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ABSTRACT
Performance Based Design (PBD) using nonlinear analysis techniques is a well–
established method to evaluate the seismic performance of RC coupled wall structural
systems and their associated components like coupling beams. In principle, it is crucial to
precisely define component behavior (Force–Deformation relation) for an exact
evaluation of the global performance of the system. However, it is noticed that at present
extensive information is not available for this purpose. ASCE 41 provides nonlinear
modeling parameters and numerical acceptance criteria for components but this
information is inadequate specifically for Diagonally Reinforced Coupling (DRC) beams.
Moreover, vital effects of many key factors are not taken into account in ASCE 41
recommendations for Force–Deformation behavior of the DRC beam.
In view of above, this study was intended to evaluate the impact of various key
factors on nonlinear behavior of DRC beam at first and eventually to estimate nonlinear
modeling parameters with practical considerations of the vital effects of these key factors.
Specifically, these key factors were aspect ratio, shear stress levels, confinement, and
compressive strength of concrete.
The definitive goal of the study was to advocate a reasonable framework for
ASCE 41 to incorporate the key factors in the recommendations for DRC beam.
However, this study does not warrant the accuracy, content, completeness or suitability of
the information provided in the proposed framework.
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CHAPTER 1
INTRODUCTION
In the era of 1960s, many analytical studies (e.g. Beck 1962; Coull and
Choudhury 1967; Coull and Puri 1968; Coull, Puri, and Tottenham 1973) were performed
to establish elastic analysis techniques. The main intention to develop those techniques
was to calculate parameters that affect the elastic response of coupled wall systems. From
these analytical studies, parameters that controlled the lateral resisting strength of the
structural system such as “degree of coupling” were established. However, later
investigations on failures of building in earthquake events proved that the earthquake
response of coupled wall systems could not be precisely estimated using elastic analysis
techniques. Hence, researchers (Paulay 1970; Glueck 1973; Elkholy and Robinson 1974;
Takayanagi and Schnobrich 1979) worked to develop techniques of nonlinear analysis for
coupled wall structures and their elements like coupling beams. These analytical studies
have provided a strong foundation for current analysis practices like “performance–based
design (PBD)” of coupled wall structural systems and components. PBD generally
considered as a controlled non–linearity technique in specified structural members as
long as certain structural and element performance criteria are satisfied.
ASCE/SEI 41–06 and latest successor ASCE/SEI 41–13 (ASCE 41 hereafter) is
considered as a common resource for structural engineers to perform PBD. ASCE 41
allows various analysis techniques to perform PBD. Non–linear static analysis with
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monotonic load is one of these techniques and is being used adequately by structural
engineers in the PBD evaluation process. For the applied monotonic load, nonlinear
force–displacement response of the structural system and associated components can be
plotted and compared with acceptable lateral displacement (or drift) values for different
levels of performance (e.g. immediate occupancy, life safety, collapse prevention).
Motivation for this Study
Nonlinear modeling of conventional and Diagonally Reinforced Coupling (DRC)
beams is now widely in use for performance–based design for tall coupled wall
structures. The performance of DRC beam evidently impacts the overall response of
coupled wall structural system during an earthquake event. Therefore, it is crucial to
define precise Force–Deformation behavior of this key component. The accuracy of the
nonlinear static analysis obviously depends on the quality of the backbone curve of an
element and the techniques by which these curves are determined. These curves are
believed to serve as a good estimation of Elasto–Plastic behavior of the component. To
serve this requirement, limited information was initially provided in Table 6–17 of
FEMA 273 (1997). For DRC beam, only one row of modeling parameters is provided,
and these parameters remain unchanged in FEMA 356 (2000), ASCE 41–06 (2007) and
the latest ASCE 41–13.
ASCE/SEI 41 recommendations have not been assessed and validated enough
based on large experimental or analytical research. Limited research is available (e.g.
Ihtiyar and Brena 2006, Ihtiyar and Brena 2007, Brena et al. 2009, Naish et al. 2013,
Wallace 2012) in this regards. Specifically for DRC beam, it is believed that insufficient
guidance and unrealistic values of modeling parameters are provided in ASCE 41to
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construct backbone curves. Moreover, the effects of many key factors like shear stress
levels, aspect ratio and confinement has not been considered in the estimation of
modeling parameters. (Seongwoo et al. 2014)
In view of this, a need for an analytical study for DRC beams was deemed
essential to evaluate the possible effects of above mentioned key factors on nonlinear
behavior and to estimate modeling parameter by taking an account of the effects of these
factors.
Objectives
The definitive goal of the study was to advocate a reasonable framework for
ASCE 41 to incorporate the key factors in the recommendations. To serve the ultimate
goal, two objectives were decided for this study as given below:
1) To perform parametric study with non–linear static analysis of various
analytical models specified to evaluate the impact of different key factors on the non–
linear response of DRC beam. These key factors were aspect ratio, shear stress levels,
confinement, concrete compressive strengths, and size. Interaction /correlation between
the key factors and their combined effects on non–linear behavior of DRC beam were
also studied.
2) To provide an estimation of non–linear modeling parameters for DRC beams
based on the results of parametric study performed in objective (1).
A reverse engineering approach was adopted for this analytical study. With that
approach, non–linear modeling parameters were estimated using an analytical procedure
based on Force-Deformation behavior of DRC beam. In addition, the vital effects of the
key factors were incorporated in the estimation of these non–linear modeling parameters.
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Reliability and Limitations of Study
This study is purely a non–experimental work and completely relied on analytical
interpretations, observations and correlation studies of predictor variables to come to
conclusions. Therefore, this study could not demonstrate true cause–and–effects
relationships and accuracy in results which is evidently possible for an experimental
research work. However, with rigorous analytical work using state–of–the–art computer
programs and large data sets, efforts are made to establish reasonable relationships,
results, and recommendation. Therefore, while the study is not exhaustive, it does provide
a reasonable basis for a simplified method to develop nonlinear load–deformation
behavior of DRC beam. In addition to above mentioned fact, following limitations are
applied to this analytical study:
1) The study does not represent the hysteretic behavior (cyclic loading normally
softens the response) of DRC beams since it is based on the monotonic load analysis.
2) Computer program Vector5 does not take an account for a slip of the bars,
therefore; separate calculations to incorporate slip–extension effects are performed using
BIAX II and MS–Excel. The resulting values of chord rotation are numerically added to
Vector5 results. A satisfactory level of work has performed to make these calculations
more precise, however; it is obviously could not be precise like performing whole
analysis completely by a single computer program.
3) Vector5 is unable to create an actual configuration of diagonal and transverse
reinforcement. Therefore, the cross sections defined in Vector5 for analytical models of
DRC beam are not the true resemblance of the actual configuration of the reinforcement.
This limitation evidently reduces the accuracy of results in general.

5
Organization of Thesis
This thesis is organized into six chapters including current chapter. An outline for
other chapters is presented below:


Chapter 2: Relevant Information. In this chapter, relevant information about
DRC beam including key factors which affect the nonlinear behavior of DRC
beam is discussed.



Chapter 3: Literature Review. In this chapter, relevant existing experimental
and non–experimental research work is discussed briefly.



Chapter 4: Analytical Methodology. In this chapter details about analytical
models which were utilized for the parametric studies of various key factors,
analytical technique and computer programs are discussed. A step–by–step
procedure to generate Idealized Elasto–Plastic backbone curve is also
presented.



Chapter 5: Results and Discussions. In this chapter, a detailed discussion on
the findings of each parametric study is provided.



Chapter 6: Conclusions. In this chapter conclusions of the study are provided
solely based on findings of parametric studies and analytical results.
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CHAPTER 2
RELEVANT INFORMATION
General Review of Structural Systems and Components
Tall structures made with reinforced concrete, structural steel, and composite
materials are a trend in construction industry worldwide. It is a predominant requirement
for these high–rise buildings to provide a highly efficient seismic–resistant structural
system. Seismic–Resistant structural systems are usually a combination of systems or
elements which act in such an integrated manner to provide as a whole a robust and
integral performance against lateral loads. In high seismicity zones, providing a shear
wall system is increasingly a common trend in the construction industry.
Generally, these walls are distributed wisely in plan and over the height of
building to reduce the seismic deformation demands and hence the damage to the
remainder of the elements (i.e., the gravity load–carrying system) through their ability to
dissipate energy by forming hinge regions at their bases. The degree of a wall
contribution in resisting overturning moments, storey shear forces, and storey torsion
depends primarily on its geometric configuration, orientation, and location within the
building plan.
In general, shear walls system categorized into two main types, which are
cantilever shear wall and coupled shear wall. In coupled shear wall system, individual
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wall piers are coupled (at each floor level) together with connecting (coupling) beams
situated above the openings (in the structural wall) for elevator/stair–case doorways.
Coupled Shear Walls System–Mechanism
Research showed that in structures with typical dimensions and layouts, cantilever
wall piers are generally adequate to resist wind–induced lateral loads. However, these
cantilever walls are not very effective when subjected to earthquake forces. Coupled
shear walls with same layout and dimension (which was required for wind loads)
provides much greater seismic lateral loads resistance. Coupled walls are relatively
complex but highly effective structural elements which allow engineers to set more
compact layouts for seismic–resilient design. For instance, coupled walls system was
used to great advantage to minimize the lateral load resisting system footprint in the
tallest building in the world, the Burj Khalifa (Lee et al. 2008).
Coupling of individual shear wall piers provides a resisting behavior where
overturning moments caused by lateral loads on buildings are resisted partially by an
axial compression–tension couple (frame–action) across the wall system rather than by
the individual flexural action of the walls. This coupled action develops in the system as a
result of shear demand in the coupling beams and flexural action in the wall piers. Hence,
a significantly stiffer lateral load resisting system can be achieved when this mechanism
is established with proper design and detailing of contributing elements. This system not
only reduces the deformation demands on the building but also distributes the inelastic
deformation both vertically and in the plan, between the coupling beams and the wall
piers. (Harries 2001)
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Coupling Beams–Mechanism & Behavior
Reinforced concrete coupling beams play the same structural role as link beams in
eccentrically braced structural steel frames. When subjected to strong shaking, coupling
beams act as fuses and typically undergo large inelastic rotations to dissipate energy.
(Naish et al. 2013).
A coupling beam with proper detailing and proportion creates the mechanism of
coupled action which links the behavior of two independent shear walls into a frame–like
coupled system. The difference in structural response of a well–detailed and poorly–
detailed wall is clearly shown in Figure 1. A poorly–detailed coupling beam could not
create desired frame–like action in the system hence become ineffective and respond as
an individual wall pier. For optimum performance, the energy dissipating mechanism
should involve the formation of plastic hinges in most of the coupling beams and at the
base of each wall. This mechanism is similar to the strong column–weak girder design
philosophy for ductile moment resisting frames (Paulay 1971, Park and Paulay 1975).
A good measure of lateral load resistance of the system is the degree of coupling,
which can be simply defined as the ratio of the total resisting overturning moment
developed by the coupling action (i.e., the axial load couple formed in the walls) to the
total overturning moment induced on the wall due to lateral loads. In order for the desired
behavior of the coupled wall system to be attained, the coupling beams must be
sufficiently strong and stiff. The coupling beams, however, must also yield before the
wall piers, behave in a ductile manner, and exhibit significant energy absorbing
characteristics.
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Figure 1. Structural Response of Coupled Wall Systems: (a) well–detailed coupling
Beams and (b) Poorly–Detailed Coupling Beams (Naish 2009)
Conventional Vs DRC Beam–A Research Based Comparison
Based on the earlier research work in the 1970s, it was common industry practice
to use an orthogonal arrangement of longitudinal and transverse reinforcement bars and
emphasis was on the simplicity and constructability. In conventionally reinforced
coupling beams, both top and bottom reinforcement may simultaneously undergo tension
as a result of diagonal cracking; this results in the tendency for the beam to elongate
(Paulay 2002). Thus, it is recommended that the increased ductility due to compression
bars not be accounted for (Park and Paulay 1975, Paulay 1971). For low to moderate
levels of damage, vertical cracks develop at the ends of the beam. Together with the
observed beam elongation, these cracks become a possible sliding plane (Paulay 2002,
FEMA 306 1998). See Figure 2(a).
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(a)

Potential Sliding Plane develop by
Vertical Cracks at Beam-Wall Interface

(b)

(c)

