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Abstract
This paper addresses the stress field of reinforced concrete (RC) beam–column
joints retrofittedwith haunches. Design of such solution currently assumes inter-
nal forces evaluated by the so called 𝛽-factor approach, which was originally
conceived targeting the enhancement of steel moment-resisting frames. Exten-
sion to RC is subsequent as it emerges from the literature survey. The analytical
model is first critically rediscussed. Inconsistencies of the adopted structural
scheme, with respect to the actual mechanical behavior, may lie on the com-
patibility conditions which are imposed between the haunch and concrete beam
(or column). In this regard, two-dimensional finite elementmodels (FEM), using
linear-elastic materials, are employed to study the stress field of two benchmark
specimens derived from literature. A partial validation is carried out against
experimentally derived internal forces. Results show that, for haunches with
extended flat plates and stiff diagonals, compressive diffusion affects the entire
haunch region. Consequently, beam’s kinematic hypothesis of linear strains is
no longer valid. The predicted joint shear demand resulted underestimated by
𝛽-factor approach by 50%. Since 2D FEM may be not efficient for many prac-
tical circumstances, an application of Strut-and-Tie is alternatively proposed.
Finally, both the limitations and possible extensions of the proposed approaches
are stated transparently.

KEYWORDS
anchorage, beam–column joint, haunch retrofit, reinforced concrete, stress field analysis, Strut-
and-Tie

1 INTRODUCTION

Haunch retrofit solution dates back soon after Northridge (California) 1994 earthquake. In that case, damage to steel
moment-resisting frames was extensive, indicating that the typical detail of welded flange-bolted web connection, used
from the early 1970s, had inherent performance problems. The fracture of bottom flange weld was frequently reported1 in
the absence of inelastic beam deformations. Welding a triangular haunch beneath the beam’s bottom flange significantly
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2 MARCHISELLA and MUCIACCIA

F IGURE 1 Beam–column joints
retrofitted using haunch: (A) steel prototype
tested by Yu2 ; (B) RC prototype tested by
Pampanin4. (Notes. Dimensions are in
millimeters.) RC, reinforced concrete.

F IGURE 2 Beam’s crack pattern of an haunch retrofitted beam–column joint. (Notes. The specimen, represented in the picture, was
tested7 by the authors of this paper. Dimensions are in millimeters. The Reader is referred to the color version of this figure.).

improved the seismic performance of the connections as experimentally proven by Yu.2 The tested prototype is shown in
Figure 1A.
Application to reinforced concrete (RC) beam–column joints was subsequent and, to the Authors’ knowledge, is due

to Pampanin3,4 and Chen5 who first carried out an experimental campaign at the University of Canterbury. Their tested
prototype is represented in Figure 1B.
For a RC joint, haunch lowers the joint shear demand with the intent of promoting ductile failure such as the beam’s

plastic hinge. Aside from the issue of invasiveness, which is undoubtedly impactful for retrofit of existing structures,
haunch technology has a reduced cost if compared to fiber reinforced polymers, which is widely promoted nowadays.6
Typical crack pattern at failure of an RC beam–column joint, retrofitted with haunches is shown in Figure 2. The spec-

imen was tested7 by the authors of this paper. Mixed shear–flexural cracks developed outside the haunch region for both
load directions. Plastic hinge formed in the beam, for sagging bending moment, at the boundary of the haunch-end. Mod-
erate crack pattern characterized the haunch region. Occasionally inverted inclination of shear cracks has been observed8
inside the haunch region. Such experimental observations suggest that bending moment should reduce in the haunch
region whereas change of shear sign could happen.
The solution of internal forces for a beam–column joint retrofitted with haunch was primarily developed for steel

structures2 and then adapted to RC.4 In particular, being the structure redundant, the compatibility of displacements
between haunch and beam (or column) is assumed. Both the haunch region and the remaining beam segment are studied
under linear-strains hypothesis, according to classical beam theory. Such approach will be referred as “𝛽-factor approach”
throughout this paper.
It is wondered whether extended haunches with stiff diagonals may violate the beam theory hypothesis. To prove it,

stress field of the retrofitted joint is investigated by means of two-dimensional (2D) FEMmodels. Being such method not
efficient for practical circumstances, an application of Strut-and-Tie method (STM) is proposed alternatively.

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.3921 by C

ochraneItalia, W
iley O

nline L
ibrary on [20/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



MARCHISELLA and MUCIACCIA 3

The plan of the paper is as follows: the state-of-the-art of haunch retrofit applied to RC beam–column joint is presented
at Section 2. 𝛽-factor approach is critically discussed at Section 3. 2D FEMmodels, for selected benchmarks, are presented
in Section 4. An application of STM, alternative to 2D FEM, is given at Section 5. Section 6 discusses the limitations of the
results. Finally, Section 7 includes both a summary and the main findings of the presented research.

2 BACKGROUND

This section presents a literature survey based on two major keyword, that is “RC beam–column joint” and “haunch
retrofit.” For the sake of clarity, the studies are reviewed by distinguishing the adopted investigation method, that is,
experimental, analytical, or numerical.

2.1 Experimental studies

A data collection obtained from reviewed experimental studies is presented in Table 1. The database includes 36 tests
carried out on 2D exterior joints. Data of full-scale tests on portal frame9 could not be directly used in the proposed
meta-analysis. The table includes both retrofitted specimens and reference tests, that is specimen tested without retrofit
having the same geometry, reinforcement layout, and nominal materials properties. All the specimens are characterized
by absence (or low-percentage) of joint horizontal reinforcement. The flexural strength ratio ( Σ𝑀𝑐

Σ𝑀𝑏
) roughly ranges from

1.0 to 2.5 with out-of-range values due to adoption of shallow beams.10,11 Low-to-medium concrete strength is usually
assumed. The ratio between peak loads in the retrofit test and in the reference test (Ret-to-Ref) has been calculated con-
sidering (i) the case of highest peak for more than one reference test and (ii) different load direction for specimens with
slab (positive assumes the slab in tension). Joint shear failure has been declared for all the reference tests, possibly with
contemporary yielding of the beam longitudinal rebars. Ret-to-Ref ratio higher than 1 characterizes all the retrofitted
specimens. Exceptions are represented by tests carried out with haunches installed after joint shear failure. Generally,
retrofitted specimens failed with beam’s plastic hinge, only few cases reported either anchor failure or haunch yielding.
Figure 3 shows the possible influence of the design parameters on the Ret-to-Ref ratio. Double haunch configuration has
been used by the majority of investigators, consequently the scatter obtained for Ret-to-Ref ratio is higher with respect to
the single configuration. The haunch length to beam-span ratio (𝐿′∕𝐿𝑏𝑒𝑎𝑚) has values centered in 0.10 and nonspecific
relationship with Ret-to-Ref ratio is observed. Haunch stiffness ranges almost over three order of magnitude, that is, from
104 to 106 N/mm. Increasing the haunch stiffness does not increase the Ret–to–Ref ratio. Such evidence is a consequence
of limited redistribution, which should be expected from haunch installation. In fact, although retrofitted joint can be
generally considered as redundant structure, load increment after the formation of plastic hinge in the beam cannot be
sustained due to the formation of a kinematic mechanism.

2.2 Analytical studies

Closed-form solution of beam–column joint retrofitted with haunches belongs to steel researchers community. Specifi-
cally, Yu2 first defined the 𝛽-factor by presenting the solution of a steel cantilever with a single haunch. The analytical
model has been included in AISC guideline12 as a design method for seismic retrofit of MRF. Comparison with FEM
was recently made by Zhao13 who claimed that the analytical prediction of internal forces shows agreement in the elastic
range but the connection capacity is underestimated in the post-yieldingmainly because themodel neglects redistribution,
which happens both at the joint shear panel and at the haunch’s flange. Extension of 𝛽-factor approach to RC beam–
column joint is due to Pampanin.3–5. Comprehensive review has been made by Zabihi.14 This paper critically addresses
the 𝛽-factor application to RC at Section 3.

