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ABSTRACT 

This research includes experimental investigations and finite element 

analyses (FEA) for the structural behavior of the fixed ended reinforced 

concrete beams with out of plane parts that are made of high strength 

concrete (HSC) and normal strength concrete (NSC) subjected to static load. 

The experimental program consists of testing fourteen beam models. 

Two of these beams are straight and one is made with normal strength 

concrete and the other with high strength concrete and all the others were 

non-straight and made with out of plane parts. All the models have the same 

cross section dimensions of 150 mm width and 200 mm depth with a total 

span of 2000 mm and clear span of 1500 mm. 

The main variables that considered in the experimental study are: the 

number of the out of plane parts (one, two, and three), type of concrete 

(normal strength concrete (NSC) and high strength concrete (HSC)), adding 

torsional reinforcement in conjunction of using high strength concrete 

(HSC), and increasing the length of the out of plane parts of normal strength 

concrete (NSC) beam models. In addition, another parameter was evaluated 

using FEA that includes the increasing number of the out of plane parts more 

than those studied experimentally. 

The results showed that the increasing the number of the out of plane 

parts leads to decrease their load capacity. However, the beams with an even 

number of the out of plane parts were better than the beams with an odd 

number of the out of plane parts (e.g. the beam with two out of plane parts is 

better than the beams with one number of the out of plane parts). Such 

reduction in ultimate load capacity reached about 70% in some cases in the 

present study. Using HSC led to a little enhancement of the ultimate load 

capacity and the reduction in ultimate load capacity reaches about 60% in 
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compared with NSC straight beam. The use of torsional steel reinforcement 

in conjunction of using high strength concrete leads to a noticeable 

improvement in the load bearing capacity of the beams with out of plane 

parts but remained lower than NSC straight beam by about 20% to 50%. It 

has been found that increasing length of the out of plane parts have a little 

effect on the beams capacity but led to decrease their deflection by by about 

5% to 32%.  

Generally, the deflection of all the beams with out of plane parts is 

higher than NSC straight beam and these deflections decreased with the 

increasing number and length of the out of plane parts. In addition, the 

ductility of the beams with one and two out of plane parts is lower than that 

of the straight beam but the beam with three out of plane parts have the 

highest ductility and it has been observed that ductility increased gradually 

with the increasing number of the out of plane parts.  

Furthermore, it is not possible to design and reinforce the beams with 

out of plane parts considering it likes a straight beam because it has different 

values of shear force, bending moment, and torsion. However, it is possible 

to adobe the procedure of design the straight beam with lower strength 

reduction factor.  

Finally, three-dimensional (3D) nonlinear finite element analysis has 

been carried out to conduct the numerical investigation of the general 

behavior of the beam models by using ABAQUS software in this work. The 

comparison between numerical analysis and experimental results have 

shown a reasonable validity of the numerical analysis where the average 

difference ratio based on the ultimate loading capacity of about 4% and 19% 

for the central deflection for all the analyzed models. 
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NOTATION 

The major symbols used in this dissertation are listed below: 

Symbol Descriptions 

A Specimen cross-sectional area, (mm
2
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A1 The area under the ascending part of load-deflection curve, (mm
2
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A2 
The area under the descending part of load-deflection curve, 

(mm
2
) 

As Area of steel reinforcement 

C3D8R 
An 8-node linear brick with reduced integration and hourglass 

control 

E Energy absorption 

E0 Initial modulus of elasticity   

Ec Modulus of elasticity of concrete, (GPa) 

Eel Elastic energy absorption 

Epl Plastic energy absorption 

Gf Fracture energy 

Eu Energy absorption at ultimate load 

L Length of the specimen, (mm) 

Lr Roof load 

P Peak load, (kN) 
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R Rain load 

S Snow load 

S1 Stress corresponding to a longitudinal strain equal to 0.00005 
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SP Superplasticizer, (L) 

T3D2 A 2-node linear 3-D truss 

W/C Water to cement ratio 

a 
Average distance between point load and the nearest support, 

(mm) 

b Average width, (mm) 

d The diameter of the cylinder, (mm)  

dc Compression damage parameter of concrete 

dt Tension damage parameter of concrete 

fb0/fc0 
Ratio between the initial equibiaxial compressive yield stress and 

the initial uniaxial compressive yield stress  

fc′ Concrete compressive strength, (MPa) 

fco Uniaxial compression stress, (MPa) 
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fcr Cracking strength of concrete, (MPa) 

fct Tensile strength of concrete, (MPa) 

fcu Cube compressive strength, (MPa) 

fr Modulus of rupture of concrete, (MPa) 

ft Splitting tensile strength, (MPa) 

ℓ Clear span of beam, (mm) 

ws Width of maximum crack at the service load, (mm) 

wu Width of maximum crack at the ultimate load, (mm) 

ϵ Flow potential eccentricity 

ε1 Longitudinal strain produced by stress S1 

ε2 

 

Longitudinal strain produced by stress S2 

εc Concrete compressive strain at the compressive stress 𝜎𝑐 

εco Strain corresponding to fc' 

  ̃
   Inelastic compressive strain of concrete 

εt Concrete tensile strain 

εt1 
Transverse strain produced by stress at mid-height of the 

specimen corresponding to S1 

εt2 
Transverse strain produced by stress at mid-height of the 

specimen corresponding to S2 

θU Angle of twist at ultimate load , (degree) 
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θy Angle of twist at yield load , (degree) 

μ Ductility index 

μE Energy ductility index 

μs Shear ductility index 

μθ Torsion ductility index 

ρ′ The ratio of main compression reinforcement 

ρb The balance ratio of main reinforcement 

ѱ Dilation angle, (degree) 

