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Abstract

This research presents an analytical study to verify the experimental study of new
models for reinforcing deep beams with different shear openings, in addition to
proposing a formula for calculating the shear capacity of such beams.

The results of the analytical study demonstrated the efficiency of the proposed nonlinear
finite element (NLFE) model by matching the carrying capacity of the tested beams and
their comparative analyzed by the ABAQUS program with an average of 97% for the
ultimate load and 69% for the deflection at maximum load in all experimental program
groups. The analytical program included representing a 14-specimens study with two
different concrete strength and three different sizes of shear openings.

The comparison revealed the accuracy of the analytical model in the representation of
solid deep beams and deep beams with shear openings; including predicting the fracture
load, the behavior of these beams, in addition to the crack pattern and Stresses of the
proposed reinforcement configurations. While the model is slightly conservative in
predicting the ultimate load of deep beams with large openings and higher compressive
strength.

Using both of ABAQUS program and specifications of the ACI 318-14 [1], a parametric
study was developed to investigate the relationship between shear strength of deep
beams with different sizes of shear openings and shear opening ratio to the total area of
shear zone.

Based on this parametric study, a dimensionless formula for calculating the shear
strength of deep beams was obtained, which can be utilized in the design of such beams
which have the same shear span-to-depth ratio.
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1. Introduction

The finite element analysis (FEA) has wide applicability for both science and
engineering issues. In structural engineering field, it can deal with models of various
boundary conditions, unusual geometry, and different loading cases/types (including
static and dynamic loads)

Nonlinear strain distribution along deep beam depth must be taken in consideration to
understand the behavior of deep beams with opening. Using FEA in studying the effect
of web openings on the load capacity and behavior of reinforced concrete deep beams
overcome that issue.

The ACI 318-14 [1] and ECP 203-2007 [2] define the deep beam with two conditions as
follow: beam with shear span-to-depth ratio less than or equal to 2 or beam with clear
span less than or equal to four times its height.

ACI 318-14 [1] illustrated the method of strut-and-tie for designing and detailing of
solid deep beams which based on balancing between forces in a chosen truss model
unlike original beam theory in the shallow beams.

Strut-and-tie method has difficulties in choosing the optimum truss model for
complicated structures and predicting the mode of failure.

Previous researches concentrated upon studying the effect of opening existence on the
load capacity of the deep beam such as;

G. Campione and G. Minafo (2012) [3] tested twenty deep beams with and without
openings in flexure under four-point loading to investigate the effect of Circular
openings. They found that the effect of hole in deep beams depends on its position, they
also suggested equation to determine the transverse tension of reinforced/unreinforced
concrete struts.

A. R. Mohamed et al. (2014) [4] verified a finite element (FE) model using concrete
damaged plasticity in ABAQUS program with previous experimental results, then
parametric study was presented to obtain the optimum reinforcement distribution and
recommendation for the maximum depth of the opening relative to the deep beam depth.
El-Demerdash W. E. et al (2015) [5] made verifications on previous experimental
results by FEA using ANSY'S program.

This research present a FE modeling of deep beams with shear openings reinforced with
new applicable reinforcement methods in addition to conclude applicable formula for
predicting shear strength of deep beams with shear openings.

2. ABAQUS Concrete Damaged Plasticity (CDP) model and material
properties

In this study concrete damaged plasticity (CDP) model will be used to represent
concrete behavior in finite element analysis.

