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Abstract: Beam-column joints (BCJs) constructed until the 1970s carry a low shear capability due to
the absence of shear reinforcement. Fiber-reinforced polymers (FRP) are more reliable than other
materials to strengthen a weak BCJ. To date, plenty of analytical models have been developed to
analyze the actual contribution of the FRP to the shear strength of RC BCJs. However, the models
developed are either too complex in computational efforts or based on empirical coefficients that
result in compromised results. The models that formulate the contribution of FRP to the shear
strength of the FRP-strengthened deficient interior BCJ are very limited, and such models are too
complex. An adequate BCJs” FRP strain equation must still be developed to address these issues.
Therefore, the FRP effective strain equation and contribution of FRP to RC BCJs are derived in this
research work using an updated database of the appropriate BCJs. The initial analytical model of
Bousselham, which Del Vecchio later improved, is further extended to FRP-strengthened deficient
interior BCJs. For this purpose, an updated database of the 32 tests around the world of FRP-
strengthened interior BCJs deficient in seismic reinforcement is prepared. Firstly, the experimental
effective FRP strain is derived using the experimental database. Then, a power-type equation is
derived for the effective FRP strain by considering the crucial parameters of the FRP-strengthened
interior BCJs. Finally, the experimental shear strengths and those determined with the proposed
equation of the FRP-strengthened joints are compared. The average ratio between the experimental
and analytical (proposed model) joint shear strengths of the considered specimens ensured the ac-
curacy of the suggested model. The suggested approach makes computing the FRP enhancements
required to avoid shear failure in interior joints easy and reliable for researchers and field engineers

interested in seismically reinforcing existing structures.

Keywords: FRP strengthening; analytical model; under-designed RC joints; effective FRP strain;
interior beam-column joints

1. Introduction

During earthquakes, the RC beam-column joints are the most susceptible element of
the RC structure [1]. Consequently, numerous strengthening strategies were reported to
enhance the capability of contemporary beam-column joints (BCJs) during seismic events
[2]. Among the materials utilized by the researchers for this purpose, there are steel fibers
[3], RC jackets [4], RC chamfers [5], fiber-reinforced composites ([6], hybrid fiber rein-
forced concrete with ultra-high performance [7], FRP laminates [8], CFRP ropes [9], geo-
synthetic materials [10], and sheets and strips of fiber-reinforced polymers (FRP) [11-13].
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Compared to other techniques, FRP systems are more popular as a strengthening solution
because of their light weight [14], durability, ductility, significant resistance to corrosion,
and easy handling [15-18]. Therefore, the focus of the research will be FRP systems.

Most of the recommended approaches for strengthening or retrofitting beam-column
junctions were determined to be appropriate, as evidenced by the testing findings. How-
ever, developing a standard and universal analytical model or technique for analyzing the
behavior of beam-column joints reinforced with various types of retrofitting schemes re-
mains a challenge. The analytical models of beam-column joints differ in strengthening
procedures and materials. The objective of all analytical models was to determine how
much the shear strength of the beam-column junction increased because of joint confine-
ment by the strengthening approach. The shear strength of the joint is utilized to specify
the contribution of the applied strengthening procedure in the majority of the analytical
models [19,20]. In the procedures provided by codes and standards for the design of struc-
tures strengthened with externally bonded FRP (American Concrete Institute ([21]; Cana-
dian Standards Association [22]; Fédération Internationale du Béton [23]; National Re-
search Council (CNR) [24], there are no expressions for determining the increased strength
of beam-column joints strengthened with FRP or other materials. There are several ana-
lytical models for various strengthening procedures in the literature review. However,
each analytical model has flaws that make it impossible to apply in certain circumstances
or is dependent on assumptions. As a result, the findings were different from the actual
model.

Pantazopoulou and Bonacci’s model [25] is the first analytical model of the FRP rein-
forced beam-column connection. Many assumptions were made, such as the beam-col-
umn reinforcements not degrading in bond and the joint being properly detailed, prevent-
ing it from being utilized for pre-seismic joints. Later, Antonopoulos and Triantafillou [26]
proposed an expanded version of Pantazopoulou and Bonacci’s hypothesis [25]. Stress
equilibrium and strain compatibility in the joint core were used to create formulas to char-
acterize various damage-limit states associated with the crushing of concrete or the
debonding or failure of the FRP. However, the suggested model attracted little attention
due to the intricacy of the resultant equations and the substantial computational effort
necessary in its practical implementation. Antonopoulos and Triantafillou’s work was ex-
panded by [27]. The approach is then extended to calculate the diagonal tensile stresses of
the joint. Due to the intricacy of the resulting equations and the requirement for significant
computing effort for implementation, this model, similar to Antonopoulos and Trianta-
fillou’s [26], received little attention.

Tsonos [28] demonstrated a design technique to estimate joint shear (JS) stress. There
were two major flaws in the suggested model. The first problem is that it is difficult to
justify the usage of FRP jackets to enclose the joint core completely because a substantial
portion of a square or rectangular portion, such as the cross-section of joints, remains un-
wrapped even when entirely wrapped. Second, test findings on FRP-reinforced columns
appear to have been used to construct an equation for predicting the enhanced joint con-
crete compressive strength owing to confinement, because the column analogy is not rel-
evant for estimating joint shear stress [29]. Bousselham [20] also developed a method for
measuring the shear strength of FRP-strengthened external RC beam-column junctions.
Unfortunately, the FRP’s effective strain was restricted to 0.4 percent in most situations,
which severely understated the FRP’s performance.

Del Vecchio [19] provided an analytical model based on the same technique as
Bousselham [20]. Bousselham’s methodology for calculating the effective FRP strain is
that at the joint panel’s peak strength, the FRP comes in effect. According to experimental
data on the FRP strengthening of the joint, the usefulness of FRP fibers begins at the junc-
tion panel breaking [30]. The Bousselham [20] model’s two flaws were overcome by eval-
uating FRP effective at the joint panel’s first fracture rather than peak strength and not
restricting FRP effective strain to 0.4 percent. Both models came up with a formula for the
FRP effective strain. Both models’ equations were calibrated using test data from RC
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beam-column sub-assemblages with fiber failure in the literature, i.e., fiber rupture or fi-
ber debonding only. Bousselham [20] derived an equation of FRP effective strain for exte-
rior beam-column joints only. An equation for FRP effective strain of internal beam-col-
umn joints was not derived because there is a scarcity of test data on interior beam-column
sub-assemblages in the literature. Therefore, the expression derived by [19] for the FRP
effective strain of the beam-column joints is also limited to the corner beam-column joints.
Besides, due to the unavailability of enough experimental test results at that time (i.e.,
2010 for Bousselham [20] and 2015 for Del Vecchio [19]), re-calibration and modification
of the expression of the FRP effective strain were impossible according to the outlined
method.