 0𝑡
𝑒𝑙 

Elastic tensile strain corresponding to the undamaged concrete 

material 

 c𝑒𝑙 Elastic compressive strain of concrete 

  c𝑝𝑙 Equivalent compressive plastic strain of concrete 

 y Rebar yield strain 

 𝑐𝑟 Cracking strain of concrete  

 𝑠 Tensile strain of steel reinforcement 

 𝑠𝑒𝑙 Elastic tensile strain of steel reinforcement 

 𝑠𝑝𝑙 Plastic tensile strain of steel reinforcement 

 𝑡𝑐𝑘 Cracking tensile strain of concrete 

  𝑡𝑝𝑙 Equivalent tensile plastic strains of concrete 
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Poisson‘s ratio 

  The ratio of main reinforcement 

𝜎s Tensile stress of steel reinforcement 

𝜎𝑏0 Initial equibiaxial compressive yield stress 

𝜎𝑐 Concrete compression stress 

𝜎𝑐0 Initial uniaxial compressive yield stress 

𝜎  𝑚𝑎𝑥 Maximum principal effective stress, (MPa) 

 U The deflection at ultimate load , (mm) 

∆y 
Mid-span deflection corresponding to the first yielding of the 
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Ø Nominal Bar size, (mm) 

 

 

 

 

 

 

 

 

 

 



xxxiii 
 

ABBREVIATIONS 
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Chapter One: Introduction 

1-1 General 

Reinforced concrete structure frequently allows the designer to 

combine the architectural and structural functions, accordingly, for this 

purpose, the axis of concrete beams is required in special cases to change in 

non-straight forms without using supports at the change points. This change 

in the axis of the beam may lead to a change in its structural behavior in 

terms of its strength including bending, shear, torsion, and lateral-torsional 

buckling as compared with the straight members. 

There are many factors that affect the structural behavior of reinforced 

concrete beam under loading, which include member geometry, 

reinforcement strength, the ratio of longitudinal and transverse 

reinforcement, and the concrete compressive strength (Arafah, 2000)
(1)

. 

Beam with high strength concrete gives a safe prediction, due to a rising 

factor of safety with increasing compressive strength. This is considered 

useful, since the number of available HSC tests in torsion is limited, 

compared to normal strength concrete (Khalel, 2013) 
(2)

. 

The use of HSC leads to a reduction in the number of supports, as well 

provide longer spans and fewer beams that capable to support the same 

magnitude of loading. Furthermore, using HSC leads to reduce axial 

shortening for the members under compression effect (Jagana, and Vinodh, 

2017)
(3)

. With the increase of the concrete strength, the beam ductility 

increases as well with an invariable amount of reinforcement, but up to a 

value of fc′= 105 MPa. Any increase in concrete strength above this value 

will lead to a reduction in ductility (Rashid and Mansur, 2005) 
(4)

. 
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The beams with out of plane part that is studied in this research has 

been exposed to the combined loading of bending moment, torsional 

moment, and shear forces, so there was made of high strength concrete to 

improve the structural behavior of the beams under these types of loading 

based on the results of previous studies that will be mentioned in chapter 

two. 

1-2 Applications of Concrete Beams With Out of Plane Part  

 The main purposes of using this type of beams are in corner beams, 

balcony beams, grid beams system, beams with winged loading arms, zig-

zag balanced concrete beams, and other architectural application 

requirements. Several of the beams with out of plane part have been used in 

different locations of the world in the ancient and recent years as listed 

below: 

1- Iztapalapa Children Museum, Ciudad de México. 2015 which was 

designed by Mendoza Partida Architectural Studio by using zigzag 

reinforced concrete beams supported concrete columns and walls and 

carry V-shaped roof shown in Figure (1-1). 

          

Figure (1-1): Iztapalapa Children Museum, Ciudad de México (Studio, M. P. 

A., 2015). 
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2- Complex grid beams layout in buildings due to regular or irregular 

column placement of large commercial Chinese reinforced concrete 

buildings as shopping centers or the lower floors of office buildings as 

shown in Figure (1-2). 

 

Figure (1-2): Complex structural layout, China (Herr, and Fischer, 2013). 

3- Modern concrete building structure under construction by (Anon, 

2020)
(7)

. 

   

Figure (1-3): Modern concrete buildings with cantilever corner balcony 

beams (Anon, 2020). 

4- Cross-bracing reinforced concrete beams used in Cavernous Budapest 

Metro Stations to reduce the need for columns, enabling the platform 

areas to become open and uninterrupted spaces by (Griffiths, 2014)
(8)

. 
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Figure (1-4): Cross-bracing concrete beams in Budapest metro stations 

(Griffiths, 2014). 

5- Concrete beams for staircase and balconies at the National Theatre, 

London (Ahsmann, 2011) 
(9)

. 

 

Figure (1-5): Concrete balconies at the National Theatre, London  

(Ahsmann, 2011). 
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6- Applications of concrete beams with out of plane part in Iraq 

                  

Al Dala hotel, (Iraq/ Karbala)            Um Abeha hotel, (Iraq/ Najaf) 

       

Commercial buildings under construction, (Iraq/ Wasit) 

Figure (1-6): Applications of concrete beams with out of plane part in Iraq.   

1.3 High Strength Concrete Beams 

1.3.1 Historical Development of High Strength Concrete 

 Concrete had been gradually developed over many years in 

compressive strength property to became high-strength concrete. Concrete 

compressive strength of (34 MPa) was supposed as high-strength in the 

1950‘s. It was commercially used in the early 1960‘s with compressive 
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strengths (41 and 52 MPa) where one of its applications in Chicago’s Water 

Tower Place. In the early 1970s, (62 MPa) concrete was being produced. 

Recently, HSC had been used in cast-in-place structures with compressive 

strengths approaching (138 MPa). 

 For a long time, concrete with compressive strength of more than (41 

MPa) was accessible in just a couple of areas. However, the applications of 

high-strength concrete had increased, and high-strength concrete today 

utilized in numerous pieces of the world. The development has been 

conceivable because of late improvements in innovation and demand for a 

higher-strength concrete increase, (Russell et al., 1977)
 (10)

. 

