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ABSTRACT 

The research and current analysis tools fo.r composite beams with web 

openings are reviewed. The behavior and failure modes at openings are described 

and the major remaining questions are listed. Research has demonstrated that 

the concrete slab contributes to the shear strength as well as flexural strength 

at openings. Taking advantage of this contribution to shear strength should 

significantly lower the cost and simplify the construction of web openings in 

composite beams. 

INTRODUCTION 

Composite floor systems allow considerable savings in multistory buildings 

because of the lighter, and sometimes shallower, floor that may be used when 

compared with noncomposite systems. Economies in high-rise steel frame build

ings have been achieved by introducing web openings in the floor beams to permit 

the passage of utility ducts and pipes, thereby reducing the story height. 

However, openings weaken the sections and usually require costly reinforcing. 

Prior to 1977, considerable research had been conducted on composite beams 

and on beams with web openings, but no comprehensive investigation of composite 

beams with web openings had been undertaken, Beginning with work at the 

University of Kansas, a number of experimental and analytical studies have .been 

aimed at determining the behavior of composite beams at web openings and 

translating that behavior into a usable design approach, A number of those 

studies are still under way. 
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Note: This paper originally appeared in the Proceedings of the AISC National 
Engineering Conference, held in Tampa, Florida, March 28-30, 1984. It was 
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It is the purpose of this paper to summarize the current state of knowledge 

in the field of behavior, analysis and design of composite beams with web 

openings. The paper describes the behavior at web openings, summarizes past and 

current research, offers an overview of the current analysis methods and lists 

what appear to be the major remaining questions. 

BEAM BEHAVIOR 

This section gives a brief overview of the forces that act on a composite 

beam in the vicinity of a web opening and describes the response of the beam to 

these forces. 

Forces Acting at Opening. - The forces that act at an opening are 

illustrated in Fig. l, For the usual case of positive bending, the steel 

section below the opening, or bottom tee, is subjected to a tensile force Pb, 

shear Vb, and secondary bending moments Mbl and Mbh' The section above the 

opening, or top tee, is subjected to a compressive force Pt• shear Vt, and 

secondary bending moments Mtl and Mth" Based on equilibrium 

Pb= Pt= P•••••••••••••••••••••••••••••••••••••••••••••••• ••• (I) 

V =Vb+ Vt•••• .. ••••••• ................................ , ..... (2) 

2Vba = Mbl + Mbh••••• ............................................................. (3) 

2Vta = Mtl + Mth' ... ,,,, ... , , , , .... , , , • , , , , , , .... , , , ••.,,, , •• ,(4) 

M = Pz + ~h + Mbh - Va ....................................... (5) 

in which V = the total shear acting at the opening; M = the primary 

moment acting at the opening center line; 2a = the length of the 

opening; and z = the distance between the plastic centroids in the 

tees. 

Deformation and Failure Modes. - The deformation and failure modes for 

beams with solid slabs are illustrated in Fig. 2, The behavior at an opening 

depends on the ratio of moment to shear, M/V. 

For a high M/V ratio the opening deforms primarily in a flexure (Fig. 2a), 

with the steel in tension and the concrete in compression. Shear and secondary 

bending do not play a major role. 

As the M/V ratio decreases, the shear and secondary bending moments 

increase, causing an ever increasing differential, or Vierendeel, deformation to 
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Fig. 1. Forces Acting at Web Opening (Ref. 4) 
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Fig. 2. Failure Modes at Web Openings in Beams with Solid Slabs (a) Pure Bending, 

v~o; (b) High M/V; (c) Lower M/V, Concrete Crushes; (d) Low M/V, Diagonal 
Tension Failure in Concrete 

occur through the opening (Fig. 2b,c,d). The sections above and below the 

opening usually exhibit a well defined change in curvature, as shown in Fig. 

2c,d. In these cases, the concrete cracks above the low moment end of the 

opening due to the secondary bending moment. Depending on the M/V ratio, the 

concrete at the high moment end of the opening will either crush or undergo a 

diagonal tension failure due to the prying action across the opening. 
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test at University of Kansas) 

The tests that have been run to date (2,3,5,7,11,12) uniformly show that 

the concrete slab makes an important contribution to the shear strength at the 

opening. This contrasts with standard practice in composite beam design (1), 

where the concrete deck is used to resist the bending moment but shear is 

assigned solely to the web of the steel section. 