Okahashi and Pantelides [31] compared a detailed interior beam-column joint rein-
forced with FRP sheets or strips to an expanded strut-and-tie model of the exterior and
interior RC beam-column connections. However, the technique for adding the tensile
strength of FRP and its contribution to the joint’s shear strength and diagonal compression
strength is not well defined. Akguzel and Pampanin [32] developed a technique for esti-
mating the increase in the shear strength of the FRP-strengthened exterior beam-column
joints due to FRP composites. A semi-empirical analytical approach was used to assess
the shear strength of FRP retrofitted joints. Nevertheless, the model was semi-empirical,
and unique empirical factors based on experience were utilized to estimate the shear
strength of FRP reinforced beam-column joints. In addition, Tasligedik [33] also used the
hierarchy of strength assessment for estimating the capacity of the FRP-strengthened in-
terior and exterior beam-column joints. Nevertheless, the method included empirical co-
efficients (cl is empirically reported as c1 = 0.64 by [34] and c2 = 2.0 reported by FIB) [35].
Moreover, the model presented was verified with a limited number of specimens.

Given the preceding discussion of current analytical models, it was necessary to de-
velop an analytical model for FRP-strengthened, under-designed interior BCJs that could
address the shortcomings of the prior models. The complexity of the procedures, the lack
of updated data of experimental results of under-designed RC B(Js, the lack of general
equations for interior FRC-strengthened under-designed RC BCJS, the use of empirical
equations based on assumptions, and the use of techniques that require high computa-
tional efforts to determine the contribution of FRP are all issues that have been identified
thus far.

As a result, the current study presents an analytical model free of the problems and
flaws stated above. The current study suggests a novel and different analytical model free
of the issues and flaws stated above. The relevant analogy is used to calculate the joint
shear stress, and the column analogy is avoided. The model’s implementation or use is
straightforward without involving complex equations and high computational efforts.
The effective FRP strain is fine-tuned based on updated experimental results (2021). The
effective (maximum) FRP strain is not restricted to 0.4%. The mechanical properties of
joints, methods of FRP strengthening, and causes of failure are taken into account in cal-
culating the effective FRP strain. The use of empirical equations and assumptions is
avoided for reliable results.

To calculate the increase in the shear capacity of non-seismic internal beam-column
joints due to FRP strengthening, the effective FRP strain is recommended to be fine-tuned.
Based on updated experimental results (2021), the paper proposes a comprehensive ana-
lytical model that considers mechanical properties of joints, methods of FRP strengthen-
ing, and causes of failure. Bousselham'’s [20] approach (later utilized by Del Vecchio [19]
for corner non-seismic RC B(Js) is expanded to obtain an equation for the effective FRP
strain for substandard interior joints. The current updated and extensive database of ex-
perimental testing of FRP reinforced inadequate RC BCJs will be used to determine the
effective FRP strain equation.
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2. Experimental Database of Internal Beam-Column Joints

A database of all accessible investigations related to interior beam-column joints was
studied. The research studies related to FRP-strengthened interior deficient RC beam-col-
umn joints (BCJs) were studied, containing more than 32 tests worldwide. Some of these
tests were unsuitable to be utilized in the current study due to various shortcomings such
as concrete replacement with high strength concrete and use of CFRP plate by replacing
concrete within the joint section [36], joints were not strengthened with FRP (JI1 by [37,38]
and NA2, NA3, NB4, and NB5 by [12]), injecting an epoxy glue into the minor fissures,
and repairing cracks before applying FRP (for NCIR, NC2R by [12]). Hence, only 17 tests
were provided with details required for deriving an equation, excluding those inappro-
priate tests for our research, deemed inadequate or questionable. A brief view of this built
database is given in Table 1. All test specimens are one-third or larger size subassemblies
of RC frames. All specimens possessed statical determinacy and were cyclically loaded.
In most of the investigations, the cyclicload was applied at the ends of the beams, whereas
the translation of the column ends was restricted. However, for limited studies, the load
was applied at the column ends, and the beam ends were restrained from translation.

Table 1. Experimental database on non-seismic interior joints strengthened with FRP.

Subassembly Characteristics Memb?r Dimen- FRP Strengthening Properties Paramder.s Determined
sions Experimentally
Modeof f. N be he o E b t we  TRPexp hew Ay
a c ¢ c . s . Vjh eq e
Test Code Failure * (MPa) (kN) (mm) (mm) (mm) Fibers (GPa) ©) (mm) m ns Nstr (mm) Propcertles (MPa) ) (mm?) eferexp
48.8
PRO(L4) CF. 36.5 1245 200 200 200 CFRP 264 90 0.165 1 2 C 11.68 1 44 -
51.0
PRO(H4) CF. 39.8 249 200 200 200 CFRP 264 90 0.165 1 2 C 14.55 5 42 -
57.4
AL-SA(IR1) FD,]S 30 288 160 160 300 CFRP 61.5 0 1 1 2 C-I 6.46 7 588 0.0087
54.6
AL-SA(IS1) FD,BH 30 288 160 160 300 CFRP 615 0 1 1 2 C 8.56 7 567 0.0167
AL-SA(IR2) FD, ]S 25 150 160 160 300 CFRP 61.5 0 1 1 2 M-I 6.73 515'5 546 0.0155
55.7
AL-SA(IS2) FD,BH 25 240 160 160 300 CFRP 61.5 0 1 1 2 M 6.35 6 574 0.0104
53.4
PAN(R24-3) FD,]JS 43 709 406 406 406 CFRP 43 60 1.35 2 2 Uwraps 7.10 4 2532 0.0095
54.0
PAN(R24-4) FD,]JS 43 709 406 406 406 CFRP 106 60 1.02 2 2 Uwraps  6.58 6 1913 0.0043
56.0
PAN(R16-2) FD,]JS 43 709 406 406 406 CFRP 80 60 0.76 2 2 Uwraps 5.32 1 1425 0.0029
55.2
PAN(R16-3) FD,]JS 43 709 406 406 406 CFRP 43 60 1.35 2 2 Uwraps 5.77 3 2532 0.0038
PAI\L()R16_ FD,JS 43 709 406 406 406 CFRP 106 60 1.02 2 2 Uwraps 6.01 54;.8 1913 0.0023
49.8
Lee (JI2) FE,JS 27 432 400 300 400 CFRP 258 90 0.11 4 2 M-C 8.01 0 630 0.0101
Anan;)(AR' JS 345 356 254 254 406 CFRP 1407 +45° 056 2 2 Cl a3 5“:')'9 1627 0.0011
Allam (RS- F.D., FR 345 356 254 254 406 CFRP 140.7 0°/90° 0.56 8 2 C 9.75 200 8444 0.0012
o) IS +45° 3
Allam (RS- CT 345 356 254 254 406 GFRP 26.2 0°/90° 0.10 10 2 C 8.99 S04 2004 -
G) +45° 4
Allam (RS- FR,JS. 345 356 254 254 406 CFRP 200 0°/90° 0.80 6 2 C 7.87 511 9300 0.0005
MC) +45° 9
Attari (NR2) FD 39 100 100 100 150 GFRP 19.2 0 2 2 2 C 14.33 516.5 936 0.0154