2.3 Numerical studies

Numerical studies can be further subdivided on the basis of the targeted structural scale, that is, beam–column joint
subassemblage or frame. In both cases, haunches are introduced in FEM models as beam elements connected both to
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4 MARCHISELLA and MUCIACCIA

TABLE 1 Database of experimentally tested RC beam–column joint retrofitted with haunch.

Author 𝒉𝒃 𝝆𝒔𝟏 𝝆𝒔𝒉 𝑳′∕𝒉𝒃 𝑳′∕𝑳𝒃 𝑲𝒉 H FR 𝑹 − 𝒕 − 𝑹 F 𝜷 M.Red.F
notes Test 𝒇𝒄 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l)
– – (MPa) (mm) (%) (%) (−) (−) (⋆) (−) (−) (−) (−) (−)
Truong 𝐽−0 21 300 2.4 0.0 – – – – 2.27 – BY-JS – –
31 𝐽−𝐻 20 300 2.4 0.0 1.4 0.09 225 1 2.27 1.46 BY-HF 4.65 −0.34
Genesio 2𝐷𝑝𝑟𝑒 18 330 0.4 0.0 – – – – 1.02 – JS – –
29 𝐽𝑇1 25 400 0.7 0.0 – – – – 2.45 – JS – –
and 2𝐷𝐺1 17 330 0.4 0.0 1.1 0.11 119 2 1.02 0.84 JS 3.09 −0.17
Sharma 2𝐷𝐺2 17 330 0.4 0.0 0.6 0.07 111 2 1.02 1.29 BY-BF 3.55 0.07
22 𝐽𝑇12 27 400 0.7 0.0 0.9 0.10 63 2 2.15 1.60 BY-BF 2.66 0.13

𝐽𝑇13 30 400 0.7 0.0 0.9 0.10 63 2 2.15 1.57 BY-BF 2.63 0.14
𝐽𝑇14 34 400 0.7 0.0 0.9 0.10 63 2 2.15 1.31 BY-BF 2.60 0.15
𝐽𝑇15 28 400 0.7 0.0 0.9 0.10 63 2 2.15 1.05 BY-BF 2.65 0.13

Sharbatdar 𝑆𝐶1 16 150 0.9 0.3 – – – – 5.97 – BY-JS 0.00 0.00
10 𝑆𝐶2 16 150 0.9 0.3 – – – – 5.97 – BY-JS 0.00 0.00

𝑅𝑆𝐶1 16 150 0.9 0.3 2.0 0.11 8 2 5.97 1.33 BY-HF 3.08 0.10
𝑅𝑆𝐶2 16 150 0.9 0.3 2.0 0.11 8 2 5.97 1.92 BY-HF 3.08 0.10

Pampanin 𝑇𝐷𝑃2 23 330 0.5 0.1 – – – – 1.19 – JS – –
4 𝑇𝐻𝑅1 26 330 0.5 0.1 1.2 0.13 6 2 1.03 1.54 BY-BF 1.20 0.74

𝑇𝐻𝑅2 26 330 0.5 0.1 1.2 0.13 2 2 1.03 1.60 BY-BF 0.65 1.05
𝑇𝐻𝑅3 27 330 0.5 0.1 1.2 0.13 11 2 1.03 1.57 BY-BF 1.66 0.48

Marchisella 𝑆01+ 24 450 1.0 0.0 – – – – 1.46 – JS – –
7 𝑆01− 24 450 1.0 0.0 – – – – 1.46 – JS – –
(†) 𝑆02+ 23 450 1.0 0.0 – – – – 1.46 – JS – –

𝑆02− 23 450 1.0 0.0 – – – – 1.46 – JS – –
𝑆01𝑅+ 24 450 1.0 0.0 0.9 0.09 80 2 1.46 0.89 JS 3.15 0.04
𝑆01𝑅− 24 450 1.0 0.0 0.9 0.09 80 2 1.46 1.03 JS 3.15 0.04
𝑆03+ 36 450 1.0 0.0 0.9 0.09 80 2 1.46 1.54 BY-HF 3.05 0.08
𝑆03− 36 450 1.0 0.0 0.9 0.09 80 2 1.46 1.71 BY-HF 3.05 0.08
𝑆04+ 31 450 1.0 0.0 0.9 0.09 80 2 1.46 1.92 BY-BF 3.08 0.07
𝑆04− 31 450 1.0 0.0 0.9 0.09 80 2 1.46 1.83 BY-BF 3.08 0.07

Kheyroddin 𝐷𝑆𝐽 16 150 0.9 0.3 – – – – 5.97 – BY-JS – –
11 𝑅𝑆𝐽1 15 150 0.9 0.3 2.0 0.10 5 1 5.97 1.52 BY-HF 3.05 0.23

𝑅𝑆𝐽2 16 150 0.9 0.3 2.0 0.10 8 1 5.97 1.71 BY-HF 3.59 0.05
𝑅𝑆𝐽3 15 150 0.9 0.3 2.0 0.10 15 1 5.97 1.69 BY-HF 4.09 −0.12
𝑅𝑆𝐽4 16 150 0.9 0.3 2.0 0.10 8 1 5.97 1.77 BY-HF 3.60 0.05

Kanchanadevi 𝑆𝑃1 41 400 0.7 0.0 – – – – 1.89 – JS – –
62 𝑆𝑃1𝐻 39 400 0.7 0.0 1.0 0.13 21 1 1.89 1.28 BY-BF 1.30 0.61

𝑆𝑃1𝐵𝐻 39 400 0.7 0.0 1.0 0.11 23 1 1.89 1.60 BY-BF 1.77 0.50

a,b,c,d,e,fConcrete cylindrical compressive strength (𝑓𝑐); beam height (ℎ𝑏); percentage of beam longitudinal reinforcement (𝜌𝑠𝑙 = 𝑚𝑎𝑥[𝜌𝑠1; 𝜌𝑠2]); percentage of
joint horizontal reinforcement (𝜌𝑠ℎ); haunch length-to-beam depth ratio (𝐿′∕ℎ𝑏); Haunch length-to-beam net span ratio (𝐿′∕𝐿𝑏); haunch stiffness (𝐾ℎ) dimension
is (N/mm⋅104) (⋆).
gHaunch configuration: [-]Reference test; [1] single haunch; [2] double haunch.
hFlexural ratio, that is, Σ𝑀𝑐

Σ𝑀𝑏
.

iRetrofit-to-reference peak load ratio.
jModes of failure: [BY] Beam yielding; [BF] beam flexural failure; [HF] anchorage or haunch failure; [JS] joint shear failure.
k𝛽-factor evaluated according to Equation 2.
lM.Red.F. evaluated according to Equation 5.
†Suffixes to the test code indicate hogging (+) and sagging (-) behavior of the beam.
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MARCHISELLA and MUCIACCIA 5

(A) (B)

(C) (D)

F IGURE 3 Influence of design parameters on the Retrofit-to-Reference (R-t-R) strength ratio for the database of beam–column joints
retrofitted with haunch: (A) haunch number; (B) haunch horizontal length to beam-span ratio; (C) mechanical reinforcement ratio of beam
longitudinal bar; (D) haunch stiffness.

