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ABSTRACT

Reinforcedconcrete (RC) beam-column kneejointsare intrinsically distinct from thetraditional RC interior
and exterior joints. The RC knee joint has two distinct load resistance mechanisms. Its shows different
behavior at the time of reversed cyclic load for closing and opening. Given the many distinct variations in
the behavior of shear strength in RC knee joints, the main design codes in the world do not provide any
specific design RC knee joint. This is because there is no profound research on the knee joint. An
investigation for predicting the shear capacity of reinforced concrete (RC) knee jointsunder opening and
closingmoment has been proposed in this research. Experimental data in the literature were used to test
the exactnessand reliability of the proposed model. The proposed model could forecast with good accuracy
the experimental response of poorly defined RC knee joints under opening and closing moment. Parametric
experiments havebeen performed to demonstrate the profound influence of different geometric and material

properties on the RC knee joints. A method will render the model ideal for practical applications.
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1 INTRODUCTION
1.1 Background

Moment resisting frames are conventional in building structural systems. Researchers have striven to
improve ductility buildingandaccurate assessment of overall building capacity. Itis essential to understand,
evaluate, and estimated the beam-column joints to ensure a controlled failure of moment-resisting frames
under earthquake excitation. To improve the ductility of the RC moment resistant frames, member flexural
failure before the joint shear failure is a fundamental criterion. Work on earthquake-resistant design has
seen significant progress over the last few decades, with notable work on conventional RC beam-column
joints. (Interior and Exterior) [1-5]. As a result, the overall ductile efficiency of the RC building having

moment-resisting frames has improved up to a great extent.

Due to the complex and unique behavior, few numbers of studies had conducted on the RC knee joints,
which are seen atthe roof level of moment-resisting frames. The behavior of the knee jointis different from
the conventional RC knee joint in terms of force acting on the joints and the way they are resisted within
the joint. In the conventional beam-column joint (Interior and Exterior), the adjacent members undergo a
double bending curvature when subjected to the seismic excitations. Howeuver, in the case of the knee joint,
the adjacent members do not experience moment reversals. Because of this behavior, the knee joint
undergoes closing and opening instead of moment reversal. This behavior tends to produce the tensile
stresseson the outer sideofthe jointand compressive stresses onthe interior sideof the joint whensubjected

to the closing moment and vice versa.

Different design codes (ACI 318-14 [6], EN1998-1 2004 [7], NZS 3101-2006 [8], AlJ [9], GB50010 [10])
extended the joint design provision for the exterior knee joint to the more complex knee joint. However,
the behavior of the kneejointis much morecomplex anddifferentfromthe conventional knee joint because
of discontinuous jointsub assemblage, which creates an undesirable axial force in the members. Knee joint,
when subjected to the seismic loading, undergo successive opening and closing action when leads to the

vulnerability of shear behavior of kneejoint. Therefore, the implementationof jointdesign provisionsused



for conventional interior and exterior joints on the knee joint leads to an unconservative design scenario for

knee joints.

1.2 The Design Philosophy of Earthquake-Resistant Structures

To design seismic-resistant buildings economically, while meeting severe displacement requirements
duringearthquakes, sufficientductility must be incorporated through the design. The ability of the structure
to undergo large amplitude deformation in inelastic range without any reduction in strength is termed as
ductility. Capacity design principal is used to achieve the ductility of the structure [11]. Different elements
in the force-resisting system are chosen carefully, designed, and detailed for the energy dissipation under
expected deformations. In the structural members, such critical regions are called as plastic hinges and are

detailed for inelastic flexural behavior while inhibiting a shear failure [12].

Figure 1.1: Plastic Hinge formation and building deformation

(a) Beam plastic hinge formation (b) Column plastic hinge formation

Plastic hinges are considered to form in beams and columns when subjected to the seismic action. In the
column, plastic hinges can create a situation, as shown in Figure 1.1. Plastic hinges in the beam can cause

the structure to sway.



1.2.1 Design Criteria for Beam-Column Joints

In the RC structure, beam-column joints are the most vulnerable sections when subjected to seismic forces.
The joint region experiences a higher shear force than the adjacent beam and column due to the moment
reversal. According to the capacity design principle, the RC joints need to be designed to prevent shear and

brittle failure in the joint region.

RC joints are considered as the source of unsuitable source of energy dissipation because it exhibits poor
hysteretic properties both in shear and bond mechanismsin RC joint. Congestion of the reinforcement in
the joint region is more likely to occur if the joint is design to withstand high shear stresses, which lead to
the results of brittle failure. The sheerdesign of joint, including substantial column weak beam design, is
adopted for preventing joint failures while addressing the issue of reinforcement congestion in the RC knee
joint.

1.3 Types of RC Beam-Column Joints

Beam and column in the RC structure are connected through joints. The design of the RC structure is
generally carried out, assuming that the joints are rigid. In reality, the RC joints are not rigid. High-stress
concentration has been observed in the joint region when the RC structure is subjected to seismic forces.
Based on the number of the member connected to the RC joint, they are classified into different types, as

shown in Figure 1.2.

Column

Column
Beam 4 Beam 2 Beam 2
< Beam 2 End of

Column

b

Beam 1 Beam 3 Beam 1 Beam 3

Beam 3

Figure 1.2: Types of RC Joints (a) Interior Joint (b) Exterior Joint (c) Corner Joint



The interior joint is located within the structure of the building. A total number of 6 RC elements are
connected to the interior joint. Generally, the joints are constructed to resist different types of force from

the adjacent beam and column members. Fig 1.3 shows different types of forces acting on the anterior joint.
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Figure 1.3: Forcesacting on the interior joint under gravity load (a) External Forces (b) Internal Forces

Exterior joints are generally at the external fagade of the building. Such joints are generally knownas T-
joints. Five adjacent elements are connected to the exterior joint. The forceson the exterior joints are

shown in Fig. 1.4
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Figure 1.4: RC Exterior Joint (a) External Forces (b) Internal Forces



The RC knee joint is a corner joint, usually found at the top story of the multistory building. At this comer,
the termination of both beams and columns occur. A total number of 4 elements are connected to this joint.
The behavior s of these joints are relatively different from the other joints, especially when subjected to
cyclic loadings such asopening moment and closing moment. Because of less confinement as compared to

the interior and exterior joints, their jointsaremorevulnerable to failure whensubjected to seismic loadings.
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Figure 1.5: Reinforced Concrete knee joint.

1.4 Problem Statement
It has been observed that many design codes across the world (ACI 318-14[6], EN1998-1 2004[7], NZS

3101-2006[8], A1J[9] ,GB50010[10]) have not captured the behavior of the knee joint. These codes don’t
provide any particular kind of design provisions for the knee joint. The empirical equation provided by

these codesto estimate the shear strength under seismic loads overestimate the cap acity of the knee joint.

1.5 Research Significance

Pakistan, unfortunately, is surrounded by active seismic plates. After the 8" October-2005 earthquake, a
significantnumber of casualties andinjuries in the affected region were associated with the complete failure
of RC buildings. Among different features of construction that appear to be responsible for the widespread
collapse of buildings, one of them was a weak connection RC joint. To address this problem, this research
will provide significant scientific knowledge and ground to cover those gaps in the current building codes

of Pakistan. This research will fill the loopholes and gaps in the field of RC beam-column joints. This study



can also be applied in the practical field under seismic load and make it more feasible for the inhabitants of

that building. The influence of this research on design practice is very significant as it permits the non-

collapse and operational design of the moment-resisting frame system.

1.6 Research Objectives

A systematic study on knee joint has been carried out in this research, which will address the research gaps

and also enhance the understanding of knee joint under cyclic loading. The main objectives of this study

are as follows:

1.

2.

3.

To study the behavior of the knee joint under seismic loading.

To study the complete forcetransfer mechanisms of the knee jointwhen subjected to the cyclic loading.
To propose an efficient model for estimating the shear strength of the knee joint under reversed cyclic
loading.

Validating proposed empirical model with experimental data.

Comparison of proposed prediction model with previously proposed models.



2 REVIEW OF LITERATURE

Duringthe design phase of structure, itisassumed that RC joints are considered as rigid elements. However,
this assumption is inappropriate when the structure experiences extreme massive moment and shear,

subjected to cyclic loading, i.e., earthquake loading or wind loading.

The response of a structure when subjected to reversed cyclic loading, the amount of energy dissipated for
the structural elements can be assured form the flexural yielding and ductility of the structural component.
The behavior of the knee joint under the lateral loading is very complicated as compared to the other RC
joint.

2.1  Experimental Studies on RC Joints

In the mid-1960s, to understand better behavior of the RC knee joint, experimental programs based on
monotonic loadingstarted. The main focus onthese studieswill mainly focused on the studying of the shear

capacity and identifying effective reinforcement detailing under static load. A review on the monotonic

studies on knee joint is presented in this section.

Kemp and Mukherjee [13] tested four portal frames and L shaped specimens to find the strength and
rotational capacity of the tensile longitudinal reinforcement with having variation. The test results indicate
that, the lower tensile reinforcement (0.49%), the member failed in the flexure revealing the d uctile nature.
While on the other hand the members with high tensile reinforcement will failed suddenly due to the
formationofthe diagonal crack before the plastic hinge form in the adjacentmember. The author concludes
that there are three types of failure to control the strength of the joint namely, tensile, flexural and shear

which are dependent on the amount of the tensile reinforcement.

Mayfield et.al [14] tested 12 specimen under monotonic closing and opening loading, having variation in
the joint shear reinforcement. The author observed an efficient behavior of joint under higher closing

moment for all the joints, as compared to the opening moment. From the experiments, the author has



concluded that the joint having joint stirrup arrangement of 6,7,8 and 11 perform reasonably well under

opening moment.
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Figure 2.1: Detailing of Specimens (Mayfield et al.1971)

Mayfield etal. [15] proceed his researchworkand performedexperimenton54 kneejoints under monotonic
opening moment to understand the opening behavior having 28 different detailing. The author concludes
that the joint stirrups having reinforcement details (1 through 8) and joint 6 with 180° anchorage show

reasonable ductility and efficiency under opening moment.

Moreover, type 1 detailing, which is analogous to the type 10 detailing, shows improved joint efficiency by
resisting the development of the tension in longitudinal reinforcement. Type 2 detailing similar to the type
4 detailing, control the growth of the crack originating at the re-entrant corner under opening behavior . On
the other hand, the efficiency of Type 2 joint was negligible on the overall efficiency of joint. The detailing

according to Type 26 shows the best results as shown in Fig (2.2).



