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ABSTRACT: Slabs exist in the majority of buildings worldwide but they are seldom modelled 

explicitly in analysis for design. In traditional steel moment frame systems, where the slab is 

not separated from the column flanges the beam overstrength is increased, whereas separating 

the slab from the column flanges minimizes the beam overstrength. In gap opening systems 

made of materials such as steel, traditional reinforced concrete, or precast concrete, the column 

demands are increased due to beam / slab overstrength and beam elongation, and the slab is 

also damaged during the deformations. This paper describes the development of a simple 

model for explicit evaluation of the slab effect on moment-resisting (MR) structural systems 

which considers the slab contribution to the beam overstrength at different storey drifts and the 

slab opening displacements which can be related to damage. The model captures important 

aspects of the behaviour of a reinforced concrete joint with a floor slab, well. 

1 INTRODUCTION 

In the seismic design of most building frames throughout the world, the effect of the floor slab is not 

explicitly considered. Slabs are also ignored in much of the testing of joints worldwide, such as that 

shown for a MR system in Figure 1. In these joints without slabs there may be significantly different 

monotonic (and cyclic) behaviour depending on the materials used. For example, for a steel beam 

column system, in which the beam yields, and the beam section is symmetric, the neutral axis is in the 

middle of the section, and the top of the beam section yields in tension, while the bottom yields in 

compression. The distance between the points of inflection, L, does not change as shown in Figure 2a. 

 

 

 

 

 

 

 

 

 

(a) MR Frame Elevation                                   (b) Typical Joint Test Configuration 

 

Figure 1. Typical Joint Test Configuration 

For a reinforced concrete system, such as that shown in Figure 2b, the neutral axis in the beam at the 

column face, is closer to the compression side than to the tension side of the section. Therefore, at the 
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centre of the beam, a gap (or crack) opens between the beam end and the column face. The gap 

opening increases with storey drift and it causes the distance between the beam points of inflection to 

increase. This phenomenon, which is commonly known as “beam growth”, was first described by 

Fenwick and Irvine (1977) and it occurs not only in reinforced concrete beams, but on all systems with 

gap opening. These include precast concrete members which may or may not be prestressed (e.g. 

Priestley and MacRae 1996), steel members which are designed to rock about one corner (e.g. 

Filiatrault 2004), and other similar members.  Precast post-tensioned structures with unbonded tendons 

have become popular because they are considered to have no damage and no permanent displacements 

after an earthquake.  

 

 

 

 

 

 

 

 

 

      a. Steel                             b. Reinforced Concrete/Gap Systems  

 

Figure 2. Typical Behaviour of Systems with Different Materials 

 

In the subassembly above, beam growth does not seem to cause any adverse behaviour. However, in a 

frame, such as that shown in Figure 1a, the total elongation in beam length over the width of the frame 

increases both with the number of storeys and the storey drift. Kim, Stanton and MacRae (2002a, 

2002b, 2004a, 2004b) developed a joint model to consider gap opening in reinforced concrete or 

precast-concrete systems as shown in Figure 3. The IBE (Including Beam Elongation) model was 

developed to describe the behaviour of both reinforced concrete (RC) and post-tensioned precast 

frames. It was required that the IBE model represent the behaviour of test units well, including the 

position of the neutral axis, the change in strength due variations in beam axial force and also, the 

opening of cracks in the beam near the beam-column interface. In the model selected the joint itself 

was assumed to remain rigid so elements c1 to c6 shown in Figure 3 were assumed to move as a rigid 

body. The elements at the beam ends, b2-b4-b6 as well as b1-b3-b5 were also rigid bodies. Beams and 

columns away from the joint were assumed to remain elastic and all inelastic actions were assumed to 

remain in the concrete and in the mild steel bars at the beam-column interface. Truss elements with 

bilinear yielding characteristics were used to model the reinforcing steel, and nine gap elements (of 

which only two are shown in figure), which had zero strength in tension and bilinear compression 

characteristics, were used over each side to represent the concrete behaviour. A prestressing element 

(PT steel) was used for the precast member analyses but not for the reinforced concrete beam 

analyses. Shear transfer between the beam and column was carried out by an axially stiff member 

carrying vertical force between nodes b5-c5 and b6-c6. Horizontal deformation could freely occur 

between these nodes. Kim et al. (2002a) could model the tests by Zerbe and Durrani (1989,1990) well. 