Figure 2. Conventional vs. DRC Beam: Reinforcement Arrangement and Cracking
Pattern of (a) Conventional Coupling (b) DRC Beam (c) Reinforcement
Congestion in DRC Beam. (a) & (b) (Eljadei 2012), (c) (Naish 2010).
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At significant levels of damage, degradation of concrete occurs along these
vertical cracks leading to a sliding failure. This failure can occur at relatively low levels
of ductility and limits the energy dissipation capacity of the beam (Harries 2001).
Based on large experimental and analytical research it is known that DRC beams
can efficiently deal with the ductility and deformation demands in coupled shear wall
system. For span–to–depth ratios less than about 2, a system using especially detailed
diagonal reinforcement, developed by Paulay, has been shown to significantly improve
the reversed cyclic loading response and prevent the development of sliding plane at the
beam-wall interface. See Figure 2(b). Based on experiments, Shiu et al. (1978) have
confirmed the improved behavior of diagonally reinforced beams over conventionally
reinforced beams. However, these tests also demonstrated that for the larger span–to–
depth ratios (2.5 and 5) the diagonal reinforcement was not as efficient due to its small
angle of inclination and hence it’s reduced contribution in resisting shear.
Use of diagonal reinforcement in coupling beams with an aspect ratio less than
4.0 was introduced into ACI 318–99. This system consists of two groups of diagonal bars
placed in such a manner that they intersect at the center of the beam, and embedded into
the wall are at the top and bottom of the beam depth at the beam–wall interface. These
two groups of diagonal bars and the concrete they encase are assumed to form a truss,
with one group serving as the tension member and the other as the compression member.
Diagonally reinforced beams, however, have proved difficult to build in–practice due to
reinforcement congestion, horizontal and vertical bar interference, and the need for
confinement reinforcement. See Figure 2(c).
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Key Factors
In this section, key factors which affect pre–yield and post–yield behavior of
DRC beam are discussed.
Shear Strength of DRC Beam
The shear strength of DRC beams is determined by ACI–318, S21.9.7 in equation
21–9. This equation is presented as (E1) below:
2
Where,

sin

10

E1

represent total cross section area of one diagonal bar group,

is

yield strength of diagonal reinforcement, α is the inclination angle between diagonal bar
and longitudinal axis of the beam,
construction and

is compressive strength of concrete specified for

is cross sectional area of DRC beam. Moreover, the limit specified

for shear strength in this equation is 10

and is a function of concrete

compressive strength.
This equation is based on the assumption that both flexural and shear strength of
DRC beam contributes by the diagonal reinforcing bars. It means that contribution of
longitudinal reinforcing bars is not considered for flexural strength of DRC beam. Also,
this equation does not account the contribution of concrete and confinement (stirrups) on
the shear strength of the DRC beam.
Failure Mode
In general, there are two possible governing failure modes in both conventional
and DRC beams. These failure modes are defined as “Flexure–Dominated” or
“Controlled by Flexure” and “Shear–Dominated” or “Controlled by Shear”. ASCE 41–13
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uses terms “Flexure–Dominated” and “Shear–Dominated”. When the shear demand (or
applied shear force at flexural hinge) is less than nominal shear strength calculated by
ACI–318, S21.9.7 equation 21–9, the failure mode is considered to be Flexure–
Dominated. In the opposite case, it will be considered as Shear–Dominated.
Earlier researchers (e.g. Paulay 1971, Paulay & Binney 1974) investigated the
failure modes in RC coupling beams. They found that reinforcement layout, confinement
ratio, longitudinal reinforcement ratios, aspect ratio and shear stress levels have a
significant impact on failure mode of coupling beams. It was observed that it is difficult
to attain a stable nonlinear flexural response due to combined effects of small span–to–
depth ratio and cyclic loading. It is to be noted that cyclic loading causes significant shear
strength degradation in coupling beams. Paulay (1971) found that DRC beams respond
cyclic loads with more enhanced ductile behavior compare to conventional coupling
beams. Conventional coupling beams were vulnerable to diagonal tension failure and
sliding shear failure at beam ends even with a good level of confinement.
ASCE 41 has considered only the “Flexure–Dominated” failure mode for DRC
beams which may not be the governing case all the times. Hence, it is advisable to
consider “Shear–Dominated” case in recommendations for DRC beam. Also, they key
factors which effects the failure mode of DRC beam should also be incorporated in
ASCE 41 recommendations.
Chord Rotation–A Deformation Indicator
Chord rotation value is simply an indicator of deformation in the analytical study
of a beam. In other words, it is an alternative way of representing deformation at beam’s
ends. Non–linear analysis usually required some pre–defined modeling parameters.
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Generally, in design practice, coupling beam chord rotations are estimated using the
tabulated values (modeling parameters) provided in ASCE 41. These values depend on
the governing mechanism controlling behavior / failure mode of coupling beams, flexure
or shear, but criteria to determine this distinction is not specified in the document. In
coupling beams, shear forces and bar slippage introduce important components of
deformation to the total chord rotation. These components are illustrated graphically in
Figure 3.

Figure 3. Components of Chord rotation (a) Flexural Deformation (b) Shear
Deformation (c) Slip & Extension of Bar. (Sergio Brena 2009)
Aspect Ratio
The design and configuration of the diagonal reinforcement for a DRC beam
depends on the aspect ratio, which is the ratio of the clear length between the shear walls
to the depth of the coupling beam. It is evident that coupling beams with different aspect
ratio could fail in different failure modes. Generally, beams with low aspect ratios shows
vulnerability to shear–sliding failure. This is because, prior to failure, the compression
zone at the beam–wall interface remain only 1/4 of the beam effective depth which in fact
very small compressive zone to fulfill high shear demand at the time of the cyclic load
event. Therefore, coupling beam with low aspect ratio subjected to a high demand of
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shear abruptly fails in sliding. On the other hand, usually coupling beams with relatively
high aspect ratios shows an improved deformation capacity and shear strength in the
plastic region. However, the excessively larger aspect ratio is also not favorable
especially for DRC beam. In fact, large span–to–depth ratio reduces the inclination angles
of the diagonal bars which affect the efficiency of the truss action of diagonal bar groups.
Ultimately, the ability of the DRC beam to resist shear significantly reduces. Also, these
phenomena will become worst while combined with cyclic loading effects due to
imposed softening caused by reversal loading. The combined effects of very high/very
low span–to–depth ratio and reversal loads drastically reduce the overall performance due
to shear strength degradation in DRC beam.
Therefore, ACI 318 limits span–to–depth ratio to 4.0 for DRC beam. Aspect ratio
effects combine with other co–factors can significantly impact the overall behavior of
DRC beam. ASCE 41 has not taken any account for this vital factor in their
recommendations for modeling parameters.
Confinement–Transverse Reinforcement
In DRC beam, confinement plays a dominant role in preventing buckling of
diagonal bars.The confinement provides lateral support to diagonal bars to safely resist
the expected large inelastic load reversals. It is concluded by vast research work that
providing a higher transverse reinforcement ratio greatly benefits ductility and hysteretic
stability of DRC beams.
ACI–318 recommends calculating the area of transverse reinforcement for DRC
beam using equation 21–4 & 21–5 provided in section S21.6.4. These equations are
presented as (E2) and (E3) below.
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0.3

0.09

′

1
′

E2

E3

Equation (21–4) and (21–5) should be satisfied in both cross sectional directions
of rectangular concrete core i.e. along the width and along the depth of the cross section.
In each cross–sectional direction, “bc” is the core dimension orthogonal to the leg of hoop
or tie that contributes Ash. See Figure 4(a). ACI 318–11 S21.9.7.4 permits two possible
options of detailing the configuration of confinement. ACI 318–11 S21.9.7.4 (c) allows
individual confinement of each bundle of diagonal bars and ACI 318–11 S21.9.7.4 (d)
allows confinement of the entire concrete section. See Figure 4(b). While comparing the
above two options, the first option encounters significant difficulties with regards to
constructability. Specifically, placing hoops around the diagonal bundles is difficult
where the diagonal groups intersect at the beam’s mid–span. It is more complicated
particularly for shallow beams (aspect ratio greater than 2.5), for which the intersection
of the bars is much longer. As well, it is very difficult to place hoops around the diagonal
bundles at the beam–wall interface, particularly for deep beams (aspect ratio less than
2.0) due to interference with the vertical re–bars of wall’s boundary elements.
The second option combats these issues, where transverse reinforcement can be
placed around the beam cross section to provide confinement and suppress buckling, and
no transverse reinforcement is provided directly around the diagonal bar bundles. Use of
this detailing option avoids the problems mentioned above. It also can reduce the overall
construction time for a typical floor. While the volumetric ratio of steel used for this
detail may increase, the overall cost is lower due to the reduced labor and construction
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time. Based on experiences, the second option has shown effective ductility with
simplicity and ease of installation. In this study, for the analytical models, the second
option for confinement is adopted in accordance with ACI 318–11 S21.9.7.4 (d).
ASCE 41 has not taken any account for confinement in the recommendations for
DRC beam.

(a)

(b)

Figure 4. ACI Requirements and Details for Confinement: (a) Cross Sectional Area of
Transverse Bars and Hoop & Ties Arrangement (ACI 2011), (b) ACI Permitted Options
for Confinements (Naish 2010).
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Compressive Strength of Concrete
Evidently, high compressive strength gives the advantage of greater strength and
compact sizes of structural members however; it should not be the only decisive factor
for its application. Importantly, for the structural elements usually subjected to reversal
loading like DRC beam. High strength concrete might impose brittle failure in structural
components by reducing the ductility of the section. From the seismic requirements
viewpoint, it is important to investigate the seismic resistance of the concrete with high
compressive strength. It is important to investigate the deformability or ductility and
ability to dissipate the seismic energy when deciding the high level of compressive
strength for concrete. To ensure ductility, a considerable amount of transverse
reinforcement and well–detailed configuration of diagonal bars and confinement is
mandatory for the DRC beam if it is to be constructed using high strength concrete.
Shear Stress Levels
Shear stress is calculated by dividing ultimate shear force in the beam by shear
strength of concrete section under consideration. It can be expressed as below.
4

′

Where,
= Ultimate shear force,

= Depth of section

′ = Compressive strength of concrete,

= Width of section

In ASCE 41 there is no consideration for shear stress level in recommendations
for DRC beam. However, in recommendations for conventional coupling beam, two
discrete values of shear stress levels are considered.
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CHAPTER 3
LITERATURE REVIEW
This chapter provides a concise review of the past experimental and analytical
research work relevant to the nonlinear behavior of diagonally coupling (DRC) beams.
Also, it presents a quick glance on the historical background of the development of the
idea of providing diagonal bars in coupling beams.
DRC Beams–Initial Development
Initially, researchers were focused on investigating the detailing of the
conventional pattern of orthogonal arrangement of longitudinal and transverse reinforcing
bars to improve the ductility under cyclic loads. In 1964, during Alaska earthquake, Mt.
McKinley apartment building collapsed which was designed with conventional
reinforced coupling beams. It was noticed that the coupling beams in that building
experienced brittle failure. At that time, it was realized by researchers that beam with a
conventional reinforcement pattern and small amounts of transverse reinforcement (i.e.
weak confinement) could fail in a brittle manner under strong ground shaking and
prompted researchers to develop alternative reinforcement configurations that would
promote ductile behavior of coupling beams.
As a solution, to promote ductility, Paulay and Binney proposed a concept for
diagonally reinforced elements after observing cracking patterns in laboratory tests. In
those tests, Paulay (1970) and his co–researchers identified that two predominant shear
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failure modes may occur in conventionally reinforced coupling beams: diagonal tension
failures, and sliding shear failures.
They conducted monotonic and cyclic tests on coupling beams with different
reinforcement patterns. Their tests indicated that diagonal tension failures might occur at
low–to–moderate ductility demands even if beams already yield initially in flexure. These
findings led to the idea providing diagonal bundle bars which work with surrounded
concrete to create a strut and tie model within the component. It was noticed that with
this mechanism performance of coupling beams in diagonal shear failure and sliding
shear failure mode was drastically improved.
DRC Beams–Existing Experimental Research
Paulay and Binney (1974) tested four specimens to understand the effect of
confinement on shear capacity of DRC beams. Two specimens contained diagonal bars
confined with ties and other two were unconfined. Lab results showed that the specimens
with confined diagonal bars were more ductile when compared to unconfined ones. The
failure mechanism was buckling of the compression side diagonal bars after the breaking
of surrounded concrete.
Paulay and Santhakumar (1976) compared the effect of coupling beam
reinforcement pattern on lateral load response of coupled wall systems by testing one–
quarter scale coupled wall models with conventionally reinforced beams or DRC beams.
Their results indicated that sliding shear failure could occur at the end of conventionally
reinforced coupling beams after several cycles of shear reversal. In contrast, beams with
diagonal reinforcing bars exhibited stable response without strength or stiffness
degradation at large displacements. It was also noticed that at higher deformation demand
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caused sliding shear failure due to the accumulation of plastic strain in the longitudinal
reinforcement and damage accumulation of concrete near the beam ends. It happens
particularly in the squat beams (low clear span–to–depth ratio) which provided with high
amounts of transverse reinforcement designed to preclude diagonal tension failures.
Tassios et al. (1996) investigated the impact of the various reinforcing pattern on
the hysteric response of shallow and medium depth coupling beams. It was observed that
diagonal reinforcement eliminates the pinching effects and improve the crack pattern as
well. It was proved that beam with diagonal reinforcement performed better with an
improved nonlinear behavior while compared to other reinforcing configurations. It was
also observed that tested specimens showed a trivial reduction in post–yielding shear
strength due to good confinement of the diagonal bars which eventually stabilize diagonal
compression resistance.
Galano and Vignoli (2000) tested many short coupling beams with different
reinforcement configurations. Seven of them were diagonally reinforced and only three of
these seven beams were confined. Monotonic and cyclic load were applied to the
specimens with both ends axially restrained. Results showed that confinement improves
the plastic deformation capacity and ductility of the beams.
Some other researchers like Kwan and Zhao (2002) and Fortney (2005)
investigated the behavior of DRC beams and found that these beams are able to provide
more ductile behavior which enhances their energy dissipating capability.
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DRC Beams–Existing Analytical Research
R.A.Hindi and M.A.Hassan (2004) have performed an analytical study to predict
the load–deformation behavior and shear capacity of DRC beams. A simple truss model
was considered with assumptions that shear force bending moment is resisted by combine
truss action of diagonal compression and tension. It was further assumed that diagonal
compression is carried by diagonal bars and the concrete surrounded these bars, while the
diagonal tension is carried by diagonal bars only. The model was analyzed by using a
computer program. This model was applied and compared relevant past research work by
several researchers. The model showed more stable results in terms of shear capacity and
stiffness of the DRC beam while compared to actually tested specimens. However, the
model has underestimated the ultimate deformation of diagonally unconfined specimens.
It can be improved if the confinement contribution provided by longitudinal and
transverse bars in beams is considered.
Sergio Brena et al. (2009) analytically investigated several existing approaches to
generate Force–Deformation backbone curves for generally for conventional and
diagonal coupling beams and compared with a set of large–scale component test
experiments. This study concluded that slenderness; reinforcement layout (e.g.
conventional or diagonally reinforced), confinement and failure mode (flexure controlled
or shear controlled) are key parameters which have a significant impact on the overall
behavior of the coupling beam in general. The study observed that these parameters were
not accurately considered in current performance based methods recommended by ASCE
41. It was suggested by the study that existing ASCE 41 with certain modifications can
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reasonably represent the Elasto–Plastic behavior of the coupling beams including DRC
beam.
Seongwoo et al. (2014) carried an analytical assessment study for conventionally
and DRC beams. Generally, the objective was to assess the reliability of ASCE 41–13
recommendation for modeling parameters specified for coupling beams. They used the
available research in relevant scope and compiled almost all of coupling beam tests
available worldwide. Most recent research work is also reviewed in this study. They
conclude that ASCE 41–13 generally underestimated the chord yield rotation and
overestimated the strength retention capacity of DRC beams. Moreover, it was observed
in the study that ASCE 41–13 plastic rotation value “a” is conservative when compared
to various test results in general. Also, ASCE 41–13 does not consider negative effects of
shear stress level on deformation capacity.
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CHAPTER 4
ANALYTICAL METHODOLOGY
In this section, a simplified approach of analytical modeling methodology for the
DRC beam as a nonlinear component is discussed. The chapter briefly describes the
considerations which are taken into account to develop an analytical study framework,
analytical models, and analysis technique. A matrix showing a list of various analytical
models with basic considerations is also presented. Each of these models is specifically
assigned to particular impact study of a key factor. Moreover, a step–by–step procedure
is presented to determine linearized Elasto–Plastic backbone curve. A brief introduction
to soft wares which are used in this study is also provided.
Analytical Component Modeling for DRC Beam
Experimental methods for predicting the non–linear behavior of DRC beams with
varying parameters are both expensive and time–consuming. In principle, experimental
methods depend on testing specimens with accurate testing conditions and equipment in
the labs. Also, it is required an additional challenge of duplicating the restraints for a
DRC beam which actually it would be experienced during a seismic event. Therefore, a
computational/analytical model approach is selected that replicates the behavior of DRC
beams subjected to monotonic loading.
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Description of Analytical Models
In general, for this study, a basic DRC model was consist of multiple beam cross
sections of the constant cross–sectional area and arbitrary diameters for diagonal
reinforcement. Arbitrary diameters of diagonal reinforcement are provided in accordance
with different levels of shear stress levels, and different beam spans to account for
different aspect ratios. Specifically, aspect ratios between 1.0 and 4.0 at increments of
0.50 and various levels of shear stress levels ranged between 4 f'c to 10 f'c are
considered.
For various parametric studies with above mentioned general considerations
various analytical models were generated. Each analytical model was assigned with
specific conditions as required for a particular parametric study. These conditions were
applicable to different key factors/variables like size, aspect ratio, shear stress levels,
confinement and concrete compressive strength. These specific conditions are shown as
“Basic Considerations” in the matrix of these specified analytical models. This matrix is
presented in Table 1, which provides a quick glance of proposed parametric studies and
basic information of specified analytical models. A detailed description of each
analytical model is provided in individual tables. See Tables 2 to 10.

