
RESEARCH PAPER

RC Beam–Column Connections Retrofitted by Steel Prop: Experimental
and Analytical Studies

Ali Kheyroddin1,4,5 • Ebrahim Emami2 • Ali Khalili3

Received: 19 May 2019 / Revised: 12 October 2019 / Accepted: 30 October 2019 / Published online: 15 November 2019
� Iran University of Science and Technology 2019

Abstract
This paper studies the efficiency of a proposed retrofit technique to boost the seismic behavior of beam–column con-

nections in existing deficient reinforced concrete (RC) moment frame systems with the consideration of constraint con-

ditions such as the height of beams, using analytical, experimental, and numerical methods. The proposed retrofit method,

called the ‘‘single steel prop and curbs’’, consists of a diagonal steel prop element and two steel curbs that to the beam and

column are laterally mounted. The internal force diagrams of the retrofitted exterior beam–column connections by ana-

lytical formulations are investigated and design strategies for promoting the efficiency of the single steel prop to achieve

the expected efficiency proposed. To assay the validity and reliability of the proposed analytical procedure, experimental

and numerical assessments were also conducted independently. Therefore, four deficient RC beam–column connections by

single steel prop were retrofitted using three different cross-sectional areas and revival sheets and then accompanied by a

control specimen subjected to cyclic loading. Next, numerical models were calibrated in ABAQUS software. Finally, by

derivation of the props’ average axial force from experimental and numerical results, the beam shear coefficient, b, is
calculated based on the analytical relations. These results confirmed good conformity between the experimental and

numerical outputs as well as reliability of the analytical formulations. Also, the output results indicated that the retrofitted

specimens had 53–78% bearing capacity and 146–217% dissipated energy more than the control specimen.

Keywords RC beam–column connection � Cyclic loading � Retrofitting � Single steel prop � Steel curb

1 Introduction

Many existing reinforced concrete (RC) moment-resisting

frame (MRF) structures have several deficiencies and

vulnerabilities against seismic loads and need to be retrofit.

Although some of the existing structures have been

designed based on updated codes, there may be many

practical mistakes during their construction. Contractor

mistakes during construction may lead to reduced height of

beams in RC frames, despite the structural analysis and

design of the project. This reduced height might in turn

cause undesirable performance under induced loads.

Sometimes, the main aim of the reduction of height in the

RC frame beams and elimination of the hanging of those in

practice is to make the height of those beams uniform with

the thickness of the roofs. The architectural aspects and

construction feasibility are also other factors to be con-

sidered. Beam height reduction of the RC moment-resisting

frames may lead to severe decrease in moment inertia,
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rigidity and strength capacity of the RC frames, so that

under induced loads, vertical beams deflection and lateral

displacement of those reach in excess of the allowable limit

by code regulations. Based on the ATC 40 [1] procedure,

after the reduction in strength and rigidity of a deficient

structure, the capacity spectrum of that structure fails to

intersect its demand spectrum of ground motion or by even

intersecting of that the target displacement related to per-

formance point increases remarkably. The mentioned

deficiency may also lead to undesirable performance of RC

beams in the serviceability state and cause cracks in joiners

by escalating the vertical deflection. Therefore, to decrease

the target displacement of these deficient RC frames and

achieve the desired performance level of the structure

under seismic and graviton forces, retrofit is needed.

Several global retrofitting methods, such as steel and

concrete shear wall insertion and different types of internal

and external bracing, and local retrofitting methods, such as

resin injection, steel, RC and HPFRCC jacketing, steel

profile and plate addition, haunch elements, external bon-

ded FRPs and other composites, have been used for ret-

rofitting of the deficient moment-resisting frames. Each one

of these strategies can be utilized for RC frames as retro-

fitting targets by considering the analysis of the cost,

assessment of the efficiency of operations, and architectural

plausibility. Numerous researchers have used steel material

in various schemes as retrofit of RC beam–column joints

and local retrofitting of RC frames experimentally and

numerically [2–6]. Although the main aim of these studies

has been the retrofitting of RC beam–column joints, each

one of the above-mentioned methods will have its own

influences on RC frame performance under gravitation and

seismic loads.

‘‘Haunch retrofit solution’’ (HRS) as retrofit option was

introduced by Yu et al. [7] following the high level of weld

fractures observed at steel structures after the 1994

Northridge earthquake. Later, Chen [8] and Pampanin et al.

[9] extended and designed this technique for retrofitting

beam–column joints of the RC structure to shift the hier-

archy of damage mechanisms to one in which the joint, as a

critical component, can be protected and damage focused

onto the beams. In this design model, the stiffness of the

connection and the slip between the diagonal metallic

haunches played a key role in the efficiency of this retrofit

solution. In this regard, Eligehausen et al. [10] made

numerical analyses that agreed well with the experimental

results, confirming the reliability of the design approach

and the experimental observations. One prohibitive

requirement of the connection proposed by Pampanin et al.

[9] was to use external partially pre-stressed rods to con-

nect the haunch to the frame by drilling through holes in

the slabs of the structure. To eliminate this limitation,

experiments have been carried out at the joint sub-

assembly level [11–14], as well as at the structural level

[14, 15] to evaluate the performance of the so-called fully

fastened haunch retrofit solution (FFHRS), where the

haunch elements were connected to the frame members by

using post-installed mechanical anchors. In similar cases,

the HRS as a local bracing system with special orders was

applied by Said and Nehdi [16], Appa Rao and Gangaram

[17], Sharbatdar et al. [18, 19], Kheyroddin et al. [20],

Khalili et al. [21] and other researchers. Sharbatdar et al.