Kim et al. (2002a) assumed that all inelastic deformation occurred in the grout between the beam and 

column for the purposes of his model when used with precast concrete elements. Such an assumption 

is obviously very sensitive to the thickness of grout used, and it makes no sense when the grout 

thickness is zero (such as is the case with RC members). A more reasonable approach for estimating 

the spiral confined concrete failure length in unbonded post-tensioned beams has been developed by 

El-Sheikh et al. (2000).  
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Figure 3. Kim’s Beam-Column Joint Model 

 

Kim et al. (2004) have shown that the demands on a frame may be very different from that found from 

conventional analysis as shown in Figure 4. Here it may be seem that the beam growth effect pushes 

the external columns apart, thereby imposing greater demands on the columns causing a greater 

tendency for column inelastic action. Since, the columns are also pushing on the beams, the moment 

capacity of reinforced concrete beams is increased because of the extra compression, also increasing 

the likelihood for column yielding. It should be noted that while more column yielding may be 

expected, the probability of a soft-storey mechanism is not necessarily increased. Kim et al. (2004) 

have shown that the increase in demand due to beam growth is not insignificant and that some of the 

larger column moment demands doubled (even more) in the analyses undertaken.  In addition to the 

effects described above, beam growth may also cause precast flooring units to become unseated and to 

fall off (Mathews et al. 2001). The effect of this beam growth is not included in the majority of 

analyses carried out for structural design within New Zealand or worldwide. 

 

 

 

 

 

 

 

Figure 4.  Frame Sway including Beam Growth (Kim et al. 2004) 

 

In the description above, the effect of the slab on the performance of the structure has not been 

included explicitly. Most structures include slabs, and their presence can have a major effect on the 

frame behaviour for both gap-opening and non-gap-opening structures. For example, for steel beams 

resisting lateral frame displacements, the slab will be in compression beside one column and in tension 

beside the column at the far end of the beam shown in Figure 5. Where the slab is in compression, the 

neutral axis will probably be within the slab, and the whole steel section may yield in tension. The 

strain on the extreme tension side of the section may be more than twice that expected if no slab is 

considered for the same hinge rotation. Also, the moment input into the column may be significantly 
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larger than if there is no slab. For loading in the reverse direction, the behaviour depends on the 

tension capacity of the slab. If it is strong in tension, then the steel beam may well yield completely in 

compression. Again, the strains will be large and there will be a greater probability of local buckling 

than if the slab is not present. If the slab is weak in tension, then the steel beam will yield in 

compression at the bottom and tension at the top. While there will be no beam elongation at this end, 

the shift of the neutral axis at the other end of the beam will cause beam growth, and induce extra 

compression into the beam which may affect the beam performance. To minimize slab interaction 

with the frame, the slab may be separated so that it does not touch the column face during the inelastic 

actions which affect the frame.  

 

 

 

 

 

Figure 5. Slab Effects on Frame Behaviour 

For beams with gap opening expected at their ends, such as RC beams or post-tensioned ungrouted 

beams, the presence of the slab restrains the gap opening. In fact, if the slab is strong enough, gap 

opening due to hogging moments may not occur and the moment input into the column may be much 

greater than that expected in traditional analysis. These moments may induce a soft-storey mechanism. 

If the slab is not so strong then it will crack and cause structural damage such as that shown in Figure 

6. In this respect, many of the “damage free” solutions which have recently been developed (e.g. 

Priestley and MacRae 1996, and Filiatrault 2004) while they have no damage when no slab is 

considered, are likely to cause severe damage when a slab exists. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Plan Showing Slab Damage in a Gap-Opening System (Clifton 2005 Fig. 3.35) 

Since the presence of the slab can significantly affect the frame seismic behaviour, possibly increasing 

the potential for collapse, and since there is a possibility of slab damage, proper models of frames 

considering floor slabs should be developed to consider these effects. The model developed in this 

work is an extension of the model developed at the University of Washington (by Kim, Stanton and 

MacRae 2002) for gap opening joints considering  floor slab effects. 
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2 THE CONCEPT 

The concept proposed to model the behaviour of floor slabs is very simple. Like the Kim model, it can 

be used with either the gap opening, or non gap opening, beam elements. The model, which contains 

one extra “slab element” to consider slab effects is shown in Figure 7. The strut models the portion of 

the slab outside the column lines as shown in Figure 8.   