Table 1. Matrix of Analytical Models Specified for Proposed Parametric Studies

S.No.

Proposed Parametric Study

Basic Considerations (for Key Factor involved in Proposed Studies)

Specified
Analytical
Model

Aspect Ratio

Shear Stress Levels

Confinement of
Diagonal Bars

Concrete Compressive
Strength

1

Impact of Aspect Ratio

CB–A1
(18”x27”)

Varies
(Range : 1.0 – 4.0)

Constant
(vn = 6√f'c)

Constant
( Ash by ACI–318)

Constant
(f'c= 4ksi)

2

Impact of Shear Stress Levels

CB–A2
(18”x27”)

Constant
(ln/h = 2.5)

Varies
(4√f'c –10√f'c )

Constant
( Ash by ACI–318)

Constant
( f'c = 4ksi)

3

Correlation: Aspect Ratio &
Shear Stress

CB–A3
(18”x27”)

Varies
(Range : 1.0 – 4.0)

Varies
(4√f'c –10√f'c )

Constant
( f'c = 4ksi)

4

Impact of Confinement

CB–A4
(18”x27”)

Constant
(ln/h = 2.5)

Constant
(vn = 6√f'c )

Constant
( Ash by ACI–318)
Varies
(0%,25%,50%,75%,
90%,100% &110%
As fraction of Ash by
ACI–318)

5

Correlation: Confinement &
Shear Stress

CB–A5
(18”x27”)

Constant
(ln/h = 2.5)

Varies
(4√f'c –10√f'c )

Varies
(0–110% of Ash)

Constant
( f'c = 4ksi)

6

Impact of Concrete's
Compressive Strength

Constant
(ln/h = 2.5)

Constant
(vn = 6√f'c )

Constant
( Ash by ACI–318)

Varies
( f'c = 3ksi to 9ksi)

7

Size Effects

CB–A6
(18”x27”)
CB–A
(18”x27”)
CB–B
(24”x30”)
CB–C
(27”x30”)

Constant
(ln/h = 2.5)

Constant
(vn = 6√f'c )

Constant
( Ash by ACI–318)

Constant
( f'c = 4ksi)

Constant
( f'c = 4ksi)
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Table 2. Description of Analytical Model CB–A1: Specified for Parametric Study–Impact of Aspect Ratio
Aspect
Ratio

Span of Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal Bars

ln/h

ln

n

α

vn = 6√f'c

1.00

27

3

29.64

0.703

1.50

40.5

4

20.77

0.830

2.00

54

5

15.88

0.945

2.50

67.5

6

12.82

1.050

3.00

81

7

10.74

1.146

3.50

94.5

8

9.23

1.235

4.00

108

9

8.10

1.318

Material Properties:

Arbitrary Diameters of Diagonal Reinforcement – db

(Conforming to Assigned Shear Stress Levels – vn = 6√f'c & calculated inclination angle “ α”)

Remarks

Typical Schematic of Analytical Model for DRC Beam

Concrete Section
18 inch

Depth

27 inch

f’c

4 ksi

Diagonal Re–Bar
Dia – (db)

In Table

Cover

1.5 inch

fy

60 ksi

Transverse Re–Bar
Dia – (dt)

0.414 inch

Spacing

4.0 inch

fy

60 ksi

1) Arbitrary values of diagonal bar’s
diameters are based on :

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:

ACI–318,S21.9.7.4 Eq.(21–9)
2

sin

Incremental
Displacement

10

2) Confinement is provided as per
ACI 318–11,S21.9.7.4 (d) & S21.6.4:
0.3
0.09

1

21
21

4
5

Depth (D)

Width

Total number of nodes = n+1

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Table 3. Description of Analytical Model CB–A2: Specified for Parametric Study–Impact of Shear Stress Levels
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars (Degree)

ln/h

ln

n

Α

2.50

67.5

6

12.82

Material Properties

Width

18 inch

Depth

27 inch

f’c

4 ksi

Diagonal Re–Bar
In Table

Cover

1.5 inch

fy

60 ksi

Transverse Re–Bar
Dia – (dt)

0.414 inch

Spacing

4.0 inch

fy

60 ksi

0.857

vn = 5√f'c
0.958

Remarks

vn = 6√f'c

vn = 7√f'c

1.050

0.09

1

vn = 10√f'c

1.286

1.355

Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement

10

2) Confinement is provided as per
ACI 318–11,S21.9.7.4 (d) & S21.6.4:
0.3

1.212

vn = 9√f'c

Width (B)

ACI–318, S21.9.7.4 Eq.(21–9)
sin

1.134

vn = 8√f'c

Typical Schematic of Analytical Model for DRC Beam

1) Arbitrary values of diagonal bar’s
diameters are based on :

2

Dia – (db)

vn = 4√f'c

21

4

21

5

Depth (D)

Concrete Section

Arbitrary Diameters of Diagonal Reinforcement – db

(Conforming to Assigned Shear Stress Levels – vn = 4√f'c to 10√f'c & calculated inclination angle “ α”)

Total number of nodes = n+1

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Table 4. Description of Analytical Model CB–A3: Specified for Parametric Study–Correlation: Aspect Ratio & Shear Stress
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars (Degree)

ln/h

ln

n

Α

1.00

27

3

29.64

1.50

40.5

4

20.77

2.00

54

5

15.88

2.50

67.5

6

12.82

3.00

81

7

3.50

94.5

4.00

108

18 inch

Depth

27 inch

f’c

4 ksi

Diagonal Re–Bar
Dia – (db)

In Table

Cover

1.5 inch

fy

60 ksi

Transverse Re–Bar
Dia – (dt)

0.414 inch

Spacing

4.0 inch

fy

60 ksi

0.574

vn = 5√f'c

vn = 6√f'c

vn = 7√f'c

vn = 8√f'c

vn = 9√f'c

vn = 10√f'c

0.703

0.760

0.812

0.861

0.908

0.678

0.758

0.830

0.897

0.959

1.017

1.072

0.772

0.863

0.945

1.021

1.092

1.158

1.221

0.857

0.958

1.050

1.134

1.212

1.286

1.355

10.74

0.935

1.046

1.146

1.237

1.323

1.403

1.479

8

9.23

1.008

1.127

1.235

1.334

1.426

1.512

1.594

9

8.10

1.076

1.203

1.318

1.423

1.522

1.614

1.701

Remarks

Typical Schematic of Analytical Model for DRC Beam

1) Arbitrary values of diagonal bar’s
diameters are based on :

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:

ACI–318, S21.9.7.4 Eq.(21–9)
2

sin

Incremental
Displacement

10

2) Confinement is provided as per
ACI 318–11,S21.9.7.4 (d) & S21.6.4:
0.3
0.09

1
′

21
21

4
5

Depth (D)

Width

vn = 4√f'c

0.642

Material Properties
Concrete Section

Arbitrary Diameter of Diagonal Reinforcement – db

(Conforming to Assigned Shear Stress Levels – vn = 4√f'c to 10√f'c & calculated inclination angle “ α”)

Total number of nodes = n+1

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Table 5. Description of Analytical Model CB–A4: Specified for Parametric Study–Impact of Confinement
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars (Degree)

ln/h

ln

n

α

vn = 6√f'c

2.50

67.5

6

12.82

Assigned Confinement Levels (see Remarks)

1.050
Arbitrary Diameters of Transverse Reinforcement – dt
(Conforming to Assigned Confinement Levels )

0 % of Ash

0.0

25 % of Ash

5.3

50 % of Ash

7.4

75% of Ash

9.1

90% of Ash

10.0

100% of Ash

10.5

Arbitrary Diameter of Diagonal Reinforcement – db

(Conforming to Assigned Shear Stress Levels – vn = 6√f'c & calculated inclination angle “ α”)

Cover

1.5 inch

0.3

fy

60 ksi

0.09

Transverse Re–Bar
In Table

Spacing

4.0 inch

fy

60 ksi

21

4

21

5

3) CB–A4 was analyzed for each
assigned level of confinement while
aspect ratio and shear stress level were
remained constant.

Width (B)

Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement
Total number of nodes = n+1

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Dia – (dt)

1

11.0
Typical Schematic of Analytical Model for DRC Beam

Depth (D)

110% of Ash
Material Properties
Remarks
1)
Arbitrary
values
of diagonal bar’s
Concrete Section
diameters are based on :
Width
18 inch
ACI–318, S21.9.7.4 Eq.(21–9)
Depth
27 inch
2
sin
10
2) Confinement level is assigned as
f’c
4 ksi
fraction (%) of “Ash” value
Diagonal Re–Bar
recommended by ACI–318, S21.6.4:
Dia – (db)
In Table

Table 6. Description of Analytical Model CB–A5: Specified for Parametric Study–Correlation: Confinement & Shear Stress
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars (Degree)

ln/h

ln

n

Α

2.50

67.5

6

12.82

Arbitrary Diameter of Diagonal Reinforcement – db

(Conforming to Assigned Shear Stress Levels – vn = 4√f'c to 10√f'c for calculated inclination angle “ α”)

vn = 4√f'c
0.857

vn = 5√f'c
0.958

vn = 6√f'c

vn = 7√f'c

1.050

1.134

vn = 8√f'c
1.212

vn = 9√f'c

vn = 10√f'c

1.286

1.355

Arbitrary Diameters of Transverse R/F – dt(Conforming to Assigned Confinement Levels )

(Each case of shear stress level from range of vn = 4√f'c to 10√f'c was analyzed for each confinement level i.e. for each
corresponding diameter of transverse R/F given in these columns)

fy

0.00
0.21
0.29
0.36
0.39
0.41
0.43

0.00
0.00
0.00
0.00
0.21
0.21
0.21
0.21
0.29
0.29
0.29
0.29
0.36
0.36
0.36
0.36
0.39
0.39
0.39
0.39
0.41
0.41
0.41
0.41
0.43
0.43
0.43
0.43
Typical Schematic of Analytical Model for DRC Beam

0.00
0.21
0.29
0.36
0.39
0.41
0.43

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement
Depth (D)

Assigned Confinement Levels (see Remarks)
0 % of Ash
0.00
25 % of Ash
0.21
50 % of Ash
0.29
75% of Ash
0.36
90% of Ash
0.39
100% of Ash
0.41
110% of Ash
0.43
Material Properties
Remarks
1) Arbitrary values of diagonal bar’s
Concrete Section
diameters are based on :
Width
18 inch
ACI–318, S21.9.7.4 Eq.(21–9)
Depth
27 inch
2
sin
10
2) Confinement level is assigned as
f’c
4 ksi
percentage of “Ash” value recommended
Diagonal Re–Bar
by ACI–318, S21.6.4:
Dia – (db)
In Table
0.3
1
21 4
Cover
1.5 inch
0.09
21 5
fy
60 ksi
3) CB–A5 was analyzed for each shear
Transverse Re–Bar
stress levels (4√f'c to 10√f'c) with
Dia – (dt)
0.414 inch various confinement levels while aspect
ratio was constant as 2.5.
Spacing
4.0 inch

Total number of nodes = n+1

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)

60 ksi
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Table 7. Description of Analytical Model CB–A6: Specified for Parametric Study–Impact of Compressive Strength of Concrete
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal Bars
(Degree)

ln/h

ln

n

Α

2.50

67.5

6

12.82

Arbitrary Diameters of Diagonal Reinforcement – db (Inches)

(Conforming to Assigned Shear Stress Level – vn = 6√f'c & calculated inclination angle “ α”)
Note:As shear stress Level 6√f'c is a function of “f'c” therefore has different values for each
assigned compressive strength of concrete accordingly the diameter of diagonal bars is also
varying.