1.3.2 Advantages of High-Strength Concrete 

High strength concrete used in the construction of sustainable buildings 

for structural behavior improvement, safety, and economic considerations as 

listed below: 

1- Provides long-term durability and reduces the required rehabilitation and 

avoid demolition in the future which significantly affects project costs. 

2- High-strength concrete had increased the building safety because it did 

not burn and less toxic fumes when exposed to fire, and higher resistance to 

freezing, thawing, and chemical attack. (Elbasha, 2013) 
(11)

. 

3- Higher strength, better performance, and greater stiffness due to higher 

modulus of elasticity with high compressive and flexural strengths. 

4- The use of high strength concrete provides longer spans of beams that 

lead to a decrease in the number of supporting elements, an increase in the 

usable space, and decrease in the permanent action of structure self–weight 
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which causes a reduction in the size of the foundation. (Kovačević and 

Džidić, 2018)
 (12)

. 

1.3.3 Disadvantages of High-Strength Concrete 

1- Increased quality control is needed in order to maintain the special 

properties desired. High-strength concrete must meet high-performance 

standards consistently in order for it to be effective.  

2- Careful materials selection is necessary. High quality materials must be 

used. These materials may cost more than materials of lower quality.  

3- Allowable stress design discourages the use of high-strength concrete. 

One solution is to use load factor and resistance design when using high-

strength concrete.  

4- Minimum cover over reinforcement or minimum thickness of members 

may restrict the realization of maximum benefits.  

5- Available prestress force in a member may be inadequate to achieve 

maximum strength. Sixth, low water to cementitious materials ratios require 

special curing requirements.  

6- Since serviceability conditions such as deflection can control design, 

increased capacity may not be fully utilized (Peterman). (Kovačević and 

Džidić, 2018)
 (12)

. 

1.3.4 Applications of High-Strength Concrete 

The use of high strength concrete gives remarkable benefits. Due to 

these benefits, high strength concrete is now being used in lots of 

applications, together with buildings, offshore structures, bridge members, 

overlays, and pavements.  



8 
 

In tall buildings, high-strength concrete presents scopes for reduced 

column sizes, resulting in slender buildings and large reductions in dead 

loads (Perenchio, 1973). In parking structures, high-strength concrete is 

additionally used to minimize chloride penetration. Although the cost per 

unit volume of high-strength concrete is likely to be greater than that of 

normal-strength concrete, given the mechanical advantages of high strength 

concrete, the total initial cost of building an engineered structure 

incorporating high-strength concrete can be less. An examples of high 

strength concrete building applications and their development throughout the 

world are listed in Table (1-1) (ACI Committee 363. 2010)
 (13)

. 

Table (1-1):- Buildings with high-strength concrete. (ACI Committee 363. 

2010). (Continued). 

Building City Year
*
 

Total 
stories 

Maximum 
design 

concrete 
strength 

MPa 

Trump Tower New York — 68 55 

Collins Place Melbourne — 44 55 

Helmsley Palace Hotel New York 1978 53 55 

Larimer Place 
Condominiums Denver 1980 31 55 

City Center Project Minneapolis 1981 52 55 

NCNB Corporate Center Charlotte 1990 60 55 

499 Park Avenue New York — 27 59 

The Seine Johuku Nagoya — 45 60 

Rialto Tower Melbourne 1985 60 60 

 



9 
 

Table (2-1):- (Continued). 

Building City Year
*
 

Total 
stories 

Maximum 
design 

concrete 
strength 

MPa 

Bank of China Tower Hong Kong 1989 70 60
†
 

New Century Hotel Beijing 1990 31 60
†
 

Central Plaza Hong Kong 1992 78 60
†
 

Jin Mao Shanghai 1997 88 60
†
 

SEG Plaza Shenzhen 1998 75 60
†
 

Royal Bank Plaza Toronto 1975 43 61 

Richmond-Adelaide Center Toronto 1978 33 61 

Midcontinental Plaza Chicago 1972 50 62 

Frontier Towers Chicago 1973 55 62 

Water Tower Place Chicago 1975 79 62 

River Plaza Chicago 1976 56 62 

Chicago Mercantile 
Exchange Chicago 1982 40 62 

Grande Arche de la Defense Paris 1988 — 65 

Columbia Center Seattle 1983 76 66 

Interfirst Plaza Dallas 1983 72 69 

Scotia Plaza Toronto 1988 68 69 

Platinum Tower Panama 1993 56 70 

Governor Phillip Tower Sydney 1993 54 70 

Eugene Terrace Chicago 1987 44 76 

Telecom Corporate Melbourne 1992 47 80 
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Table (3-1):- (Continued). 

Building D 3 Brussels — 24 80
†
 

Petronas Twin Towers Kuala Lumpur 1995 85 80
†
 

Baiyoke Tower Bangkok 1996 90 80 

e-Tower São Paulo 2002 42 80 

311 S. Wacker Drive Chicago 1988 70 83 

One Peachtree Center Atlanta 1990 62 83 

Society Tower Cleveland 1990 63 83 

Trump World Tower New York 2000 90 83 

505 5th Avenue New York 2004 30 83 

BfG Building Frankfurt 1990 47 85
†
 

Bay Adelaide Center Toronto 1991 57 85 

Dain Bosworth/ 
Nieman Marcus Minneapolis — 39 97 

900 N. Michigan Ave. Chicago 1986 15 97 

Pacific First Center Seattle 1987 45 97 

Two Union Square Seattle 1987 62 97 

225 W. Wacker Drive Chicago 1988 30 97 

111 George Street Brisbane 1993 27 100 

De Geno Leasing House Eschborn 1995 — 105
†
 

Herriot‘s Frankfurt 2002 18 125 

Brillia Tower Tokyo 2004 45 130 

*Year in which high-strength concrete was cast. 