the beam and the column via rigid links.9,15,16 Sharma17 claimed that the connection should employ nonlinear springs,
which load capacity and stiffness must be evaluated in different load–displacement stages. Zabihi14 conducted a para-
metric study at the subassemblage scale, by varying (i) single or double haunch installation, (ii) the length of haunch
diagonal and, (iii) beam–column span-to-length ratio. Strength hierarchy method18 was used to determine the failure
mode. Generally, haunch retrofit promoted beam hinging with respect to joint shear failure. Besides, for the same amount
of haunch material being utilized in single or double configuration of the haunch, greater enhancement was obtained by
implementing the latter. At the frame scale, MRF conceived without seismic details are usually employed as prototypes.
For example, Ahmad19 considered the results of pushover analysis carried out on two-dimensional MRF. Comparing the
capacity curves for deficient and retrofitted frames, it was observed that the retrofit resulted in an increased lateral stiff-
ness by 84% and maximum strength by 36%. By using similar two-dimensional MRF but investigating the response via
NLTH, Akbar20 found an average value of the response-modification factor21 equal to 7.5. Sharma22 studied a low-rise
three-dimensional MRF by using NLTH response. Beam–column joint was modeled using multispring approach.17,23,24
Haunches were applied only to the joints which displayed joint shear failures in the as-built condition. The retrofitted
MRF was able to develop beam hinging with no major shear failure. Hysteretic responses of the joints remained in the
elastic regime. Column hinges were formed at the base andminor damage was observed at the storey level. Shear demand
for beams and columns was not critical neither for as-built condition nor for retrofitted one.
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6 MARCHISELLA and MUCIACCIA

F IGURE 4 Definition of beam–column
joint subassemblage for a one bay half-story
frame under shear sway.

F IGURE 5 Structural analysis of a
cantilever retrofitted with double haunch.

3 REVIEWOF THE 𝜷-FACTORMODEL

3.1 Original formulation

Consider the beam–column joint subassemblage definition represented in Figure 4. As commonly adopted25,26 for MRF
under shear-sway, contraflexure points are located in the middle of beams’ spans and interstorey height. If both the col-
umn’s and joint’s stiffness are assumed infinite, the cantilever scheme applies to the beam. Figure 5 shows shear and
bending moment diagrams under the application of tip load (𝑉𝑏) downward. The as-built condition is statically determi-
nate, characterized by linear and constant diagram for bending moment and shear, respectively. Haunches (either single
or double configuration) turn the structure redundant, although the reactions at restraints remain statically determinate.
According to Pampanin,4 internal forces are obtained by imposing the compatibility of the haunch displacement at sec-
tion 𝑆. The shear portion taken by the haunches is equal to 𝛽𝑉𝑏 where 𝛽-factor is larger or equal than zero. As a result,
the beam’s shear diagram has a discontinuity. The maximum bending moment (𝑀𝑏,𝑚𝑎𝑥) is attained at section 𝑆, while it
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MARCHISELLA and MUCIACCIA 7

decreases linearly till the column face to a value𝑀𝑏,𝑐 according to the following relationship:

𝑀𝑏,𝑐 = 𝑀𝑏,𝑚𝑎𝑥

[
1 −

𝛽𝑑𝑏
2𝐿𝑡𝑎𝑛𝛼

+
(1 − 𝛽)𝐿′

𝐿𝑏∕2 − 𝐿′

]
(1)

where 𝐿𝑏 is the beam span, 𝐿′ is the haunch horizontal length, 𝛼 is the angle between the haunch diagonal and the
horizontal direction. 𝛽 is defined as it follows:

𝛽 =
𝑏

𝑎
⋅

6𝐿𝑑𝑏 + 3𝑎𝑑𝑏 + 6𝑏𝐿 + 4𝑎𝑏

3𝑑2
𝑏
+ 6𝑏𝑑𝑏 + 4𝑏2 + (12𝐸𝐽𝑏∕2𝐾𝑑𝑎 cos(𝛼))

(2)

where 𝑎 = 𝐿′, 𝑏 = 𝐿′ tan(𝛼), 𝐸𝐽𝑏 is the beam flexural modulus, 𝑑𝑏 is the beam depth, 𝐾ℎ = 𝐸𝑑𝐴𝑑∕𝐿𝑑 the axial stiffness
of the haunch. Apart from double haunch stiffness contribution, Equation (2) is identical to what was derived by Yu2
for steel cantilever. Nevertheless, Pampanin4 formulated two additional definitions of 𝛽-factor by relaxing the infinite
stiffness either of column or joint. For the sake of synthesis, they are not reported here. Generally, 𝛽-factor tend to be
lower up to 15%–20% if the sole beam flexibility is considered. Pampanin4 compared the closed-form solution with respect
to FEM analysis assuming linear-elastic beam elements. The presentation of the FEM models lacked in details such as:
(i) the definition of master-slave constraint to account for the eccentricities (e.g., ±𝑑𝑏∕2) with respect to the beam axis;
(ii) the definition of moment release for the haunch; (iii) the definition of flexural stiffness reduction (due to cracking27)
possibly different for the beam and the column being the latter generally characterized by reduced damage due to the
presence of axial load. As per the last issue, Emami28 proposed to consider the cracked inertia both for the column and
beam. Considering the bending moment at column face, one might expect that larger value of 𝛽-factor are desirable to
reduce the horizontal shear transferred to the joint panel, as it is discussed subsequently in this paper. However, Pampanin
suggested to assume value of 𝛽-factor less than 2 to avoid an excessive increase of shear demand for both the beam and
column. Genesio29 considered different values of the 𝛽-factor coming either from compressed or tensioned haunch. In
fact, reduced stiffness is expected from the latter because of the anchorages pullout. Conversely, hard contact between
the steel plates and concrete in a compressed haunch promotes stiffness increase. Emami28 concluded that two are the
decisive design parameter for haunch retrofit, that is, 𝐿′∕𝐿𝑏 and 𝐾ℎ. A simplified procedure to get the optimum 𝛽-factor
was proposed by using linear regression. 𝐿′∕𝐿𝑏 was assumed equal to 0.15 and𝛼 equal to 45◦. In this instance, the reduction
of joint shear demand between as-built and retrofit joint (𝑉𝑗ℎ,ℎ𝑎𝑢𝑛𝑐ℎ∕𝑉𝑗ℎ) can be expressed as

𝑉𝑗ℎ,ℎ𝑎𝑢𝑛𝑐ℎ

𝑉𝑗ℎ
= −0.27𝑙𝑛(𝜆) + 0.24 (3)

where

𝜆 =
𝐸𝑑
𝐸𝑐

𝐴ℎ

𝐼𝑏

𝐿𝑏
𝐿′
𝑐𝑜𝑠(𝛼) (4)

To summarize, the internal forces of a beam–column joint retrofitted with haunches can be defined as a function of the
𝛽-factor. For example, 𝛽∕2𝑉𝑏 is the vertical component of the haunch’s diagonal force. Formulas, which relate the internal
forces to design variables (e.g.,𝐿′, 𝛼,𝐾ℎ), are nonlinear asmuch as their trend should be studiedwithmultiple parametrical
analyses, as it is shown in the following.

3.2 Benchmarks

𝛽-factor has been experimentally validated by Pampanin4 by comparing analytical predictions with respect to experi-
mentally derived values. For the latter, there was not a clear statement of the derivation’s assumptions. In all likelihood
𝛽-factor was back-evaluated from haunch’s diagonal displacement, being this measured via linear displacement trans-
ducers during test. Table 2 presents the evaluated 𝛽-factors for specimens tested by Pampanin.4 Additionally, specimen
tested by Genesio29 is considered as well. Results obtained using Equation (2) are compared to the values retrieved from
the original publications. Although the results are comparable, differences between 𝛽-factor values evaluated according to
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8 MARCHISELLA and MUCIACCIA

TABLE 2 Result of 𝛽-factor calculated for selected benchmarks.

