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Abstract 

This study aimed at examining the potential use of 

strengthening reinforced concrete (RC) deep beams that had 

web openings by steel plates. Experiments were conducted to 

test thirteen deep beams under two point loading with square, 

circular, horizontal and vertical rectangular openings. Every 

tested beam had a cross section of 100 mm x 400 mm and a 

total length of 1000 mm. Two openings, one in each shear 

span, were placed symmetrically about the midpoint of the 

inclined compressive strut. Test parameters included the 

opening shape, using strengthening steel plates and using 

strengthening stud connectors. It was concluded that the 

structural behavior of deep beams that had openings was 

primarily dependent on the interruption degree of the inclined 

compressive strut. Constructing square, circular, horizontal 

and vertical rectangular openings led to decrease ultimate 

capacity about 20.5 %, 18.3%, 24.7 % and 31.7%, 

respectively in comparison with the reference solid beam. 

While strengthening those openings via steel plates was found 

very effective in upgrading the RC deep beam shear strength. 

The strength gained in beams that had strengthened square, 

circular, horizontal and vertical rectangular openings was 

about 9.3%, 13.2%, 8.8% & 11.88%, respectively in 

comparison with the unstrengthened openings. Furthermore, 

adding studs to the strengthening plates caused a 

strengthening gain in square, circular, horizontal and vertical 

rectangular openings to be about 16.9%, 17.8%, 14.3% & 

26.9%, respectively in comparison with the unstrengthened 

openings. A numerical parametric study using the finite 

element (F.E.) program ANSYS 11 was also conducted. It 

was found that increasing shear span/effective depth (a/d) in 

the solid reference beam about (25-50)% led to decrease the 

ultimate load capacity about (18-24)%. While decreasing the 

size of the unstrengthened square openings by (25-50)% led to 

ultimate load capacity increase by (11-17)%. In addition, 

increasing strengthening plate thickness from 4mm to 6mm, 

and then to 8mm, led to ultimate load capacity increase by (4-

10)%. Finally, adding 8 stud connectors instead of 4 in each 

strengthened square opening led to ultimate capacity increase 

about 11%. 

Keywords: Deep beams, openings, strengthening, steel plate, 

stud connector, self-compacted concrete, nonlinear finite 

element analysis. 

INTRODUCTION 

RC deep beams are members in which an important share of 

the load is carried to the supports by compression struts 

joining the loads and supports. ACI 318-14, section 9.9 [1] 

defines that deep beams should be loaded on the loading and 

supporting points in a way that compression thrusts can grow 

between theses loading and supporting points. For the 

previous time, the deep beams have been designed according 

to the slender beam semi-empirical methods. Nevertheless, 

some analytical reports and experimental results have 

specified that internal forces redistribution before failure, 

internal force mechanisms and shear strength in deep beams 

are totally different from those occurred in slender beams. 

Openings are mainly constructed in deep beams to facilitate 

air conditioning, conduits, computer network cables and 

electricity. The shear capacity will be reduced If an opening 

interrupts the natural loading path that joins the loading and 

supporting points [2,3]. There is no obvious design procedure 

for deep beams that have openings regardless of the important 

effects of these openings on the deep beam structural 

behavior. Many researchers have studied the different main 

parameters involved such as cross sectional properties, shear 

span-to-depth ratio, web reinforcement amount, and opening 

location, shape and size in addition to concrete strength [4-6].  

 [7] tested 16 continuous deep beam specimens that had 

rectangular openings, examining the size and location of the 

opening in addition to the effect of web reinforcement. In 

particular, the authors took into consideration the openings 

within the exterior shear span and within the interior shear 

span. They found that when the opening was placed within the 

interior shear span, the highest load capacity reduction took 

place. They also found that horizontal reinforcement was less 

effective than that placed vertically. [8] used inclined web 

reinforcement to propose a strut-and-tie model to evaluate the 

deep beam strength that had rectangular web openings. [9] 

tested 32 deep beam specimens that had rectangular openings. 

