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	Abstract :The presence in the link zone of two materials, among which one is heterogeneous, with very different elasticity modulus and with a different behaviour at cyclic moments, leads to a poor computation control of the behaviour of all these zones. Along the links length, the concrete will not be connected by connectors to the steel beams, in order to enable only to the steel element (link) to perform the plastic hinges. In order to avoid the alteration of steel link rotations, which can occur at the ends of the links, because of the presence of the reinforced concrete slab, special joints will be created, so that the slab zone, above the links and the rest of the slab to be disconnected. However, in order to keep the horizontal diaphragm effect for the whole slab, dowels have been provided between the two different zones of r.c. slab. The dowels are so sized that rotations could be developed, but no translation will be allowed for the slab. Numerical testing has been performed with short links, two hypotheses, with or without r.c. slabs being studied. Is to be noted that the dissipative element has not been practically loaded, the loads acting on the floor being transmitted to the link ends due to the existing secondary beams.


1. Description of the structure

A multi-story steel structure with 17 levels for an offices building, 59.7 m height, was analysed (fig.1). The level height is between 4.2 m and 3.3 m according to each level usage. The live load acting on each floor was considered as    3.0 kN/m2. The building layout has a circular shape with the diameter of 26.0 m. The layout shape and the particular usage of the building led to a constructional solution with frames located on two orthogonal directions. Two braced frames have been designed on each direction. On the perimeter of the building, between two braced frames perpendicularly located, were provided pendular columns. The beams located on the building perimeter are hinge connected to the columns.

The reinforced concrete slabs are connected to the steel beams with headed studs, resulting composite beams. No kind of connection is provided between reinforced concrete slabs and steel beams along their dissipative zones. The cross-section shape of the steel columns of the braced frames is "Malta cross". Both the main beams of the frames and the secondary beams have "double T" section. They are provided with shear connectors (headed studs) for assuring the co-operation between the reinforced concrete slab and steel beams.  

2. Testing Way of the Structure 

The modal analysis and the linear static calculation have been performed on the homogenous spatial structure by means of SPAN calculation program (drawn up by TUCB), which includes the provisions of Romanian Norm P100-92 regarding the determination of the static equivalent seismic loads. For the accuracy of results, the calculation was also performed using the spatial calculation programs IMAGES and SAP. The dissipative elements as well as the beams of the moment resisting frames have been dimensioned in the elastic range with the maximum stresses resulted from the static linear calculation, using fundamental and special load combinations [8], [9], [10].

In order to size the structural elements, which have to remain in the elastic range during the seism action (columns, beam - segments outside the links, vertical bracings), the loading combination with the increased seism was used       (eq. 1):
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Figure 1 :The analysed structure a) Axonometric view ; b) Layout ; c) Elevation of E.B.F. – detail

d) Elevation of  M.R.F. - detail

The non-linear static and dynamic analysis has been performed by means of DRAIN 2D+ program [11], [14], which is a plane calculation program, which allows for incursions in the elastic - plastic range. The program contains a finite element (element 9), which allows the development of plastic hinges due to the bending moment and shear force. DRAIN 2D+ program, being a plane calculation program, for the simulation of the spatial behaviour of the structure, was used the "train of frames" system where the same displacements of the frames were imposed for each level. The vibration period of the "train of frames" shall be close to the one of the spatial structure, being allowed to differ with maximum 10(12% only.

The studied cases, as results from table 1, are dual structures, composed of moment resisting frames (MRF) + eccentrically braced frames (EBF) with short link (SLS, SLE).

                                                        







                    Table 1

	Analysed cases

	   No

 
	                  Link
	Beam-segments 

outside the link
	Beam in MFR
	Fundamental period

 T1 (s)

	
	Type
	Material
	Section
	Material
	Section
	Material
	Section
	

	SLS

1
	Short
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	Steel

(y=

240N/mm2
	HEB 240 HEB 220

HEB 200
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	Steel

(y=

240N/mm2
	  HEB 600  

 HEB 550 HEA 500
	1,78

	SLS

2
	
	
	
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	Steel

+

Concrete
	  HEB 600

HEB 550

HEA 500

hr.c = 150
	1,50

	SLS

3
	
	
	
	Steel

+

Concrete
	HEB 550

HEB 500 HEA 450

hr.c = 150
	Steel

+

Concrete
	HEB 550

HEB 500 HEA 450

hr.c = 150
	1,55

	SLS

4
	
	Steel

+

Concrete
	HEB 240 HEB 220

HEB 200

hr.c = 150
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	Steel

+

Concrete
	  HEB 600

HEB 550

HEA 500

hr.c = 150
	1,49

	SLS

5
	
	
	