†Cube strength 
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1.4 Objectives and Study Aims  

The purpose of this study is to conduct a laboratory test and numerical 

analysis by finite element method on high strength reinforced concrete 

beams with out of plane part under the influence of vertical static load with 

utilizing different compressive strength of the concrete and variable amount 

of longitudinal and transverse reinforcement. This aim will be established 

through the achievement of the following objectives:  

1. Comparing of the structural behavior of reinforced concrete beams that 

are made with out of plane part with other straight reinforced concrete 

beams. 

2. Studying the effects of increasing number of the out of plane parts on the 

reinforced concrete beams behavior. 

3. Studying the effects of the change in the spans of out of plane parts on the 

behavior of reinforced concrete beams. 

4. Studying the effects of the concrete compressive strength on the structural 

behavior of the beams. 

5. Investigating the behavior of the beams under the effect of changing the 

amount of longitudinal and transverse reinforcement. 

6. An enhanced ABAQUS software, for the finite element analysis of the 

structural behavior of beams, in relation to the load-carrying capacity, 

torsional capacity, failure modes, cracks and deflection. This finite element 

models will be validated by the current research experimental results. 

Furthermore, studying another parameters that affect on the behavior of the 

beams that will not be consider in experimental work. 
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1-5 Research Significance 

The significance of this research is concluded as follows:  

1- The structural behavior of the beams with out of plate parts as compared 

with the straight beam is not available yet, so this research explained the 

differences between them by using of NSC and HSC in the fabrications of 

reinforced concrete beams to show its effect concrete strength on the 

structural behavior of the beams. 

2- In addition to study the effects of the presence of the out of plate parts on 

the structural behavior, the effects of increasing their length was also 

studded in this research. 

3- The effects of torsion reinforcement in conjunction with using of HSC in 

the fabrications of reinforced concrete beams is limited, but it was studded in 

this research to show its effect on the structural behavior of the beams with 

out of plate parts as compared with the NSC and HSC straight beams. 

4- The load bearing capacity and failure modes of the beams with out of 

plate parts as compared with the straight beams was explained. 

A large part of the research interest have focused on the structural 

behavior of reinforced concrete straight beams with or without side loading 

arms under pure torsion or combined loading of shear and bending plus 

torsion, but it is too limited available researches about reinforced concrete 

beam with out of plane parts.  

This research provides a detailed study by experimental and numerical 

analysis on the behavior of different cases of the beams with out of plane 

parts with different types of concretes and patterns of reinforcement. 
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1.6 Layouts of the Thesis  

This thesis contains sevens chapters. The current chapter followed by 

chapter two which presents a review of the previous researches on the 

structural behavior of HSC beams under combined loading of the bending 

moment, shear, and torsion. Also it refers to the previous works on the 

structural behavior of reinforced concrete beams with out of plane part under 

combined loading. Chapter three explains methodology of the experimental 

program carried out in this research which consists of the properties of 

materials that used, mix proportions, test procedure, specimens‘ geometry, 

reinforcement details, and the used molds. 

Chapter four presents the experimental results and the discussion of 

them. The results of the tested beams have been illustrated and detailed 

through the crack propagation, failure modes, load capacity, twisting angles, 

mid-span load-deflection relation, flexural ductility, as well as curvatures at 

the mid-span of beams. 

Chapter five illustrates the numerical modeling by using the finite 

element method which employs a commercial package of ABAQUS in FE 

models preparation. It also explains the types of elements that are used in 

idealization, in addition to nonlinear solution techniques related to 

(ABAQUS/CAE) analyzer software. At last, the numerical results that 

obtained from ABAQUS finite element analyzer, the comparisons, and 

verifications with the experimental test results of beams were displayed in 

this chapter. 

Finally, the conclusions of the present work and the recommendations 

for future work are pointed out in chapter seven. 
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Chapter Two: Review of Literatures 

2.1 Introduction 

This chapter presents the experimental results of the work, theoretical 

and analytical solutions of the previous researches that are related to the 

subject of this research and provided an overview about the parameters that 

affect on the structural behavior of non-straight beams and conclusions of 

the effects of such parameters and the solutions which improved the 

structural behavior. 

This chapter is organized as the following: ductile and flexural 

behavior of HSC beams, shear behavior of HSC beams, torsional behavior of 

HSC beams, and previous researches on the structural behavior of the 

reinforced concrete beams with out of plane part. Finally, concluding 

remarks are presented. 

2.2 Previous Research on Structural Behavior of HSC Beams  

2.2.1 Flexural Behavior and Ductility of HSC Beams 

Ashour, 2000
 (14)

  analyzed nine high-strength rectangular reinforced 

concrete beams to study the effect of change concrete compressive strength 

among 48, 78, and 102 MPa and increase of flexural tensile reinforcement 

ratio among 1.18, 1.77, and 2.37% on load-deflection behavior and 

displacement ductility. 

Beams dimensions were 200   250 mm with span length 3400 mm 

were simply supported and were subjected to two-point loads at the distance 

between the two loading points 500 mm. The experimental test results 

exhibited that as concrete compressive strength increases for the same 
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longitudinal reinforcement ratio, all of the cracking moment, flexural 

rigidity, and the displacement ductility increased up to some limits and 

thereafter decreases as f′c increased. 

Pam et al, 2001
 (15)

 carried out a group of tests on 20 rectangular 

singly reinforced concrete beams with dimensions 200 mm  300 mm, and 

3000 mm length. Normal and high-strength concrete with compressive 

strength from 35 to 100 MPa was used to cast the beams. The research aims 

to study the flexural behavior and to compare the flexural ductility of normal 

and high-strength concrete beams with different reinforcement ratios. All of 

the beams that were tested are simply supported at a span of 2600 mm under 

applied two-point loads near the mid-span. 