[18, 19] used this idea called ‘‘steel prop and curb’’ for

rehabilitation of damaged exterior RC beam–column joints

experimentally. Because of the greater satisfaction of the

retrofit solution architecturally, researchers using various

objects recently investigated the capability and perfor-

mance of single haunch and prop element as a less-invasive

retrofit solution for RC frame beam–column joints

[20, 22–24]. Kheyroddin et al. [20] applied a method called

‘‘single steel prop and curbs’’ with and without steel revival

sheets on the beam for strengthening exterior RC beam–

column connections experimentally. The main idea behind

this technique was the use of a steel prop which acted as a

fuse element; moreover, the increase in the rigidity and

strength of the system resulted in the ductility and

absorption of energy being upgraded. In the study by

Truong et al. [22] for existing deficient exterior beam–

column joints, of the various retrofit solutions such as head

re-bar anchoring, CFRP wrapping, single haunch element

and steel jacketing, the steel haunch element solution

generally showed better performance than other retrofit

solutions in terms of the bearing capacity, stiffness, and

dissipated energy. Kanchana Devi et al. [23] introduced

three novel techniques for seismic retrofitting of gravity

load designed (GLD) exterior beam–column joints, called

single haunch, straight bar and simple angle. This

researcher also showed that the specimen retrofitted with a

single haunch was much better than specimens retrofitted

with the other two techniques, because of no premature

brittle anchorage failure and shear damage and relocating

of plastic hinge from the joint toward the beam. Recently, a

new retrofit solution for the GLD exterior and interior

beam–column joints, ‘‘buckling restrained haunch’’ (BRH),

was suggested by Wang et al. [25]. The objectives of this

study were analysis and design of a BRH to relocate plastic

hinges into beams and enhance energy dissipation of the

beam–column joints. The numerical and experimental

results indicated that the use of BRH, by the bracing action,

load redistribution between the joints and beams and pro-

viding a stable energy dissipation capacity, was satisfactory

and helped achieve their objectives. Tsang et al. [24]

explored analytically the feasibility of applying a single

haunch element as retrofit solution for retrofitting of RC

exterior beam–column joint. They by handling of the key

formulations to achieve an optimal design and
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investigating effects of the factors such as length of haunch

(at angle 45�) on the shear demand at the joint through a

case study, they presented the failure mode and their

capacity enhancement. These researchers concluded that a

longer haunch could lead to a better outcome. Sasmal and

Nath [26] developed the formulations for a single metallic

bracing system by analytical studies. They carried out

experimental and numerical studies on the beam–column

sub-assemblages seismic retrofitted by single haunch with

materials such as steel and a super-elastic material such as

shape-memory alloy (SMA). Their researches indicated

that usage of the nickel–titanium SMA is more efficient

than steel bracing for seismic retrofit of the beam–column

sub-assemblage. In another study, Sasmal and Voggu [27]

proposed a smart and efficient system as ‘‘Strut-Relieved

Single Metallic Bracing System (SBSR)’’ for week joint

region of GLD structures. They state that this system can

act as the force path by allowing by-pass from beam to

column; consequently, unnecessary damage to the structure

due to single bracing can be effectively avoided.

There are several advantages using the retrofit system

proposed by the mentioned researchers [18–20] compared

to other similar proposed retrofitting methods. No drilling

in the RC beam and column is directly required to install

the steel props; therefore, no damage occurs (although a

portion of slab needs to be destroyed), and furthermore the

steel curbs perform their role of diffusing the loads better

by confining the RC members compared to the methods

proposed by other researchers. The shear strength of the

members at the connection point of the steel prop to the RC

members is also increased.

For the first time, Kheyroddin et al. [20] experimentally

evaluated the single haunch feasibility usage (‘‘one-way

steel prop and curbs’’) as a less-intervention retrofit option

with and without beam steel revival sheets for connections

with reduced beam height. They used a single steel haunch

which was architecturally less invasive and act as a fuse

element for upgrading the rigidity and strength as well as

the ductility and absorption energy of the deficient frames.

In this paper, the retrofit solution proposed by Khey-

roddin et al. [20] with three different sectional areas of

steel props was applied for two-dimensional stiffening of

exterior beam–column connections of existing deficient RC

structures with the aforementioned deficiency (RC frames

constructed with reduced beams height) at the joint sub-

assembly (see Fig. 1). The main aim of this study is based

on this supposal that the RC beam height in a real existing

frame structure does not have the capacity strength, rigid-

ity, and ductility to satisfy the new retrofit codes. There-

fore, by improving the structure capacity, the performance

point may be upgraded to the level of the newly addressed

retrofit codes. Due to architectural restrictions when using

the double steel prop, a single steel prop solution is herein

used which not only meets the architectural requirements,

but also calls for an even less-invasive retrofit intervention.

Details of the suggested seismic retrofit solution for the

deficient RC frame are shown in Fig. 1.

Naturally, the proposed retrofit solution similar to other

retrofit methods has its own restrictions. Based on what

follows, the members of the RC frames using the retrofitted

joints will be subjected to higher shear forces due to their

shortened length and increased stiffness. Therefore, it is

necessary to consider this shortcoming in the prop design

procedure, by adjusting the maximum shear demand of the

RC member under earthquake effects to prevent premature

failure. In the present study, internal force diagram of a

retrofitted connection and also design strategies of the

single steel prop to achieve special targets are explored by

analytical formulations. Also, the influence of different

cross-sectional areas of the steel props on the nonlinear

behavior of the deficient RC beam–column connections is

experimentally and numerically investigated.

2 Analytical Study

The proposed retrofit solution, ‘‘single steel prop and

curbs’’, can be applied for both interior and exterior con-

nections of beam to column. Based on the hierarchy of

strength for design of retrofit, if the geometry (distance

from the column interface, ap, and angle h) and the axial

stiffness Kp of the steel prop are selected properly, the

bending moment in the beam at the face of the column

decreases considerably, and the joint panel zone will be

protected from unfavorable brittle failure mechanisms.

Generally, for protection of the deficient RC joints, the

process design must be such that before yielding of the

steel prop, a flexural plastic hinge is formed in the beam–

prop connection region. Also, according to capacity design

considerations, the shear failure mechanisms should be

avoided in the RC members. On the other hand, in the RC

frames with reduced beam height and without weak col-

umn and joint problems, by design of a fused steel prop as

first line of defense against the seismic loads, also con-

trolling of lateral displacement, the rigidity and also

strength can be upgraded.

