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Abstract
In this study, seismic bi–axially loaded RC beam–column joints are investigated. An 
experimental campaign on shear–critical corner joints is presented, including two as–
built specimens and one retrofitted using fully–fastened–haunches (FFHR). Bi–axial tests 
adopted hexagonal protocol which is essentially to apply load in one direction double with 
respect to the other. Results obtained for as–built condition were included in a database 
of corner joints tested bi–axially and discussed in the light of the impact of bi–axial load 
on joint’s shear strength. Further, non–linear finite elements were employed to thoroughly 
evaluate the bi–axial response. Haunch retrofit was capable to reduce both shear stresses 
and distortion at joint. Experimentally–derived internal forces were used to validate 
three–dimensional Strut-and-Tie model of the joints. Such design tool is recommended for 
practice cases adopting FFHR.

Keywords  Reinforced concrete · Beam–column joints · Bi–axial · Seismic · Haunch retrofit

1  Introduction

It is a common opinion that corner joints require special attention when assessing the 
seismic performance of a reinforced concrete (RC) moment resisting frame. For example, 
according to Priestley (1997): “There is reason to expect that corner joints might represent 
the critical conditions in building frames because of the bi–axial input, typically difficult 
reinforcement detailing problems involved in anchoring two orthogonal sets of beam bars 
in the joint, and the influence of variable axial load. Despite this concern, there are almost 
no test data available for this type of joint”.

Priestley et al. (2007) suggested for new structures to provide separate exterior columns 
for the orthogonal frames to reduce bi–axial beam input and high variations in column’s 
axial force. In the context of existing RC buildings the issue remains and difficulties might 
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be exacerbated by inadequate joint’s shear strength which is caused either by the lack or by 
the absence of transverse reinforcement (hoops) as frequently observed in post–earthquakes 
surveys e.g. Dislsiz (2023). As a result, the designer might be forced either to strengthen 
the joints or to lower their shear demand. The former is typically achieved by adopting 
external reinforcement which aims to integrate existing hoops, e.g. corner joints reinforced 
using fiber–reinforced–polymer have been investigated by Engindeniz et  al. (2005) and 
Akguzel and Pampanin (2010a).

Aside from the adoption of global retrofit intervention (e.g. insertion of shear walls) 
which might reduce the seismic demand in existing members according to Antoniou 
(2023), reduction of joint’s shear demand can be obtained by adopting local retrofit such 
as haunch retrofit. Such technology has been introduced by Pampanin et al. (2006), who 
adapted to two–dimensional (2D) RC beam–column joint what was originally conceived, 
by Yu and Gross (2000), for steel moment resisting frames. Essentially, a change of 
internal forces (bending moment, shear) is obtained by introducing steel diagonal element 
(haunch) at beam–column joint. The reduction of joint’s shear demand is proportional to 
haunch’s stiffness, although the relationship is not linear. Experimental studies addressing 
RC haunch retrofit have been mainly focused on 2D exterior joints, as it emerges from 
literature review in Marchisella and Muciaccia (2023). To the Authors’ knowledge, only 
Chen (2006) considered bi-axially loaded corner joint concluding that haunch stiffness 
might be reduced by torsional behavior affecting beams.

In this paper, the results of an experimental campaign addressing RC beam–column 
corner joints (which will be referred throughout this paper by the abbreviation “corner 
joints” or simply “joints”) is presented. Three full–scale joints, with slab, were tested 
bi–axially at Politecnico di Milano between 2020 and 2021. Joints were unreinforced, 
i.e. without hoops inside the joint’s core. Two specimens were tested as–built and one 
specimen adopting fully–fastened–haunch–retrofit (FFHR). Tests were carried out without 
imposing axial load to the column.

Three major aims have prompted the presented study. These are: 

	 (i)	 To contribute to the discussion on influence of bi–axial condition on joint’s shear 
strength;

	 (ii)	 To test bi–axially loaded joints, retrofitted using FFHR;
	 (iii)	 To validate three–dimensional Strut-and-Tie model (STM) of bi–axially loaded 

joints.

Each of these scopes is now examined further.
First, the debate on the influence of bi–axial load on joint’s shear strength has not 

reached a conclusive statement to the point that different provisions are given by design 
codes or guidelines. For example, EC8 (2004) prescribes that joint’s shear verification 
should be carried out independently in two directions without any strength’s reduction. 
Conversely, ACI (2002) and NZSEE (2017) propose elliptical interaction domain and 
30% strength’s reduction, respectively. Priestley (1997) proposed (i) To evaluate the shear 
demand as vectorial summation of two orthogonal shears and (ii) To limit the principal 
tensile stress evaluated on joint to a value equal to 0.58 ⋅

√

fc , where fc is the concrete 
compressive strength. Further, tests made to provide experimental evidence differ on the 
applied bi–axial load protocol. In this light, the paper presents a systematical collection of 
test units surveyed from literature. Inspired by Opabola et al. (2020) who investigated the 
influence of load protocol on bending–shear strength of bi–axially loaded RC columns, 
an attempt to similar discussion is given for shear–critical joints. In addition, to provide 
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an improved understanding of mechanical response of bi–axially loaded joints, results 
obtained using non–linear finite elements models are presented.

Second, FFHR has been originally proposed by Sharma et  al. (2014) for 2D joints. 
Generally, the adoption of direct fastening mitigate the invasiveness with respect to passing 
rods adopted in the past, e.g. Pampanin et  al. (2006). Experimental results on FFHR 
applied to exterior joints with slab and transverse beam presented in Marchisella et  al. 
(2021) showed that both slab’s participation and torsional behavior of transverse beam 
influence the joint’s mechanical response. Based on common perception, bi–axial input 
loads at joint is supposed to impact as well. Although this aspect has been already claimed 
by Chen (2006), generalization is hard to pursue because results may be jeopardized by the 
selected load–protocol and slab’s participation. In this light, the presented experimental 
campaign extends the available experimental data.

Third, prediction of internal forces (e.g. joint’s shear demand, haunch’s diagonal 
force) for haunch retrofitted RC joint was presented by Pampanin et  al. (2006) upon the 
definition of �-factor which condenses kinematic compatibility imposed between haunch 
and concrete elements, i.e. beam and column. Such approach has been questioned by 
Marchisella and Muciaccia (2023) for haunches which are made with large base plates as 
for the case of FFHR. Application of STM has been proposed instead and results were 
compared to FEM models of 2D joints. The extension of such approach to corner joint 
was mainly inspired by Yun et  al. (2018a, b) who applied STM to three–dimensional 
structures such as pile caps, slab–column joints and beams in torsion. For corner joints 
loaded bi–axially one major enhancement is required, with respect to 2D joints, that is to 
adopt three-dimensional grid of struts to model the compressive field which characterizes 
both membrane response of slab and torsion of beams. Analytically–derived internal forces 
are compared to experimental ones largely using, for the latter, load conversion of strains 
measured at steel reinforcement as suggested by Mitchell et al. (2002).

The paper is structured as follows. The second section summarizes both the background 
of bi–axial load protocols and the state–of–the art of RC beam–column joints tested 
bi–axially. In the third section both experimental setup and results are described. The main 
findings are discussed in the fourth section. The last section provides a summary of the 
work along with the conclusions drawn. Given the space limitations, database of corner 
joints tested bi–axially is given in an Appendix.

2 � Seismic bi–axial input: background

2.1 � Bi–axial displacement protocols

According to Rodrigues et al. (2013), conventional displacement protocols cannot be con-
sidered as representative of an earthquake, although they compromise the need of bi–axial 
input with smooth increase of the peak displacements to capture the strength and stiffness 
degradation. For example, bi–axial tests on RC columns (usually loaded axially) are per-
formed often by imposing a coupled displacement time history at column’s tip. Figure 1, 
shows different bi–axial displacements protocols. For the sake of a general description, 
the x and y axis are termed as “variable”. According to Opabola et  al. (2020), the cou-
pling between variables can be quantified using a coupling factor (C.F.) defined as the ratio 
between the median of all bi–axial vectors in the first quadrant and 

√

2 , as shown in Fig. 2. 
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Consequently, the cruciform and the diagonal path, have zero and unitary C.F., respec-
tively. Other C.F. for different load protocols are listed in Table 1.