With this information as a background, the next section describes the 

research that has helped develop the current state of knowledge. 

RESEARCH 

Composite Beams with Solid Slabs. - The first tests of composite beams with 

web openings were made by Granade (7). He tested two beams with rectangular web 

openings, and attempted to predict the experimental stresses using the 

Vierendeel method. In his analysis, he assumed the points of contraflexure in 

the tees to be at the opening center line. 

elastic analysis were not accurate. 

The stresses obtained from this 

Todd and Cooper (15) developed an ultimate strength model for composite 

beams with web openings, using the assumption that the shear force is carried 

only by the web of the steel section. They used their model to generate 

interaction diagrams to represent beam failure at different combinations of 

moment and shear. In a comparison with the experimental results of Granade, the 
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model greatly underestimated the shear strength at the openings (Fig. 5). Their 

work, however, played a useful role and clearly pointed the way for later 

models, 
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Fig. 5. Comparison of Todd-Cooper Model with Granada's Beams (Ref. 15) 

Swartz and Eliufoo (14) developed a method for determining the neutral axis 

at web openings in composite beams using the Vierendeel method while considering 

the cracked concrete section, Their method compared reasonably well with finite 

element solutions, 

Clawson and Darwin (2-4) undertook an experimental investigation to study 

composite beams with rectangular web openings and developed a strength model to 

predict the behavior of the beams, 

They tested six composite beams with solid slabs (Fig. 6) and observed that 

the compressive strains in the concrete remained low, well after the steel had 

begun to yield, They found that the load at first yield did not give a good 

representation of the strength of the section, with the load at first yield 

varying from 17 to 46 percent of the failure load, As a general rule, the 

failure of the beams was ductile, that is they obtained large deformations. and 

sizeable concrete cracking prior to failure, 
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Fig. 6. Beams Tested by Clawson and Darwin, not to scale (Ref. 3) 

The peak loads were governed by failure of the concrete slabs. Prior to 

failure, large slips occurred between the concrete and the steel. It was not 

clear to Clawson and Darwin as to what impact this slip had on strength, The 

nature of the slip is illustrated by the strain distributions in Fig, 7, which 

show that even for beams designed for full composite action, a sizeable strain 

discontinuity exists between the concrete and the steel at both ends of the 

opening, 
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Fig. 7. Strain Distributions at Web Opening in Beam with Solid Slab (Ref. 3) 
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Perhaps the key observation of their tests was that the concrete 

contributes to both the shear and flexural capacities of the beam at the web 

opening, and that therefore, the contribution of the concrete to the shear 

strength must be considered to accurately predict the strength at the section. 

Their test results also demonstrated that the moment capacity at web 

openings is relatively unaffected by shear until the shear reaches the maximum 

shear capacity (Fig. 8). 
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Fig. 8. Moment-Shear Interaction for Test Specimens with Solid.Slab (Ref. 3) 

Clawson and Darwin also observed that the M/V ratio at the opening had a 

prominent effect on the failure mode (Fig. 2). For openings under high bending 

stress and low shear, failure tended to be governed by crushing of the concrete, 

while beams under moderate or high shear exhibited a Vierendeel action, with a 

great deal of differential deformation through the opening. They also found the 

point of inflection was not at the center of the opening, but had displaced 

towards the low moment end. 

Their strength model (4), provided satisfactory predictions of strength and 

failure mode (Fig. 9). The model was based on full composite action and 

assigned a portion of the shear to the concrete slab. The concrete slab was 

assumed to be fully cracked above the low moment end of the opening. Although 
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this assumption did not match the test observations, it did not appear to be 

detrimental to the model, 

Fig, 9. 
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Clawson and Darwin also developed a simplified version of their model for 

use in design (2), which provided reasonably good agreement with the interaction 

diagrams developed using the full strength model (Fig. 10). 
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Fig. 10. Comparison of Simplified (Gircular) and Full Strength Model Moment
Shear Interaction Diagrams (Ref. 2) 

In 1982, the experimental work of Clawson and Darwin was largely duplicated 

by Cho (5) who arrived at virtually the same conclusions. 
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In 1983, Momeni (8) modified the model developed by Clawson and Darwin to 

include web reinforcement in the analysis. His model allowed the cracked 

portion of the slab at the high moment end of the opening to carry shear. The 

model produced unconservative results for beams with low M/V ratios, high shears 

and a shallow steel section. 

