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Abstract— The present study investigates the seismic 

potentialities of steel frame structure designed by different 

standards namely BS EN 1998-1-2004, IS 800-1984 and the 

latest IS 800-2007 through Pushover analysis and Time 

history analysis. For this, first of all an overview of reasons 

of failure and seismic design provisions in European 

standards and in Indian standards is presented. A typical 

frame structure is designed with above mentioned standards 

and subjecting each codified frame to Pushover analysis 

(nonlinear static analysis) and nonlinear Time history 

analysis individual and comparison of performance is 

provided. Finally the results are reviewed with respect to 

latest Indian standards. It seems that latest Indian standards 

(IS 800-2007) caters for identified seismic design factors 

effectively and  is more explicit for failure hierarchy, 

connection details and panel zone buckling thus offering 

superior performance in ductility criteria but a middling 

performance in strength criteria.  
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I. INTRODUCTION 

Structural steel is most ductile among widely used 

engineering materials. During earthquake, structures are 

subjected to ground motions equal to or exceeding the design 

levels. Ductility plays an important role in resisting those 

earthquake effects. Ductile nature of steel enables it to yield 

locally at highly stressed points and redistribute the stresses 

to relatively less stressed points in a cross section thus 

preventing premature failure. Based on these merits many 

engineers have believed for years that steel frames were 

immune to earthquakes. Damage is expected to consist of 

moderate yielding and localized buckling of elements; not 

brittle fractures. This confidence was shattered by 1994 

Northridge and 1995 Kobe earthquakes. The widespread 

brittle damages in frames surprised engineers. 

It was realized that to achieve ductile performance it 

is essential to recognize and avoid conditions that may lead 

to brittle failures in steel structures also and adhere to 

appropriate design strategies. Therefore it is advisable to have 

a closer look on seismic design provisions of these frames. 

The standards considered here are Indian standards namely IS 

800-1984, IS 800-2007 and European standard namely BS 

EN 1998-1-2004 (further on referred as EUROCODE 8). 

II. PROBABLE REASONING OF FAILURES 

Observing the damages in these earthquakes, some common 

causes of failure can be speculated:- 

A. Presence of composite floor slab: 

The construction details observed in steel structure consisted 

of concrete floor slab over a steel girder. This action has a 

tendency to shift neutral axis of girder towards the concrete 

slab i.e. top flange of the beam. The different represents grater 

axial deformation demands on bottom flange than top flange. 

Further due to presence of concrete floor slab at top flange of 

the beam the top flange is more laterally restrained than 

bottom one. This represents that bottom flange can be 

buckled relatively easily.  

B. Triaxial stress condition at the connection: 

Traditionally the load elongation data for steel is obtained 

from uniaxial monotonic tensile test of finite length of steel 

rod. Thus steel will behave in ductile manner when:  

 There is a shear stress component resulting from the 

applied load. 

 The shear stress component exceeds the critical shear 

stress of the material. 

 The inelastic shear strain resulting from the shear stress 

is in a direction that will relieve the particular stress that 

is applied. 

 There is a sufficient length of unrestrained material to 

permit a reduction in cross-sectional area (e.g. necking). 

If these conditions are not met, ductile elongation may 

not occur. Restrained conditions reduce the shear stress 

component. Under ideally balanced Triaxial stress 

conditions, there is no shear stress hence, no ductile 

movement. A tensile test specimen with a short gage length 

will not deform as much as a specimen with a longer 

unrestrained  

 
Fig. 1: Stress condition at connection welds. 

Fig 1 shows a typical stress condition. Strains in 2 

and 3 direction can be considered to be 0 on account of 

restraint provided by connection. Point A is at the weld 

joining the beam flange to the face of the column flange. Here 

there is restraint against strain (movement) across the width 

of the beam flange. Point B is along the length of the beam 

flange away from the connecting weld. There is no restraint 

across the width of the flange or through its thickness. It can 

be shown that ,for a small strain Є3 even though the axial 

stress σ3 has exceeded uniaxial yield stress, the maximum 

shear stress which is a function of σ2 and σ1, may not reach 

to its yield value i.e. shear stress needed to initiate slip planes 

may not be reached. Hence the ductile behavior may not 

occur. 