𝚽 𝑳𝒉 𝑲𝒉 𝜷𝒕𝒉. 𝜷𝒆𝒙𝒑 A 𝑲𝒉 𝜷

Specimen Ref. (mm) (mm) (kN/m) (-) (-) (mm2) (kN/m) (-)
† † † † † † ∗ ⋆

THR1○ 4 14 565 25,000 1.15 1.20 154 54,464 1.20
THR2○ 4 9 565 22,000 1.07 1.10 64 22,508 0.65
THR3○ 4 19 565 111,000 2.17 2.00 283 100,313 1.66
JT1-4⊓ 29 - 800 600,000 2.06 - 2400 600,000 2.60

○ Circular section. The area is evaluated as 𝐴ℎ = 0.25Φ2𝜋.
⊓ Rectangular section 16 × 150 mm.
† Retrieved from original publications 4,29.
∗ Evaluated as 𝐸𝑠𝐴ℎ∕𝐿ℎ , assuming 𝐸𝑠 equal to 200 GPa.
⋆ Evaluated by applying Equation (2).

F IGURE 6 Definition of the horizontal joint shear demand (𝑉_𝑗ℎ) for an exterior RC beam.column joint. RC, reinforced concrete.

Equation (2) and original ones are most probably due to the neglection of column’s deformability assumed by the former.
The following Section 4 of this paper considers specimens THR1 and JT1-4 as benchmarks. It is worth to mention that for
these two cases, differences between Equation (2) and original values are 4 and 26%.

3.3 Parametric study

The parametric study presented in the following assumes as relevant design parameter the moment reduction factor
(M.Red.F) derived from Equation (1) as it follows:

𝑀.𝑟𝑒𝑑.𝐹 =
𝑀𝑏,𝑐

𝑀𝑏,𝑚𝑎𝑥
= 1 −

𝛽𝑑𝑏
2𝐿𝑡𝑎𝑛𝛼

+
(1 − 𝛽)𝐿′

𝐿𝑏∕2 − 𝐿′
(5)

Such output is crucial for the evaluation of haunch retrofit performance. In fact, by assuming𝑀𝑏,𝑚𝑎𝑥 equal to the yield-
ing capacity of the beam, the M.Red.F can be assimilated to the reduction of joint shear demand between as-built and
retrofitted joint. In fact, as can be inferred from Figure 6, the horizontal joint shear demand (𝑉𝑗ℎ) is linearly dependent
on𝑀𝑏,𝑐 according to the following relationship:

𝑉𝑗ℎ =
𝑀𝑏,𝑐

0.83𝑑𝑏
− 𝑉𝑐 ≈

𝑀𝑏,𝑐

0.83𝑑𝑏
(6)

where the contribution of the column’s shear (𝑉𝑐) to the horizontal equilibrium can be neglected because the ratio𝑉𝑗ℎ∕𝑉𝑐
amounts to a value between four to six30 in an as-built joint. For the sake of simplicity, same assumption is made for
a retrofitted joint, although 𝑉𝑐 may change sign in the Equation (6) depending on 𝛽-factor. On this subject, a further
discussion is presented in Section 4.
To study the impact of the design variables affecting the M.Red.F, an artificial dataset is generated. The considered

structure is a “double haunch cantilever” with a downward force applied at the beam tip. The considered parameters, and
their ranges, are listed as it follows:
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MARCHISELLA and MUCIACCIA 9

F IGURE 7 Effect of design variables on
the moment reduction factor (M.Red.F) in a
cantilever with two haunches.

∙ 𝛽-factor. From 0.5 to 4.0.
∙ 𝐿𝑏. From 2.0 to 6.0 m.
∙ 𝐿′. From 20 to 300 cm.
∙ 𝑑𝑏. From 20 to 80 cm.
∙ 𝛼. From 10◦ to 60◦.

The obtained M.Red.F are represented in the Figure 7 as a function of the design variables. Values of 𝛽-factor larger
than two (limit defined by Pampanin4 to avoid excessive shear either in the beam or in the column) lead to M.Red.F
zero or even lower than zero. The same trend is observed either when decreasing the beam aspect ratio (𝐿∕ℎ𝑏) or when
increasing 𝐿′. According to Equation (5), M.Red.F less than zero should imply an inversion of moment sign at column
face. Besides, according to Equation (6), horizontal joint shear demand should change sign as well. Such inversion, to the
authors’ knowledge, has no experimental evidence. For example, specimen “J-H” tested by Troung31 is characterized by
M.Red.F less than zero according to Table 1. However, neither the sign inversion of experimentally derived rebars’ strains
at column face nor inverted cracks at the joint panel were reported. Generally, 𝛽-factor approach may differ from the
actual mechanical response of a RC retrofitted joint because the assumed compatibility condition between haunch and
beam (or column) may be inconsistent. In this regard, the joint’s stress field has been studied by using 2D FEM, as it is
presented in the following.

4 FINITE ELEMENTMODELS

4.1 Models details

Specimens JT1-4 and THR1, tested by Genesio29 and Pampanin,4 respectively, are considered in the presented numerical
investigation. The specimens were selected to investigate how different haunch’s geometry (e.g., cross-section of the
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10 MARCHISELLA and MUCIACCIA

TABLE 3 Data of benchmark specimens JT1-4 and THR1, tested by Genesio 63 and Pampanin 4.

JT1-4 THR-1
Geometry
𝐿𝑏∕2 (mm) 1750 1525
𝐻𝑐 (mm) 3200 2000
𝑑𝑏 (mm) 400 330
𝑏𝑤 (mm) 300 200
ℎ𝑐 (mm) 300 230
𝐿′ (mm) 600 400
Materials
𝑓𝑐 (MPa) 33.6 25.9
𝑓𝑐𝑡 (MPa) 3.1 2.6
𝑓𝑦 (MPa) 490 344
Joint cracking loada

𝜈 (-) 0.00 0.05
𝑉𝑗ℎ,𝑐𝑟 (kN) 279 150
Beam flexural propertiesb

𝑀𝑐𝑟 (kNm) 24.8 9.5
𝑀𝑦 (kNm) 93.6 28.2
Beam shear propertiesc

𝑉𝑅,𝑐 (kN) 34.6 20.5
𝑉𝑅,𝑠 (kN) 86.2 66.7
Beam loadd

𝑉𝑏 (kN) 90 30
𝛽-factor
𝛽 (-) 2.60 1.20
𝑀𝑏,𝑐∕𝑀𝑏,𝑚𝑎𝑥 (-) 0.15 0.75

a𝑉𝑗ℎ,𝑐𝑟 is evaluated 51 as 𝑉𝑗ℎ,𝑐𝑟 = 𝐴𝑗 ⋅ 𝑓𝑐𝑡
√
1 + 𝜈𝑓𝑐∕𝑓𝑐𝑡 , where 𝐴𝑗 is the joint area projected in the horizontal plane, 𝜈 is the normalized axial force in the column.

b𝑀𝑐𝑟 is the cracking moment, that is, 𝑀𝑐𝑟 = 𝑓𝑐𝑡𝑏𝑤𝑑
2
𝑏
∕6. 𝑀𝑦 is the yielding moment evaluated via sectional analysis using software Response2000 64.A reduced

steel area, with respect to nominal data, was assumed for JT1-4 because one bar was cut to weak the specimen.
c𝑉𝑐 and 𝑉𝑠 are the shear resistances, according to ACI 32 for concrete and steel, respectively.
dSelected load stage to compare numerical results. Beam hogging behavior is studied.