Figures 2 and 3 show the force diagrams of a single steel

prop of the as-built and retrofitted connections, respec-

tively. As shown in Fig. 3, all the formulations presented

by researchers [9] for the joints retrofitted by double

haunches are acceptable for the connections retrofitted by a

single prop, except of the cases that follow.

If the vertical component of the prop axial force at the

beam is bVb, the horizontal component can be defined as

beam axial force Fb (only through the prop region) that is

equal to:
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Fb ¼ bVb= tan h: ð1Þ

The value of b-factor as shear transfer coefficient is

derived based on displacement compatibility in the subse-

quent paragraph. This horizontal force Fb, with an eccen-

tricity of db/2 due to the finite depth of the beam, produces

the tensile or compressive axial force as well as concen-

trated moment on the beam in the prop region (at a distance

of ap from the face of the column).

In other words, until the prop is subjected to the com-

pression force (such as the loading shown in Fig. 3), the

beam at this distance acts as a beam–column member and

is subjected to tensional forces and inverse. Therefore, the

beam moment at the column interface, M0
b, is:

M0
b ¼ Vb

L0b
2
� bdb
2 tan h

þ ð1� bÞap
� �

; ð2Þ

which, according to Fig. 3b, is L0b
�
2 ¼ Ln=2

� �
� ap

h i
defined as the distance between the middle span of the

beam and the location of the prop, with Ln being the net

beam span length (from face to face of the columns). Since

the compound of the tensile axial force and the bending

moment creates the critical load combination that occurs

due to the mechanism of the beam’s plastic hinge at the

prop region, this compound is considered in the prop

design procedure. For simplicity of this procedure, the

beam tensile axial force can be converted to the beam’s

bending moment and then added to it. As a result, by

definition of a moment magnification factor of Ce,

according to Eq. (3), the equivalent magnified moment,

Meq, is obtained. In addition, the magnification factor of Ce

can approximately be obtained based on the concept of

interaction diagram of the tension axial force-bending

moment; therefore,

Fig. 1 Retrofitting of an RC frame with single prop solution

Fig. 2 Force diagrams of the exterior as-built beam–column

connection

Fig. 3 Force diagrams of the exterior beam–column connection after retrofitting
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Meq ¼ Ce �M ¼ M0

P0
0 � e

þ 1

� �
�M; ð3Þ

where M is the minimum value of the reduced bending

moment of the RC beam at the prop region. M0 is the

bending capacity of the RC beam section without axial

force. P0
0 is the net tension-bearing capacity of the RC

beam section and e is an equal eccentric of the bending

moment (M) relative to the beam axial force (Fb) at the

prop region that is derived from the following Eq. (4):

e ¼ L0b tan h
2b

� db

2
ð4Þ

Equation (4) can be obtained by combining Eqs. (1) and

(2), and then the ratio M/Fb can be derived from it. As

illustrated above, by converting the tension axial force

effect at the prop region, Meq will be the base of calcula-

tions. Generally, by increasing the b-factor, the influence of
axial force on the amount of Meq, increases and vice versa.

Moreover, by increasing the b-factor, the bending moment

at the prop region will be equal to, or even bigger than, that

at the outside of the prop region, (i.e., Meq �MbðmaxÞ) and

consequently the plastic hinges can occur simultaneously

in these two locations. In other words, the length of the

plastic hinge at the RC beam enhancement can be con-

firmed. Similarly, at the prop–column connection region,

due to the vertical component of the single prop axial force,

a tensile/compressive axial force is produced in the column

as below:

Fc ¼ b0Vc tan h ¼ bVb; ð5Þ

where b0 ¼ b 2Lc=Lb � tan h
� �

¼ b Vb=Vc � tan h
� �

; with Lc

the total inter-story height (from centerline to centerline of

beams), Lb the total beam span length (from centerline to

centerline of columns), bp the distance from the beam

interface and dc the depth of the column. In addition, the

maximum column moment developed at the level of the

prop connection is:

McðmaxÞ ¼ MbðmaxÞ
LbL

0
c

LcL
0
b

: ð6Þ

Thus, as the above equations show, the steel prop axial

force, Fp, especially in linear stage approximately can be

estimated as follows:

Fp ¼ bVb= sin h: ð7Þ

Since the applied load at the beam tip, Vb, is transferred

to the column by the single prop, according to the above

relation, the value of the b0-factor, like the double props, is
larger than the b-factor; in other words, greater shear force

is induced in the column which can be undesirable for

cases where a weak column behavior is expected. For this

reason, to avoid excessive increase of shear demands in the

beam, and especially in column elements, it has been

suggested [9] that the b-factor should not exceed a value of

2.

2.1 Estimation of b-Factor

As illustrated, the b-factor plays a key role in the reduction

of beam–column interface forces. In this research, since the

RC beam height was reduced and retrofitting carried out

via a single steel prop, it can be expected that there was a

weak beam–strong column. Moreover, the b-factor can be

computed by considering the deformation compatibility

between the beam (neglecting deformation of column and

joint is supposed) and prop, similar to the proposed for-

mulation by Yu et al. [7] and in accordance with the

aforementioned paragraph. Therefore:

b ¼ bp

ap

� �
3l0bdb þ 3apdb þ 3bpl

0
b þ 4apbp

3d2b þ 6bpdb þ 4b2p þ 12Ib
Ab

þ 12EcIb
KPap cos2 h

; ð8Þ

where Ib and Ab are the cracked moment inertia and section

area of the RC beam section, respectively, and Kp is the

axial stiffness of the single steel prop.