Nilsson and Losberg [16] have done a wide range of experimentson the RC knee joint under monotonic
opening moments. The main purpose of there research was to identify different modes of failure: diagonal
tension failure, splitting failure, failure due to yielding, anchorage failure and due to crushing of concrete.
It has been found that the stirrup type of the detailing enhance the ductility and efficiency of the joint up to
79%. However, the adoption of such detailing makes the concrete difficult to cast during construction
process. The author recommends the use of detailing with the loops of longitudinal reinforcement, that

enhance the efficiency upto 77%.

Skettrup etal. [17] performed three test on the RC knee joint subjected to the opening moment. The author
concluded that the capacity of the joints decreases with respect to flexural members as you increase the
tensile reinforcement in the flexural member. The complex arrangement of the stirrup in the joint show
some good efficiency of the joint, but providing such arrangement make congestion and interrupt the flow

of concrete in the RC joint.
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Figure 2.2: Detailing of specimens (Skettrup et al.1984)

Leo et al. [18] conducted twenty-seven full-scale RC knee joints subjected to monotonic closing moment
to study the impact of the detailing of reinforcement on the strength and ductility of the joint. The author
observed that simple splicing of column bars as shown in Fig 2.3(a) was inadequate to allow the adjacent

members to reach its full flexural capacity. The author found that the splicing within the joint as shown in



Fig 2.3(d) will show good performance and efficiency and allow the adjacent member to achieve its full

flexural capacity.
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Figure 2.3: Detailing of RC knee joint test by (Leo etal. 1994)
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Figure 2.4: Detailing of Specimen Mayfield et al. (1972)
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Jackson [19] performed an experiment on 5 RC knee joint specimens having intersecting longitudinal bars
in U-shaped without any stirrup. The main aim of study was to see the impact of the tensile reinforcement
and the anchorage steel on knee joint. It was found that the U-shaped found confinement in the joint but

marginally enhance the ductility of the RC joint.
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Figure 2.5: Detailing of Specimen (Johansson 2001)

Johansson conducted an experimental and literature study of longitudinal reinforcement detailing on knee
joint under monotonic closing and opening moments. Total number of eleven specimen, three under
monotonic opening moment and eight under monotonic closing moment, respectively. It has been observed
that extensive spalling of concrete of joint when subjected to the closing moment. Also, the impact of the
inclined bars have very small effect on the strength of the knee joint and were not much effective in
improving the efficiency under opening moment. However, the effect of inclined bar is determine when

subjected to closing moment.

2.2 Analytical Studies on RC joints

Paulay and Priestley [12] suggested the idea of the strut and tie mechanism. This strut and tie model is
famous for predicting the behavior of RC joints. The internal forces generated in the concrete combine to
form a diagonal strut while the forces are transferred through a steel reinforcement bar through bonds and

make truss mechanisms.

Vollum [20] found that the strut-and-tie model is ideal for capturing the behavior of the stress state of the

RC knee joint. The beam-column exterior joints were modelled. The joint was considered a failure; the

11



diagonal stress reached the cracking strength of concrete. Due to inherent complexities associated like

prejudgment of the stress field, this model has some limitations in its applicability.

Ortiz [21] used the mechanisms of Strut-and-tie to estimate the shear strength of the RC joint with and

without transfer reinforcement. The joint proposed by Ortiz [21] is shown in figure 2.1.
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Figure 2.6: RC beam-column joint as considered by Ortiz (1993)

The plane section remains plane adjacent to the joint block is used to calculate the boundary forces. To
evaluate the strength of the diagonal strut, a semi-empirical approach was adopted by Ortiz. The design

strength of concrete was considered as proposed by the CEB model (1990).

Parker and Bullman [22] proposed a model to predict the shear strength of the RC joint. The shear force in
the joint was assumed to be resisted by an inclined compression field or strut in the concrete. Based on the
principle of minimum potential energy, the inclination and dimensions of the strut were determined. The

model proposed by Parkerand Bullman [22] is shown in figure

Hwang et al. [23] estimated the joint shear strength using the model named “softened strut and tie model.”
This model was considering the equilibrium, compatibility, and constitutive laws to estimate the cracked
reinforced concrete. The joint shear resisting mechanisms, according to this model, was composed of:

1. The diagonal strut mechanism

2. The horizontal mechanism

3. The vertical mechanism

12
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Figure 2.7: Parker and Bullman (1997) model for beam-column

The equilibrium of this model is satisfied by equating all the horizontal compressional force component
thatis transferring from the concrete diagonal strut, tension force in the horizontal stirrup and horizontal
component of the vertical ties to the joint horizontal shear. However, the concrete model adopted in this
was a softening concrete model proposed by Belarbi etal. [24]. The average strain in the joint panel was
considered as a condition for the strain compatibility. As in this model, horizontal and vertical strain in
unreinforced joints is assumed, this model is not able to predict the joint shear failure without beam
reinforcement yielding. This model still considers as beneficial because it takes into account the axial load

on the joint.

2.3 Average Plane Stress Plane Strain-Based Models

Pantazopoulou and Bonacci [25] assume that the joint is well confined, and using the average stress and
strain values developed a model to estimate the shear strength of the RC joint. It was observed that the
column shear stress, as well as principal tensile strain, increases with the increase in the column axial load.
This behavior leads to a decrease in the compressive strength of the diagonal strut. This study achieves the

effect of the axial column load on the joint shear strength.

13



Wong [26] proposed the Modified Rotating-Angle Softened-Truss Model to predict the shear strength of
exterior joints. Based on the compatibility equation by modifying
1. Modified compression field theory

2. Softened truss model rotating-angle

3. Softened truss model fixed-angle

In deep beams, a shear span to depth ratio was taken to take the effect of the joint aspect ratio. A large

number of numerical iterations was required to find the shear strength of the RC knee joint.

Tsonos [27] presented a relatively new formulation based on the assumption that vertical and horizontal
jointshear forcesare equal to vertical and horizontal force acting on the joint. Based on this assumption,
strut-and-tie mechanisms were proposed. The biaxial concrete strength curve was assumed and represented
by a fifth-order polynomial equation. This model also takes into account the confined concrete strength by
considering the model proposed by Scott et al. [28]. This model generally gives a perfect comparison with
the experimental database having joint shear reinforcement. However, in the case of an unreinforced joint,

it sometimes over predicts the shear strength up to 15-17%.

Priestley [29] suggested a principal tensile stress model assesses the shear strength of beam-column joints
without joint reinforcement, which will be compared with the joint average principal tensile stresses. It is
also compared with some critical values that represent the diagonal shear failure and cracking. The critical
values suggested by Priestley [29] considering only the concrete strength is 0.29 (f;)°> and 0.42( /)% for
maximum shear strength of the exterior joint. The model estimates the joint shear strength with good
approximation and also takes into account the axial load on the joint. However, sometimesit is argued that,
because the diagonal compressive strut carries more joint shear, the principal tensile stress approach is
considered to be on the conservative side. Some literature recommends that the principal tensile stress

approach gives good approximation when the axial load on the structure of the column is less the 30%.

14
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Figure 2.9: Principal tensile stress vs joint shear deformation relationship (Priestley 1997)

Genesio [30] proposed the recommendation for the critical values of principal tensile stress and
corresponding joint shear deformation based on experiments. The joint aspect ratio, beam longitudinal
reinforcement ratio, and axial load on the column were generally considered during formulation. The

detailed 3D finiteelementanalysis approachusing the micro-plane model with relaxed kinematic constraint
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as constitutive law was used. The bond between solid concrete elements and steel elements was idealized

by taking the solid concrete elements and bar elements, respectively.

Figure 2.10: FE model of beam-column joint proposed by Genesio

According to Genesio [30], strength corresponding to first diagonal cracking and maximum joint strength

can be found using equations below:

First diagonal cracking

P = kot ky (2-32) (2.1)
fe ‘

Ultimate Strength

h c,0” I'tc
j}%zk0+k1 (Z_h_lz)‘kkz%pb: forn,<nc, (2.2)
L= o+ ky (2 —%) forng =nc, (2.3)

fe
Where k, and k; are empirical non-dimensional coefficients that are dependent on the joint detailing, joint

aspectratio, and axial load onthe column. n, represents the upper limit value of the axial load and ,, are

beam longitudinal reinforcement ratio.
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2.4 Seismic Analysis of the Buildings

The seismic analysis of the structure is divided into four analytical procedures based on the complexity of

the Analysis: Linear Static, Linear Dynamic, Nonlinear Static, and Nonlinear Dynamic.

In 1987, the reportpublished by Applied Technology Council (ATC) [31] titled as evaluation of the seismic
resistance of the existingbuildings, ATC-14 [31],which provide guidelines for all types of building material
and construction. The first step in this process was the selection of the building based on their construction
type. For each building, the set of evaluation statements are defined that are appropriate for them. A more
detailed analysis is required if the structure does not meet the defined criteria. The capacities of the
structural material were mainly evaluated using building codes. However, the equivalent lateral force

procedure is used to calculate the demands.

It is observed that the guidelinesand procedures proposed by the ATC-14 [31] and FEMA-178 [32] were
based on the conventional linear elastic method. The elastic analysis is somewhat useful as it gives an
indication of the structural capacity. Besides this, italso gives information regarding the first yielding of
the member, but this analysis is unable to predict the redistribution of forces and failure mechanisms. To
overcome this issue, a non-linear analysis is better to understand the behavior of the structure that is

subjected to different types of cyclic loading.

A report Seismic Evaluation and retrofit of concrete buildings was published by ATC back in 1996. A
simplified non-linear static analysis was described in this report. A better understanding of building
performance can be observed because of the mutual dependency of capacity and demand. Using this
procedure, the designer can judge and experience the knowledge of a more refined level than the

conventional procedure.

From the above discussion, it is concluded that inelastic analysis considers all those parameters that
influence the global performance of the structure. Taking into account the effect of a structural component,

non-structural elements, and other factors that show the failure modes and progressive failure of the

17



building. The non-linear dynamic analysis is always a big task to perform, which needs more resources. To
overcome this issue, a non-linear static procedure is followed, which captured a reasonable behavior of the

structure under cyclic loading.

2.5 Existing Seismic Design Codes Provisions

Different seismic design codes have incorporated the design of different types of beam-column joints. This
section summarizes the joint design provisions provided by four major seismic codes, i.e., American code
(ACI Committee 318-14) [6], Eurocode (BS EN 1998-12004) [7], New Zealand code (NZS 3101 2006)

[8], Architectural Institute of Japan [9], Chinese code (Chinese Standard GB50011 2010) [10].

ACI (318-14) [6] has divided RC joints into two types of categories. Type 1 connections are meant to
design without taking into account the effect of inelastic deformation. Type 2 connections are designed,
which incorporate the deformation of joint under cyclic load. The design shear force and nominal shear

strength models provided by ACI(318-14) [6] are further discussed below:

ACI (318-14) [6] and ACI (352R-02) [33] both calculate the shear input by considering the flexural hinges
in the adjacent members. Shear forces are considered to transfer into the joint through reinforcement which

is equal to af;,. a represents the stress multiplier and f,, is the yield stress of the reinforcement steel. The

value of a given by guidelinesis 1.0 for Type-1and 1.25 for Type-2.