The authors concluded that the increase of the concrete strength 

beyond the level of f′c = 80 MPa offered little advantage when both strength 

and ductility considered, thus when f′c > 80 MPa is used in beam structures, 

its ductility needs to be significantly improved. The effect of the tension 

steel to balance steel ratio was explained as at similar ratios ρ/ρb, the 

ductility is generally lower at higher concrete strengths and vice versa. 

Furthermore, at a given concrete strength, the ductility was higher when the 

ρ/ρb ratio was small and it is lower when increasing the ρ/ρb ratio. 

Ho et al, 2003
 (16)

 used analytical method to study the post-peak 

moment-curvature behavior of singly reinforced concrete beam with in situ 

concrete compressive strength ranging from 30 to 100 MPa and used the 

sections actual stress-strain curves of the materials and took into account the 

stress path dependence of the reinforcement stress. 
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The flexural ductility was dependent on both the concrete compressive 

strength and the tension steel ratio. At a given concrete compressive 

strength, the ductility decreased as the tension steel ratio increased. On the 

other hand, at a given tension reinforcement ratio, the ductility increased 

slightly as the concrete compressive strength increased, albeit a higher 

strength concrete should be less ductile. 

Rashid and Mansur, 2005
 (17)

 studied the flexural response of 16 

high strength reinforced beams with concrete compressive strengths ranging 

from 40 to 130 MPa and change the ratios of tensile and compressive 

reinforcement (ρ  and ρ′, respectively) and spacing s of lateral ties as the 

main parameters under a four-point loading system over a span of 3400 mm. 

The study reported that maximum crack width was not significantly 

affected by the tensile reinforcement ratio at service load, but it increased as 

concrete strength was increased. When fixing the amount of single 

reinforcement, the ductility of a beam had been found to increase with an 

increase of concrete strength f′c, but up to a value of f′c= 105 MPa and 

reduction in ductility at any increase in concrete strength above this value. 

Compression steel reinforcement together with transverse ties 

confined the concrete in the compression zone enhanced the beam‘s ability 

to deform without a significant strength loss before the final collapse, also 

the confinement increased the strain capacity of the concrete before it 

disintegrates, thus enhancing the ductility of a beam. 

Arslan and Gihanli, 2010
 (18)

 carried out numerical analysis to 

evaluate the effects of various compressive strengths of concrete (f′c) from 

50 to 110 MPa at increments of 5 MPa and tensile reinforcement ratio (ρ) 
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from 0.0059 to 0.0708 at increments of 0.0059 on the curvature ductility of 

reinforced HSC beam of singly reinforced beam section 200 mm× 250 mm. 

The results of numerical analyses indicated that the curvature ductility 

decreases for f′c  50 MPa while ρ/ρb increases, but when increasing the 

concrete compressive strength up to a certain limit and decreasing ρ/ρb ratio 

curvature ductility increased as compared the result to the ACI code.  

Muhaisin, 2012
 (19)

 evaluated the experimental results of many other 

researchers and the results of his proposed formula to study the long-term 

deflection for reinforced concrete beams taking into account the effect of 

increasing compressive strength of concrete from 20 MPa to 100 MPa and 

the compression to tension reinforcement ratio (ρ′/ρ) from 0.25 to 1. 

Based on the test results and the results of the proposed formula, the 

long-term deflection was highly reduced when increasing the compressive 

strength of concrete with the reduced compressive reinforcement ratio, but 

when high strength concrete is used, the compressive reinforcement became 

less significant in reducing the long term deflection.  

Al-Kamal, 2019
 (20)

 studied the nominal flexural strength of high-

strength concrete beams by using the proposed stress block which was 

verified using an experimental database of 52 tested singly under-reinforced 

HSC beams with a compressive strength greater than 55 MPa, and the 

proposed models are compared with models of various design codes and 

proposals of other researchers. 

Based on the experimental result and the developed proposed 

triangular stress block in this work, the author concluded that the proposed 

stress block was simplest and conservative for a wide range of concrete 
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strengths as compared with many models proposed by codes and proposals. 

The difference of stress block was less effect on the nominal flexural 

strength for HSC beams as expressions in the ACI 318 equivalent stress 

block. Therefore, the ACI 318 equivalent stress block could be used to 

calculate the flexural strength of HSC beams.  

2.2.2 Shear Behavior and Ductility of HSC Beams 

Cladera and Mari, 2005 
 (21)

 conducted an experimental program on 

eighteen reinforced concrete beams using high strength concrete that were 

200 mm wide × 400 mm deep with a shear span of 1080 mm by applied tow 

point load to study the influence of the concrete compressive strength on the 

shear strength of beams with and without shear reinforcement. 

The results showed that the splitting strength of the concrete with 

compressive strength 60 MPa was lower than that of 75 MPa and 100 MPa. 

The brittle behavior was observed in the beams without web reinforcement 

and it was brisker their failure at higher concrete compressive strength. For 

beams with the same amount of transverse reinforcement, the stirrups 

became more effective when concrete compressive strength increased. 

Abd-Alla et al, 2007
  (22)

 experimentally investigated and theoretically 

analyzed the behavior of thirty-six simply supported beams with rectangular 

cross-sections of width (b=100 mm) and effective depth (d=200 mm) which 

made of three types of concrete grade (normal, medium and high strength 

reinforced concrete) was the concrete compressive strength (f′c = 25, 60 and 

90 MPa) to study the effect of the concrete compressive strength, the web 

reinforcement and the main steel ratio (ρ) on the shear strength and the 

ductility of the beams. 
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Based on the experimental results and the discussions reported in this 

study, results showed that the higher concrete compressive strength leads to 

the higher initial crack load, and the number of cracks and their widths 

decreased, and this was attributed to the increase in tensile strength. As the 

increases of longitudinal steel reinforcement ratio (ρ), the penetration of the 

flexural crack decreased and the beams become more ductile. With the 

increase of web reinforcement in conjunction with an increase of concrete 

compressive strength, the longitudinal strain values at the shear span 

decreased. 