Menun (2000a) derived analytically elliptical envelopes for the displacements of 
N–degrees–of–freedom linear structures characterized by (i) Two major structural 
directions and (ii) Bi–axial input motion in horizontal direction. Similar bi–axial envelopes 
were obtained by Menun (2000b), performing linear time–history analysis, for internal 
forces, e.g. columns’ bending moment. In this light, it is the Authors’ opinion that shear 
demand at joint, which is linearly related to internal forces, can be enveloped by ellipses as 
well. To the scope, an example is presented hereinafter.

Bi–axial shear demand at corner joints of SPEAR frame (tested by Negro et al. 2004) 
was investigated extending the numerical results presented in Marchisella and Muciac-
cia (2022). Dynamic response was obtained using time–history analysis. Simultaneous 
base accelerations were imposed in two horizontal directions. Materials were linear elas-
tic and joints were modeled as rigid according to Birely et  al. (2012). Figure  3 shows 

Fig. 1   Bi–axial load protocols. 
(Notes. One–quarter of the 
orbital is represented for each 
case except for the diagonal)
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bi–axial shear orbitals obtained at corner joints of the first story along with their evalu-
ated C.F.(values inside round brackets in the figure). The latter was equal to 0.408 on 
average. As expected, the orbitals are generally enveloped by ellipses although the result 
can suffer lack of generality because it was obtained for a single input motion.

2.2 � Beam–column joints tested bi–axially

Experimental studies on RC beam–column joints tested bi–axially have been 
systematically collected in Table 2. Only English literature was surveyed, however the 
Authors are aware of conspicuous Japaneses investigations on the same subject, e.g. 
(Nishimura et al. 2014; Sano et al. 2022; Ishizuka and Kitayama 2016).

For the surveyed investigations design was usually based on gravity loads, thus joints 
were characterized by lack of horizontal reinforcement. Figure 4 shows the typical speci-
men which represents a corner joint isolated from moment–resisting–frame under shear 
sway in both planes. In such a case, contra–flexure points are expected to form in the 
middle of both beams and columns. In most of the surveyed cases, displacement histo-
ries were applied at beams’ tips, however there were cases where bi–axial protocol was 
imposed at the top of the column, e.g. tests carried out at Christchurch (New Zealand).

Table 1   Coupling factors (C.F.) 
evaluated for different bi–axial 
load protocols

† Mahadik and Sharma (2021) proposed a bi–axial load protocol for 
RC beam–column joints

Protocol C.F.

Cruciform 0.000
Hexagonal 0.500
Ellipse 0.560
Rhombic 0.604
Cloverleaf 0.640
Circular 0.707
Mahadik† 0.790
Square 0.790
Diagonal 1.000

(0.401) (0.435)

(0.393)(0.404)

KEY

Vjh,y
Vjh,x

x

y

Vjh,y/max(|Vjh,y|)

Vjh,x/max(|Vjh,x|)

Fig. 3   Numerically–derived joint’s shear demand orbitals and evaluated C.F. (in round brackets) for corner 
joints of the SPEAR frame, tested by Negro et al. (2004)
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Leon and Jirsa (1986) tested corner joints under uni–axial, cruciform and diagonal 
displacement protocol. The overall shear capacity was slightly affected by bi–axial input. 
However, due to the loss of the corner’s edge reduction of bending capacity was observed.

Akguzel and Pampanin (2010b) and Kam et  al. (2010) tested corner joints using 
clover–leaf displacement protocol. Bi-directional response resulted in 30 and 60% 
reduction in the lateral load capacity and energy dissipation, respectively, if compared 
with uniaxial response. Similar results, considering unreinforced to moderate reinforced 
beam–column joint were obtained by Han and Lee (2020) using hexagonal displacement 
protocol. Hassan and Moehle (2012), Park (2010) and Engindeniz (2008a) used cruciform 
displacement protocol reporting moderate reduction of the joint shear strength.

Different conclusions were obtained by Kurose et  al. (1991), using half-square 
displacement protocol. Bi-directional shear strength was found to be higher than uni-
directional if the former is evaluated as the square root of the sum of the squares of shear 
measured in orthogonal directions at the time of maximum bi-directional response.

Burguieres et al. (1980) tested reinforced joints observing no change in shear strength 
by increasing the reinforcement. However, the inelastic deformation ascribable to the 
column and to the beam showed significant changes. Same conclusions were reported by 
Kitayama and Katae (2017).

Quintana-Gallo et  al. (2021) tested scaled three-dimensional frame on shaking table. 
Corner joints were characterized by severe diagonal cracking and crushing of the joint 
core.

Numerical comparison between uni–axially and bi–axially loaded joints have been per-
formed by Alaee et al. (2015) showing (i) Larger energy dissipation for the former and (ii) 
Non significant strength differences. Tonidis and Sharma (2021) showed numerically the 

Fig. 4   RC beam–column corner joint
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beneficial effect of the spandrel beam, due to joint confinement, when corner joint is tested 
uni–axially. Mahadik and Sharma (2021) discussed the suitability of bi–axial load proto-
cols, applied to shear critical beam–column joint. The effect on shear resistance, consider-
ing different coupled shear demand, was studied through non–linear finite elements (brick 
elements) under static load. The selected benchmark was the corner joint tested by Park 
(2010). The smallest shear resistance was obtained having imposed the same displace-
ment to the beams either in-phase or out-of-phase. Results were placed in the context of 
combination rules for seismic responses. The adoption of either 100:40 or 100:50 rule was 
reported as more reliable. A displacement protocol was then developed having the propor-
tion of displacements, acting in two framing directions, in a range of 100:0 to 100:50 or 
0:100 to 50:100. To Authors’ opinion, such discussion cannot be sustained conclusively. 
In fact, combination rules have resulted in contradictory performance when compared with 
combined peak analysis (an example was reported by Salami et al. 2021), knowing that indi-
vidual responses maxima or minima do not occur, normally, at same time as remarked by 
Menun (2000a). For instance, Newmark (1975) defined the combination rules as generally 
conservative although it has been recently contradicted by Wang et al. (2019).

3 � Experimental investigation

3.1 � Specimens’ details

Three corner joints were built in 2020 and tested in 2021 at Material Testing Laboratory of 
Politecnico di Milano. The nomenclature of the specimens is given in Table 3.

Figure  5 shows the sub–assemblage’s geometry and the reinforcement layout. The 
specimen had (i) 300 mm wide by 470 mm deep beams and (ii) Square column with 350 
× 350 mm cross-section. The slab was 180 mm thick. The slab’s reinforcement (two layers 
� 12 with 150 mm spacing) extended to the back of the beam with bent anchorage. The 
beam’s longitudinal bars were anchored inside the joint with 90◦ bent. Large diameter 
(26 mm) reinforcement was used for beams to promote joint’s shear failure without yielding 
of steel. Net concrete cover was equal to 30 mm. Reinforcement cage was assembled before 
and inserted in the formwork as shown in Fig. 6a.

Casting of specimens (see Fig. 6b) was two–phases. First, concrete was poured in the 
formwork up to the level of slab’s extrados. One day after, the remaining upper part of 
the column was completed. The resulting specimen’s self–weight was approximately equal 

Table 3   Tested specimens

fcc is the cubic compressive strength; fct is the tensile strength derived 
from four–point bending tests
(a) Trial tests were performed to tune the test apparatus
(b) Double haunch retrofit, for beam–column joint was adopted only 
for the primary beam, viz. Beam 1 according to the test protocol 
shown in Fig. 1

Code Type fcc   (MPa) fct (MPa) Notes

CJ01 As-Built 36.5 3.6 (a)
CJ02 As-Built 36.5 3.6 –
CJ03 Retrofit 36.5 3.6 (b)
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to 4000  kg. Nominal concrete class was C20/25 according to EC2 (2004), which had a 
mean value of cubic compressive strength equal to 36.5 MPa. According to Neville (1996), 
concrete tensile strength was assumed equal to 3

4
 of the flexural strength obtained from 

four–points bending tests having a mean value equal to 3.6 MPa. Reinforcement steel was 
B450C class ( fyk = 450 MPa). The mean values of yielding strength, for different diam-
eters, are reported in Table 4.

