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 The most common event that results in a structure being destroyed by seismic loading is the 
failure and destruction of the beam-column connection. The Northridge earthquake showed 
that the use of special bending frames and beam-to-column coupling with full welding could 
not prevent the crisp failure if the technical principles in the design and implementation of 
steel structures were met. The reason for this was the insufficient flexibility of the bending 
of steel bending frames. The widespread use of the system was thought to have a high plastic 
deformation capacity, but the 1994 Northridge earthquake and the 1995 Kobe Japan 
earthquake caused many beam-to-column connections to experience brittle failure. At 
Northridge 200 steel bending frames encountered unexpected cracks in the beam-to-column 
connection, most of these connections never extending beyond the column due to the 
sudden failure of the beam. In this regard, solutions were proposed to remove the plastic 
joint from the column, including the design of new joints that could withstand large 
earthquakes, and a Reduced Beam Section connection. That was the solution. This method 
gives the frame flexibility and creates a plastic joint at the cross-section that can absorb a 
great deal of energy and ultimately disperse the absorbed energy by structural oscillations 
and plastic joints. Another proposed solution for controlling the steel fittings is the use of 
slotted dampers. 

1. Introduction 
 
Moments frames with highly riveted connections developed a strong 
reputation as seismic-resistant structures in the early 20th century. 
As high strength bolts and soldering became increasingly widespread 
in the 1950s, these contemporary connections replaced rivets. 
Loading techniques and acceptance criteria were rather contradictory 
amongst different research during early testing of such contemporary 
connections. Connecting rotation capacity became a common 
performance measure, and the allowable rotation capacity 
progressively increased with the improved understanding of the 
seismic behavior of the steel MRFs (Civjan, 1998). Popov and Pinkney 
(1969), which proved that beam-to-column connections to welded 
flanges and welded web are better than cover plates or completely 
bound connections, did their first cycle testing on current 
connections in the 1960's. A follow-up investigation by Popow and 
Stephen (1970) found that seismic performance is likewise sufficient 
for connections to welded flanges and bolted web. During the next few 
years, investigations (Krawinkler et al. 1971, Bertero et al. 1973) 
examined the impacts of panel area yielding and helped establish a 
prequalified relationship between the welded flange and the bound 
web detail. Following additional testing by Popov et al., Code 
provisions on duplication and continuity plate requirements have 
been created (1986). In connection behavior, Popov and Tsai (1989) 
discovered that size effects occur. Consequently, the prequalified 
connection details require additional web weldings where the web 
beams contribute to over 30% of the plastic beam module. These 
welded flanges and bolted web connectors have been utilized 
frequently in North America due to their easy fabrication. Initially, 
almost all bays in a system were constructed with full-time 
connections employing ductile moment-resistant frames. However, 
overtime many engineers started restricting the amount of paths 
constructed as ductile moment frames since complete time links were 
more expensive than simple shear connections (Bruneau et al. 1998). 

This method led to a major loss of structural redundancy, with no 
preliminary research, leading to the utilization of bigger beam and 
column sections. As more study has been completed in relation to the 
size impacts on big connections, Engelhardt and Husain (1993) showed 
neither specimens nor most connections in prior tests performed by 
other researchers can provide a rotational capacity that is higher than 
0.015 radians. A lot of specimens have developed cracks close to 
welds. The two researchers voiced concerns regarding the efficiency 
in serious earthquakes of sold flanges and the details of the bolted web 
connection. The Northridge Earthquake soon afterwards proved their 
suspicions accurate. 
The most expensive US earthquake rocked the Los Angeles region on 
17 January 1994. 
The event of 6.7 magnitude caused extensive damage to construction 
and infrastructure in both structure and construction. Steel MRFs 
seems to have survived with considerable damage initially. Over 100 
frames were uncovered, however, to the amazement of the structural 
engineering community throughout the following months. The great 
majority have been fractures on or near the bottom of the beam, 
typically without evidence of plastic deformation of the beam (Youssef 
et al1995). 
 
