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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. In the dissipative zones, in order to enable the development of the plastic hinges, with great rotations and high ductility, secondary transverse beams are to be provided, their location being at the ends of the links. 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 link elements, 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 translations will be allowed. Numerical testing has been performed with short and long links, two hypotheses, with or without R.C. slabs being studied. In both cases, is to be noted that the dissipative element has not been practically loaded, the loads acting on the floor being transmitted to the link’s ends due to the existing secondary beams.
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The description of the analysed structures

A multi-story steel structure with 10 levels for a general store, having the dimension of the bays on the two orthogonal directions of 8,0m x 6,0m and a live load on each floor of 3,0 kN/m2, was analysed (fig. 1). The building has three spans of 8.0m and seven bays of 6.0m. The level height (4.0m) is constant along the whole height of the building. The construction has a dual solution, being made of eccentrically braced frames and moment resisting frames on transverse direction, and concentrically braced frames (X-shape) and moment resisting frames on longitudinal direction (fig. 1, c).The columns have a double T symmetrically section, which varies along their height (resulting three segments)

having maximum rigidity in the plane of transverse frames. The beams have a double T section, being rigidly connected to the columns. Two sections of beams have been chosen along the height of the building, the bigger profiles being provided at the first five storeys. Secondary beams have been provided in the longitudinal direction, placed at the ends of the links in the frame spans with bracing and at 2.0 m between axes, in the spans without bracing (fig. 1.a). The bracings have been made of hot-rolled channels profiles and have three steps of cross - section variation on the height of the construction. 
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Figure 1: Ten - story building

a) layout, b) transverse frames, c) longitudinal frames
The structure has been studied according to 16 dimensional and constructive alternatives, shown in table 1.

Comments on 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 UTCB), which includes the provisions of Romanian Norm P100-92 regarding the determination of the static equivalent seismic loads. This calculation has been used both for short links structure and for long links structure. 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.

In order to size the structural elements which have to remain in the elastic range during the seism action (columns, beams adjacent to the links, vertical bracings), the loading combination with the increased seism was used (eq. 1):
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The anchoring of the columns into the foundations has been performed by embedding them into the reinforced concrete bulbs of the infrastructure, on the height of a level (basement). In order to establish the height of the column anchoring (embedding), the additional loading combination with the increased seism has been used (eq. 2):
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The above condition (eq. 2) assures the elastic behaviour of the connection of the columns into the foundations at the loads given by the seism.

The non-linear static and dynamic analysis has been performed by means of DRAIN 2D+ program, 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. Most of the calculation programs used for the structure do not contain this type of finite element. DRAIN 2D+ program, being a plane calculation program, for the simulation of the spatial behaviour of the structure, was used "train of frames" system where the same displacements of the frames were imposed for each level. In order to verify the concordance between the spatial behaviour of the construction and the "train of frames" method, there have been repeated the modal analysis and the conventional forces calculation of the seism action previously determined by SPAN program, using DRAIN 2D+  program. It resulted that the values of the vibration periods of the structure calculated with the two programs are almost similar. After these calculation steps, there has been sized the homogenous structure with short links  and with long links.

Comments on the lateral rigidity of the structure

The studied alternatives, as results from table 1, are the following:

(A) Dual structure, composed of moment resisting frames (MRF) + eccentrically braced frames (EBF) with short link (SLS, SLE)

(B) Dual structure, composed of moment resisting frames (MRF) + eccentrically braced frames (EBF) with long link (LLS, LLE)

In both alternatives (A and B), there has been studied the homogenous structure with links with smaller section (SLS, LLS), respectively equal section (SLE, LLE) 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 stabs (table 1):

- Homogenous link + the rest of the structure’s beams in composite solution, maintaining the dimensions of the steel beams.

- Homogenous link + the rest of the structure’s beams in composite solution, with decreasing the dimensions of the steel beams, with M-s+c = Ms – equivalent composite beams.

- Composite link + the rest of the structure’s beams in composite solution maintaining the dimensions of the steel beams.

- Composite link + the rest of the structure’s beams in composite solution, with decreasing the dimensions of the steel beams, with M- s+c = Ms – equivalent composite beams.

In case of EBF with short links, a decrease of the vibration period with 14.5% appears in the composite solution in comparison to the homogenous solution. 

In case of EBF with long links, a decrease of the vibration period with 19.2% appears in the composite solution in comparison to the homogenous solution.

.