2.2 Design Procedure of the Steel Prop

At the design stage, choosing suitable properties for the

steel prop such as ap, h and Kp is the first step. From a

practical viewpoint, especially for RC frames with the

aforementioned problem (reduced beam height) and with-

out weak column and joint problems, higher values of ap
(to decrease free beam span) and the lowest possible value

of bp (to take architectural aspects into account) should be

selected for a more effective retrofit strategy. The value of

Kp is also determined according to the prop element

geometry and materials. It is necessary to check the axial

stiffness, Kp, and yielding force of the designed steel prop

to ensure that the steel prop can develop minimum vertical

component bminVb of the reaction. This vertical component

can be computed by considering the deformation compat-

ibility between the RC beam and the steel prop. bmin is the

minimum amount of the b-factor that the plastic hinge of

RC beam can form at the outside of prop region (probably

at a distance of ap from the column interface) before the

yielding of the steel prop occurs.

According to Eq. (2), if the Kp of the steel prop is small

(or b[ 1), due to reduction of prop efficiency, it is pos-

sible that the beam plastic hinge at the column interface is

formed before than where the prop is connected to beam,

which is especially undesirable for the RC frames with

weak columns and joints. On the other hand, according to

the statements of the researchers [28], if the axial stiffness

International Journal of Civil Engineering (2020) 18:501–518 505

123



of the steel prop, Kp, is large (b\ 1) when the prop reaches

its yield load, assuming it does not exhibit significant post-

yielding stiffness, its efficiency in reducing the internal

shears and moments in the beams and columns decreases.

Moreover, the moment in the beam at the face of the col-

umn will increase at a much higher rate than it does before

the prop yields (following the distribution presented in

Fig. 3, without prop). Therefore, it is possible that the

beam’s plastic hinge at the prop–beam connection region is

not formed, which can result in some damages in the beam.

Consequently, in the best scenario, Kp and Py must be

selected in a way that when the prop yields, the moment of

the prop–beam connection region is sufficiently close to the

plastic moment of the beam (MbðmaxÞ or Meq ¼ Mby) to

ensure that the damages on the joint and column interface

do not occur before the yielding of the beam and prop. In

other words, the plastic hinge can be relocated from the

joint core to the prop–beam connection region before the

yielding of the steel prop.

Based on the capacity design considerations, for the

elastoplastic prop design of the RC frames with the

aforementioned problems (reduced beam height) which

have no serious problems in joints, the value of the b-factor
can be computed using the following design procedure

with the target energy absorption and strength in mind:

During the prop design procedure (choosing ap, h and

KP), the actual hierarchy of strength can be obtained by

imposing that the equivalent tip beam shear corresponds to

the forming of a plastic hinge in the beam and prop

yielding. Herein, different states can be considered for the

design of a single steel prop:

(A) for b-factor[ 1.0, there are two states:

(A-1) If

Ap �
Fp

Fy

¼ bVb y�curbregion

Fy sin h
; ð9Þ

where the prop yields first, then the beam

moment distribution varies through length

of ap such that the beam moment at the

column interface increases considerably. At

this state, it is preferred that the beam’s

plastic hinge at the prop–beam connection

region forms before or simultaneously with

the interface of the column. Based on this

statement, the global target hierarchy of

strength and yielding of the whole design is

summarized as:

Vb�py � a1Vby�curbregion; ð10Þ

where a1 is the safety factor separating the

two subsequent mechanisms. The equivalent

tip beam shear (sub-assembly applied lateral

force) corresponding to prop yielding force,

Vb�py, is calculated as follows:

Vb�py ¼
ApFy sin h

b
; ð11Þ

where Ap is the prop section area, and Fy is

the yielding stress of the steel prop. In

addition, Vby�curbregion is the equivalent of

the tip beam’s shear (sub-assembly applied

lateral force) corresponding to the formation

of the plastic hinge in the beam’s curb

region (or prop–beam connection region)

which is given as:

Vby�curbregion ¼
MbðmaxÞ
l0b
�
2

¼ Mby

l0b
�
2

; ð12aÞ

Or

Vby�curbregion ¼
Meq

l0
b

2
� bdb

2 tan h

¼ Mby

Ce
l0
b

2
� bdb

2 tan h

� � ;

ð12bÞ

where Mby is the yield moment of the beam.

At this state, it should be considered that although the

energy absorption of the system increases, it may lead to

premature rupture or buckling of the prop and the tip

beam’s displacement might increase remarkably in a sud-

den manner. Therefore, the system should be so designed

that the steel prop yielding and the beam’s plastic hinge at

the beam curb region occur at the same time approxi-

mately, or:

Ap �
Fp

Fy

¼ bVby�curbregion

Fy sin h
: ð13Þ

In this case, it is expectable that both the system strength

and energy absorption can be increased in a controlled and

desirable manner.

(i) (A-2) If the section area of the prop is sufficiently

large, or

Ap �
Fp

Fy

¼ bVb y�curbregion

Fy sin h
: ð14Þ

Here, the beam’s plastic hinge occurs at the beam’s curb

region at first, and as a result depends on the value of b-
factor, and both the prop’s yielding and beam’s plastic

hinge on column interface can occur. The prop’s design at

this range must be such that after yielding of the steel prop,

the beam at the curb region reaches its ultimate nominal

bending capacity Mbn. In this case, the energy absorption of

the system as well as its bearing capacity can be improved.

Based on this statement, the global target hierarchy of
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strength and yielding of the whole design can be summa-

rized as:

Vb�py � /1Vb�beamhinge�int � /2Vb�collaps�curbregion: ð15Þ

Also, to ensure that the yielding of the prop occurs

before the beam reaches its ultimate resistant moment,Mbn,

at the curb region, the following capacity design require-

ment must be met:

Vb�py � /1 � /2Vb�collaps�curbregion; ð16Þ

where /1 and /2 are safety factors separating the two

subsequent mechanisms, Vb-beamhing-int is the equivalent of

the applied tip beam shear (sub-assembly applied lateral

force) corresponding to the forming of the beam’s plastic

hinge at the column interface which can be obtained by

substituting M0
b with Mby in Eq. (2):

Vb�beamhing�int ¼
Mby

Ce
l0
b

2
� bdb

2 tan h þ ð1� bÞap
� � : ð17Þ

Vb-collaps-curbregion is the equivalent of the applied tip

beam shear (sub-assembly applied lateral force) corre-

sponding to the development of the beam’s ultimate

nominal bending capacity, Mbn, at the beam’s curb region.