The CDP model has the ability to simulate the inelastic behavior of concrete in both
compression and tension using damaged parameters. Modifications must be performed
for the two stress-strain curves in both of tension and compression to get the optimum
representation of concrete behavior as follow:

2.1. Tension stiffening relationship for concrete

In the reinforced concrete the post-failure stress-strain relation can be obtained by
drawing the relation between post-failure stresses o, and cracking strain, &; ¥

349



The cracking strain is defined as the total strain minus the elastic strain corresponding to
the undamaged material; that is,e7 % = g, — €8L, where ¢! = Gf/EO , as illustrated in
figure 1
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Fig. 1: Definition of tension stiffening model for concrete based on stress-strain
relation, ABAQUS Analysis user's guide 2016 [6]

Nayal and Rasheed 2006 [7] approach was chosen to model the tensile stress-strain
curve in ABAQUS for two concrete strengths 41 and 53 MPa
2.2. Compression behavior for concrete

Compression hardening data are given in terms of an inelastic strain, £ instead of
plastic strain, e;pl. The compressive inelastic strain is defined as the total strain minus

the elastic strain related to the undamaged material,e; ™" = e, — e&l, where . =

o./Ey, as illustrated in figure 2.
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Fig. 2: Definition of concrete compression behavior in ABAQUS analysis user’s
guide [6]
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2.3. Modeling of stress-strain curve in compression for concrete

According to Hognestad 1951[8]: Compressive stress at any point can be defined using

equation 1 within range of 0 to ¢, (strain at peak stress) which equal to g5 = ZEf <

c

Stress- strain relationship at any point from g, to €., can be obtained by equation 2

/] Ec Ec 2
Oc = fc [2; - (g) ] (gc < 80) (eq 1)
o =fi[1-0.15 ;_"O] (€0 < €, < E£c) (eq. 2)

Where ., = 0.004
2.4. Material properties for reinforcing steel in the FE model

Stress-strain relationship is bilinear isotropic elastic—perfectly plastic for rebar and
identical in tension and compression. The modulus of elasticity governs the relation
between stress and strain till yielding point, then steel begin to deform plastically once
the steel strain reach yield limit.

3. Finite element modeling of reinforced concrete deep beams
Three-dimensional nonlinear finite element analysis was performed to verify the output
of FE model with the experimental results.

ABAQUS program provide both of geometric and material nonlinearity in modeling of
reinforced concrete structures. ABAQUS program has ability to simulate the concrete
and reinforcing steel elements with its nonlinear behavior.

Three-dimensional, eight node, solid element C3D8; was used to simulate concrete, it
can represent material nonlinearity of the concrete by activate damage technique.

Using damage technique, ABAQUS program captures the mode of failure in both of
tension and compression.

2-node truss element T3D2 was used to simulate reinforcing steel bars, it has ability to
be embedded inside the concrete.

Bonding between concrete and reinforcing steel bars was executed by embedded
constraint technique in ABAQUS, which consider concrete block as host region and
steel bars as embedded region, which constrained to degrees of freedom for the host
element.

4. Verification of the finite element model with experimental results

All tested deep beams have the same full span length, depth, and shear span length, the
only two differences between NSC and HSC specimens are width of the beam and main
tie steel. Table 1 illustrates the geometry details and section dimensions of all specimens
in Ph.D experimental program [9].
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Table 1: Properties and details of deep beams in the experimental study [9]

Reinforcement of the openings (in Shear zone)
%) s @ & £ — <
c c = . (s} g o
22 2o |GLE|Z | E |€55 (588 | E2%ef 5228 | 2o
32 = € 3= A E.E o o s o TS oOc | T Nadoc S a e o 2
5% 88 | 82F| < E 28R | 3288 |<58gRg| Sg=8 | £7
2 ) .'DEOég S 3 8§ 5 £230°53 §§go E
Solid NSC deep NSD
beam
NLR © o 206 206 206
Group A (NSC g 5 =
deep beams with NLS ! ” o 206 2012 2010 4012
large openings) §
NLT 1508 2012 2010
Solid HSC deep HSD
beam
HLR g 206 206 206
Group B (HSC 2 g
deep beams with HLS 2 E’ 206 2012 2910 4012
large openings) § ®
HLT s 15®8 2012 2010
HMR © o 1D6 2D6 206
Group C (HSC 3 2 g
deep beams with HMS > 1P6 2012 2910 4012
Medium openings) g
HMT 158 2012 2010
HSR 1D6 2D6 206
Group D (HSC IS
deep beams with HSS 2 16 2012 2910 4012
Small openings) §
HST 1508 2012 2010

* Section dimensions are 150x600 mm for all HSC and 120x600 mm for all NSC deep beams.
*All embedded struts have ties of 6mm @ 50 mm.