Table 4   Yielding stress of 
reinforcement steel

Values are in MPa. Ultimate strength is given inside the round brackets

�10 �12 �20 �22 �26

519(610) 530(646) 520(629) 534(648) 532(642)

Fig. 5   Corner joint specimen: geometry and reinforcement layout. (Notes. Dimensions are given in mil-
limeters)
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Test setup is schematically represented in Fig. 7 and a photographic report is given in 
Fig. 8. The specimen was tested with column standing vertically. Two swivels were con-
nected to the column’s end sections using collars tightened with threaded bars. Restraints 
to vertical translations were applied both at the top and at bottom of the column. Specifi-
cally, a grid of beams connected to the strong floor was used for the bottom swivel. Top 
one was pinned to a reaction frame. Such configuration, as shown in Fig. 9, implies simul-
taneous tension and compression in the column when both self–weight and seismic shears 
are acting. To increase the column’s tensile strength, additional post–installed steel bars 
were installed at the end sections. Horizontal sliding of the bottom swivel was prevented 
using contrasting plates (see Fig. 8d). The top swivel was restrained horizontally by using 
eight steel wires (see Fig.  8e). The rigid-body rotation of the slab plane was restrained 

Fig. 6   Corner joint specimen: a formworks and reinforcement cage; b casting operation. (Note. The Reader 
is referred to the color version of this figure)

Fig. 7   Experimental test setup used for corner joints. (Notes. Dimensions are given in millimeters)
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by rollers (see Fig. 8c). At the beams loading point, two 500 kN hydraulic actuators were 
pinned to loading collars. To guarantee torsional rotation, the pin allowed tilt angles up to 
five degrees.

(c) (d)

(a) (b)

d2

d3

a3

a1

a4

a2

d1

(e) (f)e1

e2

Fig. 8   Photographic report of experimental test setup used for corner joints: a front view; b linear–dis-
placement–transducers at one side; c restraint to rigid–body rotation; d bottom swivel; e top swivel; f strain 
gauges glued onto reinforcement steel at column face. (Notes. (a1) Loading collar. (a2) Cylindrical hinge 
with allowed torsional tilt. (a3) Hydraulic cylinder 500 kN load capacity, 250 mm maximum displacement. 
(a4) Cylindrical hinge with allowed torsional tilt. (d1) Restraint collar. (d2) Uplift restraint. (d3) Sliding 
restraint. (e1) Cylindrical hinge with allowed torsional tilt. (e2) Rope tightened with sleeves. The Reader is 
referred to the color version of this figure)
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The resulting kinematic schemes both in the slab’s plane and in the bending planes 
are shown in Fig. 7. The distance between horizontal restraints, in the bending plane, 
was variable because of the collars’ eccentricities. Furthermore, the restraint at the top 
is represented as a “spider” of elastic springs. In fact, although the ropes were tightened 
at the beginning of the test, their deformability cannot be totally neglected. To overcome 
such issue, the equivalent drift was experimentally–derived by considering only local 
rotations of beams and column and joint’s distortion as explained in the following 
paragraph 3.2.

Bi–axial tests were performed using hexagonal displacements protocol according to 
ACI (2015). Figure 10 shows the displacements’ time histories in two directions as well 
as the elementary load–cycle in the bi–axial plane. The primary direction and secondary 
are hereinafter termed as “B1” and “B2”, respectively. When the displacement of B1 is 
at its maximum, the displacement at B2 is zero. The post–peak transition along B1 from 
the peak displacement to half of the peak displacement is accompanied by an increase 
of displacement up to 50% of B2. Hence, the maximum displacement applied simulta-
neously in both B1 and B2 corresponds to half of the level of maximum displacement.

3.2 � Local responses: rotations, joint’s distortion, joint’s shear stress

Drift was defined according to Fig.  11 where it shown the deformed shape of beam-
column joint emphasizing the contribution to deformation of beam’s and column’s local 
rotations and joint’s distortion. According to Uzumeri (1977), beam-column joint speci-
men in which the load is applied to the beam (specimen 1) and the column stands verti-
cally is equivalent to the specimen in which the load is applied to the top section of the 
column (specimen 2) by considering its rotated configuration. By comparing the two 
configurations, it is worth to note specimen 1 cannot replicate possible P-� effects. How-
ever, according to Ong (2022), such effect is usually negligible for the sub-assemblage 
both because the level of axial load is generally moderate and column is usually charac-
terized by low slenderness. Drift is rigorously defined for specimen 2 as it follows:

Vb1

Vb2

Column’s Axial
Load
2N = G +Vb1+Vb2 N

C
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um
n’

s 
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Vb1

Vb2

-N

G ≈ 40 kN

Fig. 9   Axial force in column
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Fig. 10   Hexagonal bi–axial load protocol
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where Lc is the column’s height and Δb+c
1

 , Δj

1
 are the displacements given by elastic and 

inelastic deformation of the beam, column and joint respectively. It is worth to mention 
that �2 corresponds to the chord rotation of the column. Equivalently, drift for specimen 1 
can be written as the chord rotation of the beam:

where Lb is the column’s height. According to Fardis (2009), compatibility of chord rota-
tions (i.e. Δ1 = Δ2 ) can be assumed when plastic hinge is expected to form in the beam. 
Such assumption is usually extended for the case of joint shear failure.

According to Bonacci and Pantazopoulou (1993), when inelastic behavior is predom-
inant (e.g. plastic hinge of the beam, joint’s failure): Δb+c

1
 is proportional to the rotations 

measured in the vicinity of the joint for both beam and column; Δj

1
 is proportional to the 

joint’s distortion.
To obtain local rotations as well as joint’s shear distortion, linear displacements 

transducers were attached to the specimen as shown in Fig. 8b. The measured displace-
ments were converted into equivalent rotations according to Fig. 12. In particular, the 
joint’s distortion was experimentally–derived as it follows:

where �1,d and �2,d are the measured displacements of diagonals, hb and hc are the beam’s 
and column’s sides, respectively.

The experimentally–derived beam’s rotation is:

(1)�2 =
Δb+c

2
+ Δ

j

2

Lc

(2)�1 =
Δb+c

2
+ Δ

j

2

Lb + hc∕2

(3)�j = [�1,d − �2,d]

√

h2
b
+ H2

c

2hbhc

LBhc

Lc

Δ2
b+c

Δ1
b+c Δ1

j

Δ2
j

(a) (b)In-elastic

Fig. 11   Definition of drift for beam–column joint: a beam’s and column’s contribution; b joint’s contribu-
tion



Bulletin of Earthquake Engineering	

1 3

where �1,b and �2,b are the measured displacements of top and bottom fibers, db is the 
distance between the measuring devices.

The experimentally–derived column’s rotation at top of the joint (similarly for bottom) is:

where �1,c and �2,c are the measured displacements of left and right fibers, dc is the distance 
between the measuring devices.

Besides, average joint’s shear stress has been experimentally–derived by applying the 
following equation:

where FL is the force developed at beam’s longitudinal bar derived from conversion of 
strain measurement, Vb is the load applied at beam, Aj is the joint’s area equal, for the sake 
of simplicity, to the column’s area. According to Priestley (1997), state of stress at joint 
should be described by principal stresses ( pt , pc ) defined as it follows:

where fa = P∕Ac and is the column’s axial stress at joint for P is positive in compression. 
In the presented experimental campaign, the magnitude of fa was markedly lower with 

(4)�b =
�1,b − �2,b

db

(5)�c =
�1,c − �2,c

dc

(6)vj =
FL − Vb ⋅ Lb∕Hc

Aj

(7)pt =
fa

2
−

√

(

fa

2

)2

+ v2
j

(8)pc =
fa

2
+

√

(

fa

2

)2

+ v2
j

hc

hb db

Joint Beam Column

δ1,b

δ2,b
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dc

δ1,cδ2,c

Fig. 12   Joint’s distortion, beam’s and column’s rotations measured using linear displacements transducers 
(LVDT)
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respect to vj as much as such the joint was almost characterized by pure shear stress state 
( pt  = pc  = vj).

3.3 � Assessment of joint’s seismic performances

Beam–column joints specimens were designed by considering the strength hierarchy of 
the following failure mechanisms: (i) Shear–bending failure for beam and column; (ii) 
Anchorage failure of beam’s reinforcement bars; (iii) Joint’s shear failure. The latter was 
dominant for as–built condition whereas haunch retrofit was adopted to promote flexural 
failure at beam.