The design shear force in the RC joint is computed at the center of the joint. The shear force is considered

at the boundaries of the joint. For design purpose, the following equation should be satisfied

PV 2V, (2.4)
Where, 1,,V,, represents the nominal and ultimate shear strength, respectively. The value of ¢, according

to ACl, is 0.85.
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Vo = vy f¢ (psDbjh (2.5)

V, = 0.083,/f; (MPa)bjh, (2.6)

bp+be he
22 by + Y72 b | (2.7)

bj = minimum{
Where, bj, h¢, by, b,y representsthe effective joint breath, depth of column, a width of the adjacent beam,
width of the column, and shear strength factor shown in Table 2.1. ACI 318-14 [6] restricts that the depth
of the column should not be less that one half of the depth of the adjacent beam connected with the joint. It

should be remembered that the value of y for Type 1 jointis given in 318-14 [6], and for Type 2, the value

of y is given in ACI 352R-02 [33].

Table 2.1: ACI 352R-02 recommendation for shear strength factor

Classification Type -1 Type-2
A. Joints with a continuous column
A.1. Joints confined on four vertical faces 24 20
A.2. Joints confined only on three vertical faces 20 15
A.3. Other cases 15 12
B. Joints with a discontinuous column
B.1. Joints confined on four vertical faces 20 15
B.2. Joints confined only on three vertical faces 15 12
B.3. Other cases 12 8

The influencing factor of eccentricity is considered through the modification factor m. The value of m is

equal to 0.3 for the joints whose eccentricity exceeds %C.

ACI 352R-02 [33], recommends that the summation of the nominal flexural strength of the column
component s 1.2 times the beam component, to avoid the development of the plastic hinges. This condition
applies to the Type 2 connections. RC connections at the roof level this verification is not applicable.

Therefore, the conventional design theory of strong-column weak-beam criterion is not applicable.
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TYPE 2 CONNECTIONS

CASE A: Two columns framing into the joint
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Figure 2.11: ACI 352R-02 recommended values for y
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NZS 3101:2006 [8] Concrete structure standard proposed that 70% of beam top and bottom column
reinforcementshould pass and anchoredin the column whenthe RC jointexperienced shear when subjected
to gravity or earthquake load. In NZS 3101:2006 [8], the design recommendations for the exterior joint are
extended for the knee and corner joint because there are no particular guidelines for the design of the knee

joint. Therefore, the guidelines recommended for the exterior joint will be discussed below.

For the seismic loads, calculate the shear force of the RC joint when it is expected that the plastic hinge
will be created in the adjacent structural components of the RC joint, assuming that reinforcement of the
member will yield. The horizontal joint shear recommended equation by NZS 3101-06 [8], to avoid the

concrete crushing is

Vin < 0.20f/ bjh. or 10b;h, (2.8)
Effective joint shear width of recommended by the code is

if be = by, : bj = minimum{b,b,, + 0.5h} (2.9)
if be < by, : bj = minimum{b,, b, + 0.5h} (2.10)
However, In RC joint the shear is resisted by both the concrete strut and joint transverse truss mechanism.
So, the sum of two horizontal shear transfer mechanisms is considered the following equation.

Vih =Ven +Vsn = Ven + Ajnfyn (2.11)
Where, V., Vs, represent shear force transferred contributed by concrete strut and joint transverse shear

reinforcement.

If V;, is the nominal shear strength of the joint, ¢ is the safety factor and Vjy ) is designed horizontal shear

force, then the equation for the design of joint horizontal shear is:

Vinea) = dVin (2.12)
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Eurocode 8 (2004) [7] proposed the guidelines for the RC joint of the structure corresponding to Ductility
High Class. Like NZS 3101 [8], the Eurocode 8 [7] is also unable to provide proper provision for RC knee
joint. Thatwhy we will extend the recommendation and provision of the exterior joint on the knee joint.

The design provision of Eurocode for the exterior joint is presented here.

Eurocode 8 [7] suggest that the worst scenario of the seismic action should be considered during the
estimation of the horizontal joint shear. The formation of the plastic hinge in the adjacent beam members

for the conventional joint (interiorand exterior) is

Vina = Yra(As1 + As2) fya — Ve (2.13)
Vina = YraAsifya — Ve (2.14)
Where Ay and A, represents the reinforcement of the beam in the top and bottom position. V. and ygg4 IS

the overstrength factor which should not be less than 1.2.

Vina < Anfeq [1- ~bihje (2.15)

Where Vjp,4 is the design shear force in the horizontal direction. The value of 4 is 1.0 for the interior joint
and 0.8 for the exterior joint. The distance between the extreme layer of the column reinforcement is

represented as hj.

n=06(1-2%) (MPa) (2.16)

Where, f, and f.4 shows the compressive cylinder test and compressive design strength of concrete. The

recommendations, according to Eurocode guidelines for the selection of joint breath is shown in Eq 2.17

and 2.18:
if be = by, : bj = minimum{b,b,, + 0.5h} (2.17)
if be < by, : bj = minimum{b,,, b, + 0.5h} (2.18)

Where, b, b,, are the column and beam width respectively and h.represent the depth of the column.
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Chinese Code GB50011 [10] cannot propose any particular type of provisions and guidelinesto estimate
and design jointshear stress. Oneof thesignificant drawbacks of this code is, it cannot differentiate between
various typesof RC joints, based on their geometry and behavior. Therefore, for exterior and knee joints,

this code cannot provide any particular type of provisions.

UZM hpo—as!
e e () (2.19)

hpo—a's Hc—hp
Where hy, represents the beam cross-section effective depth. The distance between the below and above
the inflection point is denoted with H... The depth of the beam is represented by h;,. In the equation (), the
njp denotes the coefficient for the strong connection, which is allotted based on seismic grades. The value
of n;;, for seismic grade one, two, and three are 1.5,1.35 and 1.2, respectively. The simplified form of
equation (2.19), considering that the lever arm of the moment hj,, — ;" and n;;, = 1.5, the equation

becomes.
Vi = 1.5(f,4; = V) (2.20)

Where V. Denotes the shear force in the column member. A, Represents the area of reinforcement in the

beam. The shear capacity of the RC joint is determined as

1 bj hpo—as ’
v, = V—(O.lnjftbjhc +0.057,;N 2L+ f, Agy; 255 < 0.3 ! byh, (2.21)
RE c S
Where b, and b, are the width of the column and beam. k. represents the depth of the column section. A,
denotes the area of steel in the joint. s and b; represents the spacing between the stirrup and joint width.

The effective joint width is given as:

if b = bj when by, > 0.5b, (2.22)
if bj = by : 0.5h, when b, > 0.5b, (2.23)
The eccentricity is limited to one-quarter of the column width between the centerline of the beam and

column members. For the eccentricity, the effective width of the joint b; is given by

bj = 0.5(by + b) + 0.25h, — e (2.24)
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2.6 Joint Shear Reinforcement
ACI318-14 [6]and ACI 352R-02[33] recommend the provision of the jointshearreinforcementregardless

of the magnitude of induced shear force value. ACI believes that the provision of the shear reinforcement
will enhance the shear resisting performance of the concrete joint by providing the shear reinforcement.
The extension of the column shear reinforcement in the RC joint. This provision applies to the Type 1
connections. Two layers of shear reinforcement should be provided having pitch not exceeding 6 inches
between the top and bottom beam reinforcement. The volumetric ratio of the shear reinforcement is given

as

- A9 _ Lo
p, = 045 (AC 1) .- (2.25)

Where A, and A, represents the gross column and joint core area, respectively. f." and f,,, is the concrete

compressive stress and yield strength of shear reinforcement.

RC joints with a discontinuous horizontal face at the end of the column, two layers of vertical transverse
shear reinforcement shall be provided—U-shaped stirrups with 135° hooksalong with enough length of

legs to provide maximum tension development.

The amount of volumetric transverse reinforcement ratio for the spiral and rectangular hoop is given below

in equation (2.26), (2.2.27)

fc! Ag fc!
=012~ but > 045(-2—-1)2= _
ps = 01275 but > 0.45 (AC 1) = (2.26)
_ Asn _ Ag _ fe! fe!
ps =5t =103 (AC 1) 2= but =009 75 (2.27)

Where A, defines the total area of transverse joint reinforcement legs having joint core dimensions b.". s
representsthe spacingofthe transversereinforcement. For delayed deteriorationthe closed hoop and single-

leg cross ties having hook angle of 135° and leg length of 6d, is provided.

24



/stdb >3" (75 mm)

26db >3" (75 mm)

AN -
N 6d, 23" (75 mm)

Figure 2.12: ACI 352R-02 recommendation for transverse reinforcement

The shear strengthening in the joint is based on preventing premature bond failure and efficient control of
a tension failure plane extending from one corner of the joint to the diagonally opposite edge. Eq 2.28

representsthe total areaof horizontal transverse reinforcement corresponding to horizontal joint shear force.

Vina—®Ven
A, = Yna=%Ven
Jh bfyn

where V., = Ving (0.5 + o N*) (2.28)
Agfe!

In this code, itis believed that the shear resistance is directly provided through the truss mechanisms. The
contribution of the concrete strut is subtracted from the design shear force to estimate the joint shear
reinforcement. Itisevidentthatconcretestrutcontribution equal to half ofthe total shear resistance is given
by equation Eq 2.29.

hp
Vinay, - —$Ven
_ c

h '
Ajp = ——g———where ¢V, = 0.6Vjna 2+ C;N (2.29)

For horizontal joint shear of the exterior joint, the amount of total joint shear reinforcement area is given

by Eq 2.30
Ay = i (ﬁfy““) (0.7 - C’,'NO) where 0.85 < [ in ] <120 (2.30)
fcbjhc fyh chg fcbjhc

Where S represents the ratio of the compressional beam reinforcement area to the tension beam
reinforcement area, the value of the 8 should not be taken greater than 1. The axial tension is taken

Vin
Vin+Vjz

negatively and is represented as C; = = 1.0. According to this code, in joint, at least 40% of shear

should be carried by the shear reinforcement.
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The effective reinforcement in the horizontal direction should be uniformly distributed between the beam
top and bottom reinforcement. The spacing of the hoop and ties in the vertical spacing shall is limited to

either ten times the diameter of the bar or 200mm, whichever is less.