Assigned Compressive Strength of Concrete “ f’c” (see Remarks)

Concrete Section
Width

18 inch

Depth

27 inch

f’c

Varies

Diagonal Re–Bar
Dia – (db)

In Table

Cover

1.5 inch

fy

60 ksi

Transverse Re–Bar
Dia – (dt)

0.414 inch

Spacing

4.0 inch

fy

60 ksi

0.98

4 ksi

1.05

5 ksi

1.11

6 ksi

1.16

7 ksi

1.21

8 ksi

1.25

9 ksi

1.29
Typical Schematic of Analytical Model for DRC Beam

Remarks
1) Arbitrary values of diagonal bar’s
diameters are based on :
ACI–318, S21.9.7.4 Eq.(21–9)
2
sin
10
2) Confinement is provided as per
ACI 318–11,S21.9.7.4 (d) & S21.6.4:
0.3
1
21 4
0.09

21

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement
Depth (D)

Material Properties

3 ksi

Total number of nodes = n+1

5

3) CB–A6 was analyzed for each
assigned “f’c” value while aspect ratio
was remained constant. Shear stress
level 6√f'c has different values as a
function of “f'c” for each assigned value of
compressive strength of concrete.

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Table 8. Description of Analytical Model CB–A: Specified for Parametric Study–Impact of Size/Dimensions
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars (Degree)

(Conforming to Assigned Shear Stress Level – vn = 6√f'c & calculated inclination angle “ α”)

ln/h

ln

n

α

vn = 6√f'c

2.50

67.5

6

12.82

1.05

Material Properties

Width

18 inch

Depth

27 inch

f’c

4 ksi

Diagonal Re–Bar
Dia – (db)

In Table

Cover

1.5 inch

fy

60 ksi

Remarks

Typical Schematic of Analytical Model for DRC Beam

1) Arbitrary values of diagonal bar’s
diameters are based on :
ACI–318, S21.9.7.4 Eq.(21–9)
2
sin
10
2) Confinement is provided as per
ACI 318–11,S21.9.7.4 (d) & S21.6.4:
0.3
1
21 4
0.09

21

5

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement
Depth (D)

Concrete Section

Arbitrary Diameter of Diagonal Reinforcement – db (Inches)

Total number of nodes = n+1

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2

Transverse Re–Bar
Dia – (dt)

0.414 inch

Spacing

4.0 inch

fy

60 ksi

8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Table 9. Description of Analytical Model CB–B: Specified for Parametric Study–Impact of Size/Dimensions
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars (Degree)

(Conforming to Assigned Shear Stress Level – vn = 6√f'c & calculated inclination angle “ α”)

ln/h

ln

n

α

vn = 6√f'c

2.50

75

6

13.04

1.27

Material Properties

Width

24 inch

Depth

30 inch

f’c

4 ksi

Diagonal Re–Bar
Dia – (db)

In Table

Cover

1.5 inch

fy

60 ksi

Remarks

Typical Schematic of Analytical Model for DRC Beam

1) Arbitrary values of diagonal bar’s
diameters are based on :
ACI–318, S21.9.7.4 Eq.(21–9)
2
sin
10
2) Confinement is provided as per
ACI 318–11,S21.9.7.4 (d) & S21.6.4:
0.3
1
21 4
0.09

21

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement
Depth (D)

Concrete Section

Arbitrary Diameter of Diagonal Reinforcement – db (Inches)

Total number of nodes = n+1

5

Span (ln)

4”

Transverse Re–Bar
Dia – (dt)

0.41 inch

Spacing

4.0 inch

fy

60 ksi

Divided in “n” segments
Length of each segment = D/2
8-Bar Bundle Typ.
(Cross sectional Detail)

(Typical Discretization)
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Table 10. Description of Analytical Model CB–C: Specified for Parametric Study–Impact of Size/Dimensions
Aspect
Ratio

Span of
Beam
(Inches)

Discretization
(Nodes)

Inclination
of Diagonal
Bars
(Degree)

(Conforming to Assigned Shear Stress Level – vn = 6√f'c & calculated inclination angle “ α”)

ln/h

ln

n

α

vn = 6√f'c

2.50

90

6

13.65

1.44

Material Properties
Width

27 inch

Depth

36 inch

f’c

4 ksi

Diagonal Re–Bar
Dia –
(db)
In Table
Cover

1.5 inch

fy

60 ksi

Remarks

Typical Schematic of Analytical Model for DRC Beam

1) Arbitrary values of diagonal bar’s
diameters are based on :
ACI–318, S21.9.7.4 Eq.(21–9)
2
sin
10
2) Confinement is provided as per
ACI
318–11,S21.9.7.4 (d) & S21.6.4:
0.3
1
21 4
0.09

21

Width (B)
Confinement amount & Configuration
In accordance with:
ACI 318-11, S21.9.7.4 (d) & S21.6.4:
Incremental
Displacement
Depth (D)

Concrete Section

Arbitrary Diameter of Diagonal Reinforcement – db (Inches)

Total number of nodes = n+1

5

Span (ln)

4”

Divided in “n” segments
Length of each segment = D/2

Transverse Re–Bar
Dia – (dt)

0.45 inch

8-Bar Bundle Typ.

Spacing

4.0 inch

(Cross sectional Detail)

fy

60 ksi

(Typical Discretization)
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Analysis Technique
The static non–linear analysis is a simple and efficient technique that captures the
nonlinear response of an individual component of the structural system using their
respective Force–Deformation relationship. For simplicity and ease of implementation,
the static non–linear analysis technique is adopted in this study. Also, in coupled wall
analysis, monotonic or initial backbones curves are typically used instead of modeling the
complete hysteretic behavior of coupling beams.
In this study the static non–linear analysis with incremental displacement load is
considered. A monotonic displacement load is applied to the component which increases
with a uniform incremental value till failure occurs. Figure 5 provides a basic idea of this
approach. Force–Deformation curves for coupling beams are constructed using resulting
shear force and chord rotation values.
Applied
Incremental
Displacement
Y

A

1

2

3

Nth

B
X

Fixed @ End A : Translation &
Rotation Restrained

Rotation restrained @ End B, Translation
released in Y directions only.

Figure 5. A Schematic of Typical Beam with Applied Incremental Displacement
To perform this analysis, a non–linear analysis program vector5 is used. Vecotr5
provides resulting forces corresponds to the incremental displacements at the far end of
the beam. Because VecTor5 does not account for a slip of the reinforcement, a separate
analysis has performed to establish deformations due to slip–extension effects. The
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formulation established in slip–extension model developed by Alsiwat and Saatcioglu
(1992) is used to calculate deformations due to slip/extension. BIAX Moment–Curvature
analysis was used to get the required data for this formulation.
Software Overview
This section provides a technical review of both the soft wares used in this study.
The brief discussion presented here is extracted from the thorough information provided
in the following resources:
1. User Manual for Vector5 by Serhan Gunar & F.J.Vicchio (2008)
2. Performance Assessment of shear–critical reinforced concrete Plane Frames
PhD Thesis by Serhan Guner (2008)
3. User Manual for BIAX II by John W. Wallace (1992).
A Brief Introduction to Vector5
VecTor5 is a nonlinear sectional analysis program for two–dimensional frame
related structures consisting of beams, columns and shear walls, subjected to temperature,
static and dynamic loading conditions. It is based on the Modified Compression Field
Theory (MCFT) and the Disturbed Stress Field Model (DSFM) (Vecchio and Collins,
1986; Vecchio, 2001). Vector5 is developed to incorporate shear–flexure interaction in
the analysis by using a smeared, rotating crack approach for reinforced concrete based on
a total load, secant stiffness formulation.
For sectional analysis, Vector5 uses a distributed nonlinearity fiber model
approach. In Vector5, the general approach is to discretize the entire element into
reasonably smaller pieces. In principle, smaller the segment used, the more accurate the
results can be expected. Vector5 performs analysis iteratively for each concrete and steel

38
layer present in each member. The purpose of the iterations performed for the concrete
layers is to determine the axial and shear stresses. At the same time the stresses in the
reinforcing bars are calculated and superimposed on the concrete response to obtain the
sectional forces (i.e., N, V, and M). Analysis can be performed either with shear–strain–
based analysis method or shear–stress–based analysis method. By default, the shear–
strain–based analysis (parabolic distribution) is selected due to its ability to continue the
analysis into the post–peak regime and its fast and numerically stable execution. Both
approaches are usable with either the MCFT or the DSFM (by default), as desired.
(Gunar & Vicchio 2008)
A brief Introduction to BIAX II
BIAX II is a general purpose computer program based on non–linear approach
determines the uniaxial and biaxial strength and deformation characteristics of
reinforced concrete sections. The program was initially written for MS–DOS and recently
upgraded to use with Windows. It is successfully used at the University of California for
both research and teaching purposes. BIAX II is capable of calculating strength and
deformation characteristics of any section. The basic assumption of the BIAX II
calculating algorithm is that a plane section remains plane after the application of
loading. It establishes the strength or moment–curvature relations for uniaxial or biaxial
monotonic loading of reinforced concrete sections. Realistic stress–strain behavior (close
to experimental research) for both the reinforcing steel and the concrete is adopted for
nonlinear models. (Wallace 1992)
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Construction of Idealized Elasto–Plastic Backbone Curve
The idealized backbone curve is actually tailored by fitting Elasto–Plastic
behavior into real nonlinear Force–Deformation response of the cross sections. The
backbone curve provides an insight of safe limits of shear & deformation capacities at
yield & ultimate stage, ductile behavior, and residual strength and deformation capacities
of the beam where the section will remain in intended Elasto–Plastic behavior. The
procedure adopted in this study to obtain backbone curve is explained below.
Step–by–Step Procedure
Step (1): Basic Force–deformation curve is generated with actual resulting force
and deformation values by Vector5 analysis. It is to be noted that deformation due to
slip–extension is incorporated with Vector5 results to get the overall deformation in the
beam.

Figure 6. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–1: Getting Typical Actual/Resulting Force–Deformation Curve
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Step (2): To plot “θy”, a secant line through “A” is extended to connect the point
“B” at line representing VMax. As shown in Figure 7 & 8. Where “A” represents a point at
actual curve corresponds to 2/3 of VMax. It is to be noted that “θy” represent the chord
rotation at peak stress level i.e. VMax and this is our first parameter to construct Elasto–
Plastic curve.
Step (3): Point “C” is located on actual curve corresponds to 0.80VMax. This
point represents the significant strength degradation in post–elastic behavior of the beam.
See Figure 9.
Step (4): Point “D” is located at Coordinates, Vr=0.30VMax and θr = 1.15
θ@0.80VMax. This point represents the residual strength zone of the DRC beam. See Figure
10.

Figure 7. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–2(a): Locating Point “A” on Actual Force–Deformation Curve
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Figure 8. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–2(b): Locating Point “B” to get “θy” at Peak Strength VMax.

Figure 9. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–3: Locating Point “C” at Significant Strength Degradation 0.8 VMax.
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Figure 10. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–4: Locating Point “D” at the Onset of Residual Strength Stage.
Step (5): Connecting Point “C” and “D” with a line and extended to reach the
point “E” at line representing VMax. This provides Elasto–Plastic parameter “θu” value and
construction of the second line for the idealized linearized Elasto–Platic curve.
Connecting “B” and “E” provides the third line of the backbone curve and it represents
the plastic stage plateau. See Figure 11 & 12. Here, “θu” represents the plastic rotation at
the onset of significant strength degradation ( 0.8 VMax).
Step (6): Locating Point “F” with coordinates, Vr =0.30VMax and θmax = 1.2 θr.
The line connects point “F” with point “G (0, θmax)” completes the idealized Elasto–
Plastic backbone curve for DRC beam. This last step is presented in Figure 13.
In Figure 14, an overall idealized Elsto–Plastic curve for a given actual/resulting
curve is shown. Each corner/vertex (P-1 to P-4) of the linearized curve represents a
specific stage of the Elasto–Plastic behavior of DRC beam. Each corner/vertex of this
linearized curve is provided with the “x-axis” and “y-axis” coordinates representing the
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chord rotation and normalized shear force respectively at a particular stage of Elasto–
Plastic behavior.

Figure 11. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–5(a): Getting “θu” At the Onset of Significant Strength Degradation

Figure 12. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–5(b): Plastic Stage Plateau by Connecting Point “B” and “E”
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Figure 13. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Step–6: Location Point “F” & “G” to Complete the Linear Curve

Figure 14. Construction of Idealized Elasto–Plastic Back–Bone Curve:
Parameters Shown as Coordinates of Vertices of Curve P–1, P–2, P–3 and P–4
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CHAPTER 5
RESULTS AND DISCUSSIONS
A parametric study as part of pre–defined objectives of this work was aimed to
investigate the effects of various key factors on the non–linear behavior of DRC beam.
For this purpose, a rigorous analysis was performed on pre–specified analytical models
with computer programs Vector5 and BIAX II. The resulting analytical data from these
programs were further processed with MS–Excel calculations and plotting tools for more
refined data framework. Finally, this refined information was tailored to obtain
presentable plots using graphing software “Grapher–9” to elaborate the parametric study.
This chapter discusses the insights of the results and analytical findings of the parametric
study.
General Considerations of Parametric Study
Following general considerations are applied to each parametric study.
1) Precisely, they key factors considered for this parametric study were aspect
ratio, shear stress levels, confinement, compressive strength of concrete, and
size/dimensions of the beam section.
2) Analytical models specified for each study were explained in Chapter–4. In
this chapter, only references are made to those models. For details of the analytical
models reader should refer to Chapter–4.
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3) Effects were studied for the actual nonlinear behavioral curve, Elasto–Plastic
curves and individual Elasto–Plastic parameters (θy, θu, a, b, Vn etc.). An assessment of
ASCE 41 recommended modeling parameters was also performed. A brief assessment of
ASCE 41 recommended values of “a” and "b” was performed by comparing them with
resulting values.
4) It is to be noted that chord rotation due to slip–extension effects are added
numerically to the deformation values obtained from Vector5 analysis. Therefore, each
curve initiated at some value of chord rotation other than zero. That initial value of
represents the chord rotation due to slip–extension which was incorporated throughout
the curve.
5) A typical actual backbone curve is shown in Figure 15 which shows different
stages in the elastic and plastic behavior of DRC beam. This information was thought to
be essential as a reference for the discussions ahead in this chapter.

Figure 15: Typical Actual Back–Bone Curve–Stages of Linear/Nonlinear Behavior
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Non–Linear Modeling Parameters–A Reference
In Figure 16, a generalized idealized backbone curve is presented. It provides
pertinent information about ASCE 41non-linear modeling parameters. This information is
highly relevant to the discussion in next pages and will serve as a quick reference for the
reader. For each impact study, these parameters were considered individually to see the
direct impact of the key factors.