	Steel

+

Concrete
	HEB 550

HEB 500 HEA 450

hr.c = 150
	Steel

+

Concrete
	HEB 550

HEB 500 HEA 450

hr.c = 150
	1,55

	SLS

6
	
	Steel

(y=1.25(240N/mm2
	HEB 240 HEB 220

HEB 200
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	1,78

	SLE

7
	Short
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	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	1,60

	SLE

8
	
	
	
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	1,35

	SLE

9
	
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	Steel

+

Concrete
	HEB 600

HEB 550

HEA 500

hr.c = 150
	1,35

	SLE

10
	
	Steel

(y=1.25(240N/mm2
	HEB 600

HEB 550

HEA 500
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	Steel

(y=

240N/mm2
	HEB 600

HEB 550

HEA 500
	1,60

	Legend of the table 

SLS  - short link with section smaller than the one of the adjacent spans beams

SLE  - short link with section equal to the one of the adjacent spans' beams

Steel - homogenous section

Steel + Concrete - composite section

hr,c    - thickness of the slab  


There has been studied the homogenous structure with links with smaller section (SLS 1), respectively equal section (SLE 7) to the ones of the beams from the frame spans without bracings. The following constructive solutions have been studied in order to analyse the structures having reinforced concrete slabs (table 1):

- Homogenous link + the rest of the structure beams in composite solution, maintaining unchanged the dimensions of the steel beams   (SLS 2, SLE 8).

- Homogenous link + the rest of the structure beams in composite solution, with decreasing the dimensions of the steel beams, with 
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 – equivalent composite beams   (SLS 3).

- Composite link + the rest of the structure beams in composite solution maintaining unchanged the dimensions of the steel beams  (SLS 4, SLE 9).

- Composite link + the rest of the structure beams in composite solution, with decreasing the dimensions of the steel beams, with           
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– equivalent composite beams    (SLS 5)

-  Homogenous structures with increasing by 25% the yield stress of the link for taking into consideration the possible variation of the steel properties (SLS 6, SLE 10).
The following notations were used:

Ms is the plastic resisting moment of the homogenous steel beam
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 is the negative plastic resisting moment of the composite beam.
3. Linear analysis

Table 1 and figure 2 show fundamental periods of modal analysed structural cases. The values vary between 1.78 s and 1.35 s, showing that the structure remains, in all cases, in the elastic structure range.
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Figure 2: Fundamental periods

Conclusions of the linear analysis

The usage for structural analysis of the composite section for beams leads to an increase of the structure rigidity. Therefore will result a diminishing of the fundamental period with about 16%.

The introducing in structural analysis the composite section for active links only will affect in an insignificant way the final results, see SLS 2 in comparison with SLS 4 and SLE 8 in comparison with SLE 9 (table 1).

In the case of flexible structures with fundamental period T1>1.5 s and the calculation spectre corresponding to Bucharest, the reduction of the fundamental period will lead to an increase of the seismic force (figure 3).


[image: image11.wmf]0

0.5

1

1.5

2

2.5

3

0

0.5

1

1.5

2

2.5

3

3.5

4

T (sec)

Dynamic coefficient 

b

homogeneous

composite

comp. equiv.


Figure 3: Dynamic amplification coefficients
4. Comments on non-linear static calculation

As regards all the analysed structures, with homogenous or composite beams, the amplification factor ((0) of the conventional horizontal force (eq. 1) [4] produced by seismic action has the maximum value of 3.0 with the increasing gradient of 0.02. The value 3.0 for (0 has been chosen as the highest limit in order to be able to verify: if any plastic hinges, before reaching the value (0=2.5, are formed in the structural elements, which must remain in the elastic range during the earthquake; if in case of a seism stronger than the known ones, no level mechanisms, critical forms or structure collapse appear, for an increase of approx. 20% of the loading factor. 