The specimens had different sizes of the opening, different 

concrete strengths, and the shear span-to-depth ratio ranged 

between 1 and 0.5. The authors concluded that the effect of 

concrete compressive strength significantly decreased in deep 

beams with openings in comparison with solid reference 

beams. [10] focused on openings placed out of the shear span. 

They tested 6 deep beam specimens that had trapezoidal 
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openings stretching from the mid-span to the shear span or in 

the mid-span itself. They concluded that, when the web 

opening did not interrupt the force path, the ultimate strength 

of a deep beam was comparable with that of a solid beam. 

Different failure modes were recognized according to the 

opening size. Due to the trapezoidal shape of the larger 

openings, localized failure of concrete at the corners was 

recognized. Moreover, the existence of an opening in the 

midspan influenced the first flexural cracking load value and 

its size similarly modified the diagonal crack width. [11] 

investigated the presence of trapezoidal and triangular 

openings at the core of reinforced concrete deep beams. That 

led to suggest alternatives for the conventional reinforced 

concrete deep beams by reinforcing their struts and ties. The 

authors found that the suggested RC frames were good 

alternatives for the conventional deep beams in spite of the 

small loss in ultimate capacity. Nevertheless, these suggested 

RC frames already carried loads more than the STM factored 

design loads. As far as the authors know, no technical data 

now exists in the literature on the usefulness of using steel 

plates as internal strengthening for openings. The present 

study is then started to examine the potential use of this 

technique as an engineering structural solution to strengthen 

the web openings in RC deep beams. Its aim is to present 

experimental evidences that would help researchers and 

practicing engineers to better understand the interrelationship 

between the effect of strengthening the openings via steel 

plates and the strength besides failure mode of RC deep 

beams. 

 

EXPERIMENTAL WORK 

Test Specimens 

Schematics of the test specimens are shown in (Figure 1) in 

which all dimensions are in (mm). The specimens had an 

effective span of 740 mm resulting in an ln/h ratio (span to 

depth ratio) of 1.85. All beams were tested under a/d of 0.75 

in order to ensure that deep beam action will develop. The 

beams were designed to fail in shear before any flexural 

distress. Two 16 mm deformed steel bars of fy= 614 MPa 

were provided as tension reinforcement. Each 16mm bar had a 

nominal cross sectional area of 201 mm2. Two 4mm deformed 

steel bars with fy= 442 MPa and Ab = 12.56 mm2 were 

provided as compression steel reinforcement. At each end, 

compression steel reinforcement had 90o hook in order to 

provide sufficient anchorage as shown in (Figure 1). 4mm 

deformed bars spaced vertically at 88mm and also spaced at 

155mm horizontally were provided for the web reinforcement. 

The horizontal web reinforcement was longitudinal bars at 

both sides of the beam whereas the vertical web reinforcement 

was in a form of stirrups. At top and bottom faces of the 

beam, a clear cover of 20 mm was maintained. Reinforcement 

cages were first placed in the molds together with plywood 

boxes that served as the formwork for creating the openings. 

The beams and the control specimens demolded the next day 

and cured for 28 days, after which they were air-dried in the 

laboratory. The 28-day self-compacted concrete compressive 

strength was 40 MPa. Three 150mm x 300mm concrete 

cylinders were cast with the beams to determine the 

compressive strength. The steel plates used to strengthen the 

openings were 6mm in thickness (fy= 360 MPa), the stud 

connectors were 8 mm in diameter (fy= 350 MPa), as shown 

in (Figure 2). 