For all the considered mechanisms, analytically–derived strengths and demands are 
reported in Table 5. Mean values of material parameters were used. Both shear and flexural 
strengths were derived from freeware software Response–2000 developed by Bentz (2000) 
(available at https://​www.​hadri​anwor​ks.​com/, accessed on March 2023) where, sectional 
analysis for flexure is based on Popovics (1973) stress–strain relationship for concrete and 
elastic–plastic hardening for steel reinforcement. Shear resistant model is implemented, 
in the software, according to Vecchio and Collins (1986). Only minima shear strengths 
are reported among the adopted stirrups’ spacing. For the beam, an equivalent L–shaped 
cross–section was assumed to take into account slab’s participation.

Joint’s shear strength was evaluated according to ASCE (2017) guideline, which 
includes specific provisions for corner joints.

Anchorage of beam’s longitudinal reinforcement at joint was verified according to the 
draft of new (Fib 2022) Model Code. It is worth to mention that available bond lengths ( lb ) 
as well as the reinforcement’s stress ( �s ) vary between the as–built and retrofit case. The 
former was characterized by lb equal to the column’s width minus the concrete cover (i.e. 
325 mm) and �s almost equal to 250 MPa corresponding to joint’s shear failure without 
yielding of reinforcement. For the retrofit case, beam hinging ( �s = fy = 530 MPa) was 
expected at a distance equal to 600 mm from the column’s face thus the available bond 
length was 925 mm.

Column’s axial load was not actively controlled in tests. As a results, column was char-
acterized by negligible axial stress if compared to vj . Reliability of such assumption was 
investigated by considering the building prototype in Fig. 13a. Lateral response, under seis-
mic load, is supposed to be bi–axial assuming hexagonal orbital for base shears (V1 and 
V2). For the sake of simplicity, design point is assumed at V1’s peak that is simultaneous 
to V2 equal to zero. In such a case, the largest magnitude of internal forces is expected.

Assessment is presented graphically in Fig.  13b which shows the Moment–Axial 
domain (M–N) according to Pampanin et al. (2007). Demand curves were obtained con-
sidering the internal forces at joint when building is subjected to inelastic lateral response 
as outlined in Priestley et al. (2007). For the sake of simplicity, the formation of columns’ 
hinges at base and joints’ shear failure at first floor was assumed. Capacity curves (con-
verted to equivalent moment at column–face) are evaluated by imposing limit states for 
beam, column and joint. For example, joint’s cracking limit is obtained both according to 
Priestley (1997) which recognizes the influence of axial force and ASCE (2017). For the 
sake of completeness, the figure includes demands characterizing experimental tests where 
axial force is simply related to bending moment at column–face by equilibrium considera-
tions as con be inferred from Fig. 9. By intersecting demand and capacities curve in M–N 
domain, joint’s failure precedes both beam’s and column’s yielding. Nonetheless, such 
sequence of events does not vary for values of normalized column’s axial load between 

https://www.hadrianworks.com/
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− 0.2 (tension) to 0.3 (compression). To summarize, given the strength hierarchy charac-
terizing the as–built specimen’s, joint’s shear failure was the weakest mechanism. Although 
experimental M–N demand at joint differ from the one obtained for building prototype, in 
both cases the sequence of failure events is not critically influenced by column’s axial load.

3.4 � Design of haunch retrofit

In retrofitted specimen, double haunch was applied in primary beam’s plane. The other 
plane remained as-built. Such assumption was inspired by an ideal design case where 

Table 5   Predicted strengths and demands for beam–column joints specimens

(a) Internal forces were evaluated from statically–determinate solution of beam–column sub–assemblage 
when the beam is loaded by a tip force, i.e. Vb

(b) Internal forces were evaluated from Strut-and-Tie model developed by the Authors of this paper
(c) Internal forces were evaluated according to �-factor theory developed by Pampanin et al. (2006)
(d) fc is the cylindrical compressive strength of concrete. fct is the tensile strength of concrete
(e) () indicates sagging bending moment
(f) vj strength is evaluated according to ASCE (2017)
(g) lb∕Φ is the bond length–to–diameter ratio
(h) JS Joint’s shear failure; BF Beam’s flexural failure; AN Anchorage failure

Strength Predicted demand

As-Built(a) Retrofit

STM(b) �(c)

Rd Sd − (Rd > Ss) Sd − (Rd > Ss) Sd − (Rd > Ss)

Concrete material
Compr.(d) fc (MPa) 30.3 – – – – – -
Tens.(d) fct (MPa) 3.6 – – – – – –
Column
Height Hc (m) 2.5 – – – –
Shear Vc (kN) 395 78 ✓ 180 ✓ 180 ✓

Bending Mc (kN⋅m) 228 100 ✓ 56 ✓ 56 ✓

Beam
Net Span Lb (m) 2.2 – – – –
Shear Vb (kN) 564 89 ✓ 204 ✓ 204 ✓

Bending(e) Mb (kN⋅m) 387(327) 195 ✓ 327 ✗ 327 ✗
Joint
Shear(f) vj (

√

fc) 0.66 0.66 ✗ 0.60 ✓ 0.56 ✓

Anchorage(g) lb∕Φ (−) 12.5/35.6 8.7 ✓ 32.3 ✓ 32.3 ✓

Haunch
Length Lh (m) 0.6 – – – – –
Axial Fh (kN) 619 – – 253 ✓ 377 ✓

Anchors Nanch (kN) 252 – – 179 ✓ 267 ✗
Failure mode(h)

JS BF BF/AN
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only primary direction may be seismic deficient, whereas the secondary may be part 
of dual system in which shear wall is the leading element. In this case, drift demand is 
expected to be larger for primary direction than secondary, as stated by Miranda (1999).

Haunch element was made of three steel plates welded together with a thickness of 
16 mm. The steel grade was S275 ( fyk = 275 MPa). To fasten the haunch to concrete, 
bonded anchors with 300  mm embedment depth were used for the column, whereas 
passing rods were adopted for the beam. Anchors were spaced at a distance of 150 
and 100 mm along the long and the short side, respectively. The holes were slotted to 
overcome the interference of rebars during drilling operations.

Haunch retrofit was designed such that, when plastic hinge forms in the beam, both 
steel plates remain elastic and anchorage failure is prevented. Internal forces, e.g. axial 
force in the diagonal plate, joint’s shear demand were evaluated adopting STM as it is 
discussed subsequently in Sect. 4.

For the sake of comparison, �-factor approach (according to Pampanin et al. 2006) 
was adopted as well. Details are given in Table 6. It is worth mentioning that �-factor 
was evaluated in two ways: (i) Neglecting column’s deformability but with a reduced 
beam’s flexural stiffness ( EJbeam ); (ii) Considering column’s deformability but with 
gross stiffness for beam and column as suggested by Pampanin et  al. (2006). To the 
Authors’ opinion the second assumption deviates, somehow, from observed experimen-
tal behavior. In fact, since plastic hinge is expected to form in the beam, EJbeam should 
be evaluated for the cracked cross-section, e.g. either as a fraction of the gross EJbeam 
(for example 0.3 according to ASCE 2017) or as the ratio between bending moment and 
curvature at yielding ( My∕Φy ). Conversely, the column contributes to deformation of the 
sub–assemblage either with gross stiffness or with cracked one but possibly increased 
by the presence of axial force according to Elwood (2010). Nevertheless, differences for 
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the two abovementioned approaches are generally mitigated as EJbeam reaches the value 
My∕Φy.

By comparing internal forces predicted by both STM and �-factor in Table  5, simi-
lar results with respect to Marchisella and Muciaccia (2023) are obtained, i.e. �-factor 
approach predicts lower shear demand whereas the haunch force increases. As a result, 
retrofitted specimen designed according to �-factor approach would have fail because of 
anchorage break–out but this has been not observed experimentally as it is presented in the 
paragraph 3.6. Besides, a comparison between experimentally–derived internal forces and 
predicted ones is given in the Sect. 4.3.

3.5 � Results for as–built specimens

Specimen CJ01 was mainly used to tune the test setup, the result suffered lack of the 
torsional restraints in the slab’s plane (see Fig. 7c) which were introduced afterward. For 
those reasons results are not presented here.