diagonal, anchorage to concrete, extension of the base plate) may affect the joint’s stress field. Specimens’ data are
available both at Tables 1 and 3. The experimentally derived envelopes of load–displacement curves are shown in Figure 8.
As-built specimens were characterized by joint shear failure whereas retrofitted ones failed developing beam’s plastic
hinge. In the following, the numerical results are discussed with emphasis on both beam’s flexural response and joint
shear demand. Although the authors are aware that shear force induced in beam (or column) may be an issue in many
practical assessment cases, this is not discussed for a twofold reason: (i) experimental results did not report shear weak-
ness neither for the beams nor for the columns; (ii) the nominal shear resistances, evaluated as summation of concrete
and steel contribution according to ACI guideline,32 were proven to be enough larger with respect to numerically derived
shear forces. Figures 9 and 10 show specimens’ geometry as well as the boundary conditions used in the numerical
models. Post-installed anchors and elongated base plate were used in JT1–4 whereas THR1 had reduced bearing plates
and passing rods. Details of haunch diagonal cross sections were given in Table 2. For both the specimens, plane stress
conditions was adopted for concrete and steel with the exception of THR1 where beam element was used for the haunch
diagonal. Four-node quadrilateral elements, with the addition of four incompatible modes (Q6 element33), were used
with mesh size equal to 20 mm. The mesh was structured, that is, all the element were undistorted. Linear-elastic
constitutive laws were assumed both for concrete and steel. Reinforcement bars were not modeled explicitly. The load
was applied to the beam tip. Anchorages to concrete of specimen JT1-4 were modeled using beam elements connected
to the surrounding concrete via bond springs. The relative displacement between the connected nodes of the spring rep-
resents the slip between the anchor and concrete, whereas the nodal spring force is the work equivalent of bond stresses
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MARCHISELLA and MUCIACCIA 11

(A) (B)

F IGURE 8 Experimentally -derived load -versus -displacement envelopes of cyclically tested specimens: (A) tests carried out by
Genesio229; (B) tests carried out by Pampanin4. (Notes. Experimental data were digitally -derived, from the original publications, using
GetData Graph Digitizer software. The prediction of beam yielding load, for retrofitted specimens, is computed using mean values for
material parameters.).

(A) (B)
F IGURE 9 Finite element idealization
of specimen “JT1-4” tested by Genesio29: (A)
model layout; (B) anchors’ modeling detail.
(Notes. Dimensions are in millimeters. The
Reader is referred to the color version of this
figure).

(A) (B)
F IGURE 10 Finite element idealization
of specimen “THR1” tested by Pampanin4:
(A) model layout; (B) passing rod modeling
detail. (Notes. Dimensions are in millimeters.
The Reader is referred to the color version of
this figure.).
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12 MARCHISELLA and MUCIACCIA

developed over the effective length of the beam elements adjacent to the node under consideration. The Model Code
201034 bond–slip law was assumed. In particular, the stiffness was evaluated as the secant of the first branch where (i) the
peak bond stress was equal to 9 MPa and (ii) slip had a nominal value of 1 mm. The resulting anchors’ stiffness was equal
to almost 30% of the rod’s elastic stiffness, that is, 𝐸𝑠𝐴𝑟𝑜𝑑∕𝐿𝑟𝑜𝑑. Anchor prestressing was applied only for specimen THR1
by imposing a constant compressive strain equal to 3000 microstrains. Haunch plates were connected to concrete base
with compression-only springs. The shear transfer, possibly mobilized by friction, was neglected. As a result, the anchors
behaved as shear keys. Such assumption has been made (i) to reduce the number of degree of freedom and (ii) to prevent
numerical instability deriving from the definition of springs with coupled stiffness. Both the anchors and the passing rods
were connected to the plate holes via kinematic constraints. The selected load stage, for specimen JT1-4, is 90 kN applied
downward at beam tip asmarked in Figure 8A,which corresponded to almost 40mmof imposed displacement during test.
At this stage, the reinforcement strains were below the nominal yielding threshold. Under this circumstance, both con-
crete and steel were expected to behave linearly within the haunch region, thus the stress field predicted by linear-elastic
analysis was supposed to be comparable. Same considerations were applied to specimen THR1 although results of the
experimental strains were not available. Numerical analyses were performed using a commercial FEM software, that is,
SAP2000.35 Because of the adopted compression-only concrete bedding, the analysis was nonlinear, performed with load
control.

4.2 Results

4.2.1 Specimens JT1 and JT1-4

Figure 11B shows the comparison between the compressive stress fields for JT1 (as-built) and JT1-4. Stresseswere recovered
at nodes after smoothing36 the values at Gauss points (2 × 2 grid). The magnitude of principal stresses reduces within the
joint panel if JT1-4 is compared with JT1, confirming the expected reduction of the shear demand. Evidently, a main
diagonal strut mechanism, which is qualitatively represented by dashed line in Figure 11C, dominates the response of
JT1 joint panel. Nonetheless, a beam-type stress field (B-region) results in the remaining beam portion. Such stress flow,
under hogging behavior, is characterized by horizontal tensile stresses at top and compressive at the bottom. As per the
retrofitted condition, the stress compressive trajectories deviate from the joint panel to the haunch region due to the
bearing mechanism promoted by the compressed haunch. As a result, the entire haunch region should be more properly
defined as a D-region, where “D” stands for discontinuity.37 To prove the inapplicability of beam theory, it is worth to
derive the beam’s curvature as it is shown in Figure 12. Starting from nodal values of deflection, the mean value between
top, bottom edge and center-line is evaluated. Subsequently, the curvature is obtained by incrementally derive twice. The
length increment coincides with the element size (i.e., 20 mm). The numerically derived curvatures are compared with
closed-form solution of a cantilever having the span equal to the beam’s net length both for JT1 and JT1-4. Specifically,
the curvature is obtained dividing the bending moment by the flexural modulus. As a result, linear straight diagram
characterizes JT1 (Figure 12B) whereas, for JT1-4, the diagram is bilinear (Figure 12C). As expected, numerical values
agree with analytical prediction only in the B-regions where linear trend is clearly recognized. Conversely, curvature
deviates from liner envelop both at the haunch region and at the beam’s loaded end. Comparison of stress profiles, at
relevant beam’s cross-sections, is shown in Figure 14. 𝛽-factor approach assumes linear stresses along the beam height
and constant stress profile for the haunch diagonal. At column face, the numerically derived stresses have a nonlinear
distribution characterized by large gradients at the section edges. Neutral axis locates at the half depth of the cross-section.
As per the haunch diagonal, a stress gradient is recognized. Such evidence might be due to the eccentricity of the anchors’
resultant force. Nevertheless, larger diagonal force is obtained numerically with respect to experimental one because the
anchors might have suffered larger slip than the one assumed by numerical models. All the numerically derived internal
forces are presented in Table 4 and discussed in the following. Shear forces and bendingmoments at different beam’s cross-
sections were derived by integrating the numerical stresses with trapezoidal rule. Numerically derived bending moments
are higher than the ones predicted by 𝛽-factor, the highest difference is found at the column-face section. The obtained
values fall in the range between the nominal cracking moment and the yielding one. Numerically derived shear forces
decrease from column face to haunch end. Values are similar to those predicted by the 𝛽-factor.Moreover, the twomethods
agree on the shear’s sign change passing fromhaunch’s region to outside. Aside from the differences between the predicted
haunch forces and the experimental values, whichwas explained as a possible consequence of excessive slip of anchorages
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MARCHISELLA and MUCIACCIA 13

(A)

(B)