(B) If
ap

apþ
db

2 tan h

� b� 1:0, then the design procedure of the

prop will be similar to the aforementioned process in

part A.

(C) If b � ap

apþ db
2 tan h

, then the beam’s moment at the

column’s interface would be larger than the one at

the beam’s curb region; therefore, usually the prop

yields and the beam plastic hinge at the interface of

the column will formed.

3 Numerical and Experimental Study

A nonlinear FE analysis using ABAQUS software [29] for

study behavior of the as-built and retrofitted beam–column

connections was conducted. To validate the accuracy and

reliability of the numerical models, the obtained results of

the as-built specimen in numerical study were compared

with the outputs of the control specimen DSJ experimented

under cyclic loading. The force–displacement curve of the

specimen DSJ obtained from the FE model was compared

with the envelope hysteresis of the force–displacement

response in the experiment (see Fig. 4). After making sure

of the software’s accuracy, the numerical analyses were

conducted on the FE model DSJ, by assembly of the pro-

posed retrofitted solution consisting of four retrofitted

exterior beam–column connections named RSJ1, RSJ2,

RSJ3 and RSJ4 similar to experimental specimens.

3.1 Property of Specimens

For investigation of the single steel prop performance and

efficiency as a retrofit solution for RC frames with the

aforementioned deficiencies under cyclic tests, four half-

scaled RC exterior beam–column connections were fabri-

cated and casted in the structural laboratory of Semnan

University. For this order, an eight-story RC structure was

first designed based on the middle ductility requirements of

ACI 318-11 [30] and then an exterior beam–column con-

nection at the fourth story level was opted from one of its

2-D frames. Then, to simulate the experimental specimens

according to real deficient RC structures, it was supposed

that during the construction process, the height 400 mm of

the RC frame beams had been reduced to 300 mm due to

the aforementioned limitations or practical mistakes

(without variation of reinforcement details). Figure 5 and

Tables 1, 2 and 3 show the geometric properties and

reinforcement details of the half-scale 2-D, as-built speci-

men DSJ, and the retrofitted specimens RSJ1, RSJ2, RSJ3

and RSJ4. Table 4 shows also the further characteristics of

the tested experimental specimens.

3.2 Test Setup and Loading Protocol

The real overview of the test setup, specimen supports, and

other key components are shown in Fig. 6. As illustrated at

Fig. 6, all test specimens were experimented such that by

rotating them to an angle of 90� from the actual position,

the column was lying horizontally and the beam vertically.

The reverse cyclic load was horizontally applied under an

increasing level of lateral displacement at the tip of the

beam. The reverse cyclic load was applied by two 200 kN

compression hydraulic jacks parallel to the column direc-

tion that were erected on the reaction frame at a distance of

1200 mm from the column face. Lateral displacement at

Fig. 4 Experimental and FE model force–displacement curve for as-

built specimen (DSJ)
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the top of the beam was measured by two horizontal

LVDTs, and two load cells were used for measuring the

beam’s tip reverse load. The cyclic loading history of tests,

shown in Fig. 7, was based on displacement control

imposed by 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 7 and 8%

drifts (vertical axes shown in Fig. 7) at the tip of the beam

including the double cycles at 11 steps and 24 cycles in

total. Drift hereon means the relation between the beam tip

displacements on the distance of the applied beam tip force

from the column face.

By simulating the inflexion points at the mid-height of

the columns and the midspan of the beam at a frame under

lateral load, in the experimented specimens the column was

supported by a hinge connection at one end and on the

other end by a roller that was erected on the laboratory’s

strong floor. The axial load of the column was equal to

0.15Pn = 170 kN (Pn is nominal axial strength of RC

columns) and was applied by a 500 kN hydraulic jack that

together were erected with a load cell on the laboratory

reaction frame (see Fig. 6).

3.3 Design of the Prop Elements and Retrofitting
Method

To evaluate the influence of the prop sectional area on the

behavior of the deficient RC connections, three different

cross-sectionals areas based on the possible states already

described in the analytical part (for b-factor[ 1.0) were

designed. Also, for all of the single props due to the
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Fig. 5 Geometric properties and reinforcement details of all speci-

mens (in mm)

Table 1 Reinforcement properties of the specimens

Member Longitudinal

reinforcement

Transverse

reinforcement

(in critical

region)

Transverse

reinforcement

(noncritical

region)

Beam

(150 9 250 mm)

3u 12 at Top

3u 12 at Bot

u 8@ 50 mm u 8@ 100 mm

Column

(250 9 250 mm)

8u 14 u 8@ 50 mm

(one in joint)

u 8@ 100 mm

Table 2 Concrete compression strength

Specimen DSJ RSJ1 RSJ2 RSJ3 RSJ4

f 0c at 28 days (MPa) 15.5 15.3 16.0 15.0 15.7

Table 3 Mechanical properties of reinforcement bars

Bar size

(mm)

Type fy
(MPa)

ey
(%)

Fu

(MPa)

E modulus

(GPa)

8 Transverse 398 0.195 586 204

12 Longitudinal 444 0.20 677 222

14 Longitudinal 510 0.22 587 232

Table 4 Characteristics of the tested experimental specimens

Name Specimen Characteristics

DSJ (As-built) control Weak beam–column connection

(with beam height equal

150 mm)

RSJ1 Retrofitted by single

steel prop

Similar to DSJ, retrofitted by

single steel prop (a box section

with dimensions

20 9 10 9 2 mm and sectional

area of Ap = 120 mm2)

