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Abstract 
       The aim of this study is to investigate experimentally  the structural 

behavior of simply supported composite beams, in which a concrete slab is 
connected together with a steel I-beam by means of  headed stud shear 
connectors under the presence of web openings. Six composite beams with 
constant degree of interaction were tested under central concentrated static 
load. One of the beams is constructed without web opening while the others 
contain various number, location and shape of openings. Deflection at 
midspan and at the ends of each opening were observed versus load. The 
experimental results show that the web openings decrease the strength of 
composite beams in the range of 19% to 24% for the tested specimens. 
Distinctive effects for the location, number and shape of openings took place 
after initiation of section yielding. Different patterns of cracks at concrete 
slab were observed. 
Keywords: Composite beam, web opening, moment to shear ratio. 

 في ساق العتبفتحات حاويه على  فحوصات عتبات مركبه

الخ�صه

لتص����رف ا�نش����ائي للعتب����ات المركب����ة ل المختب����ري تح����ريالتھ����دف الدراس����ة الحالي����ة إل����ى      
) I ( بس���يطة ا�س����ناد والت����ي ت���رتبط فيھ����ا الب'ط����ة الخرس���انية م����ع العت����ب الف���و$ذي ذو مقط����ع 

ت���م فح���ص س���تة عتب����ات . عت����ببوج����ود فتح���ات ف���ي س���اق ال ذات رؤوس قص���يه رواب���طبواس���طة 
ت��م إنش��اء عتب��ة واح��دة خالي��ة . ة حم��ل مرك��ز نقط��ي س��اكنمركب��ة ذات درج��ة ت��داخل ثابت��ة بواس��ط

ات مواق���ع وأش���كال وم���ن الفتح���ات ذ مختلف���ه م���ن الفتح���ات بينم���ا احت���وت ب���اقي العتب���ات عل���ى أع���داد
و عن���د نھ���ايتي ك����ل  للعتب���ه ت���م رص���د ا$نح���راف مقاب����ل الحم���ل عن���د منتص���ف الفض����اء. مختلف���ة

مقاوم���ة العتب���ات المركب���ة بح���دود  أظھ���رت نت���ائج الفح���ص أن الفتح���ات ف���ي الس���اق تقل���ل م���ن.فتح���ة
ظھ����ر ت����أثير واض����ح لموق����ع وع����دد و ش����كل الفتح����ات بع����د حص����ول خض����وع %. 24إل����ى % 19

 .الخرسانةالب'طه لوحظت أشكال مختلفة من التشققات في . المقطع

1. Introduction
eight limitations are often 
imposed on multistory 
buildings based on zoning 

regulations, economic 
requirement, and aesthetic 
considerations, including the need 
to match the floor heights of 

existing buildings. Web openings 
can be used to pass utilities 
through beams and thus, help to 
minimize story height. A decrease 
in building height reduces both 
the exterior surface and the 
interior volume of a building, 
which lowers the operational and 
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maintenance cost. On the 
negative side, web openings can 
significantly reduce the shear and 
bending capacity of steel or 
composite beams.  
         Clawson and Darwin [1] 
presented an experimental 
investigation to study composite 
beams with concentric 
rectangular web openings. 
Redwood and Wong [2] described 
the effects of large web openings 
on the behavior of composite 
steel – concrete beams. Redwood 
and Poumbouras [3] described 
tests of two composite beams 
comprising a concrete slab 
supported on a steel deck and a 
steel wide flange shape 
containing large rectangular web 
openings. Donahey and Darwin [4] 
performed fifteen tests to failure 
on full scale composite beams 
with concentric web openings. 
The beams had ribbed slab with 
formed steel deck. The effects of 
moment shear ratio, quantity and 
placement of shear connectors, 
deck orientation and deck 
thickness were studied. Lawson et 
al [5] summarized the results of 
three load tests on composite 
beams of 10m span.         Cho and 
Redwood [6] described nine full 
scale tests in which composite 
beams containing web holes are 
studied in an attempt to 
understand the mechanisms by 
means of which the slab 
participates in carrying vertical 
shearing forces. 
         In order to have more 
understanding for the behavior of 
composite beams with web 
openings, six composite beams 
with different number, location 
and shape of web openings were 
tested in the present work. Based 
on the experimental work  the 
load-deflection curves, the failure 
loads and failure behavior were 
investigated and discussed. 