(C)

F IGURE 11 Numerical results of
specimens JT1 (left) and JT1-4 (right) tested
by Genesio29: (A) models; (B) minimum
principal stress plot; (C) stress trajectories
inside the haunch region. (Notes.
Dimensions are in millimeters. The Reader is
referred to the color version of this figure.).

during the test, it is worth to mention that different numerically derived forces are obtained for compressed haunch and
tensioned one. Such outcome has a twofold explanation: on one hand, different boundary conditions were applied at the
top (lateral restraint) and bottom (lateral and vertical restraint) column’s section, respectively; on the other, differences
are expected from anchors’ slip. An insight of the joint panel stress field is presented in Figure 13. By definition, the
horizontal shear demand (𝑉𝑗ℎ) is the resultant of tangential stresses acting at the half-depth of a joint panel. The horizontal
equilibrium is restored both by the column’s shear (𝑉𝑐) and the resultant of normal stresses (𝑇) acting in the beam’s
half-depth. A small error affect the equilibrium equivalence mainly due to lack of accuracy of stress recovery at nodal
points.38 Nevertheless, it is noted that haunches caused a sign change of column’s shear, which concurs to increase the
joint shear demand unlike the as-built case. Numerically derived value of joint shear demand is more than two times the
one obtained by adopting the 𝛽-factor approach, as can be inferred from Table 4. In the light of practical assessment, it is
worth to mention that although the estimated shear demand does not overcame the nominal resistance, the safety margin
that could have been obtained using 𝛽-factor approach is unconservative.
To validate the numerical models, experimental strains are retrieved for specimen JT1-4 from the original publication.

The beam’s top longitudinal reinforcement was instrumented with strain gauges at three different cross-section within
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14 MARCHISELLA and MUCIACCIA

(A)

(B) (C)

F IGURE 1 2 Numerically -derived
curvatures: (A) definition of beam’s
displacement field derived from nodal values;
curvature diagrams for specimens JT1 (B) and
JT1-4 (C) tested by Genesio29. (Notes.
Dimensions are in millimeters.
Displacements in the figure have been
arbitrarily magnified for representation
purposes. The Reader is referred to the color
version of this figure.).

F IGURE 13 Numerically -derived stress field at joint panel of specimen JT1-4, tested by Genesio29.

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.3921 by C

ochraneItalia, W
iley O

nline L
ibrary on [20/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



MARCHISELLA and MUCIACCIA 15

TABLE 4 Internal forces of specimen JT1-4, tested by Genesio 29.

2D FEMa 𝜷-factor Exp. STM
Beamb

𝒍𝒔
c M V 𝝐𝒔 M V 𝝐𝒔 𝝐𝒔

g 𝝐𝒔

(mm) (kNm) (kN) (⋅10−6) (kNm) (kN) (⋅10-6) (⋅10−6) (⋅10−6)
Column face 0 36.7 −144.1 643 15.5 −144.0 271 624 1022
Intermediate 100 49.9 −120.3 – 29.9 −144.0 – – –
Intermediate 200 56.8 −116.7 – 44.3 −144.0 – - –
Intermediate 300 69.1 −107.4 1211 58.7 −144.0 1029 1129 1505
Haunch end 600 106.3 90.0 1864 103.5 90.0 1814 1962 2154
Clear beam 800 85.9 90.0 1506 85.5 90.0 1499 1049 1465
Haunches

Nh Nh Nhf Nhf

(kN) (kN) (kN) (kN)
(Tension) 124.8 165.5 78.0 78.0
(Compression) 137.3 165.5 81.0 81.0
Joint paneld

Nom.h

𝑉𝑐 (kN) −26.3 −29.1 – –
𝑇 (kN) 165.2 57.9 – –
𝑉𝑗ℎ = 𝑇 − 𝑉𝑐 (kN) 191.5 87.0 279.0 –
𝑉𝑛𝑢𝑚.
𝑗ℎ

(e) (kN) 203.2 – – –
aNumerically derived internal forces are computed as integral of the stresses distributions.
bHogging moments (𝑀) are assumed positive. Clockwise shear forces (𝑉) are assumed positive. 𝜖𝑠 is the strain at the top longitudinal reinforcement. Both the
numerical value and 𝛽-factor values of 𝜖𝑠 are obtained by performing linear sectional analysis assuming𝑀 as acting moment.
cDistance of the beam’s cross-section from the column face.
dThe sign convention of the horizontal forces acting at the joint panel is shown in Figure 13.
e𝑉𝑛𝑢𝑚

𝑗ℎ
is numerically derived as the integral of tangential stresses acting at the half-joint depth.

fHaunch load was obtained from original publication where the values were back-derived from strain gauges glued onto the haunch diagonal.
gExperimental data of strain gauges readings were digitally derived, from the original publication, using GetData Graph Digitizer software.
hNominal joint cracking resistance.

the haunch region and one outside. Although the beam was weakened by cutting one bar (16-mm diameter) at a distance
of 50 mm from the haunch end, all the bars have been considered activated in the haunch region. In fact, at the column
face, the bond length amounts to almost 20 times the diameter without considering the beneficial effect of bent anchorage.
Numerically derived strains are obtained by post-processing 2D FEM results according to Figure 15. Specifically, bending
moment was derived from 2D FEM, which assume uncracked concrete, then a sectional analysis followed by adopting
the“transformed cracked cross-section.”39 Similar procedure was adopted for 𝛽-factor. Strain diagrams are shown in
Figures 16 and 17. Additionally, the values are reported in Table 4. For the sake of synthesis, STM’s values are included as
well but they are discussed in Section 5 of this paper. Numerically derived strain is comparable to the experimental one
at column face. 𝛽-factor predictions are generally lower.

4.2.2 Specimen THR1

Numerical results obtained for specimen THR1 are presented in Figure 17 and Table 5. Generally, the haunch region
proved to be less disturbed with respect to specimen JT1-4, previously discussed. However, deviations of stress trajectories
are evident in the proximity of haunches’ bearing plates. Differently with respect to specimen JT1-4, 𝛽-factor approach
fairly agrees with numerically derived curvature within the haunch length. Consequently, agreement is found for the
predicted internal forces. In this regard, sufficient accuracy might be expected from 𝛽-factor predictions for small haunch
diagonal cross-section and bearing plate not extending till the column face. In fact, under such conditions, a B-region can
still be identified.
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16 MARCHISELLA and MUCIACCIA

F IGURE 14 Comparison between numerically derived stresses and 𝛽-factor ones, at relevant beam ’s cross-sections of specimen JT1-4,
tested by Genesio29. (Note. Dimensions are in millimeters. The Reader is referred to the color version of this figure.).

4.3 Summary and design implications

To summarize,𝛽-factor led anunderestimated prediction,with respect to 2DFEM, of joint shear demand for specimen JT1-
4. The prediction for specimen THR1 was substantially comparable. Generally, the question is: shall the haunch region be
considered either a B-Region, as 𝛽-factor approach assumes, or a D-Region? With regard to this point, by assuming 𝐿′∕ℎ𝑏
as a conventional slenderness parameter, beam theory would imply 𝐿′∕ℎ𝑏 > 2 according to Schlaich.40 This is hardly
achieved. For example, a maximum value of 2 is found for the experimental database presented in Table 1. Nevertheless,
the authors recognize that proposing 2DFEMas a routine procedure to design haunch retrofitmay be not computationally
optimal. Moreover, the conclusions obtained from the presented benchmarks may suffer lack of generality. As per the
former issue, an application of STM is presented in the following Section 5. The latter is generally discussed in Section 6.
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MARCHISELLA and MUCIACCIA 17

F IGURE 15 Representation of
structural analysis post-processing to get
strains at beam’s reinforcement.