RSJ2 Retrofitted by single

steel prop

Similar to DSJ, retrofitted by

single steel prop (a box section

with dimensions

30 9 20 9 2 mm and sectional

area of Ap = 200 mm2)

RSJ3 Retrofitted by single

steel prop

Similar to DSJ, retrofitted by

single steel prop (a box section

with dimensions

60 9 30 9 2 mm and sectional

area of Ap = 350 mm2)

RSJ4 Retrofitted by single

steel prop and revival

sheet

Similar to DSJ, retrofitted by

single steel prop (a box section,

dimensions 30 9 20 9 2 mm

and sectional area of

Ap = 200 mm2) plus steel sheets

on the upper and lower surface

of the beam with dimensions of

900 9 300 9 5 mm
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aforementioned reasons, a constant length and erection

angle 500 mm and 37� were selected, respectively. The

steel curbs consist of four edged L-shape plates connected

and tied together to edged plates by high strength 10 mm-

diameter bolts. To separate the two subsequent mecha-

nisms, and guarantee the desired hierarchy of strength, the

safety factors of a1 = 0.9, u1 = 0.90 and u2 = 0.85 were

considered conservatively (see Table 5). The mechanical

properties of different steel prop elements are also sum-

marized in Table 6.

3.4 Experimental and Numerical Results

3.4.1 Observations of the As-Built Reference Specimen DSJ

Based on the analytical calculations and the above sup-

posed data, the prop system consisted of the yielding fuse

elements for the retrofitted specimen RSJ1, RSJ2, and

RSJ4, and an elastic element for the retrofitted specimen

RSJ3. The details of the retrofit solution materials and

assembling of those on the beam–column connections were

the same as in the published work of researchers [20]. It is

worth noting that to decrease the premature buckling

contingency of the steel prop, a box-shaped cross section

was selected for them. The specimen DSJ, the as-built

deficient beam–column connection with reduced beam

height, indicated flexural behavior itself. At drift 0.25%,

the beam flexural cracks were formed on the interface of

the column and then those developed toward the top of the

beam. The diagonal X-shape cracks in the panel zone

occurred at drift 3%. From this point on, the flexural cracks

were propagated on two sides of the beam length until the

concrete cover at the interface of the column at drift 7%

was crushed (see Fig. 8). The plotted hysteresis curve in

Fig. 9 indicates a remarkable pinching that can be due to

concrete weakness and the wide opening/closing of the

main flexural cracks at the beam interface that caused some

shear slippage of the longitudinal rebar.

3.4.2 Observations of Retrofitted Specimens

Figure 10a–d shows the final situation of the retrofitted

specimens with the single steel prop system. A summary of

the experimental observations are presented in Table 7.

It is worth noting that in the specimen RSJ4 for pro-

tection of the RC beam from severe damages on the upper

side of the prop region and also to improve the energy

absorption and rigidity of the system at the preliminary

drift, the RC beam at this location was strengthened by two

steel revival sheets (with dimensions of

Fig. 6 General view of the test setup

Fig. 7 Cyclic loading history of the tests
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900 9 300 9 5 mm). The steel revival sheets were

attached to the RC beam by several external rods that were

partially pre-stressed (see Fig. 10d). In addition, for better

performance, the downsides of the sheets were welded to

the upper side of the beam curb.

Figure 11 presents the force–displacement hysteresis

loop of the retrofitted specimens. The hysteresis curve

plotted in Fig. 11a, b for RSJ1 and RSJ2 specimens indi-

cates that by increasing the loops area, because of the

yielding in the prop and longitudinal bars, the pinching was

reduced and good energy absorption (beyond 3% drift) was

observed in comparison to the as-built connection. As

illustrated in Fig. 11c, a stable hysteretic behavior with

improved energy absorption was observed, but severe

pinching still existed due to the wide opening/closing of the
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Table 6 Mechanical properties of the used steel props

Specimen Steel

grad

Ap

(mm2)

E-

modulus

(MPa)

Fy

(MPa)

Fpy

(kN)

Equivalent

axial

stiffness Kp

(kN/m)

RSJ1 300 120 196 330 39.6 47,000

RSJ2 300 200 210 312 62.4 84,000

RSJ3 300 350 187 320 112.2 131,000

RSJ4 300 200 195 318 63.6 78,000

Fig. 8 Final situation of the as-built specimen DSJ at drift 7%

Fig. 9 Force–displacement hysteresis loop of the as-built specimen
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main flexural crack on the prop connection interface, which

caused some shear slippage. The hysteric behavior of

specimen SRJ4 indicated that by attaching the revival

sheets to the single retrofitted specimen RSJ4, despite the

low effect on bearing capacity, the target strength was

achieved, the pinching effect was improved, and the

absorbed energy increased considerably (see Fig. 11d). The

force–displacement curve of each retrofitted specimen

obtained from the FE model are compared with the

envelope of the hysteresis load–displacement response in

the test as presented in Fig. 12.

Although in the linear stage, the stiffness values of the

specimens in the numerical analyses were slightly greater

than the corresponding values in the experimental ones, the

results obtained from the FE study are in agreement with

the experimental test data. As illustrated in Fig. 12a, the

opposite direction in which the steel prop was subjected to

the compressive force by the whole in plane buckling of the

prop bearing capacity diminution occurred. Also, for all of

the retrofitted specimens in the direction in which the steel

prop was subjected to compression force, the bearing

capacity was more than that in the opposite direction. The

envelope of the hysteresis load–displacement response

presented in Fig. 12b, c indicates that there is no reduction

at the bearing capacity of the FE specimen as well as the

experimental specimen by the end of the test.

4 Discussion on Experimental Results

4.1 Strength of Specimens

While in the as-built specimen DSJ, the reduction of the

beam’s height and the weakness of concrete lead to the

beam–column connection not reaching its target strength,

stiffness, and absorbed energy, the opposite behavior is

observed in the retrofitted specimens. As illustrated in

Fig. 13, where the as-built specimen reached its maximum

bearing capacity at drift 5%, the retrofitted specimens at

drift 2–3% reach the same bearing capacity, which leads to

the reduction of their displacement demand.