Since the 1994 Northridge Earthquake, a wide variety of beamto-
column moment connection concepts have been developed and 
revisited for use in seismic resistant steel moment frames. The 
investigation of these connections was a response to the widespread 
connection damage that occurred during this earthquake ~AISC 1994; 
Bertero et al. 1994; FEMA 2000!. Among the welded moment frame 
connection, details studies sponsored in Phase II of the SAC Joint 
Venture are the welded unreinforced flange connection ~Lee et al. 
2000; Ricles et al. 2000!, the free flange connection ~Choi et al. 2000; 
Gilton et al. 2000a; Venti and Engelhardt 2000!, the welded flange 
plate connection ~Kim et al. 2000!, and the reduced beam section 
connection ~Engelhardt et al. 
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2000; Gilton et al. 2000b; Yu et al. 2000!. The reduced beam section 
~RBS! connection, also known as the ‘‘dogbone’’ connection, has been 
extensively investigated and implemented in West Coast U.S. 
practice. In a RBS moment connection, portions of the beam flanges 
are selectively trimmed in the region adjacent to the beam-to-column 
connection in order to force plastic hinging to occur within the 
reduced section, and thereby reduce the likelihood of fracture 
occurring at the beam flange groove welds and surrounding base 
metal regions. Formation of a plastic hinge in the RBS connection 
occurs by yielding within the reduced section. The inelastic 
deformation capacity of this hinge is ultimately limited by beam 
instability or by fracture of the flange. Uang and Fan ~1999! indicate 
that local instability is most likely to occur in the beam web, followed 
by flange local buckling and global instability in the form of lateral 
torsional buckling. Optimizing the shape of the RBS cut can minimize 
the likelihood of fracture in the flange of the RBS. Various shapes of 
cutouts are possible, including a constant cut, a tapered cut, a radius 
cut, and others. Fig. 1 illustrates a radius cut RBS connection. Among 
the various shapes of RBS cutouts that have been tested, the radius 
cut RBS has emerged as a popular choice both in research and in 
applications for building construction. In a summary of previous 
experiments on RBS specimens ~Engelhardt 2000!, 60% of constant 
and tapered cut RBS specimens ultimately fractured in the RBS as 
opposed to the 5% of radius cut RBS specimens that fracture only after 
local buckling. Compared to the constant cut or tapered cut, both of 
which have reentrant corners, the radius cut tends to minimize stress 
concentrations within the reduced section. A significant amount of 
research and testing has already been conducted on the RBS 
connection. Prior to the Northridge Earthquake, Plumier ~1997! and 
Chen et al. ~1996! conducted successful tests on RBS connections with 
constant cuts and tapered cuts. After the Northridge Earthquake, 
testing was conducted on RBS connections by numerous 
investigators, including Iwankiw and Carter ~1996!; Zekioglu ~1997!; 
Tremblay et al. ~1997!; Engelhardt et al. ~1998!; Popov et al. ~1998!; Tsai 
et al. ~1999!; Suita et al. ~1999!, and others. Examining the results from 
the experiments described, it is apparent that the RBS connection has 
exhibited acceptable levels of ductility. Since the Northridge 
Earthquake, U.S. building code requirements for steel special moment 
resisting frames require moment connections to achieve 0.03 radians 
of plastic story drift without fracture or severe strength degradation 
during a standard cyclic loading test ~AISC 1997; FEMA 2000!. A 
summary of previous tests on single-sided RBS connection details 
~Engelhardt et al. 2000! indicates that 29 of 35 RBS specimens 
achieved the target value of 0.03 radians of plastic story drift prior to 
failure. Of the six specimens that failed prematurely, two that were 
fabricated using pre-Northridge welding procedures experienced 
fracture in the beam flange weldments and two that were fabricated 
with tapered cut and constant cut RBS details experienced fracture in 
the RBS. 19 of 20 radius cut RBS specimens achieved at least 0.03 
radians of plastic story drift. 

 
Figure 1. Radius cut reduced beam section moment connection 

 
 
2. Post-Northridge developments 
 
The SAC Joint Venture was founded and managed a 5-year study 
program launched by the US Federal Emergency Management Agency 
to evaluate these losses and to propose answers (FEMA). In six primary 
fields of study: material and fracture, joints and inspections, linkage, 
system performance, performance predictions, performance 
assessment, and previous performance of steel buildings in 
earthquakes, the FEMA/SAC Steel program financed more than 50 

research projects. Recommendations on design and state-of-the-art 
reports in 2000 (Kunnath and Malley, 2002). 
Numerous probable reasons have been found for fractures such as 
insufficient manufacturing and inspection quality, improper filling 
equipment and welding, over-stocking of the beams, stress 
concentration of the back bar and triaxial forces at the column face 
(Yang et al. 1995, Kaufmann et al. 1997). In order to enhance the 
connection performance, two primary design solutions were created 
which remove the plastic hinge from the column face. The first 
approach enhances the link with decks, ribs, sides and hatches, and 
the second weakens the beam at a short distance from the face of the 
column by lowering the area of the flanges of the beam. Both were 
tested and showed that their performance over pre-Northridge 
connections was much enhanced (Bruneau 1998). The plastic rotation 
of 0.03 radians without strength deterioration of more than 20 per 
cent of the plastic moment needed satisfying performance of the 
connection (Sac Interim Guidelines 1995), carried under the procedure 
for loading ATC-24. These new design solutions also recommended 
improved welding procedures and integrated them. These practices 
include the use of high-tensile filler metal, the removal of support 
bars and the use of solder access lights to make the bottom flange 
soldering easier (Engelhardt et al. 1998, Uang et al. 2000). 
 
