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main failures that can be identified in this method are: i) beam plastic hinge; ii)
column plastic hinge/shear failure; iii) beam-column joint shear failure. Through the

Keywords identification of the governing failure mode in a joint, the validity of the capacity
Capacity design design principles can be checked for the considered RC beam-column joint. The
Structural assessment obtained observations can then be wused in finding the most optimal
Strengthening repair/strengthening application. This method has been going through updates and

developments in the last decade and new applications have emerged. In this article,
a state-of-the-art summary of the procedure is reported with its most recent updates
as well as its practical engineering applications.
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1. Introduction

Capacity design is the backbone of the modern seismic design of reinforced concrete (RC) structures.
According to this design philosophy, the columns and beam-column joints must be stronger than the
connected beams to facilitate the formation of the beam-sway mechanism. This is the main mechanism
through which the earthquake energy is dissipated at the beam ends through the formation of the beam plastic
hinges. This design concept was conceptualized by various researchers in the 1960s [1] and it has been
included in the seismic design codes since the 1970s.

On the other hand, strength hierarchy assessment is the analysis procedure of an existing RC beam-
column joint to identify the weakest element connected to the joint: i) RC beam; ii) RC column; iii) RC
beam-column joint panel zone. As a result of this assessment method, the weakest member can be identified
and either the capacity design gets confirmed or the required repair/strengthening approach can be decided.
The earlier versions of this method were used in various research carried out over the last 20 years [2-6].
These earlier versions of the strength hierarchy assessment methods were only able to roughly identify the
sequence of the failures in unreinforced RC beam-column joint sub-assemblies (test specimens) and they
were unable to relate these failures to the global base shear demands imposed on the structures. This
prevented their practical application in real engineering problems in frame structures. In the last 10 years,
further developments have been made and a more accurate description of the sequence of failures is obtained
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with improved capacity/demand representation equations as well as their accurate relation to the global base
shear demand [7]. These improvements facilitated more practical usage of this assessment method by
practicing engineers and it has been incorporated into the structural assessment guidelines in New Zealand
[8]. A typical strength hierarchy assessment can be summarized as a graphical demand capacity comparison
as shown in Fig. 1. As can be observed in this figure, the capacities of the beam and the beam-column joint
are represented in the N-M interaction diagram of the connected column. This forms the capacity domain
required in the assessment. The parametric earthquake demand is evaluated as per the portal frame method
of analysis and plotted on the same N-M interaction diagram. Details about this assessment method can be
found in the related publication [7]. It should be noted that in a structure, many beam-column joints are
connected. Therefore, after the weakest element takes damage, the remaining damage types identified in the
strength hierarchy might occur under increasing seismic forces.

2. Overview of strength hierarchy assessment

Strength hierarchy assessment is mainly a graphical demand and capacity comparison procedure that
accurately checks the capacity design principles at an RC beam-column joint. The demand is simply
estimated using the portal frame method [9] and the resulting N, M values at each joint are plotted on the
considered column’s N-M interaction diagram. A resulting generic joint demand variation is shown in Fig.
2.

The main capacity domain on which this comparison is to be made is the column’s N-M interaction
diagram. To carry out this assessment, the capacities of three key structural elements connected at the joint
must be considered: i) RC column; ii) RC beam; iii) RC beam-column joint. The column capacity is
represented as its N-M interaction diagram whilst the ultimate bending moment capacity of the connected
beams is represented on the column’s N-M diagram based on equilibrium considerations at the joint. On the
other hand, the representation of the joint shear capacity on the column’s N-M diagram is an aspect that has
undergone improvements/updates over the years. The details regarding the capacity representation of RC
beam-column joints’ shear strength are mentioned separately in the next section. A general summary of the
method is shown as a flow chart in Fig. 2. However, for more in-depth details, the reader is referred to the
related publication made for the application of this method elsewhere [7,10].
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Fig. 1. A generic strength hierarchy assessment carried out for an RC beam-column joint
(Identified strength hierarchy is the dashed line numbered 1, 2 to 4)
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3. RC beam-column joint shear strength representation on column N-M diagram

As summarized in Fig. 2, the total principal tensile capacity in an RC beam-column joint can typically be
described as

Py = Py + Py 1)

where P, represents the principal tensile capacity of the concrete itself in the joint and P, represents the
principal tensile capacity provided by the joint shear reinforcements. The total principal tensile capacity P,
is then expressed as the summation of both [10]. It should be noted that in vulnerable RC beam-column joints
without any joint shear reinforcement, P,, is zero. Therefore, for such older joints, principal tensile capacity
is only calculated using the P; value.