Table 6   Evaluated �-factor 
according to Pampanin et al. 
(2006)

(a) �-factor has been evaluated neglecting column’s deformability but 
with reduced flexural stiffness of the beam, i.e. My∕Φy . �th has been 
evaluated considering column’s deformability but employing gross 
flexural stiffness both for beam and column

Hogging Sagging

Mb,max

Mb,c Mb,max

Mb,c

Vb

Vjh Vjh

Fh

Vb

Fh

fc 30.3 (MPa)
fy 532 (MPa)
Ec 30678 (MPa)
My 387 327 (kN⋅m)
Φy 8.96 7.44 (rad/km)
EJb,gross 8.0E+13 (N⋅mm2)
My∕Φy 4.3E+13 4.4E+13 (N⋅mm2)
�(a) 2.63 2.61 (−)

�
(a)

th
2.89 (−)

Mb,c∕Mb,max 0.27 0.28 (−)
0.17 (−)

Vjh∕Vb 1.85 1.87 (−)
1.58 (−)

Fh∕Vb 0.93 0.92 (−)
1.02 (−)
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Results of Specimen CJ02 are shown in Fig. 14a–b. Load–displacement plots are distin-
guished for B1 (the main beam according to the load protocol described in Sect. 3.1) and 
B2 (the secondary beam). Crack pattern at the joint is shown Fig. 19a–b.

Crack at column’s cold joint opened at the very beginning of the test. Flexural hair-
line cracks appeared at the location of the beam stirrups and at column–face from initial 
stages, contemporary joint diagonal cracks started to form. They continued to develop 
in the form of X-pattern and spread towards the perimeter of the joint. Slight differ-
ences in load levels have been observed between hogging and sagging behavior. Joint’s 
panel integrity was compromised after having reached almost 100 kN load level in both 

Sign Convention Notes
1 1st joint shear crack.

1

1

Beam 1 Beam 2

2

2

1

1

2 Cycle after  B1 max displacement.
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3 B2 joint failure.
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4
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44

Fig. 14   Tests’ results: load–displacement curves for (a–b) specimen CJ02 and (c–d) specimen CJ03
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direction for B1. Complete detachment of the corner edge was observed. Longitudinal 
reinforcement of the column were visible at the end of the test as well as the bent anchor-
ages of the B1 longitudinal reinforcement. The test was concluded having reached the 
maximum available stroke for the hydraulic cylinders. A final monotonic test in B2 direc-
tion was carried out and joint’s failure was observed at a load level almost equal to 79 
kN. After a sudden load drop, the joint panel integrity at B2 side was compromised. 
Although the longitudinal reinforcement of the column remained completely exposed, its 
buckling was not observed.

Figure 15 shows the strains measured in the beam’s longitudinal rebars at the column 
face. The reported values were sampled at the first cycle of each displacement steps. 
For the sake of synthesis, sampling is made considering half-cycle, e.g. bottom layer 
strain is sampled when the applied load gave sagging behavior. Strains did not reach the 
yielding threshold assumed equal to 2650 �-strain. Slab’s participation was confirmed 
being slab’s strains comparable to the ones of the beams. Strains measured on B2 (when 
unloaded) for the peak load stages are represented in Fig.  16. It is worth noting that 

KEY
OFF ON 1 2 3 4 5

Markers at incremental load stages

Yielding strain Yielding strain

SECT. 1 – Bot. Reinforcement SECT. 1 – Top Reinforcement

Fig. 15   Test’s results: strains measured at B1 of specimen CJ02 when B2 was unloaded
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steel reinforcement in B2 was activated although the beam was unloaded. Such evidence 
most probably resulted from torsional response.

Figure 17 shows the experimentally-derived contributions to drift obtained for specimen 
CJ02. In particular, the contributions due to joint, beam and column to drift were evaluated 
as explained in paragraph 3.2. It is worth to mention that the sum of the three contribution 
is lower than the imposed drift confirming the lack of stiffness of the restraints.

The previously described damage state at joint, as well as the experimentally–derived 
joint’s stresses–to–distortion curves of Fig. 18a–b, proved that joint’s failure was reached. 

3S 2S 1S 1 2 3

1 2 3
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TopB2B1
(AA) Column-Face Cross-Section

(AA)(AA)

B1 B2 B2B1

B1 B2
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(µm/m) OFF >2650

(Yield.)
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>2000
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>1500

<1500
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<500
>0

<0

B1 B2

Fig. 16   Test’s results: strains measured at B1 and B2 of specimen CJ02, when B2 was unloaded, for two 
peak load stages, i.e. a hogging and b sagging. (Notes. The size of squares is proportional to the strains’ 
magnitude. The Reader is referred to the color version of this figure)
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In fact, considering hogging load direction peak shear stress was comparable to ASCE 
(2017) reference value, i.e. 0.66

√

fc . Subsequent cycle after peak was characterized by 
abrupt strength’s reduction and large increase of shear distortion. Finally, a reduced joint’s 
deformation capacity emerges if experimental results are compared with degradation curve 
according to Priestley (1997).

3.6 � Results for retrofitted specimen

Specimen CJ03 was retrofitted using haunches at B1 side and tested bi–axially. 
Load–displacement curves and damage pattern at joint are shown in Fig.  14c–d. and 
Fig. 19c–d, respectively.

Considering B1 plane, joint’s shear cracks were significantly reduced with respect to 
CJ02. Moreover, increase of the stiffness and load carrying–capacity were observed as 
well. Haunch’s diagonal plate remained in elastic regime. Anchorage to concrete behaved 
satisfactorily both at the beam and at the column side. The test stopped having reached the 
maximum available stroke capacity. Both shear distortions and stresses at joint were sig-
nificantly reduced if compared with CJ02, as shown in Fig. 18c–d.

At B2 side, the behavior was almost linear–elastic with moderate crack pattern at joint, 
as shown in Fig. 19d.

Figure  20 shows the strains measured at two different cross–sections of B1, i.e. 
column–face (Sect. 1) and haunch’s end (Sect. 2). Strains’ reduction is recognized passing 
from Sect.  1 to Sect.  2 both for hogging and sagging moment. Slab’s participation is 
observed as well. None of the samples have reached the yielding strain. As previously 
mentioned, the full development of the plastic hinge could not be reached due to the 
stroke’s limitation of the hydraulic cylinders.

Imposed Drift Contributions derived from local measurements

Beam Column Joint

KEY

Fig. 17   Tests’ results: experimentally–derived drift for specimen CJ02
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Figure 21 compares the shear–flexural crack pattern obtained in CJ02 and CJ03 for a por-
tion of B1 which extends almost 120 ms from the column–face. Pictures were taken at the end 
of tests. Inverted shear cracks were observed in CJ03.

(a) (b)

(c) (d)

Joint’s Shear Failure

1

1

ASCE 41-17
Priestley (1997)

KEY

Strains no longer recorded

Fig. 18   Experimentally–derived joint’s stress–to–distortion: specimen CJ02, a hogging and b sagging; 
specimen CJ03, c hogging and d sagging. (Notes. Joint’s shear stresses and distortions were derived using 
Eqs. (6) and (3), respectively. The Reader is referred to the color version of this figure)
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Fig. 19   Tests’ results: cracks pattern at joint for (a–b) specimen CJ02 and (c–d) specimen CJ03. (Notes. 
The Reader is referred to the color version of this figure)
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Fig. 20   Test’s results: strains measured at B1 of specimen CJ03 when B2 was unloaded
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4 � Discussion

4.1 � Influence of bi–axial load on joint shear strength

Joint’s shear strength obtained in test CJ02 has been compared to a database of corner 
joints discussing the possible influence of bi–axial load protocols. The data collection 
was made while surveying the studies presented in Table 2. The database is given, as an 
appendix, in Table 8. To homogenize data, the two flexural planes of tested corner joints 
are termed as B1 and B2.

All the surveyed experimental campaigns assumed equal beams’ cross–sections for 
both B1 and B2. Few specimens were characterized by non–symmetric layers of beams’ 
reinforcement, i.e. �s1 ≠ �s2 . Joints were unreinforced in most of the cases. During 
tests, column’s axial load was either constantly imposed or varied proportionally to the 
applied shear (e.g. Akguzel and Pampanin 2010a). At peak stage, � ranged between −0.1 
(tension) and 0.45 (compression).