  

(a) REF, solid deep beam 

(reference, i.e. no openings) 

(b) SQ, beam with 

unstrengthened square openings 

  

(c) SQ.P, beam with square 

openings strengthened via 

plates 

(d) SQ.P.N, beam with square 

openings strengthened via plates 

and studs 

  

(e) CR, beam with 

unstrengthened circular 

openings 

(f) CR.P, beam with circular 

openings strengthened via plates 

  

(g) CR.P.N, beam with circular 

openings strengthened via 

plates and studs 

(h) HR, beam with 

unstrengthened horizontal 

rectangular openings 

  

(i)  HR.P, beam with horizontal 

rectangular openings 

strengthened via steel plates 

(j) HR.P.N, beam with 

horizontal rectangular openings 

strengthened via plates and studs 
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(k) VR, beam with 

unstrengthened vertical 

rectangular openings 

(l) VR.P, beam with vertical 

rectangular openings 

strengthened via plates 

 

(m) VR.P.N, beam with vertical rectangular openings strengthened 

via plates and studs 

Figure 1: Rienforcement details for all specimens 

 

 

 

(a) Steel cages reinforcement (b) Curing of deep beams 

 
 

(c) Deep beams after 28 day curing 

period 

(d) Prisms used to make the 

openings 

 

 

(e)  Steel palates and studs used to strengthen the openings 

Figure 2: Curing, wooden prisms, and the used steel plates 

 

Test Matrix 

The test matrix is given in Table 1. The specimens were 

divided into four main groups (A,  B, C, and D) based on the 

shape of openings, strengthening by steel plates and stud 

connectors.  

  

 

 

Table 1: Test matrix 
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A REF - - - - - - - - 

 

SQ 2 square 45x45 2030 16.07% 11.25% - - 

 

SQ.P 2 square 45x45 2030 16.07% 11.25% yes - 

 

SQ.P.N 2 square 45x45 2030 16.07% 11.25% yes yes 
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B CR 2 circular 50.8* 2030 18.14% 12.7% - - 

 

CR.P 2 circular 50.8* 2030 18.14% 12.7% yes - 

 

CR.P.N 2 circular 50.8* 2030 18.14% 12.7% yes yes 

 

C HR 2 rectangular 58x35 2030 20.71% 8.75% - - 

 

HR.P 2 rectangular 58x35 2030 20.71% 8.75% yes - 

 

HR.P.N 2 rectangular 58x35 2030 20.71% 8.75% yes yes 

 

D 

 

 

VR 2 rectangular 35x58 2030 12.5% 14.5% - - 

 

VR.P 2 rectangular 35x58 2030 12.5% 14.5% yes - 

 

VR.P.N 2 rectangular 35x58 2030 12.5% 14.5% yes yes 

 

*Diameter 

Where: a=shear span, h=height of the beam, ob =width of the opening, oh=height of the opening 

 

Test Set-up 

Prior to testing, each beam was whitewashed for ease in crack 

identification. The deep beams were tested using an academic 

testing machine of 2000 kN maximum capacity. With an 

effective span of 800 mm and a shear span of 280 mm, all 

beams were tested to failure in four-point bending system. In 

order to transfer the load to test specimen through two loading 

points 240 mm apart, a spreader beam was used, as shown in 

(Figure 3). The corresponding beam deflection was measured 

by using dial gauge placed at the center of the beam bottom 

soffit at the mid-span. 60mm x 100mm bearing plates were 

placed at the supports and under the loading points. In the 

current study, the loading technique under displacement 

control has been adopted. 0.1 mm/sec displacement (load 

increment of 2.5 kN/sec) was applied until failure. The 

propagation and development of cracks were marked and the 

mode of failure was recognized.  

 

Figure 3: Test set up for deep beam specimens 

 

EXPERIMENTAL RESULTS AND DISSCUSION  

Cracking Behavior and Failure Modes 

All tested deep beam specimens failed due to concrete strut 

failure or due to diagonal cracking. Table 2 and (Figure 4) 

summarize the first visual cracking and failure load values. 

The load was periodically paused in order to observe cracks 

during the testing course. The load at which first cracks 

appeared was obtained by visual inspection. Generally, at 

about 30 % of the ultimate load, the first flexural cracks 

appeared in the B-region of the solid reference deep beam. 