C. Effect of Backup bar: 

Typically the Backup bar is used in welding of beam flanges. 

It is required to be removed after welding. But these were 
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generally left in place prior to 1994 after completion of weld. 

These backup bars were perceived to be an additional 

material without any detrimental effects. The fig shows 

additional material of thickness “a”. However, this small 

unfused gap between backing bar and column flange can be 

considered as a notch or open fine crack from where the crack 

can originate and propagate into the weld or adjacent base 

metal. 

 
Fig. 2:  Backup bar effect. 

III. STATE OF ART OF SEISMIC DESIGN PROVISIONS IN CODES 

Some design related factors which may be essential for 

satisfactory seismic performance can be identified based on 

above reasons of failure. These can be categorized as: 

1) Design forces and stability. 

2) Design ductility of frames. 

3) Material specification for seismicity. 

4) Mixing bolts and welds. 

5) Design of connections. 

6) Panel zone consideration 

7) Hierarchy of failure. 

A. EUROCODE 8 and IS 800-2007: 

IS 800-2007 section 12 and EUROCODE 8 chapter 6 gives 

the seismic design provisions compatible with Limit State 

Method of design only. These provisions can be considered 

to address the above factors as follows: 

1) Design force and stability: 

During the severest earthquake expected at any site, the 

forces computed using specified design standards may be 

exceeded. This can be considered as consequence of lateral 

force reduction which is assumed for analysis of elastic model 

of structure. This has profound effect on estimation of column 

axial forces. Overturning moment manifests in the form of 

tensile and compressive axial forces in columns. Also there 

seems to be underestimation of vertical component of 

earthquake in design procedures which can cause increase in 

axial forces in column. Further steel frames are much lighter 

than concrete frames hence overturning or foundation uplift 

seems to be more critical.  Stability of frame should also 

consider the destabilizing effect of gravity columns.  

Accordingly, while IS 800-2007 presents additional 

load combinations to be considered in seismic design with  

more weightage given to earthquake load constant reduction 

factor, EUROCODE 8, gets around this problem by limiting 

the value of  reduction factor (Behavior factor) as per ductility 

class of structure or specifies high value of design axial and 

shear forces. 

2) Design ductility of frames: 

As mentioned earlier mere implicit consideration of ductility 

is not enough rather quantification of ductility is required for 

seismic design. Design ductility can be specified in terms of 

plastic rotation demands.  Prior to Northridge 1994 

earthquake maximum plastic rotation demand was specified 

to be 0.002 radians. Post Northridge earthquake it was 

considered to be minimum value of plastic rotation demand.     

Accordingly, IS 800-2007 gives numerical values of this 

demand as per ductility class of structure. On the other hand 

EUROCODE 8 gives numerical value of plastic rotational 

demand and its evaluation with further provisions towards 

strength degradation, experimental estimation, and column 

deformation and connection type. 

3) Material specification for seismicity: 

It was found that type and crack propagation are very 

sensitive to materials used. Black bolts upon repeated load 

reversal impact against bolt hole reducing strength. Partial 

penetration groove welds are also associated with brittle 

fracture. Thus IS 800-2007 and EUROCODE 8 both 

recommends to use High Strength Friction Grip (HSFG) 

Bolts. An HSFG bolt causes sufficient friction between 

faying surfaces due to their initial tension induced by specific 

tightening methods. Due to friction there is better integrity at 

joint. Further both codes encourage use of complete 

penetration groove welds as the partial penetration weld is 

susceptible to brittle damage when overstressed.  

4) Mixing of bolts and welds: 

It is estimated that bolts and welds have different stiffness and 

deformation capabilities. Hence, if overstressed, one may fail 

before another, living the other one to bear entire load for 

which it may not be designed. Recognizing this IS 800-2007 

inhibits the use of bolts and welds at the same faying surface 

to share the load. However EUROCODE 8 does not give any 

such explicit provision. 