Note: the number in brackets denotes layouts of FRP inclined at numerous angles and associated
characteristics. 2 PRO = Prota [39], AL-SA= Almusallam and Al-Salloum [27], PAN= Pantelides [40],
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Lee = Lee [37], Allam = Allam [41], Attari = Attari [12]. ® FD = debonding of FRP, FF = tensile failure
of FRP, BH = beam’s failure due to plastic hinge, CH = column’s failure due to plastic hinge, JS =
joint shear failure, CT = column toe failure. ¢ FRP Strengthening System Characteristics: ns = strips
number, C = continuous fabric, M = mechanically anchored, I = initially damaged, S = strips, C =
continuous fabric.

The database includes all applicable information, such as the mechanical properties
of the materials used, subassembly characteristics, the average of the maximal tip load in
the push and pull directions that is used, member dimensions, FRP retrofitting properties,
and experimentally determined parameters. Concrete with compressive strength varying
from 25 MPa to 43 MPa was utilized. All reported specimens failed by joint strength
crossed over by or combined with FRP debonding FD or FRP rupture FR. Other failure
mechanisms that were reported include beam failure BH, column failure or hinge CF/H,
and bond-slip BS. For the entire 17 samples, fiber rupture or fracture is noticed except for
three samples.

3. Expression for Effective FRP Strain of Interior Joints Derivation

The procedure outlined by [19] for exterior deficient RC beam-column joints is ex-
tended to derive the expression for non-seismic interior RC beam-column joints (BCJs).
First, the experimental effective FRP strain is initially derived using the available experi-
mental database. Then, a power-type equation is derived in terms of modulus of elasticity
and area of FRP fibers and concrete strength. Then, by using the same equation, the shear
strength of the FRP-strengthened joints are determined and compared with that of the
experimentally determined shear strength of the joints.

The following steps are followed for deriving the expression of effective FRP strain:

3.1. Experimental Joint Shear Strength

The experimental shear strength of the beam-column joints is calculated by using the
following procedure instead [42].

3.1.1. Horizontal Shear (Vjn) over the Joint Core’s Mid-Depth

Equilibrium considerations are used to determine the horizontal shear acting at the
joint’s center, Vjn. The free-body of an inner beam-column sub-assembly between its points
of contra flexure is shown in Figure 1a, which is typical of test specimens often used in
laboratory studies for idealizing RC frame joints. At the beam tip, the beam is subjected
to areversed cyclic load (Pu1). The internal forces acting on the face of the joint core because
of the applied seismic forces can be demonstrated, as given in Figure 1b. In Figure 1b, the
“Ts2” is the compression force (C’) in the beam section on the opposite side of the joint, but
using the horizontal equilibrium equation to the beam cross-section gives C’ = Ts2 [43].
Therefore, T« is directly put in the equation by replacing C’” with Ts.
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1<

(a) (b)

Figure 1. Joint shear of interior joint: (a) loading condition; (b) free body diagram at the mid-height
of joint core.

The tension force in the beam bars framing into the joint (one or two forces depending
on the exterior or interior joints) and the shear force from the column, Vi, acting in the
opposite direction, creates the shear. This is in line with EC8 [44] and ACI 352R-02 [45] for
joint shear demand evaluation:

th =Ts; (+Ts2) — Veor (1)

Forces in the Steel of the Beam (Ts1, Ts2)

The tension in the bars, Ts1 and Ts, at the ultimate load (Pi) at the tip of the beam or
column, may be calculated by dividing the moment in the beam at the beam-joint inter-
face, Mui, by the lever (ju) between the centroid of compression forces and the tension
forces operating in the joint. Where ja = db is the distance between the tension and com-
pression resultants in the beam at the beam joint interface, estimated to be 0.75hy (hy =
beam height) in the lack of a more in-depth examination of all the possible joint set-ups in
the literature. Ja = 0.75hs is also used by [19,20].

My,
TSI = J (2)
di
My,
Ty = — 3
s2 a2 ( )
M M
= V= =2 (+=2) = Veor @)
Jai Jaz

For symmetrical interior joints, M1 and M2 are considered to be equal, and M1 may
be determined from:

Mpy = Ppy Iy (5)

The peak force applied at the beam tip is Pv1, and the distance from the point on which
the force acts and the joint interface is Ivi. Thus, if a load is exerted at the column, for
example, Pv1 may be calculated from P, the ultimate force at the column tip, as follows:

Py = Pc.lc/W,y (6)

Where lcrefers to the entire test set-up’s height (i.e., from the bottom column pin to the
top column pin), and Ws denotes the whole set-up’s width (i.e., one beam length and col-
umn’s half-width for exterior joints or both beams length and column width for interior
joints).
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Shear Force in Column (Vo)

If the force is acting at the column tip, the horizontal shear force Vi is taken as Pc; if
the force is exerted at the beam tip, equilibrium conditions may be used to calculate the
force:

Veor = Pp1 - Wy /I (7)

Horizontal Shear Stress (vj,”) over the Joint Core’s Mid-Depth

The following equation is used for calculating the horizontal shear stress of the joint
core.

