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SUMMARY 
 
There are several advantages in using semi-rigid connections in steel frames designed to 
resist earthquake loads. However, for a connection to qualify for use in seismic resistant 
frames, it has to satisfy several requirements. These include its stiffness, yield and ultimate 
strengths, ductility and energy dissipation capacity. At present no specific requirements are 
specified in the literature and so some preliminary guidelines are suggested for use in 
design. Results of cyclic tests conducted on a new type of semi-rigid connection are also 
presented. The connection, between rectangular hollow sections, consists of channel 
connectors welded to the column and connected to the beam by HSFG bolts installed 
through a web opening. The suitability of the connection for seismic resistant frames is 
discussed with reference to the qualification requirements.  
    

INTRODUCTION 
 
It is well known that semi-rigid connections provide economical options for designing steel 
moment frames subjected to gravity loads, essentially due to the reduced moment transfer 
from the beams to the columns. Semi-rigid connections could be used with great advantage 
to resist earthquake loads, provided they satisfy the seismic design requirements. Due to 
their inherent flexibility, semi-rigid connections would take less moment and also 
accommodate large rotations without severe stress concentration effects. This means that 
semi-rigid connections are less susceptible to failure by brittle fracture modes such as those 
observed in the Northridge and Kobe earthquakes. Structures with semi-rigid connections 
will also be more flexible compared to those employing rigid connections, thereby leading 
to a reduction in the seismic loads. In regions of low to moderate seismicity, semi-rigid 
connections may provide a more economical and aesthetic alternative to braced frames or 
frames with other lateral load resisting systems such as shear walls. Semi-rigid frames can 
also be used in conjunction with such systems where they will serve as a second line of 
defense against severe earthquakes. Due to their inherent flexibility in comparison with 
braced or shear wall systems, they would come into picture only after the former suffer 
significant damage and dissipate sufficient energy in the process.   
 
The performance based design concept, advocated in recent years by several standards, 
provides flexibility to the designer to choose the seismic performance levels on a case-to-
case basis. However, the two major requirements of ensuring elastic response with drifts 
within certain limits under a moderate earthquake and preventing collapse under a severe 
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earthquake will have to be satisfied by all structures. It is important to realize that in order 
to meet these requirements we must take into account not only the connection properties 
but also the properties of the connected members and the loading history. However, the 
focus of the current study will be on the connection properties alone as most tests will be 
carried out on isolated connections and the suitability of a particular type of connection to a 
particular structure is often verified by analytical methods. A possible way of evaluating the 
connection properties will be to compare them with the properties of the connected member 
sections or with those of an equivalent rigid connection. 
 
The potential of semi-rigid connections, to resist seismic loads has not been explored 
adequately. Consequently, very little information is available for designers to design and 
check the adequacy of various types of semi-rigid connections for their suitability in 
resisting seismic loads. The objective of this paper is to present some simple requirements 
to be satisfied by semi-rigid connections for seismic qualification. Results of cyclic tests 
conducted on a new type of semi-rigid connection are also presented. The suitability of the 
connection for seismic resistant frames is discussed with reference to the qualification 
requirements.  
 

CONNECTION DETAILS 
 
As per the Capacity Design philosophy, wherein the objective of increasing the ductility 
and energy dissipation capacity of building frames is achieved by designing them to 
develop a global collapse mechanism (also known as the strong column-weak beam design 
SCWB), it is beneficial to develop a plastic hinge in the beam (Mazzolani[1]). By locating 
the hinge close to the column face, the rotational ductility demand on the hinge could be 
minimized. One way of doing this is by weakening the beam so that the reduced beam 
section plastify earlier than any other section. The connections tested were designed 
keeping in mind the capacity design principles.  
 
The connection between rectangular hollow sections, consists of channel connectors 
welded to the column and connected to the beam by HSFG bolts installed through a web 
opening. By subjecting the bolts to shear, good performance under cyclic loading was 
achieved. The bolt slip produces some pinching in the hysteretic curve thereby reducing the 
amount of energy dissipated at any given amplitude of cycling. Formation of the plastic 
hinge in the beam was achieved by cutting the web opening and drilling bolt holes in the 
flange thereby weakening the beam. It was found that the connection developed 
ultimate moments greater than the full plastic moment of the beams but had moderate 
stiffness so as to be classified as a semi-rigid connection.  
  

TEST DETAILS 
 

Tests were conducted on two identical semi-rigid connections to understand their behaviour 
under cyclic loading. The details of the test specimen and the test setup are described in 
figures.1 and 2 respectively. Only the performance under cyclic loading is described in 
detail. The connections were subjected to incremental displacement cycles. The 
displacement amplitudes were stepped up in steps of 19 mm which was slightly larger than 
the yield displacement of 15.4 mm. In the first test, two cycles were imposed at each 
amplitude, while in the second test, only one cycle was imposed at each amplitude. 
 