 TABLE 1

Analysed cases

	   No

 
	                  Link
	Beam-segments outside of link
	Beam in MFR
	First

mode period

 T1( s )

	
	Type
	Mate- rial
	Section
	Mate-

rial
	Section
	Mate-

rial
	Section
	

	SLS

1
	Short
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	Steel
	HE 450A

HE 400A
	Steel
	HE 600A

HE 550A
	Steel
	  HE 600A  

 HE 550A  
	1,17

	SLS

2
	
	
	
	Steel

+

Concrete
	HE 600A

HE 550A

hr.c = 150
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	1,00

	SLS

3
	
	
	
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 150
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 150
	1,10

	SLS

4
	
	Steel

+

Concrete
	HE 450A

HE 400A

hr.c = 150
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	1,00

	SLS

5
	
	
	
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 150
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 150
	1,10

	SLE

6
	Short
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	Steel
	HE 600A  

HE 550A  
	Steel
	HEA 600

HEA 550
	Steel
	HEA 600

HEA 550
	1,16

	SLE

7
	
	
	
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	0,99

	SLE

8
	
	Steel

+

Concrete
	HE 600A  

HE 550A  

hr.c = 150
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 150
	0,99

	LLS

9
	Long
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	Steel
	HE 500A  

HE 450A  
	Steel
	  HE 600A  

 HE 550A  
	Steel
	  HE 600A  

 HE 550A  
	1,35

	LLS

10
	
	
	
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 120
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 120
	1,13

	LLS

11
	
	
	
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 150
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 150
	1,26

	LLS

12
	
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 120
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 120
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 120
	1,09

	LLS

13
	
	
	
	Steel

+

Concrete
	HEB 500

HEB 450

hr.c = 120
	Steel

+

Concrete
	HE 500A  

HE 450A  

hr.c = 120
	1,21

	LLE

14
	Long
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	Steel
	HE 600A  

HE 550A  
	Steel
	HE 600B HE 550B  
	Steel
	  HE 600A  

 HE 550A  
	1,32

	LLE

15
	
	
	
	Steel

+

Concrete
	HE 600B HE 550B  

hr.c = 120
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 120
	1,10

	LLE

16
	
	Steel

+

Concrete
	 HE 600A  

 HE 550A  

 hr.c = 150
	Steel

+

Concrete
	HE 600B HE 550B  

hr.c = 120
	Steel

+

Concrete
	  HE 600A  

 HE 550A  

hr.c = 120
	1,07


TABLE 1 (cont.)
	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

LLS  – long link with section smaller than the one of the adjacent spans’ beams

LLE  – long 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


The analysis confirmed what the engineering practice already knew, that the lateral rigidity of the eccentrically braced frames with short links is greater (with 8%
[image: image10.wmf]¸

14%) than the one of the eccentrically braced frames with long links
Comments on non-linear static calculation

As regards all the analysed structures, with homogenous or composite beams, the amplification factor of the conventional horizontal force produced by seismic action (
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) has the maximum value of 3.0 with the increasing gradient of 0.02. The value 3.0 for 
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has been chosen as the highest limit in order to be able to verify: if any plastic hinges, up to the value 
[image: image13.wmf]0

W

=2.5, are formed in the structural elements, which must remain in the elastic range during the entire period of the seism; 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. 
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Figure 2 : SLS homogenous solution

T1 = 1.35 s

(p = 0.03 rad
Figure 3 : LLS homogenous solution
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Figure 4 : SLS homogenous short link + equivalent composite beams
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Figure 5 : LLS homogenous long link + equivalent composite beams
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Figure 6 : SLS composite short link + equivalent composite beams
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Figure 7 : LLS composite long link + equivalent composite beams

The following conclusions result from the non-linear static calculation (fig. 2(7):

- the plastic hinges appear up to 
[image: image14.wmf]0
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=2.5, only in the dissipative elements, in case of homogenous structures;

- the maximum rotation of the short or long links, for an amplification factor 
[image: image15.wmf]0
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=2.5, appears at floors 2(5 and it is with 50% smaller that the allowed plastic rotation. 

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

The gravitational masses and loads from the special combination shall be used. The behaviour of the structure under the dynamic action shall be followed up, using site accelerograms or accelerograms of the previous seism. 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 adjacent to the link. The plastic hinges shall be accepted at the basis of the columns and at the top of the last level’s column. 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. The non-linear dynamic calculation can be performed on a"train"of plane frames, under the condition of equal displacement of the frames, this way simulating the spatial behaviour provided by the concrete slabs. The vibration period of the "train of frames" shall be close to the one of the spatial structure, being allowed to differ only with maximum 10(12%

 Non-linear dynamic calculation of the composite beams structure.

The homogenous beams shall be replaced with composite beams in order that the negative plastic resisting moment of the composite beam (M- s+c) 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 a equivalent steel width beq, keeping unchanged the thickness hr.c (fig.8). The links shall be considered to have a homogenous section and no loads on their length and this would be the reason why, by constructive solutions, the reinforced concrete slab shall be separated by the steel beam. No connectors shall be provided and materials (polyethylene films), which could allow the slipping between 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. For obtaining a proper structural arrangement, there shall be used site accelerograms of the previous seism from the area of the construction, as well as synthetic accelerograms, which shall meet the dynamic characteristics of the accelerograms known for the respective zone. It is recommended to use other accelerograms recorded in different zones, too, in order to increase the safety degree of the construction in case earthquakes at different depths or epicentres occur. At least three accelerograms 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. Rotation 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 of 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 8 : The equivalence of a reinforced slab with a steel one

Comments on the non-linear dynamic calculation

Some of the characteristic values obtained by applying the non-linear dynamic calculation are shown in fig 9(14. The accelerograms used Vrancea 1977, Cheia 1986, the artificial one (Vrancea spectrum), El Centro 1940, Northridge 1994, Mexico City 1995. 