4 V
vy () -,
exp _ " jh jh Ja1 Jaz

VP = - = ®)
Jh b, -h b.-h
Acol c c c c

ja = db is the distance from the tension and compression resultants in the beam at the
beam joint interface, which is considered 0.75hs (hs= beam height). ja = 0.75hs is also used
by [19,20]. P is the maximum tip load at the end of the beam taken from experimental
test results of the FRP-strengthened beam-column joint. lv1 is the length of the beam meas-
ured between the column face and the actuator (point of load); he = column’s depth; 1. =
the height of the entire column; bc = width of the column; Pc = maximum tip load at the
end of the column taken from experimental test results.

3.2. Developing an Equation for FRP Effective Strain

Initially, the experimental effective FRP strain is derived using the available experi-
mental database. Then, the power-type equation is derived in terms of elastic modulus
and area of FRP fibers and concrete strength. Then, by using a similar equation, the shear
strength of the FRP-strengthened joints are determined and compared with that of the
experimentally determined shear strength of the joints. The procedure is briefly explained
below.

Equation of Effective FRP strain from experimental data:

exp
exp _ Per - b..h.
f.e Af,eq . Ef .sinf

)

Calculation of parameters of Equation (9):

a) The input of FRP to principal tensile stress as measured experimentally (p;;"):

ey = (Prior) = e (10)
exp

where p,"is the total principal tensile stress of the interior beam-column joints strength-
ened with FRP, and p.: refers to an increase in the principal tensile stress of the joint panel
due to concrete.

Total principal tensile stress (p, = p/i5.) is determined by using Mohr’s circle ap-
proach with the following equation:

-0, Oy 2
pf,’tcgtz 2 (7) + vj? (11)

Contribution of concrete in principle tensile stress for the deformed bar, interior BCJ]
is determined by using:

Pre =k (12)

When deformed bars are utilized (during the joint’s initial breaking), the numerical
coefficient k is taken as 0.29 and when 0.42 is used (at the peak strength). At k = 0.20,
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maximum peak strength and joint breaking are achieved for smooth internal reinforce-
ment (Priestley 1997; Eurocode, C. E. N. 2004; Del Vecchio et al. 2015).

Numerous authors such as Priestley (1997) and Calvi et al. (2002) suggested limiting
the compression principal stresses (p.) such as average tensile principal stresses in tension.
As per their experimental findings, the compression principal stresses (p.) must be re-
stricted to values proportionate to the compressive strength of concrete as given in Equa-
tion (13).

O¢ O¢ 2 '
Note: In some papers, p; ;5 is denoted by fi. Likewise, oc ([20]) is also denoted by
fa ([19]) in some research articles.
oc = axial compressive stress = (axial force) / (joint x-area)
b) Principal compressive stress’s direction, O:
The equations suggested by [46] (also applied by [19,20] are used as given below:

i. Constant direction:

hy
0 = const = atan (—) (14)
he
ii. Varying direction:
0¢*P = varying = 1 [ T — atan (Uf;pﬂ (15)
2 fa/2

where fa (also denoted as oc) = axial stresses = N/Acol,
vf,fp = joint horizontal shear stress = Vjiexp / A,
N = axial load on column, and

Acot = X-area of column = bex hc

c¢) Equivalent area of FRP, (Ateq):

The equivalent area of the FRP, Aseq, is calculated using the available simple equa-
tions for the most common applications of FRP sheets [19]. Equations (16)—(18) are used
for calculating the area of continuous FRP sheets as given below:

Uniaxial fabric with fibers in the direction of beam axis (0°) or column axis (90°):

[Aﬁeq =n;.ns.tr.hy.sin for B =0°

Afeq =My .Ng .ty hy .cos@ for [ =90°

(16)

Bidirectional fabric with fibers in the direction of beam and column axes (0°, 90°):
Afeq = ny.N5 . tp . hy . cosO . (1 + tan? 6) 17)

Quadriaxial fabric with any fibers in the direction of beam (0°) and column (90°) axes
and +45°:

Afeq = My.N5.tp . hy .cosO . (1 + tan 6 + 2tan? 6) (18)

While Equations (19)—(21) are used for calculating the area of FRP strips or sheets for
which angle of the fiber inclination is other than the 0°, 45°, and 90°.

Af,eq =n;.ng. tf . bf (19)

In the above equations, ns indicates the number of sides retrofitted with FRP for shear
strengthening of the joint panel in the load plane (one or two sides), nirepresents the lay-
ers’ number of FRP applied on the strengthened side, tris the corresponding thickness of
the only dry fibers of the FRP, and by stands for FRP sheet’s width, which may be com-
puted using Equation (20), according to the angle of inclination of the fiber:
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bf = hy/cosp  for B <6
(20)
bf = hy/sinp for =06
For the discontinuous strips (partially wrapped with strips) of the FRP, Equation (21)
may be used to calculate by:

2
by = (wf.nstr) cosB/h, for B <8

2 .,
b = (wr.ng) sin B /h, for =0

where wy is the width of each strip, ng, is the number of strips in case of discontinuous
strips (partially wrapped with strips), and {3 is the inclination of the FRP fibers along with
the beam axis. The area of each type (depending upon inclination of fibers) of FRP
sheets/strips is calculated separately. The sum of all areas of all types of FRP is taken as
equivalent FRP area, Ay .4, for an assembly.

21

3.3. The FRP and Joint Assembly Parameters
The crucial parameters related to the FRP and joint assembly that can affect FRP
strain need to be specified. In terms of the parameters, the equation of the effective FRP
strain will be expressed. Similar parameters as those chosen by [19], including the param-
eters selected by [20], are selected for this purpose. The following parameters are selected
based on the relation with the effective FRP strain of an assembly:
i. Concrete strength, fc.
ii. Joint panel equivalent FRP area, Af .
iii. Elastic modulus of the FRP fibers, E:.

3.4. Drawing a Curve
3.4.1. For the Principal Compressive Stress with Varying Direction (8**? = varying)
The product of the term [(Ateq. Ef)/ (f°)] on the X-axis and the effective FRP strain

(on the Y-axis), computed via experimental data by using the varying direction of the
principal compressive stress, is plotted as demonstrated in Figure 2.