F IGURE 16 Validation of 2D FEM and STM against experimentally -measured strains of specimen JT1-4, tested by Genesio29. (Notes.
Experimental data were digitally -derived, from the original publication, using GetData Graph Digitizer software. The Reader is referred to
the color version of this figure.

(A)

(B)

F IGURE 17 Numerical results of specimen THR1, tested by Pampanin4: (A) stress trajectories within the haunch region; (B)
numerically derived beam’s curvature. (Notes. Dimensions are in millimeters. The Reader is referred to the color version of this figure.).

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.3921 by C

ochraneItalia, W
iley O

nline L
ibrary on [20/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 MARCHISELLA and MUCIACCIA

TABLE 5 Internal forces of specimen THR1, tested by Pampanin 4.

2D FEM(a) 𝜷-factor
Beam(b)

𝒍𝒔
(c) M V M V

(mm) (kNm) (kN) (kNm) (kN)
Column face 0 28.2 −0.4 25.2 −6.0
Intermediate 100 28.0 −0.4 25.8 −6.0
Intermediate 200 28.2 −0.4 26.4 −6.0
Intermediate 300 28.3 −0.4 27.0 −6.0
Haunch end 400 32.5 −6.0 33.6 30.0
Clear beam 500 30.8 30.0 30.8 30.0
Haunches

N N
(kN) (kN)

(Tension) 23.5 - 25.5
(Compression) 19.6 - 25.5
Joint panel(d)

𝑉𝑐 (kN) −7.4 0.4
𝑇 (kN) 97.8 114.0
𝑉𝑗ℎ = 𝑇 − 𝑉𝑐 (kN) 105.2 113.6

aNumerically derived internal forces are computed as integral of the stresses distributions.
bHogging moments (𝑀) are assumed positive. Clockwise shear forces (𝑉) are assumed positive.
cDistance of the beam’s cross-section from the column face.
dThe sign convention of the horizontal forces acting at the joint panel is shown in Figure 13.

5 APPLICATION OF STM

5.1 Background and Assumptions

STM assumes that the continuous stress field of an RC structure can be studied in a discrete fashion. Essentially, given
an RC structure and its load condition, an equivalent truss model is defined such that: (i) equilibrium is satisfied; (ii)
the truss’ geometry accommodates the stress field, which would characterize the elastic solution; (iii) the resistances are
everywhere greater or equal than the corresponding internal forces. The popularity of the method is due to Schlaich who
first developed a collection of application examples.40 Although generally accepted by design guidelines,41–43 the reference
use of uncracked stress field has been debatedwidely.44–47 For instance, Ali45 argued that the design based on linear elastic
stress distribution usually results in excessive reinforcement due to stress concentration; on the contrary, excessive use
of concrete plasticity may result in premature failure due to crushing. Moreover, as remarked by Fernandez Ruiz,46 the
reinforcement layout itself can impact on the stress distribution.
In the presented investigation, STM was applied to specimens “J T–1” (as-built) and “J T1–4”(retrofitted with haunch)

tested by Genesio.29 The equivalent trusses are shown in Figure 18. AlthoughD-region definition should apply only for the
joint panels and haunch regions, the truss model was extended to the whole subassemblage. Additionally, the following
assumptions were made:

∙ The equivalent truss adopted for the as-built condition was statically determinate. Equivalently, haunches were the
only source of redundancy in the retrofit condition. The resulting self-weight of the truss is 1.4 ton, which has been
considered compliant with respect to the nominal weight of the specimen, that is, 1.5 ton.

∙ Concrete members were active only in compression, that is, chords and diagonals. The strut width was assumed equal
to eight times the longitudinal bars diameters according to ACI guideline.48 Inclination of the struts, in B-regions, was
assumed in a range between 30◦ and 40◦ angle, both for the column and the beam.

∙ Inside the haunch region, two different patterns of compressed strutswere studied, that is, HR(i) andHR(ii) in Figure 18.
Both the cases assume two diagonal struts formed from the left-top corner of the joint panel to the middle of the com-
pressed haunch plate of beam and column. Such assumption was mainly based on prevailing compression directions
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MARCHISELLA and MUCIACCIA 19

F IGURE 18 Application of STM equivalent trusses to specimens JT1 (left) and JT1-4 (right) tested by Genesio29. (Notes. Dimensions are
in millimeters. The Reader is referred to the color version of this figure.) STM, Strut-and-Tie method.

obtained by 2D FEM (see Section 4), which suggested the widening of the diagonal compressive struts through the
haunch region. For the case HR(ii), the occurrence of additional struts associated to the pullout behavior of the anchors
was investigated. Specifically, the anchors were lumped at a single bar in the vicinity of the middle one. Two nodes
were imposed (i) at the attachment with the haunch’s diagonal and (ii) at the anchor’s unloaded end according to the
provision given by Bamonte.49

∙ Reinforcement total area was lumped into an equivalent single layer both for longitudinal bars and stirrups.
∙ Both concrete and steel were assumed linear-elastic. Load condition was 90-kN point load applied at the beam tip
downward. Under such load condition, as already mentioned for 2D FEM, both concrete and steel are supposed to
behave linearly within the haunch region while yielding is expected at the haunch end. For the sake of comparison, the
same load magnitude was assumed for as-built. Static analysis was carried out, via FEM software RSTAB-8. Releases of
nodal moments were applied at all the beam elements.

The authors are aware that a similar procedure was recently employed by Schafei.50 Indeed, STM was used to discuss
experimental results on RC beam–column joint retrofitted by steel angles. However, themodel’s validation was not clearly
demonstrated. In fact, although axial forces of tieswere comparedwith nominal yielding, the experimentally derived stress
of reinforcement (converted from strain gauges reading)was only generallymentioned to overcome the yielding threshold.

5.2 Results

Axial force diagrams, obtained by the adoption of STM, are shown in Figure 19 where only the joint region is represented.
The values were compared with nominal strengths given in Table 6. As-built condition is characterized by axial force in
the top beam’s rebar exceeding the yielding threshold, thus, the applied load level (90 kN) overcomes the load carrying
capacity. Indeed, joint shear failure was experimentally reached for a load level almost equal to 60 kN as can be inferred
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20 MARCHISELLA and MUCIACCIA

F IGURE 19 Axial forces of STM equivalent trusses applied to specimens JT1 (AB) and JT1-4 (HR), tested by Genesio29. (Notes. Forces
are in kilonewton. The Reader is referred to the color version of this figure.) STM, Strut-and-Tie method.
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MARCHISELLA and MUCIACCIA 21

TABLE 6 Nominal resistances of the STM truss elements applied to specimen JT1-4 29.

Element A 𝒇𝒚 or 𝒇𝒄 F
(mm2) (MPa) (kN)

Note (a) (b) (c)
Diagonal 40,000 22.4 896
Chord 60,000 22.4 1344
Stirrups 201 490 98
Beam’s Rebar 829 490 406
Column’s Rebar 1140 490 559
Haunch 2400 275 660
Anchors† – – 105

aArea of the truss element.
bNominal strengths: two-third of the cylindrical compressive strength is considered as allowable stress 52 for concrete.
cAxial strength, that is, 𝐹 = 𝐴 ⋅ 𝑓𝑦 or 𝐹 = 𝐴 ⋅ 𝑓𝑐 .
† Combined pullout and concrete cone strength for the group of six anchors, evaluated by Genesio29.

TABLE 7 STM predicted internal forces of specimens JT1-4, tested by Genesio 29.