Follow the concept of strong column weak beam; the vertical joint reinforcement should be provided
according to Eq 2.31, so that the plastic hinge should be created in the beam. The joint vertical
reinforcement to transfer the tensile reinforcement of the can be intermediate longitudinal bars of the
column, vertical ties of column, and anchorage of beam and column in the joint. The maximum spacing of
the vertical joint reinforcement in the horizontal direction should not exceed the one fourth of the adjacent

lateral dimension or 200mm.

0.7 fyh hb
Ay =| — |An=—— 2.31
e 1+ I,VO ]hfyv h¢ ( )
fcAg

Toavoidthe additional forces in the formof torsional forces, the eccentricity of the jointis taking indirectly

by considering the limited effect of the joint width through Eq 2.32.

b; < 0.5(by +b.+0.5h)—e (2.32)
Eurocodes 8 (2004) recommends that sufficient shear reinforcement should be provided in the joint to
provide the confinement in the joint. The code also aims to limit the maximum tensile in concrete equal to
fera» Where f.q4 is the design value of concrete tensile strength. The joint shear reinforcement according to

Eurocode 8 (2004) is shown in Eq 2.33:

v 2
Ash]ywd > b]h]C

bjhjw T fetd +Vvdfcd

— feta (2.33)

Where Ag, shows the total area of the horizontal hoop, hj. and hj,, is the distance of reinforcement at

extreme fiber in beam and column. The normalized design axial load from the column is denoted by v,.

A simpler expression is proposed to avoid the complexity to find the area of the joint shear reinforcement,

provide to enhancethe integrity ofthe RC jointeven after diagonal cracks appear in the interiorand exterior
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joint, shown in Eq 2.34 and Eq 2.35, respectively. The distribution of the horizontal joint reinforcement

calculated is assumed to be uniform within the depth.

Asnfywa = Yra(As1 + Asz) fya (1 — 0.8v4) (2.34)

Ashfywd = deAszfyd(l - 0-8vd) (2.35)

To calculate the joint shear reinforcement in the vertical direction, Eq OOl is proposed

Agy = (2) Agn ("—f) (2.36)

3 Rjw
2.7 Summary of the Design Codes
The design code provisions for the seismic design of RC joints are summarized in this section. The
provisions of codes to estimate the joint shear strength and the mechanisms of resisting shear considered
by all the famous seismic design codes are summarized in Table 2.2. It should be noted that the shear
strength of the joint is considered as the function of concrete compressive strength by all the four
aforementioned design codes. The axial load factor is taken by only two design codes, i.e., Eurocodes 8 [7]
and Chinese code GB50011[10]. However, none of the code is providing any special provision for the RC
knee joint exceptthe ACI 352R-02 [33], which recommends some special design criteria for knee joint
along with a lower estimation of strength with respect to interior and exterior joint. The rest of the practical
design codes not even discussed the RC knee joint as a different case. The opening and closing behavior of

the knee joint is not highlighted as different behavior by any of the seismic design codes.
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Table 2.2: Recommended Equations to estimate the joint shear strength

Seismic Codes Joint shear resistance mechanism Joint shear strength (MPa)
ACI 352R-02 Diagonal strut 0.66:/f'b h
cjc
ACI318-14 Diagonal strut 1.0/ /b h
c j ¢
NZS 3101-06 Diagonal strut and truss min{0.20 5.1 ,10b h }
c Jj ¢ J c

EN 1998-1:2004  Mohr’s theory or Diagonal strut and truss 0.80f \J1-v, /nb h,

JJe

GB 50011:2010 Diagonal strut and truss or Strut-and-tie 0.3, fc-'b,- h,

Table 2.3 summarized the recommendation for the effective joint width. Eurocode 8 and NZS 3101-06
consider the impact of beam width, columnwidth, and depth, while on the other hand, the effect of the
beam-column eccentricity is taken into account by ACI 352R-02 [33], NZS 3101[8] and GB 50011 [10].
Eurocode 8 [7] doesn't have any recommendations for effective joint width but put some limitation on the

eccentricity.

Table 2.3: Effective Joint width and eccentricity Provisions

Seismic Codes Effective joint width Eccentricity provision
ACI 352R-02 b +b h cm=

min {2 ",bbJerc,b(_} e>b /8:m=03

2 2 Other cases: m =0.5

ACI318-14 b+h b+h <b+2x
NZS 3101-06 b, 2b, :min{b b, +0.5h } b, <0.5(b, +b, +0.51)—¢

b, <b,:min{b b +0.5h }
EN 1998-1:2004 b >b :min{b b +0.5h} e<b /4

b <b, :min{b b +0.5h}

GB 50011:2010 b,>0.5b_:h, =b, b =0.5(b, +b)+025h —e
b,<0.5b_:b, =b, +0.5h,
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2.8 Concluding Remarks

Fromthe aforementioned literaturereview, itis clear that the majority of the experimental work on the knee
jointis done under static loading. The joints are critical during the transfer of shear and moment from the
adjacent beamsand columns when subjected to seismic loading. But such critical behavior of joint cannot
be captured under a monotonic experimental setup. The primary objective of the monotonic loading was to
recognize the suitable shear and longitudinal reinforcement, along with the aim, to enhance the efficiency
and strength of the knee joint. However, the reasonable seismic behavior of RC knee joint is captured when
the jointis subjected to reverse cyclic loading, which in return, produce the opening and closing behavior
in the common core. The spalling of the concrete and excessive at the outer face of the joint is expected to

reduce the strength of the knee joint when subjected to the cyclic loading of different magnitude.

More specifically, the estimation of shear strength of opening and closing behavior s of the knee joint is
still to be addressed with more details. The overall capacity of the joint either depends upon the opening or
closing behavior when subjected to reverse cyclic load is still unknown by different design codes. The
resisting mechanisms for opening and closing of the joint are different, which impart different closing and

opening capacity of the knee joint.

Although the past researcher has proposed a lot of analytical models. Most of these models are either very
complex for there implementation in the practical field. The models recommended by different codes are
mostly the function of the concrete compressive strength. However, form the past studies it has been found
that the capacity of RC joint is not dependent on the compressive strength of the concrete alone, but it
depends on many other factors such as reinforcement yield strength, longitudinal reinforcement ratio and
other geomantic properties of the structural member adjacent to the joint. The application of the codel
provisions based on the non-conservative estimation of shear strength may lead to the wrong design of the
joint. An efficient and reliable model is needed which can estimate and model the shear strength of RC

knee joint under both opening and closing behavior when subjected to the reverse cyclic loadings.
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3 MATERIALS AND METHODS

3.1 Sources of Experimental Data

For the RC knee, different studies about the shear strength have been published. In order to proposed a
model, a large database is established from the previous research about the knee joint shear strength. This
study consists of the test results of 61 experiments, performed by different researchers. The experiments
from 1991to 2018 s selected to perform the statistical analysis. Few experiments are omitted on basis of
different reasons. The data is given in Table 3.1-3.5. These data include variation in the geometric size of
column, beam, concrete strength, tensile and compression reinforcement ratio, shear reinforcement of the
beams and columns, variation of applied load. Some database does not provide any important parameter
that my effect any shear strength of knee joint. This study includes more that fifteen parameters but the
number of parameters was than reduced to 7, because many parameters are reported to be not affected

during the experiment procedure.

3.1.1 Mazzoni (1991) [34]

Three knee joint specimens were tested by Mazzoni et.al [34] in (1991). The design of these knee joints
were according to design provisions ACI352 (1985). The poor performance of knee joint was observed in
outrigger knee joint bridge of the ChinaBasin and 1-980 freewaysduring the earthquake of the LomaPrieta.
Fig 3.1, shows the details of the experimental setup. The experimental setup was established horizontally
on the lab floor. A two-way single actuator was used to apply the reverse cyclic load and produce opening
and closingbehavior in the joint. The knee joint shear input was expectedabout 10.2 rather than the nominal
value of 12, due to the uncertainty in the concrete strength. The reverse cyclic load on the knee joint is

applied till capacity of the knee joint deteriorate up to one-half of the peak value.

In the test specimen the author attributed the deterioration of strength to spalling of the concrete cover and

loss of anchorage reinforcement in the joint. Results from reverse cyclic loading test reviled that, under
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closing behavior the specimen was able to reach the expected joint shear input and the peak resistance over

many cycles at drift levels about two to three times of the drift achieved by the specimen.
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Figure 3.1: Experimental details of Specimen tested by Mazzoni et.al 1991

31



3.1.2 Cote and Wallace (1994) [35] McConnell and Wallace (1995) [36]

Experimental tests were carried out on the beam column knee joint. The main aim was to observe the
behavior of the knee joint both under opening and closing moment, which were designed on the basis of

ACI-1991. The experimental results obtained showed that the nominal shear strength of RC knee joint was

lessthan value suggestedby ACI1352-91i.e., 12\/f7’. Also, itwas seen thatunder the reverse cyclic loading
the knee joint didn’t sustained the shear stress as predicted by the code. Especially, these joints didn’t reach
the expectedshear stress when subjectedto the opening behavior. The experimental details of the knee joint

and connected structural elements are shown in Table 3.1:

Table 3.1: Cote and Wallace 1994 & McConnell and Wallace 1995

Specimen fe' fyo Lo b be hp he
ID (MPa) (MPa) (mm) (mm) (mm) (mm) (mm)
Cote and Wallace (1994)
KJ#1 45.70 448.00  1500.00 229.00 406.00 406.00  406.00
KJ#2 49.80 448.00  1500.00 229.00 406.00 406.00  406.00
KJ#3 45.00 448.00  1500.00 229.00 406.00 406.00  406.00
KJ#4 45.60 448.00  1500.00 229.00 406.00 406.00  406.00
McConnell and Wallace (1995)
KJ#5 31.50 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#6 33.00 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#7 32.90 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#8 36.30 448.00  1750.00 279.00  406.00 406.00  406.00
KJ#9 38.50 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#10 37.90 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#11 35.00 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#12 32.90 448.00  1750.00 279.00 406.00 406.00  406.00
KJ#13 31.70 448.00  1750.00 279.00 406.00 406.00  406.00

3.1.3 Megget (1998) [37]

Two one-half scale reinforced concrete knee joint of a reinforced concrete frame building designed
according to the New Zealand Standard (NZS-3101)[8]. Fig 3.2 shows the detailing of the specimen and

the experimental setup used by Megget.

The experimental setup was laid horizontally on the flat on the floor. A hydraulic jack consists of two

loading cells was used to load the RC joints as shown in Fig 3.2 and Table. An opening and closing action
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of two complete cycles were performed at % yield and displacement ductility of 2,4,6,8. An opening and

closing action of one complete cycle was performed at the displacement level of 10.