3.1. RC beam-column joints without joint shear reinforcement: P, representation (Pre 1970s’
vulnerable joints)

Several empirical values from the literature for P, are shown in Fig. 3. Fig. 3a, b, d, and e are obtained from

Prof. Nigel Priestley’s research [11] whilst Fig. 3c is obtained from Prof. Stefano Pampanin’s related research

[12]. These values are used depending on the detailing observed in old structures. On the other hand, in

modern structures, such details (Fig. 3a-d) are not utilized. In these cases, 0.29\/ﬁ can be used as an

approximate value for external and internal RC beam-column joints as shown in Fig. 3e. It should be noted
that the principal tensile capacity for concrete is never an exact value and it can range among various values.

As can be seen in Fig. 3, P, ranges from 0.2,/f; to 0.42,/f,. The design codes across the world report a
typical P, value for concrete of approximately 0.35./f/ [13] or 0.36./f; [14]. Therefore, in modern
structures the practicing engineer can take an average value ranging from 0.29\/]7 to 0.35./f/.

3.2. RC beam-column joints with joint shear reinforcement: P, representation (Post-1970s Joints
designed as per capacity design principles)

In the modern seismic design of structures, the RC beam-column joints must be well reinforced for shear
[14, 15]. This is typically achieved by reinforcing the beam-column joints with a number of sets of transverse
steel provided within the joint panel zone. This is illustrated with n sets of transverse steel arrangement in
Fig. 4. Combined with this, the m number of intermediate steel provided within the column (as shown in Fig.
4) forms a mesh at the considered RC beam-column joint panel zone. This combined mesh resists the
principal tensile forces developing in the joint panel zone after the formation of the joint shear cracks. As a
result, the capacity contribution solely provided by the joint shear reinforcement, P, can be evaluated as
summarized in Fig. 4. For more details regarding the development and validation of this approach, the reader
is recommended to refer to the detailed publication on this subject [10].

3.3. RC beam-column joints’ shear capacity under extreme axial compression: P, representation
Modern capacity design principles require RC beam-column joints to be well-reinforced using sets of
transverse steel reinforcements provided in the joint panel zone. It is commonly stated that the provided joint
shear reinforcements would prevent/limit the joint shear damage/failure expected at RC beam-column joints.
However, in literature such well-reinforced RC beam-column joints were observed to fail in shear: such
failures might occur especially under extreme principal compression levels [16, 17]. Therefore, joint shear
failure possibility in modern RC beam-column joints designed as per capacity design principles cannot be
ruled out. For such joints, an approximate principal compression level of P. = 0.5f, is reported in the
literature [11]. Similar to P, P. is used for the construction of the N-M capacity envelope for the considered
RC beam-column joint.



5 Tasligedik

0.29\f,  0.42(f,  0.2|F, 0.42(F,  0.29F,

Fig. 3. Empirical P, values from the literature for Pre 1970s RC structures, i.e. no joint shear reinforcement [7, 11, 12]
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Fig. 5. RC beam-column joint’s shear strength representation in the N-M domain

3.4. RC beam-column joint shear capacity N-M representation

Using the information summarized in sections 3.1, 3.2, and 3.3, the RC beam-column joint shear capacity
N-M envelope can be established as shown in Fig. 5. It should be noted that the P,, expression defines the
lower bound whilst P. expression defines the upper bound of this envelope. As can be observed in this
representation, the increasing levels of column axial forces are expected to increase the joint shear strength.
However, after a certain level of axial load (as defined by point k), further increases in column axial forces
are expected to cause a reduction in joint shear strength. It should be emphasized that this theoretical response
is in line with some of the observations made in the literature [18-22]. More details regarding the
development and validation of this approach can be found in the related publication [10].
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4. Applications of strength hierarchy assessment

Through the strength hierarchy assessment, the weakest element in any RC beam-column joint(s) can easily
be identified. As a result of this outcome, a proper repair/strengthening technique can be utilized in the
structure. RC column and RC beam strengthening methods are well established in the existing literature.
Therefore, the focus will be given to the application of this method in RC beam-column joint strengthening
methods. Moreover, the recent developments made with the N-M interaction envelope concept for the RC
beam-column joint shear strength make it a potential modeling tool for the beam-column joints.