Joint’s shear failure was reported for all the tests. Not all the studies presented results 
for both B1 and B2. Stresses at joint (i.e. vj , pt and pc ) were either retrieved from 
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Fig. 21   Tests’ results: final crack pattern at B1 for a specimen CJ02 and b specimen CJ03. (Notes. The 
Reader is referred to the color version of this figure)
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original publications or re–derived from the peak loads using Eqs.  (6),  (7),  (8). The 
experimentally–derived stresses were compared to reference values such as:

•	 According to Priestley (1997), pt = 0.58
√

fc and pc = 0.45 fc;
•	 According to ASCE (2017), vj = 0.66

√

fc or 0.49
√

fc which are prescribed for joint with 
or without slab, respectively. Such distinction generally acknowledges the beneficial 
confinement due to transverse beam, e.g. Durrani and Zerbe (1987) and Otani (1991).

Figure 22 shows the influence of the C.F. on joint’s shear strength. For moderate value 
of column’s axial compression (e.g. 𝜈 < 0.25 ), vj decreases as C.F increases. As expected, 
the same trend can be inferred by considering pt . Nonetheless, all these joints proved to 
have pc < 0.45fc thus failure can be primarily associated to high shear stresses. Besides, 
experimental result obtained by Hassan (2011) ( 𝜈 < 0 ; C.F. = 1.0) may be considered as 
an outlier. In fact, largest reduction on both vj and pt should be expected for this case but 
experimental results do not match such intuition.

Generally, the observed trend (i.e. either vj or pt versus C.F.) could be explained as a 
consequence of confinement effect. Indeed, for C.F.<0.5 (e.g. hexagonal protocol) peaks 
are not simultaneous thus the largest shear demand at joint (e.g. B1) is attained when B2 
is unloaded therefore the shear strength should be the one of a 2D joint augmented by con-
finement of a transverse beam. Conversely, for C.F.>0.5 (e.g. cloverleaf protocol), peaks 
are simultaneous therefore detrimental effect of bi–axial shear is dominant with respect to 
confinement. However, combination of bi–axial stresses is not easy–to–handle analytically 
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Fig. 22   Influence of Coupling Factor on joint’s shear strength: a joint’s shear stress; principal b tensile and 
c compressive stresses. (Notes. The Reader is referred to color version of this figure)
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thus to further scrutinize the issue, a numerical investigation was carried out as discussed 
in the following.

Mechanical response of both uni–axially and bi–axially loaded (diagonal) joints was 
investigated using brick finite elements for concrete and truss elements for steel (perfectly 
bonded). Software (Strand7 2010) was used for numerical analyses. Modeling was 
generally inspired by Paulay and Priestley (1992) who, by describing two–dimensional RC 
beam–column joints, conveniently assumed the joint as a continuous part of the column 
substituting the beam with its internal forces at column–face. In this regard, a column 
having dimension similar to the tested specimens (350 × 350 mm cross–section, 3000 mm 
height) was modeled as shown in Fig. 23. Horizontal settlements (in x and y directions) of 
both top and bottom column’s ends were imposed to simulate seismic condition. Restraints 
at two joint’s faces were given such that the reactions amount to bending moment (and 
shear) which would have been transferred to beams. To the scope, compression–only 
springs aimed at simulating compression transfer while tensile stresses were taken by 
reinforcement bars which were assumed linear–elastic.

Drucker–Prager (D–P) strength criterion (reviewed by Chen 2007) was adopted for all 
the brick elements with the exception of the ones in the vicinity of the restraints which 
were linear–elastic. Elements’ size were equal to 87 × 87 × 55 mm and 87 × 87 × 315 
mm inside and outside the joint volume, respectively. Joint was unreinforced however stir-
rups (linear–elastic) were adopted outside the joint volume to prevent shear failure of the 
column. The percentage of column’s longitudinal reinforcement ( �v ) was equal to 1.86% 
as it was in specimen CJ02. Elastic–plastic material was assigned to steel being the yield-
ing stress ( fy ) equal to 530 MPa. The Authors are aware, though, that results might be 
impacted by an increase (or decrease) of both �v and fy . For example, Vollum and Newman 
(1999) acknowledged that column’s vertical reinforcement (especially intermediate bars) 
contributes in resisting joint’s shear demand.

To define the D–P’s failure surface, friction angle ( Φ ) and cohesion (c) were assigned 
according to provisions given by Arslan (2007) for shear–critical beams, i.e. Φ = 37◦ and c 
= 2.16 MPa. The latter was obtained from empirical formula c = 0.75f 0.31

c
 , having assumed 

30.3 MPa as concrete compressive strength ( fc ). Besides, elastic modulus of concrete was 
taken as 4.73f 0.5

c
 (GPa), according to Neville (1996). Incremental displacements were 
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Fig. 23   Numerical model of corner joint using brick finite elements and non–linear concrete mate-
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imposed up to a total drift value (sum of column’s flexure and joint’s distortion) equal to 
2% in both x and y planes.

Three were the cases studied: (1) Uni–axial, i.e. drift was applied only x–direction; 
(2) Bi–axial, such that in–phase bending moments resulted at joint; (3) Bi–axial, such 
that out–of–phase bending moments resulted at joint. The first case was studied either 
with or without transversal passive confinement given by compression–only springs. No 
axial load was applied to the column.

Figure  24a shows the load–to–drift curves in the x–z plane (similar results were 
obtained in the y–z plane). All the numerical tests showed load values less than the 
one which corresponds to the bending failure of the column evaluated both nominally 
(curve labeled “Column’s yielding” in the figure) and numerically (curve labeled “LE 
joint” in the figure). The former was obtained from sectional analysis. As for the latter, 
linear–elastic concrete was assigned to the joint volume whereas D–P material for the 
remaining parts. All the other numerical tests assumed D–P material for the joint, thus 
plastic development was mainly resulting from its distorsional behavior.

Figure 24b shows the numerically–derived shear stresses–to–distortion curves. Aver-
age of tangential stresses was taken at the middle–plane passing through the joint volume 
(see Fig. 24c). Joint’s distortion was assumed as the average of the shear strains numeri-
cally–derived at Gauss points inside the joint’s volume. Generally, D–P strength crite-
rion with associative flow rule does not possess enough accuracy for deformation anal-
ysis thus the presented discussion is primarily based on strength. Numerically–derived 
strengths were compared to analytical predictions, i.e. Priestley (1997) and ASCE 
(2017). Comparison to experimentally–derived results is given as well.

Shear stress–to–distortion curves are characterized bi–linear envelope typical of 
D–P’s material response. The shear stress obtained for 0.6% of shear distortion was 
taken as nominal strength. Such assumption was mainly encouraged by the envelope 
given by Priestley (1997) which assumes constant value of shear stress between 0 and 
0.6% of shear distortion. Therefore, only in this interval the joint’s response can be pre-
dicted by simple strength criterion such as D–P’s one. On the contrary, larger values of 
shear distortion would imply abrupt increase of damage which should be investigated 
more properly with a refined constitutive law for concrete material, e.g. Concrete–Dam-
age–Plasticity proposed by Lubliner et al. (1989) or Modified–Compression–Field–The-
ory by Vecchio and Collins (1986).

Strength’s increase was noted for uni–axially loaded joint with passive confine-
ment as a result of restrained joint’s lateral expansion. Bi–axially loaded joints showed 
reduced shear strength if compared to the uni–axial case. The lowest shear strength was 
obtained for in–phase load combination. As expected, experimentally–derived strength 
was comparable to confined joint loaded uniaxially. In fact, although the joint has been 
tested bi–axially, for hexagonal load protocol (C.F.=0.5) the beneficial effect of confine-
ment is dominant.

Figure 24c shows the joint’s deformed shape and principal stresses trajectories at the 
end of numerical tests. After reaching the plastic surfaces, tensile stresses approached 
a constant value almost equal to the tensile strength of concrete. Compressive stresses 
were larger than nominal concrete strength due to the beneficial effect of hydrostatic 
stress–state which was much more promoted in bi–axial load cases when compressive 
trajectories concurred.

Finally, it is worth to mention that longitudinal bars of the column were activated in 
the resistant mechanism reaching yielding in bi–axially loaded joints.
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Fig. 24   Numerical results of bi–axially loaded corner joint modeled with brick finite element and concrete 
non–linear material: a load–to–drift curves; b shear stress–to–distortion curve; c stresses numerically–
derived at joint. (Notes. In (c): the deformed shape was arbitrarily magnified for representation purpose; 
average of stresses are shown at the end of numerical test; yielding stress of reinforcement was equal to 530 
MPa; concrete compressive strength was equal to 30.3 MPa. The Reader is referred to the color version of 
this figure)
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4.2 � Slab’s participation in flexural behavior

To investigate slab’s participation, experimentally–derived moment–curvature 
diagrams for beam B1 (the most loaded in hexagonal protocol), were compared to 
analytical predictions. For the former, curvature was derived from strains measured 
at reinforcement which were assumed equal to the adjacent concrete fibers due to 
perfect bond condition. Bending moment was obtained from free–body equilibrium of 
beam–column joint under the application of measured beam’s shear. The envelope of 
the hysteretic loops was considered. Cross–section of interest were column–face and 
haunch’s end for CJ02 and CJ03, respectively.