0.020
y = 1474x0%0
- ® R2=0.80
‘= 0.015 ®
A
%0.010 e o
v o®
o :
g '=.
& 0.005 |~
m °?
®¢....... B
0000 @ Tt--eeeeeeeienin B oisosssiiiniisecose o Millions
0 50 100 150 200

(Af,eq- Ef)/ (fc2 3) [Valy]

Figure 2. FRP strain for interior beam-column joint in terms of (Ateq. Ef)/ (f2°) for Bvarying.

3.4.2. For the Principal Compressive Stress with Constant Direction (8*P = constant)

The product of the term [(Ateq. Ef)/ (f°)] on the X-axis and the effective FRP strain
computed via experimental data (on the Y-axis) by using the constant direction of the
principal compressive stress is plotted as shown in Figure 3.
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o 5
y=325x?
k= o R2=0.70
£ 0.015
w2
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= 0.010 .
£ e e
S 0.005 | @
j : )
G ®e...
@ Tt o) I TEP
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0 30 60 120

90
(Af,eq- Ef)/ (fc2 3) [COIISI]
Figure 3. FRP strain for interior beam-column joint in terms of (Ateq. Ef)/ (fc¥3) for Bconstant.

The equations for effective FRP strain resulting from both constant and varying di-
rections of the principal compressive stress showed better results. The regression coeffi-
cients are equal to 0.70 and 0.80 for varying and constant directions of the principal com-
pressive stress, respectively. It indicates that the equation of the effective FRP strain car-
ries a high dependency on the factors considered in the regression model. This shows that
the chosen parameters of the joint are better enough to express the effective FRP strain. By
comparing the effectiveness and accuracy of both equations (one with fvarying and the other
with Bconstant), the most feasible equation for the effective FRP strain is derived using the
varying direction (Ovarying) of the principal compressive stress. The regression coefficient
(R?) of 0.80 is noted for the effective FRP strain equation with varying direction (8varying) of
the principal stress. Thus, the following equation is adopted with R? = 0.80 for calculating
the effective FRP strain (efe):

2/3 0.80

c
& =1474.C1p .Cya (—) (22)
€ Afeq.Ef

4. Validation of Model of Interior Joint

The experimental findings for model calibration are equated with the analytic model
calculations to evaluate the correctness of the suggested design method. The comparison
of the analytical model for principal compressive stress with varying direction is given in
Table 2. A good correlation is noted when the test results of the considered specimens are
compared to those obtained using the proposed Equation (12) of the effective FRP strain
(ete) with R2= 0.80, using the varying direction of the principal compressive stress. As a
result, the average ratio between the experimental and analytical (determined using the
proposed model) joint shear strengths of the considered specimens is 0.98. This ensures
the accuracy of the suggested model to assess the shear strength of the FRP-strengthened
under-designed interior joint.

Table 2. Predicted shear stress of interior joint with the proposed model with Hvarying.

TestID bc he Gcfor vihep O(Vary) O(Vary) Afeq E Es Cip Crra fo fc@® e Ptc Pu  Vih  Vin/Vihexp
mm mm MPa MPa C ° mm"2 GPa MPa - MPa mm MPa MPa MPa -
PRO(L4) 200 200 1.6 11.68 0.9 48.8 44  264.0 264,000 1 1 36.5 11.00 0.02240 1.75 4.89 740 NA
PRO(H4) 200 200 3.1 14.55 0.9 51.1 42 264.0 264,000 1 1 39.8 11.66 0.02430 1.83 5.23 8.47 NA
AL-SA(IR1) 160 300 3 6.46 1.0 57.5 588 615 61,500 0.8 1 30 9.65 0.00650 1.59 4.12 7.05 1.09
AL-SA(IS1) 160 300 3 8.56 1.0 54.7 567 615 61,500 1 1 30 9.65 0.00840 1.59 496 7091 0.92
AL-SA(IR2) 160 300 1.6 6.73 0.9 51.6 546 615 61,500 0.8 1.5 25 855 0.00940 1.45 515 7.36 1.09
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AL-SA(IS2) 160 300 2.5 6.35 1.0 55.8 574 615 61,500 1 15 25 855 0.01130 1.45 6.86 948 1.49
PAN(R24-3) 406 406 2.2 7.10 0.9 534 2532 43.0 43,000 1 1 43 12.27 0.00410 1.90 2.18 5.06 0.71
PAN(R24-4) 406 406 2.2 6.58 0.9 541 1913 106.0 106,000 1 1 43 12.27 0.00250 1.90 249 538 0.82
PAN(R16-2) 406 406 2.2 5.32 1.0 56.0 1425 80.0 80,000 1 1 43 1227 0.00390 1.90 224 5.12 096
PAN(R16-3) 406 406 22 5.77 1.0 55.2 2532 43.0 43,000 1 1 43 1227 0.00410 1.90 222 510 0.88
PAN(R16-4) 406 406 2.2 6.01 1.0 549 1913 106.0 106,000 1 1 43 12.27 0.00250 1.90 251 540 0.90

Lee(JI2) 400 400 14 8.01 0.9 49.8 630 258.0258,000 1 1.5 27 9.00 0.00350 1.51 2.72 4.88 0.61
Allar;)(AR— 254 406 1.7 4.32 1.0 559 1627 140.7 140,653 0.8 1 34.5 10.60 0.00160 1.70 2.94 542 1.25
AllasrggRS- 254 406 1.7 9.75 0.9 50.0 8444 140.7 140,653 1 1 345 10.60 0.00050 1.70 4.41 691 0.71
Allagl)(RS— 254 406 1.7 8.99 0.9 504 2004 26.2 26,200 1 1 34.5 10.60 0.00650 1.70 2.55 5.03 NA
AH;AH(E()RS_ 254 406 1.7 7.87 0.9 512 9300 199.9 199,862 1 1 34.5 10.60 0.00040 1.70 5.62 8.13 1.03
Attari(NR2) 100 150 3.30 14.33 0.9 51.6 936 19.2 19,200 1 1 39 11.50 0.01630 1.81 15.30 18.69 1.30

Average =0.98, SD =0.24, CoV =0.24

NA are specimens that have shown an adjacent members’ bending failure (BH or CH), and the ratio is not calculated.

Furthermore, the low values of coefficient of variation “CoV” (0.24) and standard
deviation “SD” (0.24) also support the accuracy of the proposed equation. Ultimately, the
accuracy of the proposed equation of the effective FRP strain is also verified. Therefore, it
can be concluded that the derived equation can effectively be used to determine the effec-
tive FRP strain of the FRP-strengthened interior BCJs.