A quantitative summary of the experimental results in

terms of average, maximum, and ultimate strength, initial

and ultimate stiffness, and overall absorbed energy of the

Fig. 10 Final situation of the retrofitted specimens at drift 8%
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as-built and retrofitted specimens is given in Table 8,

which indicates the efficiency of the proposed retrofit

solution. It can be surmised that the enhanced section area

of the single prop in retrofitted specimens leads to the

maximum strength, 15.6 kN, in the as-built specimen and

appreciably increases to values between 23.8 and 27.7 kN

in the retrofitted specimens (an increase of 53–78%),

without remarkable deterioration in the ultimate strength.

4.2 Stiffness of Specimens

The cyclic stiffness Ki (peak-to-peak secant stiffness) of all

specimens at the every cycle is calculated using Eq. (18)

and according to Fig. 14 (the hatched area). In this calcu-

lation, only the first reversal cycle is considered:

Ki ¼
Fþ
i � F�

i

dþi � d�i
: ð18Þ

The observed initial and ultimate stiffness of the retro-

fitted specimens (see Table 8) were from approximately

0.65 to 0.78–1.55 kN/m (an increase of 20–138%) and 0.17

to 0.17–0.32 kN/m (an increase up to 88%), respectively. It

could compensate for the connection stiffness deficiency

caused by the reduction in the beam height (specimen DSJ)

and provide beneficial effects in limiting the excessive

displacements under the lateral load also.

4.3 Energy Dissipation

The absorbed energy per cycle (Ei) is equal to the area

enclosed by the complete hysteretic loop at each cycle as

shown in Fig. 14. The absorbed energy per cycle for all of

the specimens is presented in Fig. 15. Also, the total

amount of energy absorbed (
P

Ei) for each specimen is

obtained by calculating the area of hysteresis loops through

summation [31] (see Fig. 14). The energy per cycle for the

retrofitted specimens at some drifts was approximately two

to four times more than the as-built specimen DSJ, as

shown in Figs. 15 and 16. In addition, up to drift 6%, the

retrofitted specimen RSJ4 had absorbed the most energy

per cycle (about 4750 kN mm) among the specimens.

Generally, the retrofitted specimens with the fused steel

prop dissipated more energy except in section area of the

prop, which reached high strain values. This increased

dissipation of energy was as much as three times higher per

cycle in the case of specimen RSJ4 compared to RSJ2 with

the same section area of the prop.

As shown in Table 8, more total absorbed energy is

observed in the retrofitted specimens in comparison to the

as-built DSJ specimen. The difference was up to 217%,

146%, 192%, and 195% for the retrofitted specimens RSJ1,

RSJ2, RSJ3, and RSJ4, respectively. Figure 16 indicates

accumulative absorbed energy of the retrofitted specimens

Table 7 A summary of experimental observations of the retrofitted

specimens

Specimens Experimental observations

RSJ1 (fused prop with

Ap = 120 mm2, b = 1.6)

Yielding of the steel prop at drift

2.5%. Beam flexural hinging on

the interface of the prop at drift

3%. Widening of a main

flexural crack on the beam–

column interface at drift 4% and

occurring of shear cracks at the

upper side of prop on the RC

beam and also joint core.

Buckling of the steel prop at

drift 7% and progressive

deepening of the beam flexural

cracks in the beam–column

interface. Severe buckling of the

prop at drift 8%

RSJ2 (fused prop with

Ap = 200 mm2, b = 2.0)

Beam flexural hinging at the

upper side of the prop region

(curb region) at drift 2%.

Yielding of the steel prop at

drift 2.5–3%. Occurring of shear

cracks at the upper side of prop

on the RC beam and also joint

core as well as several flexural

cracks on the beam–column

interface at drift 4%.

Propagation of the combined

shear and flexural cracks at drift

5–6%. Local buckling of the

steel prop at drift 7%. Crushing

of the beam concrete cover on

upper side of the prop at drift

8%

RSJ3 (elastic prop with

Ap = 350 mm2, b = 2.3)

Global behavior of this specimen

was rather similar to RSJ2, with

the exception that the steel prop

did not reach its yielding

capacity. Beam flexural hinging

at the upper side of the prop

region at drift 2–3%. Occurring

of considerable shear cracks at

the upper side of prop on the RC

beam at drift 5%. Progressive

opening of beam’s flexural

cracks on the interface of the

prop connection at drift 8%

RSJ4 (fused prop with

Ap = 200 mm2 plus revival

sheets, b = 2.0)

Yielding of the steel prop at drift

0.5–1%. Formation of beam’s

flexural hinge on the inside of

the prop region and interface of

the column at drift 2.5%.

Propagation of the pervious

shear and flexural cracks and

increasing number of shear

cracks at the upper side of prop

on the RC beam and also joint

core at drift 3–5%. Rupturing of

the steel prop and progressive

widening of beam flexural

cracks on the prop region at

drift 6%
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in comparison to the as-built specimen DSJ at each drift.

Generally, in the retrofitted specimens in which the steel

prop achieved high strain values (RSJ4[RSJ1[
RSJ2[RSJ3) during the beam’s tip loading, more accu-

mulative energy (1–9 times) was observed compared to the

as-built specimen DSJ. Therefore, it can be surmised that

as the steel prop reaches its yielding load earlier, more

energy is dissipated.

4.4 Damping Calculation

Damping is one of the most important parameters influ-

encing the ability of a structure to dissipate energy under

dynamic excitation. The equivalent viscous damping ratio,

neqi, at each cycle, as illustrated in Fig. 14, can be obtained

by computing the ratio of absorbed energy (Ei) to the strain

energy of an equivalent linear system (2Ae) divided by a

constant of 2p as shown in Eq. (19) [32]:

neqi ¼
Ei

2pFidi
¼ Ei

4pAe

; ð19Þ

where Fi and di are the average peak load and displacement

values for cycle i, and the area Ae represents elastic strain

energy stored in an equivalent linear elastic system under

static condition (dotted hatched triangle area in Fig. 14).