The following conclusions result from the non-linear static calculation (fig. 4(9):

- for SLS the maximum rotation of the link was greater then the allowed one with 85%                (see fig 4(9). This was observed under condition of reaching the allowed transverse displacement ((=51 cm) but without realising the proposed value for the amplification factor of the conventional horizontal force (0 =3.0;

- for SLE the plastic hinges appear before reaching the value (0=2.5, only in the dissipative elements, in case of homogenous structures and the maximum rotation of the links, for an amplification factor (0=2.5, is smaller that the allowed plastic rotation. 
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         Figure 4: SLS 1 Homogenous short link 

              Figure 5: SLS 2 homogenous link 


       + homogenous beams (see tab.1)

                  + composite beams (see tab. 1)


          [image: image14.emf]                    

                    [image: image15.emf]                          


   Figure 6: SLS 3 Homogenous link 


     Figure 7: SLS 4 Composite link

            + equivalent composite beams (see tab.1)


       + composite beams (see tab.1)

                 [image: image16.emf] 

                  [image: image17.emf]      


   Figure 8: SLE 7 Homogenous link 


     Figure 9: SLE 8 Homogenous link

                  + homogenous beams (see tab. 1) 


         + composite beams (see tab. 1)

5. Non-linear dynamic calculation taking into consideration the homogenous structure. 

A behaviour shall be considered proper if the plastic hinges appear usually in the dissipative elements and zones, specially placed in the structure. It is not recommended to provide plastic hinges on columns and there shall not be accepted plastic hinges on the beam segments outside the link. The values of the drift and the values of the links rotation shall be within the limits provided by the norms.

In case there are any variations from these requirements, the overall rigidity of the structure shall be increased by enlarging the section of the columns and, eventually, the one of the beams, under the condition that, after performing the dynamic calculation, no plastic hinges to appear in the columns. 

6. Non-linear dynamic calculation of the structure with composite beams

The homogenous beams shall be replaced with composite beams in order that the negative plastic resisting moment of the composite beam (
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) to be equal to the plastic resisting moment of the homogenous steel beam (Ms). The equivalence of the reinforced concrete slab with a steel one will be done by reducing the effective width, beff of the concrete slab to an equivalent steel width beq, keeping unchanged the thickness hr.c (fig.10) [1]. The links shall be considered to have a homogenous steel section and no loads on their length. This is the reason why, by constructive solutions, the reinforced concrete slab should be separated by the steel beam. No connectors should be provided and materials (polyethylene films), which could allow the slipping between the top of the steel dissipative zone and the concrete slab, shall be inserted in the respective zones. Secondary beams shall be provided at the ends of the links and/or dissipative zones in order to ensure the overall stability of these zones and, at the same time, lead the loads to the ends of the potentially plastic zones (figure 16). At least three acce-lerograms, out of which a synthetic one, shall be used for a construction. The non-linear dynamic calculation determines the overall behaviour of the structure, the distribution of the plastic hinges in the structure and it also analyses if the displacement and rotation of the elements are within the allowed limits. Rotations of the elements, larger than the ones provided by the norms, shall be allowed only if tests can demonstrate that the link or the dissipative zone can develop such a rotation without any loss in the local stability. Usually, a rotation of 0.1 rad. for a short link is allowed in a non-linear dynamic calculation. The principle established for the non-linear static calculation shall be used for the non-linear dynamic calculation, as well, meaning that there shall not be accepted any plastic hinges in columns, beams-segments outside the links and in the diagonals of the eccentrically braced frames. The non-linear dynamic calculation also regards the overall behaviour of the construction, in order that at least 25% of the base shear force to be resisted by the moment resisting frames. 
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Er.c = Young's modulus for reinforced concrete

Es   = Young's modulus for steel 

Figure 10: The equivalence of a reinforced slab with a steel one
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HOMOGENOUS BEAMS: SLS + VRANCEA 1977 accelerogram + 2% damping    
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Figure 11: Non-linear dynamic calculation – Vrancea 1977 accelerogram  (a = 0.2 g): link rotation, (p
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Figure 12: Non-linear dynamic calculation: dissipated energy, E
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HOMOGENOUS BEAMS: SLS + VRANCEA 1977 accelerogram + 2% damping
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Figure 13: SLS 1 - Non-linear dynamic calculation: 

displacement at the upper part of the structure, (
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HOMOGENOUS BEAMS: SLS + VRANCEA 1977 accelerogram + 2% damping
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Figure 14: SLS 1 - Non-linear dynamic calculation: base shear force, S

7. Comments on the non-linear dynamic calculation

Some of the characteristic values obtained by applying the non-linear dynamic calculation are shown in fig 11(14. The accelerograms Vrancea 1977, Cheia 1986, the artificial one (based on Vrancea spectrum), El Centro 1940, Northridge 1994, Mexico City 1995 were used. 