The comparison of the experimental joint stress and that computed with the analyti-
cal model using the constant direction of the principal compressive stress is given in Table
3. Similar to the principal compressive stress with varying direction, a decent relationship
is noted among the test results of the considered specimens and results of the proposed
analytical model for the principal compressive stress with constant direction. The average
ratio of experimental joint shear forces to analytical ones (calculated using the suggested
model) for the investigated specimens is 0.92. This assures the suggested model’s correct-
ness for evaluating the shear force of the FRP-strengthened under-designed interior joints.
In addition, the small coefficient values of variation “CoV” (0.22) and standard deviation
“SD” (0.20) also confirm the precise nature of the suggested equation. Finally, the preci-
sion of the suggested FRP strain equation is checked. The resulting equation may be effi-
ciently utilized to identify the effective FRP strain of the reinforced FRP internal BCJs.
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Table 3. Predicted shear stress of interior joint with the proposed model with Bconstant.

Oc Or 0 0 Cma
TestID bc he ‘. Vijhexp (Const) (Const) Afeq Et Et Cip ‘ fe  fc@d er. Ptc Pyt Vih  Vjh/Vihexp
mm mm MPa MPa rad (°) mm”2 GPa MPa - MPa mm MPa MPa MPa -

PRO(L4) 200 200 1.6 11.68 0.9 48.8 44 264.0 264,000 1
PRO(H4) 200 200 3.1 14.55 0.9 51.1 42 264.0 264,000 1
AL-SA(IR1) 160 300 3  6.46 1.0 575 588 615 61,500 0.8 30 9.65 0.0071 1.59 3.65 6.57  1.09
AL-SA(IS1) 160 300 3  8.56 1.0 547 567 615 61,500 1 30 9.65 0.0088 1.59 453 747 092
AL-SA(IR2) 160 300 1.6 6.73 0.9 516 546 615 61,500 0.8 1.5 25 855 0.0096 1.45 4.94 715 1.09

36.5 11.00 0.0289 1.75 532 7.83 NA
39.8 11.66 0.0302 1.83 5.56 8.80 NA

[ e T =

AL-SA(IS2) 160 300 2.5 6.35 1.0 55.8 574 615 61,500 1 1.5 25 855 0.0120 1.45 6.18 8.79  1.49
PAN(R24-3) 406 406 2.2 7.10 0.9 53.4 2532 43.0 43,000 1 1 43 1227 0.0038 1.90 226 514 0.71
PAN(R24-4) 406 406 2.2 6.58 0.9 54.1 1913 106.0 106,000 1 1 43 1227 0.0023 190 2.55 544  0.82
PAN(R16-2) 406 406 2.2 5.32 1.0 56.0 1425 80.0 80,000 1 1 43 1227 0.0058 1.90 1.74 4.61 0.96
PAN(R16-3) 406 406 2.2 5.77 1.0 55.2 2532 43.0 43,000 1 1 43 1227 0.0060 1.90 1.72 459  0.88
PAN(R16-4) 406 406 2.2 6.01 1.0 549 1913 106.0 106,000 1 1 43 1227 0.0037 1.90 1.97 485 0.90
Lee(JI2) 400 400 14 8.01 0.9 49.8 630 258.0258,000 1 1.5 27 9.00 0.0031 1.51 3.04 520 0.61
Allar;)(AR— 254 406 1.7 4.32 1.0 55.9 1627 140.7 140,653 0.8 1 34.5 10.60 0.0019 1.70 2.37 4.85 125
AllasrggRS— 254 406 1.7 9.75 0.9 50.0 8444 140.7 140,653 1 1 345 10.60 0.0006 1.70 4.49 6.99 0.71
Allam(RS-
a(r;l)( 254 406 1.7 8.99 0.9 504 2004 26.2 26,200 1 1 345 10.60 0.0071 1.70 2.30 4.77 NA
Allam(RS-
;AH(E() 5 254 406 1.7 7.87 0.9 51.2 9300 199.9 199,862 1 1 345 10.60 0.0004 1.70 4.53 7.03 1.03

Attari(NR2) 100 150 3.30 14.33 0.9 51.6 936 192 19,200 1 1 39 11.50 0.0177 1.81 13.60 16.98 1.30
Average =0.92, SD =0.20, CoV =0.22
NA are specimens that have shown an adjacent members’ bending failure (BH or CH), and the ratio is not calculated.

For further verification and confirmation of the validity and accuracy of the equation,
the joint shear stresses of the specimens calculated by using the proposed analytical model
are compared with that of the experimentally determined joint shear stresses, as demon-
strated in Figure 4.

20 . 20
= = ° .
15 = 5 =
10 ® ~ R?=0.70 10 PY R2=0.75
@ "o Avg =098 Q‘ €] Avg=0.92
5 LT PN COV=0.24 5 ..;oo COV =022
0 thv\r 0 thu\p
0 5 10 15 20 0 5 10 15 20
(a) for the varying direction of principal stress (b) for the constant direction of principal stress

Figure 4. Comparison of experimental and predicted results in terms of joint shear stress.

A Detter coherence is shown with high similarity among the experimental and pre-
dicted results. The joint stresses were determined using the proposed analytical model for
two different directions, i.e., varying and constant of the principal compressive stresses.
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A moderate R factor (R?) of equal to or more than 0.70 is noted for both directions of the
principal compressive stress, verifying the model’s precision. Similarly, the mean of ratios
of the predicated and experimental joint shear stresses is found to be 0.98, with a low
coefficient of variation (COV) of 0.24 for the varying direction of principal stress and 0.92
with 0.22 of COV for the constant direction of principal stress. The decent average (near
to one) of the ratios also supports the satisfactory accuracy of the proposed equation in
assessing the joint shear stress.

Similarly, the contribution of FRP to the interior joint’s compression strength is com-
pared with that of the experimentally calculated to check the accuracy of the analytical
model in assessing the contribution of the FRP. The contribution of the FRP is calculated
by using both directions (varying and constant) of the principal compressive stress of the
joint. The comparison of the experimentally and analytically calculated FRP contributions
is shown in Figure 5.