2. Experimental Study 
          Six composite beams of 
steel I–section and concrete slab 
connected together by headed 
shear studs welded to the top 
flange of steel section, were 
tested. Each one had an overall 
length of 2.1 m and a clear span 
of 2.0 m . The steel section was 
IPEAA-160 and the concrete slab 
had 0.06 m depth and 0.5 m 
width. The effective width was 
specified according to the AISC 
Load and Resistance Factor 
Design Specifications (LRFD) [7]. 
The slab reinforcement was 
following the ACI Building Code 
requirements [8].The steel ratio 
was greater than that required  for 
temperature and shrinkage for 
both longitudinal and transverse 
directions. In each direction, one 
layer of 5 mm diameter deformed 
bars was located at center of slab 
cross section with 100 mm center 
to center spacing. The provided 
concrete cover was not less than 
25 mm. 
         The total depth of  IPEAA-
160 steel I-section was 160 mm. 
The flanges had 82 mm width and 
5 mm thickness, while the web 
had 150 mm depth and 4 mm 
thickness. The shear connectors 
were distributed in two rows at 
150 mm center to center distance 
in the longitudinal direction. The 
degree of composite action of 
82% was constant for all beams . 
Figure (1) shows the typical cross 
section of the composite beams. 
      The  openings in the 
composite beams had different 
numbers and  locations in order to 
have a clear picture on the effect 
of multiple web openings and  the 
effect  of moment to shear ratio. 
The  web openings are located as 
shown in Figure (2). The 
rectangular openings had a fixed 
size of 0.1 m depth and length 
twice the opening depth, 0.2 m. 
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This means that the opening 
depth equals to 62.5%  of the 
steel beam depth and its length is 
10% of the beam clear span. The 
square opening has the same 
depth of the rectangular opening, 
0.1 m, then its length will equal to 
5% of the beam clear span. 
3. Steel Section Fabrication 
       Firstly, the locations of 
openings in the web of steel 
section were determined for all 
beams. A hole of 12 mm diameter 
was drilled at each corner of the 
openings to reduce the stress 
concentration. Then, the openings 
were cutout using an oxy-
acetylene torch.  Little cosmetic 
work was done and grinding of 
the flame cut surfaces was made 
for the opening sides. The shear 
connector studs with 45 mm 
length were well hand welded in 
two rows at top flange with 
uniform spacing.  
4. Concrete Mix, Casting 

and Curing    
         Concrete mix used through 
the whole investigation was the 
same. It was designed to have an 
average cylinder compressive 
strength of 21 N/mm2 at 28 days 
and to simulate the properties of 
normal strength structural 
concrete. The mix proportions by 
weight were one part of Portland 
cement, one and half parts of sand 
with maximum particle size 5 
mm, and three parts of crushed 
coarse aggregate. The water to 
cement ratio was 0.5.  
         After lubricating of the 
inside faces of the framework, 
concrete mix was placed and well 
compacted using Poker vibrator 
for 2 minutes. The top surface of 
the concrete slab was finished 
level and smooth. During casting 
of each beam, three 300x150 mm 
diameter cylinders were made. 
The specimens were compacted 
by means of Poker vibrator also. 