2D FEMa 𝜷-factor Exp./Nom. STMe

ABd HR AB HR HR AB(90 kN) AB(60 kN) HR(i) HR(ii)
Haunches

N𝒉 N𝒉 N𝒉b N𝒉 N𝒉

(kN) (kN) (kN) (kN) (kN)
(Tension) – 124.8 - 165.5 78.0 - 145.2 153.1
(Compression) - 137.3 - 165.5 81.0 - 159.4 154.0
Joint panelc

𝑉𝑐 (kN) 60.3 −26.3 53.4 −29.1 - 56.2 37.5 - -
𝑇 (kN) 591.6 165.2 587.7 57.9 - 525.0 350.0 178.1 170.5
𝑉𝑗ℎ = 𝑇 − 𝑉𝑐 (kN) 531.3 191.5 534.2 87.0 279.0f 468.8 312.5 235.2 233.8

aResults of 2D linear FEM, discussed at Section 4.
bHaunch load was obtained from original publication where the values were back-derived from strain gauges glued onto the haunch diagonal.
cThe sign convention of the horizontal forces acting at the joint panel is shown in Figure 13. STM value of 𝑉𝑗ℎ is obtained as horizontal component of the strut’s
axial force, for example, see Figure 19.
dGray font is used for As-Built (AB), dark font is used for haunch retrofit (HR).
eHR(i) and HR(ii) indicate different struts configurations according to Figure 18.
fNominal joint cracking resistance.

from Figure 8. Updated axial forces can be simply obtained by multiplying them times the ratio 60/90 because the truss
model is linear. Results are presented in Table 7. The predicted joint shear demand is obtained according to the free-body
equilibrium shown in Figure 19. Comparison is made with respect to nominal joint cracking resistance, which is supposed
to govern the peak response, for unreinforced joints, rather than concrete compressive failure.51 As expected, a prone-to-
failure condition is obtained. As per the retrofitted joints, differences between HR(i) and HR(ii) are not significant. Axial
force diagrams show that concrete chords and diagonals result well below the strength limit, which assumes two-third
of the concrete compressive strength as maximum allowable stress.52,53 Longitudinal reinforcement (top rebar) yielding
is obtained at the haunch section. Axial forces in the stirrups resulted at yielding but the result cannot be sustained con-
clusively due to lack of experimental details. Equivalent anchor, in beam (or column) of model HR(ii), reached a tensile
force comparable with respect to the combined pullout and concrete cone resistance of the anchors group (six anchors)
although the failure was not experimentally observed. To further validate the STMmodel, the axial force of the beam’s top
rebar was converted into strain by dividing the elastic stiffness. Results are presented in Figure 16 and Table 4. For the sake
of synthesis, only HR(i) results are discussed. Predicted strains are larger than experimentally derived ones. Nevertheless,
from the specific assessment prospective assumed in this paper, which targets the joint shear demand, it is proved that a
conservative estimate is obtained as can be derived from Table 7.
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22 MARCHISELLA and MUCIACCIA

6 LIMITATIONS

6.1 The use of 2D linear FEM

The validity of the 𝛽-factor approach to predict joint shear demand for beam—column joint retrofitted via haunch retrofit
was questioned for specimen JT1-4, tested by Genesio.29 Violation of B-region hypothesis was demonstrated by using
2D linear-elastic FEM. Of course, linear material behavior does not represent the cracked condition of concrete. Similar
assumption, though, is made to define the 𝛽-factor. In fact, beam’s (or column) flexibility coefficients, in the Equation (2),
are based on linear-elastic flexural modulus. Another aspect, which may rise doubts, is the adopted comparison between
2D plane stress FEM and 𝛽-factor approach, which assumes the beam theory. On this subject, inspiration was taken from
the notorious “Cantilever” example defined by Carr54 and extended by MacNeal.55 In this case, FEM performances of dif-
ferent elements (either triangular or quadrilateral) are tested against elasticity solution, which coincides with beam theory
with the exception of clamp’s proximity where the “De-Saint Venant Principle”56 is violated. Generally, the comparison
employed the displacement field outside the disturbed end. In this light, the presented investigation assumed a similar
criterion, that is, comparison of curvatures outside the haunch region was given. Nonetheless, the authors recognize that
their conclusions on stress field can be only partial because they are based on specific benchmark geometries. Further
studies are needed which should, for example, assume single haunch and refined model for anchorages’ pullout.57

6.2 The use of STM

Among infinite equilibrated solutions, only few equivalent trusses were studied. Modeling criteria assumed (i) statically
determinate truss for the as–built condition and (ii) compressive field angle in a range between 30◦ and 40◦. The geometry
of concrete struts inside the haunch region was qualitatively oriented according to the results of 2D FEM linear analysis.
However, its adequacy needs to be investigated further possibly by applying optimization criteria.45,58 Contrary to the
common use of STM, which addresses the design of the reinforcement for new RC structures under monotonic loads, the
presented investigation proposes it as an assessment tool for seismic conditions. In this respect, the assumed rigid-plastic
behavior of concrete may be too optimistic. In fact, concrete should retain its maximum stress for strains of arbitrary
magnitude.59 However, this is hardly achieved at the joint panel because (i) cracked concrete is notoriously subjected
to compressive strength decay60 and (ii) degradation of shear strength is expected for cyclic condition.61 To solve the
issue, the allowable concrete strength (assumed equal to two-third of the concrete strength53 for the sake of simplicity)
should be reduced further. As noted above for 2D FEM, also the presented application of STM does not possess enough
validity to be generalized. For example, trusses were tailored aiming at representing beam’s hogging behavior, thus, they
are not suitable to represent sagging condition, that is, both the concrete diagonals and the compressed chords need to be
re-assigned. Finally, three-dimensional STM should be applied insofar as haunch retrofit was extended to corner joints
(bi-axially loaded) or joints with transverse beam. In this respect, the authors will present in a future paper a validation
of the model supported by their experimental results.

7 CONCLUSIONS

This paper studied the stress field of RC beam–column joints retrofitted with haunch retrofit. Two benchmarks were
selected among specimens surveyed from literature. They represent two extreme cases with respect to the validity of the
𝛽-factor definition, which is the state-of-the-art of structural analysis for haunch retrofit. Internal forces, obtained by 2D
FEM, assuming linear-elastic materials, were compared to 𝛽-factor approach. An application of STM was proposed as
an easy-to-handle alternative to 2D FEM. Validation against experimental results was partly possible by comparing, for
one of the selected benchmarks, experimentally derived strains to numerically derived ones. Being the principal scope
of haunch retrofitting the decrease of shear demand at the joint, such parameter was considered as a key output for the
comparison. In this instance, three are the most consistent findings. First, 𝛽-factor applies linear strains (beam theory) in
the haunch region. Such hypothesis was proved to be violated for haunches with stiff diagonal and extended flat plates. In
this case, stresses (and strains) deviate from linear distribution across the cross-section’s depth. As a result, the 𝛽-factor
prediction of bending moment at column–face (and in its vicinity) could be not valid. In this regard, by integrating stress
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MARCHISELLA and MUCIACCIA 23

profile resulting from 2D linear FEM, larger values of bending moment were obtained. Conversely, shear forces showed
nonsignificant differences. Second, as a consequence of the previous finding, 𝛽-factor gave almost one half of the joint
shear demand if compared with 2D linear FEM. Such underestimation may be not acceptable in practical retrofit design
circumstance. Third, STM proved to be an appropriate method to evaluate the internal forces of beam–column joints
retrofitted with haunches. The adopted truss schemes were derived on the basis of prevailing compression directions
inferred from 2D linear FEM. Conservative estimates of joint shear demand (up to 25%) were obtained if compared to
2D FEM.
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