The followings have resulted by using Vrancea 1977 accelerogram:

- The displacement (at the upper part of the structure) for all the alternatives of analysed structures does not exceed the maximum allowed value Δall = 33.0 cm ((max = 25.0 cm for short links,  (max =31.0 cm for long links).

- The rotation of the links exceeds the allowed plastic rotation with up to 77% in case of structures with short links and with up to 60% in case of structures with long links.

It should be pointed out that, although Vrancea 1977 accelerogram has a = 0.2 g, it induces stresses and deformations much greater than Northridge accelerogram which has a 4.4 times greater acceleration ( a = 0.88g).
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Figure 15: Comparison between the horizontal displacements for different seism

Because of applying the accelerograms, the structure remains deformed, with remanent stresses in the zones where was reached the elastic-plastic range. By applying a new acce-lerogram, after an estimated time of 30 sec. of free vibrations, the structure deformed by the previous accelerogram is forced to oscillate around the deformed position.  

In case the drifts are within the limits accepted by the norms, the rotations can be analysed according to the maximum rotation capacity of the link in the elastic-plastic range rotation, which was established during experiments. Elastic-plastic rotation capacity means the maximum rotation of a link, without any of local stability loss. 

Using the non-linear static calculation, for structures with composite beams with composite or homogenous links, have resulted plastic hinges within the elements designed to work in the elastic range, during the entire duration of the seism, at values of the amplification factor      (0 = 2.5(3.0. This phenomenon did not occur in the non-linear dynamic calculation, which leads to the conclusion that, in many cases, the non-linear static calculation is more severe than the non-linear dynamic calculation.

8. Conclusions 

The calculation of the multi-storey structures can be performed, in a first stage, taking into account the homogenous beams – through all the steps of the calculation – after that the homogenous beams being replaced with equivalent composite beams having M-s+c ( Ms.. This calculation methodology leads to a major simplification of the design labour and to a rational conformation of the structural elements, as well.

The short, intermediary or long links must not be directly loaded in order to allow the development of the plastic hinges due to the seismic action and to avoid the uncontrolled stresses combination, produced by gravitational loads. The combination of the stresses corresponding to different loads may restraint the development of the rotations in the elastic-plastic range. The loads can be applied on secondary beams which intentionally are provided at the ends of the link and which assure the overall stability. 

 By the chosen constructive system, the links shall work in the structure only as homogenous elements. The reinforced concrete slab shall be separated (fig. 16) by the top flange of the link or by the dissipative zone. The separation shall be performed by creating a gap between the top flange of the link and the reinforced concrete slab. No connectors shall be provided on this zone. The reinforced concrete slab shall be supported by secondary beams, which delimitate the link. Along the secondary beams in the r.c. slab will be created expansion joints provided with dowels in order to assure the diaphragm effect. The dowels shall allow the rotation  of the slab in vertical plane.
[image: image25.wmf]
Figure 16: Typical detail for reinforcement of the node zone 

- the separation zone between r.c. slab and dissipative zone 

a) reinforcement in the column zone; b) elevation; c) detail of the dissipative zone

The links can have the geometrical characteristics of the section lower than the ones of the beams from the beam-segments outside of the link. This is possible be obtained by varying the width of the flanges, up to maximum 30(45% of their dimension (fig. 16), or by using smaller profiles [13]. This system guides the formation of plastic hinges in the links and not in the connections.

 After a seism, the structures, which have incursions in the elastic-plastic range, remain with remanent deformations and stresses. In the case of a new seism, (a reply or a seism acting the non-consolidated structures), it finds another geometry of the structure (a deformed one) and zones of the dissipative elements or dissipative elements with remanent stresses which are important effort concentrators. The figures 11, 13 shows the state of remanent deformations (rotations and displacements) and then the deformations resulted from the application of a new accelerogram. These latest deformations were developed with regard to the deformed position of the structure. The second seism should be considered as not having a damping coefficient, because the non-structural elements have been partially or totally destroyed by the previous seism and the structure presents important stresses concentrators, which cannot be quantified.

The calculation of a multi-storey building as a homogenous steel structure, without taking into account the influence of the reinforced concrete slab over the steel beams may lead to premature collapse or to the occurrence of critical collapse forms during seismic action.
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HOMOGENOUS BEAMS: SLS + VRANCEA 1977 accelerogram + 2% damping    
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HOMOGENOUS BEAMS: SLS + VRANCEA 1977 accelerogram + 2% damping    
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HOMOGENOUS BEAMS: SLS + VRANCEA 1977 accelerogram + 2% damping
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