To derive analytical diagrams, an equivalent L–shaped cross–section was studied 
under flexure using the software Response–2000 (described in Sect.  3). Mean values 
were used for the material parameters. Different cases for slab participation were 
studied: (i) No slab’s participation; (ii) Flange width equal to one times and (iii) Two 
times the slab’s thickness. The latter represents the provisions given in EC8 (2004).

Comparison is given in Fig.  25. As expected, L-shaped cross–section is character-
ized by increased hogging moment capacity and stiffness if compared to bare rectangu-
lar cross–section. However, reduction of ductility is noted as well. Sagging behavior is 
almost not affected. At failure, yielding of the reinforcement was attained for all cases 
of slab’s participation studied analytically. It can be noticed how the envelope of the 
experimental results, for CJ03 specimen, is comparable to analytically–derived curves. 
However, as mentioned in Sect. 3, full development of ductility was not possible during 
the experiment having reached the maximum available stroke of the hydraulic cylinders.

4.3 � Application of STM

STM was employed to study the stress–field of bi-axially loaded RC corner joints tested 
experimentally. Figure 26a shows the equivalent truss adopted to evaluate the stress–field 
in discrete fashion. Structural analyses were carried out using RSTAB–8 software, devel-
oped by Dlubal (2013). Modeling was based on the following assumptions: 

(i)	 Longitudinal reinforcement layers were lumped in four equivalent bars both for beams 
and column.

(ii)	 Struts’ width was assumed equal to eight times the longitudinal bars diameters accord-
ing to ACI (2021) for both beams and column. The inclination angles were generally 
assumed equal to 45◦ as can be inferred from Fig. 26c–d. Since a three–dimensional 
compressive field was expected within the joint volume, a first trial triangulation of 
struts was employed as shown in Fig. 26b. Afterward, equilibrated condition was 
searched iteratively being the struts able to carry only compression forces.

(iii)	 Nodes of the equivalent truss were considered smeared according to Schlaich et al. 
(1987). Local crushing of concrete has been not considered.

(iv)	 Slab was modeled as a membrane by using a plane grid of reinforcement and 
triangulation of compression–only struts. For the latter, since the direction of 
compression cannot be easily established a priori, similar trial-and-error procedure 
was employed as the one adopted for the joint’s struts. For the sake of validation, 
the envelope of activated struts for the leading load cases (peak hogging for B1 and 
simultaneous peak hogging for B1 and B2) was compared to the observed crack pattern 
at slab’s extrados. Results are shown in Fig. 27.
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(v)	 Additional compressive struts were used to explore the torsional behavior of beams.

Axial forces predicted using STM model were compared to experimentally–derived 
ones, which were obtained from load conversion of measured strains. In this regard, it 
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was verified that linear–elastic behavior of steel was maintained during the tests. For 
example, Fig. 28 shows the peaking of strains both for haunch diagonal and reinforce-
ment for specimen CJ03. For the selected load stages, only B1 was loaded whereas B2 
was unloaded. Strains proved to be below the nominal yielding threshold. Since haunch 
diagonal’s strains were not constant across the width, an average value was assumed 
when deriving the axial force. As per STM, axial forces were obtained by applying con-
centrated loads, at beams’ ends, equal to the experimentally–measured ones.

Two are the axial forces crucial in haunch retrofit design, namely (i) Axial force of the 
beam’s longitudinal reinforcement at column–face ( FL ) and (ii) Haunch’s diagonal force 
( FH ). The former, according to Eq. (6), is linearly dependent to the shear demand at joint. 
The latter is decisive in sizing the haunch element and its connection to concrete.

Compared axial forces, at peak stages, are reported in Table 7. For the sake of complete-
ness, forces obtained using �–factor approach (introduced in Sect. 3.4) are reported as well. 
STM proved to predict conservatively both FL and FH . Differences recognized for �–factor 
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approach might be ascribed to inconsistent compatibility conditions which, according to Mar-
chisella and Muciaccia (2023), mainly characterize extended haunches as the one adopted in 
the presented experimental campaign.

5 � Conclusion

This paper focused on RC beam–column joints bi–axially loaded and application of haunch 
retrofit. Three were the investigations scopes and the following conclusions are given in 
their regard.
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Fig. 27   Comparison between the experimental crack pattern at slab’s estrados and STM compressive struts 
obtained for leading load cases: a specimen CJ02; b specimen CJ03. (Notes. The Reader is referred to the 
color version of this figure)
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First, mechanical response of a corner joint under bi–axial shear is different from that of 
an identical joints uniaxially loaded. Bi–axial load protocol, defined by the Coupling Factor 
(C.F.), can influence the strength for moderate values of column’s axial compression ( � ), 
e.g. 𝜈 <0.25. By considering a database of corner joints tested bi–axially, for C.F.<0.5 (i.e. 
non–simultaneous peaks) joint’s shear strength was higher than analytically–derived predic-
tion. For C.F.>0.5 (i.e. simultaneous peaks), strength’s reduction was evident. Such result 
was explained as combination of both beneficial effect of joint’s confinement, which pre-
vails in the first case, and (ii) detrimental effect of bi–axial shear demand. In many design 
circumstances (RC buildings characterized by regularity in plan) it might be not practical 
to evaluate shear demand orbitals at joint and their associated C.F. In such cases C.F.<0.5 
is generally expected therefore it is recommended to use nominal strength’s provisions for 
bi–axially loaded joints which are given either by design guidelines or by literature. High 
level of structural analysis approximation should be adopted for non–regular buildings.

Second, haunch retrofit was employed to promote beam’s hinging of a shear critical corner 
joint. Hexagonal bi–axial load protocol was used because it has two major advantages: on one 
hand is comparable to the elliptical envelope which most probably represents bi–axial shear 
demand at corner joints for regular buildings (a brief case study was presented); on the other 
is easy to implement experimentally. Experimental results showed a significant reduction of 
both joint’s distortion and shear stress for the retrofitted joint. Inversion of the shear cracks 
inclination was recognized at the column–face. Slab’s participation and torsional behavior 
were confirmed both by the observed crack pattern and strains at reinforcement.

Third, internal forces of haunch retrofitted joint were analytically–derived from an 
application of Strut-and-Tie model (STM) which adopts equivalent truss. In particular, 
three-dimensional grid of struts is needed to model compressive field of both slab’s mem-
brane response and beam’s torsion. By comparing both the haunch force and the joint’s 
shear demand to experimentally–derived values, agreement was found.

Appendix 1: Database of beam–column joints (corner type)

This appendix contains database of beam–column joints (corner type). Data were collected 
from technical literature published in English (Table 8).