These B-region cracks were followed by independent diagonal 

D-region cracks about 40% of the ultimate load, as shown in 

(Figure 5-a). With further loading, the flexural cracks did not 

develop anymore. The reference solid beam ultimately failed 

at the concrete compressive struts joining the loading and 

supporting points. In deep beam specimens with 

unstrengthened openings, the first diagonal cracks appeared in 

the range of 28% of the ultimate load near the top and bottom 

corners of the openings. These diagonal cracks progressively 

developed towards the loading and supporting points. In the 

range of (70–75)% of the ultimate load, flexural cracks 

appeared in the B-region and extended vertically upward, as 

shown in (Figures 5-b to 5-e). For deep beams with 

strengthened openings via steel plates and stud connectors, the 

first diagonal cracks appeared in the corners of openings at 

(29-30)% of the ultimate load through incremental loads. 

These initial cracks extended in both directions towards the 

support and load regions. It was worth to observe that the 

cracks were tended around the openings because of steel plate 

existence. The flexural cracks appeared at about 70% of the 
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ultimate strength, as shown in (Figures 5-f to 5-m). They were 

many and propagated similar to those of solid reference deep 

beam.  
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Figure 4: First cracking load for all the specimens 

 

 

 

(a)  REF beam after testing 

 

  

(b) SQ beam after testing 

 

(c) CR beam after testing 

  

(d) HR beam after testing (e)  VR beam after testing 

1st flex. crack 

1st diagonal crack 

1st flex. crack 

 

1st diagonal crack 

 

1st flex. crack 

 

1st diagonal 
crack 

 

1st flex. crack 

 

1st diagonal crack 

 

1st flex. crack 

 

1st diagonal 

crack 
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(f) SQ.P beam after testing (g) CR.P beam after testing 

  

(h) HR.P beam after testing (i) VR.P beam after testing 

 
 

(j) SQ.P.N beam after testing (k) CR.P.N beam after testing 

  

(l)  HR.P.N beam after testing (m) VR.P.N beam after testing 

Figure 5: First flexural an diagonal cracks for all the tested deep beams 

 

 

Load- Deflection Response 

(Figures 6) shows the load versus midspan deflection curves. 

In all specimens, the load deflection curve was roughly linear 

at the first steps of the loading till the appearance of the first 

cracks (flexural cracks for reference deep beam and diagonal 

cracks for deep beams with openings). After that, the curves 

started to bend slightly. The presence of unstrengthened 

openings decreased the midspan deflection by (30%, 28%, 

24.2%, and 35.2%) for SQ, CR, HR, and VR specimens, 

respectively, as compared with REF beam. When these 

openings strengthened via 6 mm steel plates, and as compared 

with the unstrengthened ones, the stiffness of these beams 

increased. Therefore, the decrease in deflection became 

(20.1%, 17%, 18%, and 28%) for SQ.P, CR.P, HR.P, and 

VR.P specimens, respectively, as compared with REF beam. 

When stud connectors were added to the steel plates, the 

decrease in deflection became (14.3%, 9%, 9.3% and 23%) 

for SQ.P.N, CR.P.N, HR.P.N, and VR.P.N specimens, 

respectively, as compared with REF beam. 
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(a)  Group A (b)  Group B 

  

(c)  Group C (d)  Group D 

Figure 6: Load versus midspan deflection for all specimens  

 

Table 2: Results summary for the tested specimens  
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Failure 

mode 

A REF 244.5 180 596.4 0.41 0.30 5.30 16.1 0.33 - - Diagonal 

Splitting 

SQ 132.3 337 474.3 0.279 0.71 3.33 11.3 0.29 20.5 30 Diagonal 

Splitting 

SQ.P 149.3 363 518.5 0.288 0.7 3.15 12.87 0.24 13.1 20.1 Diagonal splitting + Diagonal 

compression 

SQ.P.N 164.7 388 554.4 0.297 0.7 3.3 13.8 0.22 7 14.3 Diagonal splitting+ Diagonal 