In the beam top and bottom, four D12 reinforcement bars were used in both the specimens. Under the
closingmomentthe jointreach theexpected jointshear stress. In the specimenwith conventional 90 degrees
hook anchorages, the deterioration and the spalling of the concrete cover is occurring too quickly. The
specimen did not reach to the design shear capacity when subjected to the opening shear. The poor
performance of the knee joint under opening action was due to the damage caused to the compression zone

due to bond deterioration as a result of several loading cycles.
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Figure 3.2: Experimental detailing of setup and Specimen (Megget 1998)
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Table 3.2: Experimental details of structural members Megget (1998)

Specimen f' fyb Lo by be hp he
ID (MPa) (MPa) (mm) (mm) (mm) (mm) (mm)
Megget (1998)

KJ-1 27.80 358.00 1750.00 200.00 250.00 250.00  250.00
KJ-2 27.80 358.00 1750.00 200.00 250.00 250.00 250.00
KJ-3 34.00 328.00  1750.00 200.00 250.00 250.00 250.00
KJ-4 34.00 328.00  1750.00 200.00 250.00 250.00  250.00
KJ-5 33.60 355.00 1750.00 200.00 250.00 250.00  250.00
KJ-6 33.60 325.00 1750.00 200.00 250.00 250.00  250.00
KJ-7 50.00 333.00 1750.00 200.00 250.00 250.00  250.00
KJ-8 40.40 340.00  1750.00 200.00 250.00 250.00  250.00
KJ-9 39.80 333.00 1750.00 200.00 250.00 250.00 250.00
KJ-10 39.70 333.00 1750.00 200.00 250.00 250.00  250.00
KJ-11 26.80 333.00 1750.00 200.00 250.00 250.00  250.00
KJ-12 27.70 333.00 1750.00 200.00 250.00 250.00 250.00
KJ-13 36.90 333.00 1750.00 200.00 250.00 250.00 250.00

3.1.4 Angelakos (2000) [38]

The half-scale two dimensional models of the upper story of twenty stories moment resisting space frames

were observed. Sixteen experimental specimens divided into five groups were observed. The geometric

dimensions of the structural members are shown in Table 3.3. The main reinforcement bar of the beam and

column terminated in the knee joint with the standard reinforcement hook of 90 degree except KJ14, KJ15,

KJ16. For the specimen KJ15, straight anchorage of the column reinforcement bars in the joint region is

documented. The specimen of KJ 15 had a large number of the small diameter reinforcement bars as

compared to the other specimens. Both KJ 14 and KJ 15 had a 90-degree hook for the beam longitudinal

reinforcement. Specimen KJ16 had headed bars with the T-head anchored within the joint region. For

measuring the concrete compressive strength, a concrete cylinder of 150mm x 300mm is used.
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Table 3.3:Experimental details of structural members Angelakos (2000)

Specimen f' fyb Lo by b. hp hc
ID (MPa) (MPa) (mm) (mm) (mm) (mm) (mm)
Angelakos (2000)
KJ-1 45.70 448.00 1400.00 280.00 400.00 400.00 400.00
KJ-2 49.70 448.00 1400.00 280.00 400.00 400.00 400.00
KJ-3 45.00 448.00 1400.00 280.00 400.00 400.00 400.00
KJ-4 45.60 448.00 1400.00 280.00 400.00 400.00 400.00
KJ-5 31.50 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-6 33.00 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-7 32.90 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-8 36.30 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-9 38.50 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-10 37.90 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-11 35.00 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-12 32.90 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-13 31.70 461.00 1400.00 280.00 400.00 400.00 400.00
KJ-14 33.60 448.00 1400.00 280.00 400.00 400.00 400.00
KJ-15 36.90 434.00 1400.00 280.00 400.00 400.00 400.00
KJ-16 37.20 487.00 1400.00 280.00 400.00 400.00 400.00
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Figure 3.3: Detailing of Specimen Tested by Angelakos (2000)
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3.1.5 Zhang (2017) [39]

To investigate the behavior of RC knee joint under seismic load, a ten large scale knee joints were carried
out under the reverse cyclic loading. A significant effect of variable geometric and material properties was
investigated. Thejointspecimens weretested for differentconfigurationsi.e.differentbeam depth, columns
width and detailingtechnique of reinforcement. All the specimens were designedaccording to the ACI 318-

14 and ACI 352-02 except KJ-NS specimen, which is non-seismically designed.

Furthermore, all the knee joint specimens were designed to fail in the joint core rather than the adjacent
structural member, in order to investigate the seismic performance of the knee joint particularly. To ensure
this behavior of the assembly, the nominal shear strength of joint should be kept less that the shear strength

of the connecting element.

The experimental specimens were divided into four group based on different geometric and material
properties. To apply a reverse cyclic load, a servo-controlled actuator was connected to the beam and the
column tip, which produce the opening and closing behavior in the knee joint. The details of the test

specimens are tabulated in Table 3.4.

Table 3.4: Experimental details of structural members Zhang (2017)

Specimen f' fyb Lo by be ho he
ID (MPa) (MPa) (mm) (mm) (mm) (mm) (mm)
Zhang (2017) and Zhang (2017)
KJ-NS 38.40 500.00 1800.00  300.00 300.00 300.00 300.00
KJ-F 36.50 500.00 1800.00  300.00 300.00 300.00 300.00

KJ2-H12V10 29.30 520.00  1800.00  300.00 300.00 300.00 300.00
KJ3-H10V12 32.20 500.00 1800.00  300.00 300.00 300.00 300.00

KJ-H8V10 35.40 500.00 1800.00  300.00 300.00 300.00 300.00
KJ-BD500 30.90 500.00 1800.00  300.00 300.00 500.00 300.00
KJ-CW430 30.80 500.00 1800.00  300.00 430.00 300.00 300.00
KJ-BD700 32.50 500.00 1800.00  300.00 300.00 700.00  300.00
KJ-CD500 32.30 500.00 1800.00  300.00 300.00 300.00 500.00
KJ-CW600 33.20 500.00 1800.00  300.00 600.00 300.00 300.00
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3.1.6 Mogili and Kuang (2018) [40]

A total number of nine knee joints were tested numbering from KJ1 through KJ2, to study the effect of
shear stress of knee joint under reverse cyclic loading. The specimens were divided into further three group
based on different joint geometry and joint aspect ratio. However, the joint geometry was constant in each
group. The geometric properties of the subassemblies were tabulated in Table 3.5. In all the three group

the it has been observed thatthe opening shear stress were lowerthan the corresponding closing shear stress.

Table 3.5: Experimental details of structural members Mogilli and Kuang (2019)

Specimen fe' fyb Lo L. b bc hp hc
1D (MPa)  (MPa) (mm) (mm) (mm) (mm) (mm) (mm)

Mogili and Kuang (2018)
KJ-NO 37.60 526.00 1800.00 1800.00 300.00 300.00 300.00 300.00
KJ-N1 36.80 526.00 1800.00 1800.00 300.00 300.00 300.00 300.00
KJ-FO 3450 560.00 1800.00 1800.00 300.00 300.00 300.00 420.00
KJ-F1 29.20 560.00 1800.00 1800.00 300.00 300.00 300.00 420.00
KJ-S0 27.80 560.00 1800.00 1800.00 300.00 300.00 420.00 300.00
KJ-S1 26.80 560.00 1800.00 1800.00 300.00 300.00 420.00 300.00

3.2 Parameters Affecting the Shear Strength of Knee Joint

This section includes the understanding of the parameters that effect the principal tensile strength of joint
zone when subjected to reverse cyclic loading. The behavior of principal tensile stresses corresponding to
different effecting parameter is shown, using scatter plots. A database is established from the previous

literature and this will serve as primary parameter for the statistical analysis.
3.2.1 Compressive Strength of Concrete

The compressive strength of concrete is an important parameter in providing the resistance to the shear
failure of the RC joint. For evaluating the principal tensile stresses in the knee joint, both concrete
compressive and square root of concrete compressive stress are considered. Fig 3.1 and Fig 3.2 shows, the
relationship of nominal principal tensile stress with the concrete compressive stress. The value of concrete

compressive stress for the previous experimental results ranges from 26.80 MPa to 50 MPa. Well, a very
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different influence of concrete compressive strength is observed on principal tensile of knee joint under

opening and closing moment. The main reason behind this is the formation of concrete strut which is also

likely different underopening and closing behavior of RC knee joint. In opening moment, it is observed

thatconcrete struttendsto becomenarrow and notwell supported atthe end. On the other hand, the concrete

strut under closing moment is strong bottle shaped and well supported at the ends. The variation of the

concrete compressive strength under opening and closing moment is clearly shownin Fig 3.1 and Fig 3.2.
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Figure 3.4: Principal Tensile Stress vs. Concrete Compressive Strength under closing behavior

Fig 3.1and Fig 3.2 showsthe negative-positive correlation of concrete compressive stresswith the principal

tensile stresses when the knee joint is subjected to the opening moment and positive correlation when

subjected to closing moment. Fig 3.1 and Fig 3.2 also indicate that principal tensile stress of the knee joint

is not only dependent on the compressive shear strength of RC knee joint.
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Figure 3.5: Principal Tensile Stress vs. Concrete Compressive Strength under Opening behavior

3.2.2 Longitudinal Reinforcement Ratio

The longitudinal reinforcement of flexural members adjacent to the knee joint shows an impact on the
principal tensile stress of the knee joint. It is evident from the past research that the increase in the
longitudinal reinforcement tends to increase the shear strength of knee joint both under the opening and
closing moment. The trend of longitudinal reinforcement with normalized principal tensile stress for both
opening and closing moment is shown in Fig 3.3 and Fig 3.4. In the current study the longitudinal
reinforcementration varies form0.001-0.012 in openingmomentand from 0.005-0.020 in closingmoment.
For the sake of dimension less quantities the normalized value of principal tensile stresses and beam

longitudinal reinforcement is taken in to account during analysis.
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Figure 3.6: Principal tensile stress vs Longitudinal tensile reinforcement under closing behavior

0.90
0.80
0.70
0.60 ° ®
§|\$ 0.50 e — ™ °
0

40 ®

\
[ X ]

0.30

0.20

0.10

0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
pbfyb
fe

Figure 3.7: Principal tensile stress vs longitudinal tensile reinforcement under opening moment
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3.2.3 Beam to Column Depth Ratio

The beam to column depth ratio influences the shear capacity and principal tensile stress of the knee joint
However, this factor has not been incorporated by any of the design code which leads to the wrong
prediction of the RC knee joint. The parametric study from different experimental data, which consist of a

set of beamsto column depth ratio ranges from 0.63-2.33.
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Figure 3.8: Principal tensile stress vs beam-to-column depth ratio under closing behavior
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Figure 3.9: Principal tensile stress vs beam-to-column depth ratio under opening behavior

From Fig 3.5 and Fig 3.6, it is evident that the value of normalized principal tensile stress is changing

dramatically as the beam-column depth ratio varies.