Figure 16: Generalized Back–Bone Curve–Non–Linear Modeling Parameters
 “θy” represents chord rotation value at first yield at peak stress.
 “θu” represents plastic chord rotation at ultimate stage (for this study it is
considered at the onset of 80% strength degradation). This component is one of the
indicators which directly involves in the prediction of ductility or deformation capacity of
the member. Higher values of this component generally lead to high values of ductility if
large deformations are not encountered at yield stage.
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“θr” represents plastic chord rotation at residual strength stage. In this study it

is considered as 1.15 θu.


Value “a” represents plastic chord rotation capacity at the onset significant

strength degradation. This value “a” can be expressed mathematically as numerical
difference between chord rotation at yield and ultimate stages. This “a” value is a good
indicator of beam capability of taking deformation in the plastic zone at the onset of
significant strength degradation (<0.8VMax).


Value “b” represents plastic deformation capacity up to the residual level of

strength. Mathematically it can be expressed simply a numerical difference between
maximum chord rotation “θMax” (at the residual stage) and chord rotation at yield.


Value “c” is defined as Residual Strength of the component. Generally, the

residual strength is assumed as 30%–40% of the normalized shear strength at yield stage.
In this study, it is considered as 30% of normalized shear strength “Vn”.


Value “d” and “e” represents total chord rotation at the onset of significant

strength degradation and maximum chord rotation at residual strength respectively. These
chord rotations include the deformation at yield stage.


Generally, the “a” and “b” parameters represent the chord rotation of a

flexure–dominated component, while “c” and “d” reflects shear–dominated components.
It is to be noted that ASCE 41 has not provided “d” and “e” values for DRC beams as
there is no consideration for a shear–dominated case for DRC beam.
 ASCE 41 recommended values for modeling parameters and acceptance
criteria is attached in Appendix A for reference.
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Impact of Aspect Ratio
A Quick description of pre–specified analytical model:


Title: CB–A1



Dimensions: (18”X27”)



Shear Stress Levels: 6 f’c [ksi] (Constant Predictor)



Aspect Ratio: Varies 1.0 to 4.0 (Variable Predictor)

Actual Behavior of CB–A1
Figure 17, plots actual Force–Deformation (Normalized Shear Vs. Chord
Rotation) behavior of the analytical model CB–A1 for various aspect ratios and assigned
shear stress level of 6 f’c . Each curve represents a beam with a particular aspect ratio
ranging from 1.0 to 4.0 with aspect increment of 0.5.

Figure 17: Analytical Model CB–A1: Actual/Resulting Force–Deformation Curve for
Shear Stress Level of 6 f’c [ksi] & Various Aspect Ratio.
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For aspect ratio 1.0, the beam response is different than other beams. In the range
of aspect ratio from 1.5 to 4.0; the plot shows uniformity in the Force–Deformation
behavior of the beams. At yield stage, the plot shows a minor decreasing trend in
normalized shear strength values and an increasing trend in chord rotation values
(deformation) for each increment of aspect ratio. However, for each case normalized
shear strength reaches to the value higher than the ACI–318 predicted shear strength. In
the elastic region, the difference between these curves is consistent that indicates the
linear relationship of aspect ratio with chord rotation and normalized shear strength. This
plot reflects a decrease in elastic stiffness of the member with increasing values of aspect
ratio.
Once enter into the plastic region, decreasing trend in normalized shear strength
persists with a dominating increasing trend in the deformation of the beam with each
increment of aspect ratio. The plot shows a wider post–yield plateau at higher aspect
ratio. This reflects that high aspect ratio inhabits more plastic deformation capacity when
section approaches the onset of significant strength degradation (< 0.8 VMax). A gradual
decrease in residual strength is visible with increasing aspect ratio. Plot shows an
excessive residual strength at aspect ratio 1.0. However, for aspect ratio 1.5 and above
plot shows a decreasing trend in residual strength and deformation capacity. At high
values of aspect ratio (Above 3.0) the residual strength is almost wiped out which is not
realistic in general.
General Elasto–Plastic Behavior of CB–A1
Figure 18, plots an estimated Elasto–Plastic Force–Deformation behavior for
various aspect ratio and assigned shear stress level of 6 f’c . A decrease in elastic
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stiffness is visible in these curves with increasing values of aspect ratio. This is due to
slenderness effects imposed by increasing aspect ratio in the DRC beams. The post–yield
horizontal plateau width (“a” value) shows increasing trend after yield with increasing
aspect ratio. This reflects an increased in deformation capacity at the onset of significant
strength degradation (0.8 VMax) for each increased value of aspect ratio.

Figure 18: Analytical Model CB–A1: Idealized Elasto–Plastic Force–Deformation Back–
Bone Curves for Shear Stress Level of 6 f’c [ksi] & Various Aspect Ratio.
With the reference of Figure 16, it is clearly visible in Figure 18 that chord
rotations values θy, θu, θr shows an increase with aspect ratio increments. However, θu at
aspect ratio 1.5 swiftly drops after a large value at aspect ratio 1.0 (see Figure 20 also).
This is due to an unclear response of the beam at aspect ratio 1.0. The beam at aspect
ratio 1.0 behaves stronger than other beams and the possible reason could be an error in
modeling or software for this particular case. The trend of curves is quite steady between
aspect ratio 1.5 to 4.0. The plot shows a consistent trend of normalized shear strength
with minor variation over the range of aspect ratio. However, it is not the true
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resemblance of the actual shear strength of the beams which generally decreases when
the aspect ratio is high.
Impact on Elasto–Plastic Parameters
Chord Rotation at Yield (θy). In Figure 19, resulting chord rotation values at
yield stage is plotted against varying aspect ratio. It shows an increasing trend in chord
rotation values with an increase in aspect ratio. Lowest aspect ratio of 1.0 shows chord
rotation value of 1.25% which increases with each next value of aspect ratio and at
highest aspect ratio it reaches to 2.4%. It is a 92% increase over the aspect ratio range of
1.0 to 4.0. It reflects a possible decrease in elastic stiffness of DRC beam with increasing
values of aspect ratio. The relationship follows a generally linear path in the curve.

Figure 19: Analytical Model CB–A1: Impact of Aspect Ratio on Chord Rotation (θy)
Ultimate Chord Rotation (θu). Figure 20, plots plastic chord rotation values at the
onset of significant strength degradation (< 0.8 VMax) against various aspect ratios. This
plot represents the post–yield stage and non–linear behavior of the beam. Plot shows a
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sharp linear drop between aspect ratio 1.0 and 1.5. For aspect ratio range 1.5 to 3.5 curve
shows a linear increasing trend which further lead to relatively constant in trend between
3.5 and 4.0 with minor change. A swift drop at aspect ratio 1.5 is due to the unclear
response of beam at aspect ratio 1.0.

Figure 20: Analytical Model CB–A1: Impact of Aspect Ratio on Ultimate Chord
Rotation (θu) at Onset of Significant Strength Degradation (0.8 VMax).
Displacement Ductility Factor (θu / θy). Figure 21 plots the ductility of the beam
against various aspect ratios. Similar to previous plot, typically ductility values are
increasing in a linear trend after a swift drop at aspect ratio 1.5. Lowest aspect ratio of 1.0
shows a very high ductility, θu / θy = 2.8 in the beam at post–yield stage. Ductility drops
down abruptly from 2.8 to 1.2 at aspect ratio 1.5. This response is not clear and the
possible reason could be a modeling or software error particularly for this case. The plot
shows a consistent and very linear increase in ductility between aspect ratio 1.5 to 3.5
which further extended to a relatively constant trend between aspect ratio 3.5 and 4.0. It
is to be noted that in over the range of aspect ratio 1.5 to 4.0, each value of ductility
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factor is greater than 1.0 and at aspect ratio 4.0 it reached to the highest value of 1.9. In
view of this, it is reasonable to say that generally large aspect ratio comprises large
ductility. Moreover, it is reasonable to use linear interpolation for values between aspect
ratio 1.5 to 4.0.

Figure 21: Analytical Model CB–A1: Impact of Aspect Ratio on Ductility (θu/θy)
Deformation Capacity ‘a=(θu–θy)’. Figure 22, shows a plot constructed between
aspect ratio and plastic chord rotation value “a”, which represent the idealized width of
the plateau developed after yield at the onset significant strength degradation (0.8 VMax).
Similar to previous plot, typically “a” values show linear increasing trend over the range
of aspect ratio 1.5 to 3.5 after a swift drop at aspect ratio 1.5. Between aspect ratio 3.5
and 4.0 curve shows a consistent trend with a straight line. The unclear response of beam
at aspect ratio 1.0 persist here too and shows an abrupt drop in “a” value from maximum
value of 2.25 to lowest value of 0.3 at aspect ratio 1.5. Generally, relationship follows a
linear path over the aspect ratio range 1.5 to 4.0.
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Figure 22: Analytical Model CB–A1: Impact of Aspect Ratio on Plastic Chord Rotation
Value “a” at Onset of Significant Strength Degradation (0.8 VMax).
Deformation Capacity ‘b=(θmax–θy)’.Figure 23, shows similar increasing trend for
plastic rotation value “b”, which represent the idealized total deformation capacity
(maximum value of chord rotation) when the beam reaches to residual strength before
failure.
Normalized Shear Strength. Figure 24; represent normalized shear strength Vn
plotted against aspect ratio range 1.0 to 4.0. At aspect ratio 1.5, normalized shear strength
is dropped swiftly and then stabilized at next increasing values of aspect ratio. It shows a
consistency over the range of aspect ratio 1.5 to 4.0 with minor changes. It is to be noted
that this plot represents the trend of shear strength normalized by ACI predicted value of
shear strength which is consistent in underestimating the peak strength. However, actual
strength of section generally shows a decrease for the case of high aspect ratio due to
softening effect imposed by slenderness of the beam.
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Figure 23: Analytical Model CB–A1: Impact of Aspect Ratio on Plastic Chord Rotation
“b” Value at Residual Strength Stage.
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Figure 24: Analytical Model CB–A1: Impact of Aspect Ratio on Normalized Shear
Strength (Vn) at Yield Stage.
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Commentary
In view of above discussion, it is very clear that aspect ratio of DRC beam is one
of the key factors which noticeably affects non–linear behavior of DRC beam. An
increase is noticed in the vital parameters like deformation capacity or ductility and
residual strength with increasing aspect ratio. The increase in aspect ratio might cause
decrease in elastic stiffness of the DRC beam. For all Elaso–Plastic parameters the
relationship is generally linear over the range of aspect ratio 1.5 to 4.0.However, this is
not valid for aspect ratio less than 1.5 due to unclear response of the beam at aspect ratio
1.0. This is due to possible modeling or software error during analysis.
ASCE–41 has taken no account for aspect ratio in the estimation of plastic
rotation parameters “a” and “b”. Figure 25, provides a comparison between the resulting
plastic rotation parameters “a” and “b” from this study and recommended values by
ASCE 41for DRC beams. It can be noticed that resulting trends for “a” and “b” values
over the range of aspect ratio shows a major impact of this key factor with an increase in
these values for each increment of the aspect ratio. Therefore, having a constant value of
“a” and “b” over the full range of aspect ratio is unrealistic. There can be dramatic
changes between various possible values of aspect ratio. In view of this, it is advisable to
incorporate the effects of aspect ratio in ASCE 41 recommendations for DRC beams.
Precisely, a practical range of aspect ratio can be introduced to define more realistic
values of nonlinear modeling parameter. This will enable design engineer to select the
more appropriate value for any possible in–practice scenario from the variety of
selection.
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Figure 25: Analytical Model CB–A1: A Comparison of Resulting Plastic Rotation
Values “a” & “b” (at Various Aspect Ratios) with ASCE 41 Recommended
Values.
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Impact of Shear Stress Level
Analytical model description:


Title: CB–A2



Dimensions: (18”X27”)



Shear Stress Level: 4 f’c [ksi] to 10 f’c [ksi] (Variable predictor)



Aspect Ratio: 2.5 (Constant predictor)

Actual Behavior of CB–A2
In Figure 26, actual Force–Deformation (Normalized Shear vs. Chord Rotation)
behavior of the analytical model is plotted for various shear stress levels ranges from
4 f’c to 10 f’c [ksi]. Each curve represents a cross section assigned with a specific shear
stress level and a constant aspect ratio of 2.5.

Figure 26: Analytical Model CB–A2: Actual/Resulting Force–Deformation Curves for
Various Shear Stress Levels (4 f’c to 10 f’c ) & Constant Aspect Ratio of 2.5.
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In the elastic region, low shear stress levels show high shear strength of DRC
beam. There is an evident decreasing trend in shear strength with increasing level of
shear stress. However, for each level of shear stress beam is able to maintain nominal
strength predicted by ACI 318.At lowest shear stress level of 4 f’c , the beam is able to
achieve shear strength which is 1.8 times of the ACI predicted value and at highest value
of shear stress 10 f’c beam still able to achieve shear strength equal to ACI predicted
value with a normalized value of 1.04. As the difference among the curves is consistent
therefore a linear relationship of shear stress level can be assumed with shear strength
(decreasing trend) and chord rotation (increasing trend) within elastic region. It reflects
the decrease in initial elastic stiffness with increasing shear stress levels. At shear stress
level 4 f’c and 5 f’c the section shows a relatively more robust pre–yield and post–yield
response when compared to curves at 6 f’c and higher.
At plastic stage, decreasing trend in shear strength persists with a decreasing trend
in chord rotation (deformation) values. The deformation capacity of the sections shows a
major decrease with increasing values of shear stress levels. At shear stress level 4 f’c
and 5 f’c , beam shows more ductile behavior with relatively large deformation
capacities. However, a consistent decreasing trend is visible between shear stress level
6 f’c to 10 f’c . Ductility of the beam depends on both yield chord rotation and ultimate
chord rotation at onset significant strength degradation value. Therefore, it is adviseable
to predict about ductility in Elsto–Plastic curves where we will have a closer look at
individual plots for different parameters.
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At residual stage deformation capacity shows a decrease for every increase in
shear stress level. An excessive residual deformation capacity at shear stress levels 4 f’c
and 5 f’c can be seen which decreases drastically at the level of 6 f’c . However,
between shear stress levels 7 f’c to 10 f’c the change is consistent with minor changes.
General Elasto–Plastic Behavior CB–A2
In Figure 27, estimated Elasto–Plastic behavior of the beam is plotted for various
shear stress levels ranging between 4 f’c to 10 f’c where the aspect ratio is constant as
2.5.