 

 

 

 

 

 

 

 

 

     Figure 7. Model including Slab Effects 

 

 

 

 

 

 

 

 

 

          (a) Plan                                                          (b) Section A-A 

 

Figure 8. Model including Slab Effects 

 

While the strut considers the effect of the slab, it does have some limitations. Bending effects of the 

slab are ignored (although they could be considered if the strut were not pin-ended).  Also, any 

interaction of the slab with the column sides is ignored as the slab strut is not connected to the column 

itself – it only connects either side of the slab. While the strut itself is a simple element, it needs to be 

calibrated in order to accurately represent the slab behaviour.  The model proposed above is one of the 

first proposed to explicitly consider slab effects in building analysis. It should be noted that while 

“gap-opening” systems (such as RC buildings) may have significant slab cracking deformation as a 

result of an earthquake, steel beams in which the slab is separated from the column face, are not likely 

to have this gap opening deformation and damage.  

3 COMPUTATIONAL MODELLING 

The computer modelling of the beam-column joint was carried out using the computer program 

Ruaumoko–2D (Carr 2004). Figure 9 shows the proposed two-dimensional idealization of an interior 
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beam-column building joint model including beam growth (IBG) which is similar to Kim’s IBG model 

with the assumption that all inelastic actions take place at the beam-column interface. A multi-spring 

element with ten springs was used. Properties for the interface concrete were given based on the 

compressive strength equations of Saatcioglu and Razvi (1992) for confined concrete. The shear 

deformation of the joint was not considered and the joint was assumed to be rigid. Shear transfer from 

the beam to column was carried out by slaving the vertical degrees of freedom, c5 to b5 and c6 to b6. 

This model works well for both hybrid frames and reinforced concrete frames. The second model, 

considering both beam growth and slab effect (IBGS) is shown in Figure 11. The slab is modelled as a 

strut element with bilinear hysteretic behaviour. Calibration of the slab element was carried out based 

on experimental results (Cheung 1991) using the computer program, Ruaumoko.  All reinforcement in 

the slab, as well as a good cracking model for the concrete were considered to make the analysis as 

realistic as possible using an approach similar to that by Fenwick et al.(2006). This slab element is 

simple and appropriate for use in two-dimensional analysis of reinforced concrete frames with 

traditional hysteretic beam-column line elements.  
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Figure 9. Beam-Column Joint Model

                Including Beam Growth (IBG)

Figure 10. Beam-Column Joint Model Including 

                  Beam Growth and Slab Effect (IBGS)
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Results of the subassemblage tests without a slab (Day 1999, Priestley and MacRae 1991) were used 

to compare with those obtained from the joint model shown above. Comparison of simulated and 

observed response indicates that IBE model worked well for both hybrid frames and reinforced 

concrete frames. The beam-column-slab joint (IBGS) model was compared against Cheung’s 

experimental results in which a slab was present in Figures 11a and 11b. These initial analyses capture 

the trends of the experiments, especially the strength on the loading part of the curve. Figure 11c 

shows the load-displacement response of the beams when there is no slab effect considered and the 

increase in strength due to the presence of the slab was 21%. Further modification to the model to 

account properly for strain hardening and for shear deformation within the hinging zone is likely to 

improve the comparison further. 
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a. Experimental Result (Cheung et al. 1987) 
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b. Analytical Result from IBGS model 
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c. Analytical Result from IBG model (slab effect not considered)  

 

Figure 11.     Load-Displacement Response of East Beam 
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4 CONCLUSIONS 

A beam-column-slab joint (IBGS) model is proposed for evaluating the slab effect in two-dimensional 

nonlinear analysis of reinforced concrete frames. The IBGS model proposed above is one of the first 

proposed to explicitly consider slab effects in building analysis. Comparison of simulated and 

observed response indicates that the proposed model can represent key aspects of the beam-column-

slab behaviour well. 

5 ACKNOWLEDGEMENT 

The authors are grateful for the NPEEE (National Program on Earthquake Engineering Education) of 

the Indian government which has funded the study leave of the second author at the University of 

Canterbury. The authors express their thanks to Dr. Richard Fenwick for providing valuable 

information on calibration of the slab element and to Dr. Athol Carr for guidance in using the software, 

Ruaumoko.  

REFERENCES 

Carr,  A.J. 2004. RUAUMOKO users manual. University of Canterbury: www.ruaumoko.co.nz 

Cheung, P., Paulay, T. & Park, R. 1987. A Reinforced Concrete Beam-Column Joint of a Prototype One-way 
Frame with Floor Slab Designed for Earthquake Resistance, Research Report, 87-6, University of Canterbury, 
New Zealand. 

Clifton, G.C. 2004. Semi-Rigid Joints for Moment-Resisting Steel-Framed Seismic-Resisting Systems, HERA 
Report R4-134, New Zealand Heavy Engineering Research Association, Manukau City.  

Day, S. 1999. Cyclic load testing of Precast Hybrid Frame Moment-Resisting Connections, Master's Thesis, 
Dept. of Civil & Environmental Engrg., Univ. of Washington. 

El-Sheikh, M.T., Pessiki, S., Sause, R. & Lu, L.W. 2000, Moment - Rotation Behaviour of Unbonded Post-
Tensioned Precast Concrete Beam-Column Connections," ACI Structural Journal, 97 (1):  122-131. 

Fenwick, R. C. & Davidson, B. 1995, Elongation in Ductile Seismic-Resistant Reinforced Concrete Frames, 
Proc. of the Tom Paulay Symposium, Farmington Hills, MI, American Concrete Institute, SP 157-7: 143-170.  

Fenwick, R. C. & Irvine, H. M. 1977. Reinforced Concrete Beam-Column Joints for Seismic Loading- Part II 
Experimental Results, Bulletin of the New Zealand National Society for Earthquake Engineering, 10(4), 
December: 174 -185.  

Fenwick, R., Bull, D.K., Macpherson, C. & Lindsay, R. 2006. The Influence of Diaphragms on Strength of 
Beams,  (To be presented in NZSEE 2006 conference). 

Filiatrault, A. 2004. Development of Self-Centering Earthquake Resisting Systems, 13
th 

World Conference on 
Earthquake Engineering, Vancouver, B.C., Canada.  

Kim, J. 2002a. Behaviour of Hybrid Frames under Seismic Loading, PhD Thesis, Dept. of Civil Engineering, 
Univ. of Washington, Washington.  

Kim, J., Stanton J. F. & MacRae,
 
G. A. 2004a. Approximate Methods of Accounting for Beam Growth Effects, 

13
th 

World Conference on Earthquake Engineering, Vancouver, B.C., Canada, Paper No. 504. 

Kim, J., Stanton J., & MacRae, G. A. 2004b. Effect of Beam Growth on Reinforced Concrete Frames, Journal of 
Structural Engineering, ASCE, 130(9): 1333-1342. 

Kim, J., Stanton, J.F. & MacRae, G. A. 2002b. Effects of Beam Growth on the Behaviour of Reinforced 
Concrete Frames, 7th U.S. Nat’l Conf. Earthquake. Eng.., Boston, MA. 

Matthews, J., Bull, D. K. & Mander, J. 2001. Investigating the Load Paths of Floor Diaphragm Forces during 
Severe Damaging Earthquakes,  Proceedings of the Combined Concrete Society and Ready Mix, Rotorua, 
TR24: 122-31. 

Park, R. & Pauley, T. 1975. Reinforced Concrete Structures: John Wiley and Sons, New York,   

Priestley, M. J. N. & MacRae G. A. 1996, Seismic Tests of Precast Beam-to-Column Joint Subassemblages with 

Unbonded Tendons, PCI Journal:  64-80. 

Saatcioglu, M. & Razvi, S.R. 1992. Strength and Ductility of Confined Concrete, Journal of Structural 
Engineering, ASCE, 118(6): 1590-1607. 

Zerbe, H. E. & Durrani, A. J. 1989. Seismic Response of Connections in Two-Bay Reinforced Concrete Frame 
Subassemblies. Journal of  Struct. Engrg. ASCE, 115(11): 2829-2844. 

Zerbe, H. E. & Durrani, A. J. 1990. Seismic Response of Connections in Two-Bay Reinforced Concrete Frame 
Subassemblies with a Floor Slab,  ACI Structural Journal, 87(4): 406-415. 