5) Connection design: 

Connection should be designed such that plastic hinge 

preferably forms away from it into the beam maintaining the 

desired failure hierarchy and avoiding the potential fragility 

of welds to Triaxial stress condition developed at connection. 

IS 800-2007 and EUROCODE 8 both recognizes this 

condition and seems to addressing this issue on two strategies 

namely 

1) Strengthening of connection 

2) Semi rigid connections 

Both codes give explicit provisions on above lines. 

However IS 800-2007 employs option of reducing beam size 

also albeit very brief. Further IS 800-2007 recognizes the 

effect of flexure combined with tension acting on column 

giving provision for column splicing. IS code also gives 

provisions to avoid the hinge formation at the base of frame 

where no beams are framing in connection. EUROCODE 8, 

on the other hand waives all the provisions at the base frame. 

6) Panel zone: 

Panel zones may be subjected to large unbalanced moments 

and shear stress. Accordingly both codes specify to check this 

zone for shear and buckling. Further IS 800-2007 suggests a 

minimum thickness by empirical formula. Eurocode 8 does 

not give any such provisions for thickness of panel zone. 

7) Failure hierarchy: 

To resist seismic loads without collapse, the desirable 

mechanism is Strong Column Weak Beam. IS 800-2007 and 

EUROCODE 8 both recognizes this condition and explicitly 

mentions that design should render the plastic hinge 

formation in column inhibited. IS 800-2007 specifies to 
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design column for 20% more moment than that of beams and 

design the column through additional load combinations 

provided for this (one of the) purpose. On the other hand 

EUROCODE 8 directly specifies relatively high design 

values of axial force and shear force. Further while IS 800-

2007 presumes uniform steel strength over all frame 

elements, EUROCODE 8 gives explicit provisions for 

strength of steel to be used in dissipative and non-dissipative 

zones of structure to emphasis on desired hierarchy and 

giving more design options. 

In case moment frames, it is accepted that in order 

to obtain best seismic performance they are to be designed so 

that plastic hinge location is only within beams. However in 

case of base of first storey there may not be beams thus care 

has to be taken that hinges do not form in foundation but just 

above junction of column and footing. Thus column base 

joint should have sufficient flexural and shear resistance.  

Further when bolts are required to transfer load by direct 

tension additional forces, known as Prying forces are induced 

in bolts due to flexibility of connected base plate. This may 

prevent plastic hinge formation before bolt failure. 

Accordingly IS 800-2007 gives provisions for design of 

Anchor bolts and Base plates. EUROCODE 8 however; 

waives all seismic design provisions at base storey. 

B. IS 800-1984: 

IS 800-1984 employs ‘Allowable Stress Design (ASD)’ 

method or Working Stress Method (WSM). It specifies to 

take seismic load into consideration while designing. It also 

recognizes the issue of torsion due to earthquake and specifies 

bracings in plan of structure to avoid it. However it lacks in 

explicit mention of design provisions in all issues considered 

above. Further it provides 33.33% increase in permissible 

stresses if seismic loads are considered. IS 800-2007 does not 

allow any increase in stresses and Eurocode 8 gives options 

for strength of steel to be used depending on dissipative zones 

of structure. 

IV. NUMERICAL PROBLEM 

Here a steel frame structure in considered as follows:  

Height of building: 22.50m, No. Of stories: 6, Floor to floor 

height of building is 3.5m. Maximum width of building is 

9.78m; Minimum width of building is 6.43m, Maximum 

length of building: 13.45m, Minimum length of building is 

10.57m. The soil type considered in design is Hard soil for 

Indian standards and Type A (class 1) for European 

standards. Ground water table was found to be 8m below 

lowest elevation of structure. Hence no consideration is given 

in design. Building floor area is same for all the floors. The 

foundation depth is 1.5m and foundation type is isolated 

column footings. The first floor heights is 2.50 m and further 

on it is 3.5m.The infill thickness has been assumed as 150 

mm. Slab thicknesses are assumed to be 150mm and 110mm.  