The followings have resulted by using the Vrancea 1977 accelerogram (fig 9):

- 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 SL,  (max=31.0 cm for LL).

- The rotation of the links exceeds the allowed plastic rotation with up to 77% in case of structures with SL and with up to 60% in case of structures with LL.
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 Figure 9 : Homogenous long link + homogenous beams; Vrancea accelerogram - a = 0.2g.
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Figure 10 :Homogenous long link + homogenous beams; Northridge accelerogram - a = 0.88g.
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Figure 11 :Homogenous long link + homogenous beams; El Centro accelerogram - a = 0.35g.
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Figure 12 : Homogenous long link + homogenous beams; Mexico City accelerogram -  a = 0.10g.
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Figure 13 :Homogenous long link + homogenous beams; Vrancea (a = 0.2g)+ Cheia ( a=0.08g )

[image: image23.png]



Figure 14 : Homogenous long link + homogenous beams; synthetic accelerogram (acc. Vrancea

spectrum) a = 0.2g.

In case of using different accelerograms for homogenous structure with LLS, the followings resulted:

- The Vrancea accelerogram  leads to the greatest lateral displacements ((max=31.0 cm<(all=33.0 cm), rotations of the links ((p=0.032 rad>(all=0.02 rad) and shear base forces . As regards the maximum value of the dissipate energy, its maximum value is produced by the artificial accelerogram (Vrancea 1977 spectrum - fig. 14) 

-The El Centro 1940 (fig. 11) and Mexico City 1995 (fig. 12) accelerograms produce small lateral displacements and rotations of the links of (=13.0 cm respectively (p=0.009 rad. The shear forces at the basis of the structure and the maximum value of the dissipate energy are 70% respectively 35% of the ones produced by Vrancea 1977 accelerogram.

-The Northridge 1994 (fig. 10) accelerogram leads to greater values of the lateral displacement and 

rotation of the links of (=17.0 cm respectively (p=0.014 rad. The shear force at the basis of the structure is 90% of the one produced by Vrancea 1977 accelerogram, but the maximum value of the dissipate energy is small, only 40% of the one corresponding to Vrancea 1977 accelerogram.

It should be pointed out that, although Vrancea 1977 accelerogram has a=0.2g, it induces stresses and deformations much greater than the Northridge accelerogram which has a 4.4 times greater acceleration ( a = 0.88g).

Because of applying the accelerograms, the structure remains deformed, with remanent stresses in the zones with reaching of the elastic-plastic range. By applying a new accelerogram, 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. (fig13).

Using links with reduced section, (SLS, LLS) it resulted a Mp/Tp ratio, which frames the link 

within the intermediary behaviour range, with formation of plastic hinges due to the combination of M and T forces. In this situation, major exceeding of the rotations at levels 5(8 have been noticed. It would still be wrong to compare the rotations of the links resulted using a non-linear dynamic calculation with the ones allowed by the norms, values resulting in norms by correlating the rotations with the drifts. It should be pointed out that the norms provide an elastic drift amplified by a coefficient, which varies around the same value, regardless of the norm.

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, which was established during experiments. Elastic-plastic rotation capacity means the maximum rotation of a link, without any local stability loss. 

Using the non-linear static calculation, for structures with composite beams with composite or

homogenous links, there 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.

 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 - then the homogenous beams shall be replaced with equivalent composite beams having M-s+c ( Ms.. This calculation methodology leads to a major simplification of the design effort as well as a rational conformation of the structural elements.

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 delimitate 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. 15) by the top flange the link or by the dissipative zone. The separation shall be performed by creating a gap between the top flange 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 will be created expansion joints provided with dowels in order to assure the diaphragm effect. The dowels shall allow the rotation in vertical plane.

[image: image24.wmf]
Figure 15 : Typical detail proposed for the separation zone between r.c. slab and steel link.

 The beam to column connections shall be performed by groove welds with complete penetration or by high strength bolts. 

 The links can have the geometrical characteristics of the section lower than the ones of the beams from the adjacent spans. This is possible be obtained by varying the width of the flanges, up to maximum 30(45% of their dimension, or by using smaller profiles. 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 on 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 strong effort concentrators. Fig. 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 an damping coefficient, because the non-structural elements have been partially or totally destroyed by the first 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 on the steel beams may lead to premature collapse or to the occurrence of critical forms during seismic action

The cross sections of the homogenous beams should be declared for computation with their geometrical and physical equivalent characteristics, considering the steel as a reference material. The plastic efforts (
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) of the composite beams are to be calculated, taking into consideration Bernoulli’s hypothesis.

If the structure is correct designed, due to a homogenous (steel) section computation, than using an equivalent composite cross section system (M-s+c = Ms), the failure mechanism will not be modified, but the collapse will be produced at the higher values of the seismic loads. 
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