Figure 27: Analytical Model CB–A2: Idealized Elasto–Plastic Force–Deformation Curve
for Various Shear Stress Levels (4 f’c to 10 f’c ) & Constant Aspect Ratio of
2.5
A decrease in elastic stiffness is visible in backbone curves with increasing values
of shear stress levels. The plot shows that width of post–yield plateau which denote as
“a” values are consistently being shorter (relatively) for each next increased value of
shear stress level. It indicates that high shear stress levels drastically reduce the
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deformation capacity and ductility of the section. Shear strength of DRC beam also
noticeably decrease with each next higher shear stress levels. The similar decreasing
trend is seen in residual strength stage. At shear stress levels 4 f’c and 5 f’c section
shows relatively more robust and stable ductile response while compared to higher shear
stress levels of 6 f’c to 10 f’c .
Impact on Elasto–Plastic Parameters
Chord Rotation at Yield (θy). In Figure 28, chord rotation at yield stage (θy) is
plotted against varying shear stress levels for the constant aspect ratio of 2.5. It shows an
increasing trend in chord rotation values with increasing levels of shear stress. A very
uniform linear increasing trend in chord rotation values is visible over the range of shear
stress levels 4 f’c to 9 f’c .

Figure 28: Analytical Model CB–A2: Impact of Shear Stress Levels on Chord Rotation
(θy)
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However, curve is relatively consistent between 9 f’c and 10 f’c with a minor decrease
at 10 f’c . In general, curve shows relationship of a linear increase over the range 4 f’c to
10 f’c . This increasing trend in yield rotation indicates a potential decrease in elastic
stiffness in DRC beam.
Ultimate Chord Rotation (θu). Figure 29 shows plastic chord rotation (θu) at the
onset of significant strength degradation (< 0.8 VMax) plotted against various shear stress
levels. This plot represents the post–yield stage and non–linear behavior of the beam.
Opposite to “θy” trend in Figure 28, it shows a decreasing trend with each increased
value of shear stress levels between 4 f’c to 7 f’c .It shows that in the plastic zone beam
response to increase in shear stress levels is totally different.

Figure 29: Analytical Model CB–A1: Impact of Shear Stress Levels on Ultimate Chord
Rotation (θu) at Onset of Significant Strength Degradation (< 0.8 VMax).
Due to decrease in elastic stiffness at yield stage (as reflected in Figure 27) beam
deformed more and shows a weak elastic behavior. This weak behavior impacts the
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plastic deformation capacity negatively. In other words the beam which already
decreased in strength and having large deformation at yield may have less capability to
sustain large deformation in plastic zone. Chord rotation value “θu” is consistent between
4 f’c and 5 f’c with minor decrease in value at 5 f’c . It continues with a more uniform
decreasing trend over the range 5 f’c to 7 f’c . However, between shear stress levels
7 f’c to 10 f’c values are consistent with a minor increase for each next level of shear.
Hypothetically, this changed behavior may be because of a possible positive contribution
of high shear stress level. Usually, high values of shear stress are conforming to heavy
diagonal reinforcement and generally, high steel percentage reduces the crack width.
Reduced crack width may help to stabilize shear strength by aggregate interlocking
friction. It may allow the member to deform more or, at least, gives a little extended
stability before failure.
Displacement Ductility Factor (θu/θy). Figure 30 represents the ductility of the
beam which is plotted against various shear stress levels ranging of 4 f’c to 10 f’c . It
shows a decreasing trend in general with a major drop in ductility values between shear
stress levels 4 f’c and 6 f’c . Curve shows relatively consistent trend with minor
decrease in values over the range of 7 f’c to 10 f’c . This reflects the consistent response
in “θu” trend between7 f’c and 10 f’c in Figure 29.
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Figure 30: Analytical Model CB–A2: Impact of Shear Stress Levels on Ductility (θu/θy)
Deformation Capacity ‘a=(θu–θy)’. Figure 31, shows a plot constructed between
various shear stress levels ranging of 4 f’c to 10 f’c and value “a”. It shows that “a”
value decrease drastically with increasing shear stress levels. The trend is generally linear
over the range of shear stress levels 4 f’c to 7 f’c . From highest value of 2.8 at 4 f’c , it
decreased (with 16% drop) to 2.38 at 5 f’c . It continues with a relatively major decrease
with 59% drop at 5 f’c where “a” value is 0.98. The exact reason is not known for this
abrupt drop in the “a” value at shear stress level 6 f’c . The reason for this major
decreasing trend in “a” values is due to the softening of the sections within yield stage
due to excessive shear stress levels. It is reflected in Figure 28, where “θy” showed a
significant increasing trend. A relatively uniform trend with minor differences in “a”
values is visible over the range of shear stress levels 7 f’c to 10 f’c .
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Figure 31: Analytical Model CB–A2: Analytical Model CB–A1: Impact of Aspect Ratio
on Plastic Chord Rotation Value “a” at Onset of Significant Strength
Degradation (0.8 VMax)
Deformation Capacity ‘b=(θr–θy)’. Figure 32, shows a similar trend for plastic
rotation value “b”, which represent the idealized total deformation capacity up to the
residual strength of the beams section before failure.
Normalized Shear Strength. In Figure 33, normalized shear strength “Vn” (At
yield stage) are plotted against increasing shear stress levels. Plot shows an evident
decreasing trend with increasing shear stress levels. Effortlessly, it is quite a reasonable
statement to make that there is linearly decreasing relationship between shear stress levels
and shear strength of the DRC beam.
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Figure 32: Analytical Model CB–A2: Impact of Shear Stress Levels on Plastic Chord
Rotation Value “b” at Residual Strength Stage

Figure 33: Analytical Model CB–A1: Impact of Shear Stress Levels on Normalized
Shear Strength (Vn) at Yield Stage
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Commentary
In view of above discussion, it is very clear that there is an evident overall
decreasing impact of shear stress levels on non–linear behavior of the DRC beam. It is
observed that with increasing values of shear stress level (Range: 6 f’c and 10 f’c ) the
main Elso–Plastic parameters (except θy) showed a decreasing trend. Mostly, these
decreasing trends showed variation over the different ranges of shear stress levels as
noticed in the study of individual parameter’s plots. Generally, a sharp linear decreasing
trend noticed for “θu”, “a” and “b” values over the range of 4 f’c and 7 f’c and a
relative consistent trend with minor decrease in values is noticed for the range of 7 f’c
and 10 f’c . Linearly Increasing trend in “θy” is an indication of the gradual decrease of
elastic stiffness with increasing values of shear stress. A further reflection of this impact
can be seen in the plot for nominal shear strength at yield stage of the beam in Figure 33
where shear strength showed a decreasing trend with every increasing level of shear
stress.
ASCE–41 has taken no account for aspect ratio in the estimation of plastic
rotation parameters “a” and “b”. Figure 34, provides a comparison between the resulting
plastic rotation parameters “a” and “b” from this study and recommended values by
ASCE 41for DRC beams. In this plot, ASCE 41 recommended values are shown as
horizontal assessment lines along with resulting plots. In this plot, resulting trends for
“a” and “b” values over the range of shear stress levels ( 4 f’c and 10 f’c ) indicates a
major impact of shear stress levels. These trends show a decrease in “a” and “b” values
for each higher level of shear stress. Therefore, having a constant value of “a” and “b”
over the full range of aspect ratio is unrealistic. There can be dramatic changes over the
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range of shear stress levels. In view of this, it is advisable to incorporate shear stress
levels in ASCE 41 recommendations for DRC beams. Precisely, a practical range of
shear stress levels can be introduced to define more realistic values of nonlinear modeling
parameter. With the consideration of shear stress levels ASCE 41 could serve as a more
useful tool that can enable a design engineer to select the more appropriate value for any
possible in–practice scenario from the variety of selection.

Figure 34: Analytical Model CB–A2–A Comparison of Resulting Plastic Rotation Values
“a” & “b” (for Various Shear Stress Levels) with ASCE–41–06 Recommended Values.
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Correlation: Aspect Ratio & Shear Stress Levels
Generally, aspect ratio imposes an increase in values of main Elasto–Plastic
parameters; on the other hand, shear stress levels impose a decrease. It is intended in this
section to see the combined effects of aspect ratio and shear stress level on different key
parameters of Elasto–Plastic behavior of the DRC beam. Also, it is aimed to understand
the correlation between these two variables. For this purpose, main Elasto–Plastic
parameters of DRC beam are plotted against varying aspect ratio ranging 1.0 to 4.0 and
shear stress levels ranging 4 f’c and 10 f’c . These key parameters are chord rotation
values “a” & “b”, displacement ductility factor “θu/θy” and normalized shear strength
“Vn” extracted from analysis results of analytical model CB–A3. These plots are
presented in Figure 35 to 38.
Analytical model description:


Title: CB–A3



Dimensions: (18”X27”)



Various Shear Stress Level: 4 f’c [ksi] to 10 f’c [ksi] (Variable predictor)



Various Aspect Ratio: 1.0 to 4.0 (Variable predictor)

Figure 35 and 36 shows that “a” and “b” values have an increasing trend between
aspect ratio 1.5 to 4.0 which is counteracting by shear stress level by inducing decreasing
effects. This counteracting decreasing impact is less powerful between shear stress levels
of 4 f’c [ksi] to 6 f’c . However, at shear stress level higher than 6 f’c this counter–
acting impact is more prevailing in nature. In view of these observations, it is reasonable
to say that shear stress levels reduce the plastic rotation capacities at ultimate and residual
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strength stages even for the higher values of aspect ratio which is in general have a
positive impact on plastic rotation values “a” and “b”.
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Figure 35: Analytical Model CB–A3: Plastic Chord Rotation “a” At Onset of significant
Strength Degradation (<0.85 VMax)–Combined Effects of Aspect Ratio and
Shear Stress Levels.
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Figure 36: Analytical Model CB–A3: Plastic Chord Rotation “b” At Residual Strength
Stage–Combined Effects of Aspect Ratio and Shear Stress Levels.
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The Elasto–Plastic behavior shows a more stable response between 4 f’c [ksi] to
6 f’c with increasing aspect ratio. It is to be noted that aspect ratio 1.0 is not considered
here due to an unclear response.
In Figure 37, plot shows similar trend for ductility between 4 f’c [ksi] to 6 f’c as
discussed for Figure 35 and 36. However after 6 f’c the ductility remains stable. The
overall value of ductility is more than 1.0 throughout even with prevailing “decreasing
impact” of shear stress levels. Aspect ratio 1.0 is not considered here.
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Figure 37: Analytical Model CB–A3: Ductility (θu/θy)–Combined Effects of Aspect
Ratio and Shear Stress Levels
Figure 38, shows the combined impact of aspect ratio and shear stress levels on
the normalized shear strength of the DRC beam is presented. Up to shear stress level of
6 f’c the similar trend of overall decreasing impact due to increasing shear stress levels
on increasing trend (due to increasing aspect ratio) of shear strength is visible. After shear
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stress level 6 f’c the trend is generally an increase in strength with each increment of
aspect ratio with an overall decrease over increasing shear stress levels.
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Figure 38: Analytical Model CB–A3: Normalized Shear Strength at Yield–Combined
Effects of Aspect Ratio and Shear Stress Levels
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Impact of Confinement
Analytical model description:


Title: CB–A4



Dimensions: (18”X27”)



Shear Stress Level: 6 f’c [ksi] (Constant predictor)



Aspect Ratio: 2.5 (Constant predictor)



Assigned Confinement Levels: Fractions of “Ash” in percentage specifically;
0%, 25%, 50%, 75%, 90%, 100% and 110%. Where “Ash” is cross sectional
area of transverse reinforcement recommended by ACI–318.

Actual Behavior of CB–A4
Figure 39, represents actual Force–Deformation (Normalized Shear vs. Chord
Rotation) behavior of the analytical model CB–A4. Each curve represents a specific level
of confinement with constant shear stress level of 6 f’c and aspect ratio of 2.5. It is to be
noted that each confinement level represents an assigned fraction (in percentage) of ACI–
318 recommended “Ash” value for DRC beam.
Plot shows a noticeable increase in overall pre–yield and post–yield strength and
deformation capacity of the DRC beam. In the elastic region, an increasing trend in shear
strength is visible with increasing levels of confinement. At yield point, for each
increased confinement level, deformation also shows an increase with a corresponding
increase in shear strength and this phenomenon generally increase elastic stiffness. At the
onset of yield, curve for 90%, 100% and 110% levels are consistent with very minor
difference.
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Figure 39: Analytical Model CB–A4: Actual/Resulting Force–Deformation Curves for
various Confinement Levels at Constant Aspect Ratio of 2.5 & Shear Stress
Level 6 f’c
In the post–yield region, strength and deformation increase with increasing levels
of confinement. Post–yield plateau (“a” value) shows a consistent increase at each
increased confinement level. After a significant drop in strength (after plastic region’s
plateau), when plots reach to their residual strength level, the corresponding deformation
capacity is observed again with an increasing trend with increased confinement levels.
For a closer insight of ACI–318 recommended value of confinement, 90% of Ash and
110% of Ash levels of confinement are assigned to the model where 100% Ash represent
exactly ACI–318 recommended value. Significant increase in the plastic deformation
capacity at ultimate stage is clearly visible in the range of these confinement levels. The
residual stage also shows the increasing trend in strength and plastic deformation.
General Elasto–Plastic Behavior of CB–A4
Figure 40, shows an estimated Elasto–Plastic idealized Force–Deformation
backbone curves for each assigned level of confinement. Noticeable increase in elastic
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stiffness is visible in each back–bone curve for each increased level of confinement.
Nominal shear strength shows an increasing pattern in each curve for next increased level
of confinement. Plot shows a clear increase in the width of post–yield plateau (“a” value)
for each next increased value of confinement. Residual strength and corresponding
deformation capacity also shows an increase for each increasing level of confinement
level. Within the range of confinement levels of 90%, 100%, and 110%, a significant
increase in the strength and plastic deformation capacity at ultimate stage and residual
stage is clearly visible. These findings indicate that increase in confinement levels
increase the overall Elasto–Plastic behavior of the DRC beam.