Figures 3 to 7 illustrate the section dimension and reinforcement details of the tested
deep beams in the experimental program.
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Fig. 3: Location of installed strain gauges and web reinforcement details for solid
deep beams NSD and HSD.
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Fig. 4: General layout and section details for all deep beams with openings.
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Fig. 5: Location of installed strain gauges and reinforcement details for all
reference deep beams with openings.
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Fig. 6: Reinforcement details for all deep beams with openings reinforced with
embedded struts.
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Fig. 7: Reinforcement details for all deep beams with openings reinforced with
intensify ties in shear zone.
Table 2 shows comparison between results of experimental program and finite element
modeling using ABAQUS program.
Table 2: Comparison between analytical and experimental results for all deep
beams in the study

Py (kN) Deflection at ultimate load A(mm)
No. | Specimen
Pexp. | Pasagus | Pasagus/Pexp?0 Aeyp, Appaqus Apspagus/Aexp %0

1 NSD 455 443 97.36 6 2.8 46.67
2 NLR 270 259 95.93 5.02 3 59.76
3 NLS 357 327 91.60 3.64 3.37 92.58
4 NLT 381 429 112.60 5.8 4.42 76.21
5 HSD 552 560 101.45 3.58 3 83.80
6 HLR 270 252 93.33 5.13 2.6 50.68
7 HLS 369 287 77.78 441 3 68.03
8 HLT 407 350 86.00 8.1 3.8 46.91
9 HMR 325 300 92.31 5.1 2.5 49.02
10 HMS 400 450 112.50 3.53 3.65 103.40
11 HMT 422 519 122.99 5.9 5 84.75
12 HSR 440 400 90.91 5.09 3.4 66.80
13 HSS 623 580 93.10 5 3.2 64.00
14 HST 554 504 90.97 6.2 5 80.65
Average 97.06 69.52

From table 2, it can be observed that FE model is quite precise prediction of ultimate
loads of deep beams without and with shear openings.

The average ratio between Abaqus and experimental ultimate loads is 97.06% which
indicates the efficiency of the utilized FE model in simulating of deep beams with
openings.
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4.1. Comparison between cracking pattern of FE model and experimental results
Figures 8 to 21 show the crack pattern of the deep beams in the experimental program in
comparing with the tensile damage of the FE model (DAMAGET,) which describe the
cracks in the model due to tensile stresses.

From the following figures, they clearly show matching with each other.

In the solid deep beams and deep beams with small openings, existence of flexural
cracks is obtained in the FE model.
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Fig.8: Crack pattern of solid deep beam NSD vs FEM tension damage
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Fig.9: Crack pattern of deep beam NLR vs FEM tension damage
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Fig.10: Crack pattern of deep beam NLS vs FEM tension damage
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Fig.11: Crack pattern of deep beam NLT vs FEM tension damage
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Fig.12: Crack pattern of deep beam HSD vs FEM tension damage
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Fig.13: Crack pattern of deep beam HLR vs FEM tension damage
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Fig.14: Crack pattern of deep beam HLS vs FEM tension damage
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Fig.15: Crack pattern of deep b

eam HLT vs FEM tension damage

DAMAGET
(Ave

+0.000e+00

ODB: SMR.odb  Abaqus/Standard 6.14-5
Step: 5501

Y
)“ X Increment 100: Arc Length =

Primary Var: DAMAGET
Deformed Var: U Deformation Scale Factor: +5.000e+00

Sun Dec 10 01:21:38 Egypt Standard Time 201

2722

HMR (Exp.)