Table 7   Comparison between experimentally–derived internal forces, STM and �-factor approach

(a) Load direction: (+) hogging–type moment, for the beam, at column–face; (−) sagging–type moment, for 
the beam, at column–face
(b) Beam’s shear at peak
(c) Axial force of the beam’s longitudinal reinforcement. Experimentally–derived values were obtained 
from load conversion of strains
(d) Axial force of the haunch’s diagonal. Experimentally–derived values were obtained from load 
conversion of strains

TEST Dir.(a) V
(b)

b
 (kN) F

(c)

L
 (kN) / (T−t−P) F

(d)

H
 (kN) / (T−t−P)

Exp Exp STM � Exp STM �

CJ02 (+) 102 545 524 1.04 – – – – – – –
(−) 114 719 594 1.21 – – – – – – –

CJ03 (+) 148 372 343 1.08 200 1.85 124 185 0.67 137 0.90
(−) 125 413 401 1.03 173 2.38 158 178 0.88 115 1.37
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Table 8   Database of RC corner joints tested bi–axially

Test S w/t �s1 �s2 �h � B D vj pt pc F.
(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (j)

(−) (−) (%) (%) (%) (−) (−) (±) (
√

fc) (
√

fc) ( fc) (−)

 Akguzel and Pampanin (2010b)
3DB1 × – 0.5 0.5 0.1 0.04 1 (+) 0.26 0.19 0.07 JS
3DB2 × – 0.5 0.5 0.0 0.11 1 (+) 0.43 0.25 0.17 JS
3DB1 × – 0.5 0.5 0.1 0.02 2 (+) 0.25 0.20 0.06 JS
3DB2 × – 0.5 0.5 0.0 0.08 2 (+) 0.38 0.25 0.14 JS
3DB1 × – 0.5 0.5 0.1 0.06 1 (−) 0.30 0.19 0.10 JS
3DB2 × – 0.5 0.5 0.0 0.20 1 (−) 0.52 0.25 0.26 JS
3DB1 × 0.5 0.5 0.1 0.05 2 (−) 0.29 0.20 0.09 JS
3DB2 × – 0.5 0.5 0.0 0.19 2 (−) 0.51 0.25 0.25 JS
 Han and Lee (2020)
JOB ✓ 15 0.5 0.5 0.2 0.20 1 (−) 0.43 0.75 0.34 JS
JOB ✓ 15 0.5 0.5 0.2 0.20 1 (+) 0.58 0.73 0.34 JS
 Hosseini et al. (2018)
CRC​ × – 0.7 0.7 0.5 0.05 1 (+) 0.59 0.44 0.12 JS
CRC​ × – 0.7 0.7 0.5 0.05 1 (+) 0.64 0.49 0.13 JS
CRC​ × – 0.7 0.7 0.5 0.05 2 (−) 0.60 0.46 0.13 JS
CRC​ × – 0.7 0.7 0.5 0.05 2 (−) 0.64 0.50 0.13 JS
 Kam et al. (2010)
3DB × – 0.4 0.4 0.0 0.16 1 (−) 0.33 0.13 0.20 JS
3DB × – 0.4 0.4 0.0 0.16 1 (+) 0.41 0.19 0.21 JS
3DB × – 0.4 0.4 0.0 0.16 2 (−) 0.29 0.11 0.19 JS
3DB × – 0.4 0.4 0.0 0.16 2 (+) 0.40 0.18 0.21 JS
3DS ✓ 11 0.4 0.4 0.0 0.11 1 (−) 0.30 0.13 0.13 JS
3DS ✓ 11 0.4 0.4 0.0 0.11 1 (+) 0.35 0.17 0.14 JS
3DS ✓ 11 0.4 0.4 0.0 0.11 2 (−) 0.24 0.09 0.13 JS
3DS ✓ 11 0.4 0.4 0.0 0.11 2 (+) 0.31 0.14 0.14 JS
 Kitayama and Katae (2017)
K2 × – 1.1 1.1 0.3 0.04 1 (−) 0.50 0.37 0.09 JS
K2 × – 1.1 1.1 0.3 0.04 1 (−) 0.40 0.28 0.08 JS
K3 × – 1.1 1.1 0.3 0.13 1 (−) 0.52 0.24 0.16 JS
K3 × – 1.1 1.1 0.3 0.13 1 (−) 0.48 0.21 0.16 JS
K2 × – 1.1 1.1 0.3 0.04 2 (−) 0.34 0.22 0.07 JS
K2 × – 1.1 1.1 0.3 0.04 2 (−) 0.42 0.30 0.08 JS
K3 × – 1.1 1.1 0.3 0.13 2 (−) 0.47 0.20 0.15 JS
K3 × – 1.1 1.1 0.3 0.13 2 (−) 0.51 0.24 0.16 JS
 Marchisella (2022)
CJ02 ✓ 8 0.8 0.8 0.0 0.00 1 (+) 0.68 0.68 0.12 JS
CJ02 ✓ 8 0.8 0.8 0.0 0.00 1 (−) 0.92 0.92 0.17 JS
CJ02 ✓ 8 0.8 0.8 0.0 0.00 2 (+) 0.60 0.60 0.11 JS
CJ02 ✓ 8 0.8 0.8 0.0 0.00 2 (−) 0.63 0.63 0.11 JS
 Hassan (2011)
UJ1 ✓ 11 1.8 1.4 0.0 0.31 1 (+) 1.26 0.67 0.43 JS
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(a) Specimen with slab
(b) Width-to-thickness ratio of the slab
(c)-(d) Beam’s longitudinal reinforcement ratio in direction 1 and 2, respectively
(e) Hoops ratio
(f) Normalized column’s axial force at peak stage, i.e. N

Ac ⋅fc

(g) Considered beam’s, i.e. Beam 1 or Beam 2
(h) Considered load direction, viz. positive is providing hogging bending moment at column–face
(i) Joint’s shear stress according to Eq. (6)
(j) Principal tensile stress according to Eq. (7)
(k) Principal compressive stress according to Eq. (8)
(l) Failure mode: (JS) indicates joint’s shear failure

Table 8   (continued)

Test S w/t �s1 �s2 �h � B D vj pt pc F.
(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (j)

(−) (−) (%) (%) (%) (−) (−) (±) (
√

fc) (
√

fc) ( fc) (−)

UJ1 ✓ 11 1.8 1.4 0.0 −0.09 1 (−) 0.96 1.23 0.14 JS
UJ1 ✓ 11 1.8 1.4 0.0 0.30 2 (+) 1.11 0.56 0.40 JS
UJ1 ✓ 11 1.8 1.4 0.0 −0.05 2 (−) 0.84 0.99 0.13 JS
UJ2 ✓ 11 0.8 0.7 0.0 0.46 1 (+) 0.88 0.28 0.51 JS
UJ2 ✓ 11 0.8 0.7 0.0 −0.03 1 (−) 0.62 0.70 0.10 JS
UJ2 ✓ 11 0.8 0.7 0.0 0.46 2 (+) 0.79 0.23 0.50 JS
UJ2 ✓ 11 0.1 0.1 0.0 −0.03 2 (−) 0.58 0.66 0.10 JS
BJ1 ✓ 11 1.8 1.4 0.0 0.45 1 (+) 1.03 0.34 0.51 JS
BJ1 ✓ 11 1.8 1.4 0.0 −0.01 1 (−) 0.89 0.87 0.15 JS
BJ1 ✓ 11 1.8 1.4 0.0 0.45 2 (+) 0.95 0.29 0.50 JS
BJ1 ✓ 11 1.8 1.4 0.0 −0.01 2 (−) 0.86 0.84 0.14 JS
 Park and Mosalam (2013)
SP1 ✓ 13 0.6 0.6 0.0 0.08 1 (+) 0.84 0.66 0.22 JS
SP2 ✓ 13 1.1 0.8 0.0 0.08 1 (+) 1.30 1.11 0.31 JS
SP3 ✓ 13 0.4 0.4 0.0 0.08 1 (+) 0.81 0.64 0.21 JS
SP4 ✓ 13 0.7 0.5 0.0 0.07 1 (+) 0.95 0.77 0.22 JS
SP1 ✓ 13 0.6 0.6 0.0 0.08 1 (−) 0.92 0.74 0.23 JS
SP2 ✓ 13 1.1 0.8 0.0 0.08 1 (−) 1.09 0.91 0.27 JS
SP3 ✓ 13 0.4 0.4 0.0 0.08 1 (−) 0.76 0.58 0.20 JS
SP4 ✓ 13 0.7 0.5 0.0 0.07 1 (−) 0.88 0.70 0.21 JS
SP1 ✓ 13 0.6 0.6 0.0 0.08 2 (+) 0.80 0.62 0.21 JS
SP2 ✓ 13 1.1 0.8 0.0 0.08 2 (+) 1.35 1.16 0.32 JS
SP3 ✓ 13 0.4 0.4 0.0 0.08 2 (+) 0.72 0.55 0.19 JS
SP4 ✓ 13 0.7 0.5 0.0 0.07 2 (+) 0.84 0.67 0.20 JS
SP1 ✓ 13 0.6 0.6 0.0 0.08 2 (−) 0.85 0.67 0.22 JS
SP2 ✓ 13 1.1 0.8 0.0 0.08 2 (−) 1.02 0.84 0.25 JS
SP3 ✓ 13 0.4 0.4 0.0 0.08 2 (−) 0.66 0.49 0.18 JS
SP4 ✓ 13 0.7 0.5 0.0 0.07 2 (−) 0.75 0.58 0.19 JS
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