compression 

B CR 135.7 351 487.4 0.278 0.72 3.30 11.6 0.28 18.3 28 Diagonal splitting 

CR.P 160.1 386.4 551.9 0.29 0.7 3.46 13.4 0.23 7.5 17 Diagonal splitting 

CR.P.N 172.3 396.3 574.4 0.299 0.69 3.45 14.5 0.22 3.7 9 Diagonal splitting 

C HR 122.1 314.3 448.9 0.272 0.70 3.10 12.2 0.25 24.7 24.2 Diagonal splitting+ Diagonal 

compression 

HR.P 137.3 381.9 488.4 0.281 0.7 2.8 13.2 0.20 18.1 18 Diagonal splitting 

HR.P.N 149.9 364.5 513.4 0.292 0.71 2.70 14.6 0.17 13.9 9.3 Diagonal splitting+ Diagonal 

compression 

D VR 112.2 305.4 407.2 0.275 0.75 2.87 10.43 0.27 31.7 35.2 Diagonal splitting+ Diagonal 

compression 

VR.P 131.2 319 455.6 0.288 0.7 3.47 11.6 0.25 23.6 28 Diagonal splitting 

VR.P.N 151.5 356.8 517.1 0.293 0.69 3.21 12.4 0.22 13.3 23 Diagonal splitting 

*Compared with REF 

Where: Pcr-diagonal =load at first shear crack, Pcr-flex. =load at first flex. Crack,  Pexp=ultimate shear strength, Δcr-diagonal =midspan 

defection at Pcr-diagonal load, Δf=maximum midspan deflection 
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SHEAR STRENGTH 

It is well-known that the path of the main shear crack passes 

between the points of support and applied load. That is why, 

the presence of openings in this path weakened the ultimate 

strength of these beams by (20.5%, 18.3%, 24.7%, and 

31.7%) for SQ, CR, HR, and VR deep beams, respectively, as 

compared with REF beam. This was clear when the main 

shear crack permeated the openings directly, looked for the 

shortest and easiest way as shown in Figure (5-b) to (5-e). 

Accordingly, using steel plates inside the openings led to 

compensate a large part of the removed concrete because of 

the opening existence on one hand. Steel frame box or steel 

circular ring created by welded bent plates was under 

compression and confinement of the surrounding concrete. On 

the other hand, this steel frame box or circular ring forced the 

main shear crack to change its path to make it around the 

opening (not through the opening) as shown in Figure (5-f) to 

(5-i), which elongates its path. That is why; the decrement in 

the ultimate strength became (13.1%, 7.5%, 18.1%, and 

23.6%) for SQ.P, CR.P, HR.P, and VR.P deep beams, 

respectively, as compared with REF beam. In addition to the 

strengthening of steel plates, studs were added to plates in 

perpendicular direction to the main shear crack to intercept 

this shear crack so that they contributed effectively to the 

beam ultimate shear strength as pure shear reinforcement as 

shown in Figure (5-j) to (5-m). Therefore, the decrement in 

the ultimate strength became (7%, 3.7%, 13.9%, and 13.3%) 

for SQ.P.N, CR.P.N, HR.P.N, and VR.P.N deep beams, 

respectively, as compared with REF beam. 

The authors believe that the improvement in beam ultimate 

capacity that had strengthened openings was attributed to the 

following observed facts: 

1- Due to the application of load, the points B & D would 

be in the positions B’ & D’ as shown in Figure (7-a). 

Because of this change of plates shape, points A & C 

would simply try to move to positions A’ & C’. Since 

the opening was surrounded by concrete, the 

displacement of A’ & C’ would be resisted by the 

concrete which would give much strength to the 

opening.  

2- In addition to that, there was another contribution to the 

strength of the beam and that was the length of main 

inclined shear cracks. It was observed that the length of 

these cracks had considerably increased in the case of 

using plates, passing around the plates. Without plates, 

the crack would propagate through the opening as 

shown in Figure (7-b).  