Whilst the reinforcement approach and the weakening method 
contribute to good connective performance, reinforced linkage leads 
to higher column diameters, increasing panel requirement and 
increased plastic pendulum rotation requirement. On the other hand, 
the weakening of a beam by trimming beam flanges is an economical 
approach since no extra material or field work is necessary. As the 
plastic belt decreases its strength, the need for the spinal cord, 
continuity plates, and panel zone is lessened. As a consequence, the 
general adoption of the reduced beam sections (RBS) is rather brief 
(Bruneau 1998). A huge number of research studies were carried out 
towards the development of the idea in the years after the Northridge 
earthquake. Your findings are summarized in five areas here: I RBS 
beam-column connection research experimental, (ii) RBS finite 
element connections analysis, (iii) elastic storey drift increase owing 
to RBS, (iv) cyclic RB-connection stability and (c) RBS buildings frame 
analytical models. Finally, the current RBS connection design 
requirements are described. 
 
 
3. Experimental ınvestigations 
 
For scenarios such as the delivery of steel with a substantial material 
over-strength, Plumier initially put forth and test the notion of RBS. 
ARBED carried out research and patented the idea in 1992 in the USA. 
However, commercial royalty rights were relinquished after the 
Northridge earthquake. Before the Northridge earthquake, Chen and 
Yeh (1994) also carried out tests on this principle. After the Northridge 
earthquake, RBS connections were carefully checked. Three 
alternative cutting forms: continuous cutting, tapering, and the 
radius cutting have been examined. Plumier (1997) and Engelhardt 
have tested constant cut specimens (1996). Whilst Plumier observed 
that regular cutting of RBS prevented breaking in the beam by the 
solder, in the decreased beam portion the specimen Engelhardt 
examined suffered a flange fracture. RBS has the tapered cut to 
simulate the momental gradient, with linearly variable cuts. The 
majority of the fifteen specimens evaluated at or above 0.03 radian 
plastic rotation by Iwankiw and Carter in 1996, by Chen et al. (1996), 
by Zekioglu et al. (1997), were nonetheless also fractured in the 
narrowest part of the beam flange. Smooth transitions around the 
sharp corners are required for enhanced ductility in these two 
layouts. Since this extra technique is required and the cuts are subject 
to manufacturing faults, RBS is not often utilized with continuous, 
tapered cuts. In the early experiments Engelhardt et al. (1996, 1998) 
and Popov demonstrated good RBS cutting capability (see figure 1) 
(1998). The strength of the five specimens decreased owing to local 
and lateral humps, and no fractures were seen. Cost studies by W&W 
Steel also indicated that the RBS radio interface was the least 
expensive of nine various kinds of connections for a 25-story station 
building in Salt Lake City (Engelhardt 1996). Thus, almost all further 
study on RBS focused on the RBS radius cut. 
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Figure 2. Radius cut RBS connection 

 
Finite element analyses 
 
In order to better comprehend the conduct of the RBS connection, in 
addition to experimental studies, a number of the aforementioned 
trials were joined by finite element studies (Zekioglu et al. 1997, Jones 
2000, Gilton and Uang 2002, Zhang and Ricles 2006, Adan 2006, Lee 
and Kim 2007). The analyzes were performed using ANSYS or ABAQUS 
commercial software. First, the finite element models were calibrated 
using test data. The calibrated models were then utilized for 
parametric investigations, which helped generate suggestions on the 
design. In most models, four node quadrilaterals with limited 
integration and large-scale formulation were adopted. More computer 
demanding models also became conceivable as computing systems 
got more capable. Zhang and Ricles (2006) utilised eight node solid 
components in the zone of interest in order to produce more accurate 
stress stress strain result in detailed submodels (containing welds and 
sold access troughs). For all the global model, Lee and Kim (2007) 
employed the eight node solid components, and additionally 
integrated contact interaction for the bolted web link between the 
shear tab and the web beam. Bolts were not included in the model and 
the force of the bolt pressure with point loads was estimated. Linear 
own value buckling analysis is initially conducted to produce the 
right buckling shape at the RBS site. Before the nonlinear analysis, a 
tiny proportion of the first hump mode will then be put onto the 
specimen as the first flaw. Jones (2000) and Gilton and Uang (2002) 
models were solely single-toned, but other research additionally 
experienced cyclical loading. 
A number of analytical research have also been undertaken on the  
impact of RBS on the seismic response of this full moment frame in  
addition to local behavioral investigations at the RBS connections. 
 