4.1. RC beam-column joint strengthening applications

In the strengthening of RC beam-column joints, the main purpose is to protect the column, and the beam-
column joints and shift any potential damage mechanism into the beams (i.e. weak beam-strong column or
beam sway mechanism). In such applications, strength hierarchy assessment is first utilized to identify the
probable failure mode (e.g. shear failure at a joint, plastic hinge at a column, or a beam). After this
assessment, depending on the results, the appropriate strengthening method is decided: a) if the columns are
found to fail, either column jacketing or any other column strengthening application can be carried out; b) if
the beam-column joints are found to fail, one of the available joint strengthening approaches can be utilized;
c) if the beam is found to fail first, it is a confirmation of the weak beam-strong column concept (as long as
the vertical load carrying capability of the beams are sufficient). Following this assessment step, the next
stage is the strength hierarchy assessment of the strengthened beam-column joint, which is carried out to
confirm the provided capacity by the strengthening.

In the literature, there are various strengthening approaches for vulnerable RC beam-column joints. Some
approaches utilize Fiber Reinforced Polymers (FRPs) adhered to the side surfaces of RC beam-column joints
forming an orthogonal mesh at the joints [3], shown in Fig. 6a. Other approaches may utilize FRPs to be
adhered diagonally at the joints [23], shown in Fig. 6b. In addition to FRPs, steel rebars may be used for the
strengthening of the RC beam-column joints [24], shown in Fig. 6c.

Among the mentioned RC beam-column joint strengthening approaches in Fig. 6, development and
validation studies have been carried out considering the approach shown in Fig. 6a. This approach requires
the calculation of the de-bonding forces that can be carried by the FRP sheets adhered to the beam (Fy ) and
the column (F.f), which cross each other orthogonally at the joint panel zone. These values are then
combined to calculate Fj, » using an approximate diagonal cracking plane extending between the corners of
the joint. For the other alternative strengthening applications, Fj, » can be used as shown in Fig. 6b-c. Fj; ; is
then utilized in strength hierarchy assessment as summarized in Fig. 7. More information on the development
and the validation of this approach can be found in the related publication [25].
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Fig. 6. Various RC beam-column joint strengthening approaches: a) FRPs adhered to side surfaces of the joints [3]; b)

FRPs adhered diagonally to the side surfaces of the joints [23]; c) Steel rebars diagonally anchored within the joints [24]
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Fig. 8. Structural modeling approach incorporating the joint capacity N-M envelope concept

4.2. Applications in structural modeling of RC beam-column joints

In practice, the typical structural finite element modeling approach is carried out through elastic members
with concentrated plasticity at their ends. In most applications, the practicing engineer can easily build a non-
linear structural model by defining plastic hinges at the ends of the beams and the columns. On the other
hand, the modeling of the RC beam-column joint is a neglected part of the structural model. The reason for
this neglect can be attributed to the RC beam-column joints’ being neither beams nor columns. As a result,
their capacity and response cannot be easily quantified by the engineer. Most of the models developed and
used in this regard are mostly utilized in academic research works with no widespread adoption by practicing
engineers [26-30]. On the other hand, using the strength hierarchy assessment, the joint shear capacity is
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represented in the N-M domain, analogous to the column N-M diagram. This facilitates their ease of use in
structural models. A generic representation of a structural model formed is shown in Fig. 8. This approach
has recently been studied in a post-graduate study [31, 32].

5. Conclusions

Strength hierarchy assessment is the analysis tool used to identify the governing failure mechanism at an RC
beam-column joint. The method can be typically used in assessment and strengthening applications as well
as potential modeling uses. In this article, a state-of-the-art summary of the method and its applications is
reported. For detailed information, the reader is strongly recommended to refer to the related publications.
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