3- Also Figure (7-b) shows that the crack propagation in 

the case of beams strengthened with plates and studs. It 

is believed that since the cracks had penetrated through 

the studs, these studs have worked as traditional shear 

reinforcement. If the cracks had propagated around the 

stud, then, the stud had increased the crack length only. 

It is worth to notice that the second behaviour had not 

seen to take place.   

 

Figure 7: Effect of strengthening technique of the openings by 

plates with and without studs 

 

FINITE ELEMENT MODElLING  

The finite element method (ANSYS 11) [12] program was 

used to study the effect of a/d ratio, opening size, steel plate 

thickness, and the number of stud connectors on the strength 

and 15942ehavior of the deep beam specimens constructed in 

the experimental part of the current study. 

 

Element Types 

Table 4 shows the characteristics and identifications of the 

selected ANSYS finite element types representative of the 

main components for all beams. 

 

Table 4: Characteristics and identifications of the selected ANSYS finite element types representative  

of the main components for all beams 

Beam components Selected element 

from ANSYS 

library 

Element characteristics 

Self-Compacted Concrete SOLID65 8-node Brick Element 

(3 Translation DOF per node) 

1-Reinforcing bars (main, horizontal and vertical stirrups)  

2-Connector Studs outside interface. 

LINK180 2-node Discrete Element 

(3 Translation DOF per node) 

Steel Plates SHELL63 4-node shell Element 

(3 Translation DOF per node &3 Rotation DOF 

per node ) 
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Steel Bearing Plate of loading SOLID45 8-node Brick Element 

(3 Translation DOF per node) 

Interface* Shear friction and contact CONTA174& 

TARGE170 

Nonlinear Surface-to-Surface Interface Element 

Dowel Action 

(shear   connectors inside  interface ) 

COMBIN39 2-node zero length Nonlinear spring element 

with one Translation DOF per node 

 

 

FEM INPUT DATA 

Modeling and Meshing of the Concrete Media and the 

Bearing Plates 

The meshing of concrete and steel bearing plates at loading 

and supporting regions for the solid deep beam REF are 

shown in (Figure 8). 

 

Figure 8: Finite element mesh used for concrete and bearing 

plate of deep beam REF 

 

Modeling of Steel Reinforcing Bars and Steel Plates 

For steel reinforcing bars, LINK180 element was used as 

shown in Figure 9 for beam REF. Details of deep beam with 

square opening strengthened via steel plates SQ.P are shown 

in Figures 10 and 11. 

 

Figure 9:  ANSYS modeling of reinforcing steel bars for 

beam REF 

 

Figure 10:  Steel plates in deep beam SQ.P 

 

 

Figure 11: Interface modeling for deep beam SQ.P.N 

 

Loads and Boundary Conditions 

As shown in (Figure 12), the right hinge support was 

considered as a roller by constraining the y-direction (Uy=0). 

While the left support was considered as a hinge support by 

constraining a single line of steel bearing plate nodes along 

the width of the beam soffit in the x- and y-directions (i.e. Ux 

=Uy=0). Across the width of the top surface of the beam, as 

shown in (Figure 13), the external loads were distributed 

along a single line of the nodes of the steel bearing plate. 
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Figure 12:  Boundary conditions for simple supports beam 

REF 

 

Figure 13:  External loads for beam REF 

 

PARAMETRIC STUDY 

Nine deep beams which have been modeled using ANSYS 

finite element program were analyzed in the parametric study 

of the current study. All the nine deep beam specimens had 

the same dimensions, characteristics and steel reinforcement 

of the experimentally tested thirteen beam specimens. Table 6 

summarizes the details of the modeled deep beam specimens, 

ultimate loading capacity and mid-span deflection at failure. 

 

Load- Displacement  Response of Numerically Analyzed 

Specimens 

Table 7 summarizes the ultimate capacity and the 

corresponding midspan deflection for the numerically 

analyzed deep beam specimens. In addition, Figure 14 shows 

the load-midspan deflection curves for them. 