Reducing the flange size at the RBS position leads to lower string 
rigidity, thereby reducing the rigidity of the whole instant frame. It is 
desirable to assess accurately if the construction fits the drift criteria 
of this rigidity loss. Numerous investigations have been carried out to 
create answers for this issue both accurately and approximately. In 
order to study the influence of RBS radius reduction on beam 
stiffeness, Grubbs (1997) conducted elastic finite element analyzes of 
three distinct beam diameters. A simple methodology has been 
created to make it possible to represent the circular reduced area as a 
single prismatic frame element. In the formulation of an equation for 
the effective time of RBS Region inertia, a linear regression analysis 
was performed. Frame analysis were then carried out using the 
reduced RBS-location approach employing numerous moment 
frames. The decrease in flanges in the frame stiffness was determined 
to be 40% and 5%, respectively, corresponding to 4% – 5% and 5% – 
7%. Jin (2002) evaluated the effective timing of ring inertia in the RBS 
areas by analyzing 22 beam sections by considering the restricted 
beam diameters examined by Grubbs. This estimate showed a further 
decline in the beam stiffness and the drift rise of the frame utilizing 
the virtual working approach. A stiffness change factor of 9 percent 
stated by FEMA 350 (2000) was shown to be cautious, particularly for 
short structures by means of Elastic analysis carried out using three 
frames of steel moment. 
A stiffness formulation of an RBS circular beam utilizing the 
conjugated beam technique was theoretically obtained from 
Iwankiw(2002). Parametric analyzes for 40 beams covering the ranges 
of practical relevance were conducted using derived formulas. As an 
alternative to the long derivation, approximate linear regression 
equations have been offered, resulting in respectable results. The 
length of the lowered beam section had a major influence on the 
decrease of frame rigidity. Chambers et al. (2003) generated separately 
a stiffness matrix based on a closed-form virtual work solution for 
beams with circular RBS. A finite element analysis of a cantilever 
beam was used to verify the resulting matrix. A parametric research 
has been conducted in a variety of practical interests on beams with 
varied RBS settings and on two distinct building frames. Positive link 

between increased storage drift and I the length of RBS, ii) percent and 
iii) the distance between the column face and RBS has been observed. 
On an extreme scenario, the RBS is extremely near to the column face, 
and the drifting rate increased by 10%, for a 40% flange decrease. Lee 
and Chung (2006) utilized a Jin (2002)-like technique and substituted 
the RBS radius cut with an identical constant width section to simplify 
the assessment procedure. The findings were confirmed using elastic 
Finite Element Analysis, and instead of a linear regression a 
mathematical derivation was applied. The beam approach for 
conjugating the floor has then been utilized to calculate theprojected 
increase in floor drift. In the practical interest range case studies were 
conducted, and drift rises of 4 to 9% have been found. While  the above  
research   concentrated   on  elastic stiffness of RBS-connected frames, 
the  inelastic performance of RBS moment frames were also examined 
in various investigations .  
 
Jones (2002) developed a model of load-displacement relationship 
prediction that separates drift effects for the various components in 
an RBS subassembly (RBS, panel zone, elastic portions of beam and 
column). The model was verified analytically by analyzing finite 
elements and utilizing full sized specimens experimentally. It is then 
employed in a 13-story structure in southern California in non-linear 
dynamic analysis. Jones (2002) indicated that the model may be used 
to construct a symmetric RBS moment frame depending on 
performance. Lee and Foutch (2002) suggested a novel approach that 
defines the degree of confidence for an instant to reach a certain aim 
of performance. The scientists have created structures of 3-, 9- and 
20-story using RBS and have produced analytical models which are 
also relevant to internal gravity frame contributions. Analyzes were 
conducted using static pushovers. Total dynamical analysis was used 
to estimate drift capacity and needs. For frames both collapse 
prevention and immediate occupancy performance, very high levels 
of confidence have been achieved. Jin and El-Tawil (2004) conducted 
nonlinear, 4- and 4-8-and-16-storage analyzes of RBS frames in the 
Los Angeles region, using the method described by Lee and Foutch 
(2002). For each building and at two degrees of hazard: immediate 
occupation and collapse prevention, there have been 20 scaled 
earthquakes. The research revealed that RBS frames may provide 
excellent seismic performance in high-risk zones. The researchers 
also noted that needs might be greatly overestimated using the 
pushover approach stated in FEMA 350 (2000). 
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