Composite Beams with Ribbed Slabs. - In contrast to the earlier tests that 

used solid slabs, Redwood and Wong ( 11, 16) tested composite beams with slabs 

constructed with formed steel decking, keeping with current practice in 

composite building construction. They tested six sections with web openings 

(Fig. 11) and developed a simplified, conservative strength model. 
p 
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Fig. 11. Beams Tested by Redwood and Wong, not to scale (Ref. 11) 

From their study, Redwood and Wong found, as did Clawson and Darwin, that 

the moment-shear ratio played an important role in the mode of failure. At high 

M/V ratios, the mode of failure was primarily flexural, although Vierendeel 

action was evident. As the M/V ratio at the opening decreased, the amount of 

shear deformation through the opening increased and became dominant for openings 

located in high shear regions. 

Failure at the openings was also governed by failure of the slab. However, 

the mode of failure was distinct from that in solid slabs, in that rib separa

tion occurred in all tests (Fig. 12). They obtained compressive failures in the 
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slab for high and medium M/V ratios and separation of the slab and beam near the 

high moment end of the openings for high shear (low M/V) cases. 
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Fig. 12, Crack Patterns in Ribbed Slab (Ref. 11) 

They concluded from observing their test specimens that a strength model 

based on the formation of four hinges, one at each corner of the opening, was 

satisfactory, but that analytical models must account for the shear in the 

slab. They also pointed out that the rib separation would be difficult to 

include in an analytical model. They used an assumption, similar to that used 

by Clawson and Darwin (2 ,4), that the concrete carries no stress at the low 

moment end of the opening. Based on their comparison with test data, however, 

they felt that it was important to model the compressive stresses in the slab 

that occur at the low moment end of the opening. They also felt that the 

effects of differing amounts of composite action (shear connection between the 

slab and the beam) should be studied. Their model, along with the simplified 

version of Clawson and Darwin's model and a model based on non-composite 

behavior, is compared against four of their tests in Fig. 13. 

In terms of serviceability, Redwood and Wong expressed concern about the 

possibility of cracking at working loads over the low moment end of openings 

subjected to low M/V ratios. 

More recently, Redwood and Poumbouras (12) performed three additional tests 

to study the influence of studs over the opening on beam strength and the effect 
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of noncomposite loads acting on the beam prior to the initiation of composite 

behavior. The openings in these beams were subjected to high shear and had a 

relatively low number of studs between the opening and the point of zero moment. 
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Fig. 13. Moment-Shear Interaction Diagrams for Beams with Ribbed Slab 
Compared to Test Results (Ref. 11) 

Based on these tests, Redwood and Pciumbouras concluded that the absence of 

shear connectors within the length of the opening will.produce a large reduction 

in strength and that construction loads do not appear to affect the strength at 

the opening for loads up to 60 percent of the predicted ultimate load for the 

noncomposite section. 

Redwood and Poumbouras (13) developed an analysis procedure for beams at 

web openings that includes the compressive stresses in the concrete at the low 

moment end of the opening that are caused by slip between the concrete and 

steel. Their model provides a good match with their tests (12) and those of 

Redwood and Wong ( 11) • However, Redwood and Poumbouras express some concern 

about the applicability of their procedure when applied to composite beams that 

consist of a heavy steel section and a thin slab. 
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Donoghue (6) recently presented a design procedure that neglects the 

contribution of the concrete slab to the shear strength at the opening and, 

instead, strengthens the opening by adding reinforcement (Fig. 14). 
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Fig. 14. Example Problem and Interaction Diagram for Reinforced Web Opening 
(Ref. 6) 

Ongoing Research. - Work on composite beams with web openings is continuing 

at the University of Kansas, To date, a total of eleven openings in composite 

beams with formed metal decking have been tested, These tests indicate that the 

nature of failure is ductile, but that in all cases, including high M/V ratios, 

a rib separation takes place as observed by Redwood and Wong ( 11). Based on 

observations after failure, rib separation appears to be caused by concrete 

failure around the studs. The Vierendeel deformation through the opening pries 

the studs at the opening, but appears to reduce their contribution only 

slightly. 

A series of tests specifically designed to study the influence of studs on 

strength seems to indicate that studs between the opening and the point of zero 

moment, as well as studs over the opening, make an important contribution to the 

capacity of sections subjected to high shear. When the studs between the 

opening and the point of zero moment are "heavy", the relative contribution of 

the studs over the opening appears to be small, while for beams with a lower 

number of studs between the opening and the point of zero moment, the studs over 

the opening appear to play an important role. 