Yi and Lv, 2009
  (23)

 showed an experimental study of 19 beams were 

2600 mm span, 200 mm wide, and 400 mm depth to investigate the effects 

of concrete compressive strength, stirrups rebar strength, inclined stirrup 

angle, and the amount of longitudinal reinforcement on failure mode, shear 

ductility index and shear capacity of the beams. 

The test demonstrated that the increase of concrete strength leads to 

increase shear capacity, also exhibited a more ductile response, and the shear 

ductility index of HSC beams with high-strength stirrups was twice when 

used as compared with the use of normal strength concrete and stirrups. The 

shear ductility index represented the ratio of the area of the load-deflection 

response up to 0.75PMax in the descending portion, to the area up to PMax as 

shown in Figure (2-1) and explained as: 

μs = 
     

  
 

Where; μs is the shear ductility index, A1 is the area under load- deflection 

curve at deflection ∆U that corresponding to the ultimate load (PMax), A2 is 

the area under load- deflection curve at deflection 3∆U. 
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Figure (2-1): Schematic diagram for definition of shear ductility ratio (μs ). 

(Ahmad, S. H, 1995). 

Hamrat et al, 2012
 (25)

 tested twenty-six reinforced concrete beams 

experimentally to investigate the effects of transverse reinforcement on the 

crack patterns, the ultimate carrying capacity, and the ductility of beams 

made of high strength concrete and normal strength concrete. The concrete 

beams were divided into three series according to the different compressive 

strengths of concrete (44 MPa, 65 MPa, and 86 MPa). 

 Investigation results showed that the bond between steel and concrete 

increased which led to improve the ductility and indicate a better restraint of 

cracking when concrete compressive strengths increased. After concrete 

cracking, transverse reinforcement controlled better the crack opening with 

less open of diagonal crack widths for high strength concrete as compared 

with normal strength concrete. The shear strength of high-strength concrete 

beams were improved by the presence of transverse reinforcement and the 

failure mode was changed from shear to flexure. 

Ismail, 2016
  (26)

 experimentally examined 24 reinforced concrete 

deep beams to investigate the effect of concrete strength, shear span to depth 

ratio, shear reinforcement, and member depth on the shear behavior of the 



21 
 

beams, then performed the finite element analysis by ABAQUS software to 

represent the concrete behavior in a more confident way and validated 

against experimental results on the beams. 

The experimental and numerical results showed that the concrete 

strength and shear span to depth ratio were the most important parameters 

that affected on the behavior of the reinforced concrete deep beams. The 

minimum amount of shear reinforcement increased the shear capacity by 

around 20% but further increases in shear reinforcement did not provide 

significant additional load capacity, as failure was ruled by concrete 

crushing. Also, it was shown from the results that shear capacity increased 

with increasing concrete compressive strength and this increase was clearer 

for beams with smaller shear span to depth ratios. 

 Tahenni et al, 2019
 (27)

 experimentally and theoretically studied the 

shear behavior of six high-strength reinforced concrete beams to investigate 

the effects of the concrete strength and the transverse reinforcement on the 

shear behavior of the beams. The beams dimensions were 100 mm width and 

150 mm depth with an effective span of 900 mm.  

 The experimental results compared with the theoretical values were 

predicted by the different design codes and it was concluded that HSC 

beams without stirrups exhibit a relatively brittle behavior and lower 

ductility, but when the stirrups were added the HSC beams became more 

ductile and the ultimate shear resistance increased. 

2.2.3 Torsional Behavior and Ductility of HSC Beams 

Hossain et al, 2006
 (28)

 evaluated reinforced concrete beams by 

theoretical models to study the effect of concrete compressive strength on 



22 
 

the torsional behavior of beams.  Experimental results carried out by 

previous research of solid rectangular reinforced beams made of normal and 

high-strength concrete types used to compare with the theoretical models. 

Based on the results of the theoretical models and experimental results 

could be concluded that the torsional strength and the cracking load of HSC 

were higher than NSC for beams that had the same amount of reinforcement. 

Also, it was seen that increasing concrete compressive strength from 35 to 

78 MPa result in an increase of the ultimate torsional strength of HSC beams 

by approximately 1.2 occasions than that of NSC beams. 

Chiu et al, 2007
 (29)

 experimentally investigated torsional strength, 

torsional ductility, and the crack patterns of thirteen HSC and NSC full-size 

beams with low amounts of torsional reinforcement. The parameters of the 

study were the effect of the volumetric ratio of torsional reinforcements, the 

concrete compressive strength, and the aspect ratio of the beams on the 

behavior. The torsional cracking strength and torsional resistance of 

structural concrete beams for design purposes were calculated according to 

ACI 318-05 Code. The torsional ductility index, based on the angular 

deformation per unit meter (twist), is defined as follows: 

μθ= 
  

  
  

where; θu is the ultimate twist (corresponding to the ultimate torque); and θy 

is the yielding twist (corresponding to the yielding torque). 

The test results showed that the HSC specimens designed with lower 

ratios of transverse to longitudinal torsional reinforcement behaved as a 

brittle failure mode, but when this ratio was increased, both of HSC and 

NSC beams behaved with a ductile failure mode. 
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Rahal, 2013
 (30)

 calculated the ultimate torsional moment of normal 

and high-strength concrete beams by proposed a simple non-iterative model 

and its adequacy was evaluated by comparing the results of torsional 

strength with the experimental results from the 152 test specimens reported 

in the literature of the research. ACI and CSA building standard conditions 

and those of two developed iterative analytical models used to compare with 

experimental results. 

The results showed that the ultimate torsional strength was increased 

as concrete compressive strength. The codes equations showed that ultimate 

crushing torsional stress of high-strength concrete was un-conservative and 

did not give a satisfactory result against over- reinforced sections. 