The moment-rotation (hysteretic) curves obtained are shown in Fig. 3. The curves are non-
dimensionalized with the yield moment of the beam gross section My = 91 kN-m and the 
corresponding rotation observed in the test θSR = 0.0088 radians. 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Test Specimen (all dimensions in mm) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Test Setup (all dimensions in mm) 
 
 
In the first cycle, the deviation from linearity was negligible up to the yield moment of My. 
However in the subsequent cycles, the reloading stiffness shows a sudden decrease at a 
moment of about 0.5My due to the bolts slipping into bearing and also due to kinematic 
hardening. The unloading stiffness shows a slight degradation with increase in the cycling 
amplitude. In the first test, the strength at peak displacement increased slightly during the 
second cycle due to cyclic strain hardening for all but the last amplitude. As the amplitude 
of cycling increased the strength at peak displacement also increased up to 5θSR. At 6θSR, 
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the increase in strength on the positive side was marginal and the specimen failed by 
rupture of the net section at the farthest bolt line on the tension side, during the negative 
cycle. Both specimens failed in identical manner. The moment rotation envelope curves for 
the two tests (T1 & T2) on both the positive (P) and negative (N) side are as shown in 
Fig.4. 
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(a) Test 1 
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(b) Test 2 

 
  Fig. 3 Moment-Rotation (Hysteretic) Curves 

 
SEISMIC QUALIFICATION REQUIREMENTS 

 
The key property of semi-rigid connections is their initial stiffness. To satisfy the drift 
limitation, the connection rotation at the elastic limit, should be limited. Similarly, to satisfy 
the requirement of elastic response under a moderate earthquake, the connection should 
have the required yield strength. With reference to a severe earthquake, the properties of 
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interest are the ultimate moment capacity, the ultimate rotation capacity (ductility) and the 
energy dissipation capacity. The failure mode may also be of interest as ductile failure 
modes will be preferable to brittle failure modes. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Moment-Rotation Envelope Curves 
 

Fig. 4 Moment-Rotation Envelope Curves 
 
The classification criteria proposed for gravity load analysis and based on stiffness and 
strength of semi-rigid connections (Bjorhovde [2]) may not be adequate for qualifying 
semi-rigid connections for use in seismic resistant frames. More stringent limitations on the 
initial stiffness and ultimate moment capacity should be used to satisfy design requirements 
for moderate earthquakes. Therefore it is proposed that if the rotation of the connection, at a 
moment equal to the first yield moment of the connected beam, does not exceed 0.02 
radians, then the connection can be considered suitable for use in seismic resistant frames. 
Further, Capacity Design principles require that the connection be stronger than the 
connecting beam. Considering the fact that the shape factor for I and box-sections is 
typically about 1.15 or less, the connection ultimate moment should exceed the yield 
moment of the beam section by about 15% ( Mu > 1.15My )  
 
In the case of the tested connections, the rotation at the moment equal to the first yield 
moment of the beam was 0.0088 radians while the ultimate strengths were about twice the 
yield moment as shown in Fig. 5. 
 
Performance under severe earthquake depends on availability of adequate ductility and 
energy dissipation capacity. In the absence of local buckling connections can dissipate a 
large amount of energy under cyclic loading. However, the energy dissipation capacity in a 
cycle of limited amplitude is important rather than the total energy dissipation capacity as it 
controls the buildup of amplitude under seismic loading.  Therefore, it is useful to compare 
the energy dissipation capacity of a semi-rigid connection with that of the beam section. 
For this purpose, an energy efficiency index, similar to the one used by Usami [3] is 
introduced.  

The energy efficiency index is defined as the energy dissipated by a semi-rigid connection 
in a complete cycle of amplitude (θm) to the corresponding energy that would be dissipated 
by the beam section of certain length (≈5d) having an elastic-perfectly plastic curve of same 
strength. In the absence of test data, the hysteretic curve of the semi-rigid connection may 
be assumed as shown in Fig. 6, where the loading curve is directed towards the point (θm, 
Mm), Mm being the moment corresponding to the maximum rotation (θm) while the 
unloading curve has a slope equal to the initial stiffness of the semi-rigid connection. Using 
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the notation θR and θSR to denote the ratio of strength Mm to the stiffness of the beam and 
semi-rigid connection respectively, the energy efficiency index may be obtained as  
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It may be noted that ηE   will increase with increase in θm. A minimum ηE value of  20% can 
be considered to be adequate for seismic qualification. The ηE values obtained from the two 
test results are tabulated in Table 1. The values indicate that the connection had adequate 
stiffness and was not prone to severe pinching thereby satisfying one more requirement for 
seismic qualification.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The last but by no means the least important requirement is adequate ductility. 
AISC [4] requires that θu ≥ 0.03c for connections classified as rigid. However, 
defining absolute values for all semi-rigid connections would not be appropriate and     
so the usual definition of ductility, µ, namely the ratio of ultimate rotation (θu ) to 
the rotation at yield (θSR) will be adopted here. A minimum ductility of 5 would be 
adequate as it would give a reduction factor of R =√(2µ-1) =3. The tested 
connections had a ductility of 6 thereby qualifying this requirement (see Fig. 5). 
 
 

 
 
 
 
 
 
 
 
 

 
CONCLUSIONS 

 
The results of cyclic test conducted on a semi-rigid connection with rectangular hollow 
sections, consists of channel connectors welded to the column and connected to the beam 

ηE = AT/AEP  Cycle 
 Test 1 Test 2 
  2 0.33 0.25 
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Fig. 5  Definition of the Energy Efficiency Index 

Table 1. Energy Efficiency Ratios for Tested Connections 



  

by HSFG bolts installed through a web opening were presented. Several requirements were 
identified for semi-rigid connections to qualify for use in seismic resisting frames. The 
tested connections were found to have adequate stiffness, ultimate strength, ductility and 
energy dissipation capacity as per the requirements.  
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