HMR (FEM)

Fig.16: Crack pattern of deep beam HMR vs FEM tension damage
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Fig.17: Crack pattern of deep be

am HMS vs FEM tension damage
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Fig.18: Crack pattern of deep beam HMT vs FEM tension damage
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Fig.19: Crack pattern of deep beam HSR vs FEM tension damage
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Fig.20: Crack pattern of deep beam HSS vs FEM tension damage
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Fig.21: Crack pattern of deep beam HST vs FEM tension damage
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4.2. Comparison between load-displacement responses in both experimental study
and finite element model

Figures from 22 to 25 illustrate the comparison between load-mid span deflections in
experimental and FE model using ABAQUS program.

From the following figures, it can be seen that FE model able to capture the real
behavior of the deep beams whether in existence of shear openings or not.

Differences between the two relations were considered due to limitations on concrete to
deform with damage technique in ABAQUS program.

But in general, both of FE and experimental responses have the same trend and quite
closely values.
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Fig. 22: Load-displacement response for beams NSD, NLR, NLS, and NLT in both

experimental and FEM
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Fig. 23: Load-displacement response for beams HSD, HLR, HLS, and HLT in both
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Fig. 24: Load-displacement response for beams HMR, HMS, HMT, and HSR in
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Fig. 25: Load-displacement response for beams HSS and HST in both
experimental and FEM
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4.3. Efficiency of proposed reinforcement configurations in FEM
The efficiency of the new reinforcement configurations, of the deep beams with shear
openings, can be obtained due to yielding of those reinforcement component.

Figure 26 and 27 show the stresses of the proposed reinforcement models of the deep
beams with openings.

S, Mises
(Avg: 75%)
+5.600e+02
- +5.133e+02
+4.667e+02
+4.200e+02
+3.734e+02
+3.267e+02
+2.801e+02
+2.334e+02
+1.867e+02
+1.401e+02
- +9.343e+01
- +4.678e+01
+1.197e-01

N
=

)

F—‘f/l"“l‘

WA

O O

1A ]

¥ ODB: NLS00.0db Abaqus/Standard 6.14-5 Sat Dec 23 21:01:51 Egypt Standard Time 2017
Step: St-NLSO
Increment 200: Arc Length = 19.08
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +5.000e+00

(a) NLS

S, Mises

(Avg: 75%)
+3.873e+02
+3.551e+02
+3.228e+02
+2.905e+02
+2.583e+02
+2.260e+02
+1.938e+02
+1.615e+02
+1.292e+02
+9.697e+01
+6.471e+01
+3.245e+01
+1.849e-01

I

e
i
I

]

I
Il/f”!
| B 6 G O

li
i

Y
ODB: DD0O1.odb Abaqus/Standard 6.14-5 Fri Dec 15 22:06:52 Egypt Standard Time 2017

Step: HMT

Increment 200: Arc Length = 2.463

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +5.000e+00

(b) HMT

362



S, Mises
(Avg: 75%)
+5.600e+02
+5.133e+02
- +4.667e+02
+4,200e+02
+3.734e+02
—t +3.267e+02
+2.801e+02
| +2.334e+02
— +1.868e+02
- +1.401e+02
+9.345e+01
+4.67%+01
+1.388e-01

Y
ODB: HMS.odb  Abaqus/Standard 6.14-5 Sat Dec 16 20:45:25 Egypt Standard Time 2017

Step: St01
X Increment 200: Arc Length = 25.69
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +5.000e+00

(c) HMS

Fig. 26: Stresses in the proposed reinforcement models for beams (a) NLS, (b)
HMT, and (C) HMS in the FEM
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Fig. 27: Stresses in the proposed reinforcement models for beams (a) HSS and (b)
HST in the FEM

5. Parametric study

To define the shear strength of the deep beam with shear openings, it first requires
knowing the utilized provisions in designing of its similar solid deep beam.