Subsequently, the under-reinforced sections equation calculation was 

commonly conservative, more so in HSC.  

Hafez and Hassan, 2015
 (31)

 used the nonlinear finite element analysis 

method to study the behavior of high-strength reinforced concrete sections 

subjected to pure torsion that was based on the experimental results from 

previous investigated models. The investigated parametric was a reduction of 

steel reinforcement ratio, effect the reduction of concrete cross-section, 

increasing of concrete compressive strength from 45 to 90 MPa. 

Test results showed that the increase of concrete compressive strength 

was improved each of ductility, cracking torque, and ultimate torque for the 

same cross-section. The failure torque was increased by 40% when the 

compressive strength increased by 30%. The reduction of the steel 

reinforcement led to a decrease in the ultimate failure torque and increasing 

the angle of twist at cracking and failure torque. Also, the reduction of 
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concrete cross-section had a large effect on the overall behavior of sections, 

increasing cracking and decreasing failure torque. 

Praksh et al., 2016
 (32)

 analyzed experimentally nine normal strength 

concrete and nine high strength concrete beams with constant width (100 

mm), and depth (100 mm) with an effective span of 800 mm to study the 

torsional behavior of these beams when changing the concrete grade from 50 

MPa to 80 MPa and more than 100 MPa grade with varying longitudinal and 

transverse reinforcement ratios. The aims of this investigation were ductility 

behavior, cracking torsional strength, ultimate torsional strength, failure 

pattern, torque-rotation behavior, torsional stiffness, and strains. 

 The results of the investigation concluded that with the increase of 

concrete compressive strength, the torsional strength of beam also increased 

for beams designed with the same amount of reinforcement. It has been 

observed that increasing transverse reinforcement spacing lead to decreasing 

the torsional strength for NSC beams, but the effect of transverse 

reinforcement was not clear in HSC beams. The failure of HSC beams was 

bursting type at the ultimate torsional moments and the longitudinal 

reinforcement effect was not much as compared with the transverse 

reinforcement. However, the ultimate torsional shear stress of all the beams 

was increased as the longitudinal reinforcement ratio increased. 

Waryosh et al., 2018
 (33)

 investigated the deformation responses of 

reinforced concrete beams under pure torsion by testing twelve simply 

supported concrete beams classified into three types according to their 

compressive strength (NSC, HSC, and SCC). The objectives of the research 

were to study the effect of concrete type and its compressive strength on the 

torsional behavior of beams. Concrete strengths were (20 and 40MPa) for 
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NSC, (60 and 75MPa) for HSC, and (40 and 60MPa) for SCC. Beams 

dimensions were 100 mm width, 200 mm depth, and 2000 mm span. 

Based on the data from the experimental results reported in the study, 

the researchers concluded that the HSC type of beams was the strongest type 

and had the most stiffness followed by the SCC type, depending on their 

ultimate carrying load. Also showed that increasing of the compressive 

strength of section produce increased the stiffness of the beams, and each of 

the angles of twist and longitudinal strain was decreased. 

Prabaghar and Kumaran, 2019
 (34)

 tested eight reinforced concrete 

beams that were made of two grades of concrete strength 20 MPa and 30 

MPa with two ratios of longitudinal reinforcements 0.56% and 0.85% as 

well as transverse reinforcements spacing as 50 mm and 75 mm to study the 

effects of these parameters on the torsional behavior of the beams. Schematic 

and experimental test setup of the beams showed in Figure (2-2). 

    

Figure (2-2): (a) Schematic diagram of beam supported on saddle support; 

(b) Experimental setup and failure mode (Prabaghar and Kumaran, 2019). 

From the experimental test results, the study concluded that the 

increasing each of concrete compressive strength and longitudinal steel ratio 

result in increase in the maximum angle of twist and torsional strength. In 

addition, the specimens with stirrups spacing of 50 mm showed identical 
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values of torque and twist value at the ultimate load in spite of the concrete 

grade and the reinforcement ratios. 

2.3 Previous Researches on Structural Behavior of Reinforced 

Concrete with Out of Plane Part 

Owainati, 1973
 (35)

 studied experimentally the behavior of thirty-eight 

rectangular reinforced concrete beams tested under different combinations of 

torsion, bending, and shear loadings with the change each of torsion to shear 

ratio, transverse reinforcement ratio, and longitudinal reinforcement ratio. 

Beams geometry and experimental test setup showed in Figure (2-3). 

  

(a)                                                  (b) 

Figure (2-3): (a) Beams geometry and supports details; (b) Experimental test 

setup (Owainati, S.A.R., 1973). 

 Test results were classified into three categories according to the 

loading system (pure torsion, torsion plus bending, and torsion plus bending 

and shear) and concluded that the failure occurred by torsion plus bending 

was governed. When the beam was under pure torsion the cracks shapes 

were inclined on the top face and perpendicular to those on the opposite 
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face. If applied low torsion to shear ratio, the cracks were parallel of the two 

sets. At medium torsion to shear ratios, inclined cracks were vanished from 

the subtractive face. The increase of longitudinal and transverse 

reinforcement led to improve each of the cracking and ultimate load, but the 

transverse reinforcement is more effective in increasing the cracking torque. 

Ali and Anis, 1983
 (36)

 analyzed reinforced concrete floor to spandrel 

beam assembly by experimental work and analytical solution to investigate 

the effects of loading arrangement, the amounts of longitudinal and 

transverse reinforcement in the spandrel beams, and the concrete 

compressive strength on the structural behavior like flexural strength, 

torsional capacity, and deformations. The structural model is loaded by two 

types of loading, first one by applying concentrated load at mid-span of the 

floor beam (Group GR1) and the second one by applying concentrated load 

at the joint of floor beam to spandrel beam in addition to first loading (Group 

GR2)  as shown in Figure (2-4) and Table (2-1). 