In closing behavior, when the beam-to-column depth ratio is less than one, the value of principal tensile
stress dramatically increases 0.33-0.60. Similarly, a same behavior is observed for opening behavior. For

beam-to-column depth ratio lessthan 1, the value of principal tensile stress increases from 0.27-0.51.

For beam-to-column depth ratio greater than 1, the value of principal tensile stress decreases dramatically.
In closing behavior, the principal tensile value decreases from 0.60to 0.27. Similarly, in case of opening

behavior the value the principal tensile stress decreases from 0.51to 0.15.

This variation of the principal tensile stress with beam-to-column depth ratio indicates that this parameter
is important in calculating the shear strength of RC knee joint. However, this important is normally
neglected in all the design building codes which leads us to estimate the unrealistic value shear strength of

knee joint.
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3.2.4 Joint Width Ratio

From the past experimental data, it is observed that width of RC joint also effects the shear stress of RC
knee joints. In the codes of practice this factor is also not included which can leads to the unrealistic value
of the shear strength of knee joint. It has been observed that the shear resistance of the knee joint increase

drastically, when the joint width ration is one.

Much variationof thejointwidth ratio has been observed fromthe Fig 3.7 and 3.8. Thesevariations indicate
that this factor playsan important role in the principal maximum tensile stresswhich leads to the variation
in the shear stress. Fig 3.7 and 3.8 both indicate the positive correlation of normalize principal tensile stress
with the joint width ratio. The joint width ratio from the past experimental results varies form 0.71-1.50.
However, the principal tensile stress varies from 0.16-0.83 in case of opening moment and 0.37-0.97 in
case of closing moment. Design code provision lack the factor of joint width ratio when calculating the
shear capacity of RC knee joint under reverse cyclic load. This clearly shows that consideration of this

factor is important in estimating the shear strength of RC knee joint.
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Figure 3.10: Principal tensile stress vs Joint width ratio under opening behavior
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Figure 3.11: Principal tensile stress vs Joint width ratio under closing behavior

3.3 Methodology

This section displays the statistical procedures that was adopted to propose a model for the shear strength
of RC knee joint under opening and closing behavior separately. The regression analysis was conducted on
the experimental results of the joint mentioned in the literature. The correlationsamong various affecting
parameters were already discussed in the previous sections. Finally, two separate prediction equations for

the shear capacity of the knee joint will be presented on the basis of regression analysis.

3.3.1 Data Selection

Various experimental results about the shear strength of knee jointare reported in literatures. It is quite
significant to establish a rational equation for predicting the shear strength of the knee joint. This study
includes the results of 61 RC knee joint obtained from the previous literature. The era of these testing was
from 1991 to 2019. All of the experimental data considered in this study have fewcommon things, including
the experimental setup and type of applied loading and type of applied cyclic load. The data opted for the
regression analysis includes the geometric and material properties of the knee joint. Since some literature

do not provide any significant parameter that will affect the shear strength of the knee joint under opening
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and closing moment. The study includes more than fifteen parameters which was then reduced to seven
based on there correlation with the principal tensile stresses. These factors include the breadth and depth of
beam section, breadth and depth of the column section, compression and tension reinforcement of beam,
compressive strength of concrete and tensile strength of compression and tension reinforcement

Tabulation form of these factors are given in Table 3.1-3.5 in the aforementioned section.

The scatter plots shown in Fig 3.4-3.11 in the previous section suggest that there is strong relation among
the response variables and maximum principal tensile stress. However ever it has been observed that there
are some positive as well as negative correlationamongsomefactors. Itshouldbe noted that the shear force
in unitof jointis taken in kN, then the compressive concrete strength f¢', tensile reinforcement strength f,,
and principal tensile stress is taken as MPa. In all the above plot, the dataranges on the x and y axes which

are the minimum and maximum values for each variable included in the regression analysis of the study.
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3.4 Simple Linear Regression

Regression is used to investigates the dependence of one variable on one or more variables called
independent variable. The process of regression provides an equation that can be used for estimating or

predicting the average value of the dependent variable for the know values of the independent variable.

3.4.1 Multivariate Linear Regression

Simple regression is defined as the process for determining the relationship among different variables
Multiple linear regression is the type of the simple linear regression that is used to relate the one response
variable to two or more predictor variable. In the experimental circumstances where the predictor variable
is not controlled by the experimenter, multiple regression is recommended. During the experiments,
observer usually consider all prediction variable at the same time. The reason is, because there is more than
one significant factor which effect the behavior of the response variable. In such kind of analysis, simple
regression is with one predictor variable is not inadequate to accurately estimate the value of the response
variable. In order to capture the accurate behavior of the response variable multiple regression procedure is
recommended. This multiple regression is also used when the response variable is dependent on various
factors. Itshould be remembered that adding more variablesto your regression doesn’t means that your
regression is model will be more accurate. However, adding more variables may lead to the worse resuls.
Such phenomenon is termed as overfitting. It is also important to understand that, best model can be found
when the predictor variables are not correlated to each other but correlated to the response variables. In this
particular study, those factors which have some significant effect on the maximum principal tensile stresses
of RC knee joint under opening and closing moment were included in the statistical regression analysis to
find a new equation. The new equations aim to estimate/predict the principal tensile stresses of the knee
joint more accurately, which in turn find the horizontal shear stress. The data is limited to the knee joint
subjected to reverse cyclic loading. The final predictor variables include the concrete compressive strength,
steel tensile strength, compressive and tensile steel ratio, width and depth of beam and column elements,

joint aspectratio.
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3.5 Simple Non-Linear Regression

Two variable having non-linear relationship, and the selection of the appropriate regression and correlation
procedure depends on the numerous functional forms. The primary focus of this topic involves the
linearizationofthe non-linear form. This canbe doneeitherby the transformation of variables or by creating

new variable. The focus is on single technique because of two important reasons:

This method is simple because the liner regression is directly applicable after linearization.

This method is widely applicable because in research most of the time, variable transformation is used to

linearized the non-linear relationship.

3.5.1 Variables Transformation Technique

The linearization between two variable having non-linear relation can be done by transforming of the
variables (either one or more variable). The examples of the non-linear form, commonly come across in

research field, that can be linearized through variables transformation.
Y =ap* (3.1)

The non-linearEq 3.1 can be linearized by transforming the dependent variable Y to logarithm (log base

10, log Y). Thus, the linear form of Eq (3.1) will be:
Y=a' +p'X (3.2)
Where Y’ =logY, a’ =loga and 8’ = logf

The simple linear regression and correlation procedure can be applied after linearization through variable

transformation.

3.6 Multiple Non-linear Regression

Multiple non-linear regression is used to solve the relationship between dependent variable Y and the k
independent variables, X;, X5, X5 ... ... , Xk, where k > 1.. Such type of situation can be handled by non-

linear multiple regression. Multiplenon-linear regression can be used under following conditions described

below:
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There should be non-linear relationship, in at least one of the independent variables with the dependent
variable Y. For two independent variables, say X; and X, ,there will be non-linear multiple regression if
either one or both of the two variables show a non-linear relationship with the dependent variable. For
instance, if both of the dependent variable X; and X, are quadratic, the corresponding non-linear regression

equation representing their relationship to Y would be:
Y = a + B X +Bo X7 + BaXy + BaX3 (3.3)

The independent variables X; and X,, each of which separately linearly affects Y. The non-linear multiple

equationsfor such cases is represented by
Y =a+ B1X1 +ﬁ2X2 + ﬁ?’XlXZ (34)

The main aim to linearized the non-linear regression is to apply the multiple linear regression directly for

further evaluation.

Y =B BRI B . B (3.5)
Transforming the non-linear Eq 3.5to the linear equation, the linear equation will be

V' =a'+ B Xy + ByXo + B3 X3 + BuXa - BrXi

Where Y’ =logY, a’ =loga,and B/ =logB(i =1,...,k)

In this particular type of study, a regression model is based on the Eq 3.5 is used to estimate the principal
tensile stress of the RC knee joint, which leads us to estimate the shear stress of RC knee joint for both
opening and closing behavior. Keep in view the functional form of previously presented equations, the

proposed equation is presented in the same fashion.
v = hy hby b p, S fy (3.6)

b
vs, = hyhE bl e fly (3.7)
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In Eq. 3.6 and 3.7, § and « represent the nondimensional coefficients which will be evaluated using

regression analysis.

3.7 New Proposed for Maximum Shear Strength of Knee Joint

The regression coefficientfor Eq 3.6and 3.7 was found usingmanual calculation or by hit-and-trial method.
The process was continued until best regression coefficient were obtained. To make the equation
dimensionally homogeneous Eq 3.6 and 3.7 was set in such a way that the dimensionally the equation is

compatible.

A= 0" () () s

"\ Bs
C_h_bﬁl@ﬁzﬁ[% Pbfyb (£>
vjh - (hc) (bb) (hc) JZ: fyb (39)
After a complex process of analysis, the final equation can be written as

() |

v, = 1.4834f — (MPa) (3.10)
ll— 1+4 H—O 566(%) +1. 47]
e 4(P7;-,) <:;b> |
° = 58.642f e (MPa) (3.11)

he
h Ppfyb
b l /1+4 H—o 672 Loyb) 41217

Where, p? and pf are principal tensile stress under opening and closing behavior, 5, and 4., is depth of

beam and column. by, and b; width of beamand joint. f’, is compressive strength of concrete. f,,;, is the

tensile yield strength of reinforcement. pj, is the tensile reinforcement ratio.
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The regression coefficient for Eq (3.10) and (3.11) are tabulated in Table 3.6.

Table 3.7: Regression coefficients

X1 X, X3 X4 Xs Xe X Xs Xo  Xio
Closing 030 0.23 -0.12 -0.49 0.18 1.00 -0.02 1.00 1.00 1.00
Opening -0.88 -128 -157 15 031 100 0.08 100 100 0.5

3.8 Statistical Parameters for Validation

In this section few statistical parameters are picked to find the accuracy of the proposed equation.
Performance factor, coefficient of Variation, coefficient of determination and student two-T test are
normally picked to compare the results of shear stress in the knee joint by proposed equation with the
previously proposed in the literature. Using these statistical parameters, the proposed equation is also
compared with the equation proposed by the structural design codes. Based on these statistical parameters,

the accuracy and efficiency of the proposed equation will be accessed.