The buildings have been subjected to dead load, 

Live load, and Earthquake load. The dead load and live load 

is applied in the gravity direction where as earthquake load 

applied in lateral direction. It is estimated that severe wind 

and seismic loads do not act simultaneously. The building is 

modeled as Space frame with six degrees of freedom at each 

node.  The structure has been designed by three standards viz. 

IS 800-1984, IS 800-2007 and EN 199¬¬3-1.1-2005 (further 

on stated as EUROCODE 3) .The Response Spectrum 

method is used for dynamic analysis. The response spectrums 

are obtained from IS 1893-2002 and EUROCODE 8 (Design 

spectra, Type 2) and a constant damping of 2% is used for 

analysis. The numbers of modes considered were 14 for this 

is enough as the cumulative participation of these modes is 

90%. The SRSS method is used to determine peak response 

quantity due to all modes considered. The software used for 

design is STAAD PRO 2007. 

All buildings have been designed for zero period 

acceleration of 0.36g. 

 
Fig. 3: 3-D View of the building 

A. Dynamic Characteristics:  

MODE 

NO. 

Time period(sec) 

IS800-1984 IS800-2007 EUROCODE 8 

1 0.819 0.729 1.186 

2 0.639 0.547 0.676 

3 0.461 0.351 0.397 

4 0.293 0.238 0.327 

5 0.269 0.209 0.315 

6 0.235 0.207 0.236 

Table 1: Modes and Corresponding Time Periods 

B. Pushover Analysis:  

Thus in current sample problem each codified building was 

subjected to Pushover Analysis, as per guidelines of FEMA 

356(2000). The performance criteria selected was Life Safety 

as per FEMA 356 for all three structures. The bilinear 

idealization of raw Pushover curves has been done at this 

performance level.  

1) Hinge assignment: 
Hinge properties will depend upon whether a member will 

fail in force controlled or deformation controlled action as per 

FEMA 356 (2000). Accordingly for a beam only moment 

hinges are assigned. A column may fail in any of force or 

deformation controlled mode considering effect of high axial 

force. Hence in column; an interaction of moment and axial 

force is considered for hinge properties. For bracing, only a 

force controlled axial hinges are assigned. 

To depict strength degradation in Pushover curve; 

whenever a plastic hinge is formed, unloading and 

redistribution of forces to remaining members is carried out 

before continuing further analysis. Both material and 

geometric nonlinearity are considered in analysis. All 

connections are assumed to be simple for the purpose of 

Pushover analysis. 
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2) Time History analysis: 

The response spectrum cannot be used for inelastic analysis 

as the principle of superposition is not valid in inelastic range. 

Further the pushover analysis is an approximation for non 

linear performance of building. The Time history analysis 

consist of step by step  direct integration in which the time 

domain is discredited into number of small increments. For 

each time interval equations of motions are solved with 

displacements and velocities of previous step serving as 

initial conditions for next time step. This method is regarded 

as best method for dynamic analysis however the 

computational effort and time increases significantly. 

In the current problem Northridge 1994 and Kobe 

1995 earthquake time histories as shown in fig 11, 12 are 

used. These earthquakes can be considered to be most 

important events for steel structures as it enlightened many 

surprising brittle failures of steel frame building. 

Result and discussions. 

The individual Capacity curves and its idealization 

at the Target displacement are shown. Further a comparison 

between capacities of three frames along with parameters 

intrinsic to Pushover analysis is depicted. 

 
Fig. 4: Capacity curves of all three frames 

 

 
Fig. 5: Idealized Capacity curves of all three frames. 