Beam and cylinders were cured 
for 14 days by keeping them 
continuously moist by spraying 
water several times a day and 
covering them by damp canvas. 
5. Instrumentation and 

Loading 
       Prior to testing, the beams 
were painted with white color in 
order to provide a better surface 
for crack marking. Each tested 
beam was placed on simple 
supports at 5 cm from each end 
and loaded with a single 
concentrated load at midspan. 
Dial gauges of sensitivity 0.01 
mm, were used to measure 
vertical deflection at midspan of 
the tested beam, and at the 
centerline and the two ends of 
each opening, Figure (3).  
         The beams were loaded 
with a single concentrated load at 
the center of the beam midspan, 
using hydraulic loading system 
with maximum capacity of 2000 
kN. The load was distributed 
across the entire width of the 
concrete slab by a steel rod with a 
cross section of (25 x 25) mm 
which was placed on the top of 
the concrete slab at the load point. 
 
6. Behavior and Failure of 

Composite Beams  
         The behavior of the tested 
six composite beams is explained 
and shown in the following. For 
each test the transverse and 
longitudinal cracking in the 
concrete slab was observed, as 
well as the relative deflection 
between the opening ends and the 
mode of failure of the composite 
beam. The load-deflection curves 
for all tested specimens are 
shown in figure (12). The 
ultimate loads and other details 
are given in Table (1).  
 Beam CB0 
         Beam CB0 was fabricated 
without web opening. The point 
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load (P) (line load across the slab 
width) was applied in increments. 
As the load increased, to ( 105 )  
kN, transverse cracks occurred at 
the center of the bottom face of 
the slab. The crack continued  to 
widen as the load increased. A 
longitudinal crack at the center of 
the upper surface of the slab 
began to develop as the applied 
load had reached ( 120 ) kN (96 
% of the ultimate load of the 
beam). The crack propagated 
towards the ends of the slab up to 
failure.  
         The test indicated linear 
load – deflection relation up to 
 ( 64 % ) of the ultimate load 
followed by ductile failure. At 
failure, excessive deflection 
occurred due to yielding of the 
steel  beam at midspan which was 
followed, as   a result, by 
crushing of concrete slab at 
center, Figure(4).The ultimate 
load was 124.6 kN. 
Beam CB1     
         Beam CB1 is constructed 
with one central rectangular 
opening RH1, 0.1 m depth and 
0.2 m length. The cracking in the 
slab of this beam occurred when 
the applied load was ( 80  ) kN ( 
83 % of the ultimate load). The 
initial crack of the concrete was 
transverse to the beam and at the 
center, where the M/V ratio is the 
highest. When the applied load 
was ( 90 ) kN, a longitudinal 
crack near the central section of 
the beam appeared and 
propagated longitudinally until  
failure. Initiation of longitudinal 
crack occurred at ( 93 %) of the 
ultimate load. 
         The load – deflection curve 
indicates linear relation  up to 
first yielding of steel section, 
which took place after applying ( 
80 ) kN ( 83 % of the failure 
load). However, yielding may 
have occurred firstly at the 