In this parametric study, the ACI 318-14 [1] was used to pre-dimensioning and
designing of the solid deep beams and all its requirements were satisfied.

Web reinforcement ratio, main tie reinforcement ratio, L/d ratio, Shear span-to-depth
ratio, and strength of both concrete and steel were constant.

Five sizes of deep beams were chosen to represent dimensions of L x H x b equal to
1200x600x120 mm and 4 scales of this size. Scale sizes were 1.5, 2, 3, and 4
respectively

Figure 28 illustrates the general layout of the deep beams with shear openings including
used variables in the parametric study.

P P
Shear span (a) Shear span (a)
X Shear zone|
s — -
g f ]—
()
o ol oy = o
T ! i
()
>
o
Span (L) b
P P

Fig. 28: Dimensions of shear opening and the shear zone in deep beams in the
parametric study
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Openings in shear zone have three constant ratios of 0.05, 0.094, and 0.15 respectively
in comparing to total area of shear zone.

Large, medium, and small shear opening dimensions are (0.3 d x 0.5 X), (0.25 d x 0.375
X), and (0.2 d x 0.1 X) in the vertical and horizontal direction respectively.

Where:

A, is the area of the shear opening equal to x multiplied by h

x is the horizontal dimension of the shear opening in deep beam.

h is the vertical dimension of the shear opening in the deep beam.

Ay, is the total area of the shear zone, equal to a multiplied by d

a defines the shear span which is the horizontal dimension of the overall shear zone in
the deep beams (regions from support to concentrated load)

d is the vertical dimension of the shear zone in deep beams, it equal the overall depth of
the deep beam.

Table 3 illustrates all specifications and dimensions of the studied deep beams.

Table 3: Properties and dimensions of studied deep beams in parametric study

Shear strength
FEM | ACI318- 1 Lepative to solid
14
deep beam
Area of Area of
Scale No Specimen ' opening shear zone AdA; Load Load PP
Factor : Designation (MPa) x*h * 2 ratio (kN) (kN) s
2 a*d (mm?)
(mm°)
HSD Solid
1 deep beam 0 240000 0 544.00 394
HLR deep
2 beam with 36000 240000 0.15 249.00 0.4577
large openings
Size 1 HMR deep 50
3 beam with 22500 240000 | 0.09375 | 314.20 05776
medium
openings
HSR deep
4 beam with 12000 240000 0.05 390.00 0.7169
small openings
1 HSD 0 540000 0 1542.00 1202
Size 2 HLR 81000 540000 0.15 971.15 0.6268
50
15 3 HMR 50625 540000 0.09375 | 1090.20 0.7036
4 HSR 27000 540000 0.05 1195.20 0.7713
1 HSD 0 960000 0 1549.50 1669
2 HLR 144000 960000 0.15 997.00 0.6434
Size 2 50
3 HMR 90000 960000 0.09375 | 1081.80 0.6982
4 HSR 48000 960000 0.05 1225.00 0.7906
1 HSD 0 2160000 0 5500.00 3686.3
Size 3 2 HLR 50 324000 2160000 0.15 3901.00 0.7093
ize
3 HMR 202500 2160000 0.09375 | 4240.50 0.7710
4 HSR 108000 2160000 0.05 4496.29 0.8175
1 HSD 0 2160000 0 6900.00 | 4949.27
2 HLR 576000 3840000 0.15 4816.00 0.6980
Size 4 50
3 HMR 360000 3840000 0.09375 | 5240.50 0.7595
4 HSR 192000 3840000 0.05 5498.00 0.7968

*Size 1 represents beam dimensions of 1200x600x120 mm. size 1.5, 2, 3, and 4 represent scale factors of 1.5, 2, 3, and 4 of size 1.
*Shear opening size was limited by 0.3d x 0.5a in the vertical and horizontal directions respectively.
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Figure 29 is X-Y plot, which illustrates the relationship between the following:

1. Y-Axis represent the ratio between load capacity of the deep beam with different
opening size and the load capacity of the solid deep beam.

