found and categorized by specimen type and threat dependency (Figure 2rBjofitye
of the studies found here were conducted on sub-assemblages. Possibly, thtsoislynoue to practical and
economic reasons, but also because the damage caused by single column remuellly localized and does
not spread outside of the vicinity of the column [15]. The summary chart, takem &@021 publication [14],
provides a valuable snapshot of experimental efforts up to that point. Though itdescimore recent
developments, it remains useful for understanding the focus areas and methackltg@nds that shaped earlier
work. More recent research, though not captured in this figure, has continued to evolve ton@ne complex

and diversified investigations.

777 Threat-independent
L Explosion-related
[ | Earthquake-related

Cannot be categorized 41 Fire-related

Actual buwldr_qf’.mmm 8

) 13 (8.2%)
Planar frame -/ 111

[k 4(25%)
S 3(1.9%)

Beam-column connections +-

Subassemblage(flat-plate) L, 14

Spalial frame /77777777 777 120 138 (87.3%) ¥
Subassemblage(with stabs) +7//////////////////////////)25

Subassemblage - 7 7 i 68

Documents

Figure 2-1: Number of Experimental Research Papers by Specimera&DHmendency [14]
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2.2.1 QUASISTATICEXPERIMENTS

A common way to study the progressive collapse resistance of systems and sub-systemsdadbraonotonic
quasi-static loading tests. These kinds of test 18 ] &G 8} }vus «38ZC }v[s§ €& «<u]E
column removal. The specimen is usually slowly loaded up to large deformmatntil it fails, and by means of
load cells, strain gauges and other sensors, the response is recorded. In [16], two fulisdateed concrete
beam-column sub-assemblages were subjected to monotonic pushdowmépatlitheir middle columns up to
their full collapse. One specimen was of an intermediate moment frame (IMF) and the othsp@dial moment
frame (SMF). The study highlighted the effect of stiffness and reinforcement on thmemmiesponse of the
system. The same experiment was replicated on a three-tenths-scale model of the IMF ThELi@sults of the
scaled specimen were compared with the full-scale model and showed similar dahallior and response.
More beam-column sub-assemblage pushdown tests were conducted on the middiercn [18], [19], [20],
[21], [22]. Another recent big study was conducted and summarized in #8re twelve one-quarter-scale
precast concrete specimens were tested under quasi-static loading. The specimens draddiffpes of beam-
columns, eight of which were wet, and four were dry. Moreover, the effeianfjes, transverse beams and slabs
were also examined in the study. In [24] and [25], the out-of-plane effect ohslacy beams as well as the effect
of the membrane action provided by the slab was studied when six one-quarter-scale specimesshjected
to monotonic displacement at a middle joint. Two specimens were two-dimeabklmeam-column sub-systems,
two were three-dimensional beam-column sub-systems and, finally, two were slab-belamn sub-systems.
The effect of slab aspect ratio was also examined in the study. While the majoekperimental research has
been concerned with the removal of middle or interior columns, sotodiss examined the effect of corner
column removal on the system. For instance, in [26], a comparisomaeds between the response of the sub-
assemblage to the removal of the corner column and the removal of the ext@iomn. The effect of slabs was

also investigated here.

2.2.2 DYNAMIOCOLUMNLOSSEXPERIMENTS

As discussed, reproducing a column loss scenario on a full-scale structure nh@ypmattically or economically
feasible. This explains the shortage of experiments such as [27], where a full-scale two-story 8&ustale

was subjected to the sudden removal of one of its corner columns. The structuredgliffier any extensive
damage as the building was able to bridge over the damaged element and redestittbloads safely to the
adjacent members. However, it is a bit easier to simulate the column remoadhimexperiment as done in [28],

where six one-third-scale specimens were tested for the sudden loss of their cornerrcolrhe models were
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beam-column sub-assemblages with varying designs to study the effects of seismingjetpén length, aspect
ratio and other factors on the behavior of the system. In [29] and [3@), @ne-quarter-scale specimens were
tested under dynamic column loss. The results were compared with each other ana thitd control specimen
subjected to pushdown loading. Similar experiments are further needed to enhancendarstanding of the

ulo JvP[e E *%}ve 3} }opuv E u}A o v 3} |wh GIA]UBO]YHU EFZd ule

design for extreme loading cases such as progressive collapse.

2.3 MODELING

The most fundamental principles of structural analysis and mechanics are built on assumptions aratiaesliz
without which, it would be almost impossible to predict the structural behavior d@tllmgs under any type of
loading. Although approximations are commonplace in structural engineesingplified methods should be
carefully selected, especially when dealing with progressive collapse. For instanceghalBidanalysis is widely
accepted in gravity load design, it is not recommended in the capeogfessive collapse, especially in the case
of irregular buildings. Even though the GSA allows it in special cases, 2D anaysisataibunt for out-of-plane
resistance mechanisms such as flexural, membrane, arching and catenary actions afdlabsondary beams.
Generally, in progressive collapse, load redistribution paths and resisting elementsindtade secondary
members. For example, joists, struts, non-structural walls or infill panels can adtregypmembers [12]. It is
argued in [1] that the observed robustness of framed buildings during WorldiMgan be attributed to the use
}( *}o] u *}VEC Jv(]oo % v o A ooe ]Jv ( e o AEO®B + AYSZEW oChe @E@FZE}
partitions such as those used in the Alfred P. Murrah building. Thereforejalkal® analysis might lead to the
underestimation or, in some cases, overestimation of a building's strengthesluwthdancy under extreme loading

events.

Similarly, guidelines-prescribed DAFs used with linear and static methods/erapr underestimate the dynamic
response of a structure. The latest GSA guidelines prescribe a DAF value dependent owéideapilastic and
yield rotations, in case of framed structures using NSA (Figure 2-2), as opptisegtevious fixed value of 2. As
for LSA and other brittle structures that behave practically linearly, a DAF value of 2 is stiHaseder, due to
the complexity of the dynamic response, which depends on many factors such as the strashgtictlity of the

structure, the intensity of the gravity loads, etc., this oversimplification may not alwagsdgate.

12|Page



CHAPTER 2. LITERATURE REVIEW
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Figure 2-2: GSA-Prescribed Nonlinear Static Analysis DAF

In[12], itis shown that afous-S}EC ¢S o0 *SEPY SPE Z | (JE % EIPE *+]A }00 %o
APM, is found safe when performing a detailed NDA accounting for all primary antlagconembers. While
the same structure is found unsafe when running skeletal LSA and NDA. Furthermadefdhmation of the
structure decreased significantly (by almost 90%) when using partially restrained connections sedojopfoilly

hinged connections.

Of course, this is not to say that efforf E *Ju%0](] 3]}v Vv }%0 3] béImadévo dEg piththe
tediousness of running a detailed NDA, not to mention the complexities of nmgdbie behavior of every single
element, especially with the lack of sufficient experimental data. For example, the reinforceméattcomction
provided in Ansys Workbench to reduce the number of elements involved in the nonlinear dyramictment

of the Alfred P. Murrah building collapse, was implemented in [31] with a good degreewhay.

Another common approach for effective and computationally efficient progressivapsellanalysis is the use of
macro-modeling. Due to the complexity of the analysis, which involvesrrabtend geometric nonlinearities as
well as dynamic effects [32], a comprehensive progressive collapse analysis canebsorBuming and
cumbersome. Building on existing models and/or experimental results, the strubghalior of certain elements
can be approximated in large scale simulations using macro-models. This approach is oftenrepezsent the
structural contribution of infill panels, usually, in lateral load analysis. Ijy #88experimental shake-table test
was performed on a one-story structure, and the results were used to create an FEM model, whef# {renels
were modelled using two-strut compression-only macro-models, and the slaleswaelled using two-diagonal-
truss-element models to account for their in-plane shear stiffness. A multi-springpmamilel based on the multi-
vertical-line-element model (MVLEM), was used in [32] to represent the structural respbR&zshear walls due

to partial wall loss. Due to the lack of experimental data, the behavior of the macdelmas calibrated with an
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FEM model. The simplified shear wall model was then included in two multi-story frame-wall stsjcod the

interaction of the frames and walls was examined under the assumed partial wall loss scenarios.

2.4 ANALYSIS METHODS

2.4.1 HENTEE.EMENMETHOFEM)

The most widely used method in modern structural analysis is FEM as it is usedvetivdelming majority of
structural analysis software. However, the study of progressive collapse, by definitioid &#naorlve the post-
peak response of the structure. The collapse of an element that might trigger a chain mesaditead to the total

or partial collapse of a building should be examined and accountedUofortunately, the simulation of
progressive collapse is not easy to conduct using traditional structuraysamahethods such as FEM. Because
FEM is used to approximate the response of a continuum, the cracking, separation anohcollisiements is
difficult to simulate without encountering numerical issues and stress singularBi@spredefining the plastic
hinge zones, as well as crack locations and propagation directions, may re@sdté required to accurately
simulate post-failure analysis. Nevertheless, most progressive collapse redsacaried out using FEM.
Moreover, since the GSA guidelines do not allow the failure of any structuralestebeside the removed

element, the analysis is generally not concerned with post-failure behavior.

FEM is a stiffness method of structural analysis, also known as a displacement nmiethddch the main
unknowns in the system are the displacements. The number of equilibrium egedtipmo be solved is equal to
the number of available degrees of freedom. The structure is said to be kinematicktgriminate to the

degree. The equilibrium equations may be written in matrix form as:
€N Tep & e
where [K] = Global stiffness matrix,

<h== Nodal displacement vector,

<€= Nodal force vector.

In general, under a given set of applied forces, the equations are solvedefalighlacements. Then, the local
stiffness matrices of the members are used in conjunction with the nodal displacetoeoktain the internal

forces in the system using equilibrium equations.

When dealing with nonlinear structures, whether it is geometric or material nonlinearitysytbiem is solved by

means of a linear incremental procedure, where the response is divided into small lineagmsofliperposed
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together to produce the final cumulative nonlinear behavior. Solution rmeshfor these kinds of problems may
be divided into two main methods: the load-control (or force-control)tmoel and the displacement-control

method.

2.4.1.1 LOADGONTROMETHOD

The most widely used method is definitely the load-control method as it i rfexible and robust. A problem
that the load-control method encounters, though, is a phenomenon called snapghrothis occurs when the
actual load-carrying capacity of the system decreases beyond a specific (limit) pointh8isokition technique
is based on the incremental application of the load, it fails to accourth®response when the load capacity is
declining and jumps ofsnaps throughto the closest equilibrium point with higher load, if any, skiggie whole
softening phase in the process. This is depicted in Figure 2-3 which alg® thlad limit points under load-control
may not only be peaks but minimum points as well. Basically, limitgare points where the actual load reverses
in the opposite direction to the incremental loading direction. One way to oveecthis problem is to impose a
constraint on the distance between consecutive solution points on the lésglatement curve. The system is
then subjected to an incremental load that is constrained with the displacemengaa arc with a prescribed
radius as depicted in Figure 2-4. This way, it is guaranteed that no sudderjuamgs will occur and that the

loading direction may indeed change beyond limit points. This technique is cadleddtength method.

Limit points under

displacement controf 3
=
\..._ 1. E
L O
Snap-through A TS
under load control I
A r T, 'y ' % E
P58
ko] 1 o9
@ o &G
3 g RS
=l 1
> v
Limit points under
foad control
Displacement Displacement

Figure 2-3: Limit Points under Load-Control (Left) & Displace@umtttol (Right) [34]
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Figure 2-4: Arc-Length Procedure with Newton-Raphson Equilitératidns [35]

Another problem that is not just exclusive to the load-control method but dalimear numerical methods in
general, is the fact that the response is treated as a piecewise linear function. This approxiczati@as the
results to drift from the actual solution with every step, especially under la@g/dissplacement increments [36].
These drift-off errors create unbalanced forces between the external loads and the interces.fé\ solution to
this problem is to use iterative methods, where these residual forces are minimizadasas possible. One of
the most popular iterative techniques for solving nonlinear equilibrium equatitie Newton-Raphson method.
It has a few variations, two of which are the full Newton-Raphson and modifiedoNe®Raphson which are
graphically represented here in Figure 2-5. This technique is normally usedwilieid-control method, where
the residual forces are calculated at each load increment, and then, using the equilibrium egudkien
corresponding displacements are solved, producing lower residual forces, anddhieral displacements are
added to the displacements of the previous iteration. This process is repeated untié¢iredilevel of accuracy
is achieved. The difference between the two method variations previously mentisrtbdt in the full Newton-
Raphson method, the global stiffness matrix of the system is recalculated attestton, while in the modified
Newton-Raphson method, the global stiffness matrix is only calculated once at the beginningnaf¢ineent at
the first iteration and is used in all subsequent iterations. This means that the full Newtdrsdamethod
requires less iterations to converge, however, each iteration takes longer than in thiéedddewton-Raphson
method. Finally, it should be mentioned that the Newton-Raphson techniqueaisaype implemented in the arc-

length method as depicted in Figure 2-4, in order to minimize the residual forces.
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Figure 2-5: Full Newton-Raphson Method (Left) & Modified Newtphga Method (Right) [36]

2.4.1.2 DISPLACEMENIONTROMETHOD

The displacement-control method can be a very useful tool in capturingplex behavior such as load drops,
softening and post-peak responses. It involves applying incremental displacement séegisucture at a specific
degree of freedom, called the control displacement, then observing the resulting forces. Hoaguéarstrated
in Figure 2-3, the method undergoes snap-back at displacement limit points where the asplaceinent
response changes direction. The displacement-control method is suitable when the respoaseriged by a
single displacement such as in the case of an applied concentrated force. As the kadiiggometry of the

system become more complicated, the method becomes unsuitable for the analysis.

2.4.2 DISCRETEEEMENMETHOZDEM)

To tackle this issue, some researchers have implemented the Discrete ElementNIBEM) in order to simulate

the response of the structure after failure of an element has occurred. DEM is usually used te &malywtion

of discontinuous materials composed of a large number of small particlesaswgrianular materials. In [37], using
Euler-Bernoulli beam elements along with spherical discrete elements, the progressive collapsenober of
elements was examined by means of column removal. In [38], coupled FENDEMd(F/DEM) which is a
combination of FEM with DEM was used to simulate the progressive collapseuli-story building. FEM was
used to analyze the structure until the failure of a finite element occurs, after which the element was replaced
with a number of discrete elements with the total mass, displacement, velocity and acceteoétibe original
element (Figure 2-6). This way, not only was the nonlinear post-failure belsmiatated, but also the impact

and stack load of fragments were predicted. The results of the F/DEM model were comyitiréte results of
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the same FEM model and showed that the impact and stack load can affect the respdhsestucture and,

therefore, should be accounted for in simulation.

W 555

“Deactivated” finite element 9 discrete elements

Figure 2-6: Deactivation of FEM Element & Creation of DEM Elements [38]

2.4.3 APPLIEEH EMENMETHOHAEM)

Another method, developed in [39] and used for failure analysis, is the ABENMarSio FEM, the structure is
divided into small elements connected together. However, instead of beingemted together through nodes,
the elements are connected through a number of normal and shear springs (Eiglirén AEM, the elements are
considered as rigid bodies that do not deform, while the connectingigprileform according to their respective
stiffnesses. The stresses and strains in the structure are therefore a function of the daéorrim the springs.
The springs are assigned a maximum allowable deformation which corresponds to a sepsiratin, above
which the spring is removed and its internal forces are redistributed [4]. This thwycrack initiation and
propagation in a structure can be predicted without preassigning the location of the @adkihie direction of
their propagation as done in FEM [39]. Generally, AEM is less time condbamrfgEM since there are only three

degrees of freedom for each spring as opposed to six per finite element node [40].

FEM

Undeformed Deformed
AEM
Undeformed Deformed

Figure 2-7: Element Connectivity & Deformation in FEM vs. AEM [41]
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To validate the results obtained by the AEM, a comparison is made for a two-story Rnffa8jebetween the
experimental results and the AEM results. The deformed shape and crack locationedtigithe AEM are in
good agreement with the actual results. A Brazilian test is also simulated in [4R}adet models are analyzed
using square elements for different orientations. The analysis shows that the crack location padaiion are
independent of the shape and arrangement of the elements. The results confirm that element edge®tbed n
parallel to the crack direction and that there is no need to pre-guess the locationrapdgation direction of the
crack. A sensitivity analysis is also conducted in [43] by varying the sieeedéments as well as the number of
springs for a laterally loaded 2D portal frame. The results are compared with those obtained from F&lidwand
that using a large number of elements (i.e., smaller element size) with a lesséenoimsprings gives a better
approximation than using a smaller number of elements with a large numberiagspSimilar findings were also
obtained in [44]. Crack development and propagation are also examined in [d&i tire effect of cyclic loading,

and the results are in good agreement with the experimental ones.

AEM is a relatively simple numerical technique, which offers the ability to predictthetural behavior under
large displacements and account for buckling and p-delta effects [4§]thierefore, a nonlinear dynamic analysis
tool that can be used in progressive collapse simulation as demonstrated in [41] iat#gnthe partial collapse

of the Alfred P. Murrah building (Figure 2-8).

2.5 STRUCTURAL ROBUSTNESS

Structures capable of withstanding extreme loading events are often referred to ag twdinst. Terms such as

structural integrity and resilience are frequently encountered in progressive collapsuite and are practically
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interchangeable with robustness. Although there is no standard definition or quantitative measdescribe it
yet, robustness encompasses many structural properties such as redundancy, ductilitgsande strength.
Progressive collapse design and retrofit methods are based on increasing these structural chacadtedstier

to improve the structural integrity and resilience of the building.

A retrofit method to improve the robustness and progressive collapse resisteredsting structures designed
for low seismicity is suggested in [48] and consists of adding a grid of edmsses at the top of the structure
(Figure 2-9). The grid acts as additional confinement to the building, ttyengplumns together and offering more

redistribution paths, thereby increasing the redundancy of the system.

A similar approach was followed in [41] to simulate the Alfred P. Mutélding collapse using AEM. After finding
the appropriate separation strain for reinforced concrete to mimic the collapse of thdibgijlan additional
transfer girder was added to the top of the buildingy §Z pjo JvP[e E % }ve 8} SZ 0 5 A
(Figure 2-10 (right)). The new transfer girder added more in-plane bracing to the systenoendupport to the
columns below. Another design alternative was tested, where all the columns started at thedegftoanlevel
and none were supported on the lower transfer girder (Figure 2-10 (leftjjowadth this option might not be
& Z]5 SuE&E ooC *]E 0 X ¢ [FE% 35 U }3Z 0% Ev YA[~ EE pifveeC
increasing its redundancy. The amount of damage was decreased from 27% in the case ofrthledesign, to

12% and 9% in the case of the first (Figure 2-10 (right)) and second (Fidufeef}1alternatives, respectively.

Figure 2-9: Top Grid Retrofit System [48]
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Figure 2-10: Design Alternatives for Improving the Progressilap&®Response of the Murrah Building [41]

2.5.1 REDUNDANCY

One of the main structural attributes that contributes} pljo JvP[e E} pedSv ¢ |Rdund@acyuv v (
ZIPZo]PZ&e +SEpP SUE [+ ]J0]8C 8} E ]+3E] uve a}vP AZ] Z u vEs} @}vRBVE
supported by other damaged portions [49]. Although not exactly synongmwith static indeterminacy,
redundancy is certainly associated with the level of restraints in a system. As known in cthssitaial analysis,

static determinacy describes a structure that has the exact number of restraints needed @veaekuilibrium,

provided that the geometric configuration of the members and supports dodsahow the formation of a
mechanism or instability. In other words, the number of restraints should ethealnumber of equilibrium
equations, and the support reactions should neither be parallel nor concurrent er twdestrain any possible
displacement or rotation. Statically indeterminate structures, on the other handharse that possess more than

the minimum number of restraints needed for equilibrium. In general, tegree of indeterminacy imeasures

the number of redundant restraints in a structure. It can be calculated as the difference bethe@umber of

support reactions and the number of equilibrium and condition equationbyousing the following formula in

cases where closed loops are present in the structure:
ie = (6m + )t (6] + @) for 3D structures,
ie = (B3m + Nt (3j + @) for 2D structures,

where i. = Degree of indeterminacy,
m = Number of members,
j = Number of joints,

e: = Number of equations of condition.
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In general, a building with more structural members, supports, rigid connections, closedalodgsntinuity will
have more alternative load redistribution paths. For example, a statically detatenframe will become unstable
as soon as one of its columns fails, while a statically indeterminate fralhlikely remain stable. The question
remains, though, whether the other remaining members will be able to resist the redistddoads for which

they were not originally designed.

However, it is noteworthy that static indeterminacy, especially continuity, nayalways be favorable and can,
in some rare cases, contribute to the propagation of damage throughout the structure. This is whanisgn
of a building is sometimes a recommended design solution in order to isolate the ddrpags of the structure

and keep the damage localized to a limited area.

2.5.2 DUCTILIT® RESIDUAGSTRENGTH

Another key property$Z § }vSE] ps « 3} obusthness| isRtfedudility. Ductile structures are able to
undergo larger deformations without collapsing. Unlike brittle members @nthections, ductile elements may
be able to remain in function after reaching their peak response by means ofia¢sitength or plastic hinges.
This ability may allow the structure to redistribute its loads and form a newgligrtamaged yet stable structural
system. For instance, a mechanism such as catenary actions, is unlifein o brittle structures as it requires
large deflections and rotations to develop. In studying the moment-rotatioves of beam-column assemblies
where one column has been removed for a group of RC frame bus|ding shown in [50] that the progressive
collapse resistance of plastic hinges in ductile frames is higher thae tinoconventional frames. In general,
ductile members allow more plastic rotation and, therefore, better progressiollapse resistance than less

ductile ones [51].

Similar to continuity, ductility, in rare cases, may be unfavorable to the strustwegtreme loading events. It is
argued in [37], that damage is usually compartmentalized in buildings with skasticocapacityAZ]Jo $Z & [
higher probability of damage propagation in buildings with higastic capacity. Furthermore, collapsed
fragments are more massive in ductile structures which increases the collision impact loddssbructure. In

such cases, segmentation is also a viable option to localize any structural damage andrstospreading to

the rest of the structure.

2.5.3 RESERVETRENGTH

The robustness of a structure is also affected by the amount of reserve strength presardtriacture. For

instance, factors of safety accounted for in the design and construction pexesay be advantageous to the
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structural behavior and resistance to progressive collapse. In RC structures, compressgtaesisggnforcement

which otherwise serves as stirrup hangers, can play a key role in the progressive collapse resistaniteimd,a bu
especially in cases of load/moment reversals. Shrinkage bars can also contribute to the response of the structure
as well as any excess in steel rebar area and cross-sectional dimensions. Essentiabgre@strength may add

to the robustness of the structure. For instance, buildings designed in high sesmeis and, therefore, for high

peak ground accelerations (PGA) are shown to be more robust than those desigoectiirseismic zones or
seismically deficient buildings [5], [52], [48], [50], [51]. Of course, this raattkibuted to their higher strength

capacity as well as their higher ductility.

2.5.4 BENERGYABSORPTIONAPACITY

When a structural member suddenly fails, the strain energy stored within the member is releasedéonhining

structure. This dynamic loading causes the structure to vibrate, and the ability to absodnehpy and transform

13 1v38} *SE Jv v EPC }VSE] us » 8} E Z]vP ZwWA Jvu®] &) BEZ %eBE}¥
robustness. The energy absorption capacity of a structure is related to its strength andydastitiis a function

of the area of the stress-strain curve. However, the increased capacity to dissipate plastic eesrgpidalways

lead to improved structural robustness, as argued in [13].

2.6 RESISTANCE MECHANISMS

Under extreme loading cases and after suffering local failure, a building will begidistritrite its loads among
its remaining members. Depending on the load and the robustness si/gtem, different resistance mechanisms
may develop. In the case of a single column failure, the horizontal memieesher beams or slabs, will begin
to resist the additional load and attempt to redistribute it to the adjacent vertivaibers. If a horizontal member
is free to move in the normal direction, that is to say it is axially unrestrained,ittsall experience additional
flexural stresses following the removal of one of its columns. Howeiiie adjacent spans provide full or even
partial axial restraint, then mechanisms such as compressive arching action followed by ¢ateshary action
may develop in the beam as the deflection at the failed column increasedai®/, in the case of slabs,
compressive membrane action followed by tensile membrane action maglae under increased vertical
deformation. A typical load-displacement response curve is shown in Figuren2etder to help visualize the

extreme loading process leading to the failure of the system.
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Figure 2-11: Generic Load-Displacement Curve for HorizontatlgiRed Beam-Column Systems Under Static Pushdown

2.6.1 HEXURARESISTANCE

The most basic form of resistance mechanism in conventional structural design igthilexural behavior.
Therefore, the bending capacity of a beam and/or slab is the first thing to bedtedter the loss of a column. In
most column loss scenarios, the bending moment reversas, SZ ¢ S]}v[e }JUu% E °¢*]}v ]
tension side. Sections designed for such reversals as those designed for ladsalvdl be more robust in
resisting the redistributed loads. If the capacity of the horizontal members directly above itiagea column is
much higher than the demand, then flexural action may be sufficient to transfer the excads to the

neighboring columns and the remaining structure. In slabs, at the ultimate stafjexofal resistance, plastic

strain concentrations develop forming yield line patterns in what is also known as yielddat@nism [53].

2.6.2 (COMPRESSIVARCHACTION

The more axially-restrained the horizontal members are, the more compressiveaatin that develops.
Technically, compressive arch action (Figure 2-12) develops at the begnfitivgloading period. However, its
effect becomes more pronounced as deformations increase and the flexural stiffness reducesu@hysoccurs

at higher deformations such as those experienced during sudden column loss scemhaosontribution of
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e C S u[AdBHowr BnFigune 2-11, the system reaches its peak

compressive arch action v uu
strength and ductility « A oo
flexural/arching resistance where the bending moment and compressive axial force are at their mavamu
which point a plastic hinge develops, and the system begins to lose sbiits load-carrying capacity. In this
transition phase, the system exhibits an overall negative stiffness, and the comprésseibegins dropping in

value. This softening phenomenon continues until the system reaches the end of theessmp arching action.

Loads from
upper storeys

Compressive
Arch Action | ‘

14 ) = - |
ol —- - ——= |

PO—

Removed Column

Figure 2-12: Compressive Arch Resistance Mechanism [54]

2.6.3 CATENARWACTION

As deformation continues to increase, plastic hinges, cracks, crushing and ruptures occumpiessive arching
force that once held the system together decreases and turns into a tensile foheecatenary tensile force
(Figure 2-13), which can be considered as the last line of defense, corttirinesease until reaching its maximum

capacity beyond which the horizontal member continues to deform untilhieacits failure strain. Similar to

Ju% @E <<]A & Z]JvP (}E& -U Sv EC (}E - v P @&ymirgGniivdeddrmatio Z ¢ ¢
capacity.
APPLIED VERTICAL LOAD
|TENSILE FORCE TENSILE FORCE|
DEEP CRACKS
S
\ CONCRETE ,\/
HORIZONTAL |/)].| kg CRUSHING™S (|| HORIZONTAL
RESTRAINT RESTRAINT

CONCRETE
CRUSHING

REMOVED COLUMN

Figure 2-13: Tensile Catenary Resistance Mechanism [55]
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2.6.4 MEMBRANRCTION

While compressive arching action and catenary action mainly develop in beamfleafteal action, membrane
action is the main resistance mechanism in slabs following the flexural resistangekhiihe mechanism stage.
At relatively low displacements, compression membrane forces arise and help increase the load-tegzauity
of the slab, similar to the effect of compressive arching action on the behavior aidhe@n the other hand,
tensile membrane forces may develop in the center of the slab at laig@adements, while compressive

membrane forces may occur forming a ring near the perimeter of the slab [56] as shé&iguie 2-14.

Compression
zone (‘ring’) - ~

Figure 2-14: Membrane Action in Slabs at Large Displacements [56]

2.6.5 VIERENDEHRACTION

Another resistance mechanism, not often mentioned in literature, is the Vierendeel aatidiaghragm effect.
As the name suggests, this form of mechanism is similar to the behavior of Vieréndsek, which are trusses
with only vertical members between the top and bottom chords (Figure)24b5the case of column loss, the

structure may function as a Vierendeel truss in order to transfer its loads to the surroundimgrsol

Figure 2-15: Vierendeel Truss

2.6.6 NONSIRUCTURAH EMENTS

Finally, the effect of non-structural elements such as infill panels on the progressive collapsebsiawid not
be overlooked. Infill panels placed between columns and beams can carry laet ifdistributed load and, in
turn, affect the alternate load path in a positive manner. In addition to adding vesditaless, wall panels can

also contribute to the lateral stiffness of the system, which could also benefibf#tteand moment redistribution.
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2.7 SUMMARY & CONCLUSIONS

2.7.1 EXPERIMENTA% NUMERICARESEARCH dRROGRESSIVIDLLAPSE

The literature on progressive collapse of RC framed structures has expanded sitiyifiwan the past two
decades, driven by the increasing need for structural resilience against extreme events. Experimental research h
played a crucial role in understanding progressive collapse mechanistmaapy studies have been limited to
sub-assemblages rather than full-scale structures due to practical and economic constrailitienallly, while
guasi-static column loss experiments have provided valuable insights, theagn®eshortage of dynamic column

loss experimental data, particularly for multi-story buildings.

From a numerical modeling perspective, various approaches have been employsohuiate progressive
collapse, including finite element modeling (FEM), discrete element modél&d/), and applied element
modeling (AEM). However, each method has its limitations. While FEM remains ghevidely used method, it
struggles to simulate element separation, debris impact and collapse propagation, mgapdiditional modeling
techniques. On the other hand, AEM is better suited for post-failure analysis buhésafjg less accurate in

predicting overall structural behavior before failure.

2.7.2 |DENTIFIEGAPS ANIRESEARCNEEDS

In recent years, several studies have explored the contribution of slabs toegsige collapse resistance, primarily
through experimental investigations on scaled specimens and substructures. While works such &s fhoge
[58], [59] and [60] have advanced our understanding, particularly iglesistory configurations, a notable gap
remains in the literature regarding the behavior of multi-story buildings.n@wo the high computational cost,
detailed numerical studies remain scarce. In [61] for instance, a fully detailed substructure Witltlgxpodeled
concrete and reinforcement was analyzed under quasi-static loading. However, thereea dack of studies
extending this level of detail to complete multi-story structures subjected tth lmpasi-static and dynamic
analysis. Furthermore, most existing studies do not explicitly quantify the contibuati the slab and direct
comparisons between bare-frame and full-frame configurations, essential for isokiibgeffects, are rarely
conducted. This research addresses these limitations by numerically evaluating @etailgd multi-story RC
frame building with and without slabs under both interior and corner colunmaeal scenarios and by explicitly

<p V8](C]JvP 8Z <0 heunderdGhl quasi-ktatic and dynamic loading conditions.

Another key challenge lies in the accuracy of commonly used analysis meNmu@ear static analysis (NSA)

and nonlinear dynamic analysis (NDA) are frequently adopted with guidelines reconmyetyshamic increase
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factors (DIFs) to approximate dynamic effects within static frameworks. However, these presadtoed often
fall short of capturing the full complexity of structural response, particularly in sceniasolving sudden column
loss. Several studies have examined and calculated DIF values through numeritzdicsisjwoffering valuable
insights into dynamic behavior. Nonetheless, these investigations were often based oifiesihmpbdels. In [62],
the slab was not modeled, while in [63], a one-way slab was represented using franentdemthe transverse
direction. To further enhance the reliability and applicability of DIF values, theraimsra need for studies based
on complete multi-story RC buildings with fully detailed componeutsh as the approach adopted in the present

research.

2.7.3 FOCUS OFHISSTUDY

This research aims to address these gaps by:

X Investigating the role of floor slabs in progressive collapse resistance Ipadoig bare-frame and full-frame
responses.

x Examining the effect of column location and floor level by conductingraolremoval analyses at different
positions within the structure.

x Comparing nonlinear static and nonlinear dynamic analyses, calculdfisgiom the numerical results and
evaluating their accuracy against guideline values.

x Assessing the validity of model reduction techniques, particularly the accuraoglefstory and single-frame
models in capturing realistic structural behavior.

x Developing a simplified predictive method that balances computational effigi with accuracy and

validating it against both experimental and numerical results.

By tackling these challenges, this study contributes to a more comprehensive understafidinggressive
collapse mechanisms and enhances the reliability of numerical and analyticabaapps in structural

engineering.
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3.1 INTRODUCTION

As mentioned in Chapter 1 of this thesis, the main objective of the research is to stugyoiressive collapse
response of regular RC framed buildings subjected to column loss usin@teThe effect of floor slabs, the
type of analysis carried out and the location of the damaged column are among the oiaia pn which this
research is focused. These factors significantly affect load redistribution mechanisms aabilifyeof the

structure to resist collapse. Therefore, a rigorous methodology is required to capture tekagibrs accurately.

This chapter outlines the methodology adopted in this study, detailing the acoftwelection, experimental
validation, case study development, and analytical approach. By establislilegraresearch framework, this

methodology provides a structured basis for the analyses presented in the subsequent chapters.

3.2 METHODOLOGY

3.2.1 (HOICE OANALYSISOFTWARE

In progressive collapse analysis, the building is subjected to excessive defarthatipushes it way beyond its
linear elastic range. However, most commercial structural analysis software might not b aiteulate the
nonlinear response of the building under extreme loading conditionthisnresearch, Abaqus was chosen as the
main analysis tool for its advanced capabilities in capturing the nonlinear response of strucitealsyit is one

of the most widely used software programs by structural engineers and researchers.

Due to the complex and sensitive nature of nonlinear analysis, the first step wasdatedhe results obtained
by the chosen structural analysis software used in the research. In the next chapter (Chapter 4ydoiarental
studies found in literature were replicated using the analysis software to enkatéttproduced reliable results.
The experimental studies were selected to cover a range of structural configurations aathsyas well as
different loading and column removal scenarios, as summarized in TablEng-4oftware models were calibrated

by varying input parameters until sufficient confidence in the results was achieved.
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Table 3-1: Summary of Chosen Experiments

Number of

Experiment  Scale Modeled Type of Modeled Specimen Removed : Type.of
. Column Location Loading
Specimens
Experiment 1 1/1 (full-scale) 2 2D bare-frame sub-assemblage  Interior column Quasi-static
[16] pushdown
Experiment 2 1/4 (quarter- 3D bare-floor system (without slab . Quasi-static
2 . Interior column
[24], [25] scale) and 3D full-floor system (with slab) pushdown
Experiment 3 1/3 (third-scale) 1 3D bare-floor system (without slab Corner column Dynamic
[28] column loss
Experiment 4 1/4 (quarter- i . Dynamic
29], [30] scale) 1 3D full-floor system (with slab) Edge column column loss

3.2.2 HRSTEXPERIMENTARTUDYEXAMPLE

The first chosen example was of an experiment conducted in [16] which vedly lonentioned in Section 2.2.1.
The experiment led by the authors was aimed at examining the progressive calgistance of RC framed
structures due to column loss. Two buildings were designed according to theEX0(Q84], the SEI/ASCE 7-02 [65]
and the ACI 318-02 [66]. To observe the difference in behavior resulting fronessifimd reinforcement, one
building was seismically designed using intermediate moment frames (IMF) anth#reusing special moment
frames (SMF). The test was performed on two full-scale RC beam-column sub-assenaiagesom each
building, loaded at the intermediate joint and subjected to monoton@mvdward displacement. The test
specimens were equipped with strain gauges among other sensors to capture the performanitierantd
locations. Figure 3-1 shows the test configuration and layout of the sgmsmipment, while Figure 3-2 shows
the structural details of both test specimens. The nominal compressive strength of concrete used ingheoflesi
beams and columns was 27.6 MPa while the used rebar was ASTM A706 Grade 60 with a igldnstmength

of 413.7 MPa. Table 3-2 and Table 3-3 show the average compressive arels@agaigjth of concrete and the
mechanical properties of steel reinforcing bars at the time of testing, respectively. dtelus of elasticity of

steel was taken as 210 GPa while that of concrete was calculated using the following] A@i{6la in MPa:

Ad6¥(—
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Figure 3-1: Test Configuration & Selected Instrumentation [16]

Table 3-2: Average Compressive & Tensile Strength of 152x305 mm ConcretesG¢iaid

Specimen Compressive Strength (MPa) Split-Cylinder Tensile
Footings Beams & Columns Beams & Columns
IMF 39 32 31
SMF 37 36 2.9
Table 3-3: Average Mechanical Properties of Reinforcing Bars [16]
Bar Size Yield Strength (MPa) Ultimate Strength (MPa}  Rupture Strain (%)
8 476 94 21
9 (Bottom Bars in IMF Beams) 462 93 18
9 (Vertical Bars in IMF Columns) 483 100 17
10 503 106 16
4 (Ties & Stirrups in IMF) 524 103 14
4 (Ties & Stirrups in SMF) 545 98 15
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3.2.3 SECONMEXPERIMENTASTUDYEXAMPLE

The second chosen experiment published in [24] and [25], examined the 3D dffenisyersal beams as well as
slabs on the progressive collapse of RC sub-systems. Two prototype buidimgsfferent slab aspect ratios
were seismically designed according to the ACI 318-08 [24]. Then, a sub-system ofileiamip Wwas considered

in the study. Six one-quarter-scale specimens were tested, representing 2D beam-columnesublagss (P1
and P2), 3D beam-column sub-assemblages (T1 and T2) and 3D slab-heamstdi-assemblages (S1 and S2)
for each building. The specimens were then subjected to monotonic downward displacement at the wiiddle j

of each system. Figure 3-3 shows the concrete dimensions and reinforcing steel details foesf8ti
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3.2.4 THIRDEXPERIMENTABTUDYEXAMPLE

Unlike the first two experiments, the third chosen experiment examined the dynamic resgdriR€ framed

structures to sudden column loss. In [28], the authors tested six one-third-scale sulmsyfid-1 to DF6)

representing the external bays of RC frame floor systems. Each specimen was designedgteatifierent

criteria to study the influence of seismic detailing, high service load, spaations, etc., on the progressive

collapse behavior of the system. Figure 3-4 shows the structural layout and details of specimens DF2L dad DF

simulate the loss of the corner column, an apparatus composed of a sleaticopin support and a load cell was

designed and installed in each specimen at the corner joint. Furthermore, the steel assembly shown in Figure 3-

was designed to provide partial rotation and horizontal displacement at the corner joint taaicfor the effect

of the floors above. Horizontal and vertical double action load cells ajgptied at the other end of each beam

to account for the boundary conditions imposed by the adjacent interior panels.
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Figure 3-5: Steel Assembly Details [28]

3.2.5 FOURTHEXPERIMENTARTUDYEXAMPLE

Similar to the third experiment, this fourth and final chosen experiment examinedythandic behavior of the RC
system to the sudden removal of one of its columns. However, in this experimemstithgystem was composed
of columns, beams and slabs, unlike the previous experiment where the slabmitsdofrom the specimen.
Another difference between both experiments was that in this experiment, the removed colurarawadge

column not a corner column like in the third experiment.

In [29] and [30], three identical one-quarter-scale RC slab-beam-column specimens perienertally tested.
The control specimen was subjected to pushdown loading, and the other two ((x0d9D-1.16) were subjected
to dynamic column loss scenarios under two different sets of gravity |&dglse 3-6 shows the typical structural
drawings for the specimens. It should be noted that the appropriate boundary conditionsapplied to the

columns by fixing them on steel column supports, which in turn were clamped to the floor.
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Figure 3-6: Typical Layout & Reinforcement Details of the Spec[B@n

3.2.6 CASESTUDY

Chapter 5 presents the main step where the case study building was designed rgdortie NBCC 2015 [68],
CSA A23.3-14 [69] and CAC Concrete Design Handbook [70]. The buikliagiwastory reinforced concrete
structure (Figure 3-7, Figure 3-8 and Figure 3-9) designed accordingNB@®€ 2015 [68], CSA A23.3-14 [69] and
CAC Concrete Design Handbook [70]. The building was assumed to be resatehtiatated in downtown
Calgary, Alberta. The building was 20 m long, 20 m wide and 19 m high. It wassednop four 5 m bays in each
horizontal direction. The height of all typical stories was 3 m while thargitdloor was 4 m high. Gravity loads
were supported by solid slab floor systems, while lateral loads were resisted by moment resisting éreatess |

on axes 1, 5, A and E. For the sake of simplicity, staircases and elevator shafts were not condidisretlidly.
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Figure 3-7: Building Plan
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Figure 3-8: Interior Frame (Section A-A) Concrete Dimensions
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Two models of the building were considered in the analysis, the full-frambaedframe models. The full-frame

model was composed of columns, beams and slabs, while the bare-frame maslelomposed of only columns

and beams. This comparison was made to assess and quantify the effect of tloa stebprogressive collapse

behavior of the structure. Due to the complexity of nonlinear analysis, many stheiee been conducted on bare

frames where the effect of floor slabs has been discarded for simplicity. While thists exhnumber of studies

where the full frame is accounted for, more research is definitely needed to measure @hbrane action
}JVSE] uS]}tv 8} SZ +CeS u[*s E *%}ve v E ¢]Jo] v X

As mentioned in Chapter 1, a comparison was made between the results obtained frdmeao static and
nonlinear dynamic analyses. This comparison was used to calculate the dynamic increase factors and assess thei
alignment with the values prescribed in the GSA and UFC guidelines. Additionally, the feffdatron position

on the structural response was investigated by comparing the removal of an intefionn with that of a corner
column. The analysis plan is summarized in Figure 3-10, which illgsthetenodels, and the types of analysis
conducted. Each full-frame and bare-frame model was subjected to nonlingtie gushdown) and nonlinear
dynamic (column loss) analyses. Both analyses were performed for cases of iatgficorner column removal.

Furthermore, for each case, the analysis was repeated for different floors of the buddingluate the influence
of column removal at various heights.

Corner Interior Corner Interior Corner Interior Corner Interior
Column Column Column Column Column Column Column Column

Full Frame

Bare Frame

Figure 3-10: Analysis Plan Chart

3.2.7 SMPLIFIEAPPROXIMATEIETHOD

Finally, in Chapter 1 using experimental data obtained from literature, a sidplfhalytical method was
developed to predict the peak flexural/arch response of 2D bare single-story subtdagesm The method
provides a quick alternative to nonlinear numerical analysis to calculat®tbe capacity of systems under quasi-

static pushdown.
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3.3 SUMMARY & CONCLUSIONS

Following the methodology explained in this chapter, this research aims to take a furtpeinsi examining the
response of regular RC framed structures and quantifying the effects of slab membrane ygioaf analysis,
and removed column position on the progressive collapse behavior dfitogsl. The methodology adopted in this
study was structured to ensure a comprehensive and reliable evaluation of the nonlespamse of RC frames

to extreme loading conditions.

To achieve this, a validated numerical modeling approach was established using Advesyring that the analysis
accurately reflects real structural behavior. The selection of experimental studies from the literatuvedafior
model verification and calibration, confirming the software's ability to captnitical collapse mechanisms,

including flexural response, as well as compressive arching, catenary and membrang action

The case study of a six-story RC building was developed to systematically &eeptimpressive collapse
resistance under different column removal scenarios. By comparing full-framebaredframe models, this
research aimed to isolate and quantify the contribution of slab membraneratti structural robustness. The
analysis was performed under both static pushdown and dynamic column lodsians to evaluate differences

in structural response and determine appropriate dynamic increase factors in acmarevith existing guidelines.

Additionally, a simplified approximate method was developed based on expetal data to provide a practical
and computationally efficient alternative for estimating structural capacity in progressilapselscenarios. This
method offers a bridge between complex numerical simulations and simplifigishearing assessments, making

it a valuable tool for future research and practical applications.

In summary, the methodology outlined in this chapter provides a structuredraulii-faceted approach to
studying progressive collapse in RC frames. By integrating experimental validatioarical analysis, and
simplified modeling techniques, this research enhances the current understanding of progrestiapse

resistance and contributes to the development of more effective assessment methods for structural safe

40|Page



4. ANALYSIS SOFTWARE VALIDATION

4.1 INTRODUCTION

Before analyzing the case study building, it was necessary to validate the ability obt#esn doftware (Abaqus)
and modeling techniques to simulate the nonlinear response of reinforced concrete struahdescolumn loss.
Four experimental studies from the literature were selected to replicate and verify key asgestiaictural
behavior across a range of configurations, boundary conditions, and padenarios. This chapter outlines the
process, including modeling assumptions, material properties, analysis atepspmparisons with experimental
results. The goal is to ensure that the software setup, element types, material models, alydismethods

produce reliable predictions of progressive collapse behavior.

4.2 FIRST EXPERIMENTAL STUDY EXAMPLE

4.2.1 MODELDESCRIPTION

4.2.1.1 CHOICE OBTRUCTURASL EMENTS

Three-dimensional 8-node deformable solid brick elements C3D8R were usesti&b tine concrete members,
while 3-dimensional 2-node truss elements T3D2 were used to model the steel reintmtéBy embedding the
rebar elements in the concrete, the interaction between steel and concrete was better representedemhip
other types of elements. Due to the geometric and loading symmetry, orfiphille system was modeled (Figure
4-1 and Figure 4-2) by fixing the rotations about the Z-Axis andsYaAdithe displacement in the X-Direction at
all the nodes on the plane of symmetry. Furthermore, according to [71] andrif¥h sizes within 30 mm to 76
mm (1.2 in. to 3 in.) were observed to give accurate results. Therefore, a mesh size of 5@snehogen for the

solid and truss elements used in the analysis.

& 8

Figure 4-1: Abaqus Model for IMF Showing Meshed Solid BElemitin Restraints (Left) & Embedded Rebar (Right)
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Figure 4-2: Abaqus Model for SMF Showing Meshed Solid ElemtbrRestraints (Left) & Embedded Rebar (Right)

4.2.1.2 MODELING OQBONCRETBEHAVIOR

To describe the inelastic nonlinear behavior of concrete in both tension andressipn, the Concrete Damaged
Plasticity Model (CDP) available in Abaqus was chosen. Two stress-strairacemesded to define the plastic
behavior of the concrete. The stress-strain data to be provided should be true stress weglastic strain which

may be obtained from the engineering stress-strain data using the following formulas:
Keue = Keng (1 + 3ng)
Fue = IN (1 +3ng)
Felastic = Tue - Kie/Eo
where Kng= Engineering stress,
=ng = ENgineering strain,
Kwe = True stress,
Fue = True strain,
Felastic= Inelastic strain,

Bb= o0 3] z}modius.
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Figure 4-3: Response of Concrete to Uniaxial Loading inr€ssign (Left) & Tension (Right) [73]

The model also incorporates two damage variablesnd d to be defined for the compression and tension post-
peak behavior, respectively. These parameters are useful in defining the (elastiesstitiggradation that occurs
after the peak stress is reached when the concrete specimen is unloaded at any poig sinain softening
branch (Figure 4-3). Different approaches and formulas to calculate the damage parap@iebe found in
literature. Some are simple and straightforward as in [74], while others are a b& el@borate and complex as
in [75]. A comparative study was conducted to choose the most suitable formula thaigesdesults similar to

the experimental ones. The following expression mentioned in [76] and [77] wad foue the most consistent:
A
(
where d = Concrete damage parameter in compression,
k = Compressive stress of concrete (on the descending branch),

fc Z Peak compressive stress of concrete.

The damage is assumed to occur after the peak stress is reached, so only plasticity is respontilele for
nonlinearity of the material before this point. Similarly, for tensile stresdes,damage parameter can be

expressed as:

A

L

where d = Concrete damage parameter in tension,

K= Tensile stress of concrete (on the descending branch),
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f = Peak tensile stress of concrete.

However, these damage parameters are mainly useful in cyclic loading where the strulgnmahts are loaded
and unloaded several times. In monotonic loading, on the other hand, thiesoon of these parameters was found
to be acceptable, and indeed the results obtained without using the damage parametegsinvgeneral the

closest to the experimental ones. Therefore, for simplicity, the damage parameters were not used.

The input stress-strain curves for the IMF and SMF specimens are shown in Figure 4-guemdi-bi In
compression, the material was assumed to ohgy} | [+ oupto 40% of the ultimate compressive strength (i.e.,
the behavior is linear), after which the numerical model proposed by Hsu and Hsy ing3&ised to generate

the nonlinear part of the stress strain curve as per the following equation:

P N t:cach
(" tri= cocs

S
where >A 5

S e——
.5
35 : [ 35 . .
30 Engineering Curve 3 Engineering Curve
25 Inelastic Curve Inelastic Curve
S 20
=
Z 15
10
5
0
0.00% 0.20% 0.40% 0.60% 0.80% 1.00 0.00% 0.02% 0.04% 0.06% 0.08% 0.10
T T
Figure 4-4: Input Compression (Left) & Tension (Right) Stress3trags for Concrete in IMF
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Figure 4-5: Input Compression (Left) & Tension (Right) Stressc3traés for Concrete in SMF
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In tension, on the other hand, the tension stiffening model developed indA@8lmodified in [80] for Abaqus was

adopted in this study and shown in Figure 4-6.

O

O
P

> 0.77, -

SS

Tensile Stre:

s

S
1

D ey 1258, Adeg 8.7¢,
Averaged Tensile Strain, g,

Figure 4-6: Idealized Tension Stiffening Model for Concrete [80]

Finally, the CDP parameters required to define the plastic behavior are shown in Thblddvalues of these

parameters are discussed in abundance in literature, as in [76] and [81].

Table 4-1: Abaqus CDP Plasticity Parameters

Dilation Angle Eccentricity foo/f co K Viscosity Parameter

30 0.1 1.16 0.667 0.0005

4.2.1.3 MODELING dJREINFORCINSIEEIBEHAVIOR

The plastic behavior of steel in Abaqus is defined using a true stress vs plastic straivatidrior both tensile

and compressive stresses. The following formula developed in [82] was used to eldéisergitress strain curve:
. , 5@l
L-Erart—G
‘c
where n = Strain hardening exponent of the materiag%q,
(B
= Total strain (elastic and plastic) at any given point,
= Elongation strain groae,
= Ultimate strain (elastic and plastic),

P= Stress at any given point,

P<;= Yield stress of the material,
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R, = Ultimate stress of the material,

E=o0 8] z}medufus.

Plastic strain represents the permanent, hon-recoverable component of material deformétis calculated as

the difference between the inelastic strain and the strain associated with material stiffiegsadation (damage),

as expressed by:

Gko 0 -/s\ﬂv ¢} -§]7._‘
i

When damage effects are neglected (i.e., d = 0), the plastic strain becomes equal teeldeid strain.

Consequently, the same material modeling approach used for concrete can be directhdappdieel without

introducing additional damage parameters.

Figure 4-7, Figure 4-8 and Figure 4-9 show the characteristic data for the usethrebtr IMF and SMF models.
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Figure 4-7: Input Stress-Strain Curves for Steel Rebar Sizes 8 @ @iylht) in IMF
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Figure 4-8: Input Stress-Strain Curves for Steel Rebar Size 8 in IMF & SMF
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Figure 4-9: Input Stress-Strain Curves for Steel Rebar Sizes 4 (0efRight) in SMF

4.2.2 VALIDATION ORESULTS

Because of the high nonlinearity and large deformations of the problem, éxpialiysis was chosen over implicit
analysis due to its much lower computational cost. Implicit analysicamied out once, though, for the IMF and
compared with the explicit analysis. The results were very close, and therefore, explicit analyssetasthe
remainder of this research. To simulate the monotonic displacement control amdlyat matches the
experimental tests, a displacement was applied at the middle joint of each nusdted the pre-built smooth
amplitude in Abaqus. In order for the analysis to be considered as quasi-stasicpfithe external work must be
converted into internal energy with a minimal part converted into kinetic ggeil herefore, an energy balance
check was made after the conclusion of the analysis, and the kinetic energy was checked sumakdid not
exceed 10% of the internal energy [83]. After this condition was satisfied, the ngsfdtice-displacement curves
were then plotted along with the experimental ones, for both IMF and SMF (Figure Z¥grror in predicting
the behavior of the system is obtained by calculating the difference between theteadland experimental
applied force values at each displacement ordinate. This is done up to the poéiiasffracture and serves as a
simple and approximate guide to the accuracy of the analysis and, therefore, tharisjntietween the numerical
and experimental curves. However, it should be noted that if two curves are quit@rsbut are slightly shifted
from each other, the value of the error increases and might imply more dissimitagn there actually is.
Nevertheless, the average error was found to be respectively 23.07% and 14.84% for thel IMW#FarGenerally,
due to the nonlinearity of the problem, the analysis was considered acceptable and showsfdcsaity
agreement with the experimental tests. One thing to be mentioned, though, is tleanhlytical model was found

to moderately overestimate the resistance of the sub-assemblage.
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The main resistance mechanisms exhibited by the sub-assemblages can be seen in the foresrdispaoves.
Initially, the resistance was provided by the flexural strength and the rising compressivactorhin the beam.
At this stage, the load-bearing capacity increased until reaching its peak. This usually occurs whealiting b
moment and compressive axial force are almost at their maximum. In the second stagdebding moment
and compressive axial force began to drop while the displacement continuedtrease, v ¢} SZ Ce*S Uu[e*
load-bearing capacity decreased. Due to the ductility of the structural elements, the deandzeseding moment
and axial force began to slow down, and the negative slope of the load-displacemeatbagsan to increase
before completely reversing when the axial force in the beam turned into tersidrthe load-bearing capacity
of the system started to improve. During this final stage, most of the concreteites crushed or cracked, and
the main resistance was provided by the steel rebar until the rupture occurred. Three pognksghlighted in
Figure 4-10 for each model, corresponding to the initial peak resistanitee afystem, the turning point at the
end of the arching phase when the beam capacity began to increase again and the fraattief poe rebar at
the end of the catenary stage. Figure A-1 and Figure A-2 show the internal retresales of the systems at the

three points. Stresses in concrete are shown on the left, while stresses in rebar are displayed on the right.

Experimental Numerical Error = - = Average Error @  Critical Points
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Figure 4-10: Force-Displacement Curves for IMF (Left) & SMF (Right)

4.3 SECOND EXPERIMENTAL STUDY EXAMPLE

4.3.1 MODEIDESCRIPTION

Two specimens, T1 and S1 (Figure 4-11 and Figure 4-12, respectively), were nmodleéeplis to test and validate
§Z <}(3A E [+ ]0]5C 8} %E ] & 3Z &E % }ve }( 7 +Co3 SikilA]e heFidt veA E

study, concrete was modeled using C3D8R solid elements, while rebar watethasing T3D2 truss elements.
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The embedded region constraint was used to define the interaction between the rebar trusergteand the
concrete brick elements. The concrete material was modeled using the Concrete DanesgieityPModel (CDP).
Figure 4-13 and Figure 4-14 show the input stress-strain curves for cericrebmpression and tension, while

Figure 4-15 shows the stress-strain curves for the used reinforcing steel.

Figure 4-12: Abaqus Model for S1 Showing Meshed Solid EéewitnRestraints (Left) & Embedded Rebar (Right)
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Figure 4-13: Input Compression (Left) & Tension (Right) Strassirves for Concrete in T1
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Figure 4-14: Input Compression (Left) & Tension (Right) Strass3irves for Concrete in S1
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Figure 4-15: Input Stress-Strain Curves for Steel Rebar Si{ZexppR@ft), T10 (Top Right), T13 (Bottom Left) & T16 (Bottom
Right) in T1 & S1

4.3.2 VALIDATION ORESULTS

Similar to the first experiment, explicit analysis was carried out for time-savippges. An energy balance check
was made, and the kinetic energy was found to be negligible in relation tdnteenal energy. The load-
displacement curves of the analytical models were plotted against the experimental ones @ig6yeThe
average error was found to be 16.95% and 11.54% for T1 and S1, resigeditve results were found to be
acceptable and in agreement, especially at the beginning of the response at lower disptasehowever, as
the deformation of the system increases, the discrepancies between the results wekttmalightly increase. It
is+ 0} AYESZ u v3]}V]VvP 3Z § 8Z <Ce*3 u[e 0} % ]35C ] }JA E <3Ju 8§ ]v &
The normal stresses in the concrete and rebar were examined at three critical points.stpeifit is when the
system reached its peak response during the flexural and compressive arch/membrane actions. Tth@aEton
A« AZ v §Z «C+%badringdapacity, after dropping, began to rise again at the end of the ressipe
arch/membrane actions phase and right before the start of the tensile catenary/membran@asciibe last point
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is at the end of the tensile catenary/membrane actions phase and right before the first rebar fradtarimternal
normal stresses in concrete (left) and steel reinforcement (right) at the three paiatshown in Figure A-3 and

Figure A-4 for T1 and S1, respectively.

Experimental Numerical Error = . = Average Error @  Critical Points
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Figure 4-16: Force-Displacement Curves for T1 (Left) & St) (Righ

4.4 THIRD EXPERIMENTAL STUDY EXAMPLE

4.4.1 MODELDESCRIPTION

4.4.1.1 MODELING dB EMENT& MATERIALS

Specimen DF2, which was seismically detailed, was modeled in Abaqus ustiy08® elements to represent
concrete elements as well as structural steel members such as the steel assembly describeartuesede| pipes
used at the end of the beams to approximate the actual boundary conditions (i.e., mrbedion of the rest of
the structure). Steel rebar was modeled using T3D2 truss elements which were embeddedancrete solid
elements to simulate the bond between them. Figure 4-17 shows the concrete and rebar elementbasstihe|
steel members used in the experiment to provide adequate boundary conditmmiset system. The concrete
material was modeled using the Concrete Damaged Plasticity Model (CDP), and thstragssstrain curves for
concrete in compression and tension are shown in Figure 4-18, while the stressairaes for the used
reinforcing steel materials is shown in Figure 4-19. It should be noted, thdghmechanical properties and
input data for the double action load cell pipes at the other end of eaanbwere not provided in the available

literature and were, therefore, iteratively assumed.
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Figure 4-18: Input Compression (Left) & Tension (Right) Strass3irves for Concrete in DF2
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Figure 4-19: Input Stress-Strain Curves for Steel Rebar Sizep REf{jTG 10 (Top Right), T13 (Bottom Left) & T16 (Bottom
Right) in DF2

4.4.1.2 GOLUMNREMOVAISMULATION

To simulate column loss analytically, two models in Abaqus were analyzefirsTheas the undamaged model

where all columns and supports were present and intact. The undamaged model wasgagedtatically under

the effect of the dead loads, ensuring that no significant inertial effects arose, in ordetaim dlhe values of the

column reactions. The second was the damaged model where the column/supporstiauwas removed from

the system. First, the dead loads were applied to the system along with the removed columarneadtich were

applied at the location of the removed colurmn} }uvs (JE& SZ }opuv|e % E « v thgse®&E &E u
reactions were reapplied at the same location but in the opposite direatitimn a very small duration, less than

1/10 of the period of vibration [30], to simulate the almost suddetumn loss. This procedure is summarized in
Figure 4-20 where the time-history of the loading is shown. It should telribat after the system is fully loaded,

there is a stabilization period where no loads are applied in order teigecsome time for any transient vibrations

to peter out before suddenly removing the column.

54|Page



CHAPTER 4. ANALYSIS SOFTWARE VALIDATION

Another method for the simulation of the column loss is the suddenlieqiion of the gravity loads to the
damaged model. Unlike the first technique, this procedure does not require the knowledge of thwirferces
of the removed column [84] and is, therefore, a more approximate methoth Bwethods were used in the

analysis, and their results were compared together.

R R
Column Reaction Resultant Applied Force

3] 8
s /| | ===- Opposite Load 5
(I ! (i
o] 0 o
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R——— e e

Time Time

Figure 4-20: Generic Time-History for Column Loss Simulation

4.4.2 VALIDATION ORESULTS

The vertical displacement of the corner joint produced by the column losslation method, referred to as
Numerical (CL), as well as the displacement produced by the second method, referred to asalUBk)j were
plotted in Figure 4-21 along with the experimental results. The graph shows that the numericts aeswlmost
identical, though shifted. Of course, this shift is due to the fact that in the second method, the gradiywere
suddenly applied to the system from the beginning of the analysis, unlike the first method where the system wa
initially quasi-statically loaded before the internal forces and momenth®fcolumn were removed. However,
both methods produced virtually the same displacement and vibration. A snapghibie final point of the
"Euu E] aanalysis where most of the dynamic vibrations had ceased and static equilibsidralimost
completely been achieved is shown in Figure A-5 and Figure A-6, where theigptatdment and the stresses,

respectively, are illustrated for solid elements as well as rebar elements.

Compared to the experimental results, the numerical methods were able to predict the dis@atéo a high
degree of accuracy. The maximum displacement was found to be 28.96 ma8&#imm respectively in the case
of the column loss (CL) and the sudden application of the gravity loads (S&thetibrresponding experimental
value was found to be about 29 mm. However, there is a significant differertioe inbrational properties of the
system between the experimental specimen and the numerical model. The period of vilwtiwactual system
appears to be noticeably higher than that of the numerical model. This indicateththatimerical model is stiffer
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than the experimental one. This difference may be attributed to idealized modeling assumptions, secteets p
boundary conditions and perfect bond between steel and concrete, as bignid slot modeled. Furthermore, the
previously mentioned lack of available data regarding the end conditibtteedoeams likely contributes to the
discrepancy between the numerical and experimental results. It should, therefore, be emphasizatiethat

behavior of the model and the results of the analysis are highly sensitive to any missingargmeters.

Another observation is that the numerical model failed under the effect of coltemoval when the CDP damage
parameters, previously described in Section 4.2.1.2, were considered in the analysis. fEhénefeesults shown

herein are of when the damage parameters were not taken into account in the CDP model.
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Figure 4-21: Vertical Displacement of the Corner Joint of DF2

45 FOURTH EXPERIMENTAL STUDY EXAMPLE

4.5.1 MODELDESCRIPTION

Specimen D-0.91, which was subjected to 91% of the total applied deais) ivas modeled in Abaqus using the
same type of elements used in the previous experiments. C3D8R solid elensratased to model the concrete
and structural steel columns, while T3D2 truss elements were used to represent the reigfsteal bars.
Although equivalent weights were used in the actual experiment to simulate theedpfdads, uniformly
distributed surface loads were used in the analysis instead. This is mainly due to the latkmfodided by the
authors regarding the used dead weights. Figure 4-22 shows the solid eleasewsll as the truss elements of
the Abaqus model. Again, the CDP model was used to model the concrete behavioreH@aseliscovered with

the previous model, the damage parameters were omitted as they produced unrealistic resulpseandture
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failure. The stress-strain curves for the used concrete material are shown in Figure 4-#30snof the used

steel material are shown in Figure 4-24.

Figure 4-22: Abaqus Model for D-0.91 Showing Meshed SoliériEtewith Restraints (Left) & Embedded Rebar (Right)
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Figure 4-23: Input Compression (Left) & Tension (Right) Strassirves for Concrete in D-0.91
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Figure 4-24: Input Stress-Strain Curves for Steel Rebar S{ZzepR2ft), R6 (Top Right), R8 (Middle Left), T10 (Middl§ Righ

& T13 (Bottom) in D-0.91

4.5.2 VALIDATION ORESULTS

The maximum vertical displacement obtained in the actual experiment was found t@.Bendm, while the

permanent displacement at the end of the vibration was 40.1 mm. As was performed with the mgcedi
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experiment, the column loss analysis was conducted using the two previously nmezhtinethods, and their
results were compared with the experimental ones. As can be seen in Figure 4-88sttf@L) and second (SL)
numerical methods produced maximum displacements of 37.6 mm anddi®.2nd permanent displacements
of 36.2 mm and 41.9 mm, respectively. Therefore, there is a difference of 14.9% iradimum displacement
values between the two methods and a difference of 15.6% in the final displacefiemtsecond method
produces higher values, and this could be mainly attributed to the factahagtavity loads are suddenly applied
to the system. In the first method, only the column reaction is suddenly reshowhich means that only part of
the gravity loads is dynamically applied, while the remaining porsstatically applied. It is quite curious, though,
that both methods produced virtually the same results in the previous experiment. Thiberexplained by the

fact that most of the applied gravity loads were supported by the removed corner column.

Another thing worth mentioning is that the analysis was found to be very semgiii input parameters. For
instance, no data regarding the supporting steel columns were provided by therauand therefore, these
parameters were iteratively assumed, and their values were found to notably affect the reBuéefore, it
cannot be stated that one method produced better results, when compared to the experimental valuesh¢han t
other one. Although it may seem that the second method (SL) was more acausdight change, for example, in
the assumed thickness of the steel columns, could shift the results in the other direction. Furtheamore,
previously explained, the first method (CL) is the more accurate one, as it replicatesghef ine column by

removing its internal forces and, therefore, its existence in the system.

Another remark is that the numerical system again showed more stiffness which in turn affecespiisase and
dynamic properties. However, it can be said that the overall behavior of the system wasadtgspnilar to the
actual response of the specimen. Most importantly, the system did not fail and prodocegarable
displacements and results. Figure A-7 and Figure A-8 show the displacemetiie atrdsses in the concrete and

rebar at the end of the analysis.
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Figure 4-25: Vertical Displacement at the Removed Column in D-0.91

4.6 SUMMARY & CONCLUSIONS

At the end of the validation phase, four experimental studies covering different structardigarations,
boundary conditions and loading scenarios were successfully modeled arzhtepliBased on the results, the

following key observations were made:

X In general, the numerical models exhibited greater stiffness than the experimental specimens. This
resulted in higher vibration frequencies and faster loading and unloadieg tatder dynamic conditions.

X The numerical models typically produced slightly higher load-carrying capawitieser deformations
compared to experimental results.

x The damage parameters of the Concrete Damaged Plasticity (CDP) model tendedcto prefnature
failure during dynamic column removal simulations and were, therefore, omitted.

X The analysis results were highly sensitive to input parameters, particularly mateoiaérpes and
boundary conditions, especially at advanced nonlinear stages.

x Overall, the program produced acceptable and reliable results and was deemed suitadybplioation

to the case study analyses presented in the following chapters.

These observations confirmed that the modeling strategies adopted, incltiingelection of elements, material
models and analysis procedures were appropriate for simulating the progressilapse behavior of RC

structures. Although minor discrepancies between numerical and experimental results wergerhdbey were
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within acceptable limits considering the complexity of the problem. The validagisults provided a sound basis

for applying the finite element models to the subsequent case study analyses.
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5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

5.1 INTRODUCTION

This chapter presents the application of the validated analysis methodology tofarceid concrete multi-story
case study building. The objective is to evaluate the structure's resistance to progrestapse following sudden
column removal scenarios. The chapter begins by describing the builesigndorocess, including assumptions,
material properties, loading conditions and structural modeling choices. Namlstatic and dynamic analyses
are then conducted to simulate different column loss scenarios and assess the resudtihgdpacities,
deformation and collapse mechanisms. Dynamic Increase Factors are computpaantify the amplified
structural demands under dynamic conditions and are compared to code-basmdats. The results are
interpreted to assess the influence of structural features such as floor slabs, column lcaadidrame type on
progressive collapse resistance. Finally, model reduction techniques are introducsahplify the structural
system while preserving its essential collapse behavior. An approximate transformagithhod, based on the
principle of energy conservation, is then proposed to convert pseudo-static cuteesguivalent displacement-
controlled quasi-static responses. This approach captures the post-peak softening behaxiatadsvith arch
§]})v. + A oo =« 3Z lve 3§ }( 8v EC Z AJJEU v 0]UPSZ up&EE (ES 0§

progressive collapse capacity.

5.2 DESIGN

5.2.1 DESIGNNPUT

5.2.1.1 MATERIAPROPERTIES

The compressive strength of the used concrete was assumed to be 30 MPa with a specific weidiN/aff2Its
response was linear up to 12 MPa (40% of ultimate strength). The yielding strdrgth reinforcing steel was
taken as 400 MPa while its ultimate strength was taken as 600 MPa. The moflelastwity of concrete was

calculated using the following expression taken from CSA, while that of steel was taken ag210 GP

AdA¥(-
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Figure 5-1: Input Compression (Left) & Tension (Right) StregsQiraes for Concrete

700

600

500

400

S

< 300
200
100

—
®©
o

Engineering Curve

Plastic Curve

0 0.05 0.1 0.15

Figure 5-2: Input Stress-Strain Curves for Steel Rebar

The ultimate strain of steel was assumed to be 13%. The stress-strain curves were generated acctinding to
same equations adopted in Sections 4.2.1.2 and 4.2.1.3 for modeling concrete @iodcirg steel, respectively.

These curves are presented in Figure 5-1 and Figure 5-2.

5.2.1.2 INPUTLOADS

Since the building was assumed to be residential, the live load was takes 10 kPa as prescribed by Table
4.1.5.3. of the NBCC [68]. The snow load acting on the final roof wasttaker?.23 kPa, and the finishing load
on each floor was assumed to be 1.5 kPa. The facade walls were assumed to be brick with a thick@essrof 1

and net weight of 3.25 kN/m including plaster and windows.

As for the seismic design load, it was calculated according to Secti@ndf the NBCC [68]. First, a modal analysis
was conducted in SAP2000 on the whole building, and the lateral pefiotration was found to be 1.53 s.

However, according to Sentence 4.1.8.11.(3), the design peripavéB taken as 1.02 s. Since the structure was
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regular and less than 60 m in height, and had a period lower than 2 Egihiealent Static Force Procedure (ESFP)
was allowed to be used in the design. Alternatively, because the valee.®{q.2) was found to be 0.19 which
was less than 0.35, the ESFP was also allowed to be used. Therefore, the traumeé shear (V) was calculated

using the following equation:
sANd Dy tl~22-

where S(J) = Design spectral response acceleration, expressed as a ratio to gravitational acceleraion, fo

period of T,

M, = Factor to account for higher mode effect on base shear,
le = Earthquake importance factor of the structure,

W = Dead weight of the building, plus 25% of the snow load,
Ry = Ductility-related force modification factor,

R, = Overstrength-related force modification factor.

The supporting soil was assumed to be verydenseandlwa8Z (E (}E U o0 ¢ X dZ pJo JvP[e Ju%
was considered normal, and therefore, the importance factor was equal to 1eGsditmic force resisting system
(SFRS) was ductile moment resisting frames, and therefarandR B were 4.0 and 1.7, respectively. The 5%
damped spectral response acceleratiofiTd is equal to S(T) in the case of Class C soil and is plotted against the

period of vibration in Figure 5-3.
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Figure 5-3: Design 5% Damped Spectral Response Acceleration in Calgary

The base shear V was found to be 158.24 kN and was then distributed over thiedfiéinghbuilding with a portion
R equal to 11.34 kN concentrated at the top. Due to the symmetry in botlctitres, only 5% accidental torsion
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was considered in the design. The total lateral force applied per SFRS, includincatafexts, was 83.07 kN

distributed as shown in Figure 5-4.

Force (kN)
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Figure 5-4: Lateral Force Distribution on SFRS

Finally, the wind loads were calculated according to Section 4.1.7. of the NBC®¢68{tdrnal design pressure
or suction (p) exerted by wind on a portion or the entirety of a buildiregirface was determined using the

following equation:
P=kqCGGG
where |, = Importance factor for wind load,
g = reference velocity pressure,
G = Exposure factor,
G = Topographic factor,
G = Gust effect factor,
G = External pressure coefficient.

Similar to the earthquake force calculations, the importance factor for wind leadvés taken as 1.0, as the
building was classified as a normal-importance structure. The reference wind pressure (q) wasdbtain

Table C-2 of the NBCC [68], yielding 0.48 kPa for Calgary, based am geeind of 1 in 50 years. The exposure
factor (G) was determined to be 0.8, as the building is assumed to be locateddnsz dirban area downtown.

The topographic factor (Cwas taken as 1.0, as the site is assumed to be relatively flat, lacking significant

topographic variations that could influence wind flow. Finally, the prodididf,d3 was obtained from Figure
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4.1.7.6.-A of the NBCC [68]. The resulting wind pressure distribution was then aphedstaucture accordingly

for further analysis.

Load combinations used in the design were taken from Table 4.1.3.2.-A oB&€ §68]. Two combinations,
shown in Table 5-1, were found to be the most critical to the design. The slalistaridr frames were designed

according to Combo 1, while the exterior frames were designed according to Combo 2.

Table 5-1: Critical Design Load Combinations

Combo Case Principle Loads Companion Loads
1 2 1.25D + 1.5L S
2 5 D+E 0.5L + 0.25S

5.2.1.3 ANALYSI& DESIGN

Manual calculations were used to choose the preliminary concrete dimensions. Then linear statiisamaty
conducted using SAP2000, and the reinforcement was chosen according to CSA4ABRB-Also, section
modifiers mentioned in Section 10.14.1.2 of the CSA A23.3-14 [69] were adoptesl diesign to account for
reduced stiffness due to concrete cracking. The foundation of the buildingssasned to be stiff enough for the
columns to be considered clamped to the ground. Although the building andly#ad study is located in Calgary,
Alberta, the reinforcement bars were selected based on U.S. standards with imperial units (#3 [9.5 fir&]7 #4
mm], #5 [15.9 mm], and #6 [19.1 mm]) rather than the metric units prescribed®% G30.18. This decision was
made to maintain consistency with comparative studies and simplify referencing aktatasets. For real-world
construction, equivalent metric bars such as 10M, 15M, and 20M would be used, with adjustments to
reinforcement areas to comply fully with Canadian code requirements. Given the small diffeienbas
dimensions, the overall behavior trends, findings, and conclusions of thg stathin unaffected. The results of
the analysis and required reinforcing areas are displayed in Appendix B. A bottom mesh of #3 ba2S@wemny
was chosen for the bottom reinforcement of the slabs. The same reinforcing area seasugplied as top
reinforcement at the supports (i.e., beams and columns). The mid-span deflections oaltisenstre checked
against the limits specified in the CSA A23.3-14 [69], and while the immediatealivédfiection was well within
range, the long-term deflection exceeded the allowable limit, and thereforearaber of 15 mm was to be
implemented at the mid-span of each slab. It is worth noting that the iotezdlumns of the sixth floor of the
(exterior) moment resisting frames were supplied with additional reban{oo (Joo §Z "*""SEWeRk }opuv

u_ E]S T&e]finaKdesign plan, details and sections are shown in Figure 5-5 to Figure 5-9.
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Figure 5-6: Interior Frame (Section A-A) Rebar Details
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5.3 NONLINEAR ANALYSIS

5.3.1 MODELS

As discussed in previous chapters of this thesis, one of the main objectives sifidhy is to examine the influence

of the RC slab on the progressive collapse behavior of the structure. Therefore, referring t@8Fifuteso main
models were created. Th&ull-Frame model (FF) represents the entire structure, while tBare-Framemodel

(BF) includes only beams and columns, with slabs omitted. Figure 5-Fogame 5-12 show the complete FF and
BF models, respectively, while Figure 5-11 and Figure 5-13 show a zaopedion of each model. Similar to

the experimental studies previously discussed in Chapter 4, C3D8R solid brick elementisadeto model the
concrete members, while T3D2 truss elements were used to model the steel reinforceimeht.P SZ * u

E P]}v_ }veSE ]vthe]rebar elemdnts were embedded in the concrete elements. An equal mesh size
of 100 mm was used for both solid and truss elements. As previously mentideedplumns were assumed to

be fixed at their bottom.

As planned, two types of columns were considered in the column rahsaenarios. The first is the corner column
(CC) and the second is the interior column (IC) taken as the exact middle aoiuh@nbuilding. Figure C-1 to
Figure C-24 show the damaged models considered in the analyses. The cormar (BfD) was removed from
both FF and BF models at each floor, producing twelve CC models in totithgithe interior (middle) column
was removed from both models at each floor, resulting in a total of twelve IC mddwsefore, twenty-four
models overall, as summarized in Table 5-2, were evaluated using nontiyigamic column loss analysis and
nonlinear quasi-static pushdown analysis. Due to symmetry, only a quarter of the s&weasrrepresented in
the case of the IC models by restricting the degrees of freedom of all nodes locatextrosymmetry planes.

These imposed boundary conditions are shown in Figure C-13 to Figure C-24.

Table 5-2: Case Study Models

Type of Column Corner Column (CC) Interior Column (IC)
Type of Frame Full Frame (FF) Bare Frame (BF) Full Frame (FF) Bare Frame (BF)
g § 18t Floor FF-CC-C1 BF-CC-C1 FF-IC-C1 BF-IC-C1
ﬁ g 2" Floor FF-CC-C2 BF-CC-C2 FF-IC-C2 BF-IC-C2
§ % 3 Floor FF-CC-C3 BF-CC-C3 FF-IC-C3 BF-IC-C3
é é 4™ Floor FF-CC-C4 BF-CC-C4 FF-IC-C4 BF-IC-C4
§ :g) 5 Floor FF-CC-C5 BF-CC-C5 FF-IC-C5 BF-IC-C5
6" Floor FF-CC-C6 BF-CC-C6 FF-IC-C6 BF-IC-C6
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Figure 5-10: Abaqus Model for FF Showing Meshed Soliériitewith Restraints (Left) & Embedded Rebar (Right)

=

Figure 5-11: Closeup of FF Model Showing Meshed Solid ElentbrRestraints (Left) & Embedded Rebar (Right)
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Figure 5-12: Abaqus Model for BF Showing Meshed Solid EsawitnRestraints (Left) & Embedded Rebar (Right)

Figure 5-13: Closeup of BF Model Showing Meshed Solid Elemeriestithints (Left) & Embedded Rebar (Right)

5.3.2 MODALANALYSIS

The first step, after creating the models, was to obtain the fundamental periods of vibm@itthe models. These
periods were used to determine the damping of the systems using Raylaighing. Also, they were used to
check that the column removal duration was short enough as it should not exce@aflitie fundamental period
of vibration of the structure, as mentioned in Section 04.4.1.2. The modal analysischivat the difference in
vibrational properties when the same column is removed from different floors ismaind could be neglected.

For instance, the variation in the periods of vibration of the FF-IC-Cd Ep-tC-C6 models was found to be less
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than 5.1%. Table 5-3 shows the values of the fundamental period of vibration considénedainalysis for each

of the four model divisions.

Table 5-3: Period of Vibration of the Building Models

Model FF-CC BF-CC FF-IC BF-IC
Period of Vibration (s) 0.125 0.114 0.117 0.094

5.3.3 GRAVITANALYSIS

The next step, before running the nonlinear analysis, was to conduct a gravitgria@is under the progressive
collapse design load combination (1.2 D + 0.5 L) prescribed in thar@@S4-C guidelines, to obtain the internal

forces of the columns in order to carry out the column removal analysis.

5.3.4 PUSHDOWMNALYSIS

As discussed before, perhaps the most common way to assess the progressive collapse resiathniding is
through nonlinear quasi-static analysis. In this study, each (damaged) modalilasted to a pushdown analysis
where the applied loads were monotonically increased as fractions/multiples of the psbggesllapse design
load (1.2D+0.5L),up®Z <Ce+3 ule IO the ga&e of the FF models, the loads were uniformly distributed
on each floor. On the other hand, in the case of the BF models, the slabhaad been applied directly to the

beams as triangular distributed loads.

In each case, the normalized applied loads were plotted against the vertical displacement at tbk thap
removed column. One thing to note is that since the building is multitsiad the applied loads are distributed,

a displacement-controlled pushdown as conducted in Chapter 4 was not possithlthearfore, the described
load-controlled analysis was instead executetiZ]s u vs8 §Z § §Z Vv 0Ce]e A}po v[3 o]
softening response beyond the limit points, if any, and would shap-throughgmext equilibrium point with
higher load capacity as previously discussed in Section 2.4.1.1. However, this probleeragidlessed at a later

stage in this thesis.

To better assess the impact of column removal on the load-bearing capédhtg etructure, a nonlinear static
analysis, where the applied gravity loads were incrementally (quasi-statically) appiiefdilure, was conducted
on both the undamaged full frame and the undamaged bare frame as baseline comparisoiss thgaslamaged
systems. In the full-frame model, compression failure initiated at the top of kbom-floor (first-floor)
intermediate columns at a normalized applied load of 365%. Similatlye ibare frame, compression failure was

also observed, however, this time, it was at the bottom of the second-floernmtdiate columns at a load of

73|Page



CHAPTER 5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

345%. This 5.8% difference in load capacity, may be partially attributedetéatit that the slab loads were
represented as triangular loads of equal magnitudes applied on each beam, whiohrsd,ds an approximation
of the actual load distribution. Moreover, the exclusion of slabs from the l@mme also alters the load
distribution and affects the failure mechanism. The damage in both cases rapglygated and eventually led

to the complete progressive collapse of the structure.

5.3.4.1 RUL-RRAMECORNERIOLUMNREMOVAIRESULTS

The pushdown curves for the FF-CC models are shown in Figure 5-14. The curves show etieloajpisli
normalized with respect to the progressive collapse design load versus the vertical displacgnteribe first
point of rebar fracture for each model. Beyond these fracture points, damage propagatédartial collapse
occurred. Table 5-4 shows the values of the applied load (P), displacement (W@an¢s¥lat the fracture points.
The slope (s) is simply calculated by dividing the absolute displacement (u) by thetoetgater span, which in
this case study is equal to 5 m for all models. It should be noted that aftenieixea the vertical displacements
of the columns, they were found too small with respect to the deflections ateéhved columns. Consequently,
and for simplicity, the total displacements have been used in the results assessment sincaltresrare very

close to the relative ones.

Table 5-4: Maximum Pushdown Analysis Values for FF-CCsModel

Model FF-CC-C1 FF-CC-C2 FF-CC-C3 FF-CC-C4 FF-CC-C5 FF-CC-C6 Undamaged
Prax 282% 273% 273% 273% 273% 259% 365%
Umax (Mm) 779 714 679 746 799 1,019 NA
Smax 15.57% 14.27% 13.57% 14.93% 15.98% 20.37% NA

By examining the results, it can be seen that the responses of Model FF-CGAGdetd=F-CC-C5 were almost
identical at lower deformation values while still reasonably close &dnigalues. The maximum normalized load-
carrying capacity of the system was found to be 282% for Model FF-CC-CB&m b2 Model FF-CC-C2 to Model
FF-CC-C5. The corresponding vertical displacement decreased from 779 mm & HFRaC-C1 to 679 mm for
Model FF-CC-C3, and then started to increase again up to 799 mm for MedaC-C5. On the other hand, the
response of Model FF-CC-C6 was different in terms of load capacity as well asmadéformation. The
normalized fracture load for FF-CC-C6 was found to be 259% while the average thadtber five models was
275%. The corresponding vertical displacement was found to be 1,019 mntiwehdleerage vertical displacement
for the rest of the models was 743 mm. This discrepancy may be attributed toutiestory Vierendeel action
or diaphragm effect, mentioned in Section 2.6.5, present in Model FF-CC-Qé& FMF-CC-C5. Model FF-CC-C6
behaves as a single-story cantilever and, therefore, exhibited more deformatioteasdoad-bearing capacity

than multi-story cantilevers. In fact, the diaphragm effect increased the load capacity ofdteensipy 6% and
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decreased the maximum vertical displacement by 27%. In general, the results imply thadtefmcity of the
system increases as the number of floors above the removed column increases. Iwottier as the number of
vertically stacked closed loops increasétZ + C ¢ 3 u fearoyjng capacity increased. Of course, it should be
noted, though, that in this case, the amount of damage was higher since more floorargagdd. However, the
evaluation in this study is based on comparing the displacements of the joiowe #ire removed columns as well

as the load-bearing capacity of the system, not the total amount of damage in the structure.

To shed more light on the nonlinear response of the systems, two medsis chosen since they represented
the two extremes of the response, Model FF-CC-C1 and Model FF-CC-C6. Two pharasalysis timeline were
further examined. The first point corresponded to the first rebar fracture after which the darstageed to
propagate, while the second point was after the damage had progressed into partialseollBipe von Mises
stresses in the RC elements at first fracture along with the total displacement are shbignrie 5-15 and Figure
5-16 respectively for FF-CC-C1 and FF-CC-C6. The normal stresses and tdtanebar elements, at the same
point, as well as the fractured rebar zones are shown in Figure 5-17 to Eglle The first rebar fracture

Z %o %o V lv 8Z 8}% o}vP]Su ]Jv o & Jv(}E u vsS 3§ o E&&CIC1 vbile (fuESZ
happened in the top bars of the sixtfo } } E [ » HCG-Eb. &l&e rebar failed after reaching the ultimate plastic
strain of 0.12 which corresponds to a true stress of 612 MPa. This initial fracture triggered afssuieseguent
fractures as the redistributed loads were too much to resist by the adjacent rebar. The dateagpread to the
rest of the floors above the removed column. The stresses in RC soligtlzenrdtruss elements after damage
propagation are shown in Figure 5-21 and Figure 5-22. The system suflaealized/partial progressive collapse

of all floors above the removed column, confined to the external corner bay.

Finally, comparing the obtained results of the damaged models with thosesafitdamaged model, it can be
concluded that the removal of a corner column changed the failure mechanism and cansethmam of 23%

reduction in the load-bearing capacity of the system.
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Figure 5-14: Pushdown Curves for FF-CC Models

Figure 5-15: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for FF-CC-C1 Under Pushdown Analysis
at 282% Design Load at First Fracture (Full Model Shown)
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Figure 5-16: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for FF-CC-C6 Under Pushdown Analysis
at 259% Design Load at First Fracture (Full Model Shown)

First Fractur

Figure 5-17: S11 Stresses in Truss Elements for FF-CC-C1 UndemPAishlysis at 282% Design Load at First Fracture, Full
Model (Left) & Closeup on Plastic Hinge (Right)
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First Fracture /

Figure 5-18: S11 Stresses in Truss Elements for FF-CC-C6 UntltsvriPAsalysis at 259% Design Load at First Fracture, Full
Model (Left) & Closeup on Plastic Hinge (Right)

Figure 5-19: Logarithmic Strains in Truss Elements for FF-CC-CPubidkwn Analysis at 282% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)
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/V

First Fracture

Figure 5-20: Logarithmic Strains in Truss Elements for FF-CC-C@Usidkown Analysis at 259% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)

Figure 5-21: Von Mises Stresses in Solid Elements (Left) & S11 8tréasesElements (Right) for FF-CC-C1 Under
Pushdown Analysis After Damage Propagation (Full Model Shown)
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Figure 5-22: Von Mises Stresses in Solid Elements (Left) & S11 8tréasesElements (Right) for FF-CC-C6 Under
Pushdown Analysis After Damage Propagation (Full Model Shown)

5.3.4.2 BAREFRRAMECORNERIDLUMNREMOVAIRESULTS

The pushdown curves for the BF-CC models are shown in Figure 5-23, and theoi/#ih@eapplied load (P),

displacement (u) and slope (s) at the fracture points are shown in Table 5-5.

Table 5-5: Maximum Pushdown Analysis Values for BF-CC Models

Model BF-CC-C1 BF-CC-C2 BF-CC-C3 BF-CC-C4 BF-CC-C5 BF-CC-C6 Undamaged
Prnax 155% 155% 148% 148% 141% 113% 345%
Umax (MM) 462 485 453 493 483 608 NA
Smax 9.24% 9.69% 9.06% 9.86% 9.66% 12.15% NA

Similar to the FF-CC results, the responses of Model BF-CC-C1 to ModeCBRIE very close, especially at
lower deformation values. The maximum normalized force capacity up to giedlvar fracture point varied from
141% to 155%, again increasing as the number of vertically stacked ¢bagps increased in the system. On the
other hand, the corresponding vertical displacements varied from 453 mm to 493 mm but dicenotsdollow

a specific pattern or trend. The response of Model BF-CC-C6 was significantly different thandhiheastodels.
Again, this may be attributed to the fact that it behaves as a single-storyieamtiacking the Vierendeel action
or diaphragm effect present in the other models. The normalized load capaditpad¢l BF-CC-C6 was found to
be 113% while the average load capacity of the other models was 150%. The corresp@&fidintation was
found to be 608 mm while the average displacement exhibited by the other modeld#Bamm. This means that

the diaphragm effect increased the load capacity by 33% and decreased the displacement by 22%.
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Model BF-CC-C1 and Model BF-CC-C6 were chosen for further examihatiopoints in the analysis timeline
were considered in this assessment. The first point represented the first rebar fracture whileddwed point was
taken after partial collapse had progressed. The von Mises stresses and total displaceR@rdlaments at first
fracture are shown in Figure 5-24 and Figure 5-25 respectively for BF-&@B8E-CC-C6. Figure 5-26 to Figure
5-29 show the normal stresses and strains in the rebar elements at the samie pbe first rebar fracture
happened in the top longitudinal reinforcement steel bars of the sikth} } E [ » BRF-CP¥1 and BF-CC-C6
after reaching the ultimate plastic strain of 0.12 and its corresponding true stress dfBa2Following the initial
fracture, damage progressed, and the structure suffered a localized/partial progressive collapse tldov
removed column, confined to the external corner bay. The stresses in RC sblidbam truss elements after

damage propagation are shown in Figure 5-30 and Figure 5-31.

In conclusion, a comparison between the results of the damaged modethanthdamaged model indicates that
the removal of a corner column altered the failure mechanism and led to at least a 55% redndtiersystem's

load-bearing capacity.
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Figure 5-23: Pushdown Curves for BF-CC Models
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Figure 5-24: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for BF-CC-C1 Under Pushdown Analysis
at 155% Design Load at First Fracture (Full Model Shown)

Figure 5-25: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for BF-CC-C6 Under Pushdown Analysis
at 113% Design Load at First Fracture (Full Model Shown)
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\ - Fractul’/D

Figure 5-26: S11 Stresses in Truss Elements for BF-CC-C1 UmdsvrPAshlysis at 155% Design Load at First Fracture,
Full Model (Left) & Closeup on Plastic Hinge (Right)

Figure 5-27: S11 Stresses in Truss Elements for BF-CC-C6 UrtlievriPAgalysis at 113% Design Load at First Fracture,
Full Model (Left) & Closeup on Plastic Hinge (Right)
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\ First Eractu T/D

Figure 5-28: Logarithmic Strains in Truss Elements for BF-CCezPUstiown Analysis at 155% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)

\ First Fractu r/D

Figure 5-29: Logarithmic Strains in Truss Elements for BF-CC-C®ubidown Analysis at 113% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)
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Figure 5-30: Von Mises Stresses in Solid Elements (Left) & S11 8tréases Elements (Right) for BF-CC-C1 Under
Pushdown Analysis After Damage Propagation (Full Model Shown)

Figure 5-31: Von Mises Stresses in Solid Elements (Left) & S11 8tréases Elements (Right) for BF-CC-C6 Under
Pushdown Analysis After Damage Propagation (Full Model Shown)
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5.3.4.3 FULERRAMENTERIOROLUMNREMOVAIRESULTS

The pushdown curves for the FF-IC models are shown in Figure 5-32, and the Yahesymgplied load (P),

displacement (u) and slope (s) at the fracture points are shown in Table 5-6.

Table 5-6: Maximum Pushdown Analysis Values for FF-IC Models

Model FF-1C-C1 FF-1IC-C2 FF-1IC-C3 FF-1C-C4 FF-1C-C5 FF-IC-C6 Undamaged
Prax 328% 335% 340% 345% 350% 350% 365%
Umax (Mmm) 752 803 836 864 882 800 NA
Smax 15.04% 16.06% 16.71% 17.28% 17.65% 16.00% NA

As evident by the pushdown curves, the responses of all six models were very sispkcially at lower
displacement values where they were practically identical. This meant that, in general, each stdrigpyaitself

in resisting the applied load. This implies that the reduction of the structure to a single-stagynsyst has been
done in previously discussed literature, is in fact an acceptable approgimdihe maximum load ranged from
328% for FF-IC-C1 up to 350% for both FF-IC-C5 and FF-IC-C6, whienteghbe2.32% relative standard
deviation. Therefore, contrasting with the CC models, the increase in the number of dlomre the removed
column led to a decrease in the load-bearing capacity of the system. This i3 theefact that the failure, in this
case, occurred in the columns not the beams. Therefore, the more fddmge the removed column, the more
redistributed load to be carried by the neighboring columns. On the othed htdre maximum displacements
increased from 752 mm for FF-IC-C1 to 882 mm for FF-IC-C5 bulrtimped again to 800 mm for FF-IC-C6,
representing a relative standard deviation of 5.28%. In general, considekisiy atodels, the syste[+ A & P
load capacity was 341% compared to 272% in the case of the FF-CC models, repras2bift¥ difference.
Although the tributary area of the adjacent/neighboring columns was the same fordystems, the FF-IC beams
were subjected to lower stresses than the FF-CC beams. Due to the structural stiffness distribatieR;IC
beams were subjected to lower bending moments at low displacements where flexural belwasithe dominant
resistance mechanism. Even as displacements increased and resistance mechanisms started to shift, the stresses
in the FF-IC beams were less than those in the FF-CC beams. Consequently, the FF-IC systenowesisdbl
higher gravity loads than the FF-CC system. The FF-IC beams were able to stayp ittatieuailure of the
columns, which meant that although the FF-IC system had a higher load-caapiagty, its failure was brittle.

In other words, the damage was not localized, and the structure suffered a complete progressive collapse.

A closer look at Model FF-IC-C1 and Model FF-IC-C6 wassoedda two points in the analysis timeline. The
first point represented the first rebar fracture, and the second point was taken after damage prapagat
collapse progression. Figure 5-33 and Figure 5-34 show the von $tiiesses and total displacement in solid

elements at first fracture, respectively for FF-IC-C1 and FF-IC-C6. At thitheatoncrete at the top of the failing
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columns had started crushing. The normal stresses and strains in truss elements, at tipos#anse displayed

in Figure 5-35 to Figure 5-38. The first rebar fracture occurred ifif@& «3 (o}}E[e i vSICJGland (} E &
Jv 8Z (]JE+S (0}}E[* ] P}v moEF-ICCHGdrTeachimg the ultimate plastic strain of 0.12 and its
corresponding true stress of 612 MPa. It should be noted that prior to fracture, the rebar stacsdly louckling

and continued to do so as the damage progressed. Figure 5-39 and Figusthéwithe stresses in concrete and

steel elements after damage propagation. The figures also show how more and more dirsteflomns failed as

the redistributed load was too much to resist, leading to the complete collapse dirdteloor columns and

marking the onset of the progressive collapse of the whole building.

Lastly, comparing the results of the damaged models with the undamaged model shows that thereian
interior column resulted in only a 4.1% to 10.1% reduction in the systerad-bearing capacity. This relatively
minor reduction can be attributed to the system's robustness and the availabflajternate load redistribution

paths in the case of interior column removal scenarios.
~ A FF-PD-IC-C1 - FF-PD-IC-C2 ¢ FF-PD-IC-C3 FF-PD-IC-C4 FF-PD-IC-C5 FF-PD-IC-C6
4
3.5

3 _%f/i_f'/“'

Normalized Applied Load

0 100 200 300 400 500 600 700 800 900 100
Displacement (mm)

Figure 5-32: Pushdown Curves for FF-IC Models
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Figure 5-33: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for FF-IC-C1 Under Pushdown Analysis
at 328% Design Load at First Fracture (Quarter Model Shown)

Figure 5-34: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for FF-IC-C6 Under Pushdown Analysis
at 350% Design Load at First Fracture (Quarter Model Shown)
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First Fractur

D/

Figure 5-35: S11 Stresses in Truss Elements for FF-IC-C1 UmdiawiPéshalysis at 328% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)

Figure 5-36: S11 Stresses in Truss Elements for FF-IC-C6udhdewR Analysis at 350% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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First Fractur

O

Figure 5-37: Logarithmic Strains in Truss Elements for FF-IC-CPUsldéown Analysis at 328% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)

First Fracture/

O—

Figure 5-38: Logarithmic Strains in Truss Elements for FF-1C-C6 Whidknih Analysis at 350% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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Figure 5-39: Von Mises Stresses in Solid Elements (Left) & S11 Btrésses Elements (Right) for FF-IC-C1 Under
Pushdown Analysis After Damage Propagation (Quarter Model $hown

Figure 5-40: Von Mises Stresses in Solid Elements (Left) & S11 8tréases Elements (Right) for FF-IC-C6 Under
Pushdown Analysis After Damage Propagation (Quarter Model Shown)
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5.3.4.4 BARERRAMENTERIOROLUMNREMOVAIRESULTS

The pushdown curves for the BF-IC models are shown in Figure 5-41, and the values ofitlel@gub (P),

displacement (u) and slope (s) at the fracture points are shown in Table 5-7.

Table 5-7: Maximum Pushdown Analysis Values for BF-IC Models

Model BF-IC-C1 BF-IC-C2 BF-IC-C3 BF-IC-C4 BF-IC-C5 BF-IC-C6 Undamaged
Prax 141% 141% 148% 148% 152% 155% 345%
Umax (Mmm) 371 367 447 445 486 525 NA
Smax 7.42% 7.35% 8.93% 8.91% 9.71% 10.50% NA

Similar to the FF-IC results, the responses of all six models were almost identilcair gaushdown curves
overlapped. The only apparent difference was in the failure/fracture point which sedmattrease as the
number of floors above the removed column decreased. The load capacity of the sgsiged from 141% for
BF-IC-C1 and BF-IC-C2 to 155% for BF-IC-C6, produeng gatue of 148% and relative standard deviation of
3.57%. The vertical displacement varied from 367 mm for BF-IC-C2 tas2& BBF-1C-C6, resulting in an average
displacement of 440 mm and relative standard deviation of 12.93%. Similar to @erRédels, the results imply
that each floor acted separately in resisting the applied gravity loads. However, the reastatsmwith more
floors above the removed column failed first was due to the fact thatflog } E[+ «Z @wnei§ia of the
remaining upper part of the column increases as the number of floors above theveshumlumn increases. So,
for instance, in the case of Model BF-IC-C5, there is only one storg #tmvemoved column. Therefore, the
own weight of the sixth-floor column shall be supported by the fifth-fland sixth-floor beams, almost equally.
So, each floor would have an additional dead load wfof the weight of a single-floor column. In the case of
Model BF-IC-C4, for example, there would be two stories above the mshumlumn, sandwiched between three
floors. So, each floor would receive an additional loadwbf a column and so on. This interpretation is based
on the assumption that the relative displacement between each floor is negligeable, which means t@titha
weight is equally distributed among the supporting floors. By examiniegrésponse, this assumption was

validated and, therefore, deemed acceptable.

Further examination of Model BF-IC-C1 and Model BF-IC-C6 was carriethaupatnts in the analysis timeline,
with the first point representing the first rebar fracture and the second point representiagpartial collapse
progression. The stresses and displacement in RC solid elements at first fracture are showlC{Q1B#rd BF-
IC-C6 in Figure 5-42 and Figure 5-43, respectively. The stresses and stilanselmar elements, at the same
point, are shown in Figure 5-44 to Figure 5-47. The first rebar fracture occurrédtk itop longitudinal
reinforcement bars of the third 0} } E [ » u-IC}CE. TBe rebar failed after reaching the ultimate plastic strain

of 0.12 and its corresponding true stress of 612 MPa. After the initial fractareade progressed in all floors
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above the removed column but was confined to the internal central bay. Therefore, the structure safiesetibl
progressive collapse. The stresses in solid and truss elements after damage propagatienwaragkigure 5-48
and Figure 5-49.

It should be mentioned that these results highlight the difference between the-fraree model and the full-
frame model. Neglecting the effect of the slab obviously led to failure ooguin the beams and not in the
columns as was the case with the full model. This could be attributed to the fact tthet @ase of the bare frame,
all the gravity loads were supported by the rectangular beams which eventually failed lasuthiacreased. On
the other hand, with the full frame, the slab contributed to the stiffness of the beams, and theré¢fiereeams

were able to resist the increase in gravity loads until the failure of the adjamaghboring columns started to
occur.

Finally, comparing the results of the damaged models with the undamaged maiitsdtes that the removal of

an interior column from the bare frame altered the failure mechanism and ledéadaction in the system's load-

bearing capacity ranging from 55% to 59%.
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Figure 5-41: Pushdown Curves for BF-IC Models
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Figure 5-42: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for BF-IC-C1 Under Pushdown Analysis
at 141% Design Load at First Fracture (Quarter Model Shown)

Figure 5-43: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for BF-IC-C6 Under Pushdown Analysis
at 155% Design Load at First Fracture (Quarter Model Shown)
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First Fracture/O

Figure 5-44: S11 Stresses in Truss Elements for BF-IC-C1 UndewPéstadysis at 141% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)

First Fracture

Figure 5-45: S11 Stresses in Truss Elements for BF-IC-C6 UmdievPdshalysis at 155% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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First Fracture

Figure 5-46: Logarithmic Strains in Truss Elements for BF-IGi€1Rushdown Analysis at 141% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)

First Fracture

Figure 5-47: Logarithmic Strains in Truss Elements for BF-IC-G@Pusidgown Analysis at 155% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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Figure 5-48: Von Mises Stresses in Solid Elements (Left) & S11 8tréasesElements (Right) for BF-IC-C1 Under
Pushdown Analysis After Damage Propagation (Quarter Model Shown

Figure 5-49: Von Mises Stresses in Solid Elements (Left) & S11 8tréasesElements (Right) for BF-IC-C6 Under
Pushdown Analysis After Damage Propagation (Quarter Model Shown

97|Page



CHAPTER 5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

5.3.5 (GCOLUMNLOSSANALYSIS

The column removal simulation method described in Section 4.4.1.2 was adopted lleesaimalysis of the case
study building. For each model and each column removal scenario, a percefithggrogressive collapse design
load (1.2 D + 0.5 L) prescribed in the GSA and UFC guidelines waidlygegahlied to the system for a duration of
0.5 seconds. The system was then left for another 0.5 seconds, so that any transiatibngbwould die out,
after which the reaction forces and moments (if any) of the column in question were sxmeithin a span of
10° seconds, which is obviously a lot less than one tenth of the period of vibratithe structure. Afterwards,

the model was left to react to the extreme loading scenario for almost twaerseconds.

5.3.5.1 RULERRAMEGCORNERIDLUMNREMOVAIRESULTS

The corner column was removed from the model at each floor. The joint displacement aptbéttee removed
column is plotted against time for each model in Figure 5-50 ta&Bpb5. The applied load had been increased
by 20% of the design load in each run, as shown in the graphs. By plottiaggled load percentage (normalized
load) versus the maximum/permanent displacement at which the system stabilized forazatihg value, the
equivalent dynamic load]* %0 u vE HEA «-3¥E3) % p@GA « <[13] showhun Figure 5-56

were created. Table 5-8 shows the values of the applied load (P), displacement @lppmds) at the fracture

points.
Table 5-8: Maximum Column Loss Analysis Values for FF-CC Models
Model FF-CC-C1 FF-CC-C2 FF-CC-C3 FF-CC-C4 FF-CC-C5 FF-CC-C6
Prmax 160% 160% 160% 160% 160% 140%
Umax (Mm) 184 209 208 240 240 258
Smax 3.69% 4.17% 4.15% 4.80% 4.81% 5.15%

Model FF-CC-C1 to Model FF-CC-C5 resisted the sudden removal of the @omerup to an applied load of
160% of the design load, while the maximum load that could be resisted bglVM&-CC-C6 was found to be 140%
of the design load. In general, the results showed that the response of the first dgelsnwas almost identical
at load levels below 100%. However, at higher load levels, as the numbeoisf dloove the removed column
decreased, the deformation increased. The maximum displacement varied from 184 thencase of FF-CC-C1
to 240 mm in the case of FF-CC-C4 and FF-CC-C5. On the other hand, d3-ME@al6 exhibited lower load
capacity (140%), it also reached a higher displacement than the rest of the mo8si@ls(R2). This observation
may be attributed to the lack of Vierendeel action, as the top floor deformlede as a cantilever in Model FF-

CC-C6. Overall, the permanent displacement of the system seemed to decreasesatritdoad level as the
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number of floors above the removed column increased due to the diaphmffieet. Systems with less floors

above exhibited more flexible behavior at high load levels than systems with higher flomes. abo

To shed light on the progressive collapse of the systems, the applied load Ilewdthtthe structure failed was
examined. As done in Section 5.3.4, two models representing the two extremes of thesespere chosen for
this assessment, Model BF-CC-C1 under 180% load level and Model BF-@&-C60%4a load level. Two points
in the analysis timeline were studied. The first point corresponded to the first fedeture while the second one
represented a point within the damage propagation phase before the structure partiaypsetl. The von Mises
stresses and total displacement in the RC solid elements at first fracture are shown in Fsguaed Figure 5-58
for FF-CC-C1 and FF-CC-C6, respectively. The normal stresses and strains in the rebar truss elements, at the san
point, are shown in Figure 5-59 to Figure 5-62. The zones where the redtdrdatured are also shown in the
figures. So, the first rebar fracture occurred in the top longitudinal reinforceraterl bars of the third(o}} & [
beam for FF-CC-C1 while it happened in the top bars of the siath} & [ » u-qG-Es6. &éllowing the first
fracture, damage progressed to the adjacent rebar and to the rest of the floors above the reroolsxdn.
However, the damage was localized to the external corner bay as the structure suffered a pagiakgive
collapse. The stresses in the RC solid and rebar truss elements after damage prorgattomwn in Figure 5-63

and Figure 5-64.
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Figure 5-50: Joint Displacements for FF-CC-C1 Subjectedi¢ém 8iadumn Loss Under Different Load Values
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Figure 5-51: Joint Displacements for FF-CC-C2 Subjectediém 8.tdumn Loss Under Different Load Values
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Figure 5-52: Joint Displacements for FF-CC-C3 Subjectedi¢m 8iadumn Loss Under Different Load Values
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Figure 5-53: Joint Displacements for FF-CC-C4 Subjectediém 8itdumn Loss Under Different Load Values
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Figure 5-54: Joint Displacements for FF-CC-C5 Subjectedi¢m 8iadumn Loss Under Different Load Values
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Figure 5-55: Joint Displacements for FF-CC-C6 Subjectediém 8.dumn Loss Under Different Load Values
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Figure 5-56: Pseudo-Static Curves for FF Due to the Sudden L©s& &aCh Floor
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Figure 5-57: Von Mises Stresses (Left) & Total Displacement (Rigbldi Elements for FF-CC-C1 Under Sudden Column
Loss at 180% Design Load at First Fracture (Full Model Shown)

Figure 5-58: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for FF-CC-C6 Under Sudden Column
Loss at 160% Design Load at First Fracture (Full Model Shown)
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Q\@\ - FraCture/D

Figure 5-59: S11 Stresses in Truss Elements for FF-CC-C1 UteteC8lutnn Loss at 180% Design Load at First Fracture,
Full Model (Left) & Closeup on Plastic Hinge (Right)

\ e Fracture/D

Figure 5-60: S11 Stresses in Truss Elements for FF-CC-C6 titeteC8lumn Loss at 160% Design Load at First Fracture,
Full Model (Left) & Closeup on Plastic Hinge (Right)
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Q@'\ - FracturD

Figure 5-61: Logarithmic Strains in Truss Elements for FF-CCeZBukiden Column Loss at 180% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)

\ o Fracture/D

Figure 5-62: Logarithmic Strains in Truss Elements for FF-CC-C&utaen Column Loss at 160% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)
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Figure 5-63: Von Mises Stresses in Solid Elements (Left) & S11 8trésses Elements (Right) for FF-CC-C1 Under Sudden
Column Loss at 180% Design Load After Damage Propagation (Full Mawie) Sh

Figure 5-64: Von Mises Stresses in Solid Elements (Left) & S11 8trésses Elements (Right) for FF-CC-C6 Under Sudden
Column Loss at 160% Design Load After Damage Propagation (Full Mawde) Sh
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5.3.5.2 BARERRAMECORNEROLUMNREMOVAIRESULTS

Similar to the FF-CC models, the results of the BF-CC models are shown in the follovaagFigat, the joint

displacement at the top of the removed column is plotted against time in Figé&tb Figure 5-70 for different
loading values for each model. The equivalent dynamic load-displacement amgseudo-static curves are
shown in Figure 5-71, while the values of the applied load (P), displacéu)emtd slope (s) at the fracture points

are listed in Table 5-9.

Table 5-9: Maximum Column Loss Analysis Values for BF-CC Models

Model BF-CC-C1 BF-CC-C2 BF-CC-C3 BF-CC-C4 BF-CC-C5 BF-CC-C6
Prnax 80% 80% 80% 70% 70% 50%
Umax (MM) 322 375 480 243 323 590
Smax 6.44% 7.51% 9.59% 4.86% 6.45% 11.80%

The first three models, Model BF-CC-C1 to Model BF-CC-C3, reached armé&hdevel of 80% with the
deformation increasing as the number of floors above increased. The displacefi#-CC-C1 reached 322 mm,
while BF-CC-C2 and BF-CC-C3 reached 375 mm and 480 mm, respectively wihg fietbomodels, Model BF-
CC-C4 and Model BF-CC-C5, both reached a maximum load of 70% with theatiefoofithe former reaching
243 mm and that of the latter reaching 323 mm. Lastly, Model BF-CGa€letea maximum load of 50% and a
corresponding displacement of 590 mm. The results show that, in general, as the nufrflienr® above the
removed column decreased, the maximum load capacity of the system decreased, and the permaeetibdefl
increased. Again, the more vertically stacked closed beam-column loopsttiee the overall nonlinear response
of the system. Hence, Model BF-CC-C6 demonstrated the weakest response as tharlywas @ioor above the

removed column and, therefore, no Vierendeel action.

A more in-depth look at the collapse progression at the failure load l@wasdsconsidered in this study. Model BF-
CC-C1 and Model BF-CC-C6 were selected as they represent the two ends of the Spdetms of nonlinear
behavior. The failure load levels for the two chosen models were 80%Qde&spectively for BF-CC-C1 and BF-
CC-C6. Two different points in time for each analysis were considered. Theifitstorresponds to the first rebar
fracture which triggered a damage progression within which the second point was cAtsevon Mises stresses

in the RC solid elements at first fracture along with the total displacement are showguire 5-72 and Figure
5-73 respectively for BF-CC-C1 and BF-CC-C6. The stresses and shainsbar truss elements, at the same
point, are shown in Figure 5-74 to Figure 5-77. The first rebar fracture foCBFtChappened in the top
longitudinal reinforcement of the(} u E SZ (0} } @Er[ggereduby the first fracture, damage progressed in the

system until it partially collapsed. The damage was localized and confinibe txternal corner bay. The von
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Mises stresses in RC solid and rebar truss elements at the second chosen point, rafige gaopagation, are

displayed in Figure 5-78 and Figure 5-79.
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Figure 5-65: Joint Displacements for BF-CC-C1 SubjectetitmEolumn Loss Under Different Load Values
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Figure 5-66: Joint Displacements for BF-CC-C2 SubjectettiemSolumn Loss Under Different Load Values
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Figure 5-67: Joint Displacements for BF-CC-C3 Subjectattitm$olumn Loss Under Different Load Values
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Figure 5-68: Joint Displacements for BF-CC-C4 Subjectetitnolumn Loss Under Different Load Values
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Figure 5-69: Joint Displacements for BF-CC-C5 Subjectettitm$olumn Loss Under Different Load Values
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Figure 5-70: Joint Displacements for BF-CC-C6 SubjectetitnSolumn Loss Under Different Load Values
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Figure 5-71: Pseudo-Static Curves for BF Due to the Sudden C&satdtach Floor

Figure 5-72: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for BF-CC-C1 Under Sudden Column
Loss at 100% Design Load at First Fracture (Full Model Shown)
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Figure 5-73: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for BF-CC-C6 Under Sudden Column
Loss at 60% Design Load at First Fracture (Full Model Shown)

First Fractur

Figure 5-74: S11 Stresses in Truss Elements for BF-CC-C1 dbheteC8lumn Loss at 100% Design Load at First Fracture,
Full Model (Left) & Closeup on Plastic Hinge (Right)
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First Fracture/

Figure 5-75: S11 Stresses in Truss Elements for BF-CC-C6 WeteC8luimn Loss at 60% Design Load at First Fracture,
Full Model (Left) & Closeup on Plastic Hinge (Right)

Figure 5-76: Logarithmic Strains in Truss Elements for BF-CC-CBubidkn Column Loss at 100% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)

113|Page



CHAPTER 5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

First Fracture

Figure 5-77: Logarithmic Strains in Truss Elements for BF-CCeatGUadien Column Loss at 60% Design Load at First
Fracture, Full Model (Left) & Closeup on Plastic Hinge (Right)

Figure 5-78: Von Mises Stresses in Solid Elements (Left) & S11 8tréases Elements (Right) for BF-CC-C1 Under Sudden
Column Loss at 100% Design Load After Damage Propagation (Full Masie) Sh
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Figure 5-79: Von Mises Stresses in Solid Elements (Left) & S11 8tréases Elements (Right) for BF-CC-C6 Under Sudden
Column Loss at 60% Design Load After Damage Propagation (Full Mmge) Sh

5.3.5.3 RUL-FRRAMEINTERIOROLUMNREMOVAIRESULTS

Figure 5-80 to Figure 5-85 show the joint displacement at the tdpeofemoved column plotted against time for
different loading values. The equivalent dynamic load-displacement curves are shdvigure 5-86, and the

values of the applied load (P), displacement (u) and slope (s) at the fracture points are digplegle 5-10.

Table 5-10: Maximum Column Loss Analysis Values for FF-1(3 Mode

Model FF-IC-C1 FF-IC-C2 FF-IC-C3 FF-1IC-C4 FF-1C-C5 FF-1C-C6
Pmax 260% 280% 280% 280% 300% 300%
Umax (MM) 657 735 730 726 789 751
Smax 13.13% 14.71% 14.60% 14.51% 15.78% 15.02%

Similar to the pushdown analysis results, the responses of all six modelvevgrelose. Again, this implies that
each story generally acted by itself in resisting the applied load, and therefore, the redattioa system to a
single-story is acceptable. The maximum load varied from 260% for&Fd@to 300% for both FF-IC-C5 and FF-
IC-C6, representing a 4.85% relative standard deviation. So, similar to thdopus case and unlike the CC
models, the increase in the number of floors above the removed col@thito a decrease in the load-bearing
capacity of the system. Again, this was attributed to the fact that the failure occurréteinolumns, not the
beams, which were subjected to more redistributed loads as the number of floonseabe removed column
increased. The pattern for the maximum displacements was not as evident, though. Tha loa@mum

displacement was 657 mm for FF-IC-C1, the highest was 789 mm for FRuh@-4G8,relative standard deviation
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was5.4%.Z +Ce+3 u[s A & P og¢onsidéfing 4 §x models, was 283% compared to 157% in the case
of the FF-CC models, which represents an 80.9% difference. As explained when discussistydthepanalysis
results, the difference in results between the FF-IC and FF-CC models mainly arose frffierdémediin structural
stiffness, even though the tributary area of the adjacent/neighboring columns was the sainetti systems. At

the same loading level, the FF-IC beams were subjected to lower stresses tharGBebleBms. This helped the
system reach higher loading levels without collapse. However, along with the fathéhsib contributed to the
stiffness of the beams, it led to the failure of the columns before the beams. Whitlrn, led to the complete

progressive collapse of the building.

Looking at Model FF-IC-C1 and Model FF-IC-C6, two points in the amabiaie twere examined. The first point
represented the first rebar fracture, and the second point represented the damage propagatise.prhe von

Mises stresses and total displacement in the RC solid elements at first fracture, respdotiviyiC-C1 and FF-

IC-C6, are displayed in Figure 5-87 and Figure 5-88. The normalstanadssrains in truss elements, at the same

point, are shown in Figure 5-89 to Figure 5-92. The first rebar fracture hapgenesiz (] &-+3 (o}}E[s i VvS§
for FF-IC-C1 and FF-IC-C6 after reaching the ultimate plastic strain of Oift2camcesponding true stress of 612

MPa. The stresses in concrete and steel elements after damage propagation are shayunarbf&3 and Figure

5-94. It can be seen from the figures that almost all columns failed as bathlesuffered a complete progressive

collapse.
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Figure 5-80: Joint Displacements for FF-IC-C1 SubjectedienStolumn Loss Under Different Load Values
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Figure 5-81: Joint Displacements for FF-IC-C2 Subjected enStmldmn Loss Under Different Load Values
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Figure 5-82: Joint Displacements for FF-IC-C3 Subjected enStmldmn Loss Under Different Load Values
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Figure 5-83: Joint Displacements for FF-IC-C4 Subjected enStmldmn Loss Under Different Load Values
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Figure 5-84: Joint Displacements for FF-IC-C5 Subjected enStmldmn Loss Under Different Load Values
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Figure 5-85: Joint Displacements for FF-IC-C6 Subjected enStmldmn Loss Under Different Load Values
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Figure 5-86: Pseudo-Static Curves for FF Due to the Sudden LasatdiCFloor
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Figure 5-87: Von Mises Stresses (Left) & Total Displacement (Rigbldi Elements for FF-IC-C1 Under Sudden Column Loss
at 280% Design Load at First Fracture (Quarter Model Shown)

Figure 5-88: Von Mises Stresses (Left) & Total Displacement (Rigblidi Elements for FF-IC-C6 Under Sudden Column Loss
at 320% Design Load at First Fracture (Quarter Model Shown)
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@/ o /D

Figure 5-89: S11 Stresses in Truss Elements for FF-IC-CluddderClumn Loss at 280% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)

D/ h Fram:ure/@

Figure 5-90: S11 Stresses in Truss Elements for FF-IC-CSudiuger Column Loss at 320% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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D/ o /D

Figure 5-91: Logarithmic Strains in Truss Elements for FF-IC-CSudden Column Loss at 280% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)

First Fracture /D

Figure 5-92: Logarithmic Strains in Truss Elements for FF-1Q@€63udden Column Loss at 320% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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Figure 5-93: Von Mises Stresses in Solid Elements (Left) & S11 8tréases Elements (Right) for FF-IC-C1 Under Sudden
Column Loss at 280% Design Load After Damage Propagation (Quartsr3hoavn)

Figure 5-94: Von Mises Stresses in Solid Elements (Left) & S11 8trésses Elements (Right) for FF-IC-C6 Under Sudden
Column Loss at 320% Design Load After Damage Propagation (QuartdrSfioda)
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5.3.5.4 BARERRAMENTERIOROLUMNREMOVAIRESULTS

The joint displacement at the top of the removed column is plotteaias} time in Figure 5-95 to Figure 5-100 for
different loading values for each model. The pseudo-static curves are displayedrsn3~it01 and the values of

the applied load (P), displacement (u) and slope (s) at the fracture points are presented in Table 5-11.

Table 5-11: Maximum Column Loss Analysis Values for BF-1G Model

Model BF-IC-C1 BF-IC-C2 BF-IC-C3 BF-IC-C4 BF-IC-C5 BF-IC-C6
Prax 80% 80% 80% 80% 80% 80%
Umax (Mm) 312 300 291 274 242 174
Smax 6.24% 6.00% 5.82% 5.48% 4.84% 3.47%

All six models exhibited the same load-resisting capacity as they all reached a magiadulevel of 80%. The
maximum deformation of the system, on the other hand, decreased as the euailfloors above the removed
column increased. Model BF-IC-C1 displayed the maximum deformat@iRanm, while BF-IC-C6 showed the

minimum deformation at 174 mm for a relative standard deviation of 17.61%.

A deeper look at Model BF-IC-C1 and Model BF-IC-C6 was taken at firstfrestbure and after damage
propagation during the partial progressive collapse of the system. The von Misesestia the RC solid elements
and the total displacement at first fracture are shown in Figure 5-102 and Figl®8 Eespectively for BF-IC-C1
and BF-IC-C6. The stresses and strains in the rebar truss elements, at the same point, are slgomen 5184
to Figure 5-107. The first rebar fracture for BF-CC-C1 occurred in the top lomglittgdnforcement of the first
(o}}E [+ Thimfist fracture led to the propagation of damage as the system partially collapsedaifiage
was localized and confined to the internal central bay. The von Mises stresses ildR@dsotbar truss elements

after damage propagation, at the second chosen point, are presented in Figure 5-16&are 5-109.

50

0

-50

- = P N - T wn P wn w  w-

-100 20%

-150

-200

Joint Displacement (mm)

-250

-300

-350 _
Time (s)

Figure 5-95: Joint Displacements for BF-IC-C1 Subjectedid®nSDolumn Loss Under Different Load Values
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Figure 5-96: Joint Displacements for BF-1C-C2 SubjectedidienSDolumn Loss Under Different Load Values
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Figure 5-97: Joint Displacements for BF-IC-C3 SubjectedidienStolumn Loss Under Different Load Values
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Figure 5-98: Joint Displacements for BF-1C-C4 SubjectedidienSDolumn Loss Under Different Load Values
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Figure 5-99: Joint Displacements for BF-IC-C5 SubjectedidienStolumn Loss Under Different Load Values

126 |Page



CHAPTER 5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

20

0
0 0.5 Y 15 2 2.5 3
-20 \ 1

J\’I—\'\"/v\-ﬁ"“’Il.f.——s\\\\s

]

,t\,\vl\,\,—_—\l\l\,\;\—---,\,\,sa~—-__—~—---—

-60

20%
-80

- — —40%
-100

-120

Joint Displacement (mm)

-140

-160

-180

-200 .
Time (s)

Figure 5-100: Joint Displacements for BF-IC-C6 SubjecteddsnSColumn Loss Under Different Load Values
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Figure 5-101: Pseudo-Static Curves for BF Due to the Sudden CoaskEdidh Floor
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Figure 5-102: Von Mises Stresses (Left) & Total Displacement (Rigiit) Bl&nents for BF-IC-C1 Under Sudden Column
Loss at 100% Design Load at First Fracture (Quarter Model Shown)

Figure 5-103: Von Mises Stresses (Left) & Total Displacement (RBblifi Elements for BF-IC-C6 Under Sudden Column
Loss at 100% Design Load at First Fracture (Quarter Model Shown)
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First Fracture

Figure 5-104: S11 Stresses in Truss Elements for BF-IC-C$udluder Column Loss at 100% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)

\ First Fracture \Q

Figure 5-105: S11 Stresses in Truss Elements for BF-IC-C6 UteleCalitmn Loss at 100% Design Load at First Fracture,
Quarter Model (Left) & Closeup on Plastic Hinge (Right)
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First Fracture

Figure 5-106: Logarithmic Strains in Truss Elements for BF-IC-€1Sudden Column Loss at 100% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)

D\ First Fracture \C}

Figure 5-107: Logarithmic Strains in Truss Elements for BF-IC-C&Udden Column Loss at 100% Design Load at First
Fracture, Quarter Model (Left) & Closeup on Plastic Hinge (Right)

130|Page



CHAPTER 5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

Figure 5-108: Von Mises Stresses in Solid Elements (Left) & Sks$trdsass Elements (Right) for BF-IC-C1 Under Sudden
Column Loss at 100% Design Load After Damage Propagation (Quarter howle) S

Figure 5-109: Von Mises Stresses in Solid Elements (Left) & S11 BiressesElements (Right) for BF-1IC-C6 Under Sudden
Column Loss at 100% Design Load After Damage Propagation (Quarter Muoale) S
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5.4 INTERPRETATION OF RESULTS

5.4.1 DYNAMIONCREASEACTORS

According to the GSA and UFC guidelines, the dynamic increase factors foearostitic procedures (NSP) are
provided in Table 5-12, wherky. is the allowable plastic rotation angle as prescribed in the guidelineshasd
the yield rotation angle. Table 5-13 shows the calculation process followaatam the DIF values for the IC and
CC models. It should be noted that the conjugate beam method was used to estimatalue of the yield

rotation angle after simplifying (idealizing) the structural system of the beams.

As previously mentioned, one of the objectives of this study was to caengat DIF values for the case study
building and compare them with the ones prescribed by the guidelines. fidnereby dividing the normalized
quasi-static force, from the pushdown analysis, by the applied dynamic force, froroltiran loss analysis at the
same vertical displacement, the DIF values for each model were calculated. In FigiréoSFlgure 5-117, the
dynamic load is compared with the quasi-static load, and the DIF curvesottedgainst the rotation of the
adjacent beam represented by the slope (s). Furthermore, the average DIF values obtained froaiythis ane
compared with the values prescribed by the GSA and UFC in Table 5-14. It shoolgd that the same DIF
values given by the guidelines are compared with the FF as well as theduBBE. v he results show that the
prescribed DIF values are more accurate in predicting the DIF of the full-fraymadé¢ls. The average difference
in the results of the FF-CC and FF-IC models was found to be 14.1600089d, Xespectively. However, the DIF
values of the BF models differed significantly from the FF models, and therefore, theUugd-pralscribed by the
GSA and UFC are not accurate enough in predicting the DIF of the bare-frame (BB)astiiedifference in the
results of the BF-CC and BF-IC models was 33.66% and 25.86%, respectively.

Table 5-12: Dynamic Increase Factors for Nonlinear Static anély$ig [

Material Structure Type Q

Steel Framed i X106 = 1%m®ldI+0.83)

Reinforced Concrete Framed X186 = 1%dl1+q.48)
Load-Bearing Wall 2

Masonry Load-bearing Wall 2

Wood Load-bearing Wall 2

Cold-formed Steel Load-bearing Wall 2
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Table 5-13: Calculation of Dynamic Increase Factors According @SA & UFC Guidelines

EE - \V; —— M
Floor Beam E E- — Trans. A ¥ (- Jora y Y

E RFT
kN Ib/in2 rad kN.mm rad

(o]

External 0.74% 0.44% 0.112 NC 42.99 1.08 0.0444 065,438 0.0166 1.18
External 0.74% 0.44% 0.112 NC 41.81 1.05 0.0444 065,438 0.0166 1.18
External 0.60% 0.44% 0.062 NC 41.68 1.05 0.0469 54,446 0.0138 1.16
External 0.60% 0.44% 0.062 NC 41.55 1.04 0.0469 54,446 0.0138 1.16
External 0.44% 0.44% 0 NC 40.94 1.03 0.05 40,644 0.0103 1.12
External 0.44% 0.44% 0 NC 43.77 1.10 0.05 40,644 0.0103 1.12

Internal  0.74% 0.44% 0.112 NC 54.80 1.38 0.0444 065,438 0.0166 1.18
Internal  0.74% 0.44% 0.112 NC 54.41 1.37 0.0444 065,438 0.0166 1.18
Internal  0.74% 0.44% 0.112 NC 54.44 1.37 0.0444 065,438 0.0166 1.18
Internal  0.74% 0.44% 0.112 NC 54.45 1.37 0.0444 065,438 0.0166 1.18
Internal  0.74% 0.44% 0.112 NC 54.13 1.36 0.0444 065,438 0.0166 1.18
Internal  0.74% 0.44% 0.112 NC 55.26 1.39 0.0444 065,438 0.0166 1.18

OO O, WNEFE OO~ WDNPRE

Table 5-14: Comparison of DIF Values Obtained from the AnaitysiSwideline-Prescribed Values

DIF
Model Difference
Avg. GSA/UFC

FF-CC-C1 1.33 1.18 11.00%
FF-CC-C2 1.34 1.18 11.71%
FF-CC-C3 1.34 1.16 13.67%
FF-CC-C4 1.35 1.16 14.47%
FF-CC-C5 1.34 1.12 15.95%
FF-CC-C6 1.37 1.12 18.17%
BF-CC-C1 1.67 1.18 29.02%
BF-CC-C2 1.70 1.18 30.54%
BF-CC-C3 1.77 1.16 34.56%
BF-CC-C4 1.63 1.16 28.95%
BF-CC-C5 1.68 1.12 32.99%
BF-CC-C6 2.08 1.12 45.88%
FF-IC-C1 1.36 1.18 13.16%
FF-IC-C2 1.35 1.18 12.14%
FF-IC-C3 1.32 1.18 10.16%
FF-IC-C4 1.28 1.18 7.46%

FF-1C-C5 1.30 1.18 9.21%

FF-1C-C6 1.29 1.18 8.41%

BF-IC-C1 1.64 1.18 27.90%
BF-IC-C2 1.63 1.18 27.23%
BF-IC-C3 1.62 1.18 26.89%
BF-IC-C4 1.60 1.18 26.31%
BF-IC-C5 1.57 1.18 24.77%
BF-IC-C6 1.52 1.18 22.07%
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Figure 5-110: Normalized Applied Load vs. Slope for FF-CG Model

~+ FF-CC-Cl1 = FF-CC-C2 = FF-CC-C3 x FF-CC-C4 o FF-CC-C5 + FF-CC-C6
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Figure 5-111: Dynamic Increase Factor for FF-CC Models
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Figure 5-112: Normalized Applied Load vs. Slope for BF-CG& Model
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Figure 5-113: Dynamic Increase Factor for BF-CC Models
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Figure 5-114: Normalized Applied Load vs. Slope for FF-IC Models
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Figure 5-115: Dynamic Increase Factor for FF-IC Models
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Figure 5-116: Normalized Applied Load vs. Slope for BF-IC Models
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Figure 5-117: Dynamic Increase Factor for BF-IC Models
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5.4.2 SQ.ABEFFECT

Another objective of this study was to quantify the effect of the slab on the progeessiNapse as it is often
overlooked in order to simplify the analysis. However, the increase in resistanaghbron by the membrane
action of the slab should not be neglected as it is quite substantial. In this researclplesiatric referred to as
Slab Effect Factor (SEF), is proposed and used to evaluate the slab contribution to the responsesteithd3gy
dividing the force applied on the FF models by the force applied on tineoBEIs at the same displacement, the

SEF values were computed.

Figure 5-120 to Figure 5-125 show a comparison between the nosdaljzplied load for the FF models and the
BF models, as well as the SEF values, plotted against the slope, for the ICGraxutels in the case of PD and CL
analyses. Furthermore, Table 5-15 shows the average SEF values for each modalyaisltgpe. Two values for
the overall SEF average of all floors were also calculated. One value was companeddgyng the values from

all six floors (Averagg while the other excluded the sixth floor and only used the results from the first five floors

(Average), as the C6 models did not capture the multi-story effect on the response, if any.

The SEF Averagealues for the CC models were found to be 1.87 and 2.61, respedtvéNp and CL analyses.

As for the IC models, the SEF Avesagdues were found to be 2.14 and 2.60 for PD and CL analyses, respectivel
These results show how significant the membrane action of the slab is on the responisevainthccurate and
incomplete the analysis is when discounting and neglecting it. Another thibg tbserved is that the effect of

the slab is more pronounced when conducting dynamic analysis as opposehdestgtic analysis. In other

A}JE U 3Z uu E v $]1}V Ju%e E}IA o 8Z «Ce3 u[e E}@o}wvX (¥]euPs %o TEEA] v
reaches 39.6% and 21.5%, respectively for the CC and IC models.

Another way to quantify the slab effect is to simply compare the failure lnaglach case regardless of the
corresponding displacement. In other words, this simplified slab effect factor (Sv8&E)be equal to the ratio
between the maximum FF load and the maximum BF load for each columnakswewnario and analysis type.
Using this method, each analysis case would have a single S-SEF \atad asTable 5-16 where the average
values are also calculated and displayed. The values of the S-SEF are different frahttte@S&F. In some cases,
both values are close, in others, not so much. However, both metrics highlglebtitribution of the slab to the

structural resistance of the system, albeit in slightly different ways.
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Figure 5-118: Normalized Applied Load vs. Slope for PD-CGModel
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Figure 5-119: Slab Effect Factor for PD-CC Models
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Figure 5-120: Normalized Applied Load vs. Slope for CL-CG Model
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Figure 5-121: Slab Effect Factor for CL-CC Models
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Figure 5-122: Normalized Applied Load vs. Slope for PD-ICsModel
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Figure 5-123: Slab Effect Factor for PD-IC Models
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Figure 5-124: Normalized Applied Load vs. Slope for CL-IC Models
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Figure 5-125: Slab Effect Factor for CL-IC Models
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Table 5-15: Average Slab Effect Factor Values

SEF
Model Analysis Type - —
Average Average Average

CC-Cc1 1.80
CC-C2 1.81
CC-C3 1.88 1.87

PD 1.96
CC-C4 1.89
CC-C5 1.95
CC-C6 2.44
CC-C1 3.13
CC-C2 2.34
CC-C3 2.45 2.61

CL 2.87
CC-C4 2.46
CC-C5 2.65
CC-C6 417
IC-C1 2.17
IC-C2 2.17
IC-C3 2.13 2.14

PD 2.13
IC-C4 2.13
IC-C5 2.09
IC-C6 2.08
IC-C1 2.58
IC-C2 2.57
IC-C3 2.62 2.60

CL 2.60
IC-C4 2.63
IC-C5 2.61
IC-C6 2.57

* Average is taken for the first 5 floors only, excluding the(®}}E [+ E *po3>
** Average is taken for all 6 floors.
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Table 5-16: Average Simplified Slab Effect Factor Values

S-SEF
Model Analysis Type - -
Single Value Average Average

CC-C1 1.81
CcC-C2 1.76
CC-C3 1.84 1.84

PD 1.91
CC-C4 1.84
CC-C5 1.94
CC-C6 2.28
CC-C1 2.00
CC-C2 2.00
CC-C3 2.00 2.11

CL 2.23
CC-C4 2.29
CC-C5 2.29
CC-C6 2.80
IC-C1 2.33
IC-C2 2.37
IC-C3 2.29 2.33

PD 2.31
IC-C4 2.33
IC-C5 2.30
IC-C6 2.25
IC-C1 3.25
IC-C2 3.50
IC-C3 3.50 3.50

CL 3.54
IC-C4 3.50
IC-C5 3.75
IC-C6 3.75

* Average is taken for the first 5 floors only, excluding the(®}}E [+ E *po3>
** Average is taken for all 6 floors.
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5.4.3 GOLUMNLOCATIONEFFECT

There is no doubt that the location of the removed column plays a part ipthgressive collapse response of
the structure. To quantify this effect, the force applied on the IC models is divided by thetdappthe CC models
at the same displacement. The resulting ratio is referred to herein as the Column Ld&f&ict(CLE). The average
CLE values for each frame and type of analysis are presented in Tabl# Skiblld be noted that the results of
the C6 models have been excluded, so the average values are based on thetbrgs. In general, the numbers
confirm the fact that the removal of the corner column is more critical than the kexhof the interior column, a
logical result that was always expected. However, the difference in load capatigdn both cases is not as
significant as one might have anticipated. This may be partially attabto the fact that the corner column is
% ES }( SZ plo ]vRé¢sisongsy®@em, which leads to more robust dimensioning and defafithe
frame as a whole. Consequently, following column removal, the remaining structuretsxhiproved capacity
to resist redistributed loads. For full frames, the IC models were able to support 19%4%nich@e applied load
than the CC models, in the case of PD and CL analyses, respectively. This differencess evendunced for
bare-frame models as the increase in system load capacity from CC to IC models ds1%% am the case of PD
and CL analyses, respectively. It should also be noted that the difference betweasohotin removal scenarios,

IC and CC, increases in the case of dynamic analysis or when inertial forces are present.

Table 5-17: Average CLE Values

Frame Type FF FF BF BF
Analysis Type PD CL PD CL
CLE Average 1.19 1.24 1.05 1.10

5.5 MODEL REDUCTION

As demonstrated in Section 5.3.4, the pushdown curves of all six BF-IC models were antastl.idsimilar
observations were made for the pushdown curves of the FF-IC models as welhly heticeable difference was

the failure points which were slightly shifted from one another. However, by and wgessults were very close,
which implied that each floor practically acted independently as the Vierendeel actiolitthado no effect on

the «C3S ufe Z uAllke@vhat was observed in the case of the CC models. Therefore, to confirm this
conclusion, two reduced BF models were created and subjected to load-cpuagiotiown analysis, and the results
were compared together with the original models. The first model wsis@e-story structure while the second
model was a single-story 2D frame as illustrated in Figure 5-126 ane BidiP7, respectively. Similar to the
original models, only a quarter of the structure was modeled making use of the existingesynof the building.

The columns were fixed at their bases to account for the stiffness providecelstdahy below. Table 5-18 shows
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the maximum values obtained from the pushdown analysis for both reduced models as wellBs-8eC6 and

the average values of all six floors and first five floors. First of all, dloedarrying capacity of the reduced models
corresponding to the first rebar fracture, was found to be the same at 152% of the deaiymvhich was very
close to the capacity of BF-IC-C6 which was 155% as well as both average capacity values. On the atter hand
maximum/corresponding displacement was found to be 443 mm and 446 mm résggdor the single-story

and the single-frame models. Although not identical, the displacement values are Wi8% of each other and

are comparable to the average values. The displacement of 525 mm of the@Fr@del may be partially
attributed to the fact that it includes the cumulative displacements of the adjacent cduahall six floors. The

pushdown curves for the reduced models along with the BF-IC-C6 model are presented in Figure 5-128

Moreover, as done in Sections 5.3.4 and 5.3.5, two points in the analysis tinveliadurther examined. The first
point corresponded to the first rebar fracture, while the second point was after the danstypriogressed. Figure
5-129 to Figure 5-134 show the stresses, strains and displacements in the ddlidssrelements of both reduced
models. The main things to note from the results were that the fracture occurred in the saat®lo(i.e., the

top rebar of the beam at the connection with the adjacent column) as in the afiifi-story models, after

reaching the maximum plastic strain of 0.12. The other thing is that the damage was confihed&aams directly

connected to the removed column, which again, was similar to the analysis of thstofiyl models. Based on
these results and observations, it can be concluded that the reduction of the full-storglnwod single-story or
even a single-story-frame model was an acceptable approximation in the casel©f rBédels. The results
confirmed the logical and intuitive hypothesis that due to the regularitysmdmetry of the building, each of the

beams directly connected to the removed column acted independently in supporting half of the apptied lo

Figure 5-126: Single-Story Reduced BF-IC Abaqus Quarter Model Sheslied Bolid Elements (Left) & Embedded Rebar
(Right)
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Figure 5-127: Single-Frame Reduced BF-IC Abaqus Quarter hModigigSMeshed Solid Elements (Left) & Embedded Rebar
(Right)

Table 5-18: Maximum Pushdown Analysis Values for OriginalécBe BF-IC Models

Model BF-IC-Avg.5 BF-IC-Avg.6 BF-IC-C6 BF-IC-1ST BF-IC-1FR
Prax 146% 148% 155% 152% 152%
Umax (MmM) 423 440 525 443 462
Smax 8.46% 8.80% 10.50% 8.86% 9.24%

BF-PD-IC-C6 —e BF-PD-IC-1ST — & BF-PD-IC-1FR

1.8
1.6

1 | 4 - ;:’,,::::.::&::.::, =

1.2 / ‘ffil

0.8

0.6

Normalized Applied Load

0.4

0.2

0 100 200 300 400 500 600
Displacement (mm)

Figure 5-128: Pushdown Curves for BF-PD-IC-C6 & Reduced BH4C Mode
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Figure 5-129: Von Mises Stresses (Left) & Total Displacement (Rigolidi Elements for Single-Story Reduced BF-IC Model
Under Pushdown Analysis at 152% Design Load at First FractamtefQuWiodel Shown)

Figure 5-130: S11 Stresses (Left) & Logarithmic Strains (Right)srETements for the Single-Story Reduced BF-IC Model
Under Pushdown Analysis at 152% Design Load at First Fracture

Figure 5-131: Von Mises Stresses in Solid Elements (Left) & S11 BtressesElements (Right) for the Single-Story
Reduced BF-IC Model Under Pushdown Analysis After Danugge&ion (Quarter Model Shown)
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Figure 5-132: Von Mises Stresses (Left) & Total Displacement (Rigaolidi Elements for Single-Frame Reduced BF-IC Model
Under Pushdown Analysis at 152% Design Load at First Fracture (Quattr3¥iown)

Figure 5-133: S11 Stresses (Left) & Logarithmic Strains (Right) in @messt&for the Single-Frame Reduced BF-IC Model
Under Pushdown Analysis at 152% Design Load at First Fracture

Figure 5-134: Von Mises Stresses in Solid Elements (Left) & S11 BtressesElements (Right) for the Single-Frame
Reduced BF-IC Model Under Pushdown Analysis After Damage PrapéQathrter Model Shown)
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5.6 DISPLACEMENT-CONTROL PUSHDOWN CURVES

5.6.1 REDUCESYSTEMPUSHDOWN

As mentioned before, the pushdown curves in Section 5.3.4 were generated using loaal-doeding and,
therefore, are unable to predict the post-peak softening part of the nonlinegraese. Instead, the curves exhibit
snap-through as previously explained in Section 2.4.1. In this section, an appexaciaique is proposed to
modify the pushdown curves in order to account for the declining arch action phaselhas the onset of
catenary behavior. First, however, a comparison was made between load-conttotligplacement-control
pushdown curves to better understand the differences between both types of curves.bffinca valid
comparison, though, the loading was concentrated at a single point, and no ot@s Were considered in the
analysis, including the self-weight of the system. The chosen modbigmstudy was the reduced single-story 2D
bare-frame model from Section 5.5. The concentrated force, in the case of load-conttiod displacement, in
the case of displacement-control, was applied at the removed interior columddle joint. The resulting
displacement-control pushdown curve, however, was not horizontally restrained enoygioduce a post-peak
softening response under concentrated point loading. Therefore, the frame was horizoastithined by pinning
the exterior beam-column joint and reanalyzed. The resulting pushdown curve is compihethe original

(unrestrained) one in Figure 5-135.

Unrestrained - - - - Restrained

N N W W b~ A~ O
oo o oo o o1 o u o

Applied Concentrated Load (kN)
[
(@]

0 250 500 750 1000 1250
Displacement (mm)

Figure 5-135: Pushdown Curves for Single-Frame Reduced BRoGtilty Unrestrained & Restrained Models Subjected to
Concentrated Monotonic Downward Displacement
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As evident from the results, the horizontal restraint drastically improves the respohskeosystem. The
flexural/arch peak was around 16.6 kN before restraining the horizontal movemvhitth then led to an increase
of around 33% in the peak resistance at a value of 22 kN. Although the logihigarapacity of the horizontally
restrained system did in fact drop below that of the unrestrained system for a short pefitiche within the
displacement range of 282 mm to 453 mm before rising above it again, teealbeapacity of the system
significantly improved after restraining the horizontal movement of the beahime maximum load capacity of the
system reached 48.6 kN under catenary behavior at a corresponding displacement of 1357 mnwashidi %

times higher than the capacity of the unrestrained system of 23 kN corresponding to a b 8isplacement.

Next, a load-control pushdown analysis was conducted using a monatongentrated force at the removed
column joint, on the horizontally restrained system. As illustrated in Figure 548@esulting curve overlapped
with the displacement-control curve up to the first limit point and again after rearhideflection of 1250 mm
or a slope of 0.25. The response, however, differed considerably between thoseamtmned points. While this
variation was anticipated, as previously discussed in Section 2.4.1, the behavior of the dyste the transition
phase and in part of the catenary stage was not exactly as expected. The predicted sng+thebavior did not
occur in the same usual manner previously explained. Instead of directhirgkithye transition phase and the
first part of the catenary stage and joining the rising curve in the catenary mtesdoad value slightly higher
than the flexural/arch peak value, the slope of the force-displacement curve decreas#itaigly after reaching
the first limit point but crossed the rising displacement-control curve andticoad beyond it up to a
displacement of around 1250 mm, at which point the load capacity incoeesgidly, and the curve became
almost vertical until finally joining the displacement-control curve. In otwerds, instead of bypassing the
softening stage and snapping through to the rising catenary branch by movingtahmazontally, the force-
control curve moved somewhat horizontally then almost vertically then rejoinedtier curve. Another peculiar
thing was the fact that it took several points to cross over to the rising catenary branch, insieatiaie point
as forecasted. Further investigation is needed to understand the reasons behind this weNaviertheless, in

general, the results highlight the main differences between both types of curves.
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Figure 5-136: Pushdown Curves for Single-Frame Reduced BrzdGtaltyriRestrained Model Subjected to Load-Control &
Displacement-Control Loading

5.6.2 ENERGBALANCHAPPROACH

As previously mentioned in Section 1.4.1.2, a method based on the principle sdéreation of energy was
proposed in [13] and further discussed in [85] to predict the dynamic response of structural sygsiejected to
column loss using their nonlinear static response. The sudden removal of a colaguivialent to the sudden
application of the gravity load that was supported by that column. Thereatevork done by this dynamic gravity
load is equal to the internal strain energy absorbed by the system at the maxityiamic deformation response
(ug) after vibration has subsided and equilibrium has been reached. Furthermore, the losslafran will most
likely result in large deformations, and the dynamic response will beirtited by a single deformation mode.
Consequently, the maximum dynamic deformatiog) (an be estimated accurately enough from the nonlinear
static response of the structure under amplified static loadii¥pd). Figure 5-137 shows two levels of suddenly
applied gravity loading, ;Pand B, and their corresponding maximum dynamic displacemegnt, and w,,
respectively. Therefore, at any analysis point (n), according to the previouslgsiscanergy balance concept,

the following may be deduced:
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Huv
hy A+ OwW u
i
Huv

\ WwA: QW U

]
where R = Suddenly applied gravity load at analysis point n,
ug,n = Corresponding maximum dynamic displacement at analysis point n,
W, = Work done by external forces at analysis point n,
U, = Strain energy absorbed by the system at analysis point n,

[? = Ratio between the nonlinear static force and the dynamic force corresponding {@el, dynamic

increase factor) at analysis point n.

Therefore, the hatched rectangular area representing the external work done by thecppéivity load Pequals

the hatched area under the nonlinear static curve, which represents the strain energy absorbed due to nonlinear
dynamic deformation. Given the nonlinear static response curve, at any pothe displacement ¢4/ may be

easily used to calculate the applied gravity loadB¥ varying the values of pand recording each corresponding

P,, the curve depicted in Figure 5-138 can be plotted. As discussed in S8tionthis kind of curve is referred

to as the pseudo-static response and directly relates the suddenly applied deadtyo the maximum dynamic

displacement.

Figure 5-137: Dynamic Response at Two Various Levels of Suddeely @pgplity Loading [13]
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Figure 5-138: Pseudo-Static Response [13]

To test the validity of the proposed method, the pseudo-static response was generateldefdorizontally
restrained single-frame reduced BF-IC model using dynamic column remalyaianit is worth noting that since
the applied load is concentrated at a single point, at the removed cologation, the simulation of the column
removal becomes very straightforward. Simply by suddenly applying the value of the (dyfamé at the point
of application, the column removal scenario may be accurately depicted. In tihégian, the two methods
explained earlier in Section 0 become the same. This is because the foiicecty cgapplied to the column,
therefore, the reaction of the column is equal to the force. So, the sudden removal of tharcdd equivalent to
the sudden application of the force. Then using the proposed method, two psstatic curves were generated
from the displacement-control and load-control pushdown curves. The curves coenpared together (Figure
5-139), and a few things were concluded. The generated curves and the ooigenalere very similar up to a
deflection of around 150 mm or a slope of 3%. Then the curve generatedtfi@ioad-control pushdown curve
started to deviate from the other two curves. On the other hand, the curve generaten the displacement-
control pushdown curve seemed to match the original curve better. The main differertbatishe DC-PD-
generated curve began softening after reaching a displacement of 220 mm. Howw®yerjginal pseudo-static
curve jumped (snapped) between the two highlighted points on the graph. Thistsramh effect occurred
between a displacement of 181 mm and 720 mm, which corresponded &pplied concentrated force of 18.8
kN and 18.9 kN, respectively. This behavior is attributed to the fact that up.8dkhB the system is in equilibrium
under the flexural/arch mechanism. However, at 18.9 kN, the system had to move intatdmargy stage to find
equilibrium, as thes C +35 wjaximum load-carrying capacity in the compressive arch stage was exceeded.
However, it may be concluded that the pseudo-static response curve generatedHedisplacement-control
pushdown curve gives an acceptable approximation of the actual dynamic response, espiecialiije maximum

difference between both curves was found to be under 9% at a displacement of 453 mm and 108Ghwuuld
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be noted, though, that the generated curve must be adjusted so as to not allowofteypiag of the response

(i.e., negative stiffness).
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Figure 5-139: Actual vs. Generated Pseudo Static Curves for Single-FdacedR3d--1C Horizontally Restrained Model

5.6.3 REVERSENERGWBALANCHEAPPROACH

Based on the previous conclusion, the described energy balance method may, in, thearsed in reverse to
derive the displacement-control pushdown curves. Therefore, given the actual pseudo-statingegthown in
Figure 5-139, an attempt was made to predict the corresponding nonlinear stiatie.CTo obtain the pushdown
load values at any given displacement, the original equation mentioned in Sedii@was differentiated with

respect to the displacement u, leading to the following expression:
W
v WAW :_IJ HUv

By applying the reverse equation to the actual dynamic response values, the curve showrrérbFig0d was
created. However, as evident from the graph, the curve is only accurate up to thedimi, beyond which it
deviates significantly and cannot be used as a means to predict the nonlinear static beh#vesydtem. This,
of course, is due primarily to the fact that, as previously shown in Figi8® 5the differences between the actual

pseudo-static curve and the one generated from the displacement-control pushdown curve \weneup to the
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limit point and then began increasing after that. The energy balance methaa &pproximate method, and
therefore, its reverse implementation might produce incorrect results. Another tiuirtig noticed is the fact that
the produced (reverse) pushdown curve is coarse and not smooth containing espsejally as the displacement
increases. This may be partly attributed to the fact that the curve is treated ear Ibetween its main points,
which each represents a column loss scenario with a different applied load. Adding more pointaihg raore
analysis cases might help improve the quality of the curve and make it smootlezaliOwhile the method did
not produce the required quality, it can be seen that the resulting curvevislia somewhat similar pattern as the

original one, it just needs smoothing.

——— Displacement-Control Pushdown «c<--- Reverse E.B. Pushdown

Load

0 250 500 750 1000 1250 1500
Displacement (mm)

Figure 5-140: Pushdown Curve Generated from Reverse Energy Balanoe Wetbisplacement-Control Pushdown Curve
for Single-Frame Reduced BF-IC Horizontally Restrained Model

5.6.4 METHOOMPLEMENTATION dBASESTUDY

Since the pushdown curves generated in Section 5.3.4 were load-control curvesidhmt dhow the first limit
point of the nonlinear static response. Therefore, the reverse energy balance approach waes astuohate the
limit point and the start of the transition phase. The actual pseudo-static curvestegpior Section 5.3.5 were
used to predict the nonlinear static curves. This was done for the full-frame and bare-framesmadel corner
column and interior column removal for C3 and C6. The reason C3 ameré6chosen is because the first

represents an intermediate floor with multi-story or Vierendeel effect, while the latter reprasargingle story
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without any such effects. However, in order to calculate the pushdown load values,puoimnts were needed as

the curves produced by the available points were very coarse and noisy. So,raldittlumn loss analysis was
conducted on the mentioned models and the refined pseudo-static curves are shokigure 5-141. Then, by
implementing the reverse energy balance method, approximate displacememtetgrushdown curves were

generated and compared with the previous load-control pushdown curves from SectidnirbBgure 5-142 to

Figure 5-149. It should be noted that not all curves behaved as expdtisds anticipated that both curves,

displacement-control and load-control, would have an almost identicaldrestch up to the limit point, beyond

which they would start to deviate as previously explained. However, this washeotase in many of the

generated curves. Again, this was mainly attributed to the fact that the energy balance mstapdrbximate,

and as the behavior of the structure becomes more complicated, the accuracy of the me#rqueicted to drop.

Finally, a comparison was made between the average DIF vdludsduced from the projected curves and the
original ones calculated in Section 5.4.1, as shown in Table 5-19. The valuesweogrglared with the GSA/UFC
prescribed DIFs. It can be seen that the DIF values of the displacement-control projestesifor the bare-frame
models are more consistent with the full-frame models, as the maximum variation betasbmodels in terms
of DIF was found to be 5.5%. This of course is contrasted with the DIF vatagedbdrom the load-control
pushdown where the bare frame results were too high compared to the full frame results, rgachiaximum

difference of 51.8%.
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Figure 5-141: Refined Pseudo-Static Curves
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DC Pushdown for FF-CC-C3 (Projected)
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Figure 5-142: Load-Control vs. Displacement-Control (Projectedjdusurves for FF-CC-C3

----- LC Pushdown for FF-CC-C6 DC Pushdown for FF-CC-C6 (Projected)
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Figure 5-143: Load-Control vs. Displacement-Control (Projected)dusRurves for FF-CC-C6

158 |Page



CHAPTER 5. PROGRESSIVE COLLAPSE ANALYSIS OF A MULTI-STORY CASE STUDY BUILDING

----- LC Pushdown for BF-CC-C3

DC Pushdown for BF-CC-C3 (Projected)
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Figure 5-144: Load-Control vs. Displacement-Control (ProjectedjdusiCurves for BF-CC-C3

----- LC Pushdown for BF-CC-C6

LC Pushdown for BF-CC-C6 (Projected)
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Figure 5-145: Load-Control vs. Displacement-Control (Projectedjdwursurves for BF-CC-C6
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----- LC Pushdown for FF-IC-C3

DC Pushdown for FF-IC-C3 (Projected)
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Figure 5-146: Load-Control vs. Displacement-Control (Projectedjddusurves for FF-IC-C3

----- LC Pushdown for FF-IC-C6

DC Pushdown for FF-IC-C6 (Projected)

Normalized Applied Load

0 100 200 300 400 500 600 700 800
Displacement

Figure 5-147: Load-Control vs. Displacement-Control (Projectedjddusurves for FF-1IC-C6
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----- LC Pushdown for BF-IC-C3

DC Pushdown for BF-IC-C3 (Projected)

1.6

Normalized Applied Load

0 50 100 150 200 250 300
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Figure 5-148: Load-Control vs. Displacement-Control (Projected)dusurves for BF-IC-C3

----- LC Pushdown for BF-IC-C6 DC Pushdown for BF-IC-C6 (Projected)

1.4

Normalized Applied Load

0 20 40 60 80 100 120 140 160 180 200
Displacement

Figure 5-149: Load-Control vs. Displacement-Control (ProjectedjdwursRurves for BF-1C-C6
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Table 5-19: Comparison of DIF Values

Model
PD Type FF-CC-C: FF-CC-C¢ BF-CC-C: BF-CC-Ct FF-IC-C3 FF-IC-C6 BF-IC-C3 BF-IC-C6
Load-Control 1.34 1.37 1.77 2.08 1.32 1.29 1.62 1.52
Displacement-Control  1.34 1.27 1.27 1.25 1.36 1.36 1.33 1.40
GSA/UFC 1.16 1.12 1.16 1.12 1.18 1.18 1.18 1.18

5.7 SUMMARY & CONCLUSIONS

This chapter presented a comprehensive nonlinear analysis of a six-story reinforced c{R&¥tease study
building subjected to sudden column removal scenarios. The building wazetainder both static and dynamic
conditions using full-frame and bare-frame models, with interior and cornemuoltemoval considered at each

story. The key findings and observations may be summarized as follows:

X The removal of columns from the first five stories produced similar resultgcedly in the case of the IC

U} oeX dZ <]/&ES3Z (0}}E[* & +pos+s A E P v & 00C SH(}EZVE (]AS (0}} &)

was most evident in the case of the CC models and may be attributed to the lack of Vedractiten in the
sixth-floor models, which had a great effect on the response. It should be notaajtihthat the Vierendeel
action was not that critical to the response of the IC models, as each floor practically atgpdndently. So,
to get a more meaningful comparison of the results, the average load capacity firstifese floors has been

computed and plotted in Figure 5-150. Of course, the pseudo-static force was used in thé Casanalysis.

FF-PD-CC-Avg:5 - — FF-CL-CC-Avg:5- - - BF-PD-CC-Avgs5 - - — BF-CL-CC-Avg.5
FF-PD-IC-Avg.5- — - FF-CL-IC-Avg.5 - - - - BF-PD-IC-AVQ.5-wrr- BF-CL-IC-Avg.5

Normalized applied Load

0 100 200 300 400 500 600 700 800 900 100
Displacement (mm)

Figure 5-150: Average Normalized Load-Displacement CurvdsNtodels
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X The most accurate depiction of column removal scenarios is achieved usinmgeaoilynamic analysis on full-
frame models, where the slab membrane effect is accounted for. Therefore, it can be conficemtluded
that the case study building is well designed against progressive collapse agdorttie APM. This is because
the (average) failure load or loading capacity of the system well exceeded theepsive collapse design load
combination (1.2 D + 0.5 L) for interior and corner column remegaharios. In fact, the average loading
capacity obtained from the pushdown analysis on bare-frame models was also tfighethe prescribed
design load. The only case where the building failed to reach the target desigrel@hdvhs in the case of
bare frames under dynamic column loss. This, of course, is an extreme case where theforegmbre
considered while the membrane action is neglected. Table 5-20 summarizes the average lodoksayadi

model systems along with their corresponding displacements and safety status.

Table 5-20: Average Load Capacities & Corresponding Displacements

Absolute Loat ¢qrresponding Safety Status  Type of

Removed  Normalized  Capacity* Displacement According to Progressive

Frame Type Analysis Typt Column  Load Capacit (kPa)

(mm) APM Collapse

FF PD cc 2.77 15.57 775 Safe Full

FF CL CC 1.60 9.00 240 Safe Full

BF PD CcC 1.48 8.33 460 Safe Partial
BF CL CcC 0.80 4.49 475 Unsafe Partial
FF PD IC 3.50 19.68 880 Safe Partial
FF CL IC 2.99 16.83 785 Safe Partial
BF PD IC 1.52 8.54 485 Safe Partial
BF CL IC 0.80 4.49 310 Unsafe Partial

* Total applied slab load including finishing and live loads as well as eightvof slab.

X Under the maximum applied (failure) load, the full-frame models subjecteddgadimoval of their interior
columns suffered a full progressive collapse as the redistributed loads resulting from the ddithe beams
connected to the removed columns were too much to resist by the adjacent colanting first-floor/ground-
floor level. These columns, in turn, failed, which caused the columns adjacent to thimihds well. In the
end, all the columns in the first/ground floor failed, and the whole structure cedldpOn the other hand, the
other models suffered a partial progressive collapse, where the beams and slabs connected todhiedem
columns collapsed along with those located in the stories above. So, the damage in these cases veak localiz
to the bay or panel in question. Of course, the impact of this collapse omtinediate bottom floor was not
studied and may have led to further collapse of the structure. The type of collapse of eaad imod

summarized in Table 5-20.
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X An arbitrary visual comparison is made between the dynamic response of théraare (BF) and full frame
(FF) for the IC and CC models in Figure 5-151. This comparison is dbeeCfbimodels under sudden column
loss at 40% design load level. Obviously, these results were shown in the previousssécatiogver, the aim
here is to gauge an idea on how different the dynamic responses of the modelSarthe figure confirms
the fact that under a constant load, FF models exhibit significantly less deformation thandBs nand that

IC models suffer slightly less deformation than CC models.

FF-CL-IC-C1-CLLCx0.4—— BF-CL-IC-C1-CLLCx0.4------ FF-CL-CC-C1-CLLCX0.4-=--~--- BF-CL-CC-C1-CLLCx0.4

-10

-15

-20

Joint Displacement (mm)

-25

-30

-35

Time (s)

Figure 5-151: Joint Displacements for C1 Models Under Sudden Calssrat 40% Design Load

x Dynamic Increase Factors were calculated to assess the amplification of demands on steletneaits
resulting from the dynamic nature of sudden column removal. Average DIF valuesroxiapiely 1.33 for
full-frame models and 1.67 for bare-frame models were obtained, both exceedingférence value of 1.17
recommended by the GSA and UFC guidelines, indicating a more critical dyaaptnse in the case study
building.

x The influence of slab action on structural robustness was quantified by comparing the respbiudegame
and bare-frame models. Load-carrying capacity improvements ranging from 8724% under quasi-static
analysis and from 160% to 187% under dynamic analysis were observechsnimminthe critical role of slab

membrane action in enhancing resistance to progressive collapse, particularly underidyoaadmng.
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x The Column Location Effect, defined as the ratio between the load capacities ridrirrbed corner column
removal scenarios, was used to assess the influence of column positioollapse resistance. IC models
exhibited 19% to 24% higher capacity than CC models in full-frame analys&8cato 10% higher in bare-
frame models, with the disparity increasing under dynamic loading.

X The nearly identical pushdown curves across all BF-IC models confirmed that eactbefawmed
independently due to the absence of Vierendeel action. This was validated by comipariiodj-story results
with two reduced models: a single-story model and a 2D frame model. Bottuped nearly the same load
capacity and failure mode. Fracture occurred at the same location, and damage remained confihed to
directly connected beams, confirming that model reduction to a single stoffame is a valid and accurate
approximation for BF-IC scenarios. Although not explicitly analyzed, a simidge-story reduction is
expectedto hold forFF- u} oe y 8} §Z <Ce*S u[e *Cuu S d&Ery nteragtions Jvs E

X To overcome the limitations of load-control pushdown analysis in capturisgpesk softening and the onset
of catenary behavior, an approximate transformation based on energy conservatiompmpssed to
generate equivalent displacement-control pushdown curves using the pseudo-static cungeappidach
A e Ju%o u vs }v §Z « -frarBq aQd] bargdfrane models under interior and corner column
removal for floors C3 and C6, representing respectively an intermediate letahwlti-story interaction and

a top floor with single-story behavior.
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6.1 INTRODUCTION

As previously discussed in Section 2.6, there are several resistance mechanisms empltyedthyctural
elements to redistribute the excess forces occurring from an extreme loading eventrsthiierdi mechanisms to
be mobilized by the system, almost simultaneously, are the flexural resistance apdessine action. For beams,
the compressive action is referred to as compressive arch action, while for slabs;aiteis compressive
membrane action. As explained earlier, the compressive action enhances the flexural cesetahallows the
structure to reach higher capacities than those considered in the original design. It is, themafdnagh
importance to be able to easily assess this improved load capacity to aid irotregsive collapse design process.
Several researchers have already come up with analytical and theoretical methods to phediletxural/arch
capacity of RC beams, as in [24], [54], [86] and [87]. However, in therchsa simplified theoretical method
based on the structural system proposed in [88], was developed not only to predict theflpgakal/arch
resistance, but the whole response leading up to it. It should be mentioned, hovibaethere exists in literature
a few methods that attempt to predict the complete behavior of the system undgiddle column loss such as the

procedure proposed in [89].

6.2 METHOD DEVELOPMENT

6.2.1 ASSUMPTIONS
Referring to Figure 6-1, the main assumptions considered in this method could be sapdrasifollows:

X The system is symmetric about the vertical axis passing through the remoluedrcd herefore, only half the
system may be modeled with symmetry boundary conditions imposeth@intermediate joint to restrain
the in-plane rotation as well as the horizontal displacement.

X A lumped plasticity model is adopted to represent the behavior of the beam sitgéhe beam ends undergo
substantial plastic deformations, especially during the initial flexural/arch phase where disglaickvels
are still relatively low compared to later stages. Therefore, the beam stiffness is considdredconstant
throughout its whole length, while a nonlinear rotational spring is placed at each emgtesent the plastic
hinges. It should be noted that concrete resistance in tension is neglectédoathe cracked area and second

ulu vs }( & E }ve] & AZv o po §]vP §Z uf[e *3]((v s A op *» o
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X *% E]VP ]¢ %00 S sZ ule v S} Juvd (JE $Z 3] ((w v IBEEIA]
column(s). The effect of the removed column on these adjacent structural elements doeimgjtial phase
of the response, the stage in question, is somewhat limited. Therefore, it itsosa$sume that their response
is linearly elastic.

x The vertical displacement at the adjacent column joint may be completely neglsittee it is significantly
smaller than the displacement at the removed column.

X At the beginning of the flexural/arch phase, the beam may be considered to b#yslitclined upwards in
order for the compressive axial force to develop. The value of this upwiatande (D) is calibrated using

experimental studies found in literature.

Figure 6-1: Idealization of the Structural System at the Beginning éi¢laral/Arch Phase
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6.2.2 DESCRIPTION METHOD

Based on the assumptions mentioned in Section 6.2.1 and Figure 6-1, the following exygressy be deduced:

>
}e rA—> U o/]\\;g
where L = Horizontal length of beam = Distance between the edge of the beam at the adi@uent and the
centerline of the interior (removed) column = Half of the clear span of the doubletsgeam,
>[ A /v olv o VvVPSZ }( uu
9= Angle of inclination.

By rotating the local stiffness matrix of the beam))(kKising the transformation matrix (T), the global stiffness

matrix of the beam (k) may be calculated as follows:
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where A z}uvP[e u} popues }( v & S U
A = Effective/cracked cross-sectional area of beam,

| = Effective/cracked moment of inertia of beam,
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Cc = cos9
s =sin9

Therefore, the global stiffness matrix of the whole systeghlfgcomes:

—
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where K; = Rotational spring stiffness at adjacent column joint,
Ks2 = Rotational spring stiffness at middle column joint,
Ksz = Translational spring stiffness at adjacent column joint.
So, the equations of equilibrium for the system may be expressed as follows:
> h= Aé&=
> %h= AW f &
where {U}=s S}E& }( *C*S u[* vV} 0O ]*%0 u vseU
{F} = Vector of nodal forces,
{P} = Vector of applied external forces,
{R} = Vector of reaction forces.

The detailed equilibrium equations for the system become:
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Since the system is kinematically indeterminate to the fourth degree, thdileduin equations may be reduced

to the following:
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Due to the geometric nonlinearity of the model and the material plastigresented in the rotational springs
of the plastic hingess }sSZ v « }( §Z uU SZ «Ce*S u[e* <pbhed@Edrpmentglly Spled. u
A displacement-controlled loading approach is implemented here by asgumismall vertical downward
displacement (of negative value) applied at the middle colump) @yd then solving the equations for¢ixi M

and dM Thus, the equations can be rearranged and rewritten as follows:
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Therefore, the system is further reduced to three simultaneous linear equations. For eabfsiarstep, a
displacement increment (dy shall be imposed on the system, and the equations must be solved iterdtively
obtain the values of and K, that correspond toMand M respectively, according to the moment-rotation
curves. So, at any increment (n) and iteration (m), the following quantities may be defined:
Xi,n=X,n1t d)ﬁ.,nm
Mn = Mn-l"' dMnm
Mn = Mn-l"' dMnm
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Y2n = Yon-1+ dysnm
where X, = Total horizontal displacement of adjacent column joint at thestep of the analysis,
X1.n-1 = Total horizontal displacement of adjacent column joint at the {hsi§p of the analysis,
dx.nm = Incremental horizontal displacement of adjacent column joint at thetap and rif iteration,
M = Total rotation angle of adjacent column joint at tHestep of the analysis,
IWh-1 = Total rotation angle of adjacent column joint at the (fi-&dep of the analysis,
d Mnm = Incremental rotation angle of adjacent column joint at tHestep and it iteration,
I = Total rotation angle of removed column joint at tHestep of the analysis,
-1 = Total rotation angle of removed column joint at the (fi-4dep of the analysis,
d Mnm = Incremental rotation angle of removed column joint at tifestep and rit iteration,
y2.n = Total vertical displacement of removed column joint at thestep of the analysis = n gy
y2n1= Total vertical displacement of removed column joint at the thstgp of the analysis = (n-1)ly
dy2.nm = Incremental vertical displacement of removed column joint at thetep and i iteration = dy.

Therefore, the stiffness matrix is being updated at each iteration based on the \ailkgsand k; as well as at

the beginning of each step/increment according to the following modified values:

Lo =L -%n1= laa- dxnt

L[ A/eosQ=¥x'=

r, As ¥—
Y
where |, = Horizontal length of beam at th& istep of the analysis,
L, [= Inclined length of beam at thd'istep of the analysis,
r, Angle of inclination at the'hstep of the analysis.

Finally, at each step of the analysis, the values of the reaction forces and the (apge)xéquivalent applied

vertical load necessary for equilibrium, may be calculated using the following expiession

Fr= Fa- Ksdxan=-KsXin
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M1n= Mn1- Kind¥h
Mzn = Men-1- K2nd

Dig =Dig = &1 APV—\F"TG
X

W AR

where R = Horizontal reaction force at thd'rstep of the analysis,
F-1 = Horizontal reaction force at the (n"$tep of the analysis,
M1, = Moment reaction at adjacent column joint at thé step of the analysis,
Mz.n.1= Moment reaction at adjacent column joint at the (fitE}ep of the analysis,
Ks1.n = Slope of moment-rotation curve a,
M.» = Moment reaction at removed column joint at th& step of the analysis,
M2.n.1 = Moment reaction at removed column joint at the (f*ktep of the analysis,
Ks2.n = Slope of moment-rotation curve a,
P, = Approximate/equivalent applied vertical load at removed column joint ahthstep of the analysis,
D, = Vertical distance between beam ends at tHestep of the analysis = D + (n-3) d D.1 + dp,
wp = Uniformly distributed dead load of beam.

L, = Horizontal length of beam at th& step of the analysis = Lin% = L1 - dX.n-1,

L, [= Inclined length of beam at thé'istep of the analysis 51 Lcos @ = ¥3,'= .

By recording the P values at each step, the load displacement curve can then be plotted. Therededere is

summarized in Figure 6-2.

As previously mentioned, to minimize drift-off errors, small increments mustskd in the analysis. However, it
is important to balance increment size with computational efficiency, as very smathients can significantly
increase the analysis time. Therefore, a sensitivity analysis was conducted by varyingréheent size and
repeating the analysis until a good convergence was achieved. The results of this study are zedhfoathe
case of the IMF tested in [16], in Table 6-1 and Figure 6-3. The results show how tioe sminverges as the
increment size is reduced or the number of increments is increased. For instahga, difference of 0.4% was
observed between the results of 1 mm and 0.1 mm increment sizes. In this specific case (Igifipcardent
increment of 0.5 mm was used in the analysis.
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Input Parameters

Geometry: L, b, h,sK Astop, Aboy, U, dp2
Material: t[UH, %&c f, B

Algorithm: Rteps Neer., Enax

Set X, dxui, Mi, AN, Vo, M, A, B, My, Mz =0 [«

2

D=D-(-1)@ L=Ltx,1
9=tan(D/L), L[ A/cos9

A 4

A
j=0, & =100%, k= 100%, &= 100%

.

=i+ fe

g

Get Ki;, Ke2iaccording tol, M
Apply d2in the gravity direction
Solve the 3 equations of equilibrium to obtairigld M, d I

l False

X1 = X1+ dXi
M = M1+ divh
Mi = M1+ dMh

BEa = dxij - dXif1 < Bax
En = dVj - dMij1 < Bax
Ex = dMij - dMij1 < Bax

SV Decrease @
Mz, = Myi1- Kaid g :
Mz,i= M1 - Kz, d M an rfp?a
P =2 (Mi+ M;+ D twoli [#) / L analysis
y2i = id2
False .
i=i+l i> nsteps End

Figure 6-2: Procedure for Predicting the Initial Flexural/Arcpétese
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Table 6-1: Maximum Load & Corresponding Displacement ferdbif Increment Sizes for IMF

dy2 (Mm) 40 20 10 4 2 1 0.5 0.25 0.1 Exp.
Yo (Mmm) 160 140 150 144 146 145 144.5 144.5 144.5 127
P (kN) 199.03 219.08 269.54 283.66 284.83 287.21 287.53 288.22 288.38 296
350
300
oo e o —o o
250
= ,
< 200 .
3
D.E
150
100
50
0
100 10 1 0.1 0.01
dy, (mm)

Figure 6-3: Maximum Load Sensitivity to Increment Size for IMF

6.2.3 MOMENFROTATIONDJRVES

An idealized moment-rotation curve, as shown in Figure 6-4, is used to detwziplastic behavior of the plastic
hinge at each end. The curve is based on the trilinear curve described in [90]. Theifitrstrpthe graph is the
cracking point where the first tension cracks develop in the concrete. The cracking mokhgnin@y be

calculated using the following formula:

6
D A——
A

where f = Tensile strength of concrete,
Iy = Gross moment of inertia of beam,

y: = Distance from the centroid of the section to the tension face.
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Figure 6-4: Idealized Moment-Rotation Curve at Beam Ends

The second point on the curve is the yield point where the strain in the rebar first reacheaslttieg/strain. The
yield moment (M) may be computed according to first principles, as shown in FigureFel®wing the
assumption that plane sections before bending remain plane after bending, strains mlisebrly distributed
o}vP 8§82 Z |PZS }( §Z u Binc&lhe eumvat8rgfis just the slope of the strain distribution line
o}vP 82 Z 1PZS }( §Z ufe E}ee « §]}BernoJibetnRheoyysthe cupvatu@ must be
constant for each section. Therefore, the following strain compatibility equations may beetbdud using the
stress-strain curve of the concrete, the stress distribution along the height of theséctihe compression zone
may be plotted. Alternatively, the equivalent stress block specified in the CSA may also be usgdusingithe

equilibrium equations, Mmay be obtained.

Cc G— Q
HA= A— A(C—r

where C= Beam curvature at the section in question,
< = Strain at the compression face of the section,
¢ = Distance from the neutral axis to the compression face,
s[ AMSE Jv 8§ §8Z Ju%E <°]}v E €U
[ A ]Sv (E}u sz VEE}] }(SZ }Ju%E *]J}v E €& S} SZ }u% E -

fy = Yield strength of steel,
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E = Modulus of elasticity of steel,
d = Distance from the centroid of the tension rebar to the compression face.

The third point on the curve is the ultimate point where the ultimate moment)(M reached. This point
corresponds to a compressive strain of -0.0035 and may also be deduced usingificgtles. The strain
compatibility equations in this case become:

r—

iIXiiiAh a— o
A A

Figure 6-5: Stresses & Strains on Beam Cross Section

The corresponding rotationsi{ may then be calculated assuming a plastic hinge lengjho{lone-half of the

ul[e Z ]@Y91], using the following expression:
VA
} AH %AH—T

6.2.4 DCALIBRATION

Thirty specimens from experimental studies taken from literature were used to validate the resadiscpd by

the simplified method. First, however, the value of the initial upward displacen@it necessary for the
development of the compressive arching action, had to be calibrated. To do so,dlysiarwas conducted using

the simplified method for each case, and the value of D was altered until the error in thetpckdalue of the

peak applied force (B» was reduced to less than 0.01%. Then, it was hypothesized that the ratio of the span of
the beam to its height (L/h) would be related to and affect the value oftigrefore, the values of D/h were

plotted against L/h as shown in Figure 6-6. As postulated, a pattern emergedthdtae approximated using a
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linear function with a coefficient of determination {JRof 84.12% or a coefficient of correlation of 91.72%,

expressed as follows:

(D/h)ea, = 0.0307 (L/h) + 0.3132

0.80

e
0.70 D/h = 0.0307 (L/h) + 0.3132 ° .;..--8

R?=0.8412 et ®

0.60
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0.40

D/h

0.30
0.20
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0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.0(

L/h

Figure 6-6: Relationship between D/h and L/h

Furthermore, the correlation curve for the values of D/h predicted by the new expressionnedt&iom

calibration and the values that produced (almost) zero error in the applied force resultstézipioFigure 6-7.
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Figure 6-7: Correlation Curve for D/h Values
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6.3 RESULTS

After reaching an expression for the value of D, the analysis was repeated for each oftthepghtimens, and
the analytical results were compared once again with the experimental ones. This compasgommiarized in
Table 6-2 where the peak resistance load and its corresponding displacement are evaluated. The assessment
shows a mean value of the analytical to experimental flexural/arch load capacibg witil.004, as well as a
coefficient of correlation of 99.6%. On the other hand, the mean value of the analyticakxgerimental
displacement ratios was found to be 1.023, while the coefficient of correlatasfaund to be 79.7%. Therefore,

it could be reasoned that the method provides an acceptable technique for the approxindtibe response of
uniform RC beam-column sub-assemblages subjected to monotonic downvwsgrdadiment. The correlation
curves for the load and displacement results are shown in Figure 6-8. Moreover, ¢o Wistialize the spread in
the results, the correlation curve for the normalized load capaciyigkplotted in Figure 6-9. It should be noted
that the correlation coefficient for the values of Wwas found to be 99.1%. The following formula was used to

compute the values of k:
ke=P /(@[ Z-

Furthermore, the absolute error in the prediction of the peak response was calculated for fethehtloirty cases
and plotted in Figure 6-10 and Figure 6-11. The average absolute errdowakto be 5.59% and 17.04% in
predicting the maximum force and the corresponding displacement, respectively. Finallgathdisplacement
curves for eighteen of the specimens were plotted in Figure 6-12 to Figiet® provide a visual comparison of
the experimental and analytically predicted flexural/arch response. It should be noted, bowleat this method
is used for the prediction of the early response of the system up to the flexural/arch peaktgapagond which

the results become less accurate.
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Table 6-2: Comparison between Experimental & Analytical ResBleaktFlexural/Arch Resistance

Specimen  Reference PTCF" ITZX\;’ ‘ Panai/Pexp. y;']ar']f" yr;,?]p. y2,anally 2.exp.
IMF [16] 287.53 296.00 0.971 144.50 127.00 1.138
SMF 746.47 903.00 0.827 161.00 112.00 1.438

P1 [24] 32.29 31.60 1.022 36.88 37.62 0.980
P2 32.10 35.50 0.904 49.88 33.36 1.495
S1 40.67 41.64 0.977 71.00 78.00 0.910
S2 36.76 38.38 0.958 70.50 73.00 0.966
S3 56.54 54.47 1.038 71.25 74.40 0.958
S4 [20], [21] 63.90 63.22 1.011 70.50 81.00 0.870
S5 ' 74.01 70.33 1.052 70.50 74.50 0.946
S6 78.50 70.33 1.116 75.50 114.14 0.661
S7 83.27 82.82 1.005 62.75 74.40 0.843
S8 119.50 121.34 0.985 55.00 45.90 1.198
Al 161.73 168.00 0.963 57.38 48.00 1.195
A2 211.14 221.00 0.955 57.38 56.40 1.017
A3 254.27 246.00 1.034 57.38 76.40 0.751
A4 143.46 147.00 0.976 57.63 65.00 0.887
A5 186.30 198.00 0.941 57.38 70.70 0.812
A6 [22] 223.90 226.00 0.991 57.38 69.20 0.829
Bl 131.66 125.00 1.053 67.13 100.00 0.671
B2 89.58 82.90 1.081 76.88 102.00 0.754
B3 78.45 74.70 1.050 76.88 85.50 0.899
C1 70.53 60.90 1.158 44.13 33.70 1.309
Cc2 71.21 64.90 1.097 44.13 33.50 1.317
C3 70.85 68.60 1.033 44,13 28.70 1.537
V1 36.60 40.50 0.904 52.50 48.00 1.094
V2 35.38 35.70 0.991 52.50 44.00 1.193
V3 [19] 36.57 41.40 0.883 52.50 50.00 1.050
V4 42.33 40.10 1.056 52.75 55.00 0.959
V5 42.36 41.60 1.018 52.50 53.00 0.991
V6 42.49 39.40 1.078 52.50 52.00 1.010
Mean Value 1.004 1.023
Correlation Coefficient 0.996 0.797
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6.4 CLOSED-FORM SOLUTION

While the previously mentioned method is a lot simpler and less time consumingléitaited nonlinear analysis

using Abaqus or any other FEM software, it still required the use of a spreadsheetraadtsding skills to be

implemented. Therefore, further simplification was attempted in order to reach a closad-&wlution for
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obtaining the peak flexural/arch capacity of the system. First, an expressidnefeaorresponding displacement
y. at peak resistance was deduced. To do so, the ratio of the analytical correspdisgilagzement to the beam
length (y.anall) Was plotted against the value of the beam height divided by the beanthidhg.) for each

specimen, as shown in Figure 6-17. A very high linear correlation of 99.9%uwddb&iween both variables, and

the following expression was obtained:

(yo/L)ecrs= 0.1317 (h/L) + 0.0132

0.045

0.040 y,/[L = 0.1317 (h/L) + 0.0132
0.035 R2 = 0.998 e

0.030 TR

— ° ..o

=. 0.025
©
g
< 0.020
0.015
0.010
0.005

0.000
0.00 0.05 0.10 0.15 0.20 0.25

h/L

Figure 6-17: Relationship betweefua/L & h/L

The same approach was taken to find an expression for the analytical horizontal force (F)rénsands to the
peak flexural/arch resistance load. So, the normalized horizontal fogevéls plotted versus the normalized
applied force (K, which was previously calculated and compared to the experimental values. Sirkilavhs

calculated using the following equation:
ke=F/ @[ Z-

A good correlation was also observed between both values, as shown in Bid8rewhere the coefficient of
correlation was found to be 97.9% and the coefficient of determination wa&l9b. The linear function describing

ke then becomes:

ke ecrs 5.4124 k- 0.0024
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Figure 6-18: Relationship betweefnuk.& ke anal.

Finally, it was reasonable to assume that both beam ends reach their ultimate momept®(dt least are very
close to doing so, at the peak flexural/arch resistance. Thus, an empirical dormasilderived using the following

equilibrium equation:

W g A el

Dyi = & rerr@dof
>

AZ @ >[ A« 51 v <«u o §} Alsp} e plavisusly dedGoéd expressions for DsH, gnd k were

rewritten as follows:

Dca. = 0.0307 L + 0.3132 h
V2ecess 0.1317 h +0.0132 L
Fecrs= 5.4124 R 0.0024§[ Z

By substituting these equations in the main equilibrium equation, the empirical closadsfution for the load
capacity of the system may be expressed as follows:

Dui=Dyui=(- ZHii"®~81 > = diaxhaize r A

W ¢ A
& ~IXBIAT >r1r 1X0O6Td Ze

The newly deduced formulas ford2and y were used to calculate the values of the peak applied load capacity
and its corresponding displacement for all thirty specimens. The results were then compatredhei

experimental ones and those from the original analytical method. As shown in T&hléhé-coefficient of
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correlation between Bersand Rna, is 99.6%, and the mean value of the ratio between them is 1.02. More
importantly, the correlation coefficient betweertfand Ry.is 99.7%, and the mean value of their ratio is 1.022.
As for the displacementyit reached a 78.6% correlation withegy. with @ mean ratio of 1.023. The correlation
curves for the applied force and the corresponding displacement, as well as the normalizedr® presented

in Figure 6-19 and Figure 6-20. The correlation coefficient of the normdisel was found to be 97.8%.
Furthermore, the absolute error in the results of the load capacity and the corresponding displaceassiound

to be 8.65% and 17.23%, respectively as displayed in Figure 6-21 andoFafuréherefore, it can be concluded
that the empirical closed-form expressions for the load capacity and displacement practeggtable results that

u C He Jv §8Z ee ooy vS }( SZ CeS u[* (0 FAPE ol E Z E *%o}Vve X

Table 6-3: Comparison of Empirical Results with Experitngmaalytical Results

Specimen PkE'iIFS Fl):;\lal. FI)(EJI)QFIJ PecrfPanal. PecrBPexp. yrZTﬁ;FS yr?],?xnp. y2,ECFé/2,exp.
IMF 286.80 287.53 296.00 0.997 0.969 142.68 127.00 1.123
SMF 938.95 746.47 903.00 1.258 1.040 161.74 112.00 1.444

P1 33.39 32.29 31.60 1.034 1.057 36.92 37.62 0.981
P2 30.53 32.10 35.50 0.951 0.860 50.11 33.36 1.502
S1 46.10 40.67 41.64 1.134 1.107 70.88 78.00 0.909
S2 40.46 36.76 38.38 1.101 1.054 70.88 73.00 0.971
S3 56.93 56.54 54.47 1.007 1.045 70.88 74.40 0.953
S4 66.62 63.90 63.22 1.043 1.054 70.88 81.00 0.875
S5 78.97 74.01 70.33 1.067 1.123 70.88 74.50 0.951
S6 85.87 78.50 70.33 1.094 1.221 70.88 114.14 0.621
S7 92.72 83.27 82.82 1.113 1.120 62.96 74.40 0.846
S8 147.36 119.50 121.34 1.233 1.214 55.04 45,90 1.199
Al 157.34 161.73 168.00 0.973 0.937 57.33 48.00 1.194
A2 232.08 211.14 221.00 1.099 1.050 57.33 56.40 1.016
A3 303.09 254.27 246.00 1.192 1.232 57.33 76.40 0.750
A4 128.77 143.46 147.00 0.898 0.876 57.33 65.00 0.882
A5 194.49 186.30 198.00 1.044 0.982 57.33 70.70 0.811
A6 253.68 223.90 226.00 1.133 1.122 57.33 69.20 0.828
B1 131.23 131.66 125.00 0.997 1.050 67.23 100.00 0.672
B2 82.59 89.58 82.90 0.922 0.996 77.13 102.00 0.756
B3 68.94 78.45 74.70 0.879 0.923 77.13 85.50 0.902
C1 65.42 70.53 60.90 0.928 1.074 44.16 33.70 1.310
Cc2 65.81 71.21 64.90 0.924 1.014 44.16 33.50 1.318
C3 65.60 70.85 68.60 0.926 0.956 44.16 28.70 1.539
V1 33.87 36.60 40.50 0.925 0.836 52.75 48.00 1.099
V2 32.56 35.38 35.70 0.920 0.912 52.75 44.00 1.199
V3 33.80 36.57 41.40 0.924 0.816 52.75 50.00 1.055
V4 41.05 42.33 40.10 0.970 1.024 52.75 55.00 0.959
V5 40.48 42.36 41.60 0.956 0.973 52.75 53.00 0.995
V6 40.58 42.49 39.40 0.955 1.030 52.75 52.00 1.014
Mean Value 1.020 1.022 1.023
Correlation Coefficient 0.996 0.997 0.786
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6.5 TRIANGULAR DISTRIBUTED LOAD

6.5.1.1 METHODADAPTATION

While the developed method was found useful in predicting the nonlineasigstatic compressive arch response
of 2D double-span systems subjected to a concentrated force at the middle joint, this leadimgnay not be as
frequent in real life. While the distributed dead load was accounted for in the dpedlmethod, its effect was
minor, and it was fully applied to the structure before the application of the cotmated force. However, in most
real-life scenarios, the applied load is distributed on the system. Btarioe, in a regular structure such as the
six-story case study designed and analyzed herein, both floor beams dirautiyoted to the removed column
are subjected to a distributed load that may be approximated to a triangulardsaghown in Figure 6-23. Each
beam carries half of the slab load, and no concentrated force is applied on b&her. The only concentrated
force that may be accounted for in this case is part of the own weight of theadumn to be shared with the
top-floor system. Nevertheless, this load is small enough that it magdgtected. Therefore, the simplified

structural system along with the free body diagram may be modified as illustrated i [Bigi4.

Figure 6-23: Slab Load Distribution on Beams (Partial Floor Plan Shown)
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Figure 6-24: Modified Structural System & Free Body Diagram

Consequently, in order to apply the developed method, a couple of tweaks ndsel freade to account for this

new type of applied loading. First, the load vector has to be modified, andesegthlibrium equations become:

(g T =S - 1] i p P

> >l P >— > — - B A J

T o/ 3 I__ (o / WG Tr@é=Y = A A

i x R =T ~_ N }i.AfrD Al 0 m' NI
,a N ~ PN N L\ A — A ~

L L L G AW A @ = A A

~ >— > > >— > P D T .« N

0 A N NI }I A S o

. ro / (A ro / o /_ N " — N

ot S e %0 1 €3 = AT O

where R = Fixed-end vertical force applied at both joints,
M. = Fixed-end Moment applied at both joints,
Wsy = Factored distributed slab load,
wpu = Factored distributed dead load of beam.

Next, because the applied load is distributed along the length of the b&awe-control loading is preferred to
the displacement-control loading scheme used in Section 6.2. So, the applied fixéokeaasland moments ({P})

are incrementally imposed on the structure using the following expression:
{dP} = (P}
where {dP} = Vector of incrementally applied forces and moments at each step of the analysis,

d D= Incremental load factor.
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The equilibrium equations at each increment/step may then be expressed as:

z T i j 7 i i P
A>— >— >— >— >— —_ ~ . ﬂ

1 ro |/ 81 ro / R = r A} =A A,—?KI
i S° > B > B TS T2 Wi N
T i o/ Sty ro s N gJAv’Tr@“E:A 2 q
T — i — — o 7 - 1 R T M T ™
3 >= >- - >= >= >= i }A | A A Jdg N
! ro T ro 5/ I . _ @ )
- S, L 57s0 1€ = AT O

At each step of the analysis, an incremental load vector ({dP}) shall be applied to the systemudtitns must
then be solved iteratively to determine the values of &d K, that correspond toMand M respectively, based
on the moment-rotation curves. After obtaining the incremental nodal ldisgments, the incremental nodal
forces/moments as well as the cumulative displacements and forces/moments may be calaidiaitg the same
equations specified in Section 6.2.2, at any analysis step or increment (n). Byadiing the moments about
point 1, the normalized equivalent force at increment R, applied at point 2, may be calculated using the
following expression:

> 0 }. K

Aup——1

DiyvFDiuv A
Wy e o LT S o

X

6.5.1.2 CASESTUDYRESULTEOMPARISON

To test the validity of the triangular distributed load method, the case study modglevaluated and compared
with the results previously obtained from the numerical analysis. The approximateachspbnt-control
pushdown curves developed in Section 5.6 were used in the comparison shownria 6-25. The approximate
method produced acceptable results as the accuracy of the predicted peak flexural/arch resistamgared to

the numerical results were 14.73% and 10.02% for models BF-IC-C3 and BF-IC-C6, respectively.

BF-IC-C3 BF-1C-C6
g 12 T 1.2
o o
=10 =10
g i
=5 08 = 0.8
Q. o
< 0.6 < 0.6
2 0.4 ? 0.4
N ! = = == Analytical N / = == Analytical
C 0.2 |[e T 02 |[#
£ / ——— Numerical £ / Numerical
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Pz Z
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Figure 6-25: Comparison between Numerical & Analytical Lagdaldément Curves for Models BF-IC-C3 and BF-IC-C6
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6.6 SUMMARY & CONCLUSIONS

A simplified analytical method was developed in this study to estimate the ifighalral/arch resistance of
reinforced concrete beams subjected to column removal scenarios. The methaabkeésl lon idealizing the
structure as a double-span beam with lumped plasticity concentrated at the ertlinaarporating geometric
nonlinearity through an incremental iterative solution. Key simplifying assumptioclude perfect symmetry,
elastic behavior of adjacent elements, and neglecting concrete tension strength. Catibeafsonst thirty
experimental specimens showed that the method predicted the peak load with an average absoluiaf &r696

and the corresponding displacement with an average error of 17.0%.

To further enhance usability, an empirical closed-form solution was develtipeiitectly estimate the peak
flexural/arch load and corresponding displacement. This approach achieved a correlation coefficient db99.7%

peak load prediction compared to experimental results, with an average absolute error of 8.7%.

Additionally, the method was adapted to account for triangularly distribustdb loading rather than
concentrated point loads, improving its applicability to real-world fflegstems. Validation against case study
models demonstrated that the adapted method predicted the peak flexural/arch resistance withxapiaitely

10-15% accuracy.

KA & ooU 3Z % @E}%}e u3zZ} % E}A] - % E F] ®C VA Ol 31V¢ B(1D ((@E
progressive collapse resistance during the flexural/arch phase following cakmmoval, balancing simplicity,

speed and reasonable accuracy.
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7. CONCLUSIONS

7.1 SUMMARY

This thesis presented an in-depth investigation into the progressive collapse resistance af regubrced
concrete (RC) framed structures, focusing on various configurations, loading scemarianalytical methods.
Through a series of nonlinear static and dynamic analyses, using the Alternatddhtd (APM), various column
removal scenarios were explored. The differences in structural response between interior (I€)raad(CC)
column removals were studied. By analyzing full-frame (FF) and bare-(Bf)enodels, the contribution of the
slabs to the structural response was quantified. The role of load distribution (concentratsdsvdistributed
loads) and the impact of modeling strategies, including single-story agtkdrame model reductions, were also
examined. The research also aimed to address the limitations of current dynamic increase faéisysafid
develop a more nuanced understanding of the progressive collapse resistance mechdfirsaly, a simplified

method for the prediction of the flexural/arch response was developed.

7.2 RESEARCH CONTRIBUTIONS

This study makes several contributions to the field of progressive collapsgsianal reinforced concrete (RC)

structures:

X It presents a detailed nonlinear simulation of a full-scale, multi-story RC rauildi which concrete and
reinforcement were explicitly modeled. Such comprehensive modeling is rarely found itetagulie, which
typically focuses on simplified representations or sub-assembilies.

X The influence of floor slabs and membrane action was quantified through syttecomparison between
full-frame and bare-frame models under both static and dynamic column loss seenardedicated metric,
the Slab Effect Factor (SEF), was introduced to capture the relative enhancement in loaty edpicitable
to slab action.

X The variation of Dynamic Increase Factors (DIFs) across the structural response was investigatéty rev
that the use of constant, guideline-prescribed values can significantly underestimatanit effects
particularly in bare-frame models. The study provided displacement-based f@lksfferent structural
configurations, offering a more accurate and context-sensitive approach for aggeigiamic demand in
progressive collapse scenarios.

X The impact of column removal location was assessed using a new metric, tendadcation Effect (CLE),

which captures the relative difference in load capacity between interior and corner column remossl cas
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X The study also examined the effect of modeling simplifications. Single-storgvamd2D frame reductions
were validated in specific cases, while their limitations were highlighted for otharscularly under corner
column loss.

x A simplified analytical method was developed to estimate the peak flexural/arch respbR&e frames. The
method, grounded in first principles and simplified assumptions, was calibegashst both experimental

data and high-fidelity numerical models, demonstrating strong agreement with full-scale results.

These contributions address gaps in current research by providing validated insights intdapsecbehavior of

detailed multi-story RC systems, advancing both practical modeling techniques and theoreterstanding.

7.3 KEY FINDINGS OF THE THESIS

7.3.1 KEYHNDINGS FROM THIBSESTUDYANALYSES

This section summarizes the key findings obtained from the numericalationd and comparative analyses of

the case study structural models.

7.3.1.1 LOADCARRYINGAPACITY FAILURBMECHANISM

In general, in the case of interior column (IC) removal, the failure mechanism @fltirame (FF) differed from
that of the bare frame (BF). The former reached a maximum normalized load-carryingycapabd% in the case
of quasi-static pushdown analysis and 300% in the case of dynamic columndbsssa On the other hand, the
latter reached a maximum load of 155% and 80% in the case of pushdown and doksnmespectively.
Nevertheless, the full frame suffered a complete progressive collapse as the failure occulnedafumns of the
first floor and not in the beams which were strengthened by the existence of tbeglabs. Conversely, the bare
frame only suffered a partial progressive collapse as the damage was localized to the bhgpave the

removed column.

In the case of corner column (CC) removal, both FF and BF models suffered a partial peogodapise, and the
maximum load capacity of the former was found to be 282% and 160% respectively in the castedofyuand
dynamic column loss analyses. The latter reached 155% and 80% under pushdowmamit ccolumn loss

analyses, respectively.

7.3.1.2 INFLUENCE @BLUMNREMOVAIH. OOR VIERENDERACTION

The response of the structure to the loss of an interior column (IC) was almost the sameasgaidhe floor

from which the column was removed. The maximum load-carrying capacity of the straatiuseghtly increase
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as the number of floors above the removed column decreased, though. Thisilisittt to the fact that, in the
case of the full frame, the failure occurred in the neighboring/adjacent columns which were teabjeanore
redistributed load as the number of floors above the removed column increase. On thelahdr in the bare
frame case, while the failure did occur in the beams due to the lack oflrene action, the systems with more
floors above the removed column attained a higher load-bearing capacityodine increase in the concentrated
force per floor which resulted from the own weight of the remaining columns abaesmoved one. Therefore,
it can be concluded that, to a great extent, each floor acted separately. This means that, in théI€semoval,
the Vierendeel effect is negligible. It also means that single-story reduction is an acceptaiging technique
in this case. Even 2D single-frame reduction proved appropriate, provided tiéngus regular and the spans in

both horizontal directions are equal.

On the other hand, the Vierendeel action played a noteworthy role in the response dinguihodels subjected
to the removal of the corner column (CC). In general, systems with more floors ab®venttoved column

exhibited a slightly higher load-carrying capacity than systems with less floors &tmwever, the difference was
significant in the case of the removal of the corner column of the last (top) flo@.i§ httributed to the lack of
Vierendeel action as the system was effectively a single-story cantilever. Therefore;ssimglor single-frame

model reduction may not be an accurate modeling approach.

In short, the removal of columns from the lower floors was more critical@orelmoval scenarios, while the

opposite was observed in the case of CC removal scenarios.

7.3.1.3 (CONTRIBUTION GEOORS ABSX MEMBRANKCTION

The results of the analysis clearly illustrate that the inclusion of slabs in the ful-freodels plays a critical role

in enhancing progressive collapse resistance. Slabs contributed significantlyhthmargbrane action, which

enabled more effective load redistribution following the removal of key colurfws. metrics proposed in Section

5.4.2 emphasized the influence of the slab on the response as it more than dabbléxhd-carrying capacity of

§Z *SEMU SUE ]v u}ed o eX 0°}U ]88 A e Vv}S EZ §8Z +0 [+ }VEE] psl}v /

analysis when compared to quasi-static (pushdown) analysis.

7.3.1.4 BEFFECT dREMOVEDLUMNLOCATION

The location of the removed column (IC vs. CC) had an obvious impactatruttiaral response. Interior columns,
being part of a more redundant load path, allowed for better redistribution of forasseflected by the higher

load-carrying capacities in both FF-IC and BF-IC models. On the other hand, camerreshoval led to lower
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load capacities due to the more localized nature of the load transfer. As defined earlier, tinenCalcation Effect

(CLE) quantified the difference in load capacity between IC and CC removal scenarios. fBtehmsedl that this
difference was not as pronounced as one might expect. One possible atipfaiis that the corner column

o}vPe 8} §Z u]o ]vP-iesisting s¥stem and, therefore, the entire frame was designed and detailed

accordingly which enhanced the ability of the system to absorb and redistribatisi(}oo}A]JvP $Z }opuv
removal. In full-frame models, IC models support 19% and 24% more loadandPOL analyses, respectively,

than CC models. This gap is even narrower in bare-frame models, with IC models &fryimge load in PD
analyses and 10% more in CL analyses compared to CC models. Thigsightigie distinction between interior

and corner column removal scenarios becomes more accentuated under dynamic analygisrtnd

7.3.1.5 INFLUENCE 0BADTYPE

Another observation made was the differences in failure mechanisms between concentrated artaligidtri
loads. For distributed loads, failure generally initiated at the ends of doular-bpams, where the supports
experienced higher shear and moment demands. In contrast, concentrated loads ledr® dainidspan, where
bending moments were greatest. This difference is important for understanding hovdistitbution affects the
initiation and progression of collapse, and it has significant implieatior designing RC structures with improved

collapse resistance under different loading conditions.

7.3.1.6 DYNAMIANCREASEACTORS

The dynamic increase factors were calculated and compared to the GSA/UFC-prescribednalese found
to be a bit higher in the case of full frames and much higher in the dasare frames. The average DIF in the
case of corner column removal scenarios was found to be 1.35 abddr.7ull-frame and bare-frame models,
respectively, as opposed to the average prescribed value of 1.15. On the other hiwedcése of interior column
removal scenarios, the average DIF was 1.32 and 1.60 respectively for full-framarasfcalme models, while
the average prescribed value was 1.18. As shown in Section 5.4.1, the DIF values varied arepgdifits in

the response, indicating that the use of an average DIF introduces an approximation.

The (displacement-control) DIF values deduced in Section 5.6.4 showed mergt@acy in the sense that the
bare frame values were not that high and were close to the full frame valuesvEnage values were 1.30, 1.26,

1.36 and 1.36 for the FF-CC, BF-CC, FF-IC and BF-IC models, respectively.
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7.3.1.7 DISPLACEMENTSPEAKCAPACITE FAILURE

According to thirty experimental specimens, the average displacement at which the peak flexural/astanopesi
occurred was about 3% of the single beam span. Based on the projected pushdownofu#eetion 5.6.4, the
numerical models of the case study reached the same peak at deflection values around an aslatage

displacement of 1.2%.

The majority of the analyzed models failed in the catenary phase. Under pushdowasisyihly failure of the FF-
CC and FF-IC models occurred at a mean relative (normalized) displacement of 16%, @8HkCBand BF-IC
failed at a displacement of 10% and 9%, respectively. As for the dynamic colurandbsss, the FF-CC and FF-
IC models reached a maximum displacement of 4% and 15%, respectively, while the BRREQCarehched a
displacement of 8% and 5%. However, it should be reiterated that the term falused to refer to the first rebar

fracture in the structure which usually triggers the partial or full progressive collapse ofdtegrsy

7.3.2 KEYHNDINGS FROM TKBMPLIFIEBANALYTICAMETHOD

The simplified analytical method was evaluated through calibration against egraal data from previous
studies and benchmarked against detailed finite element results. It predicted the peak flexuraégatity of
RC sub-assemblages with coefficients of correlation of 99.6% and 79.7% for peak loadrasponding

deflection, respectively, with average errors of 5.59% and 17.04%.

When applied to the case study bare-frame models with interior column rairfoem the third and sixth floors
(BF-IC-C3 and BF-IC-C6), the method yielded prediction errors of 14.73% afd, X6<yectively, relative to
detailed simulation results. These outcomes characterize the accuracy of the appreiaichte context of this

study.

7.4 LIMITATIONS & FUTURE RESEARCH

While this research helps expand the current knowledge and understanding of progredipsebehavior of
RC framed structures by studying their nonlinear behavior and response to extreme loadditpons, limitations
to the adopted approach must also be acknowledged. The following are some ef lthewations along with

future research recommendations:
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7.4.1 BUILDINGCONFIGURATIOS PROPERTIES

The first obvious limitation is the fact that this study was conducted on regular RC structuregjmathspans in
both horizontal directions. Therefore, more building configurations with differentetsgatios as well as irregular

structures need to be examined.

Moreover, the span to depth ratio of the beams, the thickness of the slabs, the reinforcement ratme lnéams
and slabs, the characteristic strength of concrete, the yield strength of steel, etc. wemnstiaict for all the
models of the study. So, a parametric study where these values are varied is recommeintdeaiiés be of great

use for the understanding of the progressive collapse behavior of the structures.

It should be noted that while flat slab and flat plate systems are commonly ugeahniada, in the present study,
the slab and beam system has been considered. This system is presumably morerrg@bagtéssive collapse
scenarios, and the benchmark studies available have a similar structural system saitabhiying the numerical
models. However, in the future, a similar study should also be conducted on flat sldtafiplate systems to

improve our understanding of their progressive collapse behavior.

7.4.2 STRUCTURARESPONSE/ALUATIONRITERION

While the displacement capacity of the numerical models was discussed, the main focustunhifer evaluating

the structural response was on the load capacity.

7.4.3 DIFLMITATION

In this study, DIF values were averaged throughout the entire load-displacemepnnsespvhich simplifies the
dynamic behavior by not considering variations at each displacement stage. ty, thalDIF may fluctuate based
on the stiffness degradation, structural ductility and energy absorption mechanisms, méaairaysingle value

may oversimplify the dynamic demands at critical moments of the collapse.

7.4.4 BONDQLIP

Under large deformations such as those encountered under extreme loading conditomuasslip may play a role
in the response of the system. While it was not modeled in this researcheddsnmended to take it into account

in future research.
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7.45 NONSIRUCTURAHEMENTS

Non-structural components, such as infill walls or cladding, were not considleris study. However, under
extreme loading conditions, these elements can affect the overall stiffness dtabsm progression of RC

structures and should be considered for a more comprehensive analysis.

7.4.6 APMLMITATION

The use of the APM as a means of representing extreme loading conditioasseusing the progressive collapse
response of structures is somewhat arbitrary as discussed earlier in this thesis. Therefore, it could be argued that
the behavior of the structure due to the APM loading case only shows its response due to said aredidoes

not guarantee the prediction of its response due to other extreme loading cases. Such casesthejobge or

even partial damage of more than one column at a time.

7.4.7 SMPLIFIEIMETHOOMPROVEMENT

While the simplified method developed in this study showed promising redutisre research could focus on
further refining this method to improve its accuracy for a wider range of structoafigurations and loading

scenarios. This would enhance its applicability in practical engineering design.

7.4.8 THENEED FOROREEXPERIMENTARIUDIES

The study relied heavily on numerical simulations and validation againstrimgntal data from literature.
However, more full-scale experimental tests on RC frames subjected to progresiaypse scenarios are still
needed to provide critical data to validate numerical simulations and dietblnethods. Experimental validation

would strengthen the reliability of the findings and offer valuable insights into real-wtrddtsral behavior.

200|Page



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

M. Byfield, W. Mudalige, C. Morison and E. Stoddart, "A Review of Progresdaps€dtesearch ai
Regulations,'Structures and Buildingsol. 167, no. SB8, pp. 447-456, 2013.

M. Minkjan, "The Downfall of British Modernist Architecture,” Failed Architecture, 13 Jiif fOnline]
Available: https://failedarchitecture.com/the-downfall-of-british-modernist-architecturefAccessed 2

April 2025].

C. I. Colliers (Knowledge Leader, "How the Murrah Building Bombing Changed Fedére$ Segurity,
Knowledge Leader (Colliers), 19 Aprii 2018. [Online]. Available: https://know
leader.colliers.com/editor/how-the-murrah-building-bombing-changed-fedéaailities-security/.
[Accessed 28 April 2025].

H. Tagel-Din and N. A. Rahman, "Simulation of the Alfred P. Murrah Federal Bodtapse due to Ble
Loads," irBuilding Integration Solutions (Architectural Engieering Conference, AE] Qd@&ha, 2006.

E. Brunesi, R. Nascimbene, F. Parisi and N. Augenti, "Progressive Collapsedriagilifiprced Concre
Framed Structures Through Incremental Dynamic Analy&isjineering Structurespol. 104, pp. 65-7!
2015.

General Service Administration (GSA), Alternate Path Analysis & Design Guidelinegréssie Collap:
Resistance, Washington, DC, 2013.

Department of Defense (DOD), United Facilities Criteria (UFC): Design of BuildResistoProgressi
Collapse, UFC 4-023-03, Washington, DC, 2009.

H. M. Elsanadedy, T. H. Almusallam, Y. R. Alharbi, Y. A. Al-Salloum and H.Pibbeessive Collap
Potential of a Typical Steel Building Due to Blast Attadksi'hal of Constructional Steel Reseavoh,101
pp. 143-157, 2014.

201 |Page



REFERENCES

[9] Y. A. Al-Salloum, T. H. Almusallam, M. Y. Khawaji, T. Ngo, H. M. ElsanadedyAlbds, "Progressi
Collapse Analysis of RC Buildings Against Internal Blastehces in Structural Engineerimngl. 18, no. 12
pp. 2181-2192, 2015.

[10] S. Gerasimidis and J. Sideri, "A New Partial-Distributed Damage Method for Progretsmpse Golalysis «
Steel Frames,Journal of Constructional Steel Reseavoh,119, pp. 233-245, 2016.

[11] Department of Defense (DOD), United Facilities Criteria (UFC): Structural Engineering, Q1FCTL
Washington, DC, 2013.

[12] A. A. Khalil, "Enhanced Modeling of Steel Structures for Progressive Collapse AnalgsikeJAjpplie
Element Method,'Journal of Performance of Constructed Facilitiek,26, no. 6, pp. 766-779, 2012.

[13] B. A. Izzuddin, A. Y. Vlassis and D. A. Nethercot, "Progressive Collapgé-8tdvey Buildings Due
Sudden Column Loss - Part I: Simplified Assessment Frametogineering Structuregol. 30, pp. 130¢
1318, 2008.

[14] W. Yi, F. Yiand Y. Zhou, "Experimental Studies on Progressive Collapse Behavior of BEGuUEtanes
Advances and Future Need#ternational Journal of Concrete Structures and Matenals,15, no. 31, p)
1-23, 2021.

[15] H. Jian and S. Li, "Progressive Collapse Resistance of RC Frames under a SidRe@oivahiScenario: T
Mechanism Explained/hternational Journal of Concrete Structures and Matenai$, 10, no. 2, p. 23i

247, 2016.

[16] H. S. Lew, Y. Bao, S. Pujol and M. A. Sozen, "Experimental Study of Reinforced Sssenalies und
Column Removal Scenari@Cl Structural Journalol. 111, no. 4, pp. 881-892, 2014.

[17] R. Ahmadi, O. Rashidian, R. Abbasnia and F. M. Nav, "Experimental and Numerical icoéRaigressiv
Collapse Behavior in Scaled RC Beam-Column Subassemblamsk'and Vibratiowol. 2016, no. 1, 201¢

202 |Page



REFERENCES

[18] Z. Xi, Z. Zhang, W. Qin and P. Zhang, "Experiments and a Reverse-Curved Compressive Acclthéd
Progressive Collapse Resistance of Reinforced Concrete Frdengimeering Failure analysigpl. 135
2022.

[19] N. FarhangVesali, H. Valipour, B. Samali and S. Foster, "Development of ArchinghAdiiggitudinally
Restrained Reinforced Concrete Bean@ghstruction and Building/ol. 47, pp. 7-19, 2013.

[20]J. Yu and K. H. Tan, "Experimental and Numerical Investigation on Progressivee QRilsipgance

Reinforced Concrete Beam Column Sub-Assembldgegiheering Structuregpl. 55, pp. 90-106, 2013.

[21]J. Yu and K. H. Tan, "Structural Behavior of RC Beam-Column Subassemblages undler @oMidi
Removal ScenarioJournal of Structural Engineeringl. 139, no. 2, pp. 233-250, 2013.

[22] Y. Su, Y. Tian and X. Song, "Progressive Collapse Resistance of Axially-Restraen&amasiAC
Structural Journalol. 106, no. 5, pp. 600-607, 2009.

[23] X.-L. Gu, B. Zhang, X.-K. Huang and X.-L. Wang, "Experimental Investigatiogressi?eoCollap:
Resistance of Precast Concrete Frame Structures with Different Beam-Column Connedtioms!

Building Engineeringpol. 56, 2022.

[24] K. Qian, B. Liand J.-X. Ma, "Load-Carrying Mechanism to Resist Progressise afdf&@mBuildings]bourna
of Structural Engineeringpl. 141, no. 2, p. 04014107, 2015.

[25] K. Qian, B. Li and Z. Zhang, "Testing and Simulation of 3D Effects on Pe@ekspse Resistance of
Buildings,'Magazine of Concrete Researehbl. 67, no. 4, pp. 163-178, 2015.

[26] N. S. Lim, K. Tan and C. Lee, "Experimental Studies of 3D RC Substructures under Exterioera@dlum
Removal ScenariosEhgineering Structurespl. 150, pp. 409-427, 2017.

[27] 3. M. Adam, M. Buitrago, E. Bertolesi, J. Sagaseta and J. J. Moragues, "Dyriamriari®e of a Real-Sci
Reinforced Concrete Building Test under a Corner-Column Failure SceBagoéering Structuresopl.
210, 2020.

203 |Page



REFERENCES

[28] K. Qian and B. Li, "Dynamic Performance of RC Beam-Column Substructures Under the@c¢kadras

of a Corner ColummExperimental ResultsEngineering Structuregol. 42, pp. 154-167, 2012.

[29] K. Qian and B. Li, "Dynamic and Residual Behavior of Reinforced Concrezé=Blmaving Instantaneo!
Removal of a ColumnEngineering Structuresopl. 148, pp. 175-184, 2017.

[30] K. Qian, X.-Y. Chen and T. Huang, "Dynamic Response of RC Beam-Slab Substructures
Instantaneous Removal of Columndgurnal of Building Engineeringl. 45, 2022.

[31] H.-S. Kim, J.-G. Ahn and H.-S. Ahn, "Computational Simulati@ycg$aive Collapse of Reinforced Conc
Rigid Frame with Reinforcement Contact Modéldvances in Structural Engineeringl. 19, no. 6, pp. 98
994, 2016.

[32] Y. Bao and S. K. Kunnath, "Simplified Progressive Collapse Simulation of RC Frebtestiaks,
Engineering Structuresopl. 32, no. 10, pp. 3153-3162, 2010.

[33] M. Talaat and K. M. Mosalam, "Modeling Progressive Collapse in Reinforced E&uildings Using Dire
Element Removal Earthquake Engineering & Structural Dynamics, 38, no. 5, pp. 609-634, 2009.

[34] I. Leahu-Aluas and F. Abed-Meraim, "A Proposed Set of Popular Limit-Point Bucldmgdk&rProblems
Structural Engineering and Mechanies|. 38, no. 6, pp. 767-802, 2011.

[35] B. A. Memon and X.-z. Su, "Arc-Length Technique for Nonlinear Finite Efemaéysis, Zhejiang Universi
SCIENCHEOI. 5, no. 5, pp. 618-628, 2004.

[36] M. A. M. Torkamani and M. Sonmez, "Solution Techniques for Nonlinear EquiliEdGuations," i
Structures Congress 2008: 18th Analysis and Computation Specialty Conféasmoaiver, 2008.

[37] E. Masoero, F. K. Wittel, H. J. Herrmann and B. M. Chiaia, "Progressive Collapse MsdidBiitle an
Ductile Framed StructuresJournal of Engineering Mechanigs]. 136, no. 8, pp. 987-995, 2010.

[38] X. Lu, X. Lin and L. Ye, "Simulation of Structural Collapse with Coupled Em#eatEdiscrete Eleme
Method," inComputational Structural Engineeringhanghai, 2009.

204 |Page



REFERENCES

[39] K. Meguro and H. Tagel-Din, "A New Simpified and Efficient Technique for Fracture B&halyisis c

Concrete Structures," iBracture Mechanics of Concrete Structures (FraMGadSif8) 1998.

[40] K. Meguro and H. Tagel-Din, "Applied Element Method for Structural Analysis: Theory and Apgiic
Linear Materials, Structural Engineering / Earthquake Engineenig, 17, pp. 21-35, 2000.

[41] H.-S. Kim and H.-H. Wee, "Separation Strain for Progressive Collapse Ahabisifooced Concrete Buildi
Using Applied Element Methodddvances in Structural Engineeringl. 19, no. 3, pp. 437-448, 2016.

[42] H. Tagel-Din and K. Meguro, "Nonlinear Simulation of RC Structures Using Appliedt Blietnenal,"
Structural Engineering / Earthquake Engineenrtg, 17, pp. 137-148, 2000.

[43] V. Gohel, P. V. Patel and D. Joshi, "Analysis of Frame using Applied Blethect (AEM)," inChemica
Civil and Mechanical Engineering Tracks of 3rd Nirma University Intera€onference on Engineer
(NUICONE 2012Ahmedabad, 2012.

[44] A. Shakeri and K. Bargi, "Use of Applied Element Method for Structural Anai&GE' Journal of C
Engineeringyol. 19, no. 5, pp. 1375-1384, 2015.

[45] K. Meguro and H. Tagel-Din, "Applied Element Simulation of RC Structures Under Cycli¢' Uoadiragd o
Structural Engineeringol. 127, no. 11, pp. 1295-1305, 2001.

[46] K. Meguro and H. S. Tagel-Din, "Applied Element Method Used for Large Displacement Sknatysé,
Journal of Natural Disaster Scieneel. 24, no. 1, pp. 25-34, 2002.

[47] Reuters, "Oklahoma City victims remembered 20 years after bombing," Reutersril2045. [Onling]
Available: https://www.reuters.com/article/world/uk/oklahoma-city-victimsfreembered-20-years-afte

bombing-idUSKBNONAOEW/. [Accessed 28 April 2025].

[48] S. J. Mirvalad, "Robustness and Retrofit Strategies for Seismically-Designed Multistory SteBLiHcamge

Prone to Progressive Collapse," Montreal, 2013.

205|Page



REFERENCES

[49] Z. X. Fang and H. T. Fan, "Redundancy of Structural Systems in the Context of StructuyalnSaiie
Twelfth East Asia-Pacific Conference on Structural Engineering and €imst(EASEC 12Hong Kong
2011.

[50] F. Rouhani, "Developing a Plastic Hinge Model for RC Beams PRyogtessive Collapse,” Montreal, 2C

[51] M. Adom-Asamoah and N. O. Ankamah, "Effect of Design Ductility on the Progtstiyse Potential «
RC Frame Structures Designed to Eurocod@@grican Journal of Civil Engineerivg, 4, no. 2, pp. 40-4
2016.

[52] E. Brunesi, R. Nascimbene and F. Parisi, "Progressive Collapse Fragility Models of REURdargedase
on Pushdown Analysis," iEuropean Congress on Computational Methods in Applied Scienc

Engineering (ECCOMAS 20 kte Island, 2016.

[53]L. A. Bredean and M. D. Botez, "The Influence of Beams Design and the SlabsEffedPimgressiv
Collapse Resisting Mechanisms Development for RC Framed Strucingsiéering Failure Analysisl.
91, pp. 527-542, 2018.

[54] R. Abbasnia and F. M. Nav, "A Theoretical Method for Calculating the Compressive Arcly GRpA
Beams Against Progressive CollapSgtictural Concrete/ol. 17, no. 1, pp. 21-31, 2016.

[55] M. B. Parlpour, A. Budak and O. A. Diizgln, "Investigation of Progresss€Resistance Mechanisn
Reinforced Concrete Beat@iolumn AssemblyJtanian Journal of Science and Technology, Transacti

Civil Engineeringiol. 45, pp. 505-512, 2021.

[56] C. G. Bailey, "Membrane Action of Slab/Beam Composite Floor Systems iBrkdiegering Structuresol.
26, no. 12, pp. 1691-1703, 2004.

[57]1K. Du, D. Yan, J. Bai, H. Chen, N. Teng and J. Sun, "Progressive-CollapStabestfefts on Reinforc
Concrete Spatial Frame Substructuréddgazine of Concrete Researetl. 73, no. 21, pp. 1081-1099, 20

206 |Page



REFERENCES

[58] X. Lu, K. Lin, Y. Li, H. Guan, P. Ren and Y. Zhou, "Experimental Investigation of R&bE&avstructure
Against Progressive Collapse Subject to an Edge-Column-Removal ScEngiieeéring Structurespl.
149, pp. 91-103, 2017.

[59] Y. Zeng, Y. Li, M. Sun, M. Noori and X. Wei, "Dynamic Progressive Gatygusese of 3D Monolithic Prec
Concrete Frame Structures Considering Slab Effeédtisjtturesyol. 60, 2024.

[60] Y. Wang, B. Zhang, X.-L. Gu and F. Lin, "Experimental and Numerical Investigatmgressive Collap
Resistance of RC Frame Structures Considering Transverse Beam and Slab Jeffientd,'bf Buildin

Engineeringyol. 47, 2022.

[61]J. Yu, L. Luo and Y. Li, "Numerical Study of Progressive Collapse Resist@rBeahifSlab Substructu
Under Perimeter Column Removal Scenarigsfjineering Structuregol. 159, pp. 14-27, 2018.

[62] S. Amiri, H. Saffari and J. Mashhadi, "Assessment of Dynamic Increase Factor for RroGksgs
Analysis of RC Structureg§hgineering Failure Analysiwl. 84, pp. 300-310, 2018.

[63] M. Ferraioli, "Dynamic Increase Factor for Nonlinear Static Analysis of RC Frddieg8uAgains
Progressive Collapsdriternational Journal of Civil Engineerimngl. 17, pp. 281-303, 2019.

[64] International Code Council (ICC), International Building Code, Falls Church, VA, 2003.

[65] American Society of Civil Engineers (ASCE), Minimum Design Loads for BaildinQther Structure
(SEI/ASCE 7-02), Reston, VA, 2002.

[66] American Concrete Institute (ACI), Building Code Requirements for Structural Concrete8AA¢2) 8t
Commentary (318R-02), Farmington Hills, Ml, 2002.

[67] ACI Committee 318 and American Concrete Institute, Building Code Requiremeftufural Concret
(ACI 318-19) : An ACI Standard; Commentary on Building Code Requirementsctarebt@oncrete (Al
318R-19), Farmington Hills: American Concrete Institute, 2019.

207 |Page



REFERENCES

[68] Canadian Commission on Building and Fire Codes, National Buildingf@aateda: 2015, Ottawa: Natiol

Research Council of Canada, 2015.

[69] Canadian Standards Assaociation, A23.3-14 Design of Concrete Structures, Toronto: CSA Group, 2

[70] Cement Association of Canada and Canadian Standards Association, Concrete DesigukHdahlalEditior

Ottawa: Cement Association of Canada, 2016.

[71] N. Usefi, F. M. Nav and R. Abbasnia, "Finite Element Analysis of RC Elements in Verdgodapis
Scenario,""Z s/E Zal. 68, no. 12, pp. 1009-1022, 2016.

[72] Y. Bao, H. S. Lew and S. K. Kunnath, "Modeling of Reinforced Concrete Assemblies undeR&ulove
Scenario,'Journal of Structural Engineeringl. 140, no. 1, pp. (04013026-1)-(04013026-13), 2014.

[73] Dassault Systemes Simulia Corp., ABAQUS 6.14: Analysis User's Guide, Providence, 2014.

[74] L. Qingfu, G. Wei and K. Yihang, "Parameter Calculation and Verification of ColastitedRmage Mod
of ABAQUS," innternational Conference on Architecture, Civil and Hydraulic Engine@&@igE201¢
Guangzhou, 2020.

[75] B. Alfarah, F. Lépez-Almansa and S. Oller, "New Methodology for Calculating Damage VariabtasiB
Plastic Damage Model for RC Structur&ngineering Structurespl. 132, pp. 70-86, 2017.

[76] M. Hafezolghorani, F. Hejazi, R. Vaghei, M. S. Bin Jaafar and K. KarimzadéigtiSibapliage Plastici
Model for Concrete, Structural Engineering Internationail. 27, no. 1, pp. 68-78, 2017.

[77]T. Yu, J. Teng, Y. Wong and S. Dong, "Finite Element Modeling of CQuiuedte-II: Plastic-Damse
Model," Engineering Structuresol. 32, no. 3, pp. 680-691, 2010.

[78] L. Hsu and C.-T. Hsu, "Complete Stress-Strain Behaviour of High-Strength Concrete UndeEss©ori
Magazine of Concrete Researebl. 46, no. 169, pp. 301-312, 1994.

208 |Page



REFERENCES

[79] R. Nayal and H. A. Rasheed, "Tension Stiffening Model for Concrete Beams Reinforced vatid $iB¢
Bars,"Journal of Materials in Civil Engineeriugl. 18, no. 6, pp. 831-841, 2006.

[80] B. Wahalathantri, D. Thambiratnam, T. Chan and S. Fawzia, "A Material Model for Flexural Crack ¢
in Reinforced Concrete Elements Using ABAQU®aceedings of the First International Conferenc

Engineering, Designing and Developing the Built Environment for Sustainable WeBbisinane, 2011.

[81] A. Demir, H. Ozturk, K. Edip, M. Stojmanovska and A. Bogdanovic, "Effect of ViscosigtelPamarthe
Numerical Simulation of Reinforced Concrete Deep Beam BehavViag,"Online Journal of Science
Technologyyol. 8, no. 3, pp. 50-56, 2018.

[82] W. Ramberg and W. R. Osgood, "Description of St&tssin Curves by Three Parameters (Technical
No. 902)," National Advisory Committee for Aeronautics, Washington DC, 1945.

[83] Dassault Systémes Simulia Corp., ABAQUS 2016: Getting Started with ABAQUS/CAE, 2015.

[84] D. Stephen, D. Lam, J. Forth, J. Ye and K. Daniel Tsavdaridis, "An Evaluatidellimighvpproaches ar
Column Removal Time on Progressive Collapse of Buildimgriial of Constructional Steel Reseawcth.

153, pp. 243-253, 2019.

[85] P. M. Stylianidis, D. A. Nethercot, B. A. Izzudin and A. Y. Elghazodlkllindoof Beam Response
Progressive Collapse AnalysBttucturesyol. 3, pp. 137-152, 2015.

[86] X. Lu, K. Lin, C. Li and Y. Li, "New Analytical Calculation Modelsfme&zive Arch Action in Reinforc
Concrete StructuresEngineering Structuresgol. 168, pp. 721-735, 2018.

[87]1. Azim, J. Yang, M. F. Igbal, M. F. Javed, S. Nazar, F. Wang and Q.-f. Liu, Sieali-siwalel fo
Compressive Arch Action Capacity of RC Frame StructBtescturesyol. 27, pp. 1231-1245, 2020.

[88] P. Stylianidis, D. Nethercot, B. I1zzuddin and A. Elghazouli, "Study Metianics of Progressive Colla
with Simplified Beam ModelsEngineering Structuregpl. 117, pp. 287-304, 2016.

209|Page



REFERENCES

[89] Y. Gan, J. Chen, H. Zeng and D. Zeng, "Whole-Process Analytical Model on Progressive Collapse
Reinforced Concrete Structures under Middle Column L&swyiheering Structuregol. 302, 2024.

[90] R. Park and T. Paulay, Reinforced Concrete Structures, New York: J. Wiley & Sons, 1975.

[91] A. C. Birely, L. N. Lowes and D. E. Lehman, "A Model for the Practidgae&toAhalysis of Reinforce
Concrete Frames Including Joint Flexibiligngineering Structuregpl. 34, pp. 455-465, 2012.

210|Page



APPENDIX ASOFTWARE VALIDATION INPUT & RESULTS

Figure A-1: Normal Stresses in Concrete in X-Directiop & Ré&bar (Right) for IMF During Rising Arch Action, Declining
Arch Action & Catenary Action
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APPENDIX A: SOFTWARE VALIDATION INPUT & RESULTS

Figure A-2: Normal Stresses in Concrete in X-Direction&LRépar (Right) for SMF During Rising Arch Action, Declining
Arch Action & Catenary Action
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APPENDIX A: SOFTWARE VALIDATION INPUT & RESULTS

Figure A-3: Normal Stresses in Concrete in X-Direction (Lleé&p& (Right) for T1 During Rising Arch Action, Declining Arch
Action & Catenary Action
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APPENDIX A: SOFTWARE VALIDATION INPUT & RESULTS

Figure A-4: Normal Stresses in Concrete in X-Direction (LRé&b& (Right) for S1 During Rising Arch Action, Declining Arch
Action & Catenary Action
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APPENDIX A: SOFTWARE VALIDATION INPUT & RESULTS

Figure A-5: Total Displacement in Solid Elements (Left) & Truss Elemenfsn{RigR at the End of the Analysis

Figure A-6: Von Mises Stresses in Solid Elements (Left) & S11 Stressesbtements (Right) inDF2 at the End of the
Analysis
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APPENDIX A: SOFTWARE VALIDATION INPUT & RESULTS

Figure A-7: Total Displacement in Solid Elements (Left) & Truss Elemems(Righ91 at the End of the Analysis

Figure A-8: Von Mises Stresses in Solid Elements (Left) & S11 StressesHtements (Right) in D-0.91 at the End of the
Analysis
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APPENDIX BRESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-1: Deformed Shape (Scale Factor = 50) Due to Servicénroads
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-2: Bending Moments in X-Direction in Typical Slab Due to Cdqkitb.mm)
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-3: Axial Forces in Interior Frames Due to Combo 1 (kN)
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-4: In-Plane Shear Forces in Interior Frames Due to Combo 1 (kN)
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-5: In-Plane Bending Moments in Interior Frames Due to ComhainjkN
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-6: Required Reinforcing Area in Interior Framesdhog to CSA A23.3-14 [69] (fHm
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-7: Axial Forces in Exterior Frames Due to Combo 1 (kN)

B-7|Page



APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-8: Axial Forces in Exterior Frames Due to Combo 2 (kN)
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-9: In-Plane Shear Forces in Exterior Frames Due to CgkiNpo 1
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-10: In-Plane Shear Forces in Exterior Frames Due to Z¢@h)o
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-11: In-Plane Bending Moments in Exterior Frames Mantbo 1 (kN.mm)
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-12: In-Plane Bending Moments in Exterior Frames Due to@ Qdqkih.mm)
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APPENDIX B: RESULTS OF ANALYSIS & DESIGN OF BUILDING IN SAP2000

Figure B-13: Reinforcing Area in Exterior Frames Accord®§AoA23.3-14 [69] (Mn
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APPENDIX CCASE STUDY DAMAGED MODELS

Figure C-1: Abaqus Model for FF-CC-C1 Showing Meshel&ubats with Restraints (Left) & Embedded Rebar (Right)

Figure C-2: Abaqus Model for FF-CC-C2 Showing Meshdfl&ubkats with Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-3: Abaqus Model for FF-CC-C3 Showing Meshdfl&ukats with Restraints (Left) & Embedded Rebar (Right)

Figure C-4: Abaqus Model for FF-CC-C4 Showing MesheelSuabats with Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-5: Abaqus Model for FF-CC-C5 Showing Meshdfl&ukats with Restraints (Left) & Embedded Rebar (Right)

Figure C-6: Abaqus Model for FF-CC-C6 Showing MesheelSubats with Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-7: Abaqus Model for BF-CC-C1 Showing Meshed Sddict&leith Restraints (Left) & Embedded Rebar (Right)

Figure C-8: Abaqus Model for BF-CC-C2 Showing Meshed SddictEleith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-9: Abaqus Model for BF-CC-C3 Showing Meshed Sddict&leithh Restraints (Left) & Embedded Rebar (Right)

Figure C-10: Abaqus Model for BF-CC-C4 Showing Meshed Sdaitt€beith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-11: Abaqus Model for BF-CC-C5 Showing Meshed Sddiut€leith Restraints (Left) & Embedded Rebar (Right)

Figure C-12: Abaqus Model for BF-CC-C6 Showing Meshed Sdaitt€beith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-13: Abaqus Model for FF-IC-C1 Showing Meshike&I8oients with Restraints (Left) & Embedded Rebar (Right)

Figure C-14: Abaqus Model for FF-IC-C2 Showing Meshed Sofidt&leith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-15: Abaqus Model for FF-IC-C3 Showing Meshed Sodidt&leith Restraints (Left) & Embedded Rebar (Right)

Figure C-16: Abaqus Model for FF-IC-C4 Showing Meshed Sofidt&leith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-17: Abaqus Model for FF-IC-C5 Showing Meshed Sodidt&leith Restraints (Left) & Embedded Rebar (Right)

Figure C-18: Abaqus Model for FF-IC-C6 Showing Meshed Sofidt&leith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-19: Abaqus Model for BF-IC-C1 Showing Mesli&I8nients with Restraints (Left) & Embedded Rebar (Right)

Figure C-20: Abaqus Model for BF-IC-C2 Showing Meshed SoéidtEleith Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-21: Abaqus Model for BF-IC-C3 Showing Meshed SoéidtE eith Restraints (Left) & Embedded Rebar (Right)

Figure C-22: Abaqus Model for BF-IC-C4 Showing Meshed&obkdts with Restraints (Left) & Embedded Rebar (Right)
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APPENDIX C: CASE STUDY DAMAGED MODELS

Figure C-23: Abaqus Model for BF-IC-C5 Showing Meshed SoéidtEleith Restraints (Left) & Embedded Rebar (Right)

Figure C-24: Abaqus Model for BF-IC-C6 Showing Meshed SoéidtE eith Restraints (Left) & Embedded Rebar (Right)
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