bottom tee of the web opening 
due to tensile stresses. The top tee 
yielding occurred due to 
compressive stresses after 
crushing of concrete slab at 
midspan which indicated the 
failure of the specimen. A close 
view for the opening RH1 at 
failure is shown in       Figure (5). 
Beam CB2 
         Beam CB2 has the 
opening RH2 which was centered 
at 0.6  m from nearest support, 
which means that the moment to 
shear (M/V)  ratio is ( 0.6 ). 
         During loading, first 
cracking in the slab occurred at 
load level ( 65 ) kN    ( 66 % of 
the ultimate load). The initial 
cracks of concrete slab were 
transverse to the beam near the 
low moment end of the hole. 
When the load was ( 80 ) kN (81 
% of the failure load), a 
longitudinal crack at the top of 
slab and on the beam centerline, 
started from the high moment end 
of the opening and subsequently 
propagated  towards the beam 
midspan. Transverse and 
longitudinal cracks are shown in 
Figure(6). 
         The most significant 
cracking began at about ( 95 % ) 
of the ultimate load, near the 
center of the openings RH2 on the 
bottom face of the slab. The slab 
separated slightly from the steel 
flange, and cracks propagated at 
about 45 degrees across the 
bottom surface of the slab, 
moving toward the high moment 
end of the opening. At failure, 
these cracks extended to the edge 
and propagated diagonally to the 
top of the slab, Figure (7). This 
shear type failure appeared to 
be due to the prying action caused 
by the large relative displacement 
between the two ends of the 
opening at this stage of loading.  
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              The relations of load-
midspan deflection, load-high 
moment end (HME) deflection 
and load-low moment end (LME) 
deflection of opening RH2 are 
shown in Figure (8). In this 
figure, the first yielding occurred 
at about (66 %) of the ultimate 
load. Near failure, both midspan 
and HME of the opening showed 
excessive deflections, when LME 
of the opening had much lower 
deflection. The ultimate load for 
the composite beam CB2 was 
98.4 kN. 
Beam CB3 
         Beam CB3 contained two 
web openings, RH3 and RH4. 
Each one was located 
approximately at the third point. 
Cracking first occurred at the top 
face of the concrete slab over the 
hole RH4 when the load was ( 55 
) kN (about  54 %  of the ultimate 
load carrying capacity). These 
cracks initiated near the low 
moment end of the opening and 
propagated transversely toward 
the edges. The same cracks 
appeared and propagated at hole 
RH3 approximately at load of 
(60) kN. At slightly higher load, 
longitudinal cracking began to 
develop along the center of the 
slab which initiated at midspan 
and propagated toward the two 
holes then, crossed the transverse 
cracks that had  occurred at the 
openings.  
         Due to the increase in the 
relative displacement between the 
two ends of the opening RH4 
with increasing applied load, 
inclined cracks occurred at the 
slab near the high moment end of 
the opening. These cracks began 
from the bottom face of the slab 
and propagated toward the upper 
face. Loading was stopped when 
the relative deflection of the hole 
RH4 increased significantly 
which caused a clear widening in 

the inclined crack and separation 
of concrete slab from steel beam 
had begun. Variation of 
deflection at the high moment  
ends of openings RH3 and RH4 
during the test are plotted in 
Figure (9). 
Beam CB4 
         The first crack occurred at 
the upper face of the slab near the 
low  moment end of the opening 
RH7. At this stage, the load was ( 
55 ) kN (56 % of the ultimate 
strength). This crack propagated 
transversely toward the slab 
edges. At the next load increment, 
the same thing  occurred at 
opening RH5.  
         After a few load increments, 
longitudinal cracks appeared at 
the center of the slab and 
propagated toward the slab ends 
but it stopped at the transverse 
cracks that occurred at the 
openings.  
         With increasing load, a 
crack in the steel bottom tee near 
the low moment end of opening 
RH7 appeared at (85) kN. This 
was attributed to the 
concentration of tensile shear 
stresses at the opening corner. 
The crack softened the steel in the 
region and propagated 
excessively, that caused a rapid 
increase in the relative deflection 
between the hole ends. Due to 
this state of deformations, an 
inclined crack appeared at the 
bottom face of the slab over the 
low moment end of the hole. The 
crack propagated upward over the 
opening and appeared at the top 
face of the slab near the high 
moment end of the opening. 
Separation of concrete slab from 
steel beam began when the beam 
reached  the ultimate load, 95.2 
kN. Failure of opening RH7 is 
shown in Figure (10). 
         The opening RH7 exhibited 
more deflection than RH5 at early 
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levels of loading. The difference 
in deflection increased as the load 
increased and finally led to the 
failure of the beam. Figure (11) 
shows the variation of relative 
deflection of the two ends of 
openings RH5 and RH7. 
Beam CB5 
         Beam CB5 was modeled 
to have three square openings, 0.1 
m length and width,  RH8, RH9 
and RH10 located at the quarter 
points of the beam span. This 
beam indicated behavior similar 
to that of beam CB0. Only one 
transverse crack and one 
longitudinal crack occurred. The 
transverse one took place at 
bottom face of slab midspan after 
applying a load of( 60 ) kN ( 63 
% of the beam failure load ). The 
longitudinal crack started at 
midspan when the applied load 
was        ( 75 ) kN and propagated 
toward the slab ends.  
         Loading was stopped at ( 
98.3 ) kN when the beam 
exhibited no resistance to load 
increasing, at which crushing of 
concrete slab at midspan and 
yielding of top and bottom tees of 
hole RH9 occurred.  
         The load – deflection curves 
of all beams are shown in Figure 
(12). Also test results are 
summarized in Table (1). 
7.Conclusions 
1. Investigations demonstrate the 