Obviously, the ultimate load capacity was inversely 

proportional to the a/d ratio because increasing a/d has 

decreased the forces arching transformation phenomena from 

loading to supporting points. The ultimate load capacity was 

also inversely proportional to opening size, because increasing 

opening size led to more interruption to the compressive strut 

joining loading and supporting points. 

Nonetheless, the ultimate capacity was directly proportional to 

plate thickness due to the additional strengthening to the 

compressive struts. Finally, it was seen that the ultimate load 

capacity was also directly proportional to the number of the 

stud connectors due to the additional interruption to the main 

shear crack joining loading and supporting points. 

 

Table 6: Properties for parametric study specimens 
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Table 7: Ultimate capacity and the corresponding midspan deflection for the numerically analyzed specimens 
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CONCLUSION  

The potential use of internally strengthening plates for 

ultimate shear of RC deep beams with openings was examined 

in the current study. Based on test results, the following 

conclusions can be drawn: 

Experimental phase 

8.a.1) In general, the unstrengthened openings in deep beams 

led to decrease the ultimate shear strength and midspan 

deflection when compared with the reference deep beam that 

had no openings. These beams failed abruptly by a 

development of two independent diagonal shear cracks in the 

regions below and above the openings. It was noticed that the 

beam behavior depended mainly on the interruption degree of 

the inclined compressive strut. That is why the beam with 

horizontal rectangular openings showed the largest loss in 

ultimate shear strength among all beams (about 31.7%). In 

addition to that, the four sharp corners in the rectangular 

opening were subjected to high stress concentration that led to 

cracking and failure. Accordingly, the beam with circular 

openings showed the least loss among all beams (about 

18.3%). 

8.a.2) The technique of strengthening the openings by steel 

plates gave a noteworthy increase in ultimate shear strength of 

the beams that have square, circular, horizontal and vertical 

rectangular openings by 9.3%, 13.2%, 9% and 12%, 

respectively, as compared with the unstrengthened ones. In all 

strengthened beams, the sudden failure also took place by a 

development of two independent main diagonal shear cracks 

in the regions below and above the openings. This time, the 

main diagonal shear cracks have not passed through the 

openings, but around them. Furthermore, the steel frame box 

or steel circular ring formed by steel welded bent plates was 

under compression and confinement of the surrounding 

concrete that compensated a large part of the removed 

concrete caused by the opening existence in additional to 

elongating the main inclined shear crack. 

8.a.3) Welding stud connectors before casting to the 

strengthening steel plates gave an increase in the deep beams 

ultimate shear strength by 16.9%, 17.8%, 14.3% and 26.9% in 

the case of square, circular, horizontal and vertical rectangular 

openings, respectively. This increase in ultimate shear 

strength caused by studs that intercepted the path of the 

inclined main shear crack. Maximum gain took place in the 

case of horizontal rectangular openings because the length of 

studs in addition to the steel frame box length provided the 

wider interception took place in comparison with other beams.  

 

Numerical phase  

9.b.1) It was observed that when the a/d ratio was changed 

from 1 to 0.75 and then to 0.5 led to increase the deep beam 

ultimate capacity (in case of no openings) by 18.3% and 

24.3% respectively, accompanied by decrease in the midspan 

deflection about 14% and 24.7%, respectively. Decreasing the 

a/d ratio led to increase radius of the force transition arch 

which reduced flexural behavior share in favor of shear one. 

8.b.2) In general, it is found that the opening size is inversely 

proportional to the deep beam ultimate capacity and midspan 
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deflection because decreasing opening size led to less 

interruption to the compressive strut joining loading and 

supporting points. In case of decreasing the size of the 

unstrengthened square openings by 25% and 50%, the deep 

beam ultimate capacity increased by 10.8% and 17.3%, 

respectively, accompanied by increase in the instantaneous 

midspan deflection about 11.3% and 9.6%, respectively. In 

case of decreasing the size of the strengthened square 

openings by 25% and 50%, the deep beam ultimate capacity 

increased by 12.11% and 16.64%, respectively, accompanied 

with increases in the instantaneous midspan deflection of 

7.7% and 14.6%, respectively.  