     

Loading at the floor beam              Loading at the floor beam and joint 

Figure (2-4): Experimental loading setup (Ali and Anis, 1983). 
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Table (2-1):- Details of test models by (Ali and Anis, 1983) 

Group 

No. 

No. of 

Specimens 
Details 

GR1 4  *Lf = Ls =2700 mm 

**hf = hS =300 mm 

   df = dS =280 mm 

   bf = bS =150 mm 

 No longitudinal steel for torsion was provided in the 

spandrel beams. 

 Floor beams were equally reinforced. 

B1 

B2 

B3 

B4 

GR2 4             n = 0.5 

*Lf = Ls =2700 mm 

**hf = hS =300 mm 

df = dS =280 mm 

bf = bS =150 mm 

 No longitudinal steel due to torsion was provided in 

the spandrel beams. 

 Floor beams were equally reinforced identical to 

GR1-floor beams. 

B5 

B6 

B7 

B8 

* s and f are referred to the spandrel and floor beams respectively. 

According to loading setup case two, the spandrel beams represent the 

member subjected to combined loading of bending, shear plus torsion. Test 
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results showed that the model ductility decreased when exposed to this type 

of loading according to the load-deflection curve and increase the angle of 

twist at the ultimate load because of the increase in the length of the floor 

beam as shown in Figure (2-5). The longitudinal reinforcement did not 

consider to resist pure torsional load but it was used to contribute in resisting 

stresses by dowel action under the effect of torsion and shear loads. 

Transverse reinforcement in members exposed to torsion was not reached to 

their yielding strength at failure, but was reached to their yielding point and 

controlled the crack propagation at the members exposed to combined 

loading. The cracking and ultimate torque increased by increasing concrete 

strength for the beams under combined bending and torsion moment. 

    

Figure (2-5): Load-deflection and load- angle of twist curves by (Ali and 

Anis, 1983). 
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Rahal and Collins, 2003
 (37)

 experimentally evaluated ACI and 

AASHTO-LRFD design provisions for the rectangular reinforced concrete 

beams under combined loading of shear and torsion made with changing the 

compressive strength to compute the required amounts of transverse 

reinforcement for torsion used different compression diagonals inclined 

angles θ of space truss analogy model. Angles there were 30
0
 as a lower and 

value 45
0
 as an upper value for the ACI provision and 36

0
 for the AASHTO-

LRFD provision. Beams geometry, reinforcement, and test setup are shown 

in Figure (2-6). 

 

 

Figure (2-6): Beams geometry, reinforcement, and test setup (Rahal and 

Collins, 2003). 
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It was discovered that the ACI arrangements gave moderate outcomes 

if the suggested estimation of 45
0
 is utilized for the inclination of the 

compression diagonals, but the utilization of reduced θ allowed by the ACI 

which is 30
0
, gave less reliable outcomes, with disappointment loads being 

over-assessed for high torsion to shear proportions. The use of AASHTO-

LRFD with θ of about 36
0
 gave reliable and sensibly precise evaluations of 

the failure loads and was in acceptable concurrence with the watched crack 

patterns. It is recommended that in utilizing the ACI torsion arrangements, 

more economical and more consistent designs would be gotten if a θ 

estimation of 36
0
 was utilized for non-prestressed areas instead of the 

proposed estimation of 45 degrees. Shear to torsion relations and comparison 

of calculated θ and observed angle of cracks are shown in Figure (2-7). 

      

               (a)                                                   (b) 

Figure (2-7): (a) Shear-torsion interaction diagrams; (b) Comparison of 

calculated θ and observed angle of cracks (Rahal and Collins, 2003). 
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Kamiński and Pawlak, 2011
 (38)

 presented experimental, numerical 

analyses and theoretical analyses results of reinforced concrete beams made 

of angular inverted L-shape and rectangular cross-sections. The beams were 

loaded under two categories of loading to study the load capacity and 

stiffness of these angular beams. The first type of loading was a solely 

torsional moment and the second type was a combined load of a torsional 

moment, a shearing force, and bending moment. The beams geometry, 

reinforcement, change of sections, and experimental setup showed in Figure 

(2-8). 

 

Figure (2-8): Geometry and experimental setup of tested beams (Kamiński 

and Pawlak, 2011). 

Based on the experimental, numerical and theoretical analyses results, 

the study concluded that the load capacity and stiffness were decreased for 

the beams under both a torsional moment and a bending moment as 

compared with the beams loaded with solely a torsional moment.  
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ACI 445.1R-12, 2013
 (39)

 explained the behavior of solid and hollow 

reinforced rectangular concrete beams under three types of loading pure 

torsion, bending plus torsion, and shear plus torsion based on the theoretical 

and experimental results of many previous researches in these fields. The 

loading of bending plus torsion without shearing forces for the test region 

(mid span) as shown in Figure (2-9) was a better case of loading because it 

was easier when applied constant torsional moment with applying bending 

moment on the central part of tested beams along time. In these studies, the 

torsional moment to bending moment ratio was controlled by distances e and 

a. 

 

Figure (2-9): Test setup for a beam under torsion and flexure loading (ACI 

445.1R-12, 2013)
 
. 

Results of the researches showed that the presence of a bending 

moment reduced the torsional ductility of the beams, as shown in Figure (2-

10). The torsion to bending moment ratio affected on the diagonal angle of 

the crack patterns, in the case of pure torsion, the crack was diagonal on the 

bottom face, and in the case of pure bending, the cracks angle became 

normal to the longitudinal axis of the beam.  
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Figure (2-10): Torque and twist relationships at various Torsion/Moment 

ratios (ACI 445.1R-12, 2013). 

 The case of torsion with shear loading was relatively limited mainly 

because shear force cannot be assumed without causing a bending moment 

along the beam‘s test region. Therefore, the torsion to shear condition was 

achieