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ABSTRACT

With the threat of terrorist attack looming large, the ability of a building to mitigate
progressive collapse is of key interest to government agencies. Alternate load path
(ALP) approach is one of the direct methods to assess progressive collapse

resistance by introducing a column removal scenario.

An experimental program, comprising eight reinforced concrete (RC) beam-column
sub-assemblages and seven RC frames, was carried out to investigate structural
behavior and progressive collapse resistance of RC frame members subjected to a
middle column removal scenario (MCRYS), in particular, large-deformation behavior.
Each sub-assemblage specimen consisted of a two-bay beam, a middle beam-
column joint (just above a removed column) and two end-column stubs. Each frame
specimen comprised a two-bay, a middle joint and two side columns, and most of
frame specimens also include beam extensions. With increasing two-bay beam
deflection, three different structural mechanisms, i.e. flexural action, compressive
arch action (CAA) and catenary action, can be sequentially mobilized in a load-
deflection history. Flexural action capacity is determined with a conventional
plastic hinge mechanism. CAA is developed accompanied by beam axial
compression and catenary action is mobilized when beam axial force changes from

compression to tension.

On top of flexural action capacity, both CAA and catenary action can significantly
increase structural resistance, suggesting large potential of structures. However,
compared with CAA, catenary action involves much large deflections and requires
large rotation capacities of RC beams. In the sub-assemblage tests, the effects of
specimen detailing, top and bottom reinforcement ratios at the middle joint regions,
and span-to-depth ratios of two-bay beams on structural behavior were investigated.
In the frame tests, the effects of boundary conditions of the frame specimens and
specimen detailing are studied. In particular, three special detailing techniques were

introduced, targeting at increasing beam-end rotation capacities.

An analytical model was proposed for evaluating CAA capacity and corresponding

maximum axial compression throughout beams. This is because CAA can be

Xi



mobilized with enhanced structural resistance at relatively smaller deflections and
thereby it is more attractive for buildings with high protective levels. The proposed
model is able to consider the effects of imperfect boundary conditions (including
axial and rotational restraint stiffness, and connection gaps), geometric and material
properties on CAA capacity as well as maximum axial compression. Based on
parametric studies, the conditions appropriate for incorporating CAA into structural

design are suggested.

During the tests, it is found that large discontinuity occurred at the beam-column
connections due to severe concrete crushing and cracking as well as bar fracture at
catenary action stage. Therefore, to simulate structural behavior more realistically,
it is necessary to isolate beam-column joints as independent elements from beams
and columns to capture discontinuity. Accordingly, a component-based joint model
was proposed. The joint model consists of a series of components, each of which
represents a load transfer path from the adjoining beams to a joint panel. The
systematic calibration procedure on each component was provided as well. Finally,
macromodel-based finite element analysis by using fiber beam elements and the
proposed joint model show good agreement between numerical and experimental

results.
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CHAPTER 1 INTRODUCTION

1.1 Research Background

Progressive collapse is a situation where local failure is followed by collapse of
adjoining members, which in turn causes additional collapse (Allen and Schriever
1972). ASCE Standard 7-05 defines progressive collapse as “the spread of local
damage, from an initiating event, from element to element resulting, eventually, in
the collapse of an entire structure or a disproportionately large part of it”. It is also
known as disproportionate collapse. From an analytical point of view, progressive
collapse occurs when a structure has its load pattern or boundary conditions
changed so that other structural elements are loaded beyond their capacity and

consequently fail (Krauthammer et al. 2002).

Dusenberry and Juneja (2002) summarized that there have been totally three waves
of interest in progressive collapse: following the Ronan Point collapse in England in
1968, there was a flurry of interest in the subject of progressive collapse. A second
wave of interest followed the terrorist attack on the Alfred P. Murrah Federal
Building USA, in 1995. Interest now is at the highest level as structural engineering
communities world-wide respond to the collapses of the WTC towers in the New
York City and of a portion of the Pentagon in Washington, all resulting from a
coordinated terrorist attack in September 2001. Building owners and government
agencies are also interested in evaluating the progressive collapse potential of

existing buildings and in designing new buildings to resist this type of collapse.

Since the Ronan Point collapse event, design considerations to improve the integrity,
robustness and resilience of structures to resist progressive collapse have been
incorporated into building codes (ACI 318-05; EN 1991-2-7 2006) and design
guidelines (DoD 2010; GSA 2003; NIST 2007). After Alfred P. Murrah Federal
Building event and 9-11 event, more specific structural analysis is required for
buildings with a certain level of protection in design guidelines (DoD 2010; GSA
2003). The design methodology in these codes and design guidelines can be broadly
classified into indirect and direct methods (Ellingwood and Leyendecker 1978).

The indirect method specifies a minimum level of connectivity among various
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structural components, and no structural analysis is required. The indirect method is
threat-independent, but it is not equally effective for all threats. In GSA 2003 and
UFC 4-023-03 (DoD 2010), the indirect method is implemented by tie force
approach, in which the building is mechanically tied together, enhancing continuity,
ductility, and development of tensile membrane action and catenary action. The
specifications in tie force approach was originally employed by the British in their
building codes after the Ronan Point failure (Ministry of Hoursing and Local
Government 1968) and has been continually referred to in the current Eurocode (EN
1991-2-7 2006). NISTIR 7396 (NIST 2007) reported that the indirect method
(including tie requirements and seismic detailing) is widely used in practice to
reduce the likelihood of progressive collapse of buildings in the event of abnormal
loading. However, because progressive collapse is a rare hazard, the actual effect of

the indirect method is rarely verified by real disasters or test results.

The direct design falls into two general categories (Ellingwood and Leyendecker
1978): (1) Specific local resistance method and (2) Alternate load path (ALP)
method. The former seeks to provide sufficient strength to resist failure from a
specific threat. An example of this is the hardening of a building’s first floor
perimeter columns to withstand a specified abnormal load without exceeding a
specified level of damage. It requires that a specific normative load (threat) be
identified; unfortunately, there is no assurance that the building will perform
adequately for threats other than the one specifically considered (Ellingwood et al.
2009). The latter (i.e. ALP method) allows local failure to occur, but seeks to
provide ALPs so that damage is absorbed and major collapse is averted. The ALP
method provides a formal check of the capability of a structural system to resist the
removal of specific elements, such as columns and load-bearing walls. It does not
require characterization of the threat causing a loss of the elements, and is, therefore,
a threat-independent approach (GSA 2003).

In UFC 4-023-03 (DoD 2010), the ALP method shall not be applied to structural
elements or connections that cannot provide the required longitudinal, transverse, or
peripheral tie strength. With ALP method, designers must show that a structure is

capable of bridging over a removed structural element and that the resulting extent
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of damage does not exceed the damage limits. This indicates that the ALP is
provided by the flexural resistance of structural members, and catenary action or
tensile membrane action provided by ties is regarded as the second defense against
progressive collapse. Furthermore, the approaches and the criteria employed in
ASCE 41-06 Seismic Rehabilitation of Existing Buildings (ASCE 2007) are
adopted and adapted into UFC 4-023-03, so that linear static (LS) analysis and
nonlinear static (NLS) analysis can be conducted rationally by engineers. As
progressive collapse is a dynamic and nonlinear event, the load cases for the static
procedures require the use of factors to account for inertial and nonlinear effects. It
is assumed that LS analysis is equivalent to the results of nonlinear dynamic (NLD)
analysis through multiplying the loads with load increase factors (LIF) and NLS
analysis is equivalent to the results of NLD analysis through multiplying the loads

with dynamic increase factors (DIF).

The review of design methods against progressive collapse shows that the
performance of structures designed by both indirect method and ALP method
should be evaluated by introducing initial damage, currently by fictitiously
removing a single column or a load-bearing wall in each scenario. Moreover, both
methods seek ALPs to avoid global collapse due to local damage. The indirect
method relies on catenary action or tensile membrane action provided by horizontal
ties when flexural members (i.e. beams or slabs) are under large deformations, and
the ALP method depends on the flexural resistance of structural members. However,
the effectiveness of both design methods needs to be verified by experimental data.
More importantly, the existing structures were designed without considering the
requirements specified in the latest UFC 4-023-03 (DoD 2010), then how about
their structural behavior after initial damage? This further challenges engineers to
envision the behavior of a structural system following the occurrence of an

abnormal event.

On the other hand, for progressive collapse scenarios induced by blast loading, the
idea of considering the immaculate removal of a column as a damage scenario
while leaving the rest of a building undamaged, is not realistic (Krauthammer 2003).

This is because an explosive event near a building will cause extensive localized
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damage, affecting more than a single column. To be realistic, the progressive
collapse potential should be evaluated on the damaged structure determined at the
end of nonlinear blast-structure interaction. However, it is challenging to determine
the level of threat (i.e. explosive weight and standoff) in design guidelines (Stevens
et al. 2009a). Furthermore, the assessment of progressive collapse potential of a
building with a blast analysis is very complicated and time-consuming, not suitable
for practicing engineers. Therefore, to avoid blast analysis and facilitate design
against progressive collapse, the column removal scenario is a good starting point to
increase structural integrity and robustness. The structural performances of different
components (including beams, slabs, columns and connections, etc) under a column
loss scenario can provide more insight to simplified numerical modeling, which can
be further incorporated to conduct more comprehensive numerical simulations with
computational-efficiency. To this end, it is imperative to experimentally investigate

structural behavior of structural components under a column removal scenario.

So far, experimental data for structural behavior under a column removal scenario is
very limited, especially for reinforced concrete (RC) structures. There were only a
few tests conducted to study structural mechanisms of RC structures under column-
removal scenarios (Orton 2007; Regan 1975; Sasani et al. 2007; Sasani and
Kropelnicki 2008; Sasani and Sagiroglu 2008; Su et al. 2009; Yi et al. 2008) before
our research group started the research in this field. Meanwhile, more insights
towards the structural behavior of RC members were attained through the research
on RC slabs at large displacements but for different research purposes (Foster et al.
2004; Guice and Rhomberg 1988; Park and Gamble 2000).

1.2 Objectives of This Research

Experimental data are essential to verify practice for mitigating progressive collapse
and to study mechanisms of structures subjected to a column removal scenario.
Previous studies (lzzuddin and Elghazouli 2004; Orton 2007; Regan 1975; Sasani
and Kropelnicki 2008) indicate that with increasing deflections, beams could
sequentially undergo flexural action (i.e. conventional beam action), compressive
arch action (CAA) and catenary action, and failure was concentrated near beam-

column joint interfaces (i.e. in beam-column connections). However, there is a lack
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of systematic research on structural behavior of RC beams, joints and frames
subjected to a column removal scenario. As a result, an experimental program will
be conducted to investigate the structural behavior of RC frames and the
performance of beam-column connections and joints under a middle column
removal scenario. To extend the findings from the tests, an analytical model is
proposed to study CAA, and a joint model is developed to consider the possible
failure at beam-column connections and joint panels. In summary, the objectives of

this research are as follows:

» To investigate the effects of reinforcement ratios at the beam sections near a
middle joint just above a removed column, the span-to-depth ratio of beams
and the arrangement of stirrups in beams on structural behavior of eight
simplified RC sub-assemblages. Each sub-assemblage consists of a two-
span beam, a middle beam-column joint and two end column stubs. The
restraints from remaining unaffected structures to the two-bay beam which
is above the removed column are simplified into two end column stubs. The
main interest is structural behavior of the two-bay beams and the middle

joints in this series of tests.

» To investigate the effects of reinforcement detailing and boundary
conditions of RC frames on structural behavior of RC frames and two side
joints. More realistic boundary conditions are introduced in the tests on
seven RC frames so that each frame comprises a two-span beam, a middle
beam-column joint, two side columns and two side joints. The frames are

designed with both conventional and special detailing.

» To develop an analytical model for compressive arch action (CAA) of RC
beams. With adequate lateral restraints, CAA of RC beams can be mobilized
prior to catenary action. The presence of axial compression in beams at
CAA stage could enhance structural resistance even at a relatively small
deflection. Therefore, it is very beneficial and promising to be incorporated
into the ALP method. An analytical model will be developed based on a first
principle considering boundary conditions, geometrical and material

parameters of beams. Subsequently, the effects of imperfect boundary
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conditions, longitudinal reinforcement ratios and beam span-to-depth ratios
on CAA of RC beams will be investigated.

» To develop a beam-column joint model that can be incorporated into macro
model-based finite element analysis, in which beams and columns are
modeled by fiber elements. The joint model, namely, component-based joint
model, consists of a set of equivalent nonlinear springs that represent the
load transfer paths from surrounding structural members to the joint. A new
tensile bar stress-spring model will be proposed with consideration of

embedment length and bar stress states of reinforcing bars.
1.3 Scope of Work

Current work is mainly concerned with reinforced concrete (RC) frames, beams and
joints without considering the contributions from slabs. The membrane action of RC
slabs is outside the scope of the current work. Moreover, the frames concerned are
located in the middle of a two-dimensional multi-bay perimeter frame and the
removed column is a middle column. Therefore, the effect of transverse beams on
RC joints is excluded, and the columns adjacent to the removed one are assumed to
be able to sustain the increased axial loads and transfer the lateral force from the

two-bay beam after load redistribution.

The experimental program will be conducted quasi-statically to obtain nonlinear
static behavior of RC structures rather than dynamic behavior, although progressive
collapse is a dynamic event. This is because static tests can provide more details
and insights towards the development of different structural mechanisms. Moreover,
the test results are able to consider both material and geometric nonlinearity, and the
derived static resistance can be converted to dynamic resistance through dynamic
increase factors (DIF) (DoD 2010).

The size effect of specimens will not be studied although the specimens are one-half
scaled. This is because that one-quarter scale is regarded as the minimum scale for
joint specimens fabricated with conventional deformed bars and aggregate concrete
mix (Abrams 1987), and shear behavior is not dominant under a column removal

scenario. Therefore, the size effect can be ignored in this research.
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1.4 Layout of the thesis

The thesis consists of eight chapters and one appendix. The contents of the

following chapters are briefly described as follows:

Chapter 2 elaborates the indirect method and the ALP method in code provisions
and reviews previous research on progressive collapse resistance and structural
behavior of RC framed structures under column removal scenarios. Finally, the

joint modeling techniques on RC beam-column joints are reviewed.

Chapter 3 presents the objectives of the experimental program on simplified RC
sub-assemblages and RC frames and the links between these two series of tests.
Additionally, Chapter 3 elaborates the specimen design, the test set-up and the
instrumentation for each series of tests, as well as the ways to conduct material tests.
The test results of simplified RC sub-assemblages are comprehensively discussed in
Chapter 4 at structural level, cross-sectional level and fiber level. The test results of
RC frames are systematically discussed in Chapter 5, including the behavior of two-

bay beams, side columns and side joints.

Chapter 6 shows the development of an analytical model on compressive arch
action (CAA) of RC beams and parametric studies conducted on CAA. Chapter 7
presents the component-based joint model, in particular, the formulation of tensile
bar force-slip springs with consideration of embedment length and stress state of
bars. The joint model is then incorporated into macro model-based finite element
analysis (FEA).

Chapter 8 concludes the research work and gives the recommendations for future
work. Appendix A introduces the detailed process of evaluating the values of

stiffness of imperfect boundary restraints in the tests.
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CHAPTER 2 LITERATURE REVIEW

2.1 Overview

To mitigate progressive collapse, efforts are directed at both code provisions and
research work. In the introductory chapter, design approaches in different codes are
briefed. This chapter will give more details on code provisions, mainly on the
indirect method and the alternate load path (ALP) method. Besides, the research
work to be reviewed is related to reinforced concrete (RC) frames under column
loss scenarios, in particular, to compressive arch action and catenary action of RC
beams. Finally, joint modeling techniques are reviewed since it is necessary to
model joints explicitly at catenary action stage.

2.2 Design approaches to mitigate progressive collapse

Based on the lessons learned from case studies (NIST 2007) that involved
progressive collapse of buildings due to extreme loading, methods of mitigating
progressive collapse are incorporated in most building codes or standards (ASCE 7-
05; EN 1991-2-7 2006; NIST 2007), as shown in Fig. 2.1. It should be noted that
both the indirect method and the ALP method improve structural robustness and
resistance against progressive collapse, but they are largely predicated on initial
damage to a single primary structural element, and specific local resistance method
is mainly used to design columns or load-bearing walls. However, since it is
typically difficult to determine specific threats and the number of damaged primary
structural elements may be more than one, a modified specific local resistance
approach was developed in UFC 4-023-3 to enhance the performance of perimeter
columns and walls for the first and second story (DoD 2010; Stevens et al. 2011).

Reduce exposure to
hazards Alternate load path
method

Strategies to mitigate
progressive collapse

Direct method

Specific local
resistance method (or
Indirect method Key element method)

Fig. 2.1: Design approaches to prevent progressive collapse
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2.2.1 Indirect method and code provisions

The indirect method is a prescriptive approach of providing a minimum level of
connectivity among various structural components and little additional structural
analysis is required by designers. Its application is accomplished by specifying

minimum tie forces or general structural integrity.

The indirect method has been used in the UK since the early 1970s, immediately
following the Ronan Point collapse, and is deemed to be effective in protecting
building occupants during extreme loading events (Moore 2002). Recently, the U.K.
approach (BS 8110:1997) has been inherited by Eurocode (EN 1991-1-7 2006) and
adopted, in part, by the U.S. Department of Defense in UFC 4-023-04 (DoD 2010).

2.2.1.1 Tie force method

In BS 8110, Eurocode EN 1991-1-7 and UFC 4-023-03, the indirect method is
achieved by specifying tie requirements, including horizontal and vertical ties. The
horizontal ties comprise internal longitudinal ties, internal transverse ties and
peripheral ties, as indicated in Fig. 2.2. This is often called “tying a building
together” by using an integrated system of ties in three directions along the

principle lines of structural framing, as illustrated in Fig. 2.2.

Internal
Longitudinal and
Transverse Ties / = Beserftesnnnnnecoglonidsssnncacaes duiies

(dotted lines)

7 5 b
P a ‘ 44 7
s / /!
) /|
7 ,
{ X
[ g
Péripheral Tie Vertical
(dashed lines) Tie
1L

Fig. 2.2: Schematic of tie forces in a frame structure (UFC 4-023-03)

Table 2.1 succinctly summarizes the approaches to specify the magnitudes of
horizontal and vertical tie forces for RC framed structures in three codes. The

comparisons show that the ways to determine required tie strength in BS 8110-1

10
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and EN 1991-1-7 are more empirical, while the approach in UFC 4-023-03 is more
analytical. Moreover, both BS 8110-1 and EN 1991-1-7 allow that ties can be
placed in beams, whereas UFC 4-023-03 suggests that ties must be placed beside

beams rather than in beams or within the area directly above beams, unless they can

be shown capable of a 0.20-rad rotation. This is because a common concern with

the tie force approach is the potential inability of steel connections and some RC

members and joints to provide horizontal tie-force capacity after significant

rotations (Stevens et al. 2011).

Table 2.1 Strength of ties required in building codes for RC framed structures

Ties BS 8110-1: 1997" BS EN 1991-1-7:2006 UFC 4-023-03
Interior ties | Greater of 1.0F, or Greater of 75 kN, or F. =3w.L, (KN/m), where
9+ where E= | =0.8(g, +wq.)sk; | w. =1.2g, +0.5q, and L,
75 5°Y ‘ where s is the spacing of | is the same as I, used in BS
the lesser of (20+4n;) ties and L is the span of | 8110-1: 1997
or 60 KN/m: 1, is the tie, the same as |, used in
greater of the distances | BS 8110-1: 1997; ¥'is
between the centers of the relevant factor in the
columns, frames, or walls | €xpression for
supporting any two combination of action
adjacent floor spans in effects for the accidental
the direction of the tie design situation.
under consideration;
Peripheral 1.0F, Greater of F, =6w.L L, (kN), where
ties T, =0.4(g, +yq,)sL, or L,=0.91 m; wg and L, are
75 KN. the same as those for
interior ties, but in the
building perimeters
Vertical ties | Maximum design Columns and walls Vertical ties must have

ultimate dead and
imposed load received by
the column from any one
story

carrying vertical actions
should be able to resist an
accidental design tensile
force equal to the largest
design vertical permanent
and variable load reaction
applied to the column
from any one story.

design strength in tension
equal to the largest vertical
load received by the
column from any one
story, using the tributary
area and the floor load we.

* gk = characteristic dead load per unit area of the floor or roof;

gk = characteristic imposed floor or roof load (or live load) per unit area.

no = number of stories including ground and basement;
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2.2.1.2 Structural integrity

Good engineering judgment, design and construction practice should ensure
redundancy, ductility and continuity, which are requisites for structural robustness
and integrity. This view is adopted in a number of standards, for instance, ACI 318-
05, which has recommendations for reinforcement continuity and connection
detailing under the heading of “structural integrity” rather than ‘“progressive
collapse”. In Chapter 7 of ACI 318-05, the integrity of reinforcement provisions is
specified as follows (ACI 2005):

7.13.1 — In the detailing of reinforcement and connections, members of a
structure shall be effectively tied together to improve integrity of the overall
structure.

7.13.2.2 — Beams along the perimeter of the structure shall have continuous
reinforcement consisting of:

(a) at least one-sixth of the tension reinforcement required for negative
moment at supports, but not less than two bars; and

(b) at least one-quarter of the tension reinforcement required for positive
moment at midspan, but not less than two bars

7.13.2.4 — In other than perimeter beams, when stirrups as defined in
7.13.2.3 are not provided, at least one-quarter of the positive moment
reinforcement required at midspan, but not less than two bars, shall be
continuous or shall be spliced over or near the support with a Class A
tension splice or a mechanical or welded splice satisfying 12.14.3, and at

noncontinuous supports shall be terminated with a standard hook.

From the viewpoint of multi-hazards, if the elements of a structure resisting
progressive collapse have larger capacities due to severe wind and seismic demands
in design, the structure would have a higher probability of confining initial local
damage and preventing progressive collapse. This is because compared to gravity-
loads-dominant design, wind and seismic design require structural members to have
larger capacities, toughness, integrity and ductility. After forensic investigations on
the collapse of the Murrah Federal Building, Sozen et al. (1998), Corley et al. (1998)

and Corley (2002) recommended that seismic detailing, in particular the special
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moment frame detailing (such as spiral reinforcement in columns, continuous
reinforcement in transfer girders and continuous bars achieved with full capacity
mechanical butt splices in spandrel beams), can significantly reduce the degree of
direct-induced damage and subsequent progressive collapse. Hayes Jr et al. (2005)
examined the effects of alternative seismic design and strengthening, respectively,
of the Murrah Federal Building on its resistance to collapse and pointed out that
improvements in blast and progressive collapse resistance can result from some
good seismic design strengthening measures, in particular from strengthened

perimeter elements.
2.2.2 Alternate load path method

The ALP method (also called notional load path method in Eurocode) of evaluating
the progressive collapse potential is performed by removing one or several major
structural bearing elements of a structure (i.e., introducing an initiating damage) and
analyzing the remaining structure to determine if this initiating damage propagates.
The method does not require characterization of the threat causing the loss of
particular elements. Therefore, it is a threat-independent approach and the solution

is valid for any type of hazards that causes member loss.

The procedures to analyze remaining structures include linear-elastic static (LS),
nonlinear static (NLS), linear-elastic dynamic and nonlinear dynamic (NLD)
analysis. Advantages and disadvantages of these analysis approaches were
summarized and compared by Marjanishvili (2004). Moreover, the procedures LS,
NLS and NLD have been employed in GSA guidelines (2003) and UFC 4-023-03
(DoD 2010). In essence, progressive collapse is a dynamic and nonlinear event. As
a result, a LS procedure requires the use of a load increase factor (LIF) to account
for both dynamic and nonlinear effects, and a NLS procedure requires a dynamic
increase factor (DIF) to account for just inertial effects (Marchand et al. 2009). The
extensive analysis shows that DIF is a function of rotation ductility. With increasing
rotation ductility, DIF decreases (Marchand et al. 2009). Their results show that
DIFs for RC buildings range from 1.00 to 1.40, rather than 2 which is used by both
GSA guidelines (2003) and the old version of UFC 4-023-03 (DoD 2005).

13



CHAPTER 2 LITERATURE REVIEW

In the building codes and design guidelines (BS 8110-1:1997; UFC 4-023-03 2010;
BS EN 1991-1-7:2006; GSA 2003), only one column is removed each time for
analysis. For a framed building, the available column removal scenarios are shown
in Fig. 2.3, including corner column, penultimate column, internal column, near
penultimate column, edge column and near edge column scenarios (Stevens et al.
2009b). UFC 4-023-03 accounts for most scenarios except the near penultimate
column scenario. GSA 2003 considers fewer scenarios, merely including corner
column, edge column and near penultimate column scenarios. The load

combinations after column removal in different codes are summarized in Table 2.2.
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Fig. 2.3: Scenarios of removal of columns (Stevens et al. 2009b)

Table 2.2 Load combinations for ALP method

Codes Load combinations after column removal”

1.05(D + L/3+ W,/ 3)

BS 8110-1:1997 -
Except for storage buildings, where 1.0L should be used.

BS EN 1991-1-7: 2006 | Not specified

ASCE 7-05 (0.90r1.2)D +0.5L +0.2S

2(D +0.25L) Static analysis;

GSA 2003 D+0.25L  Dynamic analysis;

Q. [(0.9 0r 1.2)D + (0.5L or 0.2S)] for linear static analysis;
UFC 4-023-03 On[(0.90r1.2)D + (0.5L or 0.2S)] for nonlinear static analysis;
(2010) (0.9 or 1.2)D + (0.5L or 0.2S) for nonlinear dynamic analysis,

together with lateral loads applied to structure side

* D = dead load, L = live (imposed) load, W, = wind load, S = snow load; Q_ = load increase factor,
seen in Table 3-4 of UFC 4-023-03, 2y = dynamic increase factor, seen in Table 3-5 of UFC 4-023-
03; In UFC 4-023-03, gravity loads for floor areas away from the removed column is (0.9 or 1.2)D +
(0.5L or 0.2S).
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After column removal, possible ALPs include flexural action and catenary action, in
which flexural action is also named Virendeel action (Sasani et al. 2007). However,
BS 8110-1, EN 1991-1-7 and GSA 2003 do not discuss whether the ALP method
involves flexural (Virendeel action) or catenary action. Additionally, neither BS
8110-1 nor EC 1991-1-7 specifies the acceptance criteria of the ALP method. So far,
most design tools cannot account for catenary action; therefore, these analyses are
predicated on the ultimate bearing capacity of structure elements being limited by
the yield strength of materials. On the contrary, UFC 4-023-03 (DoD 2010)
explicitly specifies that the ALP method relies on the flexural strength of structural
members. In addition, the acceptance criteria and the modeling parameters in ASCE
41 Seismic Rehabilitation of Existing Buildings (ASCE 2007) are adopted and

adapted into UFC 4-023-03 to make the requirement more explicit for engineers.

Izzuddin et al. (2008) proposed a simplified assessment framework to appraise the
progressive collapse potential of multi-story buildings due to sudden column loss.
After column removal, the structural response at a higher level (say, the whole
building) can be obtained by assembling the structural response at a lower level (say,
the floor system). Likewise, the structural response of a floor system can be
obtained from the integrated responses of corresponding beams and connections as
well as slabs. At each assessment level, the pseudo-static response, which is
transformed from nonlinear static response, can be used to consider dynamic
effects and assess the robustness and the progressive collapse potential. The
nonlinear static response of the lowest level, such as beams and connections, can be
ascertained either by simplified analytical models or by detailed numerical models.
As a result, the nonlinear static response of the lowest level is the foundation of the
whole simulation process. ALPs at any higher levels rely on the nonlinear static
response of the lowest level, and ALPs could include both flexural action and
catenary action, depending on the ductility limit of the beams and the connections in
question. Compared with code provisions (e.g. GSA 2003 and UFC 4-023-03),

Izzuddin et al’s proposed framework offers greater flexibility to engineers.

In summary, the ALP method may be viewed as a tool to ensure redundancy in the

gravity load-resisting system rather than as a simulation of structural response after
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an initial damage (NIST 2007). Regarding dynamic response, although the ALP
method does not consider dynamic effects to structures arising from an impact or a
blast, it does capture the influence of column failure occurring over a relatively
short duration to the response time of the structures (Izzuddin et al. 2008). Briefly,
this method forms the first proposal of a quantifiable model for designing robust
buildings (Gurley 2008).

2.2.3 Comparisons between indirect method and ALP method

The indirect method and the ALP method should be checked by analysis to
ascertain whether ALPs exist around hypothetically collapsed regions after
introducing initial damage. The tie force method relies upon catenary action to
redistribute loads following damage of a column, for example, as used for providing
robustness to steel-framed buildings (Byfield and Paramasivam 2007a; b). In turn,
the studies on ALPs of structures can be used as design guidelines for developing
rules to achieve minimum levels of continuity and ductility or tie forces required by
the indirect design approach. In the case of buildings of load-bearing wall
construction, the notional removal of a section of wall, one at time, is likely to be
the most practical strategy to adopt (EN 1991-1-7:2006), since the flexural

resistance due to arch action could be increased.

In design practice conforming to UFC 4-023-03 (DoD 2010), for Option 1 of
Occupancy Category Il and for Occupancy Category 1V, the ALP method is an
alternative option when the required vertical tie capacity cannot be achieved.
However, the ALP method cannot be used for elements when the horizontal tie

force capacity is inadequate.

In this research, the interest in ALPs is more performance-based. That is, with
increasing deformation of frames, what kind of ALPs will develop and how they
sequentially transit from one to the other? The specimens to be designed satisfy
both tie force requirements in EN 1991-1-7 and integrity requirements in ACI 318-
05.
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2.2.4 Dynamic increase factor

Due to the dynamic nature of progressive collapse, nonlinear static structural
resistance must be divided by dynamic increase factors (DIF) of acting loads to
evaluate progressive collapse resistance. In the design guideline of UFC 4-023-03,

the DIF model employed for RC structures is shown in Eqg. (2-1).

0.45

DIF :1.04+—Hpra 76, +0.48 (2-1)

where 6. is the plastic rotation angle, and &, is the yield rotation of RC members.
Note that the ratio of 6, /6, is defined as ductility measure, equal to rotation

ductility minus one.

With the frame work proposed by Izzuddin et al. (2008), DIFs of an RC member or
assembly can be evaluated by the ratio of pseudo-static resistance to quasi-static
resistance for any given deflection. By assuming the deflection (or displacement)
ductility equal to rotation ductility, relationship between of the DIFs and ductility
measure can be constructed (Izzuddin and Nethercot 2009). For example, Fig. 2.4
shows the nonlinear static and the pseudo static structural responses as well as the
variations of DIF vs. ductility for an elastic-plastic system. It can be seen that with
increasing ductility after yielding, DIF monotonically decreases.

Ducitility measure

0 2 4 6 8 10 12
22 T T T T T T 22
2.0 — - = Nonlinear static
18 = = Pseudo static 420

=
©

Normalized load
IS I
=y (o2}
Dynamic increase factor

=
N

1.0

Normalized deformation

Fig. 2.4: Characteristic responses and DIF for elastic-plastic system
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Fig. 2.5 shows that the predictions of the relationship of DIF vs. ductility by using
two approaches are close to each other, indicating that the DIF model (or Eq. (2-1))
for RC structures in UFC 4-023-3 corresponds to elastic-plastic structural
performance under static loading. More precisely, bilinear structural performance
with strength hardening at plastic stage was used to derive Eq. (2-1) (Izzuddin and
Nethercot 2009). However, if this model is utilized for other types of nonlinear

structural performance, the predictions of DIF may be overly conservative or unsafe.

— lzzuddin's approach for
elastic plastic sytem
- = Eq. (2-1)/DIF model for
RC structures in UFC 4-023-03

2.0 4

Dynamic increase factor

Ductility measure

Fig. 2.5: Comparison of DIF models

Fig. 2.6 shows the variations of DIFs vs. ductility for two different types of
nonlinear responses. It can be seen that DIF does not monotonically decreases with
increasing ductility. For example, when the normalized deformation exceeds around
6, DIF increases with ductility, as shown in Fig. 2.6(a). At this stage, using Eq. (2-1)

to predict DIF is unsafe. Similar phenomenon can also be found in Fig. 2.6(b).

Ductility measure Ductility measure

10 | 2 3 4 5 6 7 8 9 0 12

— - =Nonlinear static
= = = Pseudo-static
—— DIF

Normalised Load
Normalised Load

024!
0 r 1 0 ( 1
0 1 2 3 4 5 6 7 8 9 10 11 2 13 0 1 2 3 4 5 6 7 1 9 10 1 12 13

Normalised Deformation Normalised Deformation

(a) elastic-plastic with catenary action (b) Snap through with catenary action
Fig. 2.6: Characteristic responses and DIF for different nonlinear systems
(Izzuddin and Nethercot 2009)
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In summary, DIFs depend not only on structural ductility but also on types of
nonlinear structural performance (Izzuddin and Nethercot 2009). However, the DIF
model for RC structures in UFC 4-023-03 can only be applied to structures with

elastic-plastic or bilinear structural performance.
2.3 Typical alternate load paths of RC frames

The available ALPs for RC framed structures include Vierendeel action,
compressive arch action and catenary action. Vierendeel action can be characterized
by relative vertical displacement between beam ends and double curvature
deformations of beams and columns (Sasani et al. 2007). It utilizes the flexural

resistance of beam and column members to redistribute loads.

Compressive arch action (CAA) of beams can be elucidated by analogy with
compressive membrane action of RC slabs, as illustrated in Fig. 2.7. The
surrounding slabs laterally restrain the interior slab, allowing the development of
internal compressive thrust which enhances the flexural strength at critical sections
of the slab. As a result, the structural resistance was larger than that predicted by
yield line theory (Welch 2000). Likewise, with adequate lateral restraints at both
ends of a beam, CAA in the beam can be mobilized. Furthermore, due to the
presence of axial compression, the structural resistance of the beam will be greater

than that determined by the conventional three-plastic-hinge mechanism.

Fig. 2.7: Compressive force forming arch action (Ockleston 1958)

For framed structures with initial damage, the flexural yield strength of remaining
structural elements will develop first at deflections not too much greater than in-
service deflections. If this capacity is sufficient to meet the existing gravity load
requirements, then there is no need to go further; otherwise, catenary action may

develop, as shown in Fig. 2.8. For all ALPs, catenary action represents the last line
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of defense against progressive collapse because it is mobilized only after large
deformations have developed. Meanwhile, catenary action always involves large
horizontal forces transferred to joints that may require special connections and
column design (Gurley 2008). Fig. 2.8 also indicates that the structural resistance
provided by catenary action depends on the development of axial tension and the
rotations of beams. The larger axial tension and the larger beam-end rotations could
result in greater structural resistance. Axial tension forces are transferred from the
two-bay beams directly above the removed column to the surrounding structures,
which can in turn provide adequate lateral restraints to the two-bay beams without

causing column failure.
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Fig. 2.8: Catenary tension force (Orton 2007)
2.4 Research on RC frames under column loss scenarios

The aforementioned ALPs of structures mobilized under column loss scenarios can
be used to mitigate progressive collapse. However, very limited experimental data
exist as the basis of assessing each ALP. Moreover, the nonlinear static
performance at lower structural levels (say, beam-column sub-assemblages) can be
further utilized to appraise the progressive collapse potential via the framework

proposed by Izzuddin et al. (2008).

On the other hand, catenary action is a mechanism associated with large
deformations, which have not been documented fully through tests and numerical

validations. There are very few previous studies on catenary action of RC beams.
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Most of the experimental studies are concerned with catenary action of steel beams
at ambient and elevated temperatures and at column loss scenarios (Byfield et al.
2007; Byfield and Paramasivam 2007a; b; Demonceau 2007; lzzuddin 2005; Yin
and Wang 2005). Therefore, in this section, the very limited tests on RC frames

under column loss scenarios and analytical work will be reviewed.
2.4.1 Laboratory tests

Tests on precast floor strips in Imperial College, London

Regan (1975) reported catenary tests on precast floor strips conducted in Imperial
College in London, as shown in Fig. 2.9. The specimens ranged from 356 mm to
711 mm wide and 5.4 m long with a central joint between two 2.7 m planks
representing the lost support. The specimens comprised a 50 mm thick precast panel
and a 50 mm thick cast-in-place topping. Details of the ties between the panels
varied. For almost all the tests, there was an initial compressive arch phase, which
was “snapped through” due to instability and was followed by a catenary action
phase, e.g. specimen #4 and #14 in Fig. 2.10. The majority of beams failed by
tearing out of the bottom bars near the supports at a deflection of 5 to 7% of the
double span length (test #5 in Fig. 2.10). However, some specimens were able to
yield in flexure at the supports before tearing out of the bottom bars. In these cases,
the failure loads were much higher and the ultimate deflection was nearly 10% of
the span length (test #3 in Fig. 2.10). The strips eventually failed by fracturing of
the end rebar due to rotation at the support. For most tests, catenary action started at
around 150 to 175 mm of displacement, greater than the strip depth of 100 mm.
Due to insufficient anchorage and poor continuity of specimens, not all of them
could develop catenary action successfully. Finally, Regan (1975) concluded that
the successful development of catenary action requires that the members in question
possess not only tensile strength but also ductility, which is largely determined by

the detailing of longitudinal reinforcement.
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Fig. 2.10: Results of catenary action test of precast floor strips (Regan 1975)

Orton’s test in University of Texas, Austin

Orton (2007) conducted a series of tests to investigate the application of carbon
fiber reinforcement polymer (CFRP) on retrofitting RC beams without continuous
reinforcement to develop catenary action. The test specimens were half-scaled
models with a 12 in. (305 mm) by 6 in. (152 mm) cross-section, a 9 in. (229 mm) by
8% in. (216mm) column stub, and a 30 ft (9 m) length of beams. They were
designed in accordance with ACI 318-71 to represent a double-span RC beam after
the removal of a middle column. Both negative and positive moment reinforcement
were not continuous. To compare the results of CFRP retrofitting, one beam was
designed in accordance with ACI 318-05 to provide continuous reinforcement. Figs.
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2.11(a) and (b) show the detailing of specimens with and without continuous
longitudinal reinforcement, respectively. The beam contained #3 stirrups with 90°
hooks to preclude shear failure during testing. Three point loads spaced at 6 ft (1.8
m) apart were applied vertically upward until failure occurred. Axial restraints were

provided at both ends.

Fig. 2.12 indicates that the two beams initially experienced CAA followed by
catenary action because the mobilized beam axial forces changed from compression
to tension. Moreover, the capacity of catenary action of NR-2 (around 5.0 kip)
significantly exceeded that of CAA, as shown in Fig. 2.12(a). However, due to
fracture of reinforcing bars, the capacity of catenary action of CR-1 (around 3.5 kip)
was smaller than that of CAA (around 5.0 kip). Orton illustrated that the reinforcing
bar fracture was caused by the high rotation demand at the sections close to the joint.
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(a) NR-2 with discontinuous reinforcement
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(b) CR-1 with continuous reinforcement

Fig. 2.11: Detailing of test specimens in Orton’s tests (Orton 2007)
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Fig. 2.12: Vertical and axial loads vs. displacement in Orton’s tests (Orton 2007)

The failure modes of two beams were shown in Fig. 2.13. Cracks opened up widely

and the beam deflected as a mechanism comprising rigid blocks connected at the

hinge locations. Compared with the specimen detailing shown in Fig. 2.11, it can be

found that all the locations with severe cracks and bar fracture coincided with the

ends of discontinuous reinforcement.
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(b) Spec
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momentbars
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Fig. 2.13: Failure modes of beams in Orton's tests (Orton 2007)
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Sasani’s test in North Eastern University

Sasani and Kropelnicki (2008) tested a 3/8 scaled RC perimeter beam under a
middle column removal scenario. The prototype beam was designed in accordance
with ACI 318-02, which specifies integrity requirements. The detailing of the test
beam is shown in Fig. 2.14, and the beam was assumed to model the mechanism to
bridge over the lost column with fixed boundary conditions at both ends. The beam
was 7.5 in. (190.5 mm) in depth and 137.25 in. (3486 mm) in length. Loading was
applied by displacement control mode at the mid-span. However, in that test, the
vital information of the variations of axial forces across the beam sections were not

measured nor evaluated.

12—

Fig. 2.14: Detailing of the test beam (Sasani and Kropelnicki 2008)

Fig. 2.15(a) shows the vertical force versus the displacement at the middle joint. At
vertical displacements of about 6.0 in. (150 mm) and 7.5 in. (190 mm), the two
bottom bars fractured, followed by catenary action at around 5.5% of the span. In
spite of the fracture of bottom bars, the beam had significant residual strength and
deformation capacity. By satisfying the integrity requirements of ACI 318-02,
catenary action developed in the top reinforcement. However, the test did not show
that the structural capacity due to catenary action could exceed that due to CAA.
Fig. 2.15(b) represents the failure at the beam-column connection following the

fracture of the second bar and severe concrete crushing.
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Fig. 2.15: Results of Sasani's test (Sasani and Kropelnicki 2008)
Yi et al.’s test in Hunan University, China

Yi et al. (2008) tested a one-third-scaled, four-bay and three-story RC frame under a
middle column removal scenario. The specimen was designed in accordance with
the concrete design code of China, which is generally similar to ACI 318-02. The
beam sections were 200 mm deep and 100 mm wide with 2D12 bars at both top and
bottom layers. The cross-section of columns was 200 mm by 200 mm. The other
dimensions of the specimen are shown in Fig. 2.16. A constant vertical load was
applied to the top of the middle column by a servo-hydraulic actuator to simulate
the gravity load of the upper floors and the failure of the middle column of the first
story was simulated by unloading a mechanical jacking system, as shown in Fig.
2.16. The frame collapse, defined as the rupture of steel bars in the beams, occurred
at a vertical unloading displacement of 456 mm that corresponded to a beam chord
rotation of 10.3°. The structural mechanisms in the load-displacement history are
indicated in Fig. 2.17. The calculated capacity of the frame based on the plastic
limit state was approximately 70% of the tested failure capacity if catenary effects
were also included. The overall failure mode in Fig. 2.18(a) indicates that the
adjacent bays were able to provide adequate axial restraints to the two-bay beams to
mobilize catenary action. Also, the large rotation and the axial tension resulted in

the fracture of bottom bar near the middle joint interface, as shown in Fig. 2.18(b).
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Fig. 2.16: Specimen dimensions and the test set-up (Yi et al. 2008)
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Fig. 2.18: Failure mode of the RC frame (Yi et al. 2008)

Su et al.’s tests in Hebei Polytechnic University, China

Su et al. (2009) tested twelve RC beam-column sub-assemblages to investigate their
capacities due to CAA against progressive collapse. In the tests, the sub-
assemblages were restrained longitudinally against axial deformation. The tests

indicated that the CAA due to axial restraints at beam ends can significantly
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enhance the flexural strength of a beam subjected to vertical loads. The CAA
capacities were 50% to 160% larger than the flexural capacities estimated without
considering axial restraints. Moreover, CAA was observed to be a function of the
flexural reinforcement ratio and the beam span-to-depth ratio. However, the tests

were not conducted to mobilize large catenary action.
2.4.2 Field tests

Other than the reported laboratory tests, two field tests were reported in the
literature to investigate structural response of RC buildings under column loss
scenarios in the context of overall structural behavior instead of member or sub-

assemblage behavior.

Sasani et al. (2007) evaluated the progressive collapse potential of an actual 10-
story RC structure following the explosion of an exterior column. Before the
demolition of the University of Aransas Medical Center dormitory by implosion,
Column B5 in the first story was exploded (suddenly removed), as indicated in Fig.
2.19. The building floor system consisted of one-way slabs supported by transverse
frames. After the column removal, Vierendeel action of the transverse frame whose
exterior column was removed was identified as the major mechanism for the
redistribution of loads in this structure, as illustrated in Fig. 2.20. That is, because
of moment connections, the beams and the columns above the removed column
deformed in double curvature. The large axial stiffness of the columns above led to
almost an identical vertical movement of different floors. The experimental
permanent vertical displacement of joint B5 in the second floor and the fifth floor

was 6.6 mm and 6.0 mm, respectively.
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c g} C B
3" story
525 kin [ B 960 kein

944 k-in i

2"story z

L 41010 kein

] 1%t story

2725 kin

Fig. 2.20: Bending moment diagram and deformed shape of frame in axis 5
(Sasani et al. 2007)

Sasani and Sagiroglu (2008) reported the evaluation of progressive collapse
resistance of Hotel San Diego following the sudden removal of two adjacent
exterior columns, as shown in Fig. 2.21. The hotel had a nonductile RC frame
structure with hollow clay tile exterior infill walls. The floor system consisted of
one-way joists running in longitudinal direction, as shown in Fig. 2.21. After the
column removal, bidirectional Vierendeel (frame) action of the transverse and the
longitudinal frames was identified as a major mechanism for the redistribution of
loads in this structure. That is, the beams that connected a joint above a removed
column to an adjacent supported joint deformed in double curvature, which in turn
developed sufficient shear forces to redistribute gravity loads. The maximum
measured vertical displacement of the structure after the removal of two adjacent

columns was only about 6.4 mm, directly above the removed columns,
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7. Removed columns
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Fig. 2.21: Typical plan of Hotel San Diego—South annex
(Sasani and Sagiroglu 2008)

2.4.3 Analytical and numerical studies

Izzuddin and Elghazouli (2004) proposed an analytical model for lightly-reinforced
members subject to axial restraints, which accounts for compressive arch action and
catenary action, bond-slip, yielding, and rupture of steel reinforcement as well as
the effect of elevated temperature. The model could simulate the whole load-
deformation history of lightly-reinforced concrete members. However, due to its
assumptions, this model cannot be simply applied to RC beam-column sub-
assemblages which have moderate to high reinforcement ratios.

Bao et al. (2008) conducted a macromodel-based simulation of progressive collapse
of RC framed structures under column loss scenarios. In this model, beams and
columns were simulated with fiber elements and joints with a macromodel, which
consisted of a series of spring elements. The validity of the developed macromodel
was Verified through the comparison of high-fidelity finite-element analyses. It was
found that inelastic joint models could more accurately characterize the nonlinear
behavior associated with the transfer of forces through the beam-column joint—
which thereby provided the capability to capture the large deformation response
associated with progressive collapse. However, the calibration of those springs in
the joint model was directly obtained from the database in seismic research.

Therefore, it is likely that the spring properties could not reflect the actual behavior
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under column loss scenarios since loading conditions and boundary conditions of

progressive collapse are quite different from seismic loads.

Santafélribarren et al. (2011) employed multilayered beam elements in dynamic
progressive collapse simulations to study the structural response of a multi-story
planar frame subjected to a sudden column removal. Bilinear constitutive models
were used for concrete in compression and steel reinforcement. Systematic
parametric studies were carried out to investigate the influence of ultimate strain of
concrete and steel, reinforcement ratio, column removal time, removed column
locations and the load combinations on structural performance. When the ultimate
strain of steel is reached, i.e. at bar fracture, the frame is regarded as collapse. All
fractures are initiated from the top bars at the negative bending moment region,
which is different from finds in experimental research (Orton et al. 2009; Sasani and
Kropelnicki 2008; Yi et al. 2008; Yu and Tan 2011b; 2012b). This is probably
because the numerical analysis failed to capture the concentrated cracks at joint
interfaces. It was found that a higher ultimate strain of steel, reinforcement ratio and
strain rate effects can result in greater progressive collapse resistance. Moreover,
longer removal times can lead to no collapse after column loss, indicating that the
sudden column loss idealization (considering an instantaneous column removal)
offers an upper bound of the deformations obtained through an event dependent
approach. Finally, it was found the scenario of corner column removal is more
collapse-prone than that of interior column removal. This is because the former
scenario only relies on flexural resistance of the assembly above the removed
column, but the latter scenario can use compressive arch action and catenary action,

which provide larger structural resistance than flexural mechanism.

Kim and Yu (2012) used fiber-based beam elements to analyze RC frames
subjected to column loss and assumed that beam-column connections had adequate
strength to sustain the catenary force induced in beams at large deformations.
Accordingly, fracture of bars was not considered. The frames in parametric studies
were designed with and without seismic loads in accordance with ACI 318-02. With
seismic loads, beams are designed with larger cross-sections, greater reinforcement

ratios and continuous top and bottom bars throughout the entire beam spans,
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whereas without seismic loads, bottom bars are discontinuous in the beam-column
joints. In fact, this non-seismic design violates the integrity requirements for
reinforcement in ACI 318-02, but it can be regarded as old-fashioned non-seismic
design. Definitely, under the same gravity loads, the performance of non-seismic-
designed frames is inferior to that of seismic-designed frames. It is found that the
development of catenary action is proportional to the amount of the reinforcement,
but not related to the ultimate strength of concrete. In the analysis, the effect of
stirrups was converted to the confinement to concrete. That is, a higher volume ratio
of stirrups results in a greater compressive strength and ductility of concrete. By this
way, the fewer amount of stirrups corresponds to earlier mobilization of catenary
action. However, due to severe cracking at joint interfaces, it is suspicious whether

the confinement from stirrups works effectively.
2.5 Beam-Column Joint Modeling

Because both material and geometric nonlinearity as well as discontinuities, such as
bar fracture, bar pull-out and concrete crushing and spalling, are involved in the
load-deformation history of RC frames under column loss scenarios, in particular at
catenary action stage. Therefore, it is logical to separate joints (including joint
panels and connections) from beams and columns and to treat them as independent

elements.

To simplify the finite element analysis of structures, beam-column joints are usually
assumed as rigid or pin. However, the actual joint behavior is in between a pin and a
rigid support. Thus, taking the real behavior of beam-column joints into analysis is
more accurate. Besides, in some cases, such as under seismic or abnormal loads,

beam-column joints are more vulnerable.

So far, there have not been any publications on the tests of RC beam-column joints
under catenary action. On the contrary, there are many research works on the tests
and modeling of RC beam-column joints under cyclic loading over the past four
decades. However, all the mechanisms of joints can be decomposed into some basic
components, such as tension of reinforcing bars, compression of concrete, bond-slip

relationship, and shear panel behavior. Thus, the approach adopted by researchers
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for beam-column joints under seismic (cyclic) loading is of benefit to the modeling
of joints under catenary action.

2.5.1 Types of beam-column joint modeling

The methods to develop RC beam-column joint model can be divided into four
groups: statistical models, continuum finite element models, component-based

super-element models, and strut-and-tie models (Mitra 2007).

Statistical models can identify the design parameters that determine the behavior of
beam-column joints, but they fail to provide any meaningful insight into why these
design parameters affect the joint response (Mitra 2007). To improve understanding
of the joint response mechanisms, a nonlinear continuum modeling may be used,

but it is not computationally efficient and is restricted to research use only.

To obtain insight into the beam-column joint behavior and computational efficiency,
a component-based modeling approach has been applied to RC structures (Bao et al.
2008; Fleury et al. 2000; Lowes and Altoontash 2003; Mitra and Lowes 2007)
under seismic loading and progressive collapse. With this approach, the
complicated joint behavior is decomposed into behavior of several components,
such as bond-slip, interface shear and shear panel behavior. These components can
be represented as equivalent nonlinear springs which describe the uniaxial force-
displacement relationship of each component. In this sense, the accuracy of
component-based joint models highly depends on the force-displacement
relationships adopted for the equivalent springs and the number of components
included in the analysis. Therefore, the key point of this type of modeling is to
extract the characteristics of these equivalent springs and to calibrate them based on
test results. For frames under column removal scenarios, beam-column joints
function as conventional rotational springs in flexural action. However, these joints
play a more complex and important in compressive arch action and catenary action
because large axial forces are transferred into joints other than bending moments.
Consequently, it is hard to represent a joint as a certain spring, and it is logical to
use a combination of uniaxial behavior of components to simulate complicated and

varied joint behavior. In this thesis, the component-based modeling approach will
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be employed and research work will be dedicated to developing a bar stress-slip
relationship that satisfies both the loading and the boundary conditions under

column loss scenarios. The component method will be reviewed in the next section.

A particular strut-and-tie model (STM) of a system provides a lower bound on the
strength of the system, since neither compatibility requirements nor explicit
material constitutive relationships are considered in developing an STM. However,
strut-and-tie models are widely used by engineers to dimension and detail RC
structures at “disturbed” regions and this design methodology is included in most
structural design codes around the world (ACI 318-05; EN 1992-1-1 2004).

2.5.2 Component method concept

The origin of “component method” is to consider any joint as a set of individual
basic components and it was initially developed from studies conducted on steel
joints. The principles of the Component Method are based on the experimental and
analytical work by Zoetemeijer (1983) which was conducted from 1974 to 1983.
Thereafter, the method was developed further by a number of researchers, but the
work of Tschemernegg and his co-workers at the University of Innsbruck, Austria,
was particularly important. This work was carried out in the 1980s and 90s and was
summarized in the paper (Tschemmernegg and Humer 1988). Furthermore, Jaspart
(2000) combined available component data to a practical design concept for steel

joints at ambient temperature.

The application of the component method requires the following steps (Jaspart
2000): 1) identification of active components for a joint; 2) evaluation of the
mechanical characteristics of individual basic components; 3) “assembly” of the

components to represent the mechanical characteristics of the whole joint.

Recently, the idea of the component method has been applied to RC joints more
widely (Bao et al. 2008; Fleury et al. 2000; Lowes and Altoontash 2003; Lowes et
al. 2003; Mitra and Lowes 2007). Details of their work will be discussed in the next
section. However, compared with steel or composite steel joints, the available

components for RC joints are more limited. Moreover, the component properties in
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RC joints, such as bond-slip and shear panel behavior, are more complicated than
those in composite steel joints.

2.5.3 Component-based modeling of RC joint

Mitra (2007) classified the component-based modeling of RC joints into two
categories: Implicit models and explicit macroscopic models, in which the explicit

macroscopic models are similar to the concept of component method.

Implicit models: The stiffness and strength loss due to joint damage is modeled by
modifying beam and column elements. Typically, nonlinear springs or plastic
hinges or both are added at the member ends. Such models are useful to determine
the overall impact of nonlinear joint action on structural response. On the one hand,
these models are difficult to calibrate since the joint action involves adjacent beams
and columns. On the other hand, these models are computationally less demanding
and can be easily incorporated into any finite element program. Since these models
do not consider an explicit representation of the joint region, they do not satisfy the
joint kinematics and thus cannot be used for detailed investigation of mechanisms
governing the inelastic joint behavior. In this approach, usually only one of the
primary inelastic response mechanisms observed in joints (shear or bar-slip) is

considered.

Explicit macroscopic models: These models consider an explicit representation of
a joint region. For joints under seismic loads, inelastic mechanisms governing the
joint behavior such as bar-slippage through a joint and shear failure in a joint core,
form the backbone for these models. These models satisfy joint kinematics and can
be used as separate macroscopic elements in frame models composed of line
elements. The models in this category vary in their level of discretization of a joint
region, complexity, robustness and accuracy. That is, more precise simulation on

joints may require more detailed discretization.

The crucial steps in explicit macroscopic models (or component-based models) are
to extract the pertinent components and to calibrate them with test results performed

on components. Some examples of this type of joint models are shown in
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Table 2.3. It can be found that the connection behavior is represented by
components of bar stress-slip springs and interface springs, and the joint core
behavior is represented by a shear panel spring or a pair of rotational springs.
However, available calibrations on these components are mainly obtained from
structures under cyclic loading. For structures under column loss scenarios (or
progressive collapse), new calibrations are needed because the components are

likely to work in different stress states.

Table 2.3 Typical explicit macroscopic models

The schematic diagram of joint models Brief Description

The impact of bar-slip within a joint and
concrete crushing at the joint perimeter is
represented using three concrete and three
steel springs at each face of the connection
region between the beams and columns and
the joint panel. The steel springs
characterize the relationship between the
force in the steel bars and the slip. The
concrete springs represent the relationship
between the axial force on the concrete
strut and the axial displacement of the
strut. The shear springs demonstrate the
shear response in the joint core.

concrete and

shear spring
steel springs

>/ _ pin joint

rigid members

elastic beam—column
elements

(@) Youssef-Ghobarah joint model(2001)

This joint model comprises of eight zero-
length bar-slip springs, four interface shear
springs and a panel that deforms only in
shear. The shear panel component
simulates strength and stiffness loss due to

internal node

column

zero length ~

bar-slip springs <

external node

beam
shear )JE
panel

clement

/
zero length /

; . . rigid external
interface shear springs

interface plane

zero width region
shown with finite width
to fascilate discussion

('b) Lowes-Altoontash joint model (2003)

shear failure of the joint core, bar-slip
springs simulate stiffness and strength loss
due to anchorage zone damage, and
interface-shear springs simulate reduced
capacity of shear transfer at the joint
perimeter due to crack opening. The
deformation of a component is based on
the displacement at the four internal DOFs
in the shear panel, along with the
combination of displacements at 12
exterior DOFs.
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Table 2.3 Typical explicit macroscopic models (continued)

The schematic diagram of joint models

Brief Description

inelastic rotational

_springs
a

multi point
constraints

(c) Altoontash-Deierlein joint model (2003)

The joint load-deformation response is
determined by a shear panel and a set of
rotational springs that connect the shear
panel to the frame elements. The shear panel
is assumed to deform only in shear and is
represented by an internal central node with
four DOFs. The three DOFs correspond to
rigid body motions and the fourth DOF is
used to define the shear distortion of the
joint. The rotational springs at the external
nodes of shear panel represent the bar-slip
behavior between the reinforcing steel and
concrete with the material inelasticity in the
plastic hinge region.
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(d) Mitra-Lowes joint model (2007)

This joint model is the modification of
Lowes-Altoontash model. Based on Lowes-
Altoontash model, a new element
formulation was proposed to improve
simulation of joint response mechanisms in
this model. It assumes that the joint shear is
transferred through a confined concrete strut
and simulates strength loss due to load
history and joint damage following yielding
of beam longitudinal steel. Finally,
modifications are made to enable better
simulation of anchorage zone response. This
model has been developed as a joint element
in OpenSees (Mazonni et al. 2006).
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(e) Bao et al. joint model (2008)

This joint model is conceptually similar to
Lowes-Altoonash joint model. At each joint
interface, there are two bar force-slip springs
(kpt & kop) and one interface shear spring (ks);
at the joint core, there are two rotational
springs to represent shear panel behavior.
The joint model, with each component
calibrated by the approaches proposed by
Lowes et al. (2003), is incorporated into
frame analysis under column loss scenarios.
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2.6 Summary

Although progressive collapse is a disaster at very low possibility, the detrimental
effect and the consequences cannot be neglected, especially due to the increasing
threat of terrorist attacks. Currently, some building codes have incorporated design
guidelines to mitigate progressive collapse, including indirect and direct methods.
However, member and joint behavior under alternate load paths (ALPs) is not well
understood, in particular, the effects of pertinent parameters on beam and joint
behavior following column removal and subsequent catenary action. Previous
research works show that after the loss of one primary column, so-called two-span
beams may experience flexural action, compressive arch action and catenary action.
Nevertheless, there is a lack of systematic research on identifying the critical
parameters that will affect the development of each ALP and on how to incorporate
the beneficial effect due to the ALPs into design. Moreover, the beam-column joints
could be vulnerable in the process of developing ALPs. For example, the
development of catenary action depends on the robustness of beam-column joints
(or connections). Thus the influence of different detailing on the joint behavior is
worthy of investigation. To facilitate structural analysis under progressive collapse,
accurate and robust joint models are needed.

Based on literature review, some conclusions can be arrived as follows:

(1) As design guidelines, both indirect method and ALP method should be verified
by removing a column. UFC 4-023-03 has explicitly specified that the ALP
method should rely on flexural resistance of structure members, i.e.
conventional plastic-hinge mechanism. However, GSA 2003 and EN 1991-1-7
do not indicate whether the ALP is governed by flexural yield capacity or
catenary action. Additionally, the tests on catenary action of RC beam column
sub-assemblage are still very rare.

(2) A limited number of studies on RC frames or sub-assemblages under column
loss scenarios show that with increasing deflections of beams whose both ends
are axially restrained, compressive arch action (CAA) and catenary action can

be sequentially mobilized on top of conventional plastic-hinge mechanisms
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(named as flexural action). It should be noted that CAA and catenary action are
associated with the development of axial compression and tension, respectively.

(3) The reviewed laboratory tests indicated that the development of catenary action
resulted in failure concentrated at beam-column connections. The failure
included severe concrete cracking, concrete crushing and bar fracture, which
were ascribed to large beam-end rotations. Therefore, the beam-column joints,
consisting of connections and joint panels, are quite vulnerable.

(4) By analogy with studies on beam-column joint modeling under seismic loading,
the component-based joint model can be also used for structures under column

loss scenarios, but new calibrations at component level are required.

To improve the understandings towards the development of ALPs of RC structures
under column loss scenarios, an experimental program was launched in Nanyang

Technological University, as described in Chapter 3.
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CHAPTER 3 EXPERIMENTAL PROGRAM ON
REINFORCED CONCRETE SUB-ASSEMBLAGES AND
FRAMES UNDER A COLUMN REMOVAL SCENARIO

3.1 Introduction

The alternate load path (ALP) method is used to evaluate progressive collapse
resistance by removing one or several major structural bearing elements and
analyzing the remaining structures to determine if this initiating damage propagates

from elements to elements.
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(b) After the removal a middle column

Fig. 3.1: Bending moment diagram of a frame

Fig. 3.1 shows a change of the bending moment diagram of a typical frame due to
the removal of a middle column with linear elastic analysis. After the removal of
the middle column, the bending moment near the middle joint at the center of AB

changes direction, and the bending moments at side joint A and B increase
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significantly. All these changes may not be considered in conventional design. Prior
to any possible collapse, however, the frame will endeavor to balance the amplified
gravity loads via different ALPs. The amplified gravity loads result from doubling
of span (associated with the loss of a middle column) and dynamic effect
(associated with the sudden loss of a supporting force). Each ALP corresponds to a
structural mechanism. To demonstrate the structural mechanisms of the two-bay
beam AB, a beam-column sub-assemblage was extracted at the locations of the
contra-flexural points of bending moments. Then the sub-assemblage specimens
were quasi-statically tested in the Protective Engineering Laboratory of Nanyang
Technological University. However, in accordance with UFC 4-023-03 (DoD 2010),
static resistance of structures against progressive collapse can be converted to
dynamic resistance with a dynamic increase factor, which depends on the rotation
ductility of RC members. So far, only a few published papers refer to experiment
work on progressive collapse resistance and structural behavior of RC structures
subjected to a middle column removal scenario (Orton et al. 2009; Sasani and
Kropelnicki 2008; Su et al. 2009; Yi et al. 2008). Therefore, the sub-assemblage
tests in our test program can explore more detailed information on structural
behavior of RC frames under a middle column removal scenario and serve as useful
and valuable numerical benchmark tests for other researchers to validate their

models.

In this experimental program, two series of RC specimens, namely, simplified RC
beam-column sub-assemblages and RC beam-column frames, were designed and
tested to failure. The former was designed with simplified boundary conditions so
that the RC beams and the middle joints are the research focus, as shown in Fig.
3.1(a). The latter was designed with more realistic boundary conditions so that the
behavior of the whole frames and the side joints can be studied, as highlighted in
Fig. 3.1(b) with side joints A and B.

3.2 Objectives of experimental program

The experimental program was conducted to study the structural behavior of RC
sub-assemblages and frames as well as the behavior of beam-column joints

(including middle joints and side joints) subjected to a middle column removal

42



CHAPTER 3 EXPERIMENTAL PROGRAM ON RC SUB-ASSEMBLAGES AND FRAMES

scenario. The reversal of the bending moments at the middle joints places them in a
very unfavorable situation. Moreover, with increasing deflection of two-bay beams,
beam axial forces are mobilized, initially in compression and subsequently in
tension. These factors are beyond the considerations of conventional design and
may result in failure at the middle joints. However, it is not easy to apply such
combined loads (i.e. bending moments and axial forces) on isolated joints because
the beam axial forces vary in magnitude and direction throughout the whole loading
history of RC beam-column sub-assemblages and frames. Therefore, the joint

behavior was studied in the simplified sub-assemblage and frame tests.

The objectives for the structural behavior of sub-assemblages and frames comprise

the following:

(1) To investigate the development of different structural mechanisms (i.e.
flexural action, compressive arch action, and catenary action) of RC sub-
assemblages subjected to a middle column removal scenario;

(2) To study the effects of seismic detailing, the bottom and top reinforcement
ratios at joint regions and the beam span-to-depth ratio on structural
behavior of RC sub-assemblages;

(3) To investigate the effects of boundary conditions on the structural behavior
of RC frames under a middle column removal scenario;

(4) To investigate whether several proposed detailing techniques can help
improve the structural resistance of RC frames against progressive collapse.

The objectives for the joint behavior are as follows:

(1) To investigate the behavior of the middle and side joints of RC sub-
assemblages;
(2) To provide experimental results for validating a proposed component-based

joint model.
3.3 Design of specimens
The specimens are on-half scaled due to the limitations of lab facilities. The

prototype of test specimens is assumed to be located at the middle of a multi-bay
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perimeter frame, as shown in Fig. 3.2. For a public building, perimeter frames are
most vulnerable due to ease of accessibility. The perimeter frame is located in a 5-
story commercial building, of which the ground story is 4.0 m high and a typical
story is 3.3 m high. The spans at two orthogonal directions are 6 m. The live load is
4.8 kN/m?, and the total dead load including self-weight is 7.1 kN/m?. A uniform
dead load of 2.0 kN/m is used for non-structural exterior components acting on the
perimeter frames. As a result, the unfactored dead load and live load on the
perimeter frames are 23.3 kN/m and 14.4 kN/m, respectively. For seimic
consideration, it is assumed that the builing is located in Site D, short period and
one-second period spectral response acceleration parameters are 0.5 and 0.2,
respecitvely, and the occupancy important factor is equal to 1.0. Accroding to
ASCE 7-05, the seismic design category is taken as D and the buiding is designed
as a special moment-resisting frame with a base shear coefficient of 0.034 in two

orthogonal directions.

The building is designed to minimize the differences of longitudinal reinforcement
of frames based on sesimic and non-seismic design, repectively. Non-seismic
design is mainly based on gravity loads, but seismic design takes lateral seismic
force as the main action on top of gravity loads. Typically, seismic design will
require enlarged sections of structural members and increased longitudinal
reinforcement ratios to resist lateral shear forces. Therefore, for the same dead loads
and live loads, builidngs with greater structural capaicties based on seismic design
will definitely have higher resistances to mitigate progressive collpase compared
with gravity-design. In this test program, the interest is in whether seismic detailing
rather than seismic design can increase structural resistance against potential
progressive collapse. Seismic detailing is defined as the special detailing to specify
the arrangement of stirrups in beams and columns and hoops in joints as well as the

requirement of lap-splice of bars, to increse structural integrity and rotation capacity.

In Fig. 3.2(b), the directly-affected part (enveloped by red dash lines) is just located
above the removed column and the adjacent frames (enveloped by green dash lines)
are indirectly-affected due to subsequent load redistribution. Assuming the two

columns adjacent to the removed column do not fail and the remaining building
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have sufficient lateral restraint stiffness, the shaded part in Fig. 3.2(b) becomes the
most critical element in the whole building due to the combined effects of doubling

of span and amplified gravity loads.
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Fig. 3.2: Location of the prototype of test specimens
3.3.1 Specimens of RC beam-column sub-assemblages

Based on foregoing loads, prototype frames were designed in accordance with ACI
318-05 (American Concrete Institute 2005), with seismic and non-seismic detailing,
respectively. One-half scale model of the prototypes was constructed for specimens.
The geometric dimensions of the prototypes and the specimens are listed in Table
3.1. However, to simplify the boundary conditions and focus on the structural

mechanisms of the beams and the middle joint, the beam and column extensions at
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two ends of the two-bay beam (in Fig. 3.2) were replaced by two enlarged column

stubs (in Fig. 3.3), which were 400 mm wide by 450 mm deep. This design could

provide sufficient anchorage for the longitudinal reinforcement in the affected

beams. Since the specimens were scaled down, concrete chippings with the

maximum aggregate size less than 10 mm were used. To maintain good bond and

anchorage, deformed longitudinal reinforcing bars were used. Due to symmetry, the

detailing of one-half of both specimens S1 and S2 is shown in Figs. 3.3(a) and (b),

respectively.

Table 3.1 Geometric properties of prototypes and specimens

Prototype Beam Beam size Middle column Reinforcement ratio at Detailing
&Specimen net (mm) size the middle joint*

(Sg?r?) Depth | Width | Depth | Width Top Bottom
Prototype 1 5500 500 300 500 500 (ZTgI(?f;/;ZS) (0;82%3 Seismic
SPeCmen | 750 | 250 | 150 | 250 | 250 (1T2'3?$/;10) (Ozﬁz‘; Seismic
Prototype 2 | 5500 | 500 | 300 | 500 | 500 &%Z‘; ?2182%3 o
Specimen | a750 | 250 | 150 | 250 | 250 &ﬁg ?2%3 o

*Concrete covers of prototypes and specimens were 40 mm and 20 mm, respectively; reinforcement
ratio is calculated by p= A /bd, where b and d are the width and the effective depth of beam

sections.
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The top reinforcement ratio at the middle joint and at the beam ends was 0.90%
(1T13+2T10) and 0.73% (3T10) for specimens S1 and S2, respectively. The bottom
reinforcement ratio for both specimens was 0.49% (2T10). Note that “T” represents
high-yield strength deformed reinforcement with a nominal yield strength of 460
MPa. One of the top rebars was curtailed at specified positions for two specimens,
as shown in Fig. 3.3. The bottom reinforcment was lap-spliced to invetigate
whether the lap-splice would affect the development of catenary action. According
to ACI 318-05, the tension splice of S1 was Class B splice (i.e. splice length equals
to 1.3 times the development length I, of reinforcement) and that of S2 was Class A
splice (i.e. splice length equals to lg). All stirrups were designed as two-legged R6
hoops with a 135° hook. “R” represents low-yield strength round reinforcement
with a nominal yield strength of 250 MPa. For S1, the stirrups were distributed at
50 mm on centers in the plastic hinge regions (2 times the beam depth from a joint
interface) and in the lap-spliced regions, and at 100 mm in the other regions, as
shown in Fig. 3.3(a). The stirrups inside the middle joint of S1 consisted of three-

legged R6 with a center-to-center spacing of 40 mm.

To obtain general structural behavior of RC sub-assemblages and the effects of key
parameters on them under a middle column removal scenario, Six more specimens
(denoted S3 to S8) were designed and tested. Fig. 3.4 and Table 3.2 show the
detailing of S3 to S8 of which the geometric dimensions remained the same as S1
and S2. After a middle column is removed, due to a reversal of the bending moment
near the middle joint under gravity loads, the top and bottom reinforcement ratios at
the middle joint interfaces become critical parameters. Previous research (Su et al.
2009; Yu and Tan 2012a) indicated that the beam span-to-depth ratio is a critical
parameter that significantly affects compressive arch action of RC sub-assemblages.
As a result, S3, S4 and S5 were used to investigate the effect of the bottom
reinforcement ratio at the middle joint interfaces, with a respective ratio of 0.49%,
0.82% and 1.24%. S4 and S6 were used to investigate the effect of the top
reinforcement ratio, whereas S4, S7 and S8 were used to study the effect of beam

span-to-depth ratio.
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Fig. 3.4: Typical detailing of simplified sub-assemblages S3 to S8
Table 3.2 The geometric properties of sub-assemblage specimens”
Test L, L/h Position of Longitudinal reinforcement’ Bottom
rebar rebars at
curtailment A-A section B-B section middle
(mm) joints*
lo1 loo Top Bottom Top Bottom
1T13+
S1- 2T10 2T10 2710 ,
0.90/0.49/23S 2750 23 1000 | N/A (02;380) (0.49%) | (0.49%) | (0.49%) continuous
S2- 3T10 2T10 2T10 2710 .
0.73/0.49/23 | 270 | 2 | 925 |NAT (57306) | (049%) | (049%) | (0.49%) | 'aP-Spliced
2T10+
S3- 3T13 2710 2T13 :
124/049/23 | 27°0 | 23 | 1000345 1 1 9a06) | (0.49%) | (0.82%) (Olgé;] | lap-spliced
S4- 3T13 2T13 2T13 2713 .
Loai0.82r23 | 270 | 2 | 1000 | NIAT (1 a0) | (0.82%) | (0.82%) | (0.820) | “OMtinueus
S5- 3713 3T13 2T13 3T13 .
12412423 | 270 | 23 | 1000 | NIAT 4 5a0) | (1.24%) | (0.82%) | (1.24%) | continuous
S6- 3T16 2713 2T16 2T13 .
1.87/0.82/23 | 27°0 | 23 | 1000 1345 | (1 '0700) | (0.820) | (1.25%) | (0.820%) | '3P-spliced
S7- 3T13 2713 2T13 2T13 .
1.24/0.82/18.2 | 2150 | 182 | 780 | NIAT (1 5006) | (0.82%) | (0.82%) | (0.82%) | Sontinuous
S8- 3T13 2713 2T13 2T13 .
1.24/0.82/13.4 | 1990 | 134 | 560 I NIAT (1 5006) | (0.82%) | (0.82%) | (0.82%) | Sontinuous

*: The beam sections are 150 mm wide and 250 mm deep for all specimens, i.e., b =150 mmand h =
250 mm; the concrete cover thickness was 20 mm for all specimens;

T: The value in brackets is reinforcement ratio, calculated by A /bd, where b=150 mm and d=215
mm; A- A and B-B sections are referred to Fig. 3.4.

t: The lap splice lengths for bottom bars of specimen S3 and S6 are 410 mm and 530 mm,
respectively. The lap-spliced position is through the middle joint.

In the notations of sub-assemblages listed in Table 3.2, the first numeral after the
dash stands for the percentage of top reinforcement in the middle joint regions and
the beam ends, the second numeral indicates the percentage of bottom
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reinforcement in the middle joint regions and the beam ends, and the third numeral
denotes the beam span-to-depth ratio. The alphabet “S™ at the end of a notation
indicates seismic detailing. For example, S1-0.73/0.49/23S indicates specimen S1
designed with seismic detailing, a top reinforcement ratio of 0.73% and a bottom
reinforcement ratio of 0.49% at the joint regions and the beam ends, and a beam
span-to-depth ratio of 23. S7-1.24/0.82/18.2 shows that specimen S7 had non-
seismic detailing, a top reinforcement ratio of 1.24%, a bottom reinforcement ratio
of 0.82% at both the joint regions and the beam ends, and a beam span-to-depth
ratio of 18.2.

To represent the structural behavior of typical RC beams, the curtailments of top
and bottom reinforcement were considered as well. The tests on specimens S1 and
S2 (Yu and Tan 2011a) indicated that the arrangement of beam stirrups (according
to seismic or non-seismic detailing) did not affect the structural behavior of RC sub-
assemblages under a middle column removal scenario. Therefore, the beam stirrups
for specimens S3 to S8 remained constant (R6@100 mm) in accordance with non-
seismic detailing, as shown in Fig. 3.4.

The tests on S1 and S2 also showed that the lap-splice of bottom reinforcement at
the middle joint, with Class A splice according to ACI 318-05, satisfied the
requirements on continuity of longitudinal reinforcement, and the lap-splice did not
affect the overall behavior except the local failures, such as cracks, pullout and
fracture of reinforcing bars near the middle joint interfaces. These local failures
could be used to study the effect of detailing on load transfer mechanisms within

joints. Therefore, in specimens S3 and S6, lap-splice was employed.
3.3.2 Specimens of RC beam-column frames

In this batch of specimens, two side columns each with a beam extension were used
to replace the end column stubs in the 1% series of sub-assemblages. The geometric
dimensions of the beams and the columns were kept the same as the sub-
assemblages. Therefore, the geometric shapes of the frame specimens are similar to
the 2-D frames highlighted in Fig. 3.1(b).
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In the tests of beam-column sub-assemblages, three primary parameters, viz. bottom
reinforcement ratio (BRR), top reinforcement ratio (TRR) in the joint regions, and
beam span-to-depth ratio (L/h), have been investigated. Therefore, in the tests on
RC frames, these three parameters remained constant, and the research focus was on
the detailing and the boundary conditions of the frame specimens, as shown in
Table 3.3. The bottom and the top reinforcement ratios at the middle and side joints
were 0.82% and 1.24%, respectively, the same as those of S4-1.24/0.82/24. The

beam span-to-depth ratios of F1 to F7 were 24, the same as that of S4 as well.

In the notation of frame specimens, “CD” stands for conventional design and “SD”
for special design. “NS” and “WS” represent non-seismic and seismic detailing,
respectively. “EX” indicates exterior joints in specimens without beam extensions,
such as specimens F3 and F4. For the specimens with special detailing, “MR”
means middle reinforcement layer used throughout a specimen, “PD” indicates
partially debonded bottom reinforcing bars in the joint regions, and “PH” represents

partial hinges set at a distance away from the joint interfaces.

Table 3.3 Test plan for RC frame specimens

Parameters Conventional Design Special Design
F1-CD- F2-CD- F3-CD- F4-CD- F5-SD-
NS WS NS-EX | WS-EX MR FE-SD-PD | F7-SD-PH
BRR 0.82% 0.82% 0.82% 0.82% 0.82% 0.82% 0.90%
(2T13) (2T13) (2T13) (2T13) (2T13) (2T13) | (1T13+2T10)
TRR 1.24% 1.24% 1.24% 1.24% 1.24% 1.24% 1.24%
(3T13) (3T13) (3T13) (3T13) (3T13) (3T13) (3T13)
. Non- . Non- . Non- Non- Non-seismic,
Detailing . seismic I seismic seismic, seismic,
Seismic seismic 3)
1) (2)
L/h 24 24 24 24 24 24 24
Beam Y Y N N Y Y Y
Extension
Stirrups in 2R6@50+ 2R6@50+
beams 2R6@100 2R6@100 2R6@100 2R6@100 2R6@100 | 2R6@100 2R6@100

(1) Two additional reinforcing bars are placed at the mid-depth of a section;
(2) Sleeves were used to cover bottom bars at joint region to eliminate the bond between bars

and concrete; therefore, bottom reinforcing bars become partially debonded.
(3) Top and bottom bars were bent to form a partial pin connection at beam ends and near joints.
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The detailing of the frame specimens is shown in Figs. 3.5(a) to (g). F1 and F3
were designed with conventional non-seismic detailing, and F2 and F4 with
conventional seismic detailing. Accordingly, the arrangement of stirrups of F2 and
F4 differed from that of F1 and F3. F1 and F2 included beam extensions at both
ends of a two-bay beam, but F3 and F4 did not have any beam extensions. To
mobilize catenary action, large deflections of RC beams have to occur. However,
the rotation capacity of RC beams is limited, so special detailing was used,
endeavoring to improve the beam end rotation capacity. For specimen F5, after
severe cracks and bottom reinforcing bar fracture near both middle joint interfaces,
the effective beam depth was significantly reduced. Thus, F5 with a shallow
effective beam depth and an additional layer of reinforcement at the mid-sections
was able to rotate easily, achieving a higher tensile force. The tests on sub-
assemblages indicated that severe strain concentration occurred near the middle
joint interfaces, resulting in premature fracture of bottom bars without fully utilizing
the steel material strength. Therefore, debonding technique was used, attempting to
diffuse strain concentration in the steel reinforcement. For specimen F6, plastic
sleeves were introduced to weaken the bond of bottom reinforcing bars at the joint
region. For specimen F7, a “pin detail” was designed near each end of the single-
bay beam at 250 mm away from the joint interfaces, akin to the seismic concept of
“strong columns and weak beams”. The pins would facilitate the beam end rotation,
so that catenary action could be more easily mobilized without premature fracture

of longitudinal bars.
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Fig. 3.5: Detailing of frame specimens
3.4 Design of test set-up

A statically-determinate test set-up was initially designed for sub-assemblage
specimens S1 and S2. Thereafter, the test set-up was updated by adding a rotational
restraint at the middle joint position. The improved test set-up was used for sub-
assemblage specimens S3 to S8. Finally, the sub-assemblage test set-up was further

modified for frame tests.
3.4.1 Test set-up for sub-assemblage specimens S1 and S2

Fig. 3.6 shows the test set-up for specimens S1 and S2. To simulate the axial
restraints of indirectly-affected frames to a directly-affected frame, the ends of
specimens were respectively connected to a steel A-frame and a reaction wall
through two horizontal pin connections. In the vertical direction, each end of the
specimens was supported by a pin connection seated on three steel rollers, as shown
in Fig. 3.7(a). The steel rollers were used to eliminate the effect of horizontal forces

on vertical support reaction forces. Therefore, the measurements of vertical and
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horizontal reaction forces were independent of each other. Compression load cells
were placed at the bottom of the vertical supports, as indicated in Fig. 3.7(a). Two
tension/compression load cells were installed in horizontal restraints towards the A-
Frame side, as shown in Fig. 3.7(b). Strain gages were mounted at horizontal
restraints towards the reaction wall, as shown in Fig. 3.7(c). The load was applied at
the top of the middle joint through a hydraulic actuator with displacement control
until the specimens completely failed. The actuator was reacted against a steel
portal frame. The applied force was measured by a built-in load cell of the actuator.
Since all the reaction forces and the applied load were measured, the test system
was statically determinate. Because the specimens were quite slender, two lateral
restraints were installed at both sides of the middle joint to prevent out-of-plane
failure. Steel plates with a steel roller were mounted onto the specimens to
minimize friction when they came into contact with the flanges of I-section columns
of lateral restraints, as shown in Fig. 3.7(d). The steel rollers could move down
together with the specimens so that they could function during the whole loading

history.
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Fig. 3.7: Details of test set-up for specimens S1 and S2
3.4.2 Test set-up for sub-assemblage specimens S3 to S8

Fig. 3.8 shows that the test set-up for sub-assemblage specimens S3 to S8. It is quite
similar to the one for S1 and S2. However, the new test set-up was improved at
these two parts: (1) adding a rotational restraint at the middle joint position; and (2)
installing tension/compression load cells at horizontal pin-pin connections that
connected one end column stub and a reaction wall to directly measure horizontal
reaction forces. During the test, the load was imposed by the actuator with

displacement control at a rate of 0.1 mm/sec until a specimen failed.
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Fig. 3.8: Test set-up for specimens S3 and S8

The experimental results of S1 and S2 showed that once the cracks at one side of
the middle joint was more developed than the other side due to non-uniformity of
material and imperfection of cast geometry, cracks in the subsequent loading
process would be concentrated at the weaker side. Due to the lack of a rotational
restraint at the middle joint, inevitably, the joint tended to rotate towards the more
severely cracked side. The test on a multi-story frame (Yi et al. 2008) showed that
the rotation of the middle joint was restrained by the column connected to the upper
story. Therefore, a rotational restraint at the middle joint was installed in the test rig.
As highlighted in Fig. 3.8, two steel shafts, going through precast holes in the
middle joint, were located in the gap of two steel columns. During the initial
loading process, the two shafts could move freely along the gap without touching
the flanges of the upright steel columns. However, when bottom reinforcing bars
were fractured or pulled out at one side of the middle joint, the shafts would come
into contact with the steel column flanges, giving rise to a force couple which acted
against the rotation of the middle joint. After the bottom bars at both sides of the
middle joint were fractured or yanked out, the force transfer at both joint interfaces
were quite symmetrical, and the rotational restraint did not provide any force couple.
Friction in vertical direction was generated when the shafts came into contact with

column flanges. However, since lubricant was applied on the surfaces of the column
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flanges and all the vertical reaction forces were measured directly by load cells, the
influence of friction on the applied load could be eliminated.

3.4.3 Test set-up for frame specimens F1 to F7

Fig. 3.9 shows the test set-up for the frame specimens. The top ends of two columns
were respectively anchored to a reaction wall and a steel A-frame via a horizontal
pin-pin connection. The bottom ends of two columns were respectively supported
by a pin connection seated above the ground. These boundaries indicate the
restraints between adjacent stories. Specimens F1, F2, F5, F6 and F7 include beam
extensions at both ends. The beam extensions represented the axial restraints from
adjacent beams to the frame with a removed column. Fig. 3.9(a) shows that the
beam extensions were respectively anchored into the reaction wall and the steel A-
frame through a horizontal pin-pin connection as well. However, for specimens F3
and F4 without any beam extension, it was unnecessary to install the lower
horizontal connections, as shown in Fig. 3.9(b). A tension/compression load cell
was installed in each pin-pin connection, so that the corresponding horizontal
reaction forces could be measured. A load pin was installed in each bottom pin
support, and the load pin could measure the horizontal forces that were transferred
into the supports. A concentrated load was then applied at the top of a middle joint
through a hydraulic actuator reacting against a steel portal frame. The load was
imposed with displacement control at a rate of 0.1 mm/sec until a specimen failed.
Two transverse frames were installed on both sides of the middle joint to prevent
out-of-plane movement of the slender specimens. Moreover, a rotational restraint
was installed at the middle joint position to prevent joint rotation due to asymmetric
damage of concrete or fracture of reinforcing bars at either side of the middle joint.
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Fig. 3.9: Test set-up for RC frames

To consider the effect of column axial force on the behavior of frames and side

joints, a hydraulic jack was installed at the top of each side column to apply a

constant axial load along the side columns. For each test, the axial stress was 0.6 f,

and 0.4f at the side columns towards the reaction wall and the A-frame,

respectively. The axial load was achieved by using four high-strength steel rods that
connected a top steel plate and the bottom pin support. When a hydraulic jack was
pumped to apply a force, the top steel plate tended to move upwards but was pulled
in by the four steel rods. As a result, the four steel rods were in tension to apply a
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compression force on a side column. Since the hydraulic jack, the four rods, the top
and bottom steel plates could form a self-equilibrium system, the applied load

would not significantly affect the readings of load cells and load pins.
3.5 Instrumentation

Detailed instrumentation was planned to obtain the overall deflections of two-bay
beams for all specimens, lateral drift profiles of columns for frame specimens, local
deformations near the joint interfaces, deformations of side joint panels, boundary

movements, and strains over longitudinal reinforcing bars.
3.5.1 Instrumentation system for RC sub-assemblages

Fig. 3.10 shows the instrumentation system for RC beam-column sub-assemblages.
The instrumentation system comprised five parts: 1) six line displacement
transducers and six linear variable differential transformers (LVDTS) to measure
vertical displacements along the entire “two-bay” beam to determine the overall
deflection curves ( L; to Li, as shown in Fig. 3.10); 2) four LVDTs at each end of
the specimens to measure the movements of end supports so as to ascertain the
stiffness of axial and rotational restraints at specimen ends (L3 to Lig and L33 to Lsg
as shown in Fig. 3.10); 3) four LVDTs at specified regions to measure the rotations
of local regions, for instances, the regions near the middle joint and the beam ends
(L7 to Lsz in Fig. 3.10); 4) Strain gages attached to reinforcing bars at specified
sections to shed light on the variations of internal forces in the beams; 5) load cells
to measure reaction forces to make the test set-up statically-determinate, as shown
in Fig. 3.7(b) and Fig. 3.8. The measured forces and displacements of beams were
used to calculate the cross-sectional internal forces (i.e. axial force, shear force and
bending moment) throughout the beams according to the force equilibrium of the

specimens at their deformed configurations.
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Fig. 3.10: Layout of instrumentation for sub-assemblage specimens
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Fig. 3.11: The details of instrumentation for sub-assemblages

The instrumentation shown in Fig. 3.11(a) was used to measure the beam deflection
curve at each load step. An auxiliary beam was designed to install line displacement
transducers. Additionally, the movements at the specimen ends were measured to
ascertain the stiffness of axial and rotational restraints, as shown in Fig. 3.11(b).
Finally, local rotations near the end column stub and middle joint interfaces were

measured to determine the rotation capacity of RC beams, as shown in Figs. 3.11(c)
and (d), respectively.
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3.5.2 Instrumentation system for RC frames

The instrumentation for the two-bay beams of RC frames was quite similar to the
one for sub-assemblages, as shown in Fig. 3.12. In the notation of instrumentation,
“R” denotes right side and “L” stands for left side. The instrumentation system for
RC frames included: line displacement transducers (LDTs) and LVVDTs were used
to measure overall deflection curves of the two-bay beams (say, by R1 to R6), the
movements at the ends of beam extensions (say, by R23 and R24) and the rotations
of local regions (say, by R7 to R14), as shown in Fig. 3.12(a); strain gages were
attached to measure strains throughout reinforcing bars; load cells and load pins
were employed to measure horizontal reaction forces; moreover, additional
instrumentation for RC frames was to measure distortion of the side joint panels and

column drift profiles, as highlighted in Fig. 3.13.
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Fig. 3.12: Arrangement of instrumentation for RC frames

Fig. 3.13(a) shows that the lateral deflections of the side columns were measured by
LVDTs, and the shear distortion of the joint panels were measured by two
orthogonal potential meters. Because F3 and F4 did not include beam extensions
and only the top and bottom ends of the side columns were restrained, the lateral

deflections of the columns should be relatively larger. Consequently, more LVDTSs
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were installed to measure the lateral deflections of the columns, as shown in Fig.
3.13(b).

Measuring
drift
profiles of
a column

Measuring
column drift

Measuring
shear
distortion
of joint
panel

(a) For specimens F1,F2, F5to F7 (b) for specimens F3 and F4
Fig. 3.13: Detailed instrumentation at side columns and joints

3.6 Material tests

During the stage of fabricating steel cages, several reinforcing bar samples were
selected from the same batch of the bars used for sub-assemblage or frame
specimens. During the casting of the specimens, concrete cylinders with 300 mm
height and 150 mm diameter were cast on-site and later cured under the same
condition as that for sub-assemblage or frame specimens. Reinforcing bar samples
were used for tensile tests to determine the yield strength, elastic modulus, tensile
strength and fracture strain of bars. Compressive cylinder and split-cylinder tests
were conducted to determine the compressive and tensile strength of concrete,
respectively. All the material tests were conducted in accordance with
corresponding ASTM specifications. To obtain the entire compressive stress-strain

curve of concrete during the compressive cylinder tests, three linear differential
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variable transducers (LVDT) were installed along the circumference of the

cylinders with 100 mm gage length, as shown in Fig. 3.14.

Concrete
strain gage |

Fig. 3.14: Instrumentation in compressive concrete cylinder tests
3.7 Summary

In this chapter, the test program on reinforced concrete beam-column frames is
presented. The designed specimens were categorized into two batches according to
their boundary conditions. The boundaries of the first series of sub-assemblage
specimens were simplified by using column stubs so that the research interest can
be concentrated on the structural mechanisms of two-bay beams, the middle joint
behavior and the effects of critical parameters on structural behavior of the beams.
The parameters comprised the top and bottom reinforcement ratios at middle joint
interfaces and the beam span-to-depth ratio. The boundaries of the second series of
specimens, i.e., frame specimens, were more realistic so as to represent the
restraints from surrounding structures. Other than F3-CD-NS-EX and F4-CD-WS-
EX, the other frame specimens included two beam extensions. The horizontal
restraints at both ends of the side columns represented the restraints from different
stories, and the horizontal axial restraints at the beam extension ends represented
the restraints from adjacent beams on frames with removed columns. The tests on
frame specimens focus on the structural behavior of the whole frames and the side
joints in the loading history. For frame specimens, besides conventional detailing,
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three other types of detailing were proposed, aiming at improving structural

capacity under a middle column removal scenario.

Following specimen design, a statically-determinate test set-up was designed with a
systematic arrangement of instrumentation. Based on detailed measurements of
forces and deformations, structural mechanisms and joint behavior under a middle

column removal scenario can be observed and investigated.
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CHAPTER 4 EXPERIMENTAL RESULTS OF RC
BEAM-COLUMN SUB-ASSEMBLAGES

4.1 Introduction

Following the specimen design, test set-up and instrumentation introduced in
Chapter 3, experimental results of RC beam-column sub-assemblages under a
middle column removal scenario will be presented in this chapter. The variations of
structural behavior and load transfer mechanisms are comprehensively illustrated at
structural level (relationships of applied load and horizontal reaction force to middle
joint displacement), cross-sectional level (the variations of forces at a section) and

fiber level (distribution of longitudinal reinforcement strains).
4.2 Experimental results of specimens S1 and S2

The design and detailing of specimens S1-0.90/0.49/23S and S2-0.73/0.49/23 are
introduced in section 3.3.1. The notation of S1-0.90/0.49/23S indicates that the top
and the bottom reinforcement ratios at the middle joint region and the beam ends of
S1 were 0.90% and 0.49%, respectively, and the beam span-to-depth ratio was 23.
“S” denotes seismic detailing. The test set-up and the instrumentation for S1 and S2
are shown in Figs. 3.6 and 3.10. When the tests were stopped at fracture of top
reinforcing bars at one beam end, the middle joint displacements (MJD) for the two
specimens reached around 600 mm, slightly greater than 10% of total span length
(5750 mm).

In this section, the material properties of concrete and reinforcing bars for S1 and
S2 are introduced first. Thereafter, the test results will be demonstrated at three
inter-related levels, i.e. structural, sectional and fiber levels, to develop a physical
understanding of the global and the local behavior. In this manner, the development
and the variations of different mechanisms along the beams could be traced closely.
Note that all the test results have excluded the effect of specimen self-weight.
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4.2.1 Material properties for specimens S1 and S2

The material tests included tensile tests for reinforcement, compressive cylinder and
split-cylinder tests for concrete. The methods to conduct material tests are referred
to section 3.6. The material properties of reinforcing bars and concrete are listed in
Table 4.1. To more precisely simulate concrete behavior with constitutive models,
besides compressive and tensile strength, the initial modulus of elasticity, which is
defined as the secant modulus between point 1 when the axial compressive strain is
50 millionths and point 2 when the compressive stress reaches 40% of ultimate
concrete strength according to ASTM C469-02, was also provided. Note that the
fracture strain of bars is selected as the strain at the ultimate tensile strength, and the
bar stress is evaluated according to the nominal cross-sectional areas of bars. The
stress-strain relationships of T10 and T13 bars are shown in Fig. 4.1(a). The

compressive stress-strain relationship of concrete is shown in Fig. 4.1(b).

Table 4.1 Material properties of reinforcing bars and concrete

Tested Items Nominal Elastic Yield Ultimate | Fracture | Bar type
Diameter | modulus | strength | strength strain
(mm) (MPa) (MPa) (MPa) (%)

Longitudinal T10' 10 182611 511 731 12.32 Deformed
L‘;'r”sforc'“g T13 13 185763 527 640 10.76 | Deformed
Stirrups R6* 6 178500 310 422 14.00 Smooth
Concrete Compressive strength: 31.2 MPa
(150 mm (dia.) < 300 | Splitting tensile strength: 3.2 MPa
mm (height)) Initial modulus of elasticity: 27,663 MPa

*All reinforcement strength is based on the nominal diameter of reinforcement and the gage length
of reinforcement is 200 mm;

T “T” denotes high-yield strength reinforcement with a nominal yield strength of 460 MPa;
1 “R” denotes low-yield strength reinforcement with a nominal yield strength of 250 MPa.
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Fig. 4.1: Stress-strain relationships of bars and concrete for S1 and S2
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4.2.2 Test results at structural level

Figs. 4.2(a) and (b) show the deflection curves of S1 and S2 at specified load steps,

respectively. It can be observed that the deflections at both sides of the middle joint

for each specimen were basically symmetrical except for the regions near the

middle joint at large displacements. The beams at both sides of the middle joint

failed to keep straight since large cracks occurred at the curtailment points of top

bars.
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Fig. 4.2: Deflection curves of specimens S1 and S2

Figs. 4.3 and 4.4 show the applied load and the horizontal reaction force vs. MJD

relationships, respectively. The forces and the corresponding displacements at

critical states of the load-MJD history are listed in Table 4.2, including compressive

arch action capacity and catenary action capacity, etc. The sudden reductions of
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applied loads in Fig. 4.3 were caused by bottom bar fracture near one middle joint
interface, and the final descent was caused by top bar fracture at one end-column-
stub interface. The fist yielding of top reinforcement at the beam ends and the peak
capacity due to compressive arch action are also indicated in Figs. 4.3 and 4.4. Note
that the variations of axial forces throughout the beams are the same as horizontal
reaction forces, which will be explained later. Therefore, Fig. 4.4 can also represent
the axial force vs. MJD relationship. The negative and positive values denote axial

compression and tension, respectively.
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Fig. 4.3: Relationship of applied load to MJD
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Table 4.2 Force and displacement at critical points of load-MJD curves

Critical displacement (mm) Critical capacity (KN)
st nd TOp
. AL the Resistance f:aclt)j rre f%ac?uarre bar Calculated . Capacity
Specimen capacity . fracture . Capacity of
of reversing near near at capacity of CAA | Catenary
. torise | middle | middle of FA* )
CAA I I beam action
joint joint
end
S1-
0.90/0 49/23S 78 246 227 246 573 33.08 41.64 68.91
S2-
0.73/0.49/23 73 255 379 N.A. 612 29.02 38.38 67.63

* CAA means compressive arch action;

t The rebars mentioned are located at the bottom layer of the middle joint; N.A. denotes not
available.

¥ FA denotes flexural action.

The classification of three different structural mechanisms for S1, viz. flexural
action, compressive arch action (CAA) and catenary action, is shown in Figs. 4.3
and 4.4 as well. Flexural action developed until all plastic hinges occurred at the
middle joint interfaces and the beam ends. Catenary action kicked in when the beam
axial force changed from compression to tension since the nature of catenary action
is a tensile mechanism, as shown in Fig. 4.4. The similar classification can also

apply to S2.

For each specimen, the middle joint region and the beam ends were initially
subjected to positive and negative bending moments, respectively. The bottom
reinforcement at the middle joint interfaces yielded rapidly. Thereafter, the yielding
of top reinforcement at both beam ends indicated that the plastic hinges have
formed at all the critical sections and flexural action has attained its capacity. Based
on the conventional plastic hinge mechanism and the nominal ultimate moments of
resistance at the critical sections, the capacity of flexural action without considering
the presence of beam axial compression was calculated (Yu and Tan 2010b), as
listed in Table 4.2. However, the experimental flexural capacities, as indicated in
Fig. 4.3 (37.01 kN for S1 and 34.02 kN for S2), were larger than the calculated
values. This is because beam axial compression was developed even when the MJD

was small, as shown in Fig. 4.4.
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Fig. 4.3 suggests that CAA enhanced structural resistance on top of flexural action.
However, after CAA has attained its capacity, the applied load decreased with
increasing MJD, due to geometrical and material nonlinearity. This phenomenon

will be explained in detail under cross-sectional analysis.

Catenary action fully utilizes the reserve strength of steel reinforcement. Since the
bottom reinforcement near the joint interfaces fractured during the process of
developing catenary action, the ultimate capacity of catenary action was determined
solely by the top reinforcement for a given deflection limit. Similar to the hardening
of steel reinforcement shown in Fig. 4.1(a), the increase of beam axial tensile force
was gradually slowing down, as shown in Fig. 4.4. However, the vertical
component of axial tension force increased with increasing MJD. As a result, the
overall structural resistance increased, and the specimens were able to sustain

higher applied loads.

(a) At peak capacity of compressive arch action (b) At peak capacity of catenary action

Fig. 4.5: Beam crack patterns at different structural mechanisms

Fig. 4.5 compares the crack patterns of a two-bay beam at CAA and catenary action
stages. The transfer paths of axial forces throughout the beam are also indicated in
Fig. 4.5. It can be observed that the cracks at CAA stage were mainly caused by
bending moments since the cracks ran perpendicular to the beam axis and stopped
at neutral axes of sections. During catenary action, cracks were approximately
uniformly distributed throughout the beam length and penetrated the whole beam
sections, indicating that large tensile forces developed along the beam. The transfer
paths of beam axial compression shown in Fig. 4.5(a) became leveled off with
increasing MJD. When the MJD reached one beam depth, the transfer paths were
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roughly along the horizontal direction (corresponding to an unstable state), and then
catenary action kicked in to stabilize the beam, as shown in Fig. 4.5(b). Therefore,
the MJD of one beam depth is indicative of the mobilization of catenary action in
the tests.

Fig. 4.6 shows the failure modes of S1 and S2. The beam crack patterns at both
sides of the middle joint were symmetrical except at the local regions near the joint.
Due to a lack of a rotational restraint at the middle joint, the middle joint finally
rotated to one side, with a wide crack opened and bottom bars fractured at or near
the joint interface at that side as well. Cracks were more severe and extensive at
three regions throughout the entire beam length, i.e. near the joint interface, at the
beam ends and between the curtailment points of a top bar. The cracks at the first
two regions were mainly caused by large bending moments and subsequent tensile
forces; however, the cracks at the last region primarily resulted from substantial

tensile forces with less continuous top reinforcement during catenary action.

i!—‘

Between cmhllmeut voints

(b) Speumen $2-0.73/0.49/23
Fig. 4.6: Failure modes of specimens S1 and S2

Figs. 4.3, 4.4 and 4.6 demonstrate that the overall structural behavior was not

significantly affected by different detailing rules except for the local cracks near the
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middle joint. The specimens were very slender, and the arrangement of stirrups
insured that the structural resistance governed by shear failure was greater than that
governed by flexural failure. Therefore, shear failure was avoided and the
advantages of seismic detailing were not apparent. Although the bottom
reinforcement for two specimens was lap spliced, no splice failure occurred,
suggesting that even the lap splice length of Class A specified in ACI 318-05 can

meet the continuity requirements.
4.2.3 Test results at cross-sectional level

As shown in Fig. 4.2, the deformed beam configuration can be recorded at each
load step. Then the measured reaction forces were used to calculate the cross-
sectional forces (including bending moment, axial force and shear force) at
specified beam sections according to static equilibrium. The formulae to compute
the cross-sectional forces are illustrated in Fig. 4.7. Since the positions of the
neutral axis varied at different sections, all cross-sectional forces were calculated

with reference to the geometrical center of each section.

P
H;
Middle joint
Section i

\

_ |

\

B —

P

300

300

——

H, Vl*
\

Determination of internal forces at section i:
1.The bending moment:
M;=V;Li-H(6;+300)-H »(5-300)

2. The axial force:
N;=(Vytand;+H)cos6;

3. The shear force:
Vi=(V;-N;siné;)/cosb;

where H is the total horizontal reaction force, H=H;+H,, H;, H, and V, the measured reaction
forces at one end of the specimen ¢; and 6; the deflection and the rotation at section i, respectively.

Force equilibrium at the middle joint:
P:Zj:f(N {C0s0;+V sind))

where N ; and V. are axial tension and shear at the sections connected to

. L . " N . Force equilibrium at middle joint
the middle joint interfaces, repectively; 6, are the rotations at this two sections.

Fig. 4.7: Determination of internal forces at cross-sections

At a beam section, the axial force is calculated by N; =(V,tan&+H )cos@, where

V,and H are the vertical and the horizontal reactions at the end column stub,

74



CHAPTER 4

EXPERIMENTAL RESULTS OF RC BEAM-COLUMN SUB-ASSEMBLAGES

respectively, as shown in Fig. 4.7; @ is the rotation at the section. When @ is small,

the axial force N, is roughly equal to H. As a result, although local rotation varied

throughout the beam length, the axial forces at different beam cross-sections were

almost equal for a given MJD.

Fig. 4.8 shows the comparisons of experimental and theoretical interaction

diagrams of axial force and bending moment at the joint interfaces with wide cracks

and bottom bar fracture (Yu and Tan 2010b). The sign convention of internal forces

is also indicated in Fig. 4.8. Negative values of N denote axial compression.
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Fig. 4.8: Interaction diagrams of axial force and bending moment at joint

interfaces

The experimental interaction curves in Figs. 4.8(a) and (b) follow the path O-A-B-

C-D-E-F-G, where O is the origin of coordinates. At point A, the M-N path has
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reached the theoretical M-N interaction curve, suggesting that the ultimate moments
of resistance have been achieved at the joint interfaces. The part of M-N curve
where point A is located corresponds to tension steel reaching the yield strength
prior to the extreme compression concrete fiber attaining the ultimate strain (say,
0.003 in ACI 318-05). Due to the presence of axial compression force, the ultimate
bending moment of resistance increased from A to B, in which B corresponds to the
capacity of CAA (41.64 kN for S1 and 38.38 kN for S2). If there was no
compression, the ultimate bending moment of resistance at joint interfaces should

be located at A’, which can be used to calculate the capacity of pure flexural action.

The movement from B to C mainly resulted from the crushing of concrete cover.
The change from C to D was primarily attributed to the confinement effect of beam
stirrups and the hardening of the bottom reinforcement. Clearly, seismic detailing
resulted in a higher confinement effect and whereby the section could sustain a
greater bending moment. However, at point D, the larger bending moment still
could not insure a lager structural resistance P of S1 due to severe N-A effect (i.e.
second-order effect). From the path D to E for S1, one bottom reinforcing bar
fractured and the M-N curve regressed towards the theoretical interaction diagram
of the section with one bottom bar. Nevertheless, before the M-N path approached
the theoretical curve, another bottom bar fractured, as shown from E to F in Fig.
4.8(a). Eventually, the section contained only top reinforcement. For S2, the
unloading of both bending moment and axial compression from D to E, agreed well
with theoretical M-N curve. At point E, one bottom bar fractured, followed by the
jump to point F in Fig. 4.8(b), but another bottom bar failed without fracture. Along
the path FG, the bending moment was merely caused by the tension centroid not
coincident with the reference point. More detailed interpretation of interaction

diagrams can be seen in paper by Yu and Tan (2010b) .

As shown in Fig. 4.9, since the structural resistance P of a specimen based on shear
failure is higher than that based on flexural failure, from consideration of deformed

geometry, P is given by
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P= (4-1)

Where M jand M, are the bending moments acting at the middle joint interfaces

and the beam ends, respectively; N is the beam axial compression; Ais the MJD;

L

and | is the net span length of a one-bay beam.

(a)One-bay beam (b) Middle joint
Fig. 4.9: Rigid body diagram of sub-assemblages at compressive arch action

Eq. (4-1) illustrates that the effect of axial compression on the sub-assemblage
resistance is two-fold: 1) Due to the presence of beam axial compression, M, and
M, increase (e.g., from point A’ to point B in Fig. 4.8), resulting in a larger P; and 2)
With increasing 4, the N-A effect increases as well, leading to a smaller P.
Therefore, the capacity of CAA can be attained at a relatively smaller MJD than the
one corresponding to the maximum axial compression. For example, the
displacements corresponding to the CAA capacities are 78 mm and 73 mm for S1
and S2, respectively. However, the displacements corresponding to the maximum

axial compression are 114 mm and 128 mm for S1 and S2, respectively.
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Fig. 4.10: Rotations at both beam ends of specimen S1

77



CHAPTER 4 EXPERIMENTAL RESULTS OF RC BEAM-COLUMN SUB-ASSEMBLAGES

Fig. 4.10 shows the flexural rotations at beam sections 70 mm and 320 mm away
from the end-column-stub interfaces. The rotations was computed from the readings
of LVDTs. As shown in Fig. 3.6, the left end of S1 was connected to an A-frame
and the right end to a reaction wall. It can be seen that the rotation capacity at the
beam ends (i.e. 70 mm to the end) could attain 5.5°. Initially, there was no flexural
rotation at the beam ends due to the presence of gaps in connections to the
horizontal restraints. Thereafter, the beam-end rotations increased due to negative
bending moments. With more cracks occurring, the rotations increased more
quickly. Nevertheless, after the MJD had reached around 250 mm, the rotations at
both ends became leveled off due to the beam rotation concentrated in the parts
between the curtailment points of top reinforcing bars. Fig. 4.6 shows that many
wide cracks penetrated the whole beam sections between the curtailment points at
catenary action stage, indicating that the stresses of two continuous top bars in this
region were larger than those at the remaning beams. After the redistribtuion of the
beam tension, more severe cracks developed at the beam ends, resulting in a further

increase of the beam end rotations until the top bars fractured there.
4.2.4 Test results at fiber level

The strain gage readings can shed light on the contributions of top and bottom
reinforcing bars to mobilization of different mechanisms. Based on initial bending
moments, the whole specimen except the middle joint can be divided into three
parts: (1) positive bending moment regions near the middle joint; (2) negative
bending moment regions near the beam ends; and (3) transition regions which
connect (1) and (2). Moreover, the middle joint is singled out as the fourth part due

to different geometric sizes.

Fig. 4.11 shows the strain variations of different reinforcing bars at given sections
of S1. The yield strain of reinforcement, around 2800y, is also indicated in Fig. 4.11.
Section LB shown in Fig. 4.11(b) represents part (1) of S1, where initially the
bottom reinforcement was in tension and the top reinforcement in compression due
to positive bending moments. However, at around a MJD of 300 mm, the top
reinforcement at the joint center and section LB (shown in Figs. 4.11(a) and (b))

changed from compression to tension. It exactly corresponded to the change of the
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beam axial force (or the horizontal reaction) of S1, as shown in Fig. 4.4, indicating

that the beam tensile force was exclusively provided by the top reinforcement. It is

noteworthy that the yielding of top reinforcement could even penetrate to the joint
center, as shown in Fig. 4.11(a). Fig. 4.11(d) shows the variations of bar strains at
section LD, which represents part (2), where the top reinforcement was always in

tension and the bottom reinforcement changed from compression to tension at large

displacements. Therefore, under catenary action, the tension at part (2) was

primarily provided by the top reinforcement with a little contribution from the

bottom reinforcement.
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Fig. 4.11(c) shows that both the top and the bottom bars at section LI sustained
tension at catenary action stage. This indicates that the sections at the transition
regions were subjected to more pure axial tension than other sections. With little
effect from bending moment, the distribution of tension at each bar was more
uniform. Note that the reduction of strain gage readings in Fig. 4.11(c) was caused
by debonding of strain gages. The actual strains of the top bars should be in large
tension, which is confirmed by the strain gage readings at the counterpart of section
LI in S2. The strain variations in Fig. 4.11(c) indicate that after fracture at section
LA, the bottom bars at Section LI were still able to sustain large tension. Possible
load paths to transfer tensile forces to the fractured bottom bars were (a) through
beam stirrups and (b) through the bond of concrete. However, load path (a) should
be more dominant since concrete is weak in transferring tension force, let alone

causing yielding of bottom bars.

In fact, a sudden ascent or descent of strain gage readings was caused by 1) the
stress redistribution due to other bar fracture; 2) the interaction from surrounding
concrete under severe cracking or crushing regions; and 3) the debonding of strain
gages per se under large tension strain of reinforcement. In addition, under very
large displacements, fracture of gage wires due to improper arrangement could

result in readings directly drop to zero.

The analyses on S2 led to similar findings of S1. To supplement the information on
transition part (3) as shown in Fig. 4.11(c) and to investigate the strain of
reinforcement within the middle joint with lap splice, the strains of reinforcement at

two sections of specimen S2 are shown in Fig. 4.12.

The position of section LG in specimen S2 is the same as section LI in specimen S1.
Fig. 4.12(a) shows that at section LG the strains of the bottom reinforcement
changed into tension under catenary action and kept increasing until the specimen
failed. Unfortunately, the strain readings of the top reinforcement were lost due to
strain gage damage. Initially, at the middle joint center of S2 the strains of the lap-
spliced bars were very close. After the MJD had achieved around 20 mm, the strains
of bars bl and b2 increased much faster until bar fracture. Note that the sudden
strain reduction of bars b1l and b2 probably resulted from the interaction between
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bars and surrounding concrete during pullout. Under catenary action, the strains of
bars b1’ and b2’ were quite small, so these two bars were unable to contribute to
beam tension forces considerably although they were not fractured. Fig. 4.12(b)

confirms that the yield penetration of top reinforcement could reach the joint center.
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Assuming that a plane section remains plane, based on the average strains at the top
and the bottom reinforcement of S1, the strain distribution at different sections
could be obtained, as shown in Fig. 4.13. The strain marked on the left and the right
side of a section denotes tensile and compressive strain, respectively. Thus the
variation of the compressive zone of S1 under CAA can be visualized. Fig. 4.13
demonstrates that with increasing MJD, the compressive zone gradually moved
from the beam end to the region near the middle joint. However, it can be found that
there was no significant variation of the compression zone from the MJD of 80 mm
to 100 mm. This resulted from a small change of the beam axial compression

between the two above MJDs, as shown in Fig. 4.4.
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Fig. 4.13: Variations of compression zone over S1 at compressive arch action
4.2.5 Discussions on size effect

Although S1 and S2 are one-half scaled specimens, deformed bars and concrete
with smaller aggregates were used in fabrication. Therefore, size effects due to
model fabrication and material property distortions were avoided. By virtue of this,
the global response of prototype frames can be simulated at model scales
(Krawinkler 1988). Additionally, due to the limitation of scaling down materials,
Abrams (1987) recommended that the minimum usable factor for testing of isolated
RC components in flexure should be one-quarter. Most importantly, the structural
behavior of specimens S1 and S2 was ductile, dominated by catenary action rather
than shear. As a result, the size effect in the tests can be ignored, and the test results

of S1 and S2 can reasonably reflect the structural behavior of the prototype frames.
4.2.6 Progressive collapse resistance of S1 and S2

The testing on S1 and S2 corresponds to nonlinear-static procedure in the design
guideline of UFC 4-023-03 (DoD 2010). Therefore, the static test results Rs should
be converted to progressive collapse resistance Ry with consideration of dynamic
effects. There are two approaches to consider dynamic effects: (1) Rs divided by a

dynamic increase factor to obtain Ry, as suggested in UFC 4-023-03; and (2) quasi-
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static responses converted to pseudo-static responses by assuming work done by
gravity loads equal to energy absorbed by structures (Izzuddin et al. 2008). As
discussed in section 2.2.4, the dynamic increase factor (DIF) model in UFC 4-023-
03 only applies to the nonlinear static responses with perfect elastic-plastic forms or
bilinear models with strength hardening. As a result, the DIF model cannot be used
for the structural responses shown in Fig. 4.3, and the approach proposed by

Izzuddin et al. is employed.

Fig. 4.14 shows the conversion of quasi-static structural responses to pseudo-static
structural responses of specimens S1 and S2. It can be found that the first peak
pseudo-static structural capacity occurs at the MJD larger than that corresponding to
the CAA capacity in quasi-static tests. Moreover, the horizontal grey dash dot lines
indicate that if the external load exceeds the first peak pseudo-static capacity of
each specimen, the Kinetic energy of the sub-assemblage will be reduced to zero
only when the sub-assemblage can provide a larger pseudo-static resistance;
otherwise, the external load will lead to collapse of the sub-assemblage. Table 4.3
listed the progressive collapse resistance at CAA and catenary action stages with
associated MJDs in accordance with the pseudo-static structural responses. It can be
seen that catenary action provided larger progressive collapse resistance than CAA
did for both specimens S1 and S2.
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Fig. 4.14: Conversion of quasi-static structural responses to pseudo-static

structural responses
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Table 4.3 Progressive collapse resistance of S1 and S2

Specimen At CAA stage At catenary action stage
Maximum progressive | MJD at | Maximum progressive | MJD at
collapse resistance Prc_caa collapse resistance Prc_ ca
PPC_CAA (kN) (mm) PPC_CA (kN) (mm)
S1-
0.90/0.49/23S 30.45 168 33.73 572
S2-
0.90/0.49/23 28.41 153 34.95 612

In accordance with UFC 4-023-03 (DoD 2010), under a column removal scenario,
the gravity load is controlled by the load combination 0.9D+ 0.5L, where D and L
are dead load and live load, respectively. The design loads acting on specimens S1
and S2 are D = 11.65 kN/m and L = 7.2 kN/m, which are equal to one-half of the
design loads of the prototype frame (dead load of 23.3 kN/m and live load of 14.4
kN/m). Therefore, the total action acting at the middle column is 38.73 kN,
exceeding the progressive collapse resistance provided by catenary action for both
specimens, as shown in Table 4.3. Thus, due to concentrated loading arrangement,
both S1 and S2 tend to collapse.

4.3 Experimental results of specimens S3 to S8

The design and detailing of specimens S3 to S8 are referred to in section 3.3.1. The
notation for S3 to S8 is similar to that for S1 and S2. For example, “S3-1.24/0.49/23”
indicates specimen S3 designed with a top reinforcement ratio of 1.24% and a
bottom reinforcement ratio of 0.49% at the middle joint regions and the beam ends,
and with a beam span-to-depth ratio of 23. The test set-up S3 to S8 is shown in Fig.
3.8. The corresponding instrumentation is shown in Figs. 3.10 and 3.11. Testing
was stopped when the top bars at either beam ends of the specimens completely

severed.

In this section, the material properties of concrete and steel reinforcement used in
specimens S3 to S8 are introduced first, followed by experimental results of
structural tests on S3 to S8. Similar to the analyses on specimens S1 and S2, the
experimental results of S3 to S8 are also demonstrated at structural, sectional and

fiber levels based on detailed instrumentation.

84



CHAPTER 4 EXPERIMENTAL RESULTS OF RC BEAM-COLUMN SUB-ASSEMBLAGES

At structural levels, the relationships of applied loads and horizontal reactions vs.
middle joint displacement (MJD) are used to represent the overall behavior. In
addition, global and local failure modes of specimens are demonstrated. Finally, the
overall deflection curves of specimens are presented. At sectional level, the
variations of cross-sectional forces, including bending moment, axial force and
shear force, are demonstrated. The variations of cross-sectional forces can be used
to illustrate the force transfer mechanism at catenary action stage. At fiber level, the
strain variations of longitudinal reinforcing bars and stirrups are used to elucidate

the force transfer in reinforcement for different structural mechanisms.
4.3.1 Material properties for specimens S3 to S8

Material tests included tensile tests for steel reinforcement, compressive cylinder
and split-cylinder tests for concrete. The material properties of reinforcement in S3
and S8 are listed in Table 4.4. The ultimate strain corresponds to the tensile
strength of reinforcement. For concrete, the compressive cylinder strength is 38.2
MPa, the tensile strength is 3.5 MPa, and the initial modulus of elasticity is 29.6
GPa.

Table 4.4 Material properties of reinforcement for specimens S3 to S8

Rebar | Nominal Yield Elastic Strain at the start Tensile Ultimate

type” diameter strength f, Modulus of hardening &g, strength f, | strain g, (%)
(mm) (MPa) Es (MPa) (%) (MPa)

R6 6 349 199177 - 459 --

T10 10 511 211020 2.51 622 11.00

T13 13 494 185873 2.66 593 10.92

T16 16 513 184423 2.87 612 13.43

*:“R” and “T” denote low-yield and high-yield strength reinforcement, with a nominal yield strength
of 250 MPa and 460 MPa, respectively.

4.3.2 Applied load and horizontal reaction vs. MJD relationships
Figs. 4.15(a) to 4.17(a) show the load-MJD relationships of S3 to S8. The sudden
reductions in loads marked by crosses resulted from bottom bar fracture at the

middle joint interfaces. Subsequent to this, the other sudden reductions were caused

by fracture of top bars at either of beam ends.
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Figs. 4.15(b) to 4.17(b) show the horizontal reaction force-MJD relationships of S3
to S8. The horizontal reaction at each end of a specimen is the sum of reactions of
two horizontal restraints, as shown in Fig. 3.8. Between the sequential fractures of
bottom bars at the middle joint interfaces, the horizontal reactions at both ends of
the specimens were not equal due to the horizontal force couple provided by the
rotational restraint at the middle joint. Therefore, the average values of the
horizontal reactions are used in Figs. 4.15(b) to 4.17(b). It will be shown later that
the beam axial force-MJD relationship is almost the same as the horizontal reaction-
MJD relationship. Therefore, Figs. 4.15(b) to 4.17(b) can also represent the
variations of beam axial forces. The positive and negative values denote beam axial

tension and compression, respectively.

Figs. 4.15(b) to 4.17(b) indicate that the beam axial compression was induced at
very small MJDs. As a result, there is no pure flexural action and no distinct
demarcation between flexural action and CAA. However, pure flexural capacity,
namely Py, is widely used in design codes to evaluate the ultimate capacity of RC
members. Therefore, Ps can be used as a baseline of structural resistance and is set
as a hypothetical demarcation of flexural action and CAA. P; was calculated from
the mechanism that assumes the formation of plastic hinges at the middle joint
interfaces and the end-column-stub interfaces. It should be noted that the ultimate
moment at each plastic hinge was determined without considering the presence of
beam axial force. Table 4.5 summarizes Py, the first peak load Py, i.e. CAA
capacity, and the maximum axial compression Nmax for all specimens. It can be seen
that P.qa €xceeds Ps for all specimens. The enhancement of structural resistance at
CAA stage is mainly ascribed to the presence of beam axial compression, which
enhances the corresponding moment resistance of a section. After Pc,,, due to
second-order effect, the applied load decreased with increasing MJD (Yu and Tan
2012a). This decrease in load was associated with concrete crushing near the joint

interfaces and the end-column-stub interfaces.
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With further increasing MJD, when the beam axial force changed from compression
to tension, catenary action kicked in. This is because the essence of catenary action
is a tensile mechanism. After this transition point, applied loads increased again
until top bar fracture. For simplicity, three different structural mechanisms of S4 are
denoted in Fig. 4.16(b), and the categorization of structural mechanisms for other

specimens is broadly similar.

Table 4.6 lists the detailed information at catenary action stage, including the MJD
at the onset of catenary action, the load and the corresponding MJD at each bar
fracture. Except for S8, catenary action capacities of all the other specimens are
greater than their CAA capacities. This is because the increase of structural

resistance of S8 due to catenary action cannot compensate the loss of structural

resistance due to shear failure. The details will be explained later.

Table 4.5 Experimental results of S3 to S8 at flexural and CAA stages

Specimens Flexural Compressive arch action (CAA)
action
Calculated | Peak load | MJD | Horizontal | Max. compressive | MJD at | Enhancement
capacity P; | Peaa' (KN) | at Pesa | reaction at horizontal Nmax | factor a (%)*
(KN) (mm) | Pcya (KN) | reaction Nyax (KN) | (mm)

S1-

0.90/0.49/23S 33.08 41.64 78 -165.3 177.90 114.3 25.9
S2-

0.73/0.49/23 29.02 38.38 73 -145.7 155.90 128.3 32.2
S3-

1.2410.49/23 40.89 54.47 74.4 -196.40 221.00 100.1 33.2
S4-

1.24/0.82/23 47.76 63.22 81.0 -183.10 212.65 107.2 32.4
S5-

1.24/1.24/23 56.61 70.33 74.5 -207.00 238.35 108.7 24.2
S6-

1.87/0.82/23 61.97 70.33 114.4 -218.10 218.10 114.4 135
S7-

1.24/0.82/18.2 61.09 82.82 74.4 -220.00 233.10 87.0 35.6
S8-

1.24/0.82/13.4 84.74 121.34 45.9 -264.50 272.50 55.0 43.2

*: P; is calculated based on conventional plastic hinge mechanism;
+: Peaa COrresponds to the first peak load in a load-MJD curve, named as CAA capacity.
1: Enhancement factor :(Pcaa -P, )/ P
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Table 4.6 Experimental results of S3 to S8 at catenary action stage

Specimens MJD atthe | Loadat1® | MJDat | Loadat2™ | MJD Load at MJID
start of fracture of Pu fracture of | atP, | fracture of | at Py P
catenary bottom bars | (mm) | bottombars | (mm) top bars | (mm) Paa
action (mm) | Py (kN) Py (kN) Pa (kN)

S1-

0.90/0.49/23S 307.1 25.91 227.0 - - 68.91 573.0 | 1.65
S2-

0.73/0.49/23 294.4 39.1 378.7 - - 67.63 612.0 | 1.76
S3-

1.24/0.49/23 254.1 41.26 140.1 50.35 367.2 124.37 729.3 | 2.28
S4-

1.24/0.82/23 261.6 59.18 283.0 83.24 449.6 103.68 614.3 | 1.64
Sb-

1.24/1.24/23 290.3 94.86 433.9 94.58 530.3 105.07 665.9 | 1.49
S6é-

1.87/0.82/23 248.7 93.03 337.1 96.82 438.4 139.90 675.3 | 1.99
S7-

1.24/0.82/18.2 276.7 65.43 254.1 68.43 378.2 105.99 628.5 | 1.28
S8-

1.24/0.82/13.4 136.0 83.53 256.6 70.62 351.0 59.58 504.1 | 0.49

*: Except for S6 and S8, Py of the other specimens represents the capacity of catenary action;
catenary action capacities of S6 and S8 are 143.28 kN and 91.83 kN, respectively;

+: Pcaa denotes structural capacity of compressive arch action
4.3.3 Effect of bottom reinforcement ratio (BRR) at joints on

structural behavior

Fig. 4.15 shows the effect of BRR at the joint regions on the overall structural
behavior of sub-assemblages. The top reinforcement ratio (TRR) for all the three
specimens is the same, i.e. at 1.24%. Within CAA and the initial stage of catenary
action prior to bottom bar fracture, a higher BRR gives rise to higher structural
resistance for the same deflection. In other words, if a structure is expected to
provide large resistance against progressive collapse at a relatively small
displacement, more bottom reinforcement is required. In this sense, seismic
detailing is beneficial to increase progressive collapse resistance, as the bottom
reinforcement should not be less than half of the top reinforcement in a joint
(American Concrete Institute 2005). For S5 with BRR equal to TRR, prior to the
first fracture of bottom bars, catenary action has attained the resistance of 94.86 kN,
around 35% larger than the CAA capacity Pcaa (equal to 70.33 kN). However, for
S3 and S4, at the first fracture of bottom bars, the structural resistance due to

catenary action did not exceed CAA capacity. Fig. 4.15 also shows that a greater
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BRR can delay the first fracture of bottom bars. Table 4.5 shows that for S4, S5 and
S6, a higher BRR results in a lower enhancement factor due to CAA.

After a MJD of 530 mm, all the bottom bars of S3, S4 and S5 fractured, and the
vertical load was sustained by top bars only. As a result, beams with the same top
reinforcement ratio provided similar axial tension and structural resistance under the
same MJD, as shown in Figs. 4.15(a) and (b), respectively. S3 achieved the largest
capacity of catenary action at the expense of the largest MJD. This is because a
larger MJD increases the vertical component of beam axial tension in resisting the
vertical load. Therefore, TRR determines the capacity of catenary action for a given
limit of MJD.

4.3.4 Effect of top reinforcement ratio (TRR) at joints on structural

behavior

Fig. 4.16 shows the effect of TRR at the middle joint regions on overall structural
behavior of sub-assemblages. The BRRs for S4 and S6 are the same, i.e. at 0.82%.
Due to the lap splice of bottom bars within the middle joint in S6, two wide cracks
were initiated at the free ends of the splice bars when the MJD was small.
Consequently, the stiffness of S6 was smaller than that of S4 before the capacity of
CAA was attained, although TRR of S6 was larger than that of S4. The comparison
of S4 and S6 in Fig. 4.16 indicates that the TRR is very beneficial to the overall
structural behavior, since a greater TRR can provide a higher capacity of CAA,
higher resistance at the first fracture of bottom bars, and a much higher capacity of
catenary action. The capacity of catenary action for S6 is 143.28 kN, around 38%
higher than that of S4. On the other hand, Table 4.5 shows that for S4 and S6, a
higher TRR results in a lower enhancement factor due to CAA.

4.3.5 Effect of beam span-to-depth ratio on structural behavior

Fig. 4.17 shows that beam span-to-depth ratio affects structural behavior
fundamentally since catenary action of S8 with the lowest I/h failed to increase
structural resistance beyond CAA capacity. The observed crack patterns of S8
indicate that shear behavior in S8 was dominant, whereas S4 and S7 were
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dominated by flexural and axial behavior. Despite 1.2 m shorter than the total span
length of S4, S7 behaved similarly to S4. However, a further reduction of 1.2 m in
the total span length (e.g. from S7 to S8) resulted in a completely different
structural mechanism, suggesting that there is a threshold value of span-to-depth
ratio that determines the dominant structural behavior, such as shear and catenary
action. Fig. 4.17(b) demonstrates that the beam axial compression of S8 was
mobilized much more rapidly than S4 and S7 in the initial stage, and the beam axial
force of S8 changed from compression to tension at a MJD of 136 mm, significantly
smaller than that of S4 and S7, as shown in Fig. 4.17(b). Moreover, the CAA
capacity and the enhancement factor due to CAA of S8 were the largest amongst the
six specimens. Therefore, RC beams with small span-to-depth ratios are more likely

to mitigate progressive collapse via CAA rather than catenary action.

The threshold value of the span-to-depth ratio can be roughly estimated through the
comparison of CAA capacity and structural resistance governed by shear. If the
former is smaller than the latter, shear failure can be avoided and the structural
performance will be more ductile. For the given specimen detailing and the material

properties as listed in Tables 3.2 and 4.4, respectively, the nominal sectional shear

capacity V_is 75.69 kN in accordance with ACI 318-05. If a strength reduction

factor of 0.75 is considered, the shear design strength ¢V is 56.77kN. Therefore,

structural resistance governed by shear is approximately between 113.54 kN and
151.38 kN. In this batch of specimens, only the CAA capacity of S8 exceeds
113.54 kN. As a result, shear failure occurred for S8, which can be also confirmed
by the crack pattern and the failure mode of S8.

4.3.6 Failure modes and crack patterns of specimens S3 to S7

Due to similar failure modes of sub-assemblage specimens S3 to S7, for simplicity,
only S5 and S6 are singled out to demonstrate the crack patterns and the failure
modes. S5 represents the specimens with continuous bottom reinforcing bars at the
middle joint, whereas S6 represents the specimens with lap-spliced bottom
reinforcing bars at the middle joint. The load-MJD relationship of S8 indicates that
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the structural mechanism of S8 differs from the other specimens. Therefore, the

failure modes and the crack patterns of S8 are demonstrated separately.

: !’n end adjacent,to ends "'-Sf ecimen .'

-

_Curtailment point

TN d

| ib) At the capacity of catenéry action (5=665 mm)
Fig. 4.18: Failure modes and crack patterns of S5-1.24/1.24/23
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Initially, S5 and S6 were mainly subjected to bending moment, followed by the
coupled action of bending moment and beam axial compression. Figs. 4.18(a) and
4.19(a) show that at the CAA capacity, flexural cracks were formed at the middle
joint region and the beam ends, and top concrete was crushed near the middle joint
interfaces, indicating the effect of bending moment. However, Fig. 4.19(a) shows
that a major crack was concentrated at the free end of the lap-spliced bottom bars of
S6. The numbers indicated at the tip of cracks corresponded to the value of MJD.
For example, 1/10 corresponds to the MJD of 0.1 beam depth, i.e. 25 mm and 2/10
to 50 mm.

When increasing MJD to greater than one beam depth, catenary action replaced
CAA to sustain the vertical load. Since axial tension was mobilized throughout the
beam, extensive tensile cracks were developed throughout the whole length. The
cracks ran normal to the beam axis, and some cracks even penetrated the entire
beam cross section, such as the crack patterns of S5 as shown in Fig. 4.18(b). Two
wide flexural cracks were concentrated at both joint interfaces of S5, resulting in
localization of bottom bar strain and the eventual fracture of bottom bars, as shown
in the close-up of Fig. 4.18(b). Due to the presence of the rotational restraint in the
test set-up, the bottom bars at the other side of the middle joint were either fractured
or yanked out. Thereafter, the tensile force could only be transferred via top bars
going through the middle joint. When the top bars at either beam ends were
completely fractured, as highlighted in Fig. 4.18(b), the whole sub-assemblage
failed. In summary, at the end of the test on S5, severe failure was mainly

concentrated at the middle joint region and the beam ends.

The overall distribution of cracks of S6 at the ultimate state of catenary action was
similar to those of S5. However, severe splitting cracks occurred along the top
reinforcement near the beam ends and the middle joint, as shown in Fig. 4.19(b).
This is because at catenary action stage large tension force was developed along the

top reinforcement with diameter 16 mm and net concrete cover was 20 mm only.
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Concrete crushing

= Beam end adjacent.to end-

b column-stub interface
Crack at free end of

lap-spliced bars

2o

(b) At the capacity of catenary action (0=675 mm)
Fig. 4.19: Failure modes and crack patterns of S6-1.87/0.82/23
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4.3.7 Failure modes and crack patterns of specimen S8

Similar to S5, severe failure of S8 was also concentrated at the middle joint region
and the beam ends. Therefore, the crack patterns and the failure modes at these
regions are demonstrated. Fig. 4.20(a) shows that when S8 was at CAA stage with a
MJD of 75 mm, wide cracks occurred near the middle joint interface and inclined
cracks appeared at both beam ends. The wide cracks indicated large bending
moments and the inclined cracks suggested the presence of large shear forces. In
fact, the large shear force caused the fracture of two stirrups located near the middle
joint, as shown in Fig. 4.20(b). At catenary action stage, the shear cracks and the
flexural cracks intersected with each other, causing severe debonding of concrete.
The shear failure inhibited a further large increase in structural resistance even

though catenary action was mobilized.

Concrete

L
| ri0|_l1 {"‘

SRS

Middie jointregion
(b) At catenary action capacity (6=504 mm)
Fig. 4.20: Failure modes and crack patterns of S8-1.24/0.82/13.4

4.3.8 Summary of local failure modes at middle joints and beam

ends

Fig. 4.21 demonstrates the local failure modes of regions near the middle joints.
There is no appreciable shear distortion at the middle joint panels. All the failures
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were concentrated in regions near the joint interfaces. For the specimens with
continuous bottom bars (S4, S5, S7 and S8), two wide cracks just occurred at both
joint interfaces, whereas for the specimens with lap-spliced bottom bars (S3 and S6),
two wide cracks formed at the free ends of spliced bars. It can be observed that for
S3, S6 and S7, the longitudinal bond cracks along the top reinforcement ran
perpendicular to and intersected with the flexural cracks, causing a loss of bond

strength so that the stress along the top bars distributed more uniformly.

W

Fracture - '
(a) S3-1.24/0.49/23 (b) S4-1.24/0.82/23

(lap-spliced bars at bottom) (continuous bottom bars)

7
7

[

(c) S5-1.24/1.24/23 (d) S6-1.87/0.82/23
(continuous bottom bars) (lap-spliced bars at bottom)

5= iy - U
- | ; ifl

(e) S7-1.24/0.82/18.2 (f) S8-1.24/0.82/13.4
(continuous bottom bars) (continuous bottom bars)

Fig. 4.21: Local failure modes at middle joint regions
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Fig. 4.22 shows that both flexural and shear cracks were extensively developed at
the beam ends. Concrete at the compression side was crushed. The crack pattern
reflects the coupled action of bending moment (or tension) and shear force. For
specimens S6, S7 and S8, severe bond cracks are observed due to large tension.
Figs. 4.14(b) to 4.16(b) show that the beam axial tension of specimen S6 was much
larger than that of the other specimens at catenary action stage. Accordingly, more

severe bond cracks occurred in S6. Severe cracks release the bond between concrete

and reinforcing bars and facilitate the rotation of the beam ends.

B3 5K 5, : 4
\‘* N ;::t
(e) S7-1.24/0.82/18.2 (f) S8-1.24/0.82/13.4

Fig. 4.22: Local failure modes at beam ends
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4.3.9 Overall deflections and local rotations of sub-assemblages

Out of brevity, S5 and S8 are selected to show overall deflections at different load

steps, as shown in Figs. 4.23(a) and (b), respectively. The deflection curves shown

in Fig. 4.23 at both sides of the middle joint are quite symmetrical until the first

fracture of bottom bars. The position of bottom bar fracture was random, at either

side of the middle joint. Fig. 4.23 shows that at catenary action stage, the slope of

the deflection curves beyond the curtailment point from the end is larger than that of

the beam end, since at the free end of the curtailed bars, cracks were more

extensively developed due to large tension, as highlighted in Fig. 4.18(b).
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(a) Overall deflection curves of S5-1.24/1.24/23

0 End to reaction wall Middle joint End to A-Frame
I — c—— ¢ e e T 2—
N
100 \ /
NS \v__v//f ’
Y
20 " A \__/ / //
N . .
Curtailment point N \ / / Curtailment point
il vkl ,
300 =
N \——/ A —=— Initial position (P=0kN)
400 N / —o— At flexural capacity (P=84.74kN)
N —A— At CAA capacity (P=121.34kN)
thle beam as X —w— At onset of catenary action (P=77.82kN)
a rigid body N —<— At 1st fracture of btm bars (P=83.53kN)
500 o < —p— At 2nd fracture of btm bars (P=70.62kN)
—&— At fracture of top bars (P=59.58kN)
T T
-2000 -1500 -1000 -500 0 500 1000 1500

Monitor point positions (mm)

(b) Overall deflection curves of S8-1.24/0.82/13.4

Fig. 4.23: Overall beam deflection curves
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The slope of the deflection curves in Fig. 4.23 represents the local rigid rotation 6,
of beam segments, which are divided by the locations of the instrumentation shown
in Fig. 3.11(a). Fig. 4.23(a) indicates that the distribution of &; is not uniform over
the beam length. &, near the middle joint interface is larger than the one near the
beam ends. On the other hand, in UFC 4-023-03 (DoD 2010), the rotation capacity
of an RC framed member, namely, global rotations 6y, is evaluated by chord
rotation, indicated as a dash line in Fig. 4.23. It implies that the entire single-bay
beam rotates like a rigid body, and the local rotation at each section are equal to Gy
over the entire beam length. Therefore, the rotation capacity can be calculated
directly with the ultimate MJD. However, 6y underestimates the local rotations near
the joint interfaces but overestimates those at beam ends. The ultimate rotations at
the end of tests are listed in Table 4.7. It can be seen that the local rotation
capacities at the joint interfaces and the beam ends are greater than 13.9° and 6.6°,
respectively. In UFC 4-023-03 (DoD 2010), it is required that the global rotation
capacity of RC members should exceed 11.3° if catenary action is considered.
Table 4.7 shows that the global rotations of all six specimens satisfied this
requirement. Additionally, the global rotation capacities were achieved after the

fracture of bottom bars and just before the complete fracture of top bars at one beam

end.
Table 4.7 Ultimate rotations at joint interfaces and beam ends of sub-
assemblages
Specimens Local rigid rotation &, at joint Local rigid rotation 6, at beam Global rotation
interfaces ( deg)” ends (deg) Oy (deg)
A-Frame Reaction Wall A-Frame Reaction Wall
side side side side

$3-1.24/0.49/23 20.9 23.1 9.8 8.4 14.9
S4-1.24/0.82/23 15.0 15.7 7.4 6.6 12.6
S5-1.24/1.24/23 16.0 17.8 8.7 8.6 13.6
S6-1.87/0.82/23 22.0 19.2 10.6 8.4 13.8
S7-1.24/0.82/18.2 17.7 21.7 11.6 9.3 16.3
$8-1.24/0.82/13.4 17.7 13.9 17.5 13.9 18.0

*: The wide crack occurred at 50 mm and 100 mm away from joint interfaces for specimen S3 and
S6, respectively, based on Figs. 4.20(a) and 4.20(d). Therefore, for S3 and S6, the local rigid rotation
is specified at the position of the cracks rather than real joint interfaces.
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4.3.10 Variations of cross-sectional internal forces

Fig. 4.7 shows the determination of cross-sectional forces at section i based on
detailed instrumentation. All the cross-sectional forces are calculated with reference
to the geometric center of the section. The sign conventions of cross-sectional
forces are indicated in Fig. 4.7 as well. With the exception of bending moment, both

the axial force and the shear force at section i depend on its rotation &, . To evaluate
the cross-sectional forces accurately, local rotation 6, should be used, as it accounts

for the actual deformed configurations of beams. To simplify the evaluation of

cross-sectional forces, global rotation &, can be used because 6, is equal at each
section throughout the entire beam length. However, the difference between 6, and

0,, may cause discrepancies in predicting the axial and the shear forces.

The left one-bay beam of S5 as shown in Fig. 4.18 is selected to demonstrate the
relationships of cross-sectional forces to MJD. Fig. 4.24(a) shows the variations of
bending moments at the joint interface and the beam end. Both attain the respective
maximum values when the beam axial compression reaches the peak capacity, as
shown Fig. 4.24(b). This is because axial compression increases the moment
capacity via M-N interaction (Yu and Tan 2011a; 2012a). After the commencement
of catenary action, bending moments throughout the beam keep decreasing. This
suggests that at catenary action stage, the distribution of tension over reinforcing
bars at the middle joint interface and the beam end critical sections is not uniform
(although the net axial force is tension). In other words, some bars are under larger
tension and others are under smaller tension or even under compression. However,
with the further development of catenary action, the distribution of tension over
different bars at one beam section tends to be uniform. After the fracture of bottom
bars, the joint interface is under pure tension of top bars without any bending
moment. Nevertheless, when the tension is shifted to the geometric center of beam
sections, the non-coincidence of the top reinforcement layer and the beam section

center induces negative bending moment at the joint interfaces.
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Bend moments (KNm)

Both local rotation ¢, and global rotation &, were used to determine the axial force
at the joint interface of S5. Regardless of the type of rotations, Fig. 4.24(b)
illustrates that the beam axial force is not sensitive to rotations. Even though 6.
attains around 18° at the end of catenary action stage, there are no appreciable
discrepancies between beam axial forces and horizontal reaction forces. Therefore,

the variations of horizontal reaction forces shown in Figs. 4.14(b) to 4.16(b) can

represent the variations of beam axial forces for all specimens.
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(c) Shear force at the beam section connected to the joint interface
Fig. 4.24: Variations of cross-sectional forces of S5-1.24/1.24/23

Similar to the bending moment acting at the joint interface, shear force increases
first and then keeps decreasing after attaining its peak value, as shown in Fig.
4.24(c). Unlike the axial force, after bottom bar fracture, the shear force is
significantly affected by the type of rotations. At catenary action stage, the sectional
shear force is solely contributed by dowel action of longitudinal bars. Therefore, a

sudden reduction of shear force follows each fracture of bottom bars. After the
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fracture of two bottom bars, the vertical component of shear force based on local
rigid rotation changes from positive (i.e. up) to negative (i.e. down). This indicates
that the shear force does not help to sustain the applied load. At that stage, the
negative shear force is mainly induced by the large axial tension at the section near
the joint interface not coinciding with that at the beam end. However, if the shear
force is evaluated based on the global rotation, the shear force at the joint interface
is nearly zero. This is because the axial tension throughout the beam is acting at the

same beam axis, and no shear force will be induced by axial tension.
4.3.11 Force transfer mechanisms at the middle joint regions

For a deformed beam shown in Fig. 4.7, the force equilibrium at the middle joint

gives

2

P=>"(N;sing, +V, cosd,) (4-2)

i1
where P is the applied load acting onto the middle joint (or the structural resistance),
N; and V, are the beam axial force and the shear force transferred from beams to
both joint interfaces, respectively, and 6, is the rotation at the beam sections
connected to the joint interfaces. ¢, should be evaluated by local rotation to more
accurately study the force transfer mechanism near the middle joint, but &, can also

be estimated by global rotation for simplicity.

Eq. (4-2) indicates that vertical resistance can be divided into two components, i.e.
vertical components of the axial force and shear force throughout the beams. Since
the shear force can be determined from the bending moments acting at the beams,
the second term on the right hand side of Eqg. (4-2) equivalently represents the
contribution from bending moments as well. Fig. 4.25 shows the variations of each
component of vertical resistance vs. MJD. The components are determined based on

local rigid rotation 6, to illustrate the force transfer mechanisms near the middle

joint. For simplicity, specimens S5, S7 and S8 are selected to show the

decomposition of the vertical resistance.
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A second increase of structural resistance after CAA capacities, as shown in Figs.
4.24(a) and (b), is mainly caused by the vertical component of axial force changing
from compression to tension. Further development of catenary action with axial
tension leads to a significant increase of structural resistance. After the onset of
catenary action, the contribution from axial tension increases while that from shear
force decreases with increasing MJD. However, prior to bottom bar fracture, the
shear force still substantially contributes to structural resistance. This indicates that
although catenary action is a tensile mechanism, structural resistance at catenary
action stage is not solely contributed by tension. Therefore, the vertical components
of axial tension cannot be simply summed as structural resistance. After the fracture
of bottom bars at both middle joint interfaces, the vertical component of shear force

provided by dowel action of top bars changes direction and fails to help balance the

applied load.
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Fig. 4.25: Decomposition of vertical structural resistance
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Catenary action of S8 was mobilized when the beam axial force changed from
compression to tension at the MJD of 136 mm, but the axial tension failed to
increase structural resistance significantly due to consecutive bar fracture, as shown
in Fig. 4.25(c). The shear failure shown in Fig. 4.20(b), comprising the occurrence
of a large inclined crack and the fracture of two stirrups, caused a sudden reduction
of shear force at a MJD of around 100 mm, as shown in Fig. 4.25(c). Shear failure
in S8 rendered it unable to sustain large vertical loads, and shear cracks also
damaged the compression zone near the joint interfaces. As a result, the beam axial
compression decreased rapidly, and catenary action had to be mobilized at a
relatively smaller displacement. This suggests that shear failure can cause early
mobilization of catenary action, but catenary action might not increase the structural

resistance beyond CAA capacity.

In practice, it is convenient to use the sum of vertical components of axial tension

(i.e.Z;N ;sind;) to estimate structural resistance P at catenary action stage by

assuming the beams to rotate as rigid bodies. That is, ¢, equals to global chord
rotation 6, . Fig. 4.25(a) indicates that this assumption can satisfy the equilibrium

P =2N,, sin g, after the fracture of the bottom bars.

4.3.12 Variations of strains over reinforcing bars

Fig. 4.26 shows the strain profiles over longitudinal reinforcing bars under different
MJDs, in which the solid lines with hollow dots denote bar strains at catenary action
stage. Specimen S4 is a typical example to represent the strain variations of top and
bottom continuous reinforcing bars for specimens S4, S5, S7 and S8, as shown in
Figs. 4.26(a) and (b). A bottom bar of S6 in Fig. 4.26(c) shows the strain variations
of lap-spliced reinforcing bars used in S3 and S6.

Based on a bending moment diagram over a beam, a beam can be divided into a
positive moment (PM) region, a negative moment (NM) region, and a transition
region which connects these two regions. The bottom bars in the PM region (i.e.
near the middle joint) and the top bars in the NM region (i.e. near the end-column-

stub interface) were in tension throughout the whole loading process, as shown in
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Fig. 4.26. In the PM region, the bottom bars yielded in tension at a small MJD of
29.6 mm for S4 as shown in Fig. 4.26(b), followed by severe strain concentration at
both joint interfaces. Similarly, Fig. 4.26(c) shows that the gradient of lap-spliced
bar strains at the joint interfaces suddenly became steep when approaching CAA
capacity at a MJD of 81 mm, indicating the occurrence of local strain concentration.
In the NM region, beyond a MJD of 200.6 mm, the concentration of top bar strains

occurred at the end-column-stub interfaces, as shown in Fig. 4.26(a).
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Fig. 4.26: Variations of longitudinal reinforcement strains
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In the PM region, the top bars were initially in compression and then changed to
tension at catenary action stage. The strain concentration at the joint interfaces of S4
started at a MJD of 452 mm, as shown in Fig. 4.26(a), indicating that the top bars
were the main component to transmit the vertical force after bottom bars had
fractured. In the NM region, the bottom bars near the beam end changed from large

compression to small tension at catenary action stage, as shown in Figs. 4.26(b) and
().

Due to large tensile strains at the joint interfaces and the end column stub interfaces,
the yielding strain penetration occurred inside the middle joint and the end column
stubs, as shown in Figs. 4.26(a) and (b), resulting in a severe loss of bond stress and
large increment of bar slip at the interfaces. These can increase the rotation capacity
of RC beams.

The strains of reinforcing bars in the transition region did not vary significantly, but
finally both the top and bottom bars sustained tension at catenary action stage even
if the bottom bars had fractured at the joint interfaces. Figs. 4.26(b) and (c) show
that the bottom bars away from the joint interfaces for a certain distance could still
contribute to axial tension force in the beam. The tension force in the bottom bars
was transmitted via stirrups to the top bars, since the strain gage readings of stirrups
indicate that the stirrups kept sustaining the tensile force even after bottom bars had

fractured, as shown in Fig. 4.27.
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Fig. 4.27: Strains of stirrups in specimen S6
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4.3.13 Discussions on criterion of catenary action capacity

So far there is no criterion to define the capacity of catenary action. Fig. 4.25(a)
shows that catenary action capacity of a sub-assemblage can be estimated by

P =2N, sin g, after the fracture of bottom bars, in which N and &, are the axial

tension and the global chord rotation of the ‘“single-bay” beams in the sub-

assemblage, respectively. N is affected by bar stress and fracture. Unlike a

reinforcing bar in a uniaxial tensile test, the longitudinal bars in beams are under a
combined action of shear and tension. Therefore, reinforcing bars may not fully
attain the tensile strength. As shown in Fig. 4.15(b), the top bars fractured with the
stress between the vyield strength and the ultimate tensile strength. The strain
profiles in Fig. 4.26(a) indicate the severe strain concentration of the top bars at the
middle joint interfaces and the end-column-stub interfaces. The strain concentration

may cause premature fracture of bars. &, depends on the MJD and the net span of a

“single-bay” beam in a sub-assemblage. Nevertheless, it is difficult and impractical
to precisely predict the MJD corresponding to the fracture of reinforcing bars.
Except specimens S5 and S8, all the other specimens attained catenary action
capacity at the fracture of top bars. Note that the bottom bar fracture at joint
interfaces preceded the fracture of top bars at beam ends. Due to symmetrical
reinforcement, S5 attained the capacity of catenary action when bottom bars
fractured. However, for typical RC frames, the bottom reinforcement at the joint
regions is less than the top reinforcement. If the allowable MJD is restricted to the
value corresponding to the fracture of bottom bars, the structural resistance from

catenary action will be too conservative.

Table 4.6 shows that ultimate MJDs of specimens S3-S7 exceeded 10% of total
beam span length, and the corresponding structural resistances Ptz are much higher
than CAA capacities Pq,,. Therefore, a simple analytical approach to predict the

capacity of catenary action P, is proposed as follows:
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R=2fA SN0, (4-3)

where f and A are the yield strength and the area of top reinforcing bars at the

middle joint interfaces or the beam ends, respectively; @, is the global rotation of

beams corresponding to the MJD equal to 10% of total two-bay beam span length,
i.e. 11.3°, which is also recommended in UFC 4-023-03.

It is conservative to limit the steel strength to yield strength and ignore the
contribution from bottom bars, in particular, for beams with symmetrical
longitudinal reinforcement, such as S5. Additionally, before taking account of
catenary action, CAA capacity and maximum shear resistance should be compared
to insure that no premature shear failure will occur. Otherwise, even if catenary
action is mobilized, the structural resistance may not be increased further, as

evidenced by the behavior of S8.
4.4 Summaries and conclusions

Totally, eight simplified beam-column sub-assemblages were tested under a point
load and adequate axial and rotational restraints to simulate the structural behavior
of RC beams and joints under a middle column removal scenario. Based on the
observations and the analyses of experimental results, the following conclusions can

be arrived:

(1) With adequate axial and rotational restraints, the RC sub-assemblages
developed compressive arch action (CAA) and catenary action on top of
flexural action. CAA capacity was 13.5%~43.2% larger than flexural
capacity calculated via the mechanism that plastic hinges occurred near the
middle joint interfaces and the end-column-stub interfaces. The capacity of
catenary action was 28%~128% greater than CAA capacity for specimens
S1lto S7.

(2) After the occurrence of shear failure in specimen S8, catenary action had to
be mobilized at a relatively smaller MJD of around 136 mm, whereas
catenary action commenced at around one beam depth (250 mm) for
specimens S1 to S7. In other words, provided that shear failure of RC
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beams can be prevented, one beam depth can be regarded as the deflection
corresponding to the onset of catenary action. Moreover, the MJD of all
sub-assemblage specimens could slightly exceed 10% of total net span
length of the two-bay beams prior to complete failure.

(3) CAA is a favorable ALP in terms of small beam deflections as catenary
action requires much larger deformations. In the sub-assemblage tests, CAA
attained its capacity at a MJD of 0.18~0.46h, whereas catenary action
achieved its capacity at a MJD greater than 2h.

(4) The axial force-MJD relationship is almost the same as the horizontal
reaction force-MJD relationship. After the onset of catenary action, both
bending moment and shear force continue to resist the applied load even at
catenary action stage. Therefore, it is necessary to differentiate catenary
action and catenary action stage. Catenary action is a tensile mechanism
associated with the development of beam axial tension. However, at
catenary action stage, catenary action is not the sole contributor to structural
resistance because the vertical component of shear force also helps to
sustain the vertical load. The shear force is induced by the bending moment
along the beam and is sustained by dowel action of longitudinal bars.
Therefore, each fracture of longitudinal bars causes a reduction of axial
tension and shear force. At catenary action stage, the contribution from
beam axial tension keeps increasing whereas that from shear keeps
decreasing. Whether catenary action can increase the structural resistance
depends on whether the contribution of beam axial tension can exceed the
loss in shear.

(5) The failure modes and the bar strain gage readings indicate that all
specimens failed at the middle joint interfaces and the end column stub
interfaces with occurrences of wide cracks and fracture of reinforcement.
Prior to bar fracture, severe strain localization occurred at these interfaces.
Therefore, if high catenary action capacity is expected at a relatively smaller
deflection during structure design, measures should be taken to reduce local

strain concentration.
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(6) Specimen S1 with seismic detailing has no obvious advantage over
specimen S2 with non-seismic detailing in terms of developing catenary
action. This is because the structural mechanisms were dominated by
flexural and axial action, and the advantage of seismic detailing in shear
resistance cannot be fully realized. Moreover, even Class A lap-splice
specified in ACI 318-05 can meet the requirements of continuity of
reinforcing bars.

(7) Parametric study suggests that CAA can significantly increase the structural
resistance of the sub-assemblages with small span-to-depth ratio and low
longitudinal reinforcement ratio, and catenary action can significantly
increase the structural resistance of the sub-assemblages with large span-to-
depth ratio and high longitudinal reinforcement ratio, particularly with high
top reinforcement ratio. The detailing with symmetrical longitudinal
reinforcement seems more favorable to catenary action, e.g. S5, since
catenary action capacity can be attained at a smaller MJD. However, before
taking account of catenary action, it is necessary to compare CAA capacity
and shear capacity, in particular for the case with short span, e.g. S8. If shear
failure occurs first, catenary action can be mobilized early, but the latter may
not be able to compensate for the loss of structural resistance due to shear
failure. Consequently, the structural resistance cannot be increased

significantly.
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CHAPTER 5 EXPERIMENTAL RESULTS OF
REINFORCED CONCRETE BEAM-COLUMN FRAMES

5.1 Introduction

According to the frame specimen design, test set-up and instrumentation introduced
in Chapter 3, experimental results of the RC beam-column frames under a middle
column removal scenario will be presented in this chapter. Different from the sub-
assemblage tests, the effects of detailing and boundary conditions on overall
structural behavior and side joint behavior are the main concerns in the frame tests.
Specimens F1 to F4 were designed with conventional detailing in accordance with
ACI 318-05, whereas specimens F5 to F7 were designed with special detailing,
aiming to improve the rotation capacities of RC beams so as to improve the capacity
of catenary action. As for boundary conditions, apart from specimens F3 and F4, all
the other specimens included the beam extensions, which represent continuity and
axial restraints from adjacent bays to a two-bay beam above a removed column. The
detailed information of the frame specimens can be referred to section 3.3.2.

The experimental results of the frame specimens will be illustrated and discussed at
structural and fiber levels. At structural level, the results include the following parts:
(1) Load-deflection history, i.e., relationships of applied load vs. middle joint
displacement (MJD) and total horizontal reaction force vs. MJD; (2) Contribution of
horizontal reactions from each horizontal restraint; (3) Crack patterns and failure
modes of each specimen; (4) lateral deflections of side columns; and (5) side joint
distortions. The results at fiber level are the strain variations of reinforcing bars near

the joint interfaces and within the joint panels.

For each specimen, load-deflection history shows the overall picture of structural
mechanisms, and crack patterns explain structural mechanisms at different stages in
detail. Furthermore, variations of the horizontal reaction force of each restraint and
column deflection profiles supplement a more thorough understanding to structural
mechanisms and crack patterns. Investigation on strains of reinforcement sheds

light on the contributions of reinforcement to different structural mechanisms.
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Finally, comparisons of load-deflection history of the specimens with special
detailing (F5-SD-MR, F6-SD-PD and F7-SD-PH) and with conventional detailing
(F1-CD-NS)) illustrate the advantages of special detailing over conventional
detailing in mitigation against progressive collapse. Comparisons of load-deflection
history of specimens F1-CD-NS and F3-CD-NS-EX, as well as F2-CD-WS and F4-
CD-WS-EX, elucidate the effects of boundary conditions on structural mechanisms.
“CD” and “SD” in the specimen notation indicate conventional detailing and special
detailing, respectively. “WS” and “NS” stand for with seismic detailing and with
non-seismic detailing, respectively. “EX” represents specimens with exterior joints.
“MR”, “PD” and “PH” respectively denote special detailing with additional middle
reinforcement layer throughout the entire beam length, partial debonding of bottom

bars at the joint regions and partial hinges near the joint interfaces.
5.2 Material properties

Material tests were conducted according to ASTM specifications to obtain the
representative strengths of concrete and steel reinforcement. The tests included
tensile tests for steel reinforcement, compressive cylinder and split-cylinder tests for
concrete. Concrete cylinders were tested after 28 days and during the period of
frame tests. The material properties of steel reinforcement and concrete are listed in
Tables 5.1 and 5.2, respectively. The fracture strain corresponds to the tensile
strength of reinforcement. Specimens F1, F3, F5 and F7 were cast with the same

batch of concrete, and the remaining specimens in another batch.

Table 5.1 Material properties of reinforcement in RC frame specimens

Rebar | Nominal Yield Elastic | Strain at the start | Tensile Ultimate
type” | diameter | strength f, | Modulus | of hardening ey, | strength f, strain g,
(mm) (MPa) Es (MPa) (%) (MPa) (%)
R6 6 442 209397 - 513 -
T10 10 520 187090 412 595 13.70
T13 13 488 170125 2.86 586 11.00

*:“R” and “T” denote low-yield and high-yield strength reinforcement, with a nominal yield strength
of 250 MPa and 460 MPa, respectively.
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Table 5.2 Material properties of concrete in RC frame spcimens

Concrete Compressive Elastic modulus | Strain g, (n) at | Tensile strength
strength f.(MPa) E. (MPa) f.’ f; (MPa)
Specimens F1,
F3. F5 & F7 29.69 25473 2436 3.34
Specimens F2,
F4 & F6 27.54 22859 2302 2.15

5.3 Experimental results and discussions

Fig. 5.1 provides the specifications of a specimen, including the joint names and the
notations of the reaction force at each restraint (i.e., H; to He, Vi and V;) and the
constant axial force at each side column (i.e., P; and P). These notations help to
elucidate the test results in the ensuing sections. Note that specimens F3-CD-EX-
NS and F4-CD-EX-WS are the only two specimens that do not include any beam
extensions. During the testing, fracture of reinforcing bars occurred near the middle
joint and side joint interfaces. The beam-column connections are defined in the
shaded regions in Fig. 5.1 according to UFC 4-023-03, consisting of the joint
interfaces and the beam ends. Therefore, it can also say that bar fracture occurred

within the beam-column connections.
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Fig. 5.1: Specifications of an RC frame specimen

With increasing middle joint displacement (MJD), all frame specimens developed
structural mechanisms sequentially, i.e. flexural action, compressive arch action

(CAA) and catenary action (CTA). Table 5.3 summarizes critical structural
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resistance and corresponding displacements. The MJDs corresponding to CAA
capacity ranged from 0.25 to 0.38 beam depth, and the MJDs at the onset of
catenary action ranged from 0.95 to 1.29 beam depth. For specimens F1 to F4,
structural resistance due to catenary action was not improved significantly. As
indicated by the shaded area in Table 5.3, the maximum resistance due to catenary
action is less than that due to CAA. This was caused by premature fracture of top
bars near the side beam-column joint interfaces. For specimens F5 to F7, the
structural capacities due to catenary action exceeded the values from CAA by 56%
to 120%.

Table 5.3 Summary of frame test results

Specimen | Capacity of | MJD at | Max. axial MJD at |Max. resistance| MJD at| Max. axial

Compressive | Pcaa | cOmpression | onset of of catenary Pcra tension

arch action (mm) N¢ max catenary action Pcra | (mm) Nt max

Pcaa (kN) (kN) action (mm) (kN) (kN)
F1-CD-NS 51.10 61.4 -88.87 306.5 46.27 462.8 163.42
F2-CD-WS 50.75 84.8 -89.74 321.8 43.46 528.0 159.60
F3'CE[;<'NS' 45.90 84.4 -48.90 310.7 35.87 524.6 | 145.32
F4'CED>;WS' 50.13 83.4 -48.00 320.8 33.37 597.6 | 155.24
F5-SD-MR 62.84 87.0 -69.71 274.5 98.04 552.4 246.25
F6-SD-PD 45.78 77.4 -43.93 236.4 82.91 527.6 238.15
F7-SD-PH 47.77 94.8 -55.97 274.8 105.04 562.1 256.43

5.3.1 Load-deflection history of RC frames

5.3.1.1 Load-deflection history of specimens F1 and F2

Specimens F1 and F2 were designed with conventional detailing. Except for the
arrangement of stirrups in the beams and the columns and horizontal hoops in the
joints, all the other detailing for the two specimens was identical. The stirrups in F1

and F2 were designed with non-seismic and seismic detailing, respectively.

114



CHAPTER 5 EXPERIMENTAL RESULTS OF RC BEAM-COLUMN FRAMES

Fig. 5.2(a) shows the applied load vs. MJD relationships of F1 and F2. It can be
found that their overall trends were quite similar and the capacities of CAA were
close to each other. However, due to sequential fracture of beam reinforcing bars, in
particular the fracture of top bars near the side joint interfaces, catenary action did
not increase structural resistance significantly, not even exceeding CAA capacity.
The slight differences in the structural resistance of F1 and F2 at catenary action
stage resulted from the sequence of bar fracture. Prior to complete fracture of
bottom bars near the middle joint interfaces, structural resistance was contributed by
both axial tension and vertical shear (or bending moment). Thereafter, vertical shear
diminished rapidly, and structural resistance was solely contributed by axial tension.
Thus, the structural resistance of F1 was much greater than that of F2 at the MJDs

between 400 mm and 470 mm.

Fig. 5.2(b) demonstrates that the variations of horizontal reaction forces vs. MJD of
F1 and F2 were very similar and the commencement of catenary action was around
a MJD of 300 mm for both F1 and F2. The similar ultimate axial tension resulted in
the close ultimate structural resistance, as shown in Fig. 5.2(a).

The aforementioned comparisons of F1 an F2 suggest that seismic detailing in terms
of the arrangement of stirrups in structural members and the provision of hoops in
beam-column joints do not significantly affect the structural behavior of RC frames

under a middle column removal scenario.
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Fig. 5.2: Applied load and horizontal reaction force vs. MJD of F1 and F2
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Applied Load (kN)

5.3.1.2 Load-deflection history of specimens F3 and F4

Fig. 5.3(a) shows similar applied load vs. MJD relationships for both F3 and F4.
The CAA capacity of F4 was greater than that of F3, although the compressive
strength of concrete in F4 was weaker than that in F3. This indicates that the
confinement effect due to closer stirrups could slightly contribute to the structural
resistance of F4. It can be seen that after fracture of two bottom bars near one
middle joint interface, structural resistance was reduced significantly for both F3
and F4. Although catenary action was mobilized, it did not increase structural
resistance beyond CAA capacity due to the fracture of top bars at the side joint

interfaces.
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Fig. 5.3: Applied load and horizontal reaction vs. MJD of F3 and F4

Fig. 5.3(b) shows that the variations of horizontal reaction forces were quite similar
for both F3 and F4. The axial forces changed from compression to tension at around
a MJD of 310 mm, indicating the commencement of catenary action. It is noted that
a similar axial force in Fig. 5.3(b) resulted in different structural resistance in Fig.
5.3(a). This phenomenon resulted from the fracture of bars at different locations. As
illustrated in the left part of Fig. 5.4, when only the bottom bars are fractured at the

middle joint interface, the axial force along the beam is determined as

N =V,sin@+» H;cosd (5-1)

where V1 is the vertical reaction beneath a side column; XH; is the total horizontal

reactions acting at a side column; and @ is the global chord rotation of a single-bay
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beam, equal to tan*(5/1,). & is the MJID (or deflection) and I, is the net span length

of a single-bay beam. Since 6 is small and V; is much smaller than XH;, the axial
force can be estimated as

N => H,cos6 (5-2)

Therefore, the vertical resistance contributed by catenary action is

R.=) Hcos@-sind=> Htano (5-3)
«—3
H, e

Fracture of bottom bars at
middle joint interface and top
bars at side joint interface

Fracture of only bottom bars at
middle joint interface

Ha He
Vi Vo

Fig. 5.4: Effect of beam rotation on contribution of axial tension to vertical

resistance

Similarly, when the fracture occurs at the bottom bars of a middle joint interface
and at the top bars of a side joint interface, as indicated in the right part of Fig. 5.4,

the vertical resistance contributed by catenary action is

P, =Y H;tan(0-a) (5-4)
where a is the angle between the transfer path of axial force and the beam axis. Eq.
(5-4) indicates that the fracture of top bars at the side joint interfaces reduces the
vertical components of the beam axial forces. Based on geometric relationships, « is

determined from the following equation.

ds(tan9+tarl1a):“/|’$+52 (5-5)

Therefore, a is determined by solving Eq. (5-5).
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a= tanl[I lhds J (5-6)

JI2+ 52 - 5d,

where ds is the distance of the top and bottom reinforcement layers.

For specimen F4, one top bar fractured near the side joint interfaces even earlier
than the bottom bars did near the middle joint interfaces. Following the fracture of
two bottom bars, all the remaining top bars were severed near the side joint
interfaces. Therefore, the structural resistance of F4 is given by Eq. (5-4), which is

always much smaller than that of F3 for the same MJDs at catenary action stage.
5.3.1.3 Load-deflection history of specimen F5

Additional reinforcement layer (2T10) was placed at the middle height of beam
sections of F5, which was continuous throughout the whole two-bay beam. Under
normal conditions, this reinforcement layer does not contribute to structural
resistance significantly because it is located near the neutral axis of sections.
However, under a middle column removal scenario in the test, severe cracks and
fracture of bottom bars occurred near the middle joint interfaces, effective beam
depths of beam sections decreased significantly and the additional reinforcement
not only facilitated the rotations of shallower beam sections but also offered a

higher axial tension capacity.

Fig. 5.5(a) shows the load-deflection history of F5. Catenary action was able to
increase structural resistance significantly. At a MJD of 552.4 mm, the structural
resistance was 98.04 kN, around 56% larger than CAA capacity. During the
development of catenary action, middle reinforcing bars snapped near the middle
joint interfaces. Fig. 5.5(b) shows the variations of horizontal reaction forces vs.
MJD of F5. Axial compression was mobilized initially, followed by axial tension.

Catenary action commenced at around a MJD of 275 mm.

118



CHAPTER 5 EXPERIMENTAL RESULTS OF RC BEAM-COLUMN FRAMES

Applied Load (kN)

Applied Load (kN)

100 250

200
80

150

Fracture of bars
at middle layer

100
40 7

- 50
Fracture of three top bars

at side joint interface

Horizontal reaction force (kN)

T T T T T T
= Fracture of bottom bars 100 200 300 400 500 600
at middle joint interfaces 50 Catenary action
0 T T T T T T "
0 100 200 300 400 500 600
Middle joint displacement (mm) -100 - Middle joint displacement (mm)
(a) Applied load (b) Horizontal reaction force

Fig. 5.5: Applied load and horizontal reaction force vs. MJD of F5
5.3.1.4 Load-deflection history of specimen F6

High bond strength reduces the slippages of reinforcing bars at cracks and the
deflections of beams. Therefore, under normal conditions, a high bond strength
offers a high flexural stiffness. However, under a middle column removal scenario,
a high bond strength restrains the rotations of beams and causes local strain
concentration at cracks, resulting in fracture of reinforcing bars. To eliminate these
restraints at large deformations of beams, plastic sleeves were used to wrap the
bottom reinforcing bars to separate them from surrounding concrete at the joint
regions. The detailing is of F6 shown in Fig. 3.5(f).
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Fig. 5.6: Applied load and horizontal reaction force vs. MJD of F6
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Fig. 5.6(a) shows the load-deflection history of F6. After the CAA capacity,
catenary action further increased the structural resistance significantly. At a MJD of
527.6 mm, the structural resistance due to catenary action was 82.91 kN, around 81%
greater than the CAA capacity. Fig. 5.6(a) demonstrates that the partial debonding
technique delayed the fracture of one bottom reinforcing bar. The first bottom bar
fractured at the debond region of the middle joint at a MJD of 150 mm. The second
bar helped to increase the structural resistance to 50.4 kN prior to its fracture at a
MJD of 365 mm. The premature fracture of the first bottom bar was probably
because cross-sections of the bar were weakened when the bar surface was grinded
for mounting strain gages. To confirm the effect of this technique, more tests are
required. Fig. 5.6(b) demonstrates the variations of the horizontal reaction vs. MJD
are similar to those of other specimens. Beam axial force changed from

compression to tension at a MJD of 236 mm.
5.3.1.5 Load-deflection history of specimen F7

To improve the rotation capacity of an RC beam, partial hinges were introduced by
bending up and down a reinforcing bar to purposely reduce the flexural strength of
the beam sections at one beam depth (i.e. 250 mm) away from the joint interfaces.

The detailing is shown in Fig. 3.5(g).
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Fig. 5.7: Applied load and horizontal reaction force vs. MJD of F7

Fig. 5.7(a) shows the load-deflection history of F7. Similar to other specimens, both

CAA and catenary action were mobilized. However, the load-deflection history of
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F7 indicates that with the partial hinges, the RC frame specimen could stably
provide considerable structural resistance at relatively small MJDs and rapidly
increase structural resistance at large MJDs. The large resistance due to CAA was
maintained for a wide range of MJDs, from 95 mm to 316 mm. Thereafter, the
bottom bars within a partial hinge fractured, followed by a rapid increase of
structural resistance due to catenary action. At a MJD of 562.1 mm, catenary action
reached its capacity of 105.04 kN, around 2.2 times the CAA capacity. The
subsequent fracture of bars at a partial hinge, in particular the snap of top bars,

resulted in the complete failure of F7.

Fig. 5.7(b) shows the variations of horizontal reaction forces vs. MJD. Axial forces
changed from compression to tension at a MJD of 275 mm. The development of
axial tension was much larger than compression. The maximum axial tension was

256.43 kN and the maximum axial compression was only 55.97 kN.
5.3.2 Distributions of horizontal reaction forces

At each side of specimens F1, F2, F5, F6 and F7, the horizontal reactions arise from
three restraints, namely, column top, beam extension and column bottom, as
indicated in Fig. 5.1. For F3 and F4, the horizontal reactions are provided by

restraints at the top and the bottom ends of the side columns only.

Figs. 5.8 and 5.9 demonstrate the contribution from each restraint to horizontal
reaction forces of F1 and F2, respectively. Several similar observations can be
obtained from Figs. 5.8 and 5.9:

(1) At CAA stage, in which horizontal reactions are denoted as negative values,
horizontal forces were primarily contributed by the restraints at the column
bottom (i.e., Hz and Hg) and secondly by the ends of beam extensions (i.e.,
H, and Hs);

(2) H, and Hs were most sensitive to the fracture of reinforcing bars. Any spike
and sudden reduction of the total horizontal reaction were mainly caused by
H, and Hs corresponding to bar fracture;

(3) At catenary action stage, in which horizontal reactions are denoted as

positive values, the contributions from H, and Hs were the greatest among
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all the restraints. The contribution from the restraints at the top of columns

(i.e. Hy and H,) depended on fracture of top bars near the side joint

interfaces. The fracture significantly reduced H; and Hg, even less than Hs
and Hg, as indicated in Figs. 5.8(b) and 5.9(a).

(4) Connection gaps existed at the restraints of the beam extensions because

during the initiation of H, and Hs and their transition from negative to

positive values, zero values of H, and Hs appeared for a wide range of

MJDs.
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Fig. 5.9: Contribution of each restraint to horizontal reactions of F2-CD-WS

The top bars near the side joint interfaces of specimens F5, F6 and F7 did not

fracture prematurely. As a result, the distributions of horizontal reactions to each

restraint at catenary action stage are quite similar. For simplicity, only the results of
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F6 are presented, as shown in Fig. 5.10. It can be found that at the full development
of catenary action, the restraints at the beam extensions (i.e., H, and Hs) contributed
the most to the total horizontal reactions, and the restraints at the top of the side
columns were less effective than those at the beam extensions but more effective

than those at the bottom of the side columns.
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Fig. 5.10: Contribution of each restraint to horizontal reactions of F6-SD-PD

It should also be pointed out that at CAA stage, the negative horizontal reactions of
F6-SD-PD and F7-SD-PH were approximately provided by the restraints at the
bottom of the columns solely (i.e. H;z and Hg), as shown in Fig. 5.10. This was
because connection gaps existed at the ends of the beam extensions. It suggests at

CAA stage F6 and F7 sustained applied loads like portal frames.

Due to similarities between the test results of F3 and F4, F3 was selected to
represent the distributions of horizontal reactions, as shown in Fig. 5.11. The
observations are obtained as: (1) the negative horizontal reaction was almost
provided by the restraints at the column bottoms solely (i.e. Hz and Hg) so that F3
and F4 worked as portal frames at CAA stage, similar to F6 and F7; and (2) the
premature fracture of top bars at the side joint interfaces reduced the horizontal

reactions at the column tops.

In summary, the distribution of horizontal reactions to each restraint at the
minimum negative values and the maximum positive values of horizontal reactions
are listed in Table 5.4. At CAA stage, for specimens with special detailing (F5 to

F7) and specimens without beam extensions (F3 and F4), the restraints at the
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Horizontal reaction at RW side (kN)

column bottoms contributed the most reactions. At catenary action, the restraints at

the beam extensions provided the most reactions.
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Table 5.4 Distribution of horizontal reactions to each restraint*

No. H=H, at CAA stage H=H ..« at catenary action stage
Reaction wall side A-Frame side Reaction wall side A-Frame side
H, H, H, H, Hs He H, H, H, H, He Hg
|_|min Hmin Hmin Hmin |_|min |_|min Hmax Hmax Hmax Hmax Hmax Hmax
(%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%)
F1 10.0 354 54.6 0.8 55.9 43.3 31.3 59.1 9.6 20.5 51.3 28.2
F2 3.3 50.3 46.5 0.0 59.4 40.8 23.0 47.8 29.2 34.9 54.5 10.6
F5' | N.A. 45.3 65.7 7.8 18.7 735 30.2 54.2 15.6 24.9 59.3 15.0
F6 1.0 3.1 95.9 0.0 7.6 924 26.5 50.8 22.8 29.8 49.6 20.6
F7 13.6 4.2 82.2 9.7 13.9 76.4 22.1 59.2 18.7 27.7 56.3 16.0
F3 | 81 N.A. | 91.9 8.7 N.A. | 91.3 | 479 | N.A. | 521 589 | N.A. | 411
F4 7.3 N.A. 92.7 8.3 N.A. 91.7 53.4 N.A. 46.6 47.7 N.A. 52.3

*H, to Hg are indicated in Fig. 5.1. H; and Hy, are restraints at the top of the columns; H, and Hs are
the restraints at the beam extensions; Hs and Hg are the restraints at the bottom of the columns.

twhen H=H,, at CAA stage, H; has already changed to tension.

5.3.3 Lateral deflection profiles of side columns of F3 and F4

During the testing of frame specimens F3 and F4, due to adequate continuity of

reinforcing bars, large axial forces throughout the two-bay beams were sustained by

two side columns and, in turn, the two side columns deformed. However, large

lateral deflections (or drifts) of the columns are not expected; otherwise, under large
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axial forces along the columns, P-delta effect (or second-order effect) will be
significant, causing side column failure. In this section, the lateral deflection

profiles of the side columns of F3 and F4 will be demonstrated.

Figs. 5.12(a) and (b) show the lateral deflection profiles of the side columns of F3
at reaction wall (RW) side and at A-frame (AF) side, respectively. Figs. 5.13(a) and
(b) demonstrate the lateral deflection profiles of the side columns of F4 at RW side
and AF side, respectively. The curves with hollow symbols stand for the specimens
at CAA stage, and the curves with solid symbols represent the specimens at
catenary action stage. The dash dot lines indicate the centroidal axis of each side
column. Due to initial imperfections from construction, before loading was applied
onto the middle joint and after constant axial loads were applied on the side
columns, the side columns had already deflected slightly.
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Fig. 5.12: Lateral deflection profiles of side columns of F3-CD-NS-EX
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Overall trends of the lateral deflection profiles of all the side columns of F3 and F4

were similar, and experimental observations are as follows:

(1) The side columns moved outwards at CAA stage and then moved inwards at
catenary action stage. At CAA stage, the bottom-half columns deformed
more significantly than the top-half columns, arising from large reaction
forces at the bottom pin supports, as shown in Fig. 5.11.

(2) Furthermore, the lateral column deflection at positions of the exterior joints
at catenary action stage was much larger than the one at CAA stage.
Therefore, with existing axial loads on the columns, it was very likely that
the columns fail due to P-delta effect. The test on F3 was terminated due to
the side column at the AF side approaching flexural failure. Likewise,
although the top bars were severed near both joint interfaces of specimen F4,
the columns were still pulled inward through a single layer of bottom bars

until they approached flexural failure.

It should be pointed out that the non-zero lateral displacement at the column top
resulted from the connection gaps at the column top. Consequently, at CAA stage,
both F3 and F4 functioned as portal frames. Prior to a MJD of 250 mm, the top
restraints did not provide any reactions. The connection gaps and corresponding

restraint stiffness are introduced in Appendix A.

In summary, the side columns moved outwards and then inwards at CAA and
catenary action stages, respectively. However, for frame specimens without beam
extensions, such as F3 and F4, the large lateral column deflection could result in
flexural failure of side columns due to P-delta effect. Therefore, catenary action

should not be relied upon in practice as it is the precursor to progressive collapse.
5.3.4 Crack patterns and failure modes of RC frames

The overall crack patterns throughout the beams of frames are quite similar to those
observed in sub-assemblages. That is, cracks were rather uniformly distributed
throughout the whole two-bay beams. Typical failure occurred within the beam-
column connections (i.e. near the interfaces of the middle joints and the side joints)

rather than within the joint panels. Since the failure near the middle joints consisting
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of large cracking, concrete crushing and bar fracture was extensively introduced in

Chapter 4, only the failure near the side joints will be highlighted in this chapter.
5.3.4.1 Crack patterns and failure modes of specimens F1 and F2

For simplicity, only F1 is used to demonstrate crack patterns and failure modes, as
shown in Fig. 5.14. At crack tips, numbers were written down to denote the ratio of
a MJD and the beam depth (250 mm in the tests). For example, the number 1/10
represents a MJD of 25 mm, and 6/10 is equal to 150 mm, etc, as shown in Figs.
5.14(b) and (c). At the end of the test, catenary action was the dominant structural
mechanism. Accordingly, cracks spread throughout the whole two-bay beam.
However, there were nearly no cracks at the two side columns, except a few hairline
flexural cracks at the joint-column interfaces due to bending moments and hairline
inclined cracks at the joint panels due to shear, as shown in Figs. 5.14(b) and (c).
This indicates that the shear stress at the side joint panels was under a very low
level. Cracks at the joint panels initiated at the MJDs of 50 mm and 100 mm for F1

and F2, respectively. The corresponding structural mechanism was CAA.

‘ Connection — o

(b) Failure at the side joint towards reaction  (c) Failure at the side joint towards A-Frame
wall (RW) (AF)
Fig. 5.14: Failure modes of specimen F1-CD-NS

8 -
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F1 eventually failed by fracture of the top bars near a side joint interface, as
indicated in Fig. 5.14(c). Also, large cracks and concrete spalling occurred at the
beam-column connections, as shown in Figs. 5.14(b) and (c), and the bottom bars
were completely severed near the middle joint interfaces. Local failures were

concentrated at the connections so as to achieve large rotations of beams.
5.3.4.2 Crack patterns and failure modes of specimens F3 and F4

Due to absence of beam extensions, more cracks occurred at the side joints and
columns, in particular for F3. Fig. 5.15(c) shows that extensive inclined cracks
occurred with the side joint panel at AF side, indicating that high shear stress had
been mobilized between the MJD of 425 mm and 525 mm, in which the structural
mechanism was catenary action. However, due to fracture of top bars at the side
joint interface in RW side, as indicated in Fig. 5.15(b), shear stress was not
considerably developed at the joint panel. A comparison between the crack patterns
within the joint panels shown in Figs. 5.15(b) and (c) suggests that tension
transferred into a joint panel along the top bars was critical to the mobilization of
high panel shear stress. On the other hand, axial tension, transferred from the two-
bay beam to a side column, caused bending of the side column. As a result, large
cracks formed in the column and concrete spalling occurred at one column face, as
shown in Fig. 5.15(c).

Due to premature fracture of top bars at both the side joint interfaces of F4, no
severe shear cracks can be observed at the two side joint panels, as shown in Fig.
5.16. Therefore, the beneficial effect of horizontal hoops at the joint panels on
reducing the development of shear cracks was not apparent in the test. At catenary
action stage, after fracture of top bars at the side joint interfaces, only the bottom
bars transferred tension from the two-bay beam to the two side columns, resulting in
a few hairline flexural cracks at the side columns, as shown in Fig. 5.16.
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Concrete spalling

(b) Failure at the side joint towards RW (c) Failure at the side joint towards AF

Fig. 5.15: Failure modes of specimen F3-CD-NS-EX

;}/oz 20l

TS AR L)

(a) Failure at the side joint towards RW (b) Failure at the side joint towards AF
Fig. 5.16: Failure modes of specimen F4-CD-WS-EX

5.3.4.3 Crack patterns and failure modes of specimen F5

The development of crack patterns and failure modes of F5 was quite similar to
those of F1 and F2. Severe cracks were concentrated within the beam-column
connections, and there were a few shear cracks at the joint panels, as shown in Fig.
5.17.
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Fig. 5.17: Evolution of crack patterns of specimen F5-SD-MR

The set of figures with red outlines represents the crack patterns of a beam segment
adjacent to the middle joint. The other set of figures demonstrates the development
of crack patterns of the side joint at AF side. After the capacity of CAA, the decline
in structural resistance was associated with crushing of concrete near the middle and
side joint interfaces, as indicated in Fig. 5.17. The flexural cracks at CAA stage
further penetrated the whole beam sections due to axial tension when the structural
mechanism “transitioned to” catenary action. A tensile crack at the beam extension
initiated at a MJD of 425 mm, indicating that large axial tension transferred through
the beam extension. F5 eventually failed by the fracture of all three top bars at one

interface of the middle joint.
5.3.4.4 Crack patterns and failure modes of specimen F6

The partial debonding of bottom bars at the joint regions resulted in several new

observations which are different from the specimens with conventional detailing:
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(1) In the loading process, no flexural cracks were initiated at the debonded
zones near the middle joint, as illustrated in Fig. 5.18(a);

(2) Cracks were concentrated at the boundaries of discontinuity, including the
boundary of bonded and debonded zones and the beam-column interfaces,
as indicated in Fig. 5.18(a);

(3) Severe spalling of concrete occurred within beam-column connections near
the side joints where the compressive bars were debonded, as indicated in
Figs. 5.18(b) and (c).

Moreover, due to large axial tension, wide splitting cracks occurred near one middle
joint interface, as shown in Fig. 5.18(a). Specimen F6 failed by the fracture of the

top bars at the side joint interface toward RW, as shown in Fig. 5.18(b).

: '~\ﬂ/5
s
-1’, 7

:

—" —

(b) side joint toward RW (c) side joint toward AF
Fig. 5.18: Crack patterns and failure modes of specimen F6-SD-PD

5.3.4.5 Crack patterns and failure modes of specimen F7

The development of cracks and failure modes of F7 are shown in Fig. 5.19. Due to
the presence of partial hinges, the severe local failure including concrete crushing

and wide cracks shifted from the joint interfaces to the locations of partial hinges,
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as highlighted by red dash lines. This suggests that the effective length (or rigid
segment) of beams participating in rotating becomes shorter, as illustrated in Fig.
5.20. Therefore, for a given MJD, the rotation of the beams of F7 becomes greater.

Point “A”, - Point “B”,
MJID=25 mm | MJD=100 m

Applied load (kN)

s e . Point “D”,
Middle joint dispalcement (mm) M\] D_625mm

‘Point “B” ~Point “C”

Fig. 5.19: Evolution of crack patterns of specimen F7-SD-PH
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Fig. 5.20: Effect of partial hinges on beam rotating
5.3.5 Strain variations of reinforcing bars of RC frames

Prior to casting of specimens, strain gages had been attached to the surfaces of
reinforcing bars. At or near cracks, such as at joint interfaces, reinforcing bars

sustained combined action of axial force and bending moment. To track the non-
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uniformity of strain distributions along bar cross-sections, strain gages were
attached at both the top and the bottom surfaces of some bar cross-sections. To
track the distribution of strains along a bar, strain gages were attached over a certain
length. The readings of strain gages shed light on the force transfer mechanisms
inside the specimens. In this section, the strains of reinforcing bars in F1, F2, F6, F7
and F4 are demonstrated.

5.3.5.1 Strains of reinforcing bars in specimens F1-CD-NS and F2-CD-WS

During the sub-assemblage tests, strain distributions along the bars in the two-bay
beams and the middle joints are comprehensively demonstrated. Therefore, in the
frame tests on specimens F1 and F2, the main interest was the force transfer
mechanisms in local side joint regions. Accordingly, a great many strain gages were
attached on bars in the beam-column side joint regions.

Fig. 5.21(a) shows the layout of strain gages attached onto a top and a bottom bar in
the side joint connected to A-Frame (AF). “St” and “Sb” indicates the top and the
bottom bar in a side joint, respectively. To investigate the effect of shear force on
the strain measurements of a longitudinal bar near the side joint interface, strain
gages were attached at both the top and the bottom surfaces of the bar. The label
with “A” indicates the strain gage mounted on the bottom surface. For the bottom
bar, all the strain gages were attached onto the side surface of the bar. Due to high
strain gradient near the joint interface, the spacing of strain gages there was much
shorter the one within the joint panel. It was found that shear force slightly affected
the strains of bars under tension. Therefore, the strain gages at the same layer near
the joint interface were selected to demonstrate the strain distribution of bars.
However, some strain gages were spoiled during casting, such as St2 and St3A in

Fig. 5.21(a), so their data are not shown.

Hogging moment and axial force were transferred from the two-bay beam to the
side joint, resulting in top bars in tension and bottom bars in compression. Fig.
5.21(b) shows the strain distribution of a top bar in the side joint under different
MJDs. It can be seen that the bar tension was significantly reduced only within the

joint due to bond stress. However, with increasing MJD, yielding penetration
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developed quickly. At a MJD of 100 mm, it has advanced around 100 mm from the
joint interface to the joint center. The eventual length of bar yielding was around
125 mm (i.e. half joint depth) prior to bar fracture. Fig. 5.21(c) demonstrates the
strain distribution of a bottom bar under different MJDs. Due to bond stress within
the joint, the large compressive strain at the joint interface was nearly reduced to
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Fig. 5.21: Strain distribution over bars in AF side joint of F1-CD-NS

The layout and the notations of strain gages in the side joint of F2 connected to the
reaction wall was identical to those in F1, as shown in Fig. 5.22(a). Fig. 5.22(b)
shows that shear force slightly affected the bar strains at the cross-sections near the
joint interface (such as pairs of Stl1 and St1A, St3 and St3A) prior to yielding, but it
induced a relatively larger difference of strains at the joint interface, such as the pair
of St2 and St2A. Therefore, the average values of strain gages near the joint

interface were used to indicate the bar strains.
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Fig. 5.22: Strain distribution of bars in RW side joint of specimen F2-CD-WS

Fig. 5.22(c) shows the strain distribution of a top bar in the side joint under
different MJDs. It can be seen that the bar tension was significantly reduced only
within the joint due to bond stress. Moreover, at a MJD of 150 mm, yielding
penetration has advanced around 125 mm from the joint interface to the joint center,
and further developed up to around 136 mm prior to bar fracture. Fig. 5.22(d)
demonstrates the strain distribution of a bottom bar under different MJDs. Due to
bond stress within the joint, the large compressive strain at the joint interface was
nearly reduced to zero. The spikes in Figs. 5.22(c) and (d) indicate that strain

concentration occurred at the joint interface.

Fig. 5.21(b) and Fig. 5.22(c) show that the bar strain in the beam extension was

larger than that at the interface towards the beam extension. That is, the stress at
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that interface was smaller than those at both sides. Accordingly, the directions of
bond stresses at both sides of the interface were opposite, and the zero-bond stress
point (i.e. the first derivative of bar stress distribution) was located at the joint
interface. Moreover, within the joint panel, the bond stress was distributed in the
same direction through the entire loading history. Therefore, the slip at a wide crack
near the joint interface towards the two-bay beam was mainly contributed by the

elongation of a bar over the embedment length equal to one column width.
5.3.5.2 Strains of reinforcing bars in specimen F6-SD-PD

Fig. 5.23 shows the arrangement of strain gages along the longitudinal reinforcing
bars in F6. Since the main interests are on the strain distributions over bars within
the middle and the side joints, most strain gages were mounted there, as highlighted
in Fig. 5.23. Within the middle joint region, one bottom bar was mounted with a
series of strain gages, denoted as Mb. Mt and St are used to indicate the strain
gages along a top bar in the middle joint region and in the side joint region,
respectively. In the notation of strain gages, letter “A” indicates that strain gages
were mounted at the bottom layer of bar cross-sections whereas the notation without

“A” represents strain gages at the top layer of bar cross-sections.
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Fig. 5.23: Arrangement of strain gages in specimen F6-SD-PD (unit: mm)
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Fig. 5.24 shows the development of strains at the top and bottom layers of bar

cross-sections vs. MJD. For debonded bottom bars, the strains across the bar

sections were quite uniform prior to reaching the yield strain, as shown in Fig.

5.24(a). However, for top bars, the strains at different layers diverged even though

the bar was still at elastic stage, as seen in Fig. 5.24(b). This is because the top bar

was under combined action of axial force and shear force locally whereas the

bottom bar did not sustain large shear

3000

force, as illustrated in Fig. 5.25.
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Local shear force induced bending moments at the bar cross-sections, resulting in

discrepancy of strains at the top and

the bottom layers at the same bar section, as

illustrated in Fig. 5.24(b). Similarly, for a top bar at side joints mainly under tension,
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the strain distribution of the bar was also affected by local shear due to dowel action,
as shown in Fig. 5.26. The effect of local shear on strain distribution across bar

cross-sections was significant near the cracks. For the locations far from the cracks,

local shear effect could be ignored. The non-uniformity in strains possibly

prohibited a bar section from achieving the tensile strength that is typically obtained
by tensile tests. A comparison between Figs. 5.24(a) and 5.26 suggest that partial

debonding technique can eliminate the effect of local shear on the distribution of

bar strains.
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Fig. 5.26: Distribution of strains at bar sections near the side joint interface
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Fig. 5.27(a) shows the strain distribution along a debonded bottom bar in the

middle joint region. As expected, the strain distribution along the debonded bar was

very uniform without any strain concentration. It is noted that yielding of the
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bottom bar initiated within the middle joint instead of at the joint interfaces. For the
top bar which was embedded in concrete, strain concentration occurred at a joint

interface, as shown in Fig. 5.27(b).

Fig. 5.28 shows the strain distribution of a top bar within a side joint region. Near
the joint interface, the strains are determined by the average values of the top and
the bottom strain gage readings. Since after bar yielding many strain gages were
spoiled, the strain distriburions at large MJDs were not shown herein. At early stage
of CAA (say, MJD < 65 mm), the strain distribution of a top bar within the side
joint was shown in Fig. 5.28(a). The large bar stress at the joint interface towards
the two-bay beam was monotonically reduced by bond stress within the joint panel,
indicating that the bond stresses were in the same direction. At a MJD of 65 mm,
yielding of the top bar occurred near the joint interface towards the two-bay beam.
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Fig. 5.28: Strain distribution and development in side joint region

The strain gages denoted as St8A and St9A were located near and at the joint
interface towards the beam extension, respectively, and the gage St7 was located in
the joint panel, as indicated in Fig. 5.23. Fig. 5.28(b) shows that after around a
MJD of 100 mm, the strain at St8A became consistently smaller than those at St7
and St9A. That is, the stress at St8A was at the saddle point of the local stress
distribution. Therefore, the directions of the bond stresses at both sides of St8A
were opposite, and the zero-bond-stress (i.e. the gradient of bar stress) was located
at St8A. Similar to specimens F1 and F2, the bond stresses within the side joint

panel of F6 remained the same direction throughout the entire loading history. The
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slip at the cracked joint interface towards the two-bay beam was mainly contributed
by the elongation of the bar over the embedement length from St2 to St8A, i.e.

around one column width.
5.3.5.3 Strains of reinforcing bars in specimen F7-SD-PH

Fig. 5.29 shows the arrangement of strain gages in F7. The main interests are the
strains of the bent-up and bent-down bars inside the partial hinges. Therefore, a
series of strain gages were attached onto these bars. Similar to F6, the labels Mt and
Mb denote the strain gages at the top and the bottom bar in the middle joint region,
respectively. Likewise, the labels St and Sb denote the strain gages at the top and

the bottom bar in the side joint region, respectively.
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Fig. 5.29: Arrangement of strain gages of specimen F7-SD-PH (unit: mm)

Fig. 5.30 and Fig. 5.31 show the development of strains at bent-bars in the middle

and the side joint regions, respectively. Several observations on F7 can be

summarized:

(1) Bent-bars were always in tension associated with large tensile strains, as

indicated by the strain gages labeled “X” in Figs. 5.30 and 5.31,
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(2) Near the joint interfaces, the compressive strains of bars were very small,
such as Mt4 in Fig. 5.30(a) and Sb4 and Sb5 in Fig. 5.31(b);

(3) Near the joint interfaces, the strains at the straight part of bars which were
adjacent to the bent part of bars increased quickly in tension together with
the bent part, such as Mt4 and Mt5X in Fig. 5.30(a), Mb2 and Mb1X in Fig.
5.30(b), as well as St5 and St3X in Fig. 5.31(a).
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Fig. 5.31: Strains of bent bars in the side joint region

Fig. 5.32 illustrates the force transfer mechanism within a partial hinge by a “truss
analogy”. The dash lines in the truss, representing the top and the bottom chords,
were analogous to the straight bars. Subjected to the combined action of bending
moment and axial force, both the bottom and the inclined bars were elongated due
to tension whereas the top member was contracted due to compression. This is why
the bent parts of the bars were always in tension during the test. The compression of
the top bars in the partial hinge can be confirmed by severe crushing of concrete
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shown in Fig. 5.19 and the readings of the strain gage named as RBt3 near the
middle joint in Fig. 5.29. At a MJD of 205 mm, the strain at RBt3 approached
around 5000p.

Contraction
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Fig. 5.32: Force transfer mechanism in partial hinge by truss analogy
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Fig. 5.33: Force transfer in bent bars

Fig. 5.33 visualizes the force transfer in a single bent bar. Assuming this bar is
located in a sagging moment region, then the bottom part should be in tension and
the top part should be in compression. However, due to the mobilization of large
tension T; in the bent part of the bar, the tension T3 in the bottom part increases
further and the force acting in the top bar part becomes tension (T,) as well.
Therefore, the tensile strains at Mb2 and Mb4 increased faster than the ones at
Mb1X and Mb5X, respectively, as shown in Fig. 5.30(b), and the tensile strain at
Mt4 developed more slowly than the one at Mt5X, as shown in Fig. 5.30(a). The

forces p; and p; acting at the kinks of the bar are resisted by surrounding concrete.
5.3.5.4 Strains of reinforcing bars in specimen F4-CD-WS-EX

The strain distribution of bars in the side joints of F4 is the main interest. The
corresponding arrangement of strain gages is shown in Fig. 5.34. The top bars are
definitely in tension. Therefore, a 90° hook was used to increase the anchorage

lengths. However, the bottom bars are initially in compression and subsequently
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change to tension at catenary action stage. Consequently, the bottom bars were bent
up with a 90° hook as well. Besides the strain gages denoted with “St” at a top bar
and the ones denoted with “Sb” at a bottom bar, the strain gages denoted as HP1,

HP2 and HP3 were mounted to the horizontal hoops in the joint panel.
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Fig. 5.34: Arrangement of strain gages in a side joint of F4-CD-WS-EX (unit:

mm)

Fig. 5.35(a) demonstrates the strain distribution along a top bar in the side joint
region. The strain profiles in this region were similar to a bar subjected to a pullout
force at relatively small MJDs. At a MJD of 50 mm, the yielding in tension had
already initiated near the side joint interface, as indicated by the blue line in Fig.
5.35(a). With increasing MJD, the yield penetration spread quickly into the joint
panel. At a MJD of 100 mm, yielding had spread to 80 mm from the joint interface.
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Fig. 5.35: Distribution of bar strains in side joint region of F4-CD-WS-EX
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Fig. 5.35(b) demonstrates the strain profiles of a bottom bar in the side joint region.
It can be seen that the strain concentration of the bar occurred locally at the joint

interface no matter the bar was subjected to compression or tension.
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Fig. 5.36: Strains of horizontal hoops in side joint of F4-CD-WS-EX

Fig. 5.36 shows the strain development of the horizontal hoops after F4 was loaded
at the middle joint. It can be seen that the hoop strains were very small, less than

700p. This indicates that the shear stress in the joint panel was not large.
5.3.6 Shear distortion at joint panels of side joints

Two potential meters were diagonally installed at the side joints to record possible
shear distortion of joint panels, as shown in Fig. 3.13(a). Based on the geometric
relationships shown in Fig. 5.37, shear distortion y can be converted from the
readings of two potential meters.

a=150

Fig. 5.37: Determination of shear distortion at joint panels (unit: mm)
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Shear distortion y is given by

renin=As (5-7)

where 4; and 4, are the deformations of two potential meters, positive for

lengthening and negative for shortening; and a = 150 mm as indicated in Fig. 5.37.

Note that shear distortion of joint panels is a meaningful parameter only prior to the
fracture of top bars at the side joint interfaces. After the fracture of all the top bars,
the joint panel simply became one part of a column because the beam-column
connection was through a single layer of reinforcement. Table 5.5 summarizes the
maximum shear distortions at the joint panels. It can be found that except for the
side joint towards A-Frame side of F3, the joint shear distortions of the other joints
were less than 30x10~* rad. Additionally, there is no general rule to specify under

what structural mechanism, the maximum shear distortion will occur.

In section 5.3.4, it is found that for RC frames with beam extensions, i.e. specimens
F1, F2, F5 to F7, very few shear cracks occurred at the side joint panels, indicating
low shear stress was induced in the joint panels. Accordingly, the shear distortions
of the joint panels could be ignored. However, extensive shear cracks were found in
a side joint panel of specimen F3. Therefore, F3 and F4 that do not have beam

extensions are selected to demonstrate the development of shear distortions vs. MJD.

Table 5.5 Maximum shear distortions at joint panels

Specimen Maximum shear distortion ypay at Structural mechanisms
joint panels (10 rad)” corresponding t0 ymax
RW side A-Frame side RW side A-Frame side
F1-CD-NS 9.8 22.4 CTA' CAA
F2-CD-WS 4.4 9.1 CTA CAA
F3-CD-NS-EX 114 89.8 CAA CTA
F4-CD-WS-EX 8.1 7.4 CAA CAA
F5-SD-MR 23.1 28.1 CTA CTA
F6-SD-PD 27.6 11.9 CTA CTA
F7-SD-PH 12.3 10.6 CAA CTA

* ymax represents the maximum magnitude of the shear distortion;
1: CTA stands for catenary action
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Figs. 5.38(a) and (b) show the development of shear distortions at the side joint
panels of F3 and F4, respectively. Due to fracture of top bars near the side joint
interfaces, shear distortions were significant. For the side joint at the reaction wall
(RW) side of F3, the shear distortion varied within 11.4x10* rad, as shown in Fig.
5.38(a). The shear distortions of the two side joints of F4 ranged from —8x10~* rad
to +8x10* rad, as presented in Fig. 5.38(b). Thus, there was nearly no shear cracks
at these joint panels. However, between the MJD of 425 mm and 500 mm, the shear
distortion at the side joint toward the A-frame side of F3 increased rapidly, up to
90x<10* rad. Accordingly, the shear cracks at this side joint panel formed
extensively within this range of MJDs, as shown in Fig. 5.15(c). Even so, the failure

of F3 was governed by the side column rather than the joint panel.
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Fig. 5.38: Development of shear distortion of frames without beam extensions
For the side joints without horizontal hoops in F3, as shown in Fig. 5.38(a), it can
be seen that prior to a MJD of 360 mm, the shear distortion at the side joint toward
RW side was much smaller than the one facing A-frame side. This indicates that
high column axial stress could inhibit the development of joint distortion at a joint
panel. However, the effect of column axial stress on shear distortion becomes less
significant for the side joint panels with horizontal hoops, as indicated by a
comparison of the shear distortions at the two joint panels of F4, as shown in Fig.
5.38(b).

Furthermore, a comparison between the shear distortion measurements of F3 and F4

suggests that under the same column axial stress, horizontal hoops in joint panels
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could effectively reduce shear distortion. Similar observations could be found when
the results of F1 and F2 are compared.

In summary, based on the results of shear distortions and crack patterns at the joint
panels, it can be concluded that beam-column joint panels are not critical

components for RC frames subjected to a middle column removal scenario.
5.3.7 Effect of detailing on structural behavior of RC frames

With identical longitudinal reinforcement, the comparisons of load-deflection
history between F1 and F2 as well as F3 and F4 suggest that seismic detailing in
terms of arrangement of stirrups in structural members and horizontal hoops in
joints does not significantly affect structural behavior of RC frames subjected to a

middle column removal scenario. This is ascribed to the following facts:

(1) Structural behavior of RC frames subjected a middle column removal scenario is
dominated by bending moment and axial force throughout beams rather than shear.
Provided that the structural resistance due to shear is greater than that due to flexure,
failure modes are governed by catenary action of beams rather than the shear

capacity of joints.

(2) At the beam-column connections, severe cracks occur with very limited
compressive zones at the beam sections, significantly reducing confinement effect

in spite of a high reinforcement ratio of stirrups in the beams;

(3) Failure mainly occurs at the beam-column connections rather than within the
joint panels so that the function of the horizontal hoops in the joints is not mobilized.

On the other hand, three different detailing schemes were adopted for RC frames to
improve the rotation capacities of RC beams under large axial tension. For
specimens F1, F5, F6 and F7, their top reinforcement was 3T13, at a reinforcement
ratio of 1.24%. Additionally, with the exception of the bottom reinforcement ratio
of F7 (1T13+2T10) at 0.90%, the bottom reinforcement ratios of the other three
frame specimens were identical at 0.82% (2T13). Therefore, the longitudinal
reinforcement ratios for these four specimens can be regarded as approximately the

same. Moreover, the arrangement of stirrups in these four specimens was the same.
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Fig. 5.39 shows the effects of different detailing rules on the load-deflection history
of RC frames and the variations of beam axial forces.

1104 —— F1-CD-NS 300 4
1004/~ = F5-SD-MR . ——F1-CD-NS
— . —F6-SD-PD G . 250|= = F5-SD-MR o ey
90|~ .. -F7-SD-PH s — - —F6-SD-PD =zt
o : 200 | =+ - F7-SD-PH el !
: ’2 -1 I
! < 150 :
I g 1
: & 1004 :
1 2 1
1 3 50 .
: S :
! ‘_2 0 T T = - T T T
; b 100 }og/:\ 7 fo 400 500 600
IRy
1 -50 T
T T T T T T 1
0 100 200 300 400 500 600 700 -100 4
Middle joint displacement (mm) Middle joint displacement (mm)
(a) Load-deflection history (b) Variation of axial force

Fig. 5.39: Effects of special detailing on structural behavior of RC frames

With an additional middle reinforcement layer, the capacity of CAA was increased
considerably. As illustrated in Fig. 5.39(a), the CAA capacity of F5 was 20%
greater than those of F1, F6 and F7. Cracks developed and propagated rapidly along
the beams of F5. At a MJD of 75 mm, crack tips had already crossed the middle
reinforcement layer. As a result, the middle reinforcement layer functioned as
purely tensile reinforcement. Accordingly, the bending moment resistance of beam
sections at the joint interfaces increased, resulting in a larger CAA capacity. Due to
late fracture of bottom bars at the middle joint interfaces, between the MJD of 300
mm and 400 mm, dowel action in F5 was much larger than other specimens, leading

to higher structural resistance.

Fig. 5.39(b) shows the effects of different detailing rules on the variations of axial

force vs. MJD. It can be seen that the maximum axial compression of F6 was lowest.

Due to partial debonding of bottom bars at the beam-column joints, the bottom bars
under compression could bend flexibly so that they did not sustain compression as
large as the bars firmly bonded by concrete did. As a result, the maximum axial
compression was lowered. On the other hand, since fracture of one bottom bar at the
middle joint region was delayed, the axial tension of F6 at the initial stage of

catenary action was larger than the other specimens, as indicated in Fig. 5.39(b).
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Fig. 5.20 can be used to illustrate the effect of partial hinges in F7 on structural
resistance. Due to the presence of partial hinges, the effective lengths of beams that
were able to rotate as rigid bodies became shorter. Therefore, under a given axial
tension and MJD, the structural resistance contributed by the vertical projection of

axial tension increased.

Table 5.6 summarizes the contribution of different special detailing rules to the
structural resistance at both CAA and catenary action stages based on comparisons
with F1.

Table 5.6 Contribution of special detailing techniques to structural resistance

Specimen Special detailing Contribution to structural resistance
At CAA stage At catenary action stage
. . Increase structural
Additional middle . . . Increase structural
F5-SD- resistance by increasing . .
layer of . resistance by larger axial
MR i the moment resistance at . .
reinforcement o tension and dowel action
joint interfaces
Partial debonding of Increase structural
F6-SD- bottom . resistance by delaying the
. No significant effect
PD reinforcement at g fracture of bottom bar and
joint regions larger axial tension
Increase structural
Partial hinges at one resistance by larger axial
F7-SD- e . .
PH beam depth away No significant effect tension and shortening the
joint interfaces effective beam length for
rigid rotating

5.3.8 Effect of boundary conditions on structural behavior of RC

frames

Since CAA and catenary action of RC frames were mainly mobilized along the two-
bay beams, the remaining structures including the side columns and the side joints
could be regarded as generalized restraints at the ends of the beams. All these
generalized restraints can be converted to equivalent axial, rotational and vertical
restraints, as illustrated in Fig. 5.40. Since the vertical settlements at the supports
are not considered, only the axial and rotational restraints are indicated, namely, K,

and K; in Fig. 5.40, respectively. During the tests, the characteristic values of K,

149




CHAPTER 5 EXPERIMENTAL RESULTS OF RC BEAM-COLUMN FRAMES

and K, depend on the stiffnesses of the side columns and joints, and the elastic
restraints at the top and the bottom ends of the side columns and at the beam
extensions. The values of K, and K, for RC frames F1, F2, F3 and F4 as well as
simplified sub-assemblage S4 are shown in Table 5.7. The reason to include S4 is
that the longitudinal reinforcement ratios and the arrangement of stirrups of S4 was
the same as the aforementioned RC frames. Table 5.7 suggests that the presence of
the restraints connected to beam extensions increased K, and K,. Table 5.7 also
indicates that the equivalent axial restraints in the sub-assemblage tests were much
stronger than those in the frame tests. Stronger restraints resulted in larger
beneficial effect from CAA on increasing structural resistance. It can be seen that
the enhancement factor of S4 was the largest among all specimens. The ways to

determine equivalent stiffness are introduced in Appendix A.

Lhhgy | Y
- | i

Fig. 5.40: Equivalent boundary conditions for a two-bay beam

Table 5.7 Effect of boundary restraints on enhancement factor due to CAA

Specimen Ka K: CAA capacity | Flexural capacity | Enhancement
(kN/m) | (kNm/rad) Pcaa (KN) Pr (KN)* factor a (%)
Fll;I(;D' 51.10 45.78 11.6
ZXeh) 23500 32900
WS 50.75 45,55 11.4
E3SCE[; 45.90 45.78 0.2
F1CD. 13950 20000
NS-EX 50.13 45.54 10.0
S4 429217 30000 63.22 47.76 32.37

*: Py is determined based on conventional plastic hinge mechanism without considering the presence
of beam axial force;

t: 0= (Pcaa— Ps) 1 Py

Except the boundary conditions, all the other geometric properties were identical for
F1 and F3. F1 included the restraints at the ends of beam extensions while F3 did
not have any beam extensions. Therefore, a comparison between F1 and F3 could

show the effect of boundary conditions on structural behavior of RC frames with
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conventional non-seismic detailing, as shown in Fig. 5.41. Likewise, Fig. 5.42
shows the effect of restraints on structural behavior of RC frames with conventional

seismic detailing based on a comparison between F2 and F4.
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Fig. 5.41: Effect of restraints at beam extensions on structural behavior of RC
frames with non-seismic detailing
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Fig. 5.42: Effect of restraints at beam extensions on structural behavior of RC

frames with seismic detailing

Similar findings for comparisons between F1 and F3, as well as between F2 and F4,

are summarized as follows:

(1) At small MJDs, there were no appreciable differences between the
specimens with and without restraints at the ends of beam extensions. This is
because the connection gaps existed at the restraints at the column tops and

the beam extension ends so that all specimens worked as portal frames.

151



CHAPTER 5 EXPERIMENTAL RESULTS OF RC BEAM-COLUMN FRAMES

(2) The CAA capacity of F1 was slightly higher than that of F3 due to a larger
Ka. This benefit due to stronger restraints was not evident for F2 over F4.
However, the maximum axial compression of F1 and F2 due to a larger K,
significantly exceeded those of F3 and F4, respectively.

(3) Due to stronger boundary restraints, the rotation of the two-bay beam was
achieved at the expense of severe concrete crushing and fracture of bottom
bars at the middle joint interfaces. As a result, after the CAA capacity, the
respective structural resistance of F1 and F2 decreased more rapidly than
those of F3 and F4, respectively.

(4) At catenary action stage, due to premature fracture of top bars at the side
joint interfaces, the comparisons of structural resistance at this stage are not
so meaningful. However, it is noteworthy that with the restraints provided at
the beam extensions, the side columns did not fail prematurely.

(5) Due to detailing of top bars at the side joints, fracture of top bars in F3 and
F4 (which were bent down into the columns) occurred at a relatively smaller
MJD than those in F1 and F2 (which were extended through joint cores into

beam extensions), respectively.

5.4 Comparisons of test results between RC frames and sub-

assemblages

The tests on sub-assemblages were directly concerned with the structural
mechanisms throughout the two-bay beams which were above missing columns.
The tests on frames were to more realistically demonstrate the structural behavior of
whole frames, including beams, columns and joints, in spite of some imperfect
connections at the boundaries. Both series of tests show that the failure of RC
structures was mainly concentrated on the beam-column connections rather than

the joint panels under a middle column removal scenario.

Due to different test set-ups, the restraints of the sub-assemblage tests were stiffer
than those of the frame tests. As a result, at CAA stage, an increase of structural
resistance due to CAA in the sub-assemblage tests was more evident than that in the
frame tests, as was evident by the comparison between F1 and S4 in Table 5.7.
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However, at catenary action stage, the effect of boundary conditions on structural
behavior also depends on the continuity of reinforcing bars. The bar continuity
could be weakened by either bar pullout or bar fracture. To sustain further applied
loads via catenary action, large rotations have to be achieved, perhaps at the
expense of fracture of bottom bars at the middle joint interfaces. This phenomenon
could be found in both the sub-assemblage tests and the frame tests. Thereafter, the
top layer of reinforcing bars could still provide large structural resistance to the
RC frames, like catenary action of the sub-assemblages. Nevertheless, early
fracture of top bars at the side joint interfaces significantly weakened the
development of catenary action of RC frames with conventional detailing. The early
fracture of top bars near the side joint interfaces was attributed to the following

facts:

(1) Embedment lengths of top bars in the side joints were much shorter than
those in the enlarged end-column stubs of sub-assemblages;

(2) Axial loads in the side columns provided higher confining stress to the top
bars so that the bond stress was increased even after bar yielding had

occurred.

The early fracture of top bars near the side joint interfaces indicates that it is
reasonable to place the internal ties on either side of a beam, rather than within the
beam cross-section or the floor area directly above the beam, as advocated by the tie
force approach in UFC 4-023-03.

On the other hand, the special detailing, including additional middle layer
reinforcement, partial debonding of bottom bars at joints and partial hinges at a
beam depth away from joint interfaces, can increase the rotation capacity of beam-
column connections and subsequently attain large structural resistance via catenary
action without early fracture of top bars. At the end of the tests, the global chord
rations of F5, F6 and F7 exceeded 0.20 rad.

5.5 Summary and conclusions

In this chapter, the test results on RC frames subjected to a middle column removal

scenario are demonstrated comprehensively. Following conclusions are obtained:
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(1) With increasing MJD, CAA and catenary action were mobilized sequentially
along the two-bay beams. CAA capacities were attained at the MJD from 0.25h to
0.38h, where h was the beam depth, and catenary action was mobilized at the MJD
from 0.95h to 1.29h.

(2) Failure was mainly concentrated at the beam-column connections rather than the
joint panels. For interior side joints (i.e. the side joints with beam extensions), only
a few cracks occurred at the joint panels, and for exterior side joints (i.e. the side
joints without beam extensions), such as joints in F3, extensive shear cracks formed
at one joint panel, but the final failure was controlled by side column failure instead

of joint failure.

(3) Stronger boundary restraints at the ends of two-bay beams could result in more
rapid declining of structural resistance after CAA capacity because severe concrete
crushing and bar fracture occurred to accommodate large deformations and to

achieve large rotations at beam-column connections.

(4) Compared with the sub-assemblages, the top bars of RC frames with
conventional detailing fractured at the side joint interfaces when the MJDs were
relatively small, significantly wrecking the development of catenary action. This
was because in the side joints of RC frames, the development lengths of top bars
were shorter at cateanry action stage and axial loads in the side columns resulted in

higher bond stress, leading to smaller slips at the joint interfaces.

(5) Test results suggest that the frame specimens with special detailing, including
additional middle layer reinforcement, partial debonding of bottom bars at joints
and partial hinges at a beam depth away from joint interfaces, were able to
effectively achieve higher rotation capacities and yet without premature bar fracture.

Subsequently, catenary action could be fully utilized.

(6) Catenary action is a double-edged sword. It is the last line defense of structural
resistance against progressive collapse, but on the other hand, it may seriously
jeopardize the stability of columns. Therefore, for interior bays, beams could be
designed with catenary action to safeguard against collapse due to adequate lateral
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restraints to related columns. However, for exterior bays, catenary action is not

encouraged.
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CHAPTER 6 ANALYTICAL MODEL FOR
COMPRESSIVE ARCH ACTION OF REINFORCED
CONCRETE BEAM-COLUMN SUB-ASSEMBLAGES

6.1 Introduction

Alternate load path method is one of the direct design approaches to evaluate
structural resistance against progressive collapse of buildings. Typically, this
approach is conducted by introducing column removal scenarios (DoD 2010; GSA
2003). Accordingly, several research groups (Sasani and Kropelnicki 2008; Su et al.
2009; Yu and Tan 2011a; 2012b) have experimentally studied the structural
behavior of reinforced concrete (RC) sub-assemblages under a middle column
removal scenario. The test results (Su et al. 2009; Yu and Tan 201la; 2012b)
indicate that compressive arch action (CAA) can substantially increase the
progressive collapse resistance of RC frames beyond mere flexural capacity, based
on the mechanism that plastic hinges have formed at critical sections of a sub-
assemblage and the ultimate moment of resistance at each hinge is determined
ignoring the presence of axial compression in beams. However, to attain CAA
capacity, sub-assemblages have to undergo larger deflections, say, around
0.16~0.34 of beam depth in Su et al’s tests (2009) and around 0.18~0.46 of beam
depth in Yu and Tan’s tests (2012Db).

The test results (Su et al. 2009; Yu and Tan 2011a; 2012b) also demonstrated that
catenary action can replace CAA to provide resistance when beam axial forces
change from compression to tension. However, mobilization of catenary action
requires much larger deflections, normally in the order of one beam depth or more.
Thus, catenary action raises higher requirements on the continuity of longitudinal
reinforcement and the rotation capacity of RC beams. Compared with catenary
action, CAA is a favorable alternate load path as it requires much smaller

deflections.

CAA is a structural mechanism in RC beams associated with axial compression

(thrust), analogous to compressive membrane action (CMA) in RC slabs. Therefore,
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the research on CMA is beneficial to provide a deeper understanding of CAA. Park
proposed a model to calculate the CMA capacity and peak thrust of lateral-edge-
restrained RC slabs, based on the assumptions at a plastic stage (Park and Gamble
2000). Similarly, Park’s model can be used to estimate the CAA capacity of RC
beams and sub-assemblages. Typically, RC beams are doubly-reinforced, and the
compression reinforcement ratio can range from a small value to one as large as the
tension reinforcement ratio. However, Park’s model cannot consider the actual
stress state of compression reinforcement at the critical sections along a beam. This
would lead to inaccurate predictions of CAA capacity, as Yu and Tan’s test results
(2010b) demonstrated that at the capacity of CAA, compression reinforcement at
the middle joint regions could either be in yield or in elastic state. Therefore, the
compression reinforcement stress cannot be simply specified as attaining either
yield strength or zero stress state, as advocated in Park’s model. In addition, Park’s
model has only taken account of the effect of partial axial restraints (i.e. finite axial
restraint stiffness) at beam ends without considering other imperfect boundary
conditions. Therefore, Park’s model is unable to consider the effects of partial
rotational restraints (i.e. finite rotational restraint stiffness) and axial connection
gaps at the beam ends on CAA. The ends of a beam are beam-column joints in
framed structures, and rotation of joints is very common in a deformed RC frame.
Therefore, the effect of partial rotational restraints on CAA of beams should be
considered. Connection gaps may occur in laboratory tests, or in sub-assemblages

with expansion joints.

To predict CAA capacity of RC beams and to incorporate the actual stress state of
compression reinforcement, rotational restraints and axial connection gaps, a new
analytical model is proposed in this chapter, starting from first principle rather than
simply modifying Park’s existing model. The proposed model is able to predict the
CAA capacity, maximum axial compression and load-deflection trend of RC sub-
assemblages at CAA stage. The proposed model is validated by available test
results (Su et al. 2009; Yu and Tan 201la; 2012b) and then used to conduct
parametric studies, including the effects of imperfect boundary conditions, beam

reinforcement ratio, and beam span-to-depth ratio on CAA.
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6.2 Mechanism of compressive arch action

In the test results on RC sub-assemblages demonstrated in Chapter 4, the structural
mechanisms of sub-assemblages are categorized into flexural action, CAA and
catenary action. However, there is no distinct demarcation between flexural action
and CAA in the load-deflection relationships of RC sub-assemblages. The test
results (Yu and Tan 2011a) show that with adequate axial and rotational restraints,
beams are able to develop axial forces throughout the entire loading history, even

prior to achieving ultimate moments of resistance at critical sections.
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Fig. 6.1: M-N interaction diagram of critical beam sections
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As illustrated in Fig. 6.1(a), a beam-column sub-assemblage is subjected to a
concentrated load with both ends fixed (Yu and Tan 2012b). For a typical example,
the experimental and theoretical M-N interaction diagrams at the middle joint
interfaces and the beam ends of sub-assemblage specimen S5 are shown in Figs.
6.1(b) and (c), respectively. Negative axial force denotes compression. The
theoretical M-N interaction diagrams are computed based on the assumptions that (1)
a plane section remains plane and (2) maximum strain in the extreme compression
fiber of concrete is 0.003 (MacGregor and Wight 2005), and no strength reduction
factor is considered. Curve BD indicated in Fig. 6.1(b) corresponds to “tension
failure” of a beam section, that is, the tension steel has already reached the yield
strength when the extreme concrete fiber reaches ultimate compressive strain of
0.003.

For joint interface JI_AF, with increasing sub-assemblage deflection, the state of M-
N interaction moves from origin O to point A, as shown in Fig. 6.1(b). Thereafter,
the point traverses along the path AC due to the presence of axial compression
increasing the ultimate moment of resistance, and reverses along the path CD after
crushing of concrete occurs. The experimental M-N path ACD agrees well with the
part BD of the theoretical M-N diagram. At point A, the ultimate moment of
resistance at section JI_AF is attained. However, axial compression has already
been mobilized at point A, resulting in an enhanced ultimate moment of resistance
compared to the pure flexure at point D. Similar observations can be obtained for
the other critical sections (i.e. Section JI_ RW, BE_AF, BE_RW) from Figs. 6.1(b)
and (c). Therefore, when plastic hinges have formed at all critical sections, the
ultimate moment of resistance at each hinge has already exceeded the pure flexural

strength.

Although there was no pure flexural action in the sub-assemblage tests, flexural
action capacity is still used to evaluate structural resistance based on conventional

design philosophy and to assess enhancement of structural resistance due to CAA.
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6.3 Development of the proposed model

Fig. 6.1(a) shows that plastic hinges have occurred at the joint interfaces and the
beam ends of an RC beam-column sub-assemblage with a concentrated load applied
at the middle joint. Due to symmetry, the free body diagrams of a one-bay beam
and the middle joint at CAA stage are shown in Figs. 6.2(a) and (b), respectively.

P
J&&&&&H&&H&&qmu My ﬁ My

(a)One-bay beam (b) Middle joint

Fig. 6.2: Free body diagrams of RC specimens under compressive arch action

Due to axial restraints at both ends of the beam, considerable axial compression is
mobilized throughout the beam length. Provided that the resistance of the sub-
assemblage based on shear failure is greater than that based on flexural failure, with
consideration of N-o effect, vertical resistance P is determined based on force
equilibrium in the vertical direction at the middle joint as shown in Fig. 6.2(b) and

moment equilibrium in the one-bay beam as shown in Fig. 6.2(a).

2(My +M, —Ns—qlZ /2)

i (6-1)

P=2V =

n

where V is the shear force acting at the joint interfaces; M, and M are ultimate
bending moments acting on the beam ends and the joint interfaces, respectively; N
is the beam axial compression; & is the beam deflection at the middle joint; q is the
self-weight or applied uniform loads on the beam; and I, is the net span length of a

one-bay beam.

At CAA stage, the effect of axial force N is two-fold, as illustrated in Eq. (6-1): (1)

N increases ultimate moments of resistance M, and M,, as the M-N path AC

u’?

shown in Figs.6.1(b) and (c), so that structural resistance P is increased; and (2) N

also causes detrimental N-¢ effect to structural resistance P. On the other hand, Eq.
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(6-1) suggests that to obtain the relationship of vertical resistance P and deflection ¢
of a sub-assemblage, the relationships of bending moment M and axial force N to ¢
should be determined first. Test results in Fig. 6.1 show that the interactions of M
and N at critical sections during the test agree well with theoretical M-N interaction
diagrams. Therefore, based on theoretical M-N interaction diagrams, both M, and
My; can be estimated once N is known. Then the kernel of the proposed model is to
obtain the relationship between N and 6. In the following subsections, N-J
relationship will be constructed through compatibility conditions and force

equilibrium of sub-assemblages based on the following assumptions.
6.3.1 Assumptions of the proposed model

The proposed model applies only after plastic hinges have occurred at several
critical sections, as shown in Fig. 6.1(a). To compute cross-sectional forces,
including M and N, the conventional assumptions used in ACI 318-05 (American
Concrete Institute 2005) are adopted, namely: 1) a plane section remains plane; 2) at
each critical section, compression concrete has attained its strength with an
idealized equivalent rectangular stress block and an ultimate strain of 0.003 in the
extreme compression fiber of concrete, tension reinforcement has yielded and
concrete tensile strength is ignored. Based on assumption (1), the proposed model

may not be applicable for deep beams.

Based on test observations, it is assumed that 3) plastic hinges occur at the beam
ends and at the middle joint interfaces, symmetrically located at both sides of the
middle joint, as indicated in Fig. 6.1(a) Depending on the supports from
surrounding structures, the restraints of sub-assemblages may rotate and translate
slightly at the beam ends. Therefore, it is further assumed that 4) the stiffness values
of imperfect axial and rotational restraints are linear elastic and symmetrical at both
the beam ends, and beams are fully restrained against vertical translation at the ends.
According to test results (Yu and Tan 2010b), at CAA stage, the strain of
compression reinforcement increased first and subsequently decreased. The
maximum compressive strain could either reach yield or remain elastic. Thus, it is

assumed that 5) material property of compressive steel reinforcement is elastic-
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perfectly plastic, and the unloading slope after yielding is equal to the initial elastic

modulus, as seen in Fig. 6.3.
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Fig. 6.3: Constitutive relationship of compression reinforcement

Following the above assumptions, neutral axis depths at the beam ends and the
middle joint interfaces, which are used to determine internal forces, will be linked

to vertical deflection ¢ via compatibility conditions and force equilibrium.
6.3.2 Compatibility conditions

After the ultimate moments of resistance have been obtained at the beam ends and
at the joint interfaces, due to symmetry, the deformation and the rotation of one-half
sub-assemblage are exaggeratedly drawn in Fig. 6.4. Due to mobilization of axial

compression throughout the beam, the deformed beam causes horizontal expansion
by an amount of (t+t;) and 0.5¢b; at the lateral support and the middle joint
interface, respectively. The term t is the small lateral deformation of the support
and t, is the gap between the support and the beam end. The existence of t,, caused
by connection gaps, is found in the laboratory tests, so it is considered in this

chapter. The term 0.5¢b; represents small axial deformation of the middle joint, in

which ¢ is axial strain throughout the middle joint and b; is the middle joint width.

On the other hand, as shown in Fig. 6.4, a large crack with a width of |; occurs at
the beam end, and crushing of concrete with a length of ctan(6+¢)happens at the
middle joint interface, in which ¢ is the beam end rotation with respect to the

rotated support and & is the rotation of the lateral support at the beam end. Axial
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compression in the beam results in a contraction of ¢l along the axis of the

deformed beam. Axial strain ¢ along the beam is assumed equal to the one in the
middle joint, since the axial compression is constant throughout the whole sub-
assemblage. As shown in Fig. 6.4, the projection of the displaced beam segment

onto the original beam configuration yields the compatibility equation.

[1,+0.56b; +(t+1y) |sec(p+0) =k +(1-&)l, —ctan(p+0) (6-2a)
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Fig. 6.4: Compatibility conditions of beam-column sub-assemblage
Since the net span length of the single-bay beam is I and the middle joint width is
b;, the total net span length of the sub-assemblage is | =2l +b;. If the ratio I /lis

denoted as 4, the joint width b; can be expressed as (1-2/)l and Eq. (6-2a) can be

converted into

[ Bl +056(1-28)1 +(t+1y) Jsec(p+0) =, +(1-£) Bl —ctan(p+0) (6-2h)

According to geometric relationships at the beam end restrained by the external
support, as illustrated in the close-up insert in Fig. 6.4, crack width |, at the beam
end (i.e. the distance of the top fiber at the beam end to the original support) is

given by

Ilzgtan(go+6)+(g—cl)tango (6-3)
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where h is the beam depth and c; is the neutral axis depth at the beam end.

Substituting Eq. (6-3) into Eq. (6-2b) and rearranging the equation to obtain the
expression for the neutral axis depth ¢ at the middle joint interface, the following

equation is obtained.

_h 05el+(t+ty) 2sin’[(p+0)/2] (ny tan o
2 Sin((o+9)0 ~(1-e)A sin(¢+0) +(§_ )tan((p+9) ©-4)

Detailed derivation process from Egs. (6-2) and (6-3) to Eqg. (6-4) is given in
Appendix |.

Since the partial rotational restraint at the beam ends is assumed as a linear elastic
spring with a stiffness K;, when the bending moment My, acts at the beam end, the

corresponding rotation of the lateral support & can be obtained.
0=M, /K, (6-5)

Moreover, axial strain ¢ of the beam segment and outward lateral displacement t of
the linear elastic axial restraint at the beam end are determined by the induced beam
axial compression N throughout the beam. Since all plastic deformations are
concentrated at the middle joint interface and the beam end, the beam segment is
assumed to deform elastically and uniformly. Therefore,

N
£ = Bh, (6-6)
N
=K, (6-7)

where b is the beam width; E; is the elastic modulus of concrete and K, is the

stiffness of axial restraints.

Since ¢ and @ are small, the trigonometric functions in Eq. (6-4) can be replaced by

equivalent infinitesimal mathematical terms. Also, the beam axial strain & and the
movements of the axial restraints (t+to) are extremely small compared with I,.

Therefore,
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o My,
sinf=0= K,
- . (o+0 5 5 _ S s My
sin(@+6)=2sin ~p+0= ~2 =2 and p=2 —
(0+0) ( 2 j O r0Be, (4t &, AT PTAK,

tan(p+6)~+0; tanp~p

Substituting Egs. (6-6), (6-7) and the equivalent values of the trigonometric

functions into Eq. (6-4) gives the following equation:

_hos A1 2\ A% (h_ ) Myl i
=272 Zé(bhEchlKa)N s 279\ ks (6-8)

where ¢ and c; are the neutral axis depths at the middle joint interface and the beam

end, respectively. Detailed derivation process to obtain Eq. (6-8) is given by

Appendix I.

Eqg. (6-8) suggests that ¢ can be expressed as a function of two variables ¢; and ¢ as
both N and My can also be determined by c;, which will be explained later. Thus,
for a given middle joint vertical displacement ¢, ¢ becomes a function of a single
variable c;. To solve two unknowns ¢ and c;, another equation correlating them can

be obtained via equilibrium condition.
6.3.3 Equilibrium condition

When a beam is under CAA, rotations of beam sections are very small, so that there
is no appreciable discrepancy between horizontal reaction forces and axial forces
throughout the beam (Yu and Tan 2012b). Therefore, the axial forces acting at the
beam ends (Ny1) and the joint interfaces (N,) are equal. The magnitudes of Ny; and

N, are denoted as N.

N =N, =N, (6-9)

Based on assumptions 1) and 2), the stress and strain distributions as well as
internal force components at a beam section are shown in Fig. 6.5. Both M and N

are calculated with respect to the middle-depth axis of a beam section.
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Mid-depth axis

(a) Section and forces (b)Strain distribution (c)Stress distribution (d)Internal forces

Fig. 6.5: Strain and stress distribution at a beam section

Fig. 6.5(d) shows that the beam axial force of a section is contributed by

compression concrete, compression and tension reinforcement. Therefore,
Ny=Ci+C;-T' (6-10)
N,=C,+C,-T (6-11)

where C. and C, are the concrete compressive forces, C{ and C, the steel

compressive forces, and T'and T the steel tensile forces, acting on the beam ends

and the middle joint interfaces, respectively. Based on Fig. 6.5(c), C.and Ccan be

calculated as
C.=0.85fbpc (6-12)

C, =0.85fbAc (6-13)

where f/is the compressive strength of concrete based on cylinder tests, and g, is

the ratio of the depth of the equivalent rectangular stress block to the neutral-axis
depth, as defined in ACI 318-05 (American Concrete Institute 2005).

According to Fig. 6.5(b), the strains of compression and tension reinforcement at

the beam ends are given by
’ a‘él
s = 1-—== &g 6-14a
( 3 Jg (c-142)

h—a,
s = (Tl —1] Eeu (6-14b)
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where a/;and ag are the distances from the extreme compression fiber of concrete

to the centroid of compression and tension reinforcement at the beam ends,

respectively, and &, is the ultimate compressive strain of concrete, assumed as

0.003.

After obtaining & via Eq. (6-14a), the compression reinforcement stress can be

determined according to perfectly-elastic plastic constitutive model, as shown in
Fig. 6.3. Except the first load step, the strain at each load step should be compared
with the one at the last step to check whether compression reinforcement has started

to unload. Accordingly, the steel compressive force is given by
Ce =& EA (if &5<ey)
Co=f A (if eg2e, &ei2ey) (6-15)
c! =[fy ~E (¢, —g;)]A.; (if 5/ >5,&e/ <2,))

wheree, is the yield strain of steel reinforcement, &g, is the strain of compression

reinforcement at the last load step, and A{ is the area of compression reinforcement.

According to Fig. 6.5(c), the force of tension reinforcement at the beam end is

calculated as
T'=1,A (6-16)

Since the tension reinforcement is at yield, ¢ is greater than ¢,. According to Eq.

(6-14b), c; at the beam end should be less than c,,, =(h —asl)/(1+ gyl &g )

Furthermore, the compressive and the tensile forces of reinforcement at the joint
interfaces can be determined in a similar way as Eqgs. (6-14) to (6-16), but they are
expressed as functions of neutral axis depth c at the middle joint interface. Finally,
according to Fig. 6.5(d), the bending moments M and M, at the beam ends and the

joint interfaces can be determined with respect to mid-depth axis, respectively.
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Mul:Cé(g—ﬂlTClj+C§(%—a;1)+T'(%—asl) (6-17)
M, —c DAl ¢ (ﬂ—a')ﬂ(ﬂ—a) (6-18)
u C 2 2 S 2 S 2 S

where ag and agare the distances from the extreme compression fiber of concrete to
the centroid of compression reinforcement, a,, and a, the distance from the utmost

tension fiber of concrete to the centroid of tension reinforcement, at the beam ends

and the joint interfaces, respectively.

In summary, Egs. (6-10) to (6-18) show that N, and M, are functions of c, and N;
and My; are functions of c;. Moreover, the force equilibrium in Eq. (6-9) correlates

¢ with c;. In other words, c is a function of c;.
6.3.4 Procedure to implement the model

Force equilibrium gives one equation in terms of two unknowns ¢ and c;
independent of ¢, and compatibility condition produces the second equation (i.e., Eq.
(6-8)) in terms of c, ¢; and 6. Consequently, for a given 4§, by solving these two non-
linear equations simultaneously, the values of c¢ and c; can be obtained.
Subsequently, by substituting ¢ and c; into Egs. (6-9) to (6-18), one can obtain axial
force N and bending moments M,; and M,. Substituting N, My; and M, into Eq. (6-1)
can determine vertical resistance P. Note that it is rather tedious to express these
two non-linear equations explicitly. However, by following the procedure shown in
Fig. 6.6 and gradually increasing J, the relationships of P, N, My; and M, in terms
of ¢ can be easily calculated. Then CAA capacity and maximum beam compression
force can be obtained as well. The implementation of this model can be achieved by

using Matlab program or Excel spreadsheets.

In the implementation of the model, as outlined in Fig. 6.6, two points should be
noted:

(1) Determine the upper bound value (denoted as c;_ypp) Of neutral axis depth c;
at the beam end to ensure that the neutral axis depth c at the middle joint
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interface is greater than zero via Eq. (6-8) and tension reinforcement is at
yield stage.

(2) Substitute Eq. (6-8) into the nonlinear equation provided by force
equilibrium (combining Egs. (6-9) to (6-16)) to solve c; in an interval
between 0.01c, and c;_ypp. If there is no solution in this interval, calculation
should be stopped and Pmax and Nmax can be selected from the previous load

steps.

Input
Geometric and material
properties, boundary
conditions

A

Cp=(h-ay)/(1+e, /&) *

iizl

Input the value of 6;

)

Take Ny; and My, as functions of ¢, via Egs.(6-10), (6-
12), (6-14a), (6-15), (6-16) and (6-17).

l

Substitute N,; and My, into Eq.(6-8) with c=0 to
obtain the corresponding c;, named cy

l

leuppz mi n{ctlx Cyll}

!

Substitute Eq.(6-8)into Eq (6-11),(6-13) and equations
similar to Eqs.(6-14a),(6-15) to obtain N, in terms of ¢,

|

Take Ny; as a function of ¢, via Egs.(6-10),(6-12),(6-
14a),(6-15) and (6-16) ; Then obtain the function
F:Nu'Nul

F(O-Olcyll)*':(clfupp ) < 0
jump out of the loop

Stop calculation and
Yes

A

Solve F=0 to determine c;, and then to calculate M; and N;
via Egs. (6-8), (6-10) to (6-18); to calculate the vertical
resistance P; via Eq.(6-1)

i=i+1

A
Output:
To obtain load-deflection and axial force-

deflection relationship; to pick out Ppa
and Npax

*: Cyu is the neutral axis depth corresponding to the simultaneous
occurrence of tensile rebar yielding and concrete crushing at beam ends.

Fig. 6.6: Procedure to calculate the vertical resistance and internal forces
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Based on geometrical parameters of specimen S4, as shown in Table 6.1, Fig. 6.7
illustrates the determination of neutral axis depths at a given middle joint
displacement ¢ from 0.1h to h, where h is the beam depth of S4. Two curved
surfaces are determined by compatibility condition and force equilibrium,
respectively. At each ¢, with increasing c;, compatibility equation (Eq. (6-8)) causes
c to decrease, even to negative values. Therefore, it is necessary to set an upper
limit of c; to preclude this situation. The intersections of the two surfaces are the
system solutions. Figs. 6.7(a) and (b) indicate that with increasing ¢, both ¢ and c;
increase first and then decrease. Note that in this case, the compression
reinforcement is at elastic stage.
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(b) Variations of ¢ at middle joint interfaces

Fig. 6.7: Variations of neutral axis depths at critical sections
6.3.5 Equivalent stiffness of restraints

All restraints from the surrounding structure to a beam-column sub-assemblage can
be converted to axial (or horizontal), vertical and rotational restraints. Assuming the

surrounding structure to be in elastic state, each restraint stiffness can be evaluated
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by applying a unit displacement at one end of the sub-assemblage corresponding to
that degree of freedom and then back calculating the resistance provided by the
surrounding structure via linear elastic finite element analysis. It is most likely that
the restraint stiffnesses at the two ends of a sub-assemblage are not equal. To satisfy
assumption 4) in section 6.3.1, it is necessary to obtain the equivalent stiffness of

axial and rotational restraints.

With increasing central deflection, at each load step, the reaction forces at the sub-
assemblage ends are in equilibrium along the axial restraint direction. The
equivalent axial restraints must satisfy force equilibrium and deformation
compatibility caused by the actual axial restraints at both ends of a sub-assemblage.

Therefore,
Kidy =kod, =keg 4 (6-19)
24=A,+4, (6-20)
Combining Eqg. (6-19) with Eq. (6-20) gives

_ 2kik,

4k +k, (6-21)

where k, and k, are the axial stiffnesses, 4, and 4 , the displacements of axial
restraints at each end of the sub-assemblage, respectively; k,,and 4 are the axial

stiffness and the displacement of equivalent axial restraints, respectively.

For example, if a sub-assemblage simply supported at both ends, either k, or k, is
equal to zero. As a result, ke, is zero according to Eq. (6-21). As shown in Eg. (6-8),

the value of neutral axis depth c at the joint interfaces will tend to negative infinity,
I.e. no compression zone at middle joint interfaces. In other words, CAA cannot be

mobilized.

The equivalent rotational stiffness is simply selected as the smaller stiffness of both
ends because the weaker rotational restraint dominates the structural mechanism of
a sub-assemblage. For example, if one end is a pin, the existence of compression

zone and tension reinforcement will produce a couple, which violates the pin
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boundary condition. Therefore, it is impossible for a compression zone to develop at
the sub-assemblage end, and thus CAA cannot be mobilized. That is, weak
rotational restraints will inhibit the development of CAA. However, the structural

behavior under extreme weak rotational restraints is outside the scope of this study.

When CAA cannot be mobilized, beam axial compression N equals to zero.
Accordingly, Eg. (6-1) is simplified to calculate the capacity of pure flexural action.
To obtain flexural capacity via the proposed model, a small axial restraint stiffness
(e.g. K;=10 kN/m) should be set in Eq. (6-8).

6.4 Discussions on the proposed model

The limitations of the proposed model are caused by assumption 2), in which the
ultimate compressive strain of concrete ¢, is assumed constant. Fig. 6.8(a) shows
the actual variations of strains of concrete and reinforcement throughout CAA. With
increasing sub-assemblage deflection, the strain profile at a critical section
sequentially experiences profiles 1 to 3. It can be seen that the strain of tension
reinforcement &, keeps increasing, and the strains of both concrete ( ¢, ) and
compression reinforcement ( ¢, ) increase first and then start decreasing after
attaining the peak values. Accordingly, the neutral axis depth c; increases first and
then decreases. If ¢, is assumed fixed, as illustrated in Fig. 6.8(b), the variations of
both & and c; are similar to the ones in the actual CAA process. However, at CAA
stage, the assumption of constant <, leads to an artificial unloading in tension
reinforcement, as illustrated by the transition of strain profile 1 to 2 shown in Fig.
6.8(b). To conform with reality and to avoid possible errors caused by this
“unloading” process, the tension reinforcement is assumed to remain at yield, and

the corresponding stress is taken as the yield strength in analysis.
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[ |
At Start of CAA Around CAA Capacity At decline of CAA
(a) Actual strain variations at CAA stage
gcu SCU
I ~ "
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At Start of CAA Around CAA Capacity At decline of CAA

(b) Strain variations based on assumed constant ultimate concrete strain
Fig. 6.8: Comparisons of strain variations in actual CAA and the proposed

model

Another issue is the distribution of compressive forces at concrete and compression
reinforcement. As shown in Fig. 6.8(a), &, may increase beyond 0.003.
Accordingly, the actual variation range of &, is larger than the one in the proposed
model, as illustrated in Fig. 6.8(b). Therefore, compression reinforcement may
sustain larger compressive force. Additionally, after concrete has attained a larger
£s, » €ven beyond the crushing strain, the compression reinforcement has to sustain
more compressive force. However, in the proposed model, as shown in Fig. 6.8(b),
the contributions of concrete and compression reinforcement to compressive forces
are overestimated and underestimated, respectively. Therefore, the shortcoming
caused by constant &, will become more obvious if severe concrete crushing
occurs at some critical sections. However, RC beams are usually under-reinforced
so that they can fail in a ductile mode, i.e. reinforcement yielding prior to concrete

crushing. As a result, M-N interaction of beam sections is similar to the one shown
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in Figs. 6.1(b) and (c), and compression failure with severe concrete crushing can

be avoided.

In summary, assumption 2) is a trade-off between the simplicity to obtain cross-
sectional forces and the complexity to determine them via numerical analysis. The
agreement of the experimental M-N path and analytical M-N interaction diagram at
each section in Figs. 6.1(b) and (c) indicates that assumption 2) is acceptable in
terms of accuracy to determine cross-sectional forces. Moreover, the validity and
accuracy of the proposed model to predict CAA capacity and maximum beam
compression will be evaluated by test results (Su et al. 2009; Yu and Tan 2011a;
2012h).

6.5 Validation of the proposed model

Comparisons of experimental and analytical results are listed in Table 6.1. Similar
to test results, the proposed model does not consider the effect of self-weight of
specimens. The pertinent parameters for the proposed model are included in Table
6.1 as well. More detailed information about those tests, such as test set-ups, beam
section dimensions, etc, can be found in papers (Su et al. 2009; Yu and Tan 2011a;
2012b). With the exception of the axial force of A6, comparisons in Table 6.1
indicate that the proposed analytical model is able to predict the capacity of CAA
and maximum beam axial compression with satisfactory accuracy and reliability.
For predicting CAA capacity, the mean value is 0.955, and the coefficient of

variation is less than 10%.
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Table 6.1 Comparisons of experimental and analytical results

Test’ Boundary I’ Longitudinal Material Capacity of compressive arch action Maximum axial compression (kN)
conditions reinforcement at properties (kN)
middle joints*
Axial Axial Rotational Top Bottom fo fy Experimental | Analytical | P./P.., | Experimental | Analytical | Na/Npax

stiffness gap stiffness (MPa) | (MPa) results Pgaa results P, results Npax results N,

(KN/m) | (mm) | (kKN-m/rad)
St 5 05 4 23 2110 2T10 41.64 43.57 1.046 177.9 156.70 0.881

1.06x10 ) 1.0x10 +1T13 31.24 511 ) ) ' ) ' )
S2 1.2 23 3T10 2T10 38.38 38.39 1.000 155.9 141.86 0.910
S3 1.0 23 3T13 2T10 511 54.47 56.15 1.031 221.0 227.85 1.031
S4 0.8 23 3T13 2T13 (T10); 63.22 63.90 1.011 212.7 231.50 1.088
S5 5 0.8 4 23 3T13 3T13 494 70.33 72.16 1.026 238.4 224.03 0.940
se | 420 g 3000 s TaTie [ otz | B | (t13) [ 7033 7408 | 1.053 218.1 196.49 | 0.901
S7 1.2 18.2 3T13 2T13 513 82.82 83.15 1.004 233.1 244.61 1.049
S8 0.8 134 | 3T13 2T13 (T16) 121.34 126.31 1.041 272.5 300.15 1.101
Al 2¢12 2¢12 24.55 168 152.53 0.908 388 338.71 0.873
A2 3¢12 3¢12 26.83 221 190.04 0.860 324 367.68 1.135
A3 9 314 314 29.64 350 246 228.34 0.928 305 403.08 1.322
A4 2¢12 114 21.89 ) 147 133.09 0.905 344 305.08 0.887
A oo | o | 1rmao 312 | 2612 | 2516 | ($12) 198 169.14 | 0.854 393 31802 | 0.886
A6 ' ' 314 2¢14 27.21 340 226 200.00 0.885 191° 380.37 --
Bl 14 314 17.63 (b14) 125 111.93 0.895 225 230.45 1.024
B2 19 314 3014 18.32 82.9 79.71 0.962 210 222.67 1.060
B3 19 2014 20.06 74.7 72.57 0.971 210 244.85 1.166
Cl 135 2912 2012 15.12 60.9 49.62 0.815 108 90.949 0.842

Mean for all specimens 0.955 1.006
COV for all specimens 0.075 0.132

*: Tests S1~S8 are from Yu and Tan (2011a; 2012b) and Tests A1~C1 are from Su et al. (2009), and the concrete strength by the latter are converted from cubic
strength to cylinder strength by multiplying 0.76;
t: 1is total length of the whole two-bay beam, equal to the summation of two times net span length of a single-bay beam and a joint width;
$:“T” denotes high strength reinforcement and the following number is bar diameter;
§: This axial force deviates largely from other test results within the same batch, so it is not used for comparison.
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Fig. 6.9 shows that the proposed model can also predict the reasonable trend of
load-deflection (P-6) and beam axial force-deflection (N-0) relationships of the sub-
assemblages, from the deflection of one-tenth to one beam depth. However,
compared with experimental results, the proposed model tends to predict smaller
displacements corresponding to the capacity of CAA and the maximum beam axial
force, respectively. Based on the assumption 2), the model can only be applied
when sufficient vertical deflection has occurred to allow plastic hinges to develop at
all critical sections. Additionally, when the middle joint of a sub-assemblage
reaches a displacement of one beam depth, it is likely that catenary action takes
over CAA to sustain applied loads. Therefore, the P-6 and N-¢ relationships are
discussed within the deflection range of one-tenth to one beam depth, so that the
plastic hinges at critical sections have already formed, and catenary action of sub-

assemblages has not yet commenced.

] Experimental results S4 — Experimental results S4
50 4 i

70 o000 —0O— Analytical results S4 —— Analy_tlcal relsult.s ISA s

d" /%)‘Q% — — Experimental results S5 - - Experimental results S5
o Qo% —O— Analytical results S5 0 < : . —Oo— Analylllcal results SE:

C 1
’ Q(@%Q\,‘ ) 00

50 - / Y0 o0 o) 50 4

&
S
1

-100

Applied load (kN)
8
!

-150

Beam axial force (kN)

)
S
1

-200

[
53
1

-250

o

T T T T T
0 50 100 150 200 250

Middle joint displacement (mm) Middle joint displacement (mm)
(a) Load-displacement relationship (b) Beam axial force-displacement
relationship

Fig. 6.9: Comparisons of applied load and axial force vs. displacement

relationships

Based on accuracy and reliability, the proposed model is an efficient tool to
investigate the effects of pertinent parameters on CAA. In the following sections,
after the comparisons with Park’s model, parametric studies are conducted with the

proposed model.
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6.6 Comparisons with Park’s model

The proposed model is initially compared with Park’s model under the same partial
axial restraints without considering the effects of axial connection gaps and partial
rotational restraints. Thereafter, the actual boundary conditions are introduced into
the proposed model to highlight the necessity of considering the effects of imperfect

boundary conditions on CAA.

Fig. 6.10(a) shows the comparisons of two models based on the parameters of
specimen S4, as listed in Table 6.1. Initially, S4 is regarded as axially restrained
with a stiffness of 4.29x10°> kN/m. The rotational restraint stiffness is assumed
infinitely large, and there are no axial connection gaps. Under this controlled
boundary condition, Park’s model with assumed yielding compression
reinforcement overestimates the CAA capacity. If the compression reinforcement
stress is taken as zero, the CAA capacity is underestimated compared to the test
result. The close-up in Fig. 6.10(a) demonstrates that at CAA stage, the stress state
of compression reinforcement is actually elastic, which is predicted by the proposed
model. The maximum compressive stress is around 260 MPa, much lower than the
yield strength of steel reinforcement at 494 MPa. Consequently, the capacity
predicted by the proposed model is in between two limits estimated by Park’s
model. Finally, the actual boundary conditions are introduced into the proposed
model. Due to the gaps and the partial rotational restraints, the CAA capacity
reduces from 69.32 kN to 63.55 kN, but the corresponding middle joint
displacement increases. It indicates that boundary conditions are crucial for an
accurate prediction of CAA capacity.

Fig. 6.10(b) shows the comparisons based on the parameters of specimen A5, as
listed in Table 6.1. Besides the axial stiffness of 1.0x10° kN/m, the rotational
restraint stiffness 1.75x10* kN m/rad is also introduced into the proposed model
because this rotational stiffness is adequately large so that there is no appreciable
effect on CAA capacity. The proposed model indicates that the compression
reinforcement has yielded when CAA attains its capacity, as shown in Fig. 6.10(b).
Thus, CAA capacity predicted by the proposed model is very close to the one

predicted by Park’s model which assumed yielding compression reinforcement.
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Unlike S4, the yield strength of compression reinforcement in A5 is much lower, at
350 MPa. At CAA stage, the stress level of compression reinforcement of A5 did
not deviate significantly from the yield strength, so the overall trend of the load-
middle joint displacement relationship calculated by both models agree well with
each other, as shown in Fig. 6.10(b). Clearly, assuming zero stress for compression
reinforcement is too conservative, which will downplay the contribution due to
CAA.
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Fig. 6.10: Comparisons of the proposed model and Park’s model

The above comparisons illustrate that the variations of compression reinforcement
stress should be considered in determining CAA capacity and maximum axial
compression. This can be achieved by the proposed model. When the compression
reinforcement is in elastic stress state, say much lower than the yield stress, the
prediction based on yield strength will overestimate CAA capacity. Meanwhile,
assuming zero stress for compression reinforcement in doubly-reinforced beams is
far too conservative. Therefore, the accuracy of CAA capacity predicted by the

proposed model is dependent on the stress state of compression reinforcement.

6.7 Effects of imperfect boundary conditions on compressive
arch action

The boundary conditions discussed herein include axial and rotational restraints and

axial connection gaps at the beam ends. For RC structures, beams above a missing
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column are supported by adjacent frames. External loads acting on sub-assemblages
are transferred to adjacent frames or the remaining structure due to continuity. The
stiffness of axial and rotational restraints depends on the structural stiffness of
adjacent frames or the remaining structure. It can be assumed that the initial damage
is confined to a local region, for instance, just within the frame which has lost a
column, but the remaining structure is still at elastic stage. Then the stiffnesses of
both axial and rotational restraints can be obtained via linear elastic analysis on the
remaining structure. Finally, the equivalent restraint stiffness can be evaluated by

the method suggested in section 6.3.5.

As for structural testing in a laboratory, the connections at the boundaries of
specimens may not be perfect. To some extent, connection gaps are inevitable.
However, axial connection gaps have a detrimental effect on CAA, especially on
the development of beam axial compression. Similarly, Park and Gamble (2000)
pointed out that the behavior of one-way slab strips is much less sensitive to
imperfect restraint against rotation and vertical translation than to small horizontal

displacement.

For typical RC framed structures, the ratio of beam span to depth is around 8~12.
Due to the removal of a middle column, this ratio is approximately doubled, i.e.
16~24. Therefore, specimen S4 (I1/h=23) and S7 (I/h=18.2) listed in Table 6.1
represent typical RC beams. Moreover, the restraints in sub-assemblage tests,
including two horizontal pin-pin connections and pin supports seated onto rollers,
can be converted into equivalent axial and rotational restraints as well as rigid
vertical supports at two ends of the two-bay beam. It is found that the effects of
connection gaps, partial axial and rotational restraints on S4 and S7 are quite similar.
Thus, for simplicity, the effects of imperfect boundary conditions on CAA will be
illustrated based on the material and geometrical properties of S4. In cast in-situ
concrete structures, there are no axial connection gaps for continuous RC beams.
Hence, the capacity of CAA (Po= 69.10 kN) and the magnitude of maximum axial
compression (No = 275.90 kN) of S4 with zero gap, calculated by the proposed
model, are used to normalize the applied load P and the beam axial force N in all

cases, respectively. On the other hand, to obtain more general conclusions on the
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effects of partial axial and rotational restraints on CAA capacity, specimens A5 and
S7 are compared as well. The corresponding material and geometric properties as

equivalent restraint stiffness of S4, S7 and A5 are included in Table 6.1.
6.7.1 The effect of axial connection gaps

Except the values of gaps, all the other parameters of S4 are the same as those listed
in Table 6.1. Fig. 6.11 shows that the overall trends of load-deflection and beam
axial force-deflection relationships are similar under different connection gaps and
indicates that CAA capacity and maximum axial compression are very sensitive to
the magnitude of axial connection gaps. Compared with a beam span length of 5750
mm, a gap of 0.8 mm is negligible. However, when the gap increases by 0.8 mm,
the CAA capacity P, and the maximum axial compression Npa Of the sub-
assemblage decrease by around 8% and 19%, respectively. Therefore, it is
necessary to measure the gaps between axial restraints and a specimen during
testing. Otherwise, the structural capacity of the specimen due to CAA will be
underestimated compared to its prototype in RC structures. However, this analytical
model can be used to re-evaluate P, of tested specimens with zero gaps to make

specimens more representative to continuous beams in RC structures.
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Fig. 6.11: Effect of axial connection gaps on CAA

6.7.2 The effect of axial restraint stiffness

To illustrate the effect of axial restraint stiffness K, on CAA, the stiffness term is

normalized by the beam axial stiffness, as follows:
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_ a
7a = Ebh /I (622)

where | is the net span length of the two-bay beam, i.e. 2l, plus the middle column
width of 250 mm. For specimen S4, the two-bay beam uncracked axial stiffness
E.bh/1is equal to 1.93<L0° kN/m. This value is used to calculate the relative axial

stiffness y, of restraints for all cases. As shown in Table 6.1, K, for specimen S4 is

4.29>10° kN/m, so 7, 0f specimen S4 during the test is 2.22.
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Fig. 6.12: Effect of axial restraint stiffness on CAA

Figs. 6.12(a) and (b) show that the effect of axial restraint stiffness K, on the load-
deflection and the axial force-deflection relationships becomes apparent only when
the axial restraint is weak, defined as y, < 1.0. With further increasing deflection of

the sub-assemblage which has attained CAA capacity, a larger axial restraint
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stiffness corresponds to a steeper decrease of structural resistance and axial
compression, as shown in Figs. 6.12(a) and (b), respectively. Moreover, a small
axial restraint stiffness inhibits the mobilization of large axial force, as shown in Fig.
6.12(b). For example, when y, = 0.01 (i.e. axial restraint is too weak), structural
resistance P is nearly constant with increasing deflection ¢, and beam axial force N
is so small that it can be ignored. Therefore, the structural mechanism of the sub-

assemblage with y, = 0.01 is almost identical to pure flexural action.

A comparison between Figs. 6.12(a) and (b) suggests that compared to CAA
capacity P,, the maximum beam axial force Nmax iS more sensitive to the variation
of K,. It should be noted that an increase of axial restraint stiffness K, is always
beneficial to both P, and Nmax. However, when axial restraint is weak, i.e. y, < 1.0, a
larger K, can more effectively increase P, and Nmax; When axial restraint is strong,
defined as y, > 1.0, K, does not significantly affect both P, and Npna, and the
marginal effect of a greater K, on increasing both of them decreases quickly. For
example, from y, = 0.1 to 1.0, P, and Npmax Of S4 increase by around 24% and 197%,
respectively. However, from y, = 1.0 to 10, P, and Npmax Only increase by around 12%
and 30%, respectively. When y, > 5.0, the effect of K, on CAA can be neglected,
since from y, = 5 to 100, the enhancement of CAA capacity is only 3.6%.

Similar conclusions about the effect of axial restraint stiffness K, on CAA capacity
can also be found in specimens S7 and A5, as illustrated in Fig. 6.12(c). Flexural
capacity Ps is based on a mechanism that plastic hinges have formed at the middle
joint interfaces and the beam ends, as shown in Fig. 6.1(a), without considering the
presence of beam axial force. The ratio of P,/Ps represents the enhancement of
structural resistance due to CAA. The uncracked axial stiffness of sub-assemblages
for each specimen is indicated in Fig. 6.12(c) as well. It can be found that CAA
capacity is sensitive to K, only when axial restraint is weak (i.e. y, < 1.0). The effect
of a greater K, on CAA capacity becomes marginalized when axial restraint is
strong (i.e. ya > 1.0). Therefore, to be conservative in design, the beneficial effect of
CAA on structural resistance can be considered only when strong axial restraints

are provided.
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6.7.3 The effect of rotational restraint stiffness

As shown in Fig. 6.4, due to rotated beam end supports, neutral axis depth c; (or
compressive depth) decreases. If the rotational restraint stiffness K, is too small, the
supports can easily rotate, and CAA may not be effectively mobilized. Guice and
Rhomberg (1988) concluded that high rotational restraint stiffness does not affect
compressive membrane capacity of RC slab strips. In a real building, the supports at
the beam ends are not as rigid as idealized; they can be considered as partial
rotational restraints. To illustrate the effect of K,, the term is normalized by the
rotational stiffness of beam ends 4E,1 /1. Then the relative stiffness y, is given by

K

_ r
ATVl (6.23)

C

where | is the second moment inertia of an uncracked beam section.

For specimen S4, the rotational stiffness of beam ends 4E.1/1is equal to 4028
kNm/rad. This value is used to calculate y, of restraints for all cases. As shown in

Table 6.1, K, of specimen S4 is 30000 kNm/rad, so corresponding y, is equal to 7.4.

Figs. 6.13(a) and (b) show that the effect of rotational restraint stiffness K, on load-
deflection and axial force-deflection relationships is insignificant when rotational
restraint is strong, also defined as y > 1.0. For example, when y, equals to 5.0, 7.4
and 100, the load-deflection and axial force-deflection relationships in these three
cases are almost identical. A greater K, results in a steeper decrease of structural
resistance after CAA capacity.

Fig. 6.13(a) shows that strong rotational restraint (i.e. y. > 1) has no significant
effect on CAA capacity. From y, = 1 to 5, the increase of CAA capacity of S4 is less
than 5%. Moreover, when y, > 5, the effect of rotational restraint stiffness K, on
both CAA capacity P, and maximum beam axial force Nmax can be neglected, as
shown in Figs. 6.13(a) and (b). However, for weak rotational restraint, defined as y,
< 1, both P, and Nnax decrease significantly with reducing K., since large rotations
at beam ends will substantially reduce the compressive depth of beam sections.

When y; is too small, e.g. less than 0.2, CAA cannot be effectively developed.
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Fig. 6.13: Effect of rotational restraint stiffness on CAA

Similar conclusions about the effect of rotational restraint stiffness K, on CAA
capacity can also be found in specimens S7 and A5, as illustrated in Fig. 6.13(c).
That is, when y, < 1, a larger K results in a greater CAA capacity, but when y. > 1,
the rotational restraint stiffness K, nearly has no effect on CAA capacity. This
conclusion confirms Guice and Rhomberg’s finding in their experiments that high
rotational restraint stiffness does not affect compressive membrane capacity of RC
slabs. However, to mobilize CAA, adequate rotational restraints must be provided.
To be conservative in design, the provision of strong rotational restraints with y, >

1.0 can be regarded as a prerequisite to include CAA.
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6.8 Effect of span-to-depth ratio and mechanical reinforcement

ratio on compressive arch action

Su et al.(2009) reported that CAA is a function of flexural reinforcement ratio and
the ratio of a single-bay beam span (l,) to depth (h). Considering various yield
strengths of steel reinforcement and compressive strengths of concrete, the

mechanical reinforcement ratio w=pf, / f; is a more representative parameter than

the reinforcement ratio by area, since w is frequently used as a measure of the
flexural behavior of a beam and incorporates three major variables affecting that
behavior (MacGregor and Wight 2005). Therefore, by using the proposed model,
the effects of span-to-depth ratio (I,/h) and mechanical reinforcement ratio (w) of
beams on CAA are investigated. It should be noted that flexural reinforcement is the
tension reinforcement at critical sections, such as the middle joint interfaces and the
end-column-stub interfaces of RC sub-assemblages. The top and the bottom
reinforcement at the middle joint interfaces under sagging moment are in
compression and tension, respectively. However, the top compression
reinforcement at the middle joint interfaces is the same as the tension reinforcement
at the end-column-stub interfaces subjected to hogging moment. As a result, the
total reinforcement at the middle joint interfaces can represent all flexural
reinforcement at critical sections of a single-bay beam at one side of the middle
joint. Consequently, the total reinforcement ratio at middle joint interfaces is used to

determine mechanical reinforcement ratio w.

Based on the investigation of imperfect boundary conditions, both the axial and the
rotational restraints in Yu and Tan’s tests (Yu and Tan 2012b) can be categorized as
strong restraints. Such restraints with zero gaps are used to investigate the effect of
beam span-to-depth ratio I,/h and mechanical reinforcement ratio w on CAA of RC
sub-assemblages. Five groups of case study are listed in Table 6.2. It can be seen
that a large range of flexural reinforcement ratio is covered, ranging from 0.49% to
1.87%. The single-bay beam span-to-depth ratio I/h varies from 6.5 to 11. Note that
the plastic hinges occur at the joint interfaces, rather than at the center of the total
span. Besides CAA capacity P,, the flexural action capacity Ps and the enhancement

factor « are listed in Table 6.2 as well.
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Table 6.2 Study cases with different beam span-to-depth ratios and mechanical

reinforcement ratios”

I/h Longitudinal reinforcement Mechanical Flexural CAA Enhancement
and ratio at middle joint reinforcement action capacity factor «
interfaces’ ratio w (%) capacity | Pa (kN) (=(Pa-Py)/ Py)
Top Bottom Pr (kN)
3T10 (0.73%) | 2T10 (0.49%) 16.32 30.25 53.65 0.774
3T13 (1.23%) | 2T10 (0.49%) 22.46 40.47 61.29 0.514
11 | 3T13(1.23%) | 2T13 (0.82%) 26.51 47.27 68.50 0.449
3T13 (1.23%) | 3T13 (1.23%) 31.81 55.94 76.69 0.371
3T16 (1.87%) | 2T13 (0.82%) 35.72 61.56 78.94 0.282
3T10 (0.73%) | 2T10 (0.49%) 16.32 35.03 64.31 0.836
3T13 (1.23%) | 2T10 (0.49%) 22.46 46.86 73.09 0.560
9.5 | 3T13(1.23%) | 2T13 (0.82%) 26.51 54.74 81.50 0.489
3T13 (1.23%) | 3T13 (1.23%) 31.81 64.78 91.00 0.405
3T16 (1.87%) | 2T13 (0.82%) 35.72 71.29 93.38 0.310
3T10 (0.73%) | 2T10 (0.49%) 16.32 39.15 73.64 0.881
3T13 (1.23%) | 2T10 (0.49%) 22.46 52.37 83.41 0.593
8.5 | 3T13(1.23%) | 2T13 (0.82%) 26.51 61.18 92.86 0.518
3T13 (1.23%) | 3T13 (1.23%) 31.81 72.40 103.49 0.429
3T16 (1.87%) | 2T13 (0.82%) 35.72 79.67 105.98 0.330
3T10 (0.73%) | 2T10 (0.49%) 16.32 44.37 85.59 0.929
3T13 (1.23%) | 2T10 (0.49%) 22.46 59.36 96.61 0.628
7.5 | 3T13(1.23%) | 2T13 (0.82%) 26.51 69.34 107.39 0.549
3T13 (1.23%) | 3T13 (1.23%) 31.81 82.05 119.46 0.456
3T16 (1.87%) | 2T13 (0.82%) 35.72 90.29 122.08 0.352
3T10 (0.73%) | 2T10 (0.49%) 16.32 51.20 101.38 0.980
3T13 (1.23%) | 2T10 (0.49%) 22.46 68.49 114.07 0.665
6.5 | 3T13(1.23%) | 2T13 (0.82%) 26.51 80.00 126.57 0.582
3T13 (1.23%) | 3T13 (1.23%) 31.81 94.67 140.54 0.485
3T16 (1.87%) | 2T13 (0.82%) 35.72 104.19 143.34 0.376

*: The stiffness of the axial and the rotational restraints and the material properties is the same as Yu
and Tan’s test (2012b): f.=38.2 MPa, f,=511 for T10, f,=494 for T13, f,=513 for T16, Es=200 GPa
for all reinforcement.

T p=A/bd, in which b=150 mm and d=215 mm.

Fig. 6.14 shows that the variation range of the enhancement factor o of RC sub-
assemblages due to CAA is very large, from around 30% to 100%, under different
combinations of beam span-to-depth ratios I,/h and mechanical reinforcement ratios
. With increasing w, enhancement factor o decreases significantly for a given I,/h.
In other words, RC beams with low reinforcement ratios can gain the beneficial

effect from CAA. For instance, under I,/h = 11, when the mechanical reinforcement
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ratio w decreases from 35.72% to 16.32%, the enhancement factor a increases from
28.2% to 77.4%. For a known w, a smaller I,/h results in a greater enhancement
factor a. That is, the enhancement of structural resistance due to CAA in a stocky
RC beam is more evident. For example, under w=16.32%, when I,/h decreases from
11 to 6.5, the corresponding o increases from 77.4% to 98.0%. However, when
®=35.72%, such a variation of I,/h only results in « increasing from 28.2% to
37.6%.
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Fig. 6.14: Effect of span-to-depth ratio and mechanical reinforcement ratio on

enhancement factor

In summary, for beams under adequate axial and rotational restraints, a lower
mechanical reinforcement ratio and a lower span-to-depth ratio will give rise to a

significant enhancement of structural resistance contributed by CAA.
6.9 Implementation of CAA into design

Due to the dynamic nature of progressive collapse, the quasi-static structural
resistance must be multiplied with a dynamic increase factor (DIF), which depends
on structural ductility, to evaluate the ultimate progressive collapse resistance. The
DIF model proposed in UFC 4-023-03 implies that structures behave in perfectly
elastic-plastic modes or in hardening modes. That is, with increasing structural
deflection, structural resistance remains constant or keeps increasing. Prior to
attaining CAA capacity, RC structures do perform in hardening modes provided

that adequate horizontal restraints are provided at both ends of two-bay beams
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above a removed column. Therefore, if the deflection corresponding to CAA
capacity is not greater than allowed deflection limits in UFC-4-023-03, the
structural mechanism of CAA can be confidently incorporated into the alternate

load method in design.

Since the parametric studies are conducted based on an RC sub-assemblage
subjected to a concentrated load and RC members in design are typically under
uniformly distributed load (UDL), the effect of loading types on CAA is studied
first.

6.9.1 Effect of loading types on CAA

With plastic hinges occurring symmetrically at the middle joint interfaces and the
beam ends, as shown in Fig. 6.1(a). The corresponding flexural capacity Ps in the

absence of beam axial force is given by

P =2(M, +M)/1, (6-24)
where M, and M,; are the nominal moments of resistance at the middle joint

interfaces and the end-column-stub interfaces based on ACI 318-05 (American
Concrete Institute 2005); and I, is a net span length of a single-bay beam.

With consideration of CAA, the structural capacity P, under a concentrated load is

calculated as
Pa:Z(MU+Mu1—N5)/In (6-25)
where M, and M; are the ultimate moments of resistance at the middle joint

interfaces and the end-column-stub interfaces due to the presence of axial force N;
and ¢ is the middle joint displacement.

Similarly, the flexural capacity P; and the CAA capacity P, corresponding to the
plastic hinge mechanism of a sub-assemblage under a UDL magnitude of q are

computed as

Py :q'(ZIn):4(Mn+Mnl)/|n (6-26)

P, =q-(2l,) =4(M, +My, —N&)/1, (6-27)
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A comparison between Egs. (6-24) and (6-26) or Egs. (6-25) and (6-27) indicates
that the total load sustained by a sub-assemblage under a UDL is double that under
a concentrated load. Nevertheless, the enhancement of structural resistance due to
CAA, defined as (P, - P; )/ P, , are given by

(Mu + Mul—N5)—(Mn +Mn1)

o= Tienvie (6-28)

Eqg. (6-28) indicates that enhancement of structural resistance is independent of
loading types. Therefore, the findings from parametric studies are valid for

structures under both loading types.
6.9.2 Enhancement factor of structural resistance due to CAA

The test results and the above analyses have shown that CAA is a ductile structural
mechanism. As a result, the enhanced ultimate moments can be categorized as
deformation-controlled actions. In UFC 4-023-03 (DoD 2010), localized plastic
hinges are introduced into RC framed members to account for material nonlinearity,
in which the deformation-controlled bending moment in beams represents nominal
moment without considering the presence of axial force. Eq. (6-28) indicates that if
nominal moments (i.e. M, and Mp;) at critical sections are multiplied by a
coefficient of (1+a), the corresponding ultimate flexural capacity is identical to
CAA capacity. Accordingly, the moment-rotation relationship of a plastic hinge
with consideration of CAA is shown in Fig. 6.15, in which My is the yield moment
of a section, 8, and 6y, are rotations corresponding to My and (1+a)M,, respectively,
and a, b, c are nonlinear modeling parameters of the plastic hinge according to UFC
4-023-03.
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Fig. 6.15: Moment-rotation relationship of a plastic hinge with CAA

With adequate boundary restraints (i.e. yo > 1.0 and y, > 1.0) and shear strength,
CAA can be incorporated into the design against progressive collapse, and the
enhancement of structural resistance is a function of mechanical reinforcement ratio
o and beam span-to-depth ratio I,/h. Based on nonlinear regression of structural
resistance enhancement factor curves in Fig. 6.14, the enhancement factor function
is given by

—O.OSS(L"

h

a=1.89% j(3.50—30.210)+102.64a)2 —121.150)3) (6-29)

When I,/h = 9.5, the predicted curve by Eq. (6-29) is shown in Fig. 6.14. It can be
seen that Eq. (6-29) can reasonably determine an enhancement factor for a given w
and I./h. Therefore, during the design, the enhancement factor of an RC beam can
be roughly estimated by Eq. (6-29), or more precisely determined by the proposed
analytical model.

6.9.3 Deformation corresponding to CAA capacity

On the other hand, in UFC 4-023-03(DoD 2010), the nonlinear modeling
parameters (such as a, b and ¢ in Fig. 6.15) and acceptance criteria for RC beams
are explicitly provided. If the rotation at a critical section corresponding to (1+a)M,
(i.e CAA capacity of RC beams) is within the acceptance criteria, then CAA can be
used to effectively mitigate progressive collapse without excessive deformation.

Since the deflection corresponding to CAA by the proposed model is always
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relatively smaller than that found in the tests, the experimental results will be used

to compare with acceptance criteria.

Table 6.3 shows the plastic rotations at the critical sections corresponding to CAA
capacity (i.e. the ultimate moment of (1+a)M,) based on sub-assemblage tests
(Sasani and Kropelnicki 2008; Su et al. 2009; Yu and Tan 2011b; 2012b). Total
rotations #n, corresponding to CAA capacity are computed by assuming all the
plastic deformations are concentrated at two localized plastic hinges for each single-
bay beam, as shown in Fig. 6.1. Due to small deflection, total rotation 6, at the
critical sections is given by 0y = da/ln, in which J, is the middle joint displacement
of a sub-assemblage at CAA capacity. In addition, rotation 8, corresponding to the
yield moment My at each critical section is also provided in Table 6.3. The way to
determine 6 is illustrated in Appendix Il. Then the plastic rotation ae at each
section in the experiments is determined as (6m — 6y). According to Table 4-1 in
UFC 4-023-03(DoD 2010), for beams controlled by flexure, the nonlinear modeling

parameters and acceptance criteria depend on reinforcement ratio indicator

(p—p")! poa» Provision of transverse reinforcement, and the ratio of applied shear

force V to the shear strength provided by concrete only (i.e. bwd\/f_c’) at a section.
The terms pand p'are tension and compression reinforcement ratios, respectively,
and g, is the balanced steel ratio (MacGregor and Wight 2005). The terms b,, and
d are the web width and the effective depth of beam section. In all the tests, the
transverse reinforcement is categorized as nonconforming, and V /b,d/f/ <3. A
component is conforming if, within the flexural plastic hinge region, hoops are
spaced at < d/3, and if, for components of moderate and high ductility demand, the
strength provided by the hoops is at least three-fourths of the design shear.

Otherwise, the component is considered nonconforming (DoD 2010). As a result,

the acceptance criteria for plastic rotations of primary component, denoted as a; in
Table 6.3, is solely determined by (p— ')/ pyy - In UFC 4-023-03, the value of a;
is actually identical to the modeling parameter a, as indicated in Fig. 6.15. The ratio
of aex to a; shows that except specimens A3 to A6 with an extremely short beam

span-to-depth ratio of 4.1, all the other specimens can attain CAA capacity prior to

reaching the specified deformation in acceptance criteria. This suggests that for
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typical RC beams in practice with a beam span-to-depth ratio greater than 8, CAA
can be safely and confidently incorporated into design in accordance with the

modeling parameters and acceptance criteria in UFC 4-023-03 (DoD 2010).

Table 6.3: Structural deformation corresponding to CAA capacity

Spec- | Beam Middle joint interface End-column-stub interface
imen | span Yie_Id Plas_tic p—p Ac_cep_t. Byt Yie_Id Plas_tic p—p Ac_cep_t. G
to rotation | rotations Poal Criteria a—l rotation rotation H Criteria a—l
depth | @, (rad) Aext a 0, (rad) Aext a;
ratio = On- 0y =0n- 0y
I/h (rad) (rad)

S1 11.0 | 0.0040 0.0243 -0.175 | 0.05 0.49 | 0.0061 0.0222 0.175 0.041 | 054
S2 11.0 | 0.0040 0.0225 -0.103 | 0.05 0.45 | 0.0052 0.0214 0.103 0.045 | 0.48
S3 11.0 | 0.0036 0.0234 -0.266 | 0.05 0.47 | 0.0076 0.0195 0.266 0.037 | 0.53
S4 11.0 | 0.0060 0.0234 -0.146 | 0.05 0.47 | 0.0077 0.0217 0.146 0.043 | 051
S5 11.0 | 0.0079 0.0192 0.000 0.05 0.38 | 0.0079 0.0192 0.000 0.050 | 0.38
S6 11.0 | 0.0060 0.0356 -0.370 | 0.05 0.71 | 0.0106 0.0310 0.370 0.032 | 0.98
S7 8.6 0.0047 0.0299 -0.146 | 0.05 0.60 | 0.0060 0.0286 0.146 0.043 | 0.67
Al 4.1 0.0016 0.0376 0.000 0.05 0.75 | 0.0016 0.0376 0.000 0.050 | 0.75
A2 4.1 0.0023 0.0438 0.000 0.05 0.88 | 0.0023 0.0438 0.000 0.050 | 0.88
A3 4.1 0.0029 0.0594 0.000 0.05 1.19 | 0.0029 0.0594 0.000 0.050 |1.19
A4 4.1 0.0012 0.0519 -0.061 | 0.05 1.04 | 0.0017 0.0514 0.061 0.047 | 1.09
A5 4.1 0.0016 0.0561 -0.083 | 0.05 1.12 | 0.0023 0.0554 0.083 0.046 |1.21
A6 4.1 0.0021 0.0544 -0.105 | 0.05 1.09 | 0.0030 0.0534 0.105 0.045 | 1.19
Bl 6.6 0.0054 0.0452 0.000 0.05 0.90 | 0.0054 0.0452 0.000 0.050 | 0.90
B2 9.1 0.0074 0.0301 0.000 0.05 0.60 | 0.0074 0.0301 0.000 0.050 | 0.60
B3 9.1 0.0053 0.0261 -0.142 | 0.05 0.52 | 0.0069 0.0245 0.142 0.043 | 0.57
C1 6.1 0.0050 0.0226 0.000 0.05 0.45 | 0.0050 0.0226 0.000 0.050 | 0.45
SS 10.5 | 0.0033 0.0175 -0.273 | 0.05 0.35 | 0.0080 0.0128 0.273 0.036 | 0.35

6.9.4 Estimation of restraint stiffness

The boundary restraint stiffnesses of a two-bay beam should be determined first
either to run the analytical model proposed in the companion paper or to check
whether the restraint stiffnesses are adequate (i.e. y, > 1.0 and y, > 1.0) so that the
enhancement factor a by Eq. (6-29) can be directly used. Assuming that the initial
damage is confined to the frame which has lost a column, both the stiffnesses of
axial and rotational restraints can be obtained via linear elastic analysis on the
remaining structure. Both the columns adjacent to the removed column and the in-
plane floors can resist axial compression in beams, in which the latter can sustain
much more axial compression (Sasani et al. 2011). This is because the in-plane

floors can help to transfer beam axial compression to more columns. Therefore, it is
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important to properly model the axial stiffness of floor elements to ascertain the
restraint stiffnesses.

< 6000 6000 6000 6000 6000 6000 >
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(a) Plan view of the building

""—_“_-'-"'"""-l.'.

(b) 3D view of the building

Fig. 6.16: Approach to determine restraint stiffness of RC beams

Fig. 6.16 demonstrates that a 5-story commercial building, of which the ground
story is 4.0 m high and a typical story is 3.3 m high, is subjected to a middle column
removal in the ground story. Two points, denoted as C and E in Fig. 6.16(b), will be
applied a unit horizontal force and a unit moment to ascertain the axial and
rotational restraint stiffnesses to the two-bay beam CE, respectively. The spans at
two orthogonal directions are 6 m, as shown in Fig. 6.16(a). The beam sections are
300 mm wide by 500 mm deep. The column section in the ground story is 600 mm
%600 mm, and that in the other stories is 500 mm =500 mm. The slab thickness is
200 mm. The compressive strength and the elastic modulus of concrete are 30 MPa
and 25,743 MPa, respectively. As a result, the axial and the rotational stiffnesses of
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the uncracked two-bay beam are EA/I = 3.35x10° kN/m) and 4El/l = 2.80x10"
kNm/rad, respectively. Table 6.4 shows the restraint stiffness at both ends of the
two-bay beam CE with and without modeling slabs. A similar analysis can also be
conducted on the two-bay beam BD. It can be found that incorporating the slab
significantly increases the axial restraint stiffness, but not much effect on rotational
stiffness. Moreover, compared with the uncracked concrete two-bay beam (i.e. CE
and BD) stiffnesses, the analysis incorporating the slab modeling indicates that the
axial restraints are adequate to develop CAA. However, when the penultimate
column B1 is removed, the slab modeling slightly improves the axial restraint
stiffness at the left end of beam AC from 0.217>10°> kN/m to 0.227>10° kN/m.
Moreover, the equivalent axial restraint stiffness at the left end of the two-bay beam
AC (i.e. 0.432x10° kN/m), which is solely provided by column Al, is much weaker
than that of two-bay beam AC (i.e. 3.35x10° kN/m). As a result, CAA cannot be
mobilized and beam AC must rely on its pure flexural resistance to redistribute

gravity loads.

Table 6.4: Effect of slabs on restraint stiffnesses to two-bay beams

Modeling Restraint Two-bay beam CE due | Two-bay beam BD due | Two-bay beam AC due
schemes position to removal of column of | to removal of column to removal of column
D1 C1 Bl
Axial Rotational Axial Rotational Axial Rotational
restraint restraint restraint restraint restraint restraint
stiffness stiffness stiffness stiffness stiffness stiffness
(10° (10° (10° (10° (10° (10°
kN/m) kNm/rad) kN/m) kNm/rad) kN/m) kNm/rad)
Without | Left end of
modeling | the two-bay 0.875 3.385 0.589 2.966 0.217 1.291
slabs beam k;
Right end of
the two-bay 0.875 3.385 1.107 3.617 1.284 3.754
beam k,
Equivalent 0.875 3.385 0.769 2.966 0.371 1.201
stiffness
Left end of
the two-bay 4.013 4581 3.008 4.529 0.227 1.359
. beam k;
\r:lvflfjheling Right end of
the two-bay 4.013 4.581 4.380 4.686 4.464 4.405
slabs
beam k,
Equivalent 4.013 4,581 3.567 4529 0.432 1.359
stiffness
* Equivalent axial stiffness K, = 2kiko/(ki+k,), and equivalent rotational stiffness K=
min(ky, k»).
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6.9.5 Summary and discussions

Both flexural and CAA resistance against progressive collapse requires the
continuity of bottom reinforcement at the joint above a removed column; otherwise,
no large bending moment can be developed at joint interfaces and no compression
zone there as well. Accordingly, neither flexural mechanism nor CAA can be
mobilized whichever boundary conditions are provided. The continuity of
reinforcement can be achieved by using continuous bars, mechanical spliced bars
and lap-spliced bars with adequate splice length, etc. In fact, the indirect approach

in design codes and guidelines has already required the continuity of bars (or ties).

Under the continuity of reinforcement, progressive collapse resistance is checked
after a building has been designed under combinations of conventional loads. With
nonlinear modeling parameters in UFC 4-023-03, it is convenient to conduct
nonlinear static analysis under different column loss scenarios. When the pure
flexural resistance cannot resist progressive collapse, CAA can be employed by
increasing nominal moment capacity at critical beam sections with enhancement
factors o if strong boundary conditions (i.e. y, > 1.0 and y, > 1.0) are provided and

shear is not governing behavior.

The proposed procedure to incorporate CAA into structural analysis against
progressive collapse does not explicitly consider beam axial force. The effect of
axial compression on the beams above the removed column is represented by
enhanced moment resistance at joint interfaces, and the capability of transferring
axial compression to the surrounding structures without causing failure of adjoining
columns can be ensured by the prerequisite strong boundary conditions (i.e. ya > 1.0
and yr > 1.0). Compared with the proposed procedure, more advanced modeling
techniques can be utilized to incorporate CAA into structural analysis, such as by
introducing fiber plastic hinges at critical sections (Sasani et al. 2011) and by using
fiber-based beam element for an entire two-bay beam (Yu and Tan 2011b).
However, both fiber-based hinges and beam elements require detailed
characterizations of material properties of concrete and reinforcement identical to
those in new buildings, which are not available at design stage. Also, the estimation

of plastic hinge length by using fiber-based hinges may introduce additional
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inaccuracy in predicting structural deformation. Moreover, the analysis with
alternate load path approach is interested in checking whether CAA capacity can be
achieved within specified deformation limits (such as acceptance criteria in UFC 4-
023-03) rather than the accurate deformation corresponding to maximum structural
capacity. Due to the availability of design strength of concrete and reinforcement
and the relatively smaller deformation corresponding to CAA capacity compared to
acceptance criteria in UFC 4-023-03, as shown in Table 6.3, the proposed

procedure is suggested for checking progressive collapse resistance in design.
6.10 Conclusions

An analytical model is proposed in this paper to evaluate compressive arch action
(CAA) of RC beam-column sub-assemblages under a middle column removal
scenario, considering the combined effects of stress state of compression
reinforcement and imperfect boundary conditions on CAA. The imperfect boundary
conditions include partial axial and rotational restraints, and axial connection gaps
at beam ends. The comparisons of experimental and analytical results indicate that
this model is able to predict both the CAA capacity and the maximum beam axial
compression of RC sub-assemblages with satisfactory accuracy and reliability. A
comparison of the proposed model to Park’s model suggests that it is necessary to
consider the actual stress value of compression reinforcement rather than assuming

it as yield strength or zero.

CAA capacity and beam axial compression are much more sensitive to axial
connection gaps than to the other imperfect boundary conditions. Due to inevitable
connection gaps in actual tests, it is very likely to underestimate the enhancement of
structural resistance contributed by CAA. However, in actual RC buildings,
connection gaps do not exist due to monolithic casting of continuous beams, so its

detrimental effect on CAA may be ignored.

Adequate axial and rotational restraint stiffness must be provided to develop CAA.
Provided that the respective axial and the rotational restraint stiffness is greater than
the corresponding stiffness of restrained uncracked beams, the variation of each
restraint stiffness does not significantly affect the CAA capacity and the maximum
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axial compression of beams. However, when reducing the stiffness of weak

restraints (y, <1or y, <1), both the CAA capacity and the maximum beam axial

compression will decrease substantially. Therefore, from conservatism, it is
suggested that only when both relative axial and rotational stiffness are greater than

one (i.e. y,>1and », >1), CAA can be considered as a beneficial alternate load

path to mitigate progressive collapse.

Span-to-depth ratio and mechanical reinforcement ratio of beams are two key
parameters affecting the CAA capacity under given boundary conditions. The
enhancement of structural resistance due to CAA is highly dependent on different
combinations of these two parameters. For beams under adequate axial and
rotational restraints, lower mechanical reinforcement ratio and lower span-to-depth
ratio will give rise to significant enhancement of structural resistance contributed by
CAA.

With nonlinear modeling parameters and acceptance criteria in UFC 4-023-03,
CAA can be incorporated into design against progressive collapse via multiplying
nominal ultimate moments of resistance at critical sections by an enhancement
factor. To check whether restraint stiffness provided by remaining structure is

adequate, slab modeling should be included.
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Appendix I: Procedure to derive the compatibility equation

Substituting Eqg. (6-3) into Eq. (6-2b), the following equation can be obtained.

[ Bl +056(1-28)l +(t+to)]sec(¢>+9):(g—c)tan(go+6?)+(%—cl)tangﬁ(l—g)ﬁl

(a-1)
Multiplying cos(¢+ 6)to both sides of Eq. (a-1) and rearranging it leads to:

0.5¢l +(t+1y) =(g—c)sin(¢)+ 6)+(%—c1)tan pcos(p+0)+(1-¢) Bl cos(p+0)-1]
(a-2)

Due to cos(¢+0)—l=—25in2(¢%9j, Eqg. (a-2) can be further simplified as

0.5¢l +(t+t0):(g—c)sin(¢+0)+(g—cl)tangocos(goJrH)—2(1—g)ﬁlsin2(%‘gj
(a-3)
Dividing sin(¢+8) at both sides of Eq. (a-3) and moving variable ¢ to the left hand

side yields

-2 sin(p+0)
(a-4)

12

tan(p+6) sin(g+0)

_h 05el+(t+ty) (h ) tang  2(1-¢)Blsin’[(p+0)/2]

Eq. (a-4) is the same as Eq. (6-4)

Substituting  the equivalent values of the trigonometric functions, including

i S an(@tl)_ &S s M, .
sm(go+9)=tan(gp+9):(p+9=ﬁ, sm((Dszz—ﬂl, and tangazgozﬁ— Krl . into
Eq. (a-4) gives the following equation.

_h_(05el+t) o ity (h M1 5
C=p sl +(§—c1) 1- Ko _(1_8)5 (a-5)

Substituting Egs. (6-6) and (6-7) into Eq. (a-5), and
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_h 5 P 1 2 Bty (h Myl
C—E‘(l“"‘)rﬁ(bhec + |KJN _TO“L(E_Q)(l_K—:aJ (a-6)

Compared with unity, the compressive strain ¢ of beams can be neglected.

Therefore, Eq. (a-6) can be simplified as

2 | |
ng_g_ﬂ[ 1 +LJN_%+(3—Q)(1—%] (@7

Eq. (a-7) is the Eq. (6-8) shown in section 6.3.2.
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Appendix Il: Approach to determine rotation corresponding to

yield moment

Rotation 6, corresponding to the yield moment M, at critical sections are
determined with the effective stiffness values provided in Table 6-5 in ASCE/SEI
41-6 (ASCE 2007). For RC beams, the effective stiffness is 0.5Ely, where E; is the
elastic modulus of concrete and Iy the gross cross-sectional moment of inertia.
When the middle joint interface reaches yield moment, based on the moment
diagram of a two-ends-fixed beam subjected a point load acting at the beam center,
the counter-flexural point is roughly at the middle point of the “single-bay” beams.
That is, from the counter-flexural point to the middle joint interface (the distance

denoted as ), the curvature linearly increases from zero to ¢, .As a result, the yield

rotation 6, is given by
O, =@yl 12=(M, /0.5E 1)l /2 (11-1)
where the yield moment My is the determined as follows (Park and Paulay 1975):

kd ’ ! ’
My=0.5fcbkd(d—?)+fsAs(d—d) (11-2)

where f, is the stress of the ultimate compressive concrete fiber; b and d are the
width and the effective depth of a beam section, respectively; f. and A are the

stress and the area of compression steel, respectively; d’ is the distance from the
ultimate compressive fiber of concrete to the centroid of compression steel; and k is

the ratio of neutral axis depth to the effective depth, which is given by

N U2
k=[(p+p')2n2+2(p+p'%)n} —(p+p")n (1-3)
where pand p’are tension and compression reinforcement ratio, respectively; and

nis ratio of the elastic modulus of steel reinforcement to concrete.
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CHAPTER 7 NUMEIRCAL ANALYSIS WITH
COMPONENT-BASED JOINT MODELING AND BAR
FRACTURE

7.1 Introduction

In the tests on RC beam-column sub-assemblages under a middle column removal
scenario (Yu and Tan 2011b; 2012b), although no joint panel distortion was
observed, severe failure occurred at the middle joint interfaces and the interfaces
between the beam ends and the column stubs with occurrences of wide cracking,
large slip and bar fracture, as shown in Fig. 7.1(a). For sub-assemblages with lap-
spliced bottom bars in the middle joint region, local failure shifted from the middle
joint interfaces to the free ends of lap-spliced bars, as shown in Fig. 7.1(b). These
failures caused discontinuous zones in the sub-assemblages, allowing the beams to
rotate easily so that catenary action of beams could be mobilized, and thereby
increasing structural capacity. Therefore, it is necessary to separate the joints from
the rest of structural members and to model them as independent elements.
Moreover, the joint elements should incorporate the bond-slip behavior at the joint

interfaces until bar fracture or pullout occurs.

Running parallel to the joint research, several research works (Bao et al. 2008;
Khandelwal et al. 2008; Lee et al. 2010; Yu and Tan 2010a) indicate that
macromodel-based finite element method (macro-FEM) is an effective and efficient
approach to analyze structural behavior under a middle column removal scenario
(MCRS), which involves both material and geometric nonlinearity. In the
macromodel-based finite element analysis (macro-FEA), beams and columns are
modeled with nonlinear fiber elements, and each fiber is assigned uniaxial material
properties. Furthermore, joint behavior can be explicitly incorporated into structural

analysis using component-based joint models.
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Fig. 7.1: Failure modes of RC beam-column sub-assemblages

In this chapter, a component-based joint model is proposed, and the approaches to
calibrate the properties of each component (or spring) of the joint model, in
particular, bar force-slip springs, are presented. To calibrate the bar force-slip
springs with consideration of bar fracture or pullout, a new bar stress-slip model is
developed based on the assumption that uniform bond stress is respectively
distributed over the elastic and the inelastic development length of a reinforcing bar.
A simplified approach is proposed to calibrate compressive springs. Finally, the
proposed joint model is incorporated into macro-FEA Dby using commercial
software Engineer’s Studio (Forum8 2008) to simulate large-deformation responses
of RC beam-column sub-assemblages under a MCRS. The validity of macro-FEA is

evaluated by comparing the predicted load-deformation history and variations of
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beam axial forces with experimental results. With the proposed joint model, bar
fracture mode can be captured in the load-deformation history of RC sub-

assemblages, indicating that the simulations are more realistic.
7.2 Development of component-based joint model

Similar to the component method used in steel structure connections (Jaspart 2000),
the principle of a component-based joint model is to decompose complex
mechanisms of a joint into a series of simple components, each of which represents
a unique load transfer path and can be characterized by an equivalent uniaxial
nonlinear spring. To consider the contribution of joint panel distortion and bar slip
effect at joint interfaces to RC structure deformations, the idea of modeling RC
joints as an assembly of springs has been employed on seismic research on joints
(Lowes and Altoontash 2003; Mitra 2007; Youssef and Ghobarah 2001) and just

recently, on progressive collapse (Bao et al. 2008; Yu and Tan 2010a).

Unlike the diversity of steel connection arrangement, configurations of RC joints
are quite regular, and hence, there are only limited load transfer paths from
adjoining members to joints. Therefore, the component-based joint models
proposed by Youssef and Ghobarah (2001) as well as Lowes and Altoontash (2003)
are generic to cast in-situ RC joints. Based on above two models, a component-
based joint is proposed to simulate RC joints and structural behavior under a MCRS,
as shown in Fig. 7.2. Since main variations of load transfer paths and failure occur
at the beam-joint interfaces, the corresponding interface springs are represented
explicitly, while the connections at the column-joint interfaces are assumed rigid.

Three types of springs are used in this proposed model:

(1) Joint panel spring (ks): The joint panel is characterized by four pins and four
rigid members enclosing the joint, as shown in Fig. 7.2. Two diagonal springs
represent the ability to resist shear distortion in the joint panel. Although shear
distortion is not appreciable for interior joints under a MCRS (Yu and Tan 2012b),

it can be dominant for exterior joints.

(2) Joint interface spring (kys): This shear spring kps represents the shear transferred

from the adjoining beams to the joint panel across the cracked joint interfaces.
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When interface shear slip and crack width are small, interface shear is mainly
resisted by shear strength of flexural compression zones and interlock of aggregates.
However, at catenary action stage, interface shear is mainly sustained by dowel
action of flexural reinforcement due to a large crack width. However, conventional
frame members have adequate shear capacity to preclude shear failure. Moreover,
interface shear transfer is not the main mechanism for members under a MCRS.
Therefore, ks is taken as an elastic linear spring with a large stiffness as suggested
by Lowes and Altoontash (2003).

(3) Bar force-slip spring (kn, and kyt): The pair of kp, and Ky is able to represent
bending moment combined with beam axial compression or tension transferred
from adjoining beams into the joint panel. Each spring should include the
contribution from both concrete and reinforcement. However, typically, tensile
contribution from concrete can be ignored. In the tests conducted by Yu and Tan
(2011b; 2012b), it is found that flexural and axial action were most dominant, and
the tests were eventually stopped due to complete failure of bar force-slip springs at
some joint interfaces, such as bar fracture. Therefore, tensile bar force-slip

relationship is the most critical to joints subjected to a MCRS.

Column concrete spring
Zero-length Yy
interface springs %
- \?eﬁar spring
Beam Beam
Rigid
wyvym Member

Column - Nebar spring

Fig. 7.2: Proposed component-based joint model

The major difference of joint configuration between the proposed model and the
models proposed by Youssef and Ghobarah (2001) as well as Mitra and Lowes
(2007) is the location of spring ky: and kpy,. For RC sub-assemblages under a MCRS,
with increasing sub-assemblage deflection, kg at the middle joint will transit from a
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compressive spring to a tensile spring. In the load-deflection history of an RC sub-
assemblage, kyp at the middle joint always works as a tensile spring. Therefore, in
the proposed joint model, ky and kp, are specified at the centroid of steel
reinforcement at the joint interfaces. However, Yourssef and Ghobarah’s model as
well as Mitra and Lowes’s model determined the distance between ky: and ky, based
on that the ultimate moment of the transformed section (consisting of the steel and
concrete springs) is the same as that of the actual section without considering beam
axial force. Accordingly, at the positive bending moment region, kyp is located at the
centroid of tension reinforcement and ki at the centroid of compression zone, which
may not coincide with the centroid of compression reinforcement. In addition,
similar to Yourssef and Ghobarah’s model, a pair of diagonal springs is used in the
proposed model to represent shear panel behavior, rather than a single panel

element used in Mitra and Lowes’s model.

For RC beam-column sub-assemblages under a MCRS, unlike in a seismic event,
the unloading and reloading of springs are not crucial. However, detailed
information about unloading and reloading of these springs can be found in the
report written by Lowes et al. (2003) and the help document of Engineer’s studio
(Forum8 2008). Therefore, in this chapter, it is only concerned with the calibration
of the envelopes of spring force-deformation relationships. Moreover, the curved
envelopes will be converted into simplified multi-linear models so that the stiffness
of each spring can be determined, which can then be used as input data for macro-
FEA.

7.2.1 Shear panel spring

The monotonic relationship between shear stress z, in a joint panel and shear
distortion y can be obtained via modified compression field theory (Vecchio and
Collins 1986). Then the relationship z,—y can be converted into the force-
deformation relationship of two diagonal springs. The force in each diagonal spring

Fs can be calculated through force equilibrium at a pin, as shown in Fig. 7.3(a).
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2
F, \/prjd,/z ) +(rphed; 12)" =z djl /2 (7-1)

where b; and d;are the joint width and the out-of-plane depth, respectively; h, is

the beam height, and |; is the diagonal length of the joint panel.
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Fig. 7.3: Shear panel spring

Since the stiffnesses of the two springs are assumed equal, the elongation of one
spring is equal to the contraction of the other spring. According to geometric
relationship shown in Fig. 7.3(b), shear distortion is given by Youssef and
Ghobarah (2001) as:
_ ____2A
7_71+72_|jsin(26) (7-2)
where @ is the angle of the diagonal line of the joint with respect to horizontal

direction. The derivation of Eq. (7-2) is also shown in Appendix 1.
7.2.2 Tensile Bar force-slip spring

To obtain the relationship of tensile bar force vs. slip at the joint interfaces, bond-
slip behavior within joints should be incorporated, in particular, the effects of finite
embedment length and high post-yield stress levels of bars must be considered.
Therefore, the bar force-slip relationship at the joint interfaces is different from that

based on adequate embedment length.
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7.2.2.1 Background of bar force-slip modeling

In essence, the development of bond stress is a three-dimensional phenomenon, and
corresponding bond failure, defined as reinforcing bars failing to transfer force prior
to bar fracture, is affected by many parameters. Bond failure includes splitting and
pullout failure (CEB-FIP 2000). If confinement from surrounding concrete on
reinforcement is inadequate, concrete splitting failure may occur, possibly for cases
with lap splicing within beams or columns; if embedment length of reinforcement is
insufficient, steel pullout failure can occur, probably for cases with column bars
anchored into foundations or beam bars extending into exterior joints. If bond
failure is avoided, material strength of bars can be fully utilized and reinforcing bars
will fail by fracture. During testing (Yu and Tan 2011b; 2012b), whether bars were
lap-spliced at the middle joints or anchored into the end column stubs, no splitting
failure was observed, indicating that there was adequate confinement to the bars
going through the middle joints or anchored into the end column stubs. Therefore,
bond response in this chapter will be concentrated on the bond-slip behavior under

adequate confinement without considering splitting failure of concrete.

Under good confinement, bond-slip relationship of reinforcing bars in the
longitudinal direction is the only concern. To investigate local bond-slip behavior,
many systematic pullout tests of reinforcing bars with short embedment lengths had
been conducted (Eligehausen et al. 1983; Hawkins et al. 1982). In these tests, large
slips of bars occurred when they were subjected to small strains. However, the
pullout tests with long embedment lengths (Shima et al. 1987; Viawanthanatepa et
al. 1979) indicate that post-yield strains could be developed in the anchored bars.
Moreover, yielding of bars can reduce bond strength significantly. Therefore, the
local bond-slip models that are based on the pullout tests of reinforcing bars with
short embedment lengths, such as the models proposed by Hawkins et al. (1982)
and Eligehausen et al. (1983), cannot be directly applied to the bars that experience
high inelastic strains. On the other hand, Shima’s bond-slip model considers the
effect of bar strain on local bond-slip relationship. However, since Shima’s model is

based on the pullout tests of initial undamaged concrete cylinders, it does not
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consider bond deterioration at the loaded ends of bars. The bond strength from

Shima’s model can be regarded as the upper limit.

Since anchorage slip is one of the major components of inelastic deformations of
RC members, various bar stress-slip models have been proposed to evaluate slip of
reinforcing bars at the loaded ends. Multiplied with bar cross-sectional area, bar
stress-slip relationships can be converted to bar force-slip relationships, so the two
types of relationships are essentially the same. Generally, bar stress-slip models fall
into two broad categories, namely, macro and micro-models (Sezen and Setzler
2008). Macro-models deal with the average bond-slip behavior and often assume a
uniform or stepped bond stress over the development length of reinforcing bars.
These include the models proposed by Alsiwat and Saatcioglu (1992), Lowes and
Altoonash (2003), Sezen and Setzler (2008), and they are computationally-efficient.
On the other hand, micro-models incorporate local bond-slip models to consider
overall bond-slip behavior of a bar with long embedment length (Ciampi et al. 1982;
Filippou 1985; Ueda et al. 1986). Over a given embedment length of a reinforcing
bar, the local bond stress and bar slip differs from point to point. Thus, to obtain
stress-slip relationship at one point of a bar, micro-models require several nested
iteration loops over the embedment length of bars to satisfy force equilibrium, local
bond-slip relationship, constitutive model of steel and compatibility conditions
between steel and concrete, which are computationally demanding.

An alternative way to model bar force-slip relationships at loaded ends is to directly
use experimental results of bar force-slip response under similar bond conditions,
such as the model proposed by Zhao and Sritharan (2007) for bars with adequate
embedment length. However, available test data are very limited.

7.2.2.2 Development of proposed macro bar stress-slip model

To obtain the envelops of bar force-slip relationship at the joint interfaces rather
than to explore detailed information on bond stress within the joint regions of sub-
assemblages, a simplified macro-bar-stress-slip model is proposed with the
assumptions that (1) the distribution of bond stress within an elastic part or an

inelastic part of a reinforcing bar remains uniform; (2) the slip of a reinforcing bar
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at the joint interfaces is computed directly from the bar extension over the
embedment length within the joints and the slip at the free end; (3) the constitutive
model of reinforcement is bilinear. Moreover, the proposed model considers the
effects of short embedment length and high post-yield stress on bar stress-slip

relationships.

Reinforcing bars are typically continuous or lap-spliced in interior RC joints, and
anchored with a hook in exterior RC joints. Under monotonic loading, a continuous
bar is subjected to axial tension and slip at the bar center is always zero, while a lap-
spliced or anchored bar is subjected to a pulling force at the loaded end and stress at
the free end is always zero. The differences in boundary conditions of continuous
and anchored (or lap-spliced) bars result in different strain distributions over
embedment length, development of slips and failure modes. Therefore, the approach
to determine slips of continuous bars at joint interfaces is introduced first, followed

by the approach for anchored or lap-spliced bars.
7.2.2.3 Slips of continuous bars at joint interfaces under axial tension

Continuous bars at the middle joints of RC sub-assemblages are under axial tension
subjected to a MCRS. Based on assumption (1), the distribution of bond stress z and
bar stress f of a continuous bar under axial tension with applied stress f; at the joint
interfaces is illustrated in Fig. 7.4. Due to geometric and loading symmetry, one-
half of the joint width is regarded as the physical embedment length lempg Of the bar.
Because of constant inelastic bond strength zyr, the bar stress linearly decreases
from fs to the yield strength f, over the inelastic length lyq. Similarly, due to
constant elastic bond strength zer, the bar stress f is linearly distributed over the
elastic length le. Even if the bar is stressed up to the center, as shown in Fig. 7.4,
the associated slip is equal to zero due to symmetry. In other words, the boundary
conditions of the continuous bar are a zero-slip and a non-zero stress at the center.
As a result, the bar can only fail by fracture, and the slip at each joint interface is

solely determined by bar extension s, according to assumption (2).

ext

slip=s,,, = J'; e(x)dx (7-3)
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where ¢(x)is the strain at position x; the position x=0 is defined at a point with a

zero-slip; and I is the smaller of the embedment length lempg and the stressed length

of the bar.
bond stress over le |vrq
the bar Center | T <7 5
Afemt T A
X
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© T 7
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Bar stress f [ { |
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Fig. 7.4: Bond and bar stress distribution for a continuous bar under axial
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Eq. (7-3) indicates that the extension of a continuous bar is just the area of the strain
diagram over length I. According to assumption (3), the bar strain is linearly
distributed at the elastic and the inelastic parts of the bar as well. Depending on the
stress state and the embedment length, the strain profiles over the embedment
length lemng can be divided into five categories, as shown in Fig. 7.5. Due to
symmetry, only one-half the continuous bar is shown.

1) Category 1 ( fy<f,and lgq <lgppg )

As shown in Fig. 7.5(a), when a bar is subjected to an elastic stress f, at the joint

interface (or the loaded end), the available elastic length I, in which the elastic

e !
bond strength is allowed to develop, is equal to the physical embedment length 1, .
Based on assumption (1), a uniform elastic bond strength z.; is mobilized over the

required elastic length I, , in which the bar stress can increase from zero to the
maximum elastic stress f,. As a result, the strain is linearly distributed from zero to

&s OVer |y . Force equilibrium along the length I, produces

fsA) =Tgr ﬂdblerq (7_4)
where A is the nominal area of the bar, and d, is the bar diameter. By substituting
the bar cross-sectional area in terms of the bar diameter, the required elastic length
lerq Can be determined.

fsdb

I
4ter

(7-5)

erq —

Eq. (7-5) indicates that with increasing stress f; at the loaded end, the required
elastic length |, increases. In particular, when f;reaches the yield strength f, of the
bar, the elastic development length | is attained, the shortest length in which the bar
stress can increase from zero to the yield strength. Therefore, 1., <l., . However, I,

is still shorter than the embedment length |4 in this category. Therefore, the slip

due to bar extension s, is given by
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1, 16 R0 4

extzi‘c"s 5 E

> “ =2 E, 4r, B8E.r,

(7-6)

where ¢ is the strain at the loaded end of the bar and Es the elastic modulus of the

reinforcing bar.
2) Category 2 (fg < f and lyq > lomng)

As shown in Fig. 7.5(b), due to finite dimensions of joints, it is likely that the

required elastic length I, exceeds the physical embedment length I, even
before applied bar stress f; attains the yield strength f, . Therefore, the bar center is

also stressed. Accordingly, the slip due to bar extension is calculated as

1
Sext = E(gs + Eend )Iembd (7'7)

where ¢, is the strain at the bar center, as illustrated in Fig. 7.4. ¢, can be

determined by using a similar triangle in Fig. 7.5(b).

|
Send = {1_ (im_bdjgs (7'8)

erq

By substituting Egs. (7-8) and (7-5) into Eq. (7-7), the slip due to bar extension can

be calculated in terms of f.

S

2
&1 (Ierq _Iembd) _ 27e1lgmg ( fsdy ] bdj
em

ot T era T T dE, | 27gy

erq

(7-9)

A comparison between Eqgs. (7-6) and (7-9) indicates that a smaller embedment
length results in a smaller bar extension provided all the other parameters in Egs.
(7-6) and (7-9) remain the same.

3) Category 3( fs > f, andlyy +1yrq <lempg )

When the applied stress f; at the joint interface exceeds the yield strength f, , i.e. at

strain hardening stage, a uniform inelastic bond stress 7y is mobilized over the
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required inelastic length |, in which the bar stress f;can increase from the yield

yr
strength f, to the maximum inelastic stress. Force equilibrium over the length |,

requires

fs'Ab :TYT”deyrq + 1Ey'Ab (7-10)

By substituting the bar cross-section area, |, can be determined as

yrg

g :% (7-11)
As shown in Fig. 7.5(c), if the embedment length 1,4 is adequate, the available
elastic length 1, , obtained by subtracting the required inelastic length I, from the
embedment length 1,4, is greater than the elastic development length I . In other

words, oy exceeds the total length Iy +1,, . Therefore, the slip due to bar

extension s, can be computed by integrating the strains over the length loq +1,,, .
1 1
Sext =§5y|ed +§(5y +5s)|yrq (7-12)

where the elastic development length 1, is given by

fydy (7-13)

Arer

Ied
Based on assumption (3) that the constitutive model of reinforcement is bilinear, ¢,

is given by

f, fo—f
S

g =8y Y (7-14)

where E, is the hardening modulus of reinforcement.

By substituting Egs. (7-11), (7-13) and (7-14) into Eq. (7-12), the slip due to bar

extension can be determined in terms of the bar stress fs.

2
2
s  — fyds +(fs_fy)fydb+(fs_fy) dy (7-15)
et 8rer B 477 Eq 871 E,
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4). Category 4 (o > fy,log +1yrg > lompg @ndlyrg <lgpog )

As illustrated in Fig. 7.5(d), an applied inelastic stress f; (i.e. f, > f ) decreases to
the yield strength over the required inelastic length I ,, . However, due to the limited
embedment length 1,4, the yield stress cannot decrease to zero over the available
elastic length I, . That is, I,
greater than I, . The slip due to bar extension is determined as

is smaller than ;4 but the total length (I +1y,4)is

1 1
Sext zz(gend +8y)|e +§(8y +gs)|yrq (7-16)
According to Fig. 7.5(d), the available elastic length I, is given by
Ie = Iembd _Iyrq (7'17)

At the center of the continuous bar, ¢, is computed by using a similar triangle.

Iy —1

eend=(e", e)ey (7-18)
ed

By substituting Eqgs. (7-11), (7-14) and (7-18) into Eq. (7-16), s, becomes a

function of f,.
2
277 [ 12 27 (= f)fd (f-1,) dy ]
Sext :mliled —(Iyrq + Ied _lembd) :|+ 4’Z'YT ES + 82'YT Eh (7 19)

where log = f,dy / (4zer) and I, =(f, - f;)dy / (47,) . A comparison between Egs.
(7-19) and (7-15) indicates that a shorter embedment length results in a smaller slip
due to bar extension provided all other parameters remain the same.

5) Category 5( f, > f, andlyy > lempg )

If the embedment length I, is too short, it is possible that the inelastic bond
stress 7,y is mobilized over the entire embedment length I, . Moreover, the

required inelastic length I, can even exceed ly,,, , as shown in Fig. 7.5(e).

Therefore, the slip due to bar extension s, is calculated as
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1
Sext Zi(gend +gs)lembd (7'20)
where &, is given by
g —1 & —& f g —1 fo—f
s yllntolee) ) [10) g
yrq S yrq h

By substituting Egs. (7-11), (7-14) and (7-21) into Eq. (7-20), s, Can be expressed

as

flemba f.—f, 27-1
Sext = yém +( SEh L g:;g:delembd (7'22)

S
In summary, depending on different bar stress state f, and physical embedment
length l,.,q » the determination of bar extension s, can be divided into five
categories. However, for a joint with specific geometric properties and loading

conditions, it is not necessary for a reinforcing bar in the joint to go through each

category in a sequential manner.
7.2.2.4 Slip of anchored bars at joint interfaces under pulling force

Lap-spliced bars in the middle joint regions and the anchored bars in the end-
column-stubs of the sub-assemblages are under pulling force subjected to a MCRS.
For an anchored bar, a pullout force is applied at the loaded end, where a wide crack
has formed, say, at a joint interface. With increasing pullout force, if the
embedment length is adequate, the bar can always exhibit a zero-slip at the point
with a zero-stress, as defined in the macro-models proposed by Lowes and
Altoonash (2003), as well as Zhao and Sritharan (2007). Accordingly, the strain
profile is similar to the one shown in Fig. 7.5(a) or Fig. 7.5(c), depending on the bar
stress state. However, if the embedment length is limited, the bar can be stressed up
to the free end, which is the physical cut-off point of the bar, as indicated in Fig. 7.6.

In this case (that is, when the physical embedment length I, is less than the

required development length), besides the bar extension, the slip at the loaded end

should also include the slip at the free end. That is,
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S=S,,+S, =L:g(x)dx+sO (7-23)

where sy is the free end slip.

bond stress over

the bar le | lyrg
Ty L6t L. B,
Free end: —= A, f
ST S |\ S~ ~ ~ S~ v b S
X
’f Wr
ET %
Bond 1 | bl
stress = em -
\g .
Bar f fg

y
stress N

Fig. 7.6: Bond and bar stress distribution for an anchored bar under pullout

To satisfy the conditions of zero strain at the free end, the strain profile of
categories 2 and 4 over the available elastic length l¢ should be modified by red
dash dot lines, as shown in Figs. 7.5(b) and (d), respectively. Therefore, bar
extension Se: in category 2 becomes

1 f.l
Sext zigslembd = szeénbd (7-24)
s

and bar extension S, in category 4 is modified to

ext

1 1
Sext = Egyle + E(gy + gs)lyrq (7-25)

where lyrq and & are given by Egs. (7-11) and (7-14), respectively and I, =lgypg —lyrq -

In general, the slip at the free end is either zero or very small as compared to bar
extension, but it is an indicator to check whether pullout failure occurs. Moreover,
The free end slip can mobilize bond strength and satisfy equilibrium (Eligehausen et
al. 1983). However, a uniform or stepped bond stress model cannot directly account
for slip at the free end because increasing slip does not increase the bond capacity
of the bar (Sezen and Setzler 2008). Therefore, an alternative approach must be
employed for bars with strain profiles of category 2 and 4 shown in Figs. 7.5(b) and

(d), respectively. Alsiwat and Saatcioglu (1992) used the local bond-slip model
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proposed by Eligehausen et al. (1983) to obtain the free end slip s, of a bar, which is
given by

;- s(_] (7-26)

where ultimate bond stress z, and corresponding slip s, are respectively computed as

- =[zo—d74bj % (7-27)
s =[5 (7-28)
C

and the term 7, is the elastic bond stress at the free end of a bar and is calculated as

if 1, > g

0
Te=1fdy . (7-29)
) Zeleb if 1, <lyyg

where fg, is the maximum elastic steel stress generated in the elastic region (< f,),
and I, is the available elastic length of the bar. For category 2 shown in Fig. 7.5(b),

le = lemna, but for category 4 show in Fig. 7.5(d), fse=fy andl, =1 ., —!

erq *

Eq. (7-29) suggests that if the embedment length of bar is adequate, i.e. |, greater
than the required elastic lengthl,,, bond stress at the free end is not mobilized;
otherwise, elastic bond stress will be generated. Therefore, for a bar with a strain
profile of either category 1 or 3 as shown in Figs. 7.5(a) and (c), respectively, there

is no free end slip and Egs. (7-6) and (7-15) can be directly used to calculate total
slip solely due to bar extension. However, for a bar with a strain profile as shown in

Figs. 7.5(b) or (d), I, is smaller than 1, 7.is generated. If z,reaches the ultimate

erq’?
bond stress 7, specified in Eq. (7-26) (or if S, =S,), that bar will fail by pullout. For
example, if I is equal to zero, as the strain profile of category 5 shown in Fig.
7.5(e), 7, will become infinitely large, resulting in a pullout failure. Therefore, an

anchored bar subjected to a pulling force can never develop a strain profile similar
to the one shown in Fig. 7.5(e).
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In practice, it is common to use hooks for anchorage of reinforcing bars in exterior
beam-column joints. Based on experimental data, Filippou et al. (1983) suggested

that a hooked bar can be modeled as a straight bar with an equivalent length of

leg =15 +5d, (7-29)
where | is the straight embedment length. In the proposed model, this

recommendation is adopted.

7.2.2.5 Summary on the procedure to determine bar stress-slip relationship

In summary, the procedure to determine the slip of a reinforcing bar for a given

stress at the loaded end is illustrated in Fig. 7.7.

Apply a given stress on a bar at joint
interfaces

b

Check boundary conditions of bond-slip
behavior of the bar in RC joints

v v
Bar under axial tension Bar under pulling force
(e.g. continuous bars in the (e.g. lap-spliced bars in the middle joint
middle joint) and anchored bars in the end-column-stubs)
Calculate le and ler for
Five categories of bar category 1to 4

strain profiles

] o
Eqs. (7-6), (7-9), (7-15), (7-19)

and (7-22) to determine bar No

A

extension S Within each category Bar extension is determined
Determine bar extension Sex
by Eq. (7-6) and (7-15) for
Il by Eqs. (7-24) and (7-25) for Y ?:at(e ; O)ry ) aﬁ 03 )
Total slip at loaded ends equal category2 and 4, respectively. respecitvely; S=su
to bar extension, i.e. S=Sex; i

Determine slip at free ends so
by Eqgs. (7-26) to (7-29)

Yes Bar pullout, no more
stress can be sustained

No

Bar can sustain more
Stress, S=Sex+So

Fig. 7.7: Procedure to determine bar slip for a given load

The bar stress-slip relationship can be determined by gradually increasing the stress
from zero to bar tensile strength. If a pullout failure occurs, the loading process

would be terminated. Finally, the bar stress-slip relationship can be converted to the
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bar force-slip relationship by multiplying cross-sectional areas of bars at the same
layer, and the bar force-slip envelop can be used for a component spring in a

component-based joint model.
7.2.2.6 Determination of uniform bond strength

Uniform bond strength for bars at both the elastic and inelastic stages was evaluated
from published pullout, beam and column tests, as listed in Table 7.1. The values of
uniform bond strength are empirical in nature but uniform bond strength is a
function of steel stress state and concrete compressive strength. Although the bond
strength for bars in elastic tension zer varies for different bond conditions, it does
not significantly affect bar force-slip relationship since elastic slip is very small.

Since the database of pullout tests is much larger than that of beams and columns,

teT is specified as 1.8,/f, for all analyses in this chapter.

Table 7.1 Empirical average bond strength

Bar stress, f (f,= Average bond strength Related tests Research reference
tensile yield strength) (MPa)
B ; Lowes and
rer =1.8,[f; Pullout tests Altoontash (2003)
. N ; Sozen and Moehle
Tension , f;<f, 7er =0.83/ f, beam tests (1990)
B ; Sezen and Setzler
rer =1.0,[f; column tests (2008)
=008/ 1o Pullout tests Lowes and
) 04.[F Altoontash (2003)
Tension, f; > f, : \/_c
_ 7 Sezen and Setzler
tyr =0.5,[f; column tests (2008)
Compression, -f;< f, rec =2.2,[f] Pullout tests L owes and
Compression, -f;> f, Tye =3.64/ T, Pullout tests Altoontash (2003)

After a bar has yielded in tension, the average bond strength decreases significantly,
ranging from 7, =0.05/f; to 0.4,/f in pullout-out tests. This calibration was

based on very limited test results. The lower bound is determined from a bar in a

damaged anchorage zone (Eligehausen et al. 1983). The upper bound is based on
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Shima’s tests with initial undamaged concrete cylinders, which does not represent
the bond conditions that exist for yielded reinforcing bars anchored in the vicinity
of beam and column flexural tension zones (Lowes and Altoontash 2003). Due to
bond deterioration, zyt should take on a smaller value, which will be explained later.
Moreover, the evaluation of zyr also depends on the selection of constitutive models
of reinforcement. Average bond stress over a bar segment can be determined from
the difference of forces at the two segment ends divided by the surface area of the
segment. The stress at each end is typically computed from the strain measured by
strain gages. When a bar is at inelastic stage, the corresponding stress-strain curve
can be characterized or simplified with different constitutive models, leading to

different bar stresses and bond stresses for the same inelastic strains.

Due to Poisson effect, the diameter of a bar under compression increases, so that the
average bond strength in compression becomes larger compared with the one under
tension. In particular, when a bar has yielded, the Poisson effect is more dominant.

Therefore, average bond strength at bar yielding in compression z,. is much greater

than the one in elastic compression 7y .

7.2.2.7 Determination of hardening modulus of reinforcing bars

The constitutive model for a reinforcing bar is simplified into a bilinear model, as
shown in Fig. 7.8. For a bilinear constitutive model for reinforcing bars, there is no
general way to determine the hardening modulus E;. For a bar that will fail by
fracture, the hardening modulus E;, is determined by equating the area enveloped by
the original and the idealized bilinear bar stress-strain curves. To capture bar
fracture, both curves terminate at the ultimate tensile strength point f, without
considering the necking of bars in tension, suggesting that at bar fracture the
bilinear model can absorb the same amount of strain energy as the original stress-

strain model. To satisfy this requirement, an artificial yield strength f/ will be

introduced, as indicated in Fig. 7.8. The post-yield stress-strain relationship in the

bilinear model goes through the artificial yield strength point fjand the ultimate

tensile strength point f,. Thus, the value of Ey is given by (f, - f;)/(s, - f; /E).

Prior to attaining f/, it is assumed that the reinforcing bar behaves elastically.
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‘ Stress

Strain

Fig. 7.8: Constitutive model of steel reinforcement

7.2.2.8 Validation of the proposed macro bar force-slip model
(1) Comparison with Shima’s micro model

Very limited pullout tests or beam tests were available to validate the proposed
bond-slip model because previous tests were more concerned with bond-slip
relationships at elastic and early post-yield stages of reinforcing bars, rather than at
the stage approaching fracture. To check the versatility of the proposed model for a
continuous bar under axial tension and an anchored bar with an adequate
embedment length under a pulling force, the bar stress-slip relationships predicted
by the proposed macro-model are compared with predictions from Shima’s local
bond-slip micro-model (Shima et al. 1987). This is because Shima’s model has been
validated sufficiently at the elastic and early post-yield stages of bars. Moreover, it
has considered the effect of bar strain on bond stress, as indicated in Eq. (7-30).
During analysis, both models employ the bilinear constitutive model of
reinforcement.

0.73[In(1+5s) ]’

- (7-30)
1+ &x10°

z
!
fC

where 7 is bond stress; f; is compressive strength of concrete; s=1000S/d, , in

which S isslip and dy is bar diameter; and ¢ is bar strain.
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Two case studies have been conducted to represent different boundary conditions of
bond-slip relationships. In case 1, the bar is under axial tension on both sides. In
case 2, the bar is under a pure pullout force with an embedment length identical to
one of the bars anchored into end column stubs in the sub-assemblage tests (Yu and
Tan 2012b). The material properties of reinforcing bars and concrete for the sub-
assemblage tests as well as the other parameters for the proposed macro-model are
listed in Table 7.2.

Table 7.2 Material properties for verification cases

Study fy Es fy Ey TET Tyt dp fe’ lemba
cases (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (mm) (MPa) (mm)
#1: under
axial ; 125
tension 0.2 \ fC
494 | 185873 | 593 929 18,/f; ~ 13 38.2
#2: under 0.4 f¢ 425
pullout

Figs. 7.9(a) and (c) show the bar stress-slip relationships in case 1 and case 2,
respectively. In both cases, the bar fails by fracture rather than by pullout, and the
slip at the loaded end is solely contributed by the bar extension. As aforementioned,

post-yield bond strength z; varies with a range from 0.05,/f_ to 0.4,/f/ .Therefore,

three different values of 7, are used in the proposed model. Figs. 7.9(a) and (c)

suggest that the bar stress-slip relationship predicted by the proposed model agrees

well with that from Shima’s model when zyr varies between o0.2,/f; and 0.3/, . The

value of 7yt has no evident effect on the bar stress-slip response when the bar is at
the early post-yield stage, but it significantly affects the ultimate slip corresponding
to bar tensile strength, as shown in Figs. 7.9(@) and (c). Furthermore, the
distribution of bond stress over the bar at different loaded stresses determined by
Shima’s model, as shown in Figs. 7.9(b) and (d), indicates that 7yt (i.e. average
bond strength over the whole inelastic region) decreases slightly as the length of
inelastic region increases. When the loaded stress approaches the bar tensile

strength, zyr is around 0.24,/f/ for case 1 and around 0.26,/ for case 2. Note that the
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bond stress distribution along one-half of the bar under axial tension is shown in Fig.
7.9(b) due to symmetry.
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Fig. 7.9: Verification of the proposed model

The insets in Figs. 7.9(a) and (c) indicate that rg; =18,/ is slightly conservative

to simulate the bar stress-slip relationship prior to yielding of bars. However, the
slip corresponding to bar yielding is around 0.2 mm, less than 2% of the total slip at
bar fracture. Therefore, the accuracy of et is insignificant to bar stress-slip
relationship.

(2) Validation via a pullout test with large inelastic strains

A pullout test (Viawanthanatepa et al. 1979) with large inelastic strains is used to

validate the proposed model, and the material and geometric properties of the bar
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and concrete are indicated in Fig. 7.10(a). To obtain the average bond strength Tyt
in the inelastic region, Shima’s model is used. To show that zyr also depends on the
selection of steel constitutive models, both bilinear and Mackawa’s constitutive
models (Maekawa et al. 2003) for reinforcement are employed, in which the latter

can characterize the whole bar stress-strain relationship, similar to the curve shown
in Fig. 7.8.
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Fig. 7.10: Experimental and analytical bar stress vs. slip response

Fig. 7.10(a) shows that bar-stress vs. slip relationships predicted by the proposed
model agree well with the experimental results except at the transition stage, i.e.,
when a bar changes from elastic to early post-yield stage. This is mainly ascribed to

the simplified bilinear constitutive model of reinforcing bars. Moreover, the
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proposed model is conservative in predicting a pullout failure compared with the
test result. However, Shima’s model is unable to predict pullout failure, so it
overestimates the ultimate stress and slip until bar fracture. With the bilinear model
for reinforcement, Shima’s model suggests that average bond strength Tyt is around

0.3,/f{, as shown in Fig. 7.10(b). This value is adopted in the proposed macro-

model for this case. However, with Maekawa’s model for reinforcement, Tyt IS

around 0.4,/f/, as shown in Fig. 7.10(c), indicating the selection of constitutive

reinforcement models affects the value of inelastic bond strength tyr.

In summary, the proposed macro-model is more suitable to predict fracture of
continuous bars under axial tension and anchored bars with adequate embedment
length, but it is more conservative in predicting bar pullout failure. This is due to
the selection of the bilinear constitutive model for reinforcement. Taking

predictions from Shima’s model as the upper bound, average bond strength at
inelastic stage (i.e. z,; ) should be capped to 0.3\/f_c’. However, due to bond

deterioration, this value should be further reduced during analysis.
7.2.3 Compressive bar force-slip model

As illustrated in Fig. 7.2, compressive force at the joint interfaces is contributed by
both concrete and reinforcement. It is not easy to isolate their respective
contribution. For a concrete spring, the force depends on the compression zone of
joint interfaces and compressive strength of concrete. Furthermore, at compressive
arch action (CAA) stage of RC beams, the variation of neutral axis depth depends
not only on the geometrical parameters and material properties of beams, but also
on the boundary conditions, as discussed in chapter 6. The variation of neutral axis,
in turn, affects the stress of compressive reinforcement. Therefore, to determine the
compressive spring force-slip relationship prior to structural analysis, the viable

approach is to assume constant neutral axis depth.
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Fig. 7.11: Maximum axial force at compressive arch action of beams

At the middle joint and the column stub interfaces of RC sub-assemblages (Su et al.
2009; Yu and Tan 2012b), the ratio of maximum axial force N, at CAA stage and
the axial force Ny corresponding to balanced failure is shown in Fig. 7.11. Ny is
obtained from cross-sectional analysis with the extreme compression concrete fiber
reaching the limit compressive strain e, simultaneously with tensile reinforcement
attaining yield strain ¢,. It can be found that N, ranges from 0.4~1.0Np. However,
span-to-depth ratios of typical beams range from 8 to 12, and become 16 to 24 after
a middle column is removed. Fig. 7.11 indicates that within this range N, is smaller
than 0.7Np. Out of conservatism, it is assumed that N, equals to 0.7N, and the
neutral axis depth cy of a joint interface is calculated based on the condition that
both 0.7Np, and the ultimate moment are acting at the joint interface. The strain and
stress distribution at this state is shown in Fig. 7.12. Then the neutral axis is kept
constant as cy to formulate the stiffness properties of compressive springs. At the
ultimate state of Ny =0.7N,, the compressive force provided by concrete and

compression reinforcement is given by
F. =C,+C, = f, A +0.85fbjcy (7-31)

where C;and C.are the compressive forces contributed by steel reinforcement and
concrete, respectively; fg, is the compressive bar stress at the critical state shown in

Fig. 7.12; Alis the compression bar area; f/is the concrete compressive strength; b
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is the beam width; g is the ratio of the depth of the equivalent rectangular stress

block to the neutral-axis depth, as defined in ACI 318-05 (American Concrete
Institute 2005).
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Fig. 7.12: Stress and strain distribution at beam sections

Because the compressive springs at the joint interfaces eventually change to tensile
springs, in which tension is provided by reinforcing bars only, it is convenient to
shift the compressive resultant C. provided by concrete to the centroid of
compression reinforcement. The shift of C. will lead to a certain error in calculating
the ultimate moment of resistance due to a little change of lever arms. However, the
axial force is regarded as the primary variable herein. Similar to Lowes’ approach

(Lowes et al. 2003), prior to the strain of compression bars reaching &y, , Cc is

linearly linked to compression bar strain ;.
F = f A +(el 1 €, )0.85bcy (7-32)

When ¢; exceeds &, , C. is assumed constant as 0.85f.b/c, because concrete stress

has a limit. In other words, the constitutive model of concrete is assumed to be
perfect elastic-plastic. When a bar is stressed up to the free end with compression,
due to concrete excelling at sustaining compression, the slip at the free end could be
ignored and the loaded end slip solely depends on the shortening of the bar. Similar
to tensile bar stress-slip derivation, compressive bar stress-slip relationship is
obtained and is used to determine the relationship of compressive spring force and
slip. However, it is impossible for concrete to follow the entire stress-strain curve of
compression reinforcement. Moreover, for RC sub-assemblages under a MCRS,

compressive springs will transit into tensile springs when catenary action Kkicks in,
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and sub-assemblages typically fail in tension. Therefore, the ultimate force of
compressive springs is not a critical parameter, and a strain value of 10¢, is

tentatively used to determine the ultimate force and deformation of compressive

springs.
7.3 Validation of component-based joint models

7.3.1 Overall modeling parameters

The proposed model is validated through comparisons of simulated and observed
responses for RC beam-column sub-assemblages S4, S5 and S6 under a MCRS. The
specimen detailing and test results for these have been introduced in chapters 3 and
4, respectively.
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~
Top RW .\H . f beam element
*1- 1(2”d order)
.!‘,

Fiber-based beam
element (1% order)

Zero-length
springs

': ¢ I 3ooccossoscss

: : . Top AF
E | &_ ___________ | Beam 1 *
: Zero-length ﬂ,/ Btm AF
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Fig. 7.13: Macro finite element model of sub-assemblages

The proposed joint model is incorporated into macro-FEA with Engineer’s Studio
(Forum8 2008), as seen in Fig. 7.13. To realistically simulate the structural behavior
of each specimen, the whole specimen and the boundary connections in the test-up
are modeled. Cracks, deformations and failures were mainly developed throughout
the beams, so they are modeled with fiber-based elements, in which the beams near
the joint and the end-column-stub interfaces are modeled with 2"%-order (three node
isoparametric) fiber-based elements and the rest with 1%-order (two node
isoparametric) fiber-based elements. The column stubs are modeled with elastic
beam elements. Besides the middle joint, the end-column-stub interfaces are also

modeled with spring elements to represent discontinuity in large deformations. The
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analysis is conducted by applying a displacement-controlled load at the top of the
middle joint until the specimen fails.

r Y
biress (N/mme)

- Stran ()

Fig. 7.14: Constitutive model of concrete for beams in Engineer’s Studio

The constitutive models of concrete and reinforcement developed by Maekawa’s
research group (Maekawa et al. 2003), namely COM3, are employed for uniaxial
material properties of concrete and steel fibers, respectively. Concrete model of
COM3 is an elasto-plastic fracture model of concrete in compression, and its tensile
branch has incorporated the contribution of bond-slip into tension-stiffening for
concrete in tension, as shown in Fig. 7.14. Therefore, it is unnecessary to consider
bond-slip relationship explicitly within the beams and “perfect bond” is assumed.
Note that although considerable axial compression was mobilized throughout the
beams at CAA stage, the beam sections near the beam-column interfaces had large
cracks (Yu and Tan 2012b). Consequently, the confinement effect due to stirrups is
not considered. The steel model of COM3 has considered the effect of bond-slip
implicitly and represents the average stress-strain relationship of bars throughout

the cracked concrete.

During the tests (Yu and Tan 2012b), the reaction force and the corresponding
displacement of each restraint were recorded. Fig. 7.15 shows the force-
displacement relationships of those restraints, namely, Top-RW, Btm-RW, Top-AF
and Btm-AF, which are indicated in Fig. 7.13. The corresponding restraint stiffness
can be evaluated with linear regression based on the slope of the force-displacement

relationship for each branch. From tests, it was found that connection gaps existed
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between the restraints and the specimens. To validate the proposed joint model and
the approaches to calibrate the spring properties, the restraints in the macro-FEA are
modeled with linear spring elements. These elements also include the connection
gaps. For simplicity, only the boundary conditions of specimens S4 and S6 are
shown in Figs. 7.15(a) and (b), respectively. The stiffness and the gaps of
compression and tension branches are indicated in Fig. 7.15 as well. The boundary

conditions of other specimens can be obtained from the author’s research group

website (FERGAN 2011).
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Fig. 7.15: Stiffness or axial restraints at end column stubs
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7.3.2 Spring parameters in component-based joints

The interface springs Kp, Kps and kyy illustrated in Fig. 7.2 are modeled with zero-
length springs, as indicated in Fig. 7.13. The spring properties in Engineer’s Studio
are modeled by using multi-linear envelopes with Takeda hysteresis model. The
non-linear force-deformation relationships of shear panel springs (ks) and bar force-
slip springs (kop & kp) are then simplified into multi-linear and tri-linear
relationships, respectively, as shown in Fig. 7.16. The backbone curve of shear
panel spring is symmetric for positive and negative branches. The critical points to
determine the multi-linear model are indicated in Fig. 7.16(a) and are located at the
intersections of lines from linear regression at each segment. Because the material
and geometric properties of the middle joints in Yu and Tan’s tests are nearly the
same, the force-deformation relationship of ks is kept the same for all specimens.
The general tri-linear backbones of ky, and ky; are shown in Fig. 7.16(b). The values
of critical points as indicated in Fig. 7.16(b) depend on the reinforcement detailing
at the joint interfaces. Fy; corresponds to the bar yielding in tension, and Fy
corresponds to the smaller capacity based on bar fracture or pullout. Fy is the
average value of Fy and F.. According to Egs. (7-31) and (7-32), F¢; and Fe
denote the smaller and the larger capacities corresponding to concrete attaining
crushing strain ¢, and compressive reinforcement reaching yield in compression,

respectively. F3 is the spring ultimate capacity.
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Fig. 7.16: Multi-linear springs for finite element analysis
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Based on the case studies in section 7.2.2.8, Shima’s model provides an upper limit

of inelastic average bond strength z; for bars in the sub-assemblage tests. The limit
is around 0.24,/f] ~0.26,/f{ . After bond deterioration is considered, z,; should be

reduced further. Viawanthanatepa et al. (1979) observed that a large portion of the
bar embedment length (254 mm out of 635 mm) suffered severe losses of bond
strength when a bar with 25 mm diameter was at the pulling-through stage. That is,
the bond deterioration zone could reach 10 times the bar diameter. Quereshi and
Maekawa (1993) experimentally found that the bond deterioration zone could
extend to about 5 times the diameter of reinforcing bars under pure pullout and
increase in size when the RC interface is subjected to coupled tension and shear.
The impact of bond deterioration on bond-slip response is more evident for bars
with short embedment length. As a result, based on embedment length, effect of

coupled tension and shear, and large tensile strains, z,; took on a small value,
0.1,/f{ and 0.2,/ for the continuous bars in the middle joints and the anchored

bars in the end column stubs, respectively, and 0.15\/f_c’ for the lap-spliced bars in

the middle joints.

The spring properties of ky, and ky of specimens S4, S5 and S6 are shown in Table
7.3. The springs ky, at the middle joint interfaces and ki at the end-column-stub
interfaces transferred tension only. Thus, only the properties of the tensile branch
are listed. During the validation process, it is found that the extension of a bar
between two adjacent flexural cracks near a joint interface can contribute
considerably to the ultimate bar slip at the joint interface, in particular, for bars with
short embedment lengths under axial tension. For example, the ultimate slip of the
continuous bar embedded in the middle joint of specimen S4 is around 12 mm.
However, the spacing of severe flexural cracks is 100 mm for S4, as shown in Fig.
7.17, and the extension of around 50 mm of the bar contributes around 5 mm to the
slip between the joint interface and the beam end. Therefore, for specimens S4 and
S5, total slip at the interfaces includes the contribution of beam bar extension, as
indicated in Table 7.3. If there is no test result about the average spacing of flexural
cracks, they can be estimated as one-half the maximum crack spacing computed in

accordance with Eurocode 2 (European Committee for Standardization 2004). Note
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that the large cracks at the middle joint interface of S4 as shown in Fig. 7.17 is
caused by flexure rather than interface shear.

Table 7.3 Spring properties of kp, and Ky

At middle joint interfaces”

Name Kt Kop
lemba E; Tensile branch Compressive lemba = Tensile branch
(mm) (MPa) branch (mm) (MPa)
St F Sc Fe S, F,
(mm) | (kN) (mm) (KN) (mm) (KN)
0.30 | 196.71 0.068 477.52 0.30 131.14
S4 1(28; 929 7.93 | 216.42 0.157 544.63 1(23; 929 7.93 144.28
17.26 | 236.13 0.217 554.74 17.26 157.42
0.25 | 196.71 0.072 497.24 0.25 196.71
S5 lég; 929 | 742 | 21642 | 0.157 | 560.36 1(32; 920 | 742 | 216.42
16.75 | 236.13 0.217 570.47 16.75 236.13
0.26 | 309.43 0.080 531.69 0.19 131.14
S6 265 832 9.98 | 339.29 0.210 649.57 530 929 5.28 144.28
25.75 | 369.15 0.270 661.93 19.61 157.42
At end-column-stub interfaces’
Name Kob Kot
lembd En Tensile branch | Compressive branch | lgnng = Tensile branch
(MM Mpay s RGN | S Fo mm) | mpa) [, F
(mm) (mm) (kN) (mm) (kN)
0.19 131.14 0.074 461.35 0.19 196.71
S4 425 929 4.00 | 144.28 0.157 502.24 425 929 4.00 216.42
14.75 | 157.42 0.216 508.98 14.75 236.13
0.25 | 196.71 0.072 497.25 0.25 196.71
S5 ‘gg; 920 [ 534 | 21642 | 0157 | 56036 ‘gg; 920 [ 534 | 21642
17.42 | 236.13 0.216 570.48 17.42 | 236.13
0.19 131.14 0.070 481.49 0.26 309.43
S6 425 929 4.00 | 144.28 0.157 524.85 425 832 5.47 339.29
14.75 | 157.42 0.216 531.59 20.21 369.15

*ryr = 0.14/fc’ for continuous bars and 7, :0.15\/f_c' for lap-spliced bars due to longer embedment

length; For S4 and S5, the tensile slip includes the contribution of beam bar extension near interfaces.
The length of beam bars are half the average spacing of severe cracks, as indicated in brackets.
However, for compressive slip, the contribution of beam bars is ignored.

T oyr :0.2\/f_c'f0r all cases. Specimen S5 includes the contribution of beam bar extension to total
tensile slip.
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Fig. 7.17: Contribution of beam bars to slip at joint interfaces of S4
7.3.3 Comparisons with experimental results

Fig. 7.18 shows that the simulated structural behavior of RC beam-column sub-
assemblages under a MCRS agrees well with the experimental results in terms of (a)
applied load vs. MJD relationship and (b) beam axial force vs. MJD relationship.
This indicates that the macro-FEA with the proposed component-based joint model
and the proposed calibration procedure on spring properties can capture essential
structural behavior with satisfactory accuracy, including CAA and catenary action.
With the joint model, even bar fracture can be predicted. Otherwise, structural
resistance at catenary action stage will be significantly overestimated. Similar to
experimental results, the first fracture in numerical analyses occurred at ky, of one
middle joint interface and the final fracture occurred at ky; of one end-column-stub
interface. Due to non-uniform material properties, imperfect construction and the
rotational restraint at the middle column stub, the bottom bars at the middle joint
interfaces sequentially fractured during the tests. However, in numerical analyses,
the fractures of ky, at both joint interfaces occur almost simultaneously. After the
fracture of kp, at the middle joint interfaces, the beam axial force is mainly
transferred by ky; at the middle joint interfaces. The good agreement between
numerical and experimental results at this range as shown in Fig. 7.18 suggests that

the proposed bar stress-slip model can provide appropriate tensile spring properties.
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Fig. 7.18: Validation of the proposed component-based joint model
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In summary, by incorporating the proposed component-based joint model into
macro-FEA, structural deformation due to large slips at the joint and the end-
column-stub interfaces and the discontinuity due to bar fracture can be considered.
Consequently, predictions agree well with experimental results. Moreover, the
macro-FEA by combining fiber elements and component-based joint models are
computationally efficient to simulate structural behavior of beam-column sub-
assemblages subjected to large deformations and severe discontinuity. Therefore,
this numerical approach is a feasible alternative to the extensive 3-D continuum-
based FEA.

7.4 Discussions

Currently, available test results to calibrate the average bond strength are based on
pullout tests with most bar strains at elastic and early post-yield stage. However,
bars at the joint and the end-column-stub interfaces of sub-assemblages were
subjected to coupled tension and shear. Furthermore, large tensile strains were
mobilized up to bar fracture and bond deterioration could extend from interfaces to

a certain embedment length. As a result, the average bond strength of a bar

exceeding tensile yield strength (i.e, zvr ) is capped to 0.2,/f/ .

To formulate the compressive spring properties before macro-FEA on structures,
some assumptions have to be introduced, as discussed in the section “compressive
spring force-slip model™. In the tests, crushing of concrete at the joint and the end-
column-stub interfaces resulted in sub-assemblages failing to sustain axial
compression, and axial force gradually changed from compression to tension.
Because compressive springs have been assigned a priori to the centroid of
compression steel at the interfaces without considering concrete crushing, the joint
model was unable to simulate the deterioration of compression zone near the joint
interfaces, leading to inaccurate prediction of the descending part of compressive
arch action. However, the 2"-order (three node isoparametric) fiber elements
adjacent to interface springs can capture the crushing of concrete, to some extent
compensating for the weakness of compressive springs. For example, the rapid

reduction of beam axial compression, as shown in Fig. 7.18(b), results from
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concrete crushing at the 2"%-order fiber beam elements near the end-column-stub
interfaces. As a result, the transition of applied loads and beam axial forces from
CAA to catenary action stage can be reasonably simulated. If the major concerns
are the capacities of compressive arch action and catenary action, then the

inaccurate prediction at the transition stage becomes insignificant.
7.5 Conclusions

The structural behavior of RC beam-column sub-assemblages under a middle
column removal scenario involves large deformations and severe discontinuity. To
capture the combined effects of large slips at the joint and the end-column-stub
interfaces and discontinuity due to bar fracture or pullout on structural behavior, a
component-based joint model is proposed in this chapter. The components in the
joint model function as equivalent nonlinear springs. Then the joint model is
incorporated into macromodel-based finite element analysis (macro-FEA) with fiber
beam elements. Numerical results agree well with experimental results in terms of
load vs. MJD relationship and beam axial force vs. MJD. This indicates that the
macro-FEA is able to characterize the essential structural mechanisms, including
compressive arch action and catenary action. With the joint model, bar fracture can
be predicted so that structural resistance at catenary action will not be overestimated.
However, it is challenging to precisely predict the MJD corresponding to bar

fracture. Typically, the prediction is conservative.

With careful calibrations on each nonlinear spring of the component-based joint
model, the structural capacities of compressive arch action and catenary action
corresponding to a large MJD as well as maximum axial compression can be
reasonably predicted. To calibrate the spring properties, a systematic calibration
procedure for each component is presented. Since tensile springs at the joint
interfaces are mostly dominant, in particular at catenary action stage, a new bar
stress-slip model is proposed to calibrate the bar stress-slip relationship to a very
large tensile strain even up to bar fracture or pullout. This bar stress-slip model is
based on the assumption of respective uniform bond stress over the elastic and the
inelastic development length of a reinforcing bar. Then this model is validated by

limited pullout test results and is further verified with Shima’s local bond-slip
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model. The validation and the verification studies indicate that the model is able to
predict the bar stress-slip relationship under large tensile strain with good fidelity.
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8.1 Conclusions

This research program experimentally investigated the structural behavior of
reinforced concrete (RC) sub-assemblages and frames subjected to a middle column
removal scenario. Thereafter, an analytical model was developed for investigating
compressive arch action (CAA) of RC sub-assemblages and a component-based
joint model was proposed to facilitate structural analysis under column loss

scenarios.

In terms of load-deflection histories of sub-assemblages and frames, with increasing
middle joint displacement (i.e. deflection of the two-bay beam above the removed
column), flexural action, CAA and catenary action were mobilized sequentially.
Each of them can be regarded as one alternate load path (ALP) to mitigate
progressive collapse. The commencement of catenary action is defined at the
moment of beam axial force changing from compression to tension. Provided that
shear failure of RC beams can be prevented, one beam depth can approximately be
regarded as the deflection corresponding to the onset of catenary action. However,
there is no clear demarcation between flexural action and CAA of RC beams
because axial force can develop with increasing middle joint displacement (MJD).
Therefore, flexural capacity that is determined based on conventional plastic-hinge
mechanisms without considering beam axial force, is specified as an artificial
demarcation between flexural action and CAA. Moreover, flexural capacity can be
used as a baseline to evaluate the enhancement of structural resistance due to CAA

and catenary action.
Similarities between the test results of two series of specimens

The similarities of the test results of eight sub-assemblages and seven frames are

summarized as follows:

(1) The development of CAA heavily depends on the stiffness of axial and

rotation restraints imposed at both ends of two-bay beams. The development
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of catenary action depends on both axial stiffness of restraints and rotation
ductility of beam-column connections.

(2) With adequate axial and rotational restraints, CAA capacities of sub-
assemblage specimen S1 to S8 were 13.5%~43.2% larger than their flexural
action capacity, and catenary action capacities of S1 to S7 were 28%~128%
greater than their CAA capacities. However, CAA is a favorable ALP for
both sub-assemblages and frames because it attains its capacity at a MJD of
0.18~0.46 beam depth, whereas catenary action achieves its capacity at a
MJD greater than two beam depth.

(3) Failure was mainly concentrated at the beam-column connections rather than
at the joint panels. Near the interfaces of the middle joints of sub-
assemblages and frames, large cracking, severe concrete crushing and
bottom bar fracture occurred. However, no cracks can be observed at the
panels of the middle joints. For the interior side joints of RC frames, a few
cracks occurred at the joint panels, and for the exterior side joints, such as
joints in F3, extensive shear cracks formed at one joint panel, but the final
failure was controlled by the column failure. Also, the specimens designed
according to ACI 318-05 had adequate anchorage length for reinforcing bars
even under catenary action.

(4) Seismic detailing in terms of arrangement of the stirrups in RC members and
the hoops in joint cores did not benefit the structural behavior of sub-
assemblages and frames significantly, in particular at catenary action stage.
This is because the structural behavior of specimens was dominated by
flexural and axial action instead of shear. Moreover, wide and concentrated
cracking near the joint interfaces weakened the confinement effect from

closed stirrups.
Differences between the test results of two series of specimens

The evident differences between the test results of the RC frames and the sub-

assemblages resulted from different boundary conditions:

(1) Compared with the sub-assemblages, top bars of the RC frames with
conventional detailing fractured at the side joint interfaces when the MJDs
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)

were relatively small, significantly wrecking the development of catenary
action. This was because in the side joints of the RC frames, physical
embedment lengths of top bars was shorter compared to the sub-assemblage
tests, and axial loads in the side columns resulted in higher bond stress,
leading to smaller ultimate slips at the joint interfaces and thus reducing
rotation capacities of beam-column connections adjacent to the joint
interfaces. As a result, it is reasonable to follow the recommendations in
UFC 4-023-03 that internal ties (i.e. bars) be placed on either side of beams
rather than within beams or within the area directly above beams, unless the
beams can achieve large rotations (say, 0.2 rad) without bar fracture.

The equivalent restraint stiffness to two-bay beams in sub-assemblages was
greater than that in frames. However, the stiffer boundary restraints resulted

in a more rapid decline of structural resistance after CAA capacity.

Other findings in each series of tests

Other than the comparisons between the test results of two series of specimens, the

design

and analyses of each series of specimens also shed light on the structural

behavior of RC framed structures subjected to a middle column removal scenario.

From the sub-assemblage tests, the force transfer mechanism at catenary action

stage was clarified and the effects of key parameters on CAA and catenary action

were investigated:

1)

(2)

At catenary action stage, structural resistance is contributed by both beam
axial tension and shear force (or bending moment). Furthermore, the
contribution from beam axial tension keeps increasing whereas that from
shear keeps decreasing. Whether catenary action can increase structural
resistance beyond the CAA capacity depends on whether the contribution of
beam axial tension can exceed the loss in shear. After fracture of all bottom
reinforcing bars, structural resistance is solely contributed from beam axial
tension.

CAA can significantly increase structural resistance of the sub-assemblages

with small span-to-depth ratio and low longitudinal reinforcement ratio, and

243



CHAPTER 8 CONCLUSIONS AND FUTURE WORK

catenary action can significantly increase structural resistance of sub-
assemblages with large span-to-depth ratio and high longitudinal
reinforcement ratio, particularly with high top reinforcement ratio. This is
because bottom reinforcement typically fractures following the descending
of CAA and catenary action development has to be solely depends on the
strength and the amount of top reinforcement near the joint regions.
However, a higher bottom reinforcement ratio corresponds to the fracture of
bottom bars near the middle joint at a relatively larger MJD, which in turn
large structural resistance due to catenary action may be attained at a
relatively smaller MJD. In particular, when the detailing with symmetrical
longitudinal reinforcement is employed, e.g. specimen S5-1.24/1.24/23,
catenary action capacity achieved its capacity when bottom bars fractured.
For slender beams (i.e. such as single beam span-to-depth ratio greater than
8.6), structural resistance due to flexure is smaller than that due to shear.
Accordingly, structural response is dominant by flexural and axial behavior,
and catenary action can significantly increase structural resistance.
However, when the beam span-to-depth ratio is reduced to 7.6, e.g.
specimen S8-1.24/0.82/13.4, shear failure occurs first, resulting in catenary
action mobilized at a relatively smaller MJD. However, catenary action
may not be able to compensate for the loss in shear. Consequently,

structural resistance keeps decreasing after the first peak capacity.

Three different special detailing techniques in RC frames, including additional
middle reinforcement layer in beams, partial debonding of bottom reinforcement at
the joint regions and partial hinges at a beam depth away from the joint interfaces,
were able to increase rotation capacities of the beam-column connections and yet
without premature fracture of top bars. As a result, large resistance due to catenary
action of RC beams can be used to mitigate progressive collapse. Also, it is
noteworthy that for two-bay beams restrained by columns without lateral supports,
catenary action is not a preferred option unless the stability of columns can be

guaranteed.

Analytical model on CAA of two-bay RC sub-assemblages
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Because CAA is a favorable ALP to mitigate progressive collapse with limited
deflections of RC beams, it could be used in the ALP method. Accordingly, an
analytical model was proposed to predict CAA capacity and maximum axial
compression of RC sub-assemblages under a middle column removal scenario. The
model considers imperfect boundary conditions, stress state of compressive
reinforcement at critical beam sections, geometric and material properties of RC
beams. The validations of the model indicate that the proposed model is able to
predict the capacity of CAA and the maximum axial compression along the beams

with satisfactory accuracy and reliability.

The parametric studies on the axial and rotational stiffness of restraints suggest that
only when both relative axial and rotational stiffness are not less than one, CAA can
be considered as a beneficial ALP to mitigate progressive collapse. The relative
stiffness is a ratio of restraint stiffness to the corresponding stiffness of restrained
uncracked beams. The parametric studies also suggest that for beams under
adequate axial and rotational restraints, a lower reinforcement ratio and a lower

span-to-depth ratio will enhance structural resistance from CAA.
Component-based joint model and bar stress-slip spring

Under a middle column removal scenario, structural behavior of RC beam-column
sub-assemblages involves large deformations and even severe discontinuity. To
capture the effects of large slips at the joint interfaces and the discontinuity due to
bar fracture or pullout on structural behavior, a component-based joint model was
proposed. The components in the joint model function as equivalent nonlinear
springs. The validations based on sub-assemblage tests indicate that the
macromodel-based finite element analysis incorporating fiber elements and the
proposed component-based joint model is capable of characterizing the essential
structural mechanisms, including CAA and catenary action. With the joint model,
bar fracture can be predicted so that the structural resistance at catenary action stage
will not be overestimated. With careful calibrations on each nonlinear spring, the
structural capacities of CAA and catenary action, as well as maximum axial

compression, can be accurately predicted.
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Since tensile springs at the joint interfaces played the most dominant role in the
ultimate resistance, in particular at catenary action stage, a new bar stress-slip
model was proposed to calibrate the bar force-slip relationship to a very large
tensile strain until bar fracture or pullout occurs. This bar stress-slip model is based
on the assumption that uniform bond stress is respectively distributed over the
elastic and inelastic development length of a reinforcing bar. The validation and
verification indicates that the model is able to predict the bar stress (force)-slip

relationship under large tensile strain with good fidelity.
8.2 Future work

In RC structures, RC beams contain many longitudinal reinforcing bars, and the
bars can be counted as effective ties to develop catenary action if RC beams can
achieve large rotation capacity (say, 0.2 rad) without fracture of bars. Typically, at
each beam-column joint, the bottom reinforcement is not greater than the top
reinforcement. Therefore, under a middle column removal scenario, the fracture of
bottom reinforcement in the joint above the removed column is very likely to occur.
Even so, the top longitudinal reinforcement, which is approximately at the same
layer of slab reinforcement, can still be expected for catenary action. Currently,
UFC 4-023-03 only allows placing ties beside beams because the design guideline
is not clear whether beams are able to provide axial tension under large rotations.
This necessitates the research to evaluate the ultimate rotation capacities of RC
beams and to investigate the effect of axial tension on ultimate rotation capacity. On
the other hand, future work can also be dedicated to increasing rotation capacity of
RC beams by using special detailing, as shown in Chapter 5 in this thesis.

Rotation capacities of RC beams are affected by bond-slip behavior of reinforcing
bars. During the process of validating the proposed bar stress-slip model, it is found
that there is very limited data to demonstrate bond-slip behavior under large post-
yield strains even to bar fracture. Moreover, in both the sub-assemblage and frame
tests, longitudinal bars in beams were subjected to combined action of tension and
shear. Therefore, more detailed component tests should be conducted to consider

these effects. Accordingly, the component-based joint model can be improved.
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The magnitude of tie forces in UFC 4-023-03 is specified without seemingly any
apparent support from experimental data. Moreover, the tie force method mainly
depends on catenary action and tensile membrane action. Therefore, further
experiments should be dedicated to study the holistic behavior of RC buildings
subjected to column loss scenarios. That is, specimens should include multiple bays,
three dimensional action and typical floor systems. Also, experiments should be
conducted to large deformations to achieve both material and geometric
nonlinearities of RC structures. The corresponding test results can then be used to

validate the magnitudes of tie forces.

In the sub-assemblage tests, it was found that the structural mechanisms of all the
specimens are quite similar. As a result, to identify considerable variation in the
structural response at critical limit states, the variation of beam-span-to depth ratio
should be larger than those used in the sub-assemblage tests. For example, transfer
girders are used in many tall buildings, the removal of columns under transfer
girders may significantly undermine structural resistance against progressive
collapse. Moreover, the public buildings designed according to old design codes, in
which the structural integrity is not as strictly required as that in modern design
codes, are more vulnerable to progressive collapse. It is necessary to investigate

structural responses of this type of buildings under a column removal scenario.

Progressive collapse is a nonlinear and dynamic event. To more accurately evaluate
the structural resistance against progressive collapse, it is necessary to convert
nonlinear static structural behavior into dynamic behavior by introducing dynamic
increase factors (DIF). However, the determination of DIFs in UFC 4-023-03 is
mainly based on numerical analysis. Therefore, dynamic tests are needed to validate
DIFs.
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APPENDIX A: DETERMINATION OF RESTRAINT
STIFFNESS

During the tests on the reinforced concrete (RC) beam-column sub-assemblages and
the RC frames, the reaction force and the corresponding end movement at each
restraint were measured. As a result, based on the relationship of the reaction force
and the end movement, the stiffness of each restraint can be evaluated. To more
precisely simulate structural behavior of a specimen, the stiffness should be
assessed on individual restraint that was used to connect the specimen to an A-
Frame and a reaction wall in laboratory. On the other hand, structural mechanisms
were mainly developed throughout the two-bay beam in each test, and the
remaining structure functioned as restraints to the beam. Therefore, to simplify
analysis, the restraint stiffness can be evaluated as equivalent restraint stiffness to

the two-bay beam.

A.1 Stiffness of each individual restraint

A.1.1 Stiffness of restraints to sub-assemblages

Fig. A.1(a) shows the reaction forces (i.e. Hi, H, and R;) at each end-column stub
of the sub-assemblages. Since vertical reactions were eventually transferred to a
solid ground through steel plates, a pin and rollers, vertical settlements of the end-
column stubs could be ignored. As indicated in Fig. A.2(a), horizontal movements
41 and 4, corresponded to reactions H; and H,, respectively. Based on the
relationships of H; and 4, as well as H, and 4, the stiffnesses of the top and the
bottom horizontal restraints can be evaluated by linear regression. The slopes of
linear functions are the values of restraint stiffness in tension and compression. As a
result, each horizontal restraint can be regarded as a linear elastic spring. During the
tests, the horizontal restraints were connected to a reaction wall (RW) or an A-
frame (AF) at both ends of a specimen. Accordingly, the restraints are denoted as
Top-RW, Btm-RW, Top-AF and Btm-AF.

Figs. A.3(a) to (f) show the relationships of horizontal reaction force vs. end

movement. It can be seen that gaps (corresponding to zero force and non-zero
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movement) existed in connections between the horizontal restraints and the
specimen ends. Since the connections were designed to allow manufacturing errors
of the specimens and to facilitate specimen installation, they were very flexible so
that the gaps were not identical for all the tests. In addition, the tension and the
compression stiffness of each horizontal restraint may not be equal. The values of
the stiffness and gaps for the horizontal restraints are listed in Figs. A.3(a) to (f) as
well. Therefore, the boundary conditions of the sub-assemblages can be more
accurately represented and the experimental data can be used to validate relevant
numerical models. Figs. A.3(a) to (f) also indicate that top horizontal restraints (i.e.
Top-RW and Top-AF) hardly provided horizontal reactions to the sub-assemblages
at compressive arch action (CAA) stage but they played dominant roles at catenary

action stage.

b
- - — —
Hy
d Column
1 stub Ry
Two-bay beam Two-bay beam
[ — ( f 77777
Q | Section center H O Section center
d, M
d;=d, =300 mm;
b = 400 mm H=H;+H,
E YR M = Hyd, - Hyody - Rp/2
e
N
(a) Reactions at end stubs (b) Equivalent Forces at beam ends

Fig. A.1: Reaction forces to sub-assemblages

Two-bay beam

&
~~Two-bay beam
S
O Section center
4
l—

A= (4, + 4))12
4y and 4, were measured, 0= (4, - 45)/(dy + dy)
positive for the stub moving
inward (to the two-bay beam)
and negative for moving
outward.
Ry
(a) Translation and rotation of end stubs (b) movements at beam ends

Fig. A.2: End movements of sub-assemblages
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Due to improper operation, the measurement for specimen S5 was not very
successful. However, the stiffness at CAA stage can be correctly assessed. The
values of tension stiffness, which were uncertain as shaded in Fig. A.3(c), can be
referred to the values of S4 and S6.

Horizontal reaction forces (kN)
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End movement (mm)

Horizontal Tension Compression Tension Compression
restraints stiffness(kN/m) stiffness (kN/m) Gap (mm) Gap (mm)
Top-RW 143744.60 — 2.6 -
Btm-RW 58523.14 173352.0 4.7 -20
Top-AF 62413.11 - 2.4 —
Btm-AF 23050.53 146390.7 4.1 -0.7

(a) Specimen S3-1.24/0.49/23
200
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Horizontal Tension Compression Tension | Compression
restraints | stiffness(kN/m) | stiffness (kN/m) | Gap (mm) Gap (mm)
Top-RW 160392.93 - 1.4 -
Btm-RW 82649.59 254494.5 4.1 -43
Top-AF 100571.92 - 1.8 -
Btm-AF 49255.37 175277.46 3.5 -21

(b) Specimen S4-1.24/0.82/23
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Horizontal reaction forces (kN)

200

150

100

50

-100
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Horizontal Tension Compression Tension | Compression
restraints | stiffness(kN/m) | stiffness (kN/m) | Gap (mm) Gap (mm)
Top-RW 160834.3 - 3.0 -
Btm-RW 82649.59 195634.09 4.1 -24
Top-AF 103620.12 - 1.2 -
Btm-AF 82649.59 195343.58 3.5 -15

Horizontal reaction forces (kN)

(c) Specimen S5-1.24/1.24/23

—0— Top-RW

—/— Top-AF

—O— Btm-RW

End movement (mm)

Horizontal Tension Compression Tension Compression
restraints | stiffness (kN/m) | stiffness (KN/m) | Gap (mm) Gap (mm)
Top-RW 142143.51 - 5.8 -
Btm-RW 67813.18 204321.78 2.5 -5.0
Top-AF 90793.58 - 0 -
Btm-AF 80139.36 175093.03 15 -4.38

(d) Specimen S6-1.87/0.82/23
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Horizontal reaction forces (kN)
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Top-RW 75615.00 - 3.8 -
Btm-RW 71217.04 311843.04 3.2 —-46
Top-AF 108723.92 - 0.3 -
Btm-AF 72955.43 157282.14 2.0 -38
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Top-RW 67339.76 - 2.7 -
Btm-RW 215412.25 247304.83 3.3 -4.3
Top-AF 109849.12 - 4.2 -
Btm-AF 39366.97 151016.56 3.6 -24

(f) Specimen S8-1.24/0.82/13.4

Fig. A.3: Stiffness of horizontal restraints to RC sub-assemblages S3 to S8
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Table A.1 listed the average stiffness of each horizontal restraint during the tests on
sub-assemblages S3 to S8. Note that the average values of tension stiffness do not
include the one of S5. The tension stiffness of Btm-RW for S8 was extremely larger
than the counterparts for the other tests, so it is not included as well. Table A.1

indicates that the restraints at both ends were quite symmetrical in terms of the
order of magnitude.

Table A.1 Average stiffness and gap of each horizontal restraint

. Tension Compression Tension .
Horizontal - . Compression
restraints stiffness stiffness Gap Gap (mm)

(kN/m) (kN/m) (mm) P
Top-RW 117847 - 3.3 -
Btm-RW 75796 231158 3.6 -3.8
Top-AF 95995 - 1.7 -
Btm-AF 52954 166734 2.9 -2.6

Prior to the tests on sub-assemblages S3 to S8, the tests on S1 and S2 were
conducted. Fig. A.4 shows the relationships of horizontal reactions to the end
movements at restraints Top-AF and Btm-AF for S1 and S2.

120
80

40 4

-40 4 Top-AF to S1 (Seismic detailing)

—— Btm-AF to S1 (Seismic detailing)
- - - Top-AF to S2 (Non-seismic detailing)
- - - Btm-AF to S2 (Nn-seismic detailing)

-80 4

-120

Horizontal reaction forces (kN)

-160 + End Horizontal Movement (mm)

-200 -

Fig. A.4: Stiffness of horizontal restraints to sub-assemblages S1 and S2

Table A.2 lists the values of restraint stiffness and connection gaps. However, the
measurement at RW side was not successful. In numerical validation, the boundary
conditions could be assumed symmetrical because Table A.1 suggests that the

restraints at both ends were symmetrical in terms of the order of magnitude and
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structural response of the sub-assemblages is actually not sensitive to the values of
restraint stiffness at this order.

Table A.2: Results of the boundary conditions for S1 and S2

Specimen Horizontal Tension Compression Tension | Compression
restraints stiffness stiffness Gap Gap (mm)
(KN/m) (KN/m)” (mm)
S1- Top-AF 43234.25 -- 1.8 --
0.90/0.49/23S Btm-AF 42589.05 122601.52 12 —4.6
S2- Top-AF 55957.26 -- 0.0 --
0.73/0.49/23 Btm-AF 63942.28 102326.82 1.7 -3.9

* Average value of loading and unloading stiffness
A.1.2 Stiffness of restraints to RC frames

At each end of an RC frame, there were three horizontal restraints applied to a side
column, as shown in Fig. A.5(a). A pin, a permanent part of the test set-up and
corresponding to Hs, was seated beneath the bottom of the side column. Therefore,
the pin was designed with a little tolerance and could be regarded as an idealistic

pin. That is, the values of vertical and horizontal stiffness at the pin are infinite.

Hl
Top of the
column | |
= fﬁ,
Vl
‘_€in I H Two-bay beam
A N (R — ——
S
d; = 1100 mm; M
E)?tzwsion dlz = 1240 mm;
o L e =250 mm.
=] 7ﬁ, mm H=H+H,+H,
™ ﬂ M=H1dl' H3d2'V1bc/2
Hs =H,dy- Had,
Bottom of the
Vl
column
(a) Reactions at end (b) Equivalent Forces at beam ends

Fig. A.5: Reaction forces to frames

However, according to manufacturing errors of the frame specimens, the lengths of
horizontal restraints corresponding to H; and H, were required to adjust slightly
during installation. The flexibility of horizontal restraints at H; and H; could result
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in the existence of connection gaps. Moreover, after installation of each frame
specimen, prescribed axial loads were applied onto two side columns. Small lateral

deflections of the columns caused by axial loads could increase gaps in a certain

direction.
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g 20 g 7
l‘é 0 1 -‘I% 20
6
-20 04
407 Horizontal movements (mm) -20 - Horizontal moveménts (mm)
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(e) Specimen F7-SD-PH
Fig. A.6: Spring properties of the horizontal restraints at the end of beam

extensions
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Specimens F1, F2, F5, F6 and F7 had beam extensions. The reaction forces and the
corresponding movements at the ends of beam extensions were recorded during the
tests. Their relationships are shown in Figs. A.6(a) to (e). It can be seen that only
for specimens F1, F2 and F5, the horizontal restraints at the ends of beam
extensions (i.e. H, in Fig. A.5) contributed reactions at CAA stage. In contrast, H,
contributed to catenary action for all specimens. Based on linear regressions in Figs.

A.6(a) to (e), the values of restraint stiffness and gaps are summarized in Table A.3.

Table A.3 Values of stiffness and gaps of horizontal restraints at beam

extension ends

Specimen At Reaction Wall (RW) side At A-Frame (AF) side
Compression | Compression | Tension | Tension | Compression | Compression | Tension | Tension
stiffness gap stiffness gap stiffness gap stiffness gap
(KN/m) (mm) (KN/m) (mm) (KN/m) (mm) (KN/m) (mm)
F1-CD-NS 18671 -5.6 112755 15 48637 -0.3 96635 3.3
F2-CD-WS 64578 -2.3 36089 3.3 61358 -2.1 71561 3.2
F5-SD-MR 23941 -0.8 153678 4.2 57985 -2.3 60055 0.8
F6-SD-PD N.A. -4 67332 2.2 N.A. -1 101526 5.2
F7-SD-PH N.A. -4 121661 1.7 N.A. -2.3 168161 4.4
Average 35730 -3.3 98303 2.6 55993 -1.6 99588 34

For specimens F3, F4 and F7, the horizontal reaction forces and the corresponding
movements at the top of side columns were measured during the tests. Their
relationships are shown in Fig. A.7. The top horizontal restraints (i.e. H; in Fig. A.5)
hardly provided any reactions to the RC frames at CAA stage but significantly
contributed to cateanry action. Table A.4 summarizes the values of restraint

stiffness and gaps.
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Fig. A.7: Spring properties of the horizontal restraints at the top of side

columns

Table A.4 Values of stiffness and gaps of horizontal restraints at the top of side

columns
Specimen At Reaction Wall (RW) side At A-Frame (AF) side
Comp.” Comp. Tension | Tension Comp. Comp. Tension | Tension
stiffness gap stiffness gap stiffness gap stiffness gap
(KN/m) (mm) (KN/m) (mm) (KN/m) (mm) (KN/m) (mm)
F3-CD- N.A. -1.1 28399 2.6 N.A. 0 49488 2.2
NS-EX
F4-CD- N.A. -3.5 70190 2.7 N.A. 0 80375 1.7
WS-EX
F7F')SHD' 6853.49 -1 104312 5.3 6853.49 -1 32479 1.1
Average N.A. -1.9 67634 3.5 N.A. -0.3 54114 1.7

*: Comp. indicates compression
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Development of catenary action depends on rotation ductility of RC beam-column
connections, continuity of reinforcing bars at the connections and external axial
restraints. However, the restraint stiffness is evaluated based on structural response
that involved contribution from both connections and axial restraints. Therefore, the
relationship of reaction force vs. end movement is significantly affected by damage
at beam-column connections, such as bar fracture, as shown in Figs. A.7(a) and (b).
Although the restraint stiffness should be independent of the specimens, it is hard to
differentiate the distinct effects of beam-column connections and external restraints

on the recorded structural response.
A.2 Equivalent stiffness to the two-bay beams

Fig. A.8 shows that all the restraints at each end of a two-bay beam can be
converted to an equivalent axial restraints K,, an equivalent rotational restraints K;
and a vertical roller support. In vertical direction, it is assumed that there is no
settlement. In addition, due to manufacturing errors and specified tolerance in
connections, there existed gaps in axial restraints. As a result, equivalent connection

gaps may also exist.

gy | e 5
g | &

Fig. A.8: Equivalent boundary conditions for a two-bay beam

A.2.1 Two-bay beams in RC beam-column sub-assemblages

Fig. A.1(a) shows the boundary restraints at one end stub. Based on static
equilibrium, they can be converted to equivalent forces (i.e. H, M, and R;) acting at
the end section center of the two-bay beam, as illustrated in Fig. A.1(b). Assuming
that the end column stub moves and rotates as a rigid body, horizontal movements
of the restraints (as shown in Fig. A.2(a)) could be converted to an equivalent
translation and rotation (i.e. 4 and 6) of the beam end section, as elucidated in Fig.
A.2(b). The typical properties of equivalent axial springs to two-bay beams in the
sub-assemblages are represented in terms of relationships of H and 4, as shown in
Fig. A.9.
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Fig. A.9: Properties of equivalent axial springs to two-bay beams in sub-

assemblages

Based on linear regression, Table A.5 summarizes the equivalent axial stiffness and

gaps at the ends of the two-bay beams. It can be seen that the axial stiffness is at the

order of 10°> kN/m and may not be equal at both sides. When the analytical model

proposed in chapter 6 is used, the axial restraint stiffness at both beam ends is

assumed to be identical. According to Eq. (6-21), the equivalent equal stiffness at

both ends of the two-bay beams can be obtained, as highlighted in Table A.5.

Table A.5 Equivalent axial stiffness and gaps to two-bay beams in the sub-

assemblages

Specimen No. Compression stiffness (kN/m) | Compression | Tension stiffness (kN/m)
RW side AF side Gap (mm) RW side AF side
$3-1.24/0.49/23 438087.12 -- 1.0 230383.28 69702.23
S$4-1.24/0.82/23 388103.93 309640.0 0.8 219889.87 132653.8
S5-1.24/1.24/23 -- -- 0.8 -- --
S$6-1.87/0.82/23 761832.25 248551.38 1.0 149665.65 134788.05
S7-1.24/0.82/18.2 1048047.9 189140.07 12 141230.29 138268.67
$8-1.24/0.82/13.4 700867.85 517983.29 0.8 -- --
Average 667387.8 316328.7 0.9 185292 118853
Equival
Quivalent 429000 - 145000
stiffness

Likewise, Table A.6 summarizes the rotational stiffness at both beam ends. It

indicates that the values of rotational stiffness at both ends are quite close to each

other. Approximately, the equivalent rotational stiffness, which can be used in the

proposed analytical model in Chapter 6, is taken as 30000 kN-m/rad.
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Table A.6 Equivalent rotational stiffness to two-bay beams in the sub-

assemblages

Specimen No. Rotational stiffness (kN-m/rad)

RW side AF side
S3-1.24/0.49/23 26624.97 21417.94
S4-1.24/0.82/23 30121.59 38437.83
S5-1.24/1.24/23 -- --
$6-1.87/0.82/23 19481.22 34803.49
S7-1.24/0.82/18.2 31333.30 28086.18
$8-1.24/0.82/13.4 35884.02 35070.32
Average 28689.02 31563.15
Equivalent stiffness 30000

Table A.7 shows the values of equivalent restraint stiffness to the two-bay beams

for specimens S1 and S2. During the tests on S1 and S2, only the stiffness of the

restraints at AF side could be accurately evaluated because the measurement at RW

side was not successful. As indicated in Table A.5, the axial stiffness at AF side is

typically smaller than that at RW side. Therefore, the axial stiffness at AF side

could be taken as the equivalent stiffness to the two-bay beams for conservatism.

On the other hand, Table A.6 indicates that the rotational stiffness at both sides is

quite similar. As a result, the rotational stiffness at AF side could be regarded as the

equivalent rotational stiffness that is identical at both ends of the two-bay beam.

Table A.7 Equivalent restraint stiffness to two-bay beams in sub-assemblages

S1and S2
Specimen No. | Compression stiffness | Compression | Tension stiffness | Rotational stiffness
(kN/m) Gap (mm) (kN/m) (KN-m/rad)

S1-
0.90/0.49/235 106425.15 0.5 91035.84 25403.00

S2-

0.73/0.49/23 109370.90 1.2 138574.71 28027.19

Average 107898.02 0.9 114805.28 26715.1
Equivalent
stiffness 108000 - 115000 25000
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A.2.2 Two-bay beam in RC beam-column frames

Fig. A.5(a) shows the reactions at one side of a frame specimen. Fig. A.5(b)
illustrates the approaches to convert these reactions to an equivalent axial force and

bending moment at the end of the two-bay beam.
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Y !
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= (dy-45)ldy
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(a) Specimens with beam extensions  (b) Specimens without beam extensions

Fig. A.10: Measurement at side columns

Joint rotation consists of joint panel deformation and rigid joint rotation. The former
results from shear stress transferred into joint panels and geometric and material
properties of joint panels. The latter mainly derives from deformations of side
columns. Figs. A.10(a) and (b) elucidate how to determine the joint rotation in an
RC frame with and without beam extensions, respectively. The joint rotation
calculated in Fig. A.10 includes both rigid joint rotation and joint panel deformation.
Note that axial restraints at the beam extensions shown in Fig. 3.9(a) could not
restrain vertical movement of the beam extensions. That is, they could not restrain
rotations of the side joints. As deformations in the beam extensions caused by
bending moment and shear force were extremely small (at the order of 10 mm),
the effects of beam extension deformations on vertical movement at the end of the
beam extensions (at the order of 1 mm) are negligible. Therefore, the beam
extensions roughly rotated as rigid bodies, and rotations of the beam extensions can
be approximately used to estimate joint rotations. Due to nonlinear response of the
joint panels, it is impossible to formulate linear rotation springs at both ends of the

two-bay beam throughout the whole load-deflection histories of RC frames. To
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simplify the analysis at compressive arch action stage, the corresponding equivalent

rotational springs at CAA stage are investigated. However, to simulate the whole

load-deflection histories of RC frames, it is suggested to model the entire frames.
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Fig. A.11: Properties of equivalent axial springs to two-bay beams in frames

Table A.8 Equivalent axial stiffness to two-bay beams in frames

Specimen Specimen No. Compression stiffness (KN/m) | Tension stiffness (kN/m)"
types RW side AF side RW side AF side
F1-CD-NS 10601 70507 -- --
F2-CD-WS 26330 28480 -- --
F5-SD-MR 33722 24540 191026 79746
With beam | F6-SD-PD 25527 26373 97202 131483
extensions F7-SD-PH 15654 19323 194739 217857
Average 22367 24679 160989 143029
;?#L\;asfm 23500 151500
F3-CD-NS-EX 13648 15448 - -
Without F4-CD-WS-EX 13083 13740 - -
beam Average 13366 14594 - -
extensions Equivalent
st?ffness 13950 -

*: The compression stiffness at AF side for F1 was much larger than the rest, so it was not included

to determine the average stiffness;

+: For specimens F1 to F4, development of catenary action was not successful due to prematurely
consecutive fracture of top bars at interfaces of the side joints.

Fig. A.11 shows the typical properties of equivalent axial springs to the two-bay
beams in frames. For both specimens F5 and F7, the axial restraints at the end of
beam extensions did not provide large horizontal reactions at CAA stage, but they
exerted large horizontal reactions at catenary action stage so that the equivalent
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restraint stiffness was increased significantly, as shown in Fig. A.11. Based on
linear regression, the values of equivalent axial stiffness are obtained, as
summarized in Table A.8.

The equivalent rotational stiffnesses to two-bay beams in the frames at CAA stage
are summarized in Table A.9. The values of rotational stiffness for the frame

specimens with and without beam extensions are at the same order of 10* kN m/rad.

Table A.9: Equivalent rotational stiffness to two-bay beams in frames at CAA

stage
Specimen types Specimen No. Rotational stiffness (KN-m/rad)
RW side AF side
F1-CD-NS - 41429
F2-CD-WS - 20071
With beam F5-SD-MR -- 37796
extensions F7-SD-PH - 32329
Average -- 32906
Equivalent stiffness 32900
F3-CD-NS-EX 20927 17184
Without beam | F4-CD-WS-EX 17616 22942
extensions Average 19272 20063
Equivalent stiffness 20000
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