Figure 40: Analytical Model CB–A4: Idealized Elasto–Plastic Force–Deformation
Curves for various Confinement Levels at Constant Aspect Ratio of 2.5 &
Shear Stress Level 6 f’c
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Impact on Elasto–Plastic Parameters
Chord Rotation at Yield (θy). Figure 41 shows a plot for chord rotation at yield
stage (θy) against varying confinement levels assigned to the model. Plot shows a general
increasing trend of chord rotation values for each increased values of confinement.

Figure 41: Analytical Model CB–A4: Impact of Confinement Levels on Chord
Rotation (θy)
After a swift hype at 25% confinement level, a linearly increasing trend is
consistent for next increasing levels of confinement. This trend is very linear in nature
however; the yield rotation values remain constant at 100% ‘Ash’ and vicinity levels of
90% and 110%. In general, confinement hardly stressed at a low level of stress and
confining action take place only when at high stress fractured concrete bear out against
transverse reinforcement. In view of this, the constant value of deformation at
confinement levels of 90%, 100% and 110% Ash, reflect the maximum contribution of
transverse bars at yield stage where confinement is not in its full action.
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Ultimate Chord Rotation (θu). Figure 42 represents curve of plastic chord
rotation values (θu) at significant strength degradation (< 0.8 VMax) at various increasing
confinement levels. This plot represents the post–yield stage and non–linear behavior of
the beam.

Figure 42: Analytical Model CB–A4: Impact of Confinement Levels on Ultimate Chord
Rotation (θu) at onset of Significant Strength Degradation (< 0.8 VMax)
The general increase in plastic chord rotation with increasing levels of
confinements is evident in the plot. Between levels of 0% and 25% the trend is increasing
with a linear path. Curve shows a relatively consistent trend with minor increase in chord
rotation values over the range of 25% to 90%. A significant increase in chord rotation
values at confinement levels close to ACI–318 recommended values is visible. This
observation is opposite to plot for “θy” in Figure 41, where no change was noticed at
confinement levels in the vicinity of ACI–318 recommended values. Here, “θu” showed
significant increase over the range of 90%, 100% and 110% levels. Possibly due to the
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presence of high stressed fracture in concrete, the confinement action is at its peak
contribution.
Ductility (θu / θy). Figure 43 is represents the ductility of the beam which is
plotted against various increasing levels of confinement.

Figure 43: Analytical Model CB–A4: Impact of Confinement Levels on Ductility (θu/θy)
Ductility values shows a general increasing trend over the range of assigned
confinement levels. Curve shows increase in ductility at 25% confinement level which
continues with a relatively consistent trend over the range of confinement levels 25% to
90%. Plot shows an increase in ductility noticeable with a linear trend between 90% and
110%. It is evident in the plot that high level of confinement results in the more ductile
behavior of the DRC beam.
Deformation Capacity ‘a=(θu–θy)’. Figure 44, shows the impact of increasing
levels of confinement on chord rotation value “a”. Plot shows a general increasing trend
in the curve with variations over the range of assigned confinement levels.Between levels
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of 0% and 25% the curve shows a linear increase in “a” value and continues with a
relatively consistent trend with minor increase in chord rotation “a” values over the range
of 25% to 75%. A significant increase in “a” values at confinement levels close to ACI–
318 recommended values is visible. A sharp increase in ‘a’ values at the vicinity of ACI–
318 recommended confinement i.e. 100%Ash is noticed. It showed “a” value as 0.51 at
90%Ash and it jumped to 0.98 at 100%Ash which is approx. 92% increase. At enhanced
confinement level of 110%Ash “a” value is 1.46 which is 49% increase in “a” value at
confinement level of 100%Ash.

Figure 44: Analytical Model CB–A4: Impact of Confinement Levels on Plastic Chord
Rotation Value “a” at Onset of Significant Strength Degradation (0.8 VMax)
Deformation Capacity ‘b=(θr–θy)’. Figure 45, shows a similar trend as “a” values
for plastic rotation value “b”, which represent the idealized total deformation capacity up
to the residual strength of the beams section before failure.
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Figure 45: Analytical Model CB–A4: Impact of Confinement Levels on Plastic Chord
Rotation Value “b” at Residual Strength Stage

Figure 46: Analytical Model CB–A4: Impact of Confinement Levels on Normalized
Shear Strength (Vn) at Yield Stage
Normalized Shear Strength. In Figure 46, normalized shear strength “Vn” (At
yield stage) values are plotted against various increasing levels of confinement. An
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evident increasing trend with linear path is observed with each increment level of
confinement.
Commentary
In view of above discussion, it is very clear that there is an evident positive
impact of increasing confinement levels on overall non–linear behavior of the DRC
beam. All Elsto–Plastic key parameters (θy, θu, a, b and Vn) showed increasing trend
with increasing levels of confinement. In general, plots showed a trend which is linearly
increasing with variation over certain ranges of confinement levels. Chord rotation values
θu, a, b showed a clear increase between 0% and 25% level but curves showed a
relatively consistent trend with minor changes over the range of 25% to 90%. The most
sensitive impact of confinement is noticed at 90%, 100% and 110% levels where a sharp
linear increase is noticed over this range.
ASCE–41 has taken no account for aspect ratio in the estimation of plastic
rotation parameters “a” and “b”. Figure 47, provides a comparison between the resulting
plastic rotation parameters “a” and “b” from this study and recommended values by
ASCE 41for DRC beams. In this plot, ASCE 41 recommended values are shown as
horizontal assessment lines along with resulting plots. In this plot, resulting trends for
“a” and “b” values over the range of assigned confinement levels indicates vital effects of
confinement. Generally, these trends show an increase in “a” and “b” values for each
higher level of confinement. It is important to note that range of confinement between
90% and 110% is showed a significant increase in “a” and “b” values. In fact, during
construction generally 100% of ACI–318 confinement value does not provide to the
section due to many constructability issues. Therefore, a section may have dramatic
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changes in behavior for minor differences with ACI–318 recommendations. Therefore,
having a constant value of “a” and “b” over the full range of confinement is unrealistic.
In view of this, it is advisable to incorporate the effects confinement ASCE 41
recommendations for DRC beams. A conforming or non–conforming status for a DRC
beam section can be introduced. Consideration of confinement status in ASCE 41 could
enable a design engineer to select the more appropriate value for any possible in–practice
scenario from the variety of selection.

Figure 47: Analytical Model CB–A4: A Comparison of Resulting Plastic Rotation
Values “a” & “b” (for Various Confinement Levels) with ASCE 41
Recommended Values
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Correlation: Confinement & Shear Stress Levels
Generally, confinement has a positive impact which increases the values of main
Elasto–Plastic parameters; on the other hand, shear stress levels impose a decrease. This
section discusses the combined effects of confinement and shear stress level on different
key parameters of Elasto–Plastic behavior of the DRC beam. Also, it is aimed to
understand the correlation between these two variables. For this purpose, main Elasto–
Plastic parameters of DRC beam are plotted against various confinement levels and shear
stress levels.These key parameters are chord rotation values “a” & “b”, displacement
ductility factor “θu/θy” and normalized shear strength “Vn” extracted from analysis
results of analytical model CB–A5. These plots are presented in Figure 48 to 51.
Analytical model description:


Title: CB–A5



Dimensions: (18”X27”)



Confinement Levels: 0%, 25%, 50%, 75%, 90%, 100% and 110% of Ash



Shear Stress Levels: 4 f’c [ksi] to 10 f’c



Constant Aspect Ratio: 2.5

Figure 48 and 49 shows that shear stress levels are counter–acting the positive
impact of confinement on the values of “a” and “b”. These values generally show an
increasing trend with increasing level of confinement. This increasing trend is subsided
by counteracting the impact of shear stress levels. This counter–acting impact is less
powerful between shear stress levels of 4 f’c [ksi] to 6 f’c .
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3.0

a = θu-θy (%)

2.5
2.0
1.5
1.0
0.5
0.0
0 % Ash
25 % Ash
50 % Ash
75 % Ash
90 % Ash
100 % Ash
110 % Ash

4√f'c
0.10
0.43
0.50
1.75
2.66
2.80
2.94

5√f'c
0.06
0.38
0.35
0.87
1.43
2.38
2.45

6√f'c
0.04
0.31
0.37
0.30
0.51
0.98
1.46

7√f'c
0.02
0.33
0.33
0.32
0.28
0.29
0.43

8√f'c
0.05
0.30
0.33
0.34
0.26
0.26
0.21

9√f'c
0.08
0.26
0.28
0.27
0.15
0.06
0.14

10√f'c
0.11
0.16
0.21
0.24
0.22
0.22
0.11

Figure 48: Analytical Model CB–A5: Plastic Rotation Values “a” at the Onset of
Significant Strength Degradation (0.8 VMax)–Combined Effects of
Confinement and Shear Stress Levels

4.0

b = θr-θy (%)

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0 % Ash
25 % Ash
50 % Ash
75 % Ash
90 % Ash
100 % Ash
110 % Ash

4√f'c
1.24
2.25
2.62
4.35
5.60
5.80
5.99

5√f'c
1.33
2.32
2.55
3.26
4.18
5.49
5.59

6√f'c
1.47
2.50
2.69
2.83
3.19
3.84
4.50

7√f'c
1.61
2.66
2.87
2.99
3.01
3.02
3.34

8√f'c
1.73
2.76
3.01
3.09
3.12
3.12
3.12

9√f'c
1.93
2.95
3.15
3.24
3.24
3.26
3.26

10√f'c
2.01
2.98
3.24
3.31
3.31
3.31
3.33

Figure 49: Analytical Model CB–A5: Plastic Rotation Values “b” at Residual Strength
Stage–Combined Effects of Confinement and Shear Stress Levels
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The Elasto–Plastic behavior of the DRC beam between 4 f’c to 6 f’c shows a
resistance against the impact of increasing shear stress levels with the contribution of the
increasing levels of confinement. However, at shear stress level 7 f’c and higher this
counter–acting impact is more prevailing in nature. In view of these observations, it is
reasonable to say that increasing levels of shear stress reduce the plastic rotation
capacities at ultimate and residual strength stages even for the higher values of
confinement which is in general increase the “a” and “b” values as noticed in “Impact of
Confinement” study in the previous section.
In Figure 50, plot shows similar trend as discussed for Figure 48 and 49 between
shear stress levels from 4 f’c to 6 f’c . However at shear stress level 7 f’c and above the
ductility remained stable. The overall value of ductility is more than 1.0 even with
prevailing “decreasing impact” of shear stress levels.

3.5
3.0

Ductility

2.5
2.0
1.5
1.0
0.5
0.0
0 % Ash
25 % Ash
50 % Ash
75 % Ash
90 % Ash
100 % Ash
110 % Ash

4√f'c
1.13
1.36
1.36
2.25
2.90
3.00
3.10

5√f'c
1.06
1.29
1.23
1.58
1.89
2.49
2.53

6√f'c
1.04
1.21
1.23
1.17
1.28
1.54
1.81

7√f'c
1.02
1.21
1.19
1.17
1.15
1.15
1.22

8√f'c
1.04
1.18
1.18
1.18
1.13
1.13
1.10

9√f'c
1.06
1.14
1.14
1.13
1.07
1.03
1.06

10√f'c
1.08
1.08
1.10
1.11
1.10
1.10
1.05

Figure 50: Analytical Model CB–A5: Ductility–Combined Effects of Confinement and
Shear Stress Levels
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In Figure 51, the combined impact of confinement and shear stress level on the
shear strength of the DRC beam is presented. There is very uniform and linear dual–trend
can be observed in the values of nominal shear strength of DRC beam. Confinement
affects positively and increases the shear strength of the section for a particular shear
stress level. However, for each increased level of shear stress confinement action is

Nominal Shear Strength

subsided by high shear stress and an evident overall decrease can be noticed.

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0 % Ash
25 % Ash
50 % Ash
75 % Ash
90 % Ash
100 % Ash
110 % Ash

4√f'c
0.64
1.07
1.49
1.74
1.77
1.78
1.80

5√f'c
0.55
0.89
1.26
1.56
1.68
1.70
1.72

6√f'c
0.48
0.77
1.08
1.36
1.52
1.59
1.66

7√f'c
0.43
0.67
0.95
1.19
1.33
1.42
1.51

8√f'c
0.39
0.60
0.85
1.06
1.19
1.27
1.35

9√f'c
0.36
0.54
0.77
0.96
1.07
1.14
1.22

10√f'c
0.32
0.49
0.70
0.88
0.98
1.04
1.11

Figure 51: Analytical Model CB–A3: Normalized Shear Strength at Yield–Combined
Effects of Confinement and Shear Stress Levels
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Impact of Compressive Strength of Concrete
Analytical model description:


Title: CB–A6



Dimensions: (18”X27”)



Shear Stress Level: 6 f’c [ksi] (As a function of concrete compressive
strength)



Aspect Ratio: 2.5 (Constant predictor)



Assigned Values of Concrete Compressive Strength : Range–3ksi to 9 ksi

It is important to mention here that in this study effect of compressive strength of
concrete on confinement value in the beam was ignored and constant values of
confinement used for various values of assigned compressive strength. Therefore,
particularly for this impact study, the rationality of the findings shall be taken lightly.
Actual Behavior of CB–A6
In Figure 52, the actual Force–Deformation (Normalized Shear vs. Chord
Rotation) behavior of the analytical model is plotted for various assigned values of
concrete compressive strength ranges from 3ksi to 9ksi.
In the elastic region, plot shows that for low compressive strength (between 3 to 5
ksi) curves acquires high values of shear strength. Generally, it shows an overall
decreasing trend with increasing compressive strength of concrete. For f’c = 3ksi, the
section showed a relatively more robust pre–yield and post–yield response when
compared to higher values of f’c . There is minor decrease in elastic stiffness (at yield) is
visible with increasing values of compressive strength. However, f’c = 4ksi case showed a
significant decrease of elastic stiffness.
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Figure 52: Analytical Model CB–A6: Actual/Resulting Force–Deformation Curve for
Various Values of Concrete Compressive Strength at Constant Aspect Ratio
of 2.5 & Shear Stress Level 6 f’c
Once enter into the plastic region, decreasing trend in shear strength persists with
increasing values of compressive strength. It shows that plastic chord rotations at ultimate
and residual strength stage are in decreasing trend.
General Elasto–Plastic Behavior of CB–A6
In Figure 53, shows an estimated Elasto–Plastic behavior of the beam for various
assigned values of concrete compressive strength ranges from 3ksi to 9ksi. Noticeable
decrease in elastic stiffness is visible in backbone curve of 4ksi case. All other cases, a
very little change can be observed in the slope of the line which reflects that elastic
stiffness is consistent over the range of various f’c values. It shows that width of post–
yield plateau which denote as “a” values, are short (relatively) for each next increased
value of compressive strength. This is an indication of decreasing impact of compressive
strength on the ductile behavior of DRC beam. A noticeable decrease in shear strength is

90
visible in the curves due to increase in f’c value. The similar decreasing trend is seen in
chord rotation and shear strength at residual strength stage.