3.8.1 Performance Factor

The performance factor is generally used to check, how much accurate and efficient the model is to predict
the shear strength of RC knee joint. For a model to estimate a good prediction, the net value of the
performance factor should be closer to the 1. The value of the performance factor will be equal to 1,

Mathematically the performance factor is shown in Eq. 3.14

(PF) = Ex2 (3.12)

VEst
3.8.2 Coefficient of Variation (CoV)
The dispersion of the statistical points in the data sets around the mean is calculated by the coefficient of
variation (CoV). Itis generally defined as the ratio of the standard deviation to the mean of the total data
set. This factor is usually helpful in calculating the degree of variation from one data series to another, even
if the mean of the dataset is different from each other. The extent of the variability of datain a sample in
relation to the mean of the population is shown by the coefficient of variation (CoV). Mathematically the

coefficient of variation is defined as

51



Standard Deviation

Coefficientof Variation = (3.13)

Mean

3.8.3 Coefficient of Determination

Total variation is defined as, the variability among the values of the dependent variable Y and is given by:

=X -»? (3.14)
The expression shown in Eq (3.16) is composed of two parts:
e The one whichis explained by regression linei.e. ¥ (9 — )2

e The one whichregression line fails to explain, i.e. ¥ (y — $)?

Total Variation = Unexplained Variation + Explained Variation

Y-y =30 -9*+XF-y)? (3.15)

Yy

‘ —y=a+ bx

yy

=

T

I

|

I

I
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I

|
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Figure 3.13: Graphical Representation of Coefficient of Determination

The ration of the explained variation to the total variation is termed as coefficient of determination and is

represented as R2. Mathematically, the coefficient of determination (R?) is given by:

Explained Variation

Coefficientof Determination =
ff f Total Variation

2 _ T (-9

T 3(-9)2 (3.16)
S(y—5)?
RE=1- Z(z—;)z G.17)
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3.8.4 Student’s t-Test

Another statistical indicator (t-statistic) is used to compare, whether the model’s results are statistically
significant at a particular confidence level. The t-statistic was calculated using Eq. 32 [41] and defined as
If X and s2 are the mean and variance, respectively, of a random sample of size n taken from population

that is normally distributed having the t - distribution with v =n — I degree of freedom. given as:

t =Xk o Lo (3.18)
N n
Where

X = Sample mean

1= Population mean (The sample mean was tested against a value of zero, i.e. u=0, assuming no difference

between experimental and analytical Joint Shear Stress (MPa)
s = Standard deviation

N = Sample size (number of observations)

v = Degree of freedom

The significant level a=0.05with ¢ =60degrees of freedom. The critical t-value is obtained z«, depends on
2

the level of significance («) and the degree of freedom (n — 7). In order for the model’s estimates to be
judged statistically insignificant at the (/ — «) confidence level, the calculated t value must be less than the
critical ¢ value. For present study the significance level was chosen to be a = 0.05. Paired t-test was
performed treating the difference as a random sample with mean d,=u,=u, —u, i.e. the null and

alternative hypothesisstated as H,.u,= 0i.e. u,=u,=0and H; : pi, # 0, respectively.
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4 RESULTS AND DISCUSSION

4.1 Organization

In this section the proposed model forthe opening and closing shear capacity is validated using different
statistical tools. The statistical analysis is not only applied on the current model but it is also applied on the
previously proposed model to estimate the robustness and efficiency of the current model over the
previously proposed models. The two proposed models for opening and closing are also compared with the
equation proposed by the different design codes. The variation of results is also represented graphically for

better understanding.

4.2 Model Validation

Model Validation is an important step after the selection of the model. This step actually confirms the
application of the proposed model on the given set of experimental data. In this research study the model is
not only validate with experimental data set but also validate with the previous literature and code

provisions.

In mostof studiesithasbeen observedthatonly R? isused as statistical tool for the validation of the model.
Statistical literature reveals that higher R? does not always guarantee that the model will fits the data. It is
also observedthat a prediction model that does not fit the data points well, cannot give a good estimated
result to the underlying engineering questions. Apart from using only one statistical tool for the validation
purpose, it is necessary to apply different statistical tools available in the literature, to validate your
proposed model. In this research study the statistical tool selected are discussed in detail in section 3.8.
Using those statistical tools, a detail statistical analysis is performed. The results obtained from statistical

analysis will be discussed in details for both opening and closing behavior.

4.3 Model Validation for Closing Shear Strength of RC knee joint

4.3.1 Coefficient of Determination Under Closing Behavior

The results of the proposed equation for finding the shear strength of RC knee joint under closing behavior

is presented in Table 4.1and Fig 4.1-4.9, indicate that the proposed equation is more accurate and precise
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than the other existing models, as its coefficient of determination R? = 0.98. Amongall the previously
proposed models, the equation proposed by Mogili et al. [40] was more accurate than any of the other
previous model. However, it’s R? the value was 0.97. The equation proposed by Zhang [39] for predicting

the shear strength of the RC knee joint under closing behavior had coefficients of determination equal to

0.96.
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Figure 4.1: R? Value for the Proposed Equation
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Figure 4.2: R? Value for the Mogili’s Proposed Equation
4.3.2 Average Absolute Error Under Closing Behavior
The equation proposed in this research for predicting the shear strength of the RC knee joint under the
closing moment has the lowest AAE (11 %) than the previously proposed model. The AAE value for the
equation proposed by Mogili et al. [40], and Zhang [39] was 15% and 17%, respectively. The AAE andR?

for the equation proposed are much better than other building codes equations asshown in Table 4.1-4.2

4.3.3 Performance Factor of Proposed Model Under Closing behavior

The average Performance factor (PF) obtained from the proposed equation is 1.01, which is much closer

to 1. However, the average PF value obtained from the equation proposed by Mogili et al. [40], and
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Zhang [39] was 1.13 and 1.04, respectively. The average performance factor for ACI [33], Eurocode [7],

NZ3101:2006 [8], and GB50010 [16], are quite lessthan 1, however for AlJ, PF value is 0.98.

6
y = 0.98x
R2=0.95
5
° Sfow
4 o
g % S
f‘, ° ¢ o /% o
3
z °
;_ /’ °
o 2 ..
[ ]
2
1 [ )
0
0 1 2 3 4 5 6

Vjh (Experimental)

Figure 4.3: R? Value for the Zhang's Proposed Equation
4.3.4 Coefficient of Variation of Proposed Model Under closing moment
The CoV for the equation proposed in this research is 0.17, which is less than CoV obtained from the
equation of Mogili et al. [40], and Zhang [39]. The CoV obtained from the AlJ [9] equation is less than the
other codesequation. Hight CoV of ACI [33],Eurocodes [7], NZ3101:2006 [8], and GB50010 [10] indicate
a widespread in its results, making them more inaccurate for predicting the shear strength of the RC knee

jointunder closing behavior.
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4.3.5 Student’s t-Test Under Closing behavior

The t <t i.e., 0.60782 < 2.0002 for closing stress with degree of freedom (v)= 60 as shown

Calculated ~ *(0.025, 60)
in Table 4.3. Therefore, we do not reject the null hypothesis and accept the analytical model results at 5%

level of significance
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Figure 4.4: Student's t-test for shear strength of the knee joint Under Closing Behavior

4.4 Comparison of Proposed Model with Structural Design Codes for Closing Behavior

The Proposed Model is not only compared with the past literature models but also compared with the
different models proposed in the structural design codes. The structural design codes picked for this study

includes ACI [33], Eurocodes [7], NZS 3101:2006 [8], GB50010 [10] and AlJ [9]. One of the major
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differences between the proposed model and design code models is that, codes equation is only dependent
on compressive strength of concrete while on the other hand the proposed equation is dependent on the

variety of corelating factors.

4.4.1 Comparison of Proposed Model with ACI 352R-02 [33] Model

The statistical analysis revels that the ACI model slightly overestimated the shear capacity of the knee joint
under closing behavior. It has been observed that the statistical parameters are not giving efficient results
using ACI 318-14 proposed equation for estimating the nominal shear strength of RC knee joint under

closing moment.

Fig 4.5 generally shows that ACI model for finding the shear strength of RC knee joint give result with
average relative error of 0.22. On the other hand, the proposed model is giving results having the AAE

value 0.11. Itis also evident that the prediction of ACI is not on the conservative side.

4.4.2 Comparison of Proposed Model with Eurocode [7] Model

A huge over estimation is observed by the statistical comparison of the proposed model with the Eurocode.
The average absolute error using this model comes out to be 1.42 which is much more than the average
absolute errorof proposed model 0.11.Fig4.6 clearly shows that the Eurocode predictionforshearcapacity

of RC knee joint is away from the benchmark line of 45 degree.

4.4.3 Comparison of Proposed Model with NZS 3101:2006 [8] Model

A huge over estimation is observed by the statistical comparison of the proposed model with the New
Zealand code. The average absolute error using this model comes out to be 1.08 which is much more than
the average absoluteerror of proposed model 0.11.Fig4.7 clearly shows that the NZS 3101:2006 prediction

for shear capacity of RC knee joint is largely deviated from the benchmark line of 45 degree.
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4.4.4 Comparison of Proposed Model with Al1J [9]

The statistical analysis revels that the ACI [33] model slightly overestimated the shear capacity of the knee
joint under closing behavior. It has been observed that the statistical parametersare not giving efficient
results using AlJ [9] proposed equation for estimating the nominal shear strength of RC knee joint under

closing moment.

Fig 4.8 generally shows that AlJ model for finding the shear strength of RC knee joint give result with
average relative error of 0.19. On the other hand, the proposed model is giving results having the AAE

value 0.11.
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Figure 4.6: Comparison of Eurocode and Proposed Model for the knee joint
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Figure 4.7: Comparison of NZS3101-2006 and Proposed Model for the knee joint

4.4.1 Comparison of Proposed Model with GB50010 [10]

A huge over estimation is observed by the statistical comparison of the proposed model with the Chicness

structural design code model. The average absolute error using this model comes out to be 2.126 which is

much more thanthe average absolute error of proposed model 0.11. Fig4.9 clearly shows that the GB50010

[10] predictionfor shear capacity of RC kneejointis largely deviated from the benchmark line of 45 degree.
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Figure 4.8: Comparison of AlJ and Proposed Model for the knee joint
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Figure 4.9: Comparison of GB50010 and Proposed Model for the knee joint

4.5 Model Validation for Opening Shear Strength of RC knee joint.

4.5.1 Coefficient of Determination Under Opening Behavior

By analyzing the results presented in Table 4.1-4.2 and Fig 4.10-4.18, it can be noticed that the proposed
equation for predicting the shear strength of the RC knee joint under opening behavior is more accurate
and precise than any of the other equation previously investigated. The coefficient of determination R’
for the proposed model is 0.97 and superseded those of the previous models. The equations proposed by

Mogili et al. [40] predicted the shear strength of RC knee joint better than any other previously proposed
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model with R? value0.95. The R? proposed by different building codes is very low, which makes them

less reliable to predict the shear capacity of the RC knee joint under opening behavior.
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Figure 4.10: R? value for the proposed model

4.5.2 Average Absolute Error [AAE] Under Opening behavior

The equation proposed in this research has the lowest AAE value of 12.5%. Prediction of RC knee joint
shear capacity using Mogili et al. [40] and Zhang [39] equations gives AAE value 18% and 37%,
respectively. Shear strength prediction equations proposed by different building codes gives a high value
of AAE and overly estimate the shear capacity of the RC knee joint under opening behavior as shown in

Fig. 4.14-4.18
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4.5.3 Performance Factor of Proposed Model Under Opening Behavior

The average performance factor of the equation proposed in this research for predicting the shear strength
under opening behavior is 1.04. The equation proposed by Mogili et al. [40] and Zhang [39] has an average
performance factor of 0.98 and 0.85, which are also close to 1. The average performance factor for ACI
[33], Eurocode [7], NZ3101:2006 [8], and GB50010 [10], are much less than 1, which indicates their low

performance in the prediction of shear strength of knee joint.
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Figure 4.11: R? Value for the Mogili’s Proposed Equation
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45.4 Coefficient of Variation of Proposed Model Under Opening Behavior
The CoV for the proposed equation is 0.18. The model proposed by Mogili et al. [40] gave 0.22 CoV. The

equation proposes by Zhang [39] has CoV equal to 0.31 and show more scatter results.