Pt r.tl\cn
Ptflhc« >

9 9
8 ¢ e 6 -
* e R-062 e o R?=0.69
° e Avg =0.94 ® . Avg=1.05
3 ® 3 ®
i: o o .0
o o
O¢F b £
o Ptf,., 5 Ptf.,
0 3 6 9 12 0 3 6 9 12
(a) for the varying direction of principal stress (b) for the constant direction of principal stress

Figure 5. Comparison of experimental and predicted results in terms of FRP contribution.

Such as the substantial similarity between the predicated and experimental joint
shear stresses, better coherence is noted between the predicated and experimental contri-
bution of the FRP to the shear strength of the joint. In addition, the coefficient of regression
is more than 60% for both directions of the principal compressive stresses of the joint.

Similarly, the averages of the ratios of the experimentally and analytically calculated
contribution of the FRP to joint shear strength are 0.94 and 1.05 for varying and constant
directions of principal stress, respectively. Thus, both the moderate R factor (R?) and the
reliable mean of the ratios confirm the accuracy of the suggested analytical model to pre-
dict the contribution of the FRP to the shear strength of the interior joint. Furthermore,
this guarantees the capability of the proposed equation to assess the actual contribution
of the FRP to the shear strength of the joint.

5. Discussion and Conclusions

This study discussed the use of FRP for strengthening non-seismic RC interior beam-
column joints (BCJs) in shear, which constitute the essential components of the present RC
building. In addition, the efficiency of the FRP materials in strengthening non-seismic in-
terior beam-column connections was greatly established. However, an accurate and
straightforward equation is still required to estimate an increase in the shear strength of
the deficient interior beam-column joints due to FRP strengthening. A literature review
was carried out to identify significant parameters that affect the externally bound FRP
system’s mechanical behavior. The research focused directly or indirectly on the parame-
ters that impact the mechanical characteristics of the externally bonded systems of FRP.
In addition, the available analytical models were critically evaluated and discussed. The
procedure outlined by [19,20] for corner and external beam-column joints was followed.
A reliable and straightforward analytical model was outlined in compliance with the
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available updated test data. The predicted results of the suggested model were compared
and verified with the experimental test database. The model was based on the primary
approach to principal tensile stress. The debonding phenomenon was considered in the
expression for the effective FRP strain and was calibrated on experimental tests. An illus-
trative example of utilizing the suggested model for calculating the shear strength of the
FRP-strengthened interior deficient BC]J is given in Appendix A. The use of the proposed
equation to calculate the number of fibers required to fulfill the deficiency in shear
strength of the beam-column joint due to the absence of seismic reinforcement is also ex-
plained.

The suggested formulation is compatible with experimental results in terms of the
mean effective stress. The derived equation permits the FRP strain limited to 0.4% to be
exceeded, as usually anticipated in the guidelines of the existing building design. The sug-
gested design method was calibrated by experimental test results of interior beam-column
joints with geometric attributes and mechanical parameters characteristic of RC structures
exposed to large earthquakes. It enables to determine the shear strength of the non-seismic
interior beam-column joints reinforced with various types of fiber (CFRPs and GFRPs),
various fiber reinforcement arrangements on the joint panel with a flexible amount of fi-
ber, layer numbers, side numbers, the fiber inclination (or multiple inclined fibers), con-
tinuous strips and sheets, damaged and lightly repaired joints with FRP system, and the
effect of the various types of anchorage systems to enhance the effectiveness of the fiber
in strengthening. The following conclusions can be drawn:

e  The available experimental tests related to deficient interior RC beam-column joints
were explored, out of which 17 specimens were applicable to be used.

e  The corner and exterior joints-oriented method outlined by [20], later refined by [19],
was extended to formulate a simple analytical model for non-seismic RC interior
beam-column joints.

e  Areliable equation for effective FRP strain was derived. The equation was calibrated
and verified by using the available experimental test data. The FRP strain showed a
maximum dependency on the joint parameters of which the equation was formed.
The regression coefficient (R?) was 0.80, showing a better relationship between the
considered parameters and the FRP strain.

e  The proposed equation was very efficient in predicting the FRP’s contribution to the
joint’s shear strength. The difference in the average ratio of the experimental and
shear strength of the joint calculated with the suggested method was less than 1% for
principal compressive stress in each direction.

e  Enhancement in the shear strength of the joint due to FRP was predicted very well
compared to that of the experimental results of the same specimen. Thus, the differ-
ence of average ratio of the experimental and predicted FRP contribution to the shear
strength of the joint was less than 1%, supporting the trustworthiness of the proposed
method.

The suggested approach makes quantifying the FRP enhancements required to avoid
shear failure in interior joints easy and reliable for researchers and field engineers inter-
ested in seismically reinforcing existing structures. However, as the mechanical behavior
of the subassemblies with significant slips of reinforcement inside the joint panel (that is,
smooth bars reinforced beam-column joints), the suggested model needs to be further re-
fined on the availability of sufficient test data. Therefore, the proposed model must be
further refined. Furthermore, the slab’s influence must be considered for adopting the
shear strengthening procedure/technique for any type of RC beam-column joints.
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sis, A.Z.; investigation, A.Z.; resources, A.Z. and Z.P.; data curation, A.Z.; writing—original draft
preparation, A.Z.; writing—review and editing, A.Z., T.U., M.A.U.R.T.: visualization, A.Z.; super-
vision, Z.P., .LH.; project administration, A.Z. and Z.P. All authors have read and agreed to the pub-
lished version of the manuscript.
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Nomenclature
Cross-section area of column Prc Contribution of concrete to principal tensile stress of joint
Equivalent area of FRP area on the joint core
Width of column P Maximum tip load at the end of the column taken from
Width of the FRP sheet Experimental test results
Initial damage’s numerical coefficient puf FRP contribution to joint panel principal tensile stress
Mechanical anchorage’s numerical coefficient P ot Joint panel total principal tensile stress
Internal lever arm of beam te Equivalent thickness of the FRP reinforcement (dry fibers
Modulus of elasticity of FRP fibers only)
Axial stress of column Ts1, Ts2 Forces in the longitudinal steel of the beam
Mean cylinder compressive strength of concrete Tt Total force of FRP fibers in the generic direction
Height of beam Vb Beam shear
Height of column Ve Column shear
Distance from the tension and compression resultants in the Vjn Horizontal joint shear
beam at the beam joint interface Vih Horizontal joint shear stress
Length of beam measured from the column face Veol Shear force in column
Entire test set-up height (i.e., from the bottom column pin toVjv Vertical joint shear
the top column pin) wi Strip width
Bending moment of beam due to Pu1 b Inclination of joint panel FRP fibers
Moment in the beam at the beam-joint interface Wo Whole set-up width
Axial load on column efe Effective FRP strain
Number of sides of joint strengthened with h Inclination of compressive strut of concrete, supposed
FRP systems in shear in the line of action of load equivalent to inclination of joint cracks
Number of FRP layers Bvarying  Varying direction of the principal compressive stress
Number of strips on the joint panel Htwtn' Constant direction of the principal compressive stress
exp