significant effect of the web 
openings on the behavior of 
composite steel I-section-
concrete beams. Generally, 
openings decrease the strength 
of composite beams. According 
to the position of the opening, 
its size and number, the 
reduction in the composite 
beam strength ranges between 
19 % to 24 %. 

2. The behavior of composite 
beams is highly effected by the 
location of opening within the 

beam span. Location of the 
opening may be represented by 
moment to shear ratio 
(M/V).Thus, a composite beam 
with opening having a high 
moment to shear ratios fails by 
general yielding in the steel 
below the neutral axis and 
crushing in the concrete above 
the neutral axis. A beam with 
opening having a medium to 
low moment to shear ratio fails 
by the formation of plastic 
hinges at corners in the bottom 
tee, accompanied by a diagonal 
tension failure in the concrete 
slab within the opening 
location. 

3. Generally, deflections increased 
due to the presence of web 
opening. Yielding of steel at 
opening section, with low M/V 
ratio, significantly increases the 
relative deflections between the 
two ends of the opening. Slab 
separation may then occur.  

4. Increasing the number of web 
openings with the same size 
decreases the load capacity. 
Also, more opening length 
means more relative deflection 
and then less beam strength.  

5. The initial yielding of 
composite beam with central web 
opening is 83 % of the ultimate load 
of the beam. The initial yielding of 
composite beam containing web 
opening with low M/V ratio, varies 
between 64 % to 68 % of the 
ultimate load of the beam.  

6.  The transverse and longitudinal 
cracks in the slab of composite 
beams take place. Additional 
cracks appear at the location of 
opening , with low M/V ratio, 
and move diagonally towards 
the top face of the slab and the 

center of the beam.  
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Table (1): Test Results 
 

Beam 
Ultima
te load 
(kN) 

Decreas
e in 
ultimate 
load 
(% of 
CB0)  

Initial cracking load 
(% of ultimate load) Initial yielding of 

composite beam 
(% of ultimate) Transvers

e 
Longitudina
l 

CB0 124.6 0 84 96 64 

CB1 96.7 22 83 93 83 

CB2 98.4 21 66 81 66 

CB3 101.0 19 56 64 64 

CB4 95.2 24 56 71 66 

CB5 98.3 21 63 79 68 
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Figure (1): Typical Dimensions and Cross Section of the Composite Beams 
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Figure (2): Configurations and Locations of  the Web Openings 

 
 
 

 
 
Figure (3): Typical Setting for Composite Beams before Testing 
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              Figure (4): Beam CB0 at Failure
 
 
 
 
 

 
              Figure (5): Opening RH1 of Beam CB1 at Failure
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Figure (4): Beam CB0 at Failure 

Figure (5): Opening RH1 of Beam CB1 at Failure 
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Figure (6): Cracking of 
 
 
 
 

 
              Figure (7): Diagonal Cracking at Hole RH2 of Beam CB2
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Figure (6): Cracking of concrete at Beam CB2 

Figure (7): Diagonal Cracking at Hole RH2 of Beam CB2 
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                          Figure (8): Load – Deflection Curves of Beam CB2 
 
 

 
Figure (9): Deflection of High Moment Ends of  

Openings RH3 and RH4 
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Figure (10): Failure at Opening RH7 of Beam CB4 
 

 

 
Figure (11): Relative Deflections through Openings RH5 and RH7 
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                                  Figure (12): Load – Midspan Deflection Curves 
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