Hinge colour scheme: 

Blue: Immediate Occupancy 

Pink: Initial formation of hinge 

Sky Blue: Life Safety 

Green: Collapse Prevention 

Brown, Yellow: Inactive 

 
Fig. 6: Plastic hinges in IS 800-1984 frame 

 
Fig. 7: Plastic hinges in EUROCODE 8 frame 

 
Fig. 8: Plastic hinges in IS 800-2007 frame 
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Fig. 9: Hinge formation in IS800-1984 frame Kobe 

earthquake 

 
Fig. 10: Hinge formation in IS800-2007 frame Kobe 

earthquake 

 
Fig. 11: Hinge formation in EUROCODE 8 for Kobe 

earthquake 

 

 It can be seen from Capacity curves (Fig 13, 14) that IS 

800-1984 frame represents the yield condition, the 

earliest. Further the Base shear at yield condition is also 

the least of all three. It can be observed that 

displacements at yield are very close in IS 800-1984 and 

IS 800-2007 frames. However base shear at this 

displacement varies significantly i.e. IS 800-2007 frame 

requires around 2500 KN more Base shear to yield than 

IS 800-1984 frame. Similarly the chosen Life Safety 

condition reaches in IS 800-1984 frame, the earliest.  

 On the other hand, EUROCODE 8 frame represents the 

highest amount of Yield Base Shear, Yield displacement; 

Target displacement and Base shear at Target 

displacement (Fig 3, 4,). Thus it can be speculated that 

effect of lower Force Reduction factor (Behaviour factor) 

seems to be more pronounced than increasing the load 

factor in load combinations. IS 800-2007 frame with its 

additional load combination at constant reduction factor 

designs the frame for 62.5% Earthquake force, on other 

hand EUROCODE 8 with its lower reduction factor (for 

this particular problem) designs the frame for 70% 

Earthquake force.  

 Further form Hinge formation Figures (Fig 5, 6, 7) in IS 

800-2007 and EUROCODE 8 building most of hinges 

are forming into beams before columns; promoting the 

desired failure hierarchy. On other hand in IS 800-1984 

frame very less  hinges are forming into beams, thus 

undesirable mechanism can set up in this frame. Further 

number of hinges forming in IS 800-2007 at its unstable 

state are less than unstable state of EUROCODE 8 

building. The numbers of Immediate Occupancy hinges 

(Blue) are more in Eurocode 8 frame. However unstable 

state in EUROCODE 8 frame occurs later than IS 800-

2007 frame. Further it seems that EUROCODE 8 offers 

less ductility at target displacement than IS 800-2007 

frame for this particular problem. 

 In Time history analysis also it was observed that IS 800-

1984 frame develops hinges first and EUROCODE 8 

frame last. (Fig 8, 9,10) 

V. CONCLUSIONS 

In the present study, a typical frame structure was subjected 

to Pushover Analysis to get idea of seismic performance of 

these standards. Based on this following excerpt can be 

speculated 

1) IS 800-2007 and BS-EN-1998-2004 employs seismic 

design provisions for steel frames compatible with Limit 

State Method of design. These seismic provisions 

effectively cater for design factors identified. Further 

gives specifications for Braced frames to overcome 

limitations of moment resisting frame. 

2) BS-EN-1998-2004 gives relatively higher values for 

design actions (in concept b) of design) as compared to 

IS 800-2007. Further BS-EN-1998-2004 includes more 

detailed provisions on design ductility, temperature 

effect and experimental estimation of ductility. While IS 

800-2007 provides more detailed provisions on failure 

hierarchy, connections, panel zones and materials. 

3) The effect of Lower reduction factor in BS-EN-1998-

2004 seems to be more pronouncing than increase in load 

factor of seismic force in load combination in IS 800-

2007. 
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4) BS-EN-1998-2004 represents highest Base shear and 

displacement for the chosen Life Safety performance. 

5) Both BS-EN-1998-2004 and IS 800-2007 hinges form in 

beams before column promoting failure hierarchy. IS 

800-2007 contains more detailed provision on seismic 

design of base plate than in BS-EN-1998-2004. 

6) For now, if comparable performance of Indian sections 

is presumed then it can be speculated than IS 800-2007 

frame gives a middling performance in strength but 

superior performance in ductility criteria(for this 

particular case).  

7) BS-EN-1998-2004 further includes provisions for 

Eccentric Braced Frames which are known to have better 

seismic performance than Concentric Braced Frames. In 

IS 800-2007 provisions for these frames are still awaited. 
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