8.b.3) Generally, it was noticed that the thickness of the 

strengthening steel plate is aversely proportional to the deep 

beam ultimate capacity and midspan deflection due to 

strengthening the compressive struts. In case of beam with 

square openings, when the strengthening steel plate thickness 

increased from 4mm to 6mm, the ultimate load capacity of the 

deep beam increased by 3.5%, accompanied by a 18.6% 

increase in the instantaneous value of midspan deflection. 

Moreover, the ultimate load capacity of deep beam increased 

by 10.3% when the steel plate thickness increased from 6mm 

to 8mm, accompanied by a 23.5% increase in the 

instantaneous value of midspan deflection. 

9.b.4) Adding four stud connectors (two in each reverse 

direction) to each opening led to an increase in the deep beam 

ultimate capacity by 9% accompanied by 14.5% increase in 

the instantaneous value of midspan deflection when 

comparing with deep beam strengthened via steel plates only 

(no stud connectors). Whereas using eight stud connectors 

(four in each reverse direction) to each opening led to increase 

the ultimate load capacity about 3% accompanied by 3.5% 

increase in the instantaneous value of midspan deflection 

when comparing with the case of four stud connectors only. 

That took place due to the more interruption to the main shear 

crack caused by the more stud connectors number. 

 

REFERENCES  

[1] ACI Committee, American Concrete Institute, and 

International Organization for Standardization. (2014). 

Building code requirements for structural concrete 

(ACI 318-14) and commentary. American Concrete 

Institute. 

[2] Mansur, M. A., & Tan, K. H. (1999). Concrete beams 

with openings: Analysis and design (Vol. 20). CRC 

Press. 

[3] Mansur, M. A., Tan, K. H., & Wei, W. (1999). Effects 

of creating an opening in existing beams. Structural 

Journal, 96(6), 899-905. 

[4] Campione, G., & Minafò, G. (2012). Behaviour of 

concrete deep beams with openings and low shear 

span-to-depth ratio. Engineering Structures, 41, 294-

306. 

[5] Islam, M. R., Mansur, M. A., & Maalej, M. (2005). 

Shear strengthening of RC deep beams using externally 

bonded FRP systems. Cement and Concrete 

Composites, 27(3), 413-420. 

[6] Abdul-Razzaq, K. S., & Ali, H. I. (2016). Parameters 

affecting load capacity of reinforced self-compacted 

concrete deep beams. International Journal of 

Engineering and Technical Research 5(5), 225-233. 

[7] Ashour, A. F., & Rishi, G. (2000). Tests of reinforced 

concrete continuous deep beams with web openings. 

Structural Journal, 97(3), 418-426. 

[8] Tan, K. H., Tang, C. Y., & Tong, K. (2004). Shear 

strength predictions of pierced deep beams with 

inclined web reinforcement. Magazine of Concrete 

Research, 56(8), 443-452. 

[9] Yang, K. H., Eun, H. C., & Chung, H. S. (2006). The 

influence of web openings on the structural behavior of 

reinforced high-strength concrete deep beams. 

Engineering Structures, 28(13), 1825-1834. 

[10] Hu, O. E., Tan, K. H., & Liu, X. H. (2007). Behaviour 

and strut-and-tie predictions of high-strength concrete 

deep beams with trapezoidal web openings. Magazine 

of Concrete Research, 59(7), 529-541. 

[11] Abdul-Razzaq, K. S., & Jebur, S. F. (2017). Suggesting 

alternatives for reinforced concrete deep beams by 

reinforcing struts and ties. MATEC Web Conf., 

ASCMCES-17, Volume 120. 

[12] ANSYS Manual, Version 11, 2007 