Figure 53: Analytical Model CB–A6: Idealized Elasto–Plastic Force–Deformation Curve
for Various Compressive Strength of Concrete at Constant Aspect Ratio of 2.5
& Shear Stress Level 6 f’c

Figure 54: Analytical Model CB–A6: Impact of Compressive Strength of Concrete on
Chord Rotation (θy)

91
Impact on Elasto–Plastic Parameters
Chord Rotation at Yield (θy). Figure 54, plots chord rotation at yield stage (θy)
against varying assigned compressive strength values. Curve shows hype for 4 ksi case.
After that the curve shows a relatively consistent trend with minor variation in the “θy”
value over the range of 4 ksi to 9 ksi. At 4ksi, section showed a haunch in the curve
which reflects a weak response (comparatively) of the section in the elastic zone. It is
reflecting a relatively significant elastic degradation for 4ksi case (see Figure 53).
Ultimate Chord Rotation (θu). Figure 55 shows plastic chord rotation (θu) at the
onset of significant strength degradation (< 0.8 VMax) for various assigned values of
compressive strength. Curve shows a decreasing trend in “θu” over the range of 3 ksi to 6
ksi which further continue with relatively consistent trend with minor variation for range
6ksi to 9ksi. It reflects that high compressive strength of concrete imposed fragility to the
section which makes it weaker to combat the deformation demand in plastic zone.
Displacement Ductility Factor (θu / θy). Figure 56, shows the ductility factor of
the beam which for various values of assigned compressive strength. It shows a general
consistent trend of ductility values over the range of 4ksi to 9 ksi. A major drop is noticed
at 4 ksi from highest ductility value of 2.37 at 3ksi. Typically, curve shows no significant
change in ductility values with increasing values of compressive strength. In fact,
ductility factor is not a good measure to estimate the plastic deformation capacity of the
section. Comparatively, plastic rotation capacity “a” is a good predictor to understand the
ductile behavior of the beam.
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Figure 55: Analytical Model CB–A6: Impact of Compressive Strength of Concrete on
Ultimate Chord Rotation (θu) at onset of Significant Strength Degradation
(< 0.8 VMax)

Figure 56: Analytical Model CB–A6: Impact of Compressive Strength of Concrete on
Ductility (θu/θy)
Deformation Capacity ‘a= (θu–θy)’. Figure 57 shows effects of compressive
strength on “a” values. After a sharp drop at 4ksi, curve continues with a consistent trend
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with minor variation over the range of 4ksi to 9 ksi. Section shows less deformation
capacity in the plastic region when compressive strength is high.

Figure 57: Analytical Model CB–A6: Impact of Compressive Strength of Concrete on
Plastic Chord Rotation Value “a” at Onset of Significant Strength
Degradation (0.8 VMax)
Deformation Capacity ‘b=(θr–θy)’. Figure 58, shows a similar trend for plastic
rotation value “b”, which represent the idealized total deformation capacity up to the
residual strength of the beam section before final failure.
Normalized Shear Strength. In Figure 59, normalized shear strength “Vn” (At
yield stage) values are plotted against increasing compressive strength values. An evident
decreasing trend is observed which shows a decreasing impact of high compressive
strength on the strength of the beam to resist shear. This is a linearly decreasing
relationship between compressive strength and shear strength of the DRC beam.
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Figure 58: Analytical Model CB–A6: Impact of Compressive Strength of Concrete on
Plastic Chord Rotation Value “b” at Residual Strength Stage

Figure 59: Analytical Model CB–A6: Impact of Compressive Strength of Concrete on
Normalized Shear Strength (Vn) at Yield Stage
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Commentary
In view of above discussion, it can be stated that high compressive strength in
general, imposes a decreasing impact on the overall ductile response of the DRC beam.
However, high strength concrete use is widely accepted in the construction industry when
more strength is required with methods to control its brittle nature. In this study, it was
only intended to investigate direct effects of the compressive strength of concrete on
DRC beam and in–depth investigation of practical methods to overcome the negative
impact of high compressive strength is considered out of the scope of this work.
As this particular study is not such exhaustive and reliable because the effects of
compressive strength on confinement calculation were ignored and a constant value of
confinement was used for various assigned values of compressive strength. However, for
the sake of completeness and for reader interest, ASCE 41 comparison with resulting “a”
and “b” values is provided in Figure 60.

Figure 60: Analytical Model CB–A6: A Comparison of Resulting Plastic Rotation
Values “a” & “b” (for Various Values of Concrete Compressive Strength)
with ASCE 41 Recommended Values
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Impact of Size/Dimensions
Past experimental and analytical research showed that the size effect is apparent
on nonlinear behavior of reinforced concrete components like coupling beams. The
shallow cross sections of the beams pertain to the consistent ability to resist higher shear
force at failure.
In this section, to understand size effects on the nonlinear behavior of DRC beam,
Elsto–Plastic parameters (θy, θu, a, b, Vn etc.) extracted from three analytical models
with different cross sectional dimensions are compared. A quick reference of these three
analytical models which are specified for this study is given below. For a detailed
description of these models refer to Chapter 4.
Analytical model’s description:


Title: CB–A, CB–B, CB–C



Dimensions: (18”X27),( 24”X30”),( 27”X36”)



Shear Stress Level: 6 f’c [ksi]



Aspect Ratio: 2.5



Each analytical model is provided with ACI recommended confinement.

Chord Rotation and Strength at Yield Stage (Parameter Vn and θy)
At yield stage, chord rotation “θy” values are same for all three beams. It showed
that size of the beam has no significant effect on the elastic stiffness of the beam. This is
reflected in the Vn values of these beams too, where evidently no major change is
noticed.
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Common Scale of Units

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

CBA(18X27)
CBB(24X30)
CBC(27X36)

Vn
1.593
1.495
1.489

θy(%)
1.800
1.800
1.800

θu(%)
2.780
2.300
2.198

θr(%)
3.836
2.645
2.528

θu / θy
1.544
1.278
1.221

a(%)
0.980
0.500
0.398

b(%)
2.036
0.845
0.728

Elasto-Plastic Parameters

Figure 61: Impact of Size/Dimensions: A Comparison of Elaso–Plastic Parameters for
Analytical Model CB–A, CB–B and CB–C, Shear Stress Levels = 6 f’c and
Aspect Ratio = 2.5
Plastic Chord Rotation (θu and θr)
Shallow depth beam ‘CBA (18”X27)’, showed the high value of plastic rotation
“θu” at the onset of significant strength degradation (0.8 VMax) while compared to other
two models with relatively deeper cross sections.
Deformation Capacities (“a” & “b”) and Ductility (θu /θy)
The high value of ductility can be noticed in shallow member CBA (18”X27)
when compared to other two models. Deformation capacity “a” at the onset of significant
strength degradation (0.8 VMax) and “b” at residual strength stage are high for shallow
depth member i.e. CBA (18”X27).
In view of above observation, it is clear that shallow depth member showed much
more ductile response when compared to deep sections for DRC beam.
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Estimation of Non–Linear Modeling Parameters
Based on parametric study and acquired analytical data from this study an
estimate of nonlinear modeling parameters for DRC beams is provided in Table 11.
Table 11. Estimated Non–Linear Modeling Parameters for DRC Beam
Plastic Hinge
Rotation
(Radians)

Governing Conditions

Confinement

Conforming
Transverse
Reinforcement
Non–
Conforming
Transverse
Reinforcement

ln/h

≤ 2.0
2.0 ≥ 4.0
≤ 2.0
2.0 ≥ 4.0

Residual
Strength
Ratio

Plastic Hinge
Rotation
(Radians)

Residual
Strength
Ratio

Flexure
Dominated/Controlled

Shear
Dominated/Controlled

a

B

c

d

e

c

≤6

0.030

0.036

0.60

0.024

0.022

0.48

≥8

0.020

0.024

0.50

0.016

0.015

0.40

≤6

0.030

0.037

0.50

0.024

0.022

0.40

≥8

0.004

0.008

0.40

0.003

0.005

0.32

≤6

0.024

0.029

0.48

0.019

0.017

0.38

≥8

0.016

0.020

0.40

0.013

0.012

0.32

≤6

0.024

0.030

0.40

0.019

0.018

0.32

≥8

0.003

0.006

0.32

0.002

0.004

0.26

Shear Stress
Level
(ksi)

Disclaimer:
The data in Table 11 is provided to solely advocate a reasonable framework for
ASCE 41 to incorporate the key factors in the recommendations of DRC beam.
The information in Table 11 shall be considered as general information only and
does not constitute professional use of any part of the data. This study does not warrant
the accuracy, content, completeness or suitability of the information in Table 11 for any
purpose.
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CHAPTER 6
CONCLUSIONS
Following conclusions are established solely based on the parametric study and
acquired analytical results from this study.
1) Aspect ratio showed evident effects on the overall elastic and plastic behavior
of DRC beam. A considerable decrease (approx.10–20%) in the elastic stiffness was
noticed before reaching yield point. This decrease in elastic stiffness reflected in yield
rotation values where noticeable increase was observed with increasing aspect ratio.
Major increase is noticed in plastic chord rotation capacity (Approx. 40–50% increase),
ductility (Approx.10–12% increase) and residual capacities of DRC beam with increasing
values of aspect ratio. Generally, a linear relationship was observed between aspect ratio
and Elasto–Plastic parameters over the range of aspect ratio 1.5 to 4.0. However, this is
not valid for aspect ratio less than 1.5 due to unclear response of the beam at aspect ratio
1.0, which might be a possible result of the any modeling or software error.
2) Shear stress levels showed a dominating decreasing impact on the overall
behavior of DRC beam. Major loss of elastic stiffness with increasing levels of shear
stress was noticed. An average drop in elastic stiffness at each next increased level of
shear stress was approx. 8–16%. Total elastic stiffness decrease between minimum
(4 f’c ) and maximum (10 f’c ) levels of shear stress was observed as 62% in analysis
results. This decrease in elastic stiffness was reflected in yield rotation where values
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showed a noticeable increase with increasing levels of shear stress. Generally, a sharp
linear decreasing trend noticed for “θu”, “a” and “b” values over the range of 4 f’c and
7 f’c and a relative consistent trend with minor decrease in values is noticed for the
range of 7 f’c and 10 f’c .
3) Aspect ratio and shear stress levels correlate each other in a counter–acting
relationship. The combined impact of these predictors on Elasto–Plastic behavior of DRC
beam was “dual in nature”. This means that aspect ratio generally made an “increasing
trend” but on the other hand a “decreasing trend” was induced by increasing shear stress
levels. It results in an overall decreasing impact dominated by increasing levels of shear
stress levels.
4) Confinement showed a vital impact on overall performance of DRC beam in
elastic and plastic behavior. A major increase in elastic stiffness was observed at yield
stage. Shear strength, plastic rotations, ductility and residual strength of DRC beam has
shown visible increase with increasing levels of confinement. In general, plots showed a
trend which is linearly increasing with minor variations over certain ranges of
confinement levels. Chord rotation values θu, a, and b showed a clear increase between
0% and 25% level, however a relatively consistent trend with minor changes over the
range of 25% to 90% was noticed. The most sensitive response of DRC beam was
observed at confinement levels 90%, 100% and 110% where a sharp linear increase was
noticed over this range. Typically, it is eventually not possible to provide the exact
amount of confinement which is 100% compliant to ACI–318 recommended value. So it
can be little higher or lesser than ACI recommendation. Therefore, results at confinement
levels 90%, 100% and 110% are very sensitive in nature which indicates that section may
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have dramatic changes in behavior for minor differences with ACI–318
recommendations.
5) Similar to “aspect ratio–shear stress correlation,” confinement was also
counter–acted by increasing shear stress levels as seen in analysis results.
6) High compressive strength, in general, imposes a decreasing impact on the
overall ductile response of the DRC beam. It was due to brittle nature of high strength
concrete. It is important to mention here that in this study effect of compressive strength
of concrete on confinement value in the beam was ignored and constant values of
confinement used for various values of assigned compressive strength. Therefore,
particularly for this impact study, the rationality of the findings shall be taken lightly.
7) By comparing the analytical results of three different sizes of DRC beam, it
was found that shallow section showed more ductile and robust nonlinear response.
8) ASCE 41 has not considered the vital impact of aspect ratio, shear stress levels
and confinement in its recommendations. A brief assessment study of resulting trends
showed that “constant” values of plastic chord rotation “a” and “b” recommended by
ASCE 41 are unrealistic over the possible range of a key factor. Therefore,it is adviseable
to incorporate the effects of these key factors in recommendation of ASCE 41for DRC
beam. These consideration could make this document more useful tool for design
engineers with a flexibility in selection from a good wide range of nonlinear parameters.
In fact, this study is purely an analytical work and does not intend to attempt full–
fledged study like an experimental research and thus does not suggest precise
recommendations for ASCE 41. However, a reasonable framework was proposed for
ASCE 41 to incorporated vital effects of the key factors.
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APPENDIX
ASCE 41–06 TABLE 6–18: MODELING PARAMETERS & NUMERICAL
ACCEPTANCE CRITERIA
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