INTERACTION DIAGRAMS 

Models to represent the strength of composite beams at web openings 

( 2 ,4 ,6, 9, 11, 13, 15) do so through the construction of moment-shear interaction 
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diagrams (Fig. 5,9,10,13,14). There are a number of similarities between 

models, although the details involved in constructing the diagrams differ, As a 

minimum, the analysis usually starts with the determination of the pure moment 

capacity (i.e., V = 0) and the pure shear capacity (i.e., M = 0) at the 

opening. Once these values have been obtained, the simplier models (2, 11, 13) 

then utilize curves, such as an ellipses, to construct the balance of the 

interaction diagram. 

The more complete strength models generate the full diagram, point by 

point, based on an analytical representation ( 4, 9, 15). For these models, the 

interaction diagrams are developed by calculating the primary moment, M, that 

can be carried as the shear, V, is increased from zero to the maximum value. 

For each value of shear at the opening, a portion is assigned to the top and 

bottom tees. The axial force and secondary bending moments in the bottom tee 

are then obtained. An axial force of equal magnitude, but opposite sign 

(Eq, (1)) is assigned to the top tee. The shear in the top tee is distributed 

between the concrete and steel at the high and low moment ends, based on the 

assumptions inherent in the model. The shear distributions between the top and 

bottom tees, and between the concrete and steel within the top tee may be varied 

to maximize the primary bending moment, M, 

For the models designed to predict the strength of unreinforced openings 

(2,4,9,11,13,15), there is virtually no disagreement on the strength of the 

sections under pure bending. The various models differ in how they handle the 

high shear cases and how they represent the interaction diagram between pure 

bending and pure shear. 

Clawson and Darwin (2,4) assume full composite behavior for beams with 

solid slabs and generate the interaction diagram by first determining the 

distribution of shear between the top and bottom tees for the case of zero axial 

force within the tees (Pb • Pt = 0). This ratio is then held constant as the 

value of total shear, V, is increased from zero to the maximum value. The 

corresponding bending moment, M, is maximized for each value of V, since the 

procedure is an equilibrium method which produces a lower bound solution. 

For their simplified model, Clawson and Darwin (2) generate only the pure 

bending and pure shear strengths and then connect the two with an ellipse (Fig. 
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10). This model has recently been adapted to include partial composite action 

and is proving to be a useful research tool. 

Redwood et al. (11,13) calculate the maximum bending and shear strengths. 

Using a procedure developed by Redwood (10), Redwood and Wong (11) calculate the 

maximum moment that can be sustained at the maximum shear. Redwood and 

Poumbouras ( 13) obtain the moment corresponding to the maximum shear, using 

Eq. (5). In each case this generates a vertical line on the right side of the 

interaction curve (Fig. 13). The curve is closed with an ellipse. 

THE MAJOR QUESTIONS 

A number of major questions ·must still be answered before the development 

of a comprehensive model for the strength of composite beams at web openings can 

be completed. First among these questions is the contribution of the studs at 

the opening and between the opening and the point of zero moment. Current work 

at the University of Kansas seems to indicate that there are some conditions in 

which studs over the opening can increase strength, and others where they have 

only a small effect. 

Redwood and Poumbouras (13) have expressed some concern about beams that 

combine a large steel member with a relatively small slab, a case which may 

occur for main flexural members in buildings. They are also concerned with the 

applicability of their model to openings with large downward eccentricities. 

The subject of serviceability criteria is important. Exactly what the 

criteria should be, deflection and/or cracking, is being addressed at the 

University of Kansas. 

Another important area of research is the development of low cost 

reinforcing procedures that can be used when the strength at the opening is not 

satisfactory. Work here should offer attractive alternatives to the addition of 

stiffeners around the opening. 

SUMMARY' 

This paper has given a brief review of the research and the current analy

sis tools for composite beams with web openings. A great deal of progress has 

been made during recent years in both understanding the behavior of the beams 

and representing their strength. Research has demonstrated that the concrete 
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slab contributes not only to the flexural strength, but also to the shear capa

city of composite beams at web openings. Taking advantage of this contribution 

to shear strength should significantly lower the cost and simplify the construc

tion of web openings in composite beams. 
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