Maximum tip load at the end of the beam taken from Vi

Experimental joint horizontal shear stress

experimental test results B Inclination of fibers with beam axis
Principal compression stress of joint core Oc Axial compressive stress
Joint panel principal tensile stress Sfe’? Effective FRP strain from experimental data

Appendix A. Solved Example

Attari [12] tested 1/3-scale reinforced concrete interior beam-column joint specimen

(NC1). The specimen and reinforcement used are detailed in Figure Al. The length of each
beam from the face of the column, lui (i.e., o1 and lv2) was 600 mm, and the total length of
the beam was 1350 mm between the point of loading. The total length of the column, I,
was 800 mm. Four longitudinal steel bars of 8 mm diameter were used for both the beam
and the column. Steel stirrups, 6 mm in diameter, spaced at 100 mm intervals, were used
as shear reinforcement. The beams and the column had a rectangular cross-section of 100
x 150 mm with he = hy =150 mm and bb = be = 100 mm.
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Stirrups-6 @ 100 mm Stirrups-036 (@ 106 mm

Beam X-section

Figure Al. Geometrical details of the NCI [12].

The concrete cylinder’s average strength was 39 MPa. The yield strength of the ten-
sile, shear, and compression reinforcing bars was about 500 MPa. All beams were sub-
jected to cyclic reverse loading. The column was loaded with a steady axial load of 100
kN. The joint panel was deficient in transverse reinforcement, which resulted in a prema-
ture shear failure; as a result, the structural system’s seismic performance was adversely
affected. To make possible further ductile flexural failure and prevent shear failure, the
proposed approach is used to determine the correct quantity of FRP fibers for the joint
panel.

By using the principal stress approach Equation (11), the shear stress capacity of the
as-built joint, vi,, may be calculated as given below:

- G2
exp _ c c
Prior =5+ ( 2 ) +vjp?

O¢
Vip = Prroc- |1+ P
t,tot

Considering p;.o¢ isequalto p..,and p;. canbecomputed by Equation (12). p; .
=0.29 (fc)°5=0.29 (39)°5 = 1.81 MPa. Where o« = f. = axial stress = Axial load/Acol =

bc .hc

N 100,000
b..h. ~ (100).(150)

4= 181+ 1+(g> =3.97 MP
Ujh— . 1_81 = o. a

The design shear stress v}, is the joint shear stress related to the flexural yielding of
the weaker beam and column, representing the goal value for the design of the FRP
strengthening. This conforms to an approach for capacity design. Here in the considered
case, the initial yielding of the specimen corresponds to the beam yielding matching to
the v{},=7.53 MPa joint shear stress calculated with Equation (8). Due to the shear strength
(3.97 MPa) being 52.7% of the design value of the as-built joint, strengthening the joint
panel with FRP is necessary (i.e., 47.3 percent increase is required in the actual shear ca-

pacity).

= 6.67 MPa

O, =
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In this example, the joint panel of uniaxial GFRP fabric with fibers inclined at 0° at
the axis of the beam is supposed to be strengthened with one layer (= 1). The modulus
of elasticity, Es, is taken as 19.2 GPa. Dry fiber thickness, tf, in each direction is approxi-
mately 2 mm. Due to the absence of orthogonal beams to the load plane, shear strength-
ening of the joint panel can be carried on both sides (ns = 2).

At maximum capacity, the inclination of the crack, 6, may be calculated by Equation
(14) to determine the FRP system’s equivalent area by Equation (16).

6 = t=at (hb)— ¢ (150)—450
= const = atan hc = atan 150 =

Af.eq =n.ng.tr .hy .sinf for B =0°
= Apeq =1.2.2.150.5in(45%) = 424.26 mm?

The effective FRP strain may be estimated by Equation (22) after the equivalent FRP
area is known without assuming the joint panel’s starting damage (Cio. = 1). Bonding con-
ditions of the FRP system at the ends (Cma.= 1) are not enhanced through mechanical

anchoring.
2 0.80
f3
gf,e = 1474 ‘CI.D 'CM.A <A7€

freq - Ef

0.80

39)%/3
(39) > =0.030

(424.26) . (19500)

& e =1474.1.1.<

Equation (9) may be used to calculate the contribution of the FRP system to the prin-
cipal tensile stress:

ex;

p
Lo _ Pes - be-he
fe Af,eq . EfSlne
= & Areq-Er 0030 .(424.26) .19500
tf — =
e 100. 120
sin@ sin(45)

= 11.69 MPa

The sum of concrete contribution, P, and the FRP contribution, P;f, can be used to
determine the total resisting principal tensile stress Equation (10):

pf.);p = (p,i’,f(’,"t) - (pt,c)
= Priot = DPey t+ Prc = 11.69+ 1.81 = 13.5 MPa

By strengthening with the chosen FRP system, the joint panel’s shear strength can be
computed by replacing again in Equation (11):

p p N/ (hc .bc)
U. = . = “] = . ————
jh t,tot Pt,tot jh t,tot Pt,tot
150,000/(150.100)
v = 135+ |1+ 3% = 14.81 MPa

Shear strength v;, is greater than the design shear strength, v{,= 7.53 MPa. The
crushing of compressive concrete strut (pc > vjh) must be checked to verify the joint ca-
pacity. Using Equation (12), the compression capacity of the joint panel is calculated.
Where pc = vjj, = 0.5(fc) and is equivalent to vj;, = 19.5 MPa, it is significantly greater than
v, (= 14.81 MPa).

With a single uniaxial GFRP sheet, the suggested reinforcement method improves
the joint shear capacity by around 73 percent. In addition, the FRP shear strengthening
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design avoids a shear failure on the joint panel, which ensures that the column failed in
the plastic hinge and ductile model of failure is attained instead of the brittle one.
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