Vjn (Nan-Zhang)
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Figure 4.12: R? Value for the Zhang’s Proposed Equation

455 Student’s t-Test Under Opening Behavior

The Cacuaes < Yooz, 60) 1-€- -0.2811<2.0002 for RC knee joint under opening behavior with degree of

freedom (v)= 60 as shown in Table.4.3. Therefore, we do not reject the null hypothesis and accept the

analytical model results at 5% level of significance.

68



t=-0.281

Density

t(crit) = 2.00

Figure 4.13: Student's t-test for shear strength of the knee joint Under Closing Behavior

4.6 Comparison of Proposed Model with Structural Design Codes for Opening Behavior

The Proposed Model is not only compared with the past literature models but also compared with the
different models proposed in the structural design codes. The structural design codes picked for this study
includes ACI [33], Eurocodes [7], NZS 3101:2006 [8], GB50010 [10] and AlJ [9]. One of the major
differences between the proposed model and design code models is that, codes equation is that, they only
depend on compressive strength of concrete while on the other hand the proposed equation is dependent on

the variety of corelating factors.

4.6.1 Comparison of Proposed Model with ACI 352R-02 [33] Model

The statistical analysis revels that the ACI model largely overestimated the shear capacity of the knee joint
under opening behavior. It has been observed that the statistical parameters are not giving efficient results

using ACI [33] proposed equation for estimating the shear strength of RC knee joint under openingmoment.
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Fig 4.14 generally shows that ACI model for finding the shear strength of RC knee joint give result with

average relative error of 1.01. On the other hand, the proposed model is giving results having the AAE

value 0.12. Itis also evident that the prediction of ACI [33] is not on the conservative side.
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Figure 4.14: Comparison of Proposed Model with ACI Model

4.6.2 Comparison of Proposed Model with Eurocode Model

A huge over estimation is observed by the statistical comparison of the proposed model with the Eurocode,
under opening behavior. The average absolute error using this model comesout to be 3.25 which is much
more than the average absolute error of proposed model 0.126. Fig 4.15 clearly shows that the Eurocode

prediction for shear capacity of RC knee joint is away from the benchmark line of 45 degree.
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Figure 4.15: Comparison of Proposed Model with Eurocode Model

4.6.3 Comparison of Proposed Model with NZS 3101:2006 [8]

A huge over estimation is observed by the statistical comparison of the proposed model with the New
Zealand code. The average absolute error using this model comesout to be 1.08 which is much more than
the average absolute error of proposed model 0.126. Fig 4.16 clearly shows that the NZS 3101:2006

prediction for shear capacity of RC knee joint is largely deviated from the benchmark line of 45 degree.
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Figure 4.16: Comparison of Proposed Model with NZS 3101:2006

4.6.4 Comparison of Proposed Model with Al1J [9]

A huge over estimation is observed by the statistical comparison of the proposed model with the Japanese
code. The average absolute error using this model comesout to be 0.19 which is more than the average
absolute errorof proposedmodel 0.126. Fig4.17 clearly shows thatthe AlJ[9] prediction forshearcapacity

of RC knee joint is largely deviated from the benchmark line of 45 degree.
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Figure 4.17: Comparison of Proposed Model with AlJ

4.6.5 Comparison of Proposed Model with GB50010 [10]

A huge over estimation is observed by the statistical comparison of the proposed model with the Chinese
code. The averageabsolute error using this model comes outto be 4.50 whichis much morethanthe average
absolute errorof proposed model 0.125. Fig 4.7 clearly showsthat the GB50010 [10] prediction for shear

capacity of RC knee joint is largely deviated from the benchmark line of 45 degree.
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Table 4.1: Statistical analysis of shear strength prediction of RC knee joint under opening moment

Txp

PP Std. cov AAE
Author Mean Deviation (%) (%) K
Mogili etal. 0.98 0.210 22.0 180 0.44
Zhang 0.85 0.260 31.0 38.0 0.48
ACI 352R-02 0.55 0.160 29.0 101.0  0.06
EN 1998-1-2004 0.27 0.097 36.0 323.0 0.20
GB50010-2011 0.21 0.079 37.0 4503 0.19
NZS 3101-2006 0.31 0.113 36.0  266.8 0.20
AlJ (1999) 0.61 0.200 33.0 87.3  0.20
Proposed 1.04 0.230 22.0 12.6 0.97

Table 4.2: Statistical analysis of shear strength prediction of RC knee joint under closing moment

v
PF =L Std.

Author COV (%) AAE (%) R?

Megh Deviation
Mogili et al. 1.13 0.190 17.3 15.0 0.34
Zhang 1.04 0.230 22.0 17.0 0.69
ACI 352R-02 0.90 0.180 20.0 22.0 0.07
EN 1998-1-2004 0.44 0.101 23.0 141.8 0.01
GB50010-2011 0.34 0.083 24.5 212.6 0.02
NZS 3101-2006 0.51 0.125 24.5 108.4 0.02
AlJ (1999) 0.98  0.210 23.0 19.7  0.02
Proposed 1.01 0.146 14.6 11.7 0.98

Table 4.3: Student's t-Test under results for opening and closing

Opening Closing

Description vjflx” vjEst v],flx” v],Est

(MPa) (MPa) (MPa) (MPa)
Mean 2.16 2.17 3.58 3.54
Variance 0.38 0.38 0.56 0.23
Observations 61 61 61 61
Pearson Correlation 0.76 0.73
Hypothesized Mean Difference 0.00 0.00
df 60 60 60 60
t-Stat -0.28 0.61
t-Critical two-tail 2.00 2.00 2.00 2.00
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4.7 Discussion

To predict the shear strength of the RC knee joint, a regression analysis was performed using the data
presented in Table 2 and Table 3. The findings were compared to those derived from the experiments
available in the literature to validate the accuracy of proposed equations for predicting the shear strength of

the RC knee joints under opening and closing behavior.

Table 2 and Table 3 represents the closing and opening shear strength estimated according to the analytical
model along with concrete strength and experimental shear strength by various researchers. The collected
data sets contain specimens with varying reinforcement configuration and joint dimensions. The ratio of
observedshear strength and predicted shear strength is termed as strength ratio. Fig 8 represents the strength
ratio under opening and closing action. In closing and opening behavior of the RC knee joint, the shear
strength estimation showed a satisfactory correlation with the experimental dataset, with a mean strength

ratio of 1.00 and 1.01 under the opening and closing behavior, respectively, representing the accuracy.

From the statistical analysis discussed in section 12.2, it was determined that the equation proposed in this
study fortheshear strength predictionofthe RC knee jointunder the openingand closing behavior produced
more accurate results ascompared to any other previously proposed equations. The proposed models were
also able to predict the shear strength of the RC knee joint better than any of the other previously proposed

equations.

The equations proposed in this study for different geometric properties of the RC knee joint under the
opening and closing behavior can produce more accurate results and those of previous equations since this
study considers some more and different parameters. The shear strength prediction equations proposed in
this research havea high coefficient of determination as compared to those previously presented, which

implies the reliability of the proposed equations.

The equations proposed by different building codes overestimate the shear strength of the RC knee joint

under the opening and closing behavior. Such overestimation can be dangerous for designers as the amount
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of shear reinforcement needed to prevent shear failure contains much more uncertainty. Shear strength
overestimations, as in the case of some of the previously proposed model for RC knee joint, cannot be used

in practice unless a proper safety factor or reduction factors are incorporated with the equations.

The proposed equation estimates for joint Shear Stress (MPa) for opening and closing are statistically non-
significanti.e. there is no difference between experimental and analytical joint shear stress at 95 percent of

confidence level. It specifies that the proposed equation can be safely used.
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Figure 4.19: Strength ratio variation in RC knee joint under Opening behavior
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Figure 4.20: Strength ration variation in RC knee joint under closing behavior

77



5 CONCLUSION AND RECOMMENDATION

Shear behavior of the RC kneejointhas notbeenfully understood because of several reasons. The assembly
of the RC knee joint is different from that of the interior and exterior joints. The RC knee joint is subjected
to reverse cyclic load, has two distinct behavior, i.e., opening and closing behavior. It is essential to
understand better and predict the shear capacity of the RC beam-column knee joint for its broader
application in the construction industry. Many researchers have developed analytical and numerical tools
for predicting the shear strength of the RC knee joint. Developing such a model is a challenging task as
there are several parameters such as concrete compressive strength, joint aspect ratio, steel tensile strength,
and quantity of longitudinal and shear reinforcement. This research utilized previous experimental data to
develop an equation for predicting the shear strength of the RC knee beam-column joint under the opening

and closing behavior using regression analysis.

Several equations were developed to predict the shear strength of the RC knee joint based on concrete
compressive strength, joint aspect ratio, and characteristics of longitudinal and shear stirrups, which were
found to produce good results. In this study, the equation developed for the RC knee joint using regression

could predict the shear strength of the RC knee joint with accuracy than any of the other previous models.

The equation proposed in this study for different configurations of RC knee joints can produce more
accurate results than those of previous equations by different researchers. The coefficient of determination
forthe proposedequations is higher as compared to those previously predicted, whichimpliesthe reliability

of proposed equations.

5.1 Recommendations

Extensive experimental investigations are required to evaluate the RC knee joint with more variability in
the identified parameters that affect their shear strength. This will help to develop a better and more precise

numerical tool considering an extensive database. Further research work will pave the path of the RC knee
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jointas a strong candidate in the construction industry. Such enhancement will reduce the failure risk and

improve the capacity assessment of the RC beam-column knee joint.
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