2. X-Axis represent the ratio between area of shear opening and the total area of the
shear zone.

The lower bound of the relation can be obtained by the following equation, y =

0.836 — 2.57 x, if we substitute y factor by i—‘; and x factor by GTO) the equation will
Z

be in the following form Po — 0.836 —2.57 (A—") which give prediction of the
Pg Asz

ultimate load of deep beams with shear opening relative to the solid deep beam. Where:

Ps and P, are the shear strength of the solid deep beam and deep beam with shear
openings similar to the solid one, respectively.

Ps will be substituted with the shear strength of the solid deep beam according to ACI
318-14 [1] which is V;, = 0.83,/f/ bd

It led to the following dimensionless formula P, = 0.83 \/ﬁ bd (0.836 —2.57 (x*h))

axd
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0.80 - %
N
0.70 - - ® N
EEEE e .
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) 0l50 | Dsize 1 .......................
%{’ ®Size 15 y=-25704x+08358| A
0.40 1 < Size 2
030 | OSize 3
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Ao/Asz

Fig. 29: Relationship between load capacity and the area of opening ratios (5
different sizes)

This proposed equation applies in any deep beams with shear openings which have the
same shear span-to-depth ratio (a/d) equal to 0.67.

To verify this equation with other experimental results, Yang et al. [10] tested deep
beam with shear span-to-depth ratio of 0.7 which is almost equal studied a/d ratio.
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The specifications of the tested deep beam (UH7F3) in Yang et al. [10] and comparison
with proposed equation were illustrated in table 4
Table 4: Comparison between proposed equation and other experimental results,
Yang et al. [10]

. Proposed .
Experimental Equation Comparison
f Area of Area of Load
No | Specimen ‘ opening | shear zone Load (kN) P equ/PEx
(MPa) | * (kN) e
x*h (mm) | a*d (mm)
1 UH7F3 80.4 210x180 420x560 263.60 282 1.07

*a/d ratio equal to 0.7

Table 4 shows the wide range applicability of the proposed equation in case of different
concrete strength, opening size, and width of the deep beams.

It worth noted that this deep beams have no transverse web reinforcement, which give
indication of the majority of the factor of opening size ratio as in the proposed equation.
The previous proposed equations such as Kong and Sharp [11] and Mansur [12] give
very conservative prediction of the strength of deep beams with shear openings as
certified previously in H. A. Kottb [9] because of underestimate the component of size
of opening relative to shear zone.

It also important to point that there is need to derive additional formulas for different a/d
ratios to provide full design aid.

6. Conclusions

From this analytical and parametric study it can be concluded that:

e Efficiency of the FE model, in simulating reinforced concrete deep beams with
shear openings, was proved by matching with experimental ultimate loads by 97%.

e FE model gives similar crack patterns to the experimental ones and the same trend
of the load-displacement response, which verify capability of capturing the real
behavior of the deep beams with and without openings.

e The method of embedded strut is more effective in case of angle of inclination not
less than 30°.

e The most important component of the two proposed methods is the steel bars
adjacent to the shear openings as shown in stresses of steel bars.

e This FE model can be used in predicting the ultimate load of the deep beams with
shear openings, while strut-and-tie model of the ACI 318-14 [1] is limited with solid
deep beams.

e Stresses in the reinforcement bars at shear zone certify the efficiency of the
proposed models.

e Parametric study revealed that as size of deep beam changes from h=600 to 900
mm, significant effect of shear openings on the load capacity is obtained, especially
in case of large shear openings.

e The lower bound of the parametric study resulted in an applicable dimensionless
formulaP, = 0.83 /1. bd (0.836 —2.57 (%)) which recommended in the
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design of such beams which have the same shear span-to-depth ratio and the limits
of the size of the shear openings.

The proposed equation give reasonable prediction of the shear strength of deep
beams with shear openings in comparing with other experimental result.
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