The equivalent hysteretic damping versus drift curves for

both of the as-built and retrofitted specimens are presented

in Fig. 17. In this calculation, only the first reversal cycle

was considered. Development of the plastic hinge length in

the beam as well as yielding of the steel prop allows for a

substantial improvement in the energy absorption capacity

of the system, resulting in greater reduction in the dis-

placement demand, with average equivalent viscous

damping ratio, neqi, moving from 7.8% (during loading) to

8.4–10.2% (an increase of 8–31%).

5 Validation of the Design Procedure
with Experimental and Numerical Results

Figure 18 indicates the comparison of the experimentally

and numerically measured prop axial force versus the beam

tip displacement for all retrofitted specimens. As shown in

Fig. 18, the results obtained from the numerical study are

in agreement with the experimental results regarding the

prop axial force. To evaluate the validity of the suggested

Fig. 11 Force–displacement hysteresis loop of the retrofitted specimens
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analytical approach, the back-calculated responses of the

retrofitted specimens are used, which are then compared to

the experimentally and numerically measured responses.

For the calculation of the b-factor, the formulation given in

Eq. (8) also is used. In Fig. 19, the b-factors obtained from

the experimental and numerical measurements are com-

pared to the values, which were estimated using Eq. (8)

and based on the properties of the tested props.

Table 9 also presents more comparisons between the

analytically derived and experimental–numerical results, in

terms of (i) the b-factor, (ii) the measured axial force of the

Fig. 12 Comparison of force–displacement envelope curve of FE and experimental retrofitted specimens

Fig. 13 Comparison of force–displacement envelope curves of the

control and retrofitted specimens

Table 8 Summarized experimental results of as-built and retrofitted

specimens

Item

specimen

Ave of

max

strength

(kN)

Ave of

ultimate

strength

(kN)

Initial

stiffness

(kN/

mm)

Ultimate

stiffness

(kN/mm)

Total

absorbed

energy

(kN mm)

DSJ 15.6 14.6 0.65 0.17 4086

RSJ1 23.8 21.4 0.78 0.22 12,965

RSJ2 26.7 26.2 0.88 0.27 10,060

RSJ3 26.5 26.5 1.12 0.32 11,957

RSJ4 27.7 12.7 1.55 0.17 12,057
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steel props, Fp, corresponding to development of the first

mechanism event in the system, and (iii) the beam’s tip

lateral force corresponding to the occurrence of the first

mechanism event in the system, Vb. As illustrated in

Table 9, the results derived from the suggested analytical

procedure are almost equal to all the measured experi-

mental and numerical responses.

6 Conclusions

In the present research, the efficiency of ‘‘single steel prop’’

as a less-invasive solution for retrofitting of RC beam–

column connections with constraint of beam height is

evaluated. By analytical study and determination of inter-

nal forces of the retrofitted beam–column sub-assemblage,

three steel props using various cross-sectionals areas of

120 mm2, 200 mm2 and 350 mm2 (with b-factor corre-

sponding to 1.6, 2.0, and 2.3) were designed and selected

for the experimental and numerical studies. Herein, these

expressions correspond to three probably occurring mech-

anisms as given below:

(i) The premature yielding of the steel prop and then

occurrence of plastic hinge on the interface of the

beam–column connection (specimens RSJ1and

RSJ4).

(ii) Yielding of the steel prop simultaneously or

immediately after the formation of the beam’s

plastic hinge on the beam–column interface or in

the prop-beam connection region (specimen

RSJ2).

(iii) Not yielding of the steel prop and formation of the

beam plastic hinge only at the upper side of the

prop–beam connection (specimen RSJ3).

The results showed good agreement between the

experimental and numerical outputs in the first emerged

mechanism, in terms of prop axial force as well as the

beam shear coefficient, b, calculated based on the analyt-

ical formulations. The hierarchy of the occurred events in

the experimental and numerical models confirmed the

considered strategies for analytical design of the single

steel prop.

Results investigating the experimental and numerical

specimens under cyclic loading indicated that this less-

Fig. 14 Energy dissipation capacity, cyclic stiffness calculation and

equivalent damping parameters

Fig. 15 Absorbed energy per cycle for all specimens

Fig. 16 Accumulative absorbed energy of the retrofitted specimens

relative to as-built specimen

Fig. 17 Equivalent hysteresis damping ratio versus drift plot for all

specimens
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invasive retrofit solution had up to 50% reduced the beam

tip drift. Furthermore, using a single steel prop with low

cross-sectional areas (specimens RSJ1), by creating a first

defense line for system, were more energy dissipated in the

system moreover providing of lateral strength and stiffness

as well as the stiff steel prop (specimens RSJ3). Also, by

attaching of steel revival sheets on the beam at the upper

side of the beam–prop connection, the steel prop can act as

a fuse element (specimens RSJ4).

The following results were also obtained by comparing

the retrofitted specimens (with various section areas of the

steel props of about 120–350 mm2) to the as-built speci-

men up to drift 8%:

• The average of maximum bearing capacity was

increased by about 1.53–1.78 times. The average of

ultimate bearing capacity was increased by up to 1.82

times.

• The initial and ultimate stiffness increased by 1.2–2.39

times and up to 1.88 times, respectively.

• The total and per cycle absorbed energy were increased

by about 2.46–3.17 times and up to 9.0 times,

respectively. The average equivalent viscous damping

ratio, neqi, in the as-built specimen DSJ moved from

7.8% (during loading) to 8.4–10.2% for retrofitted

specimens.

Fig. 18 Comparison of the experimental and numerical measured prop axial force versus beam tip displacement

Fig. 19 Comparison of b-factors obtained from the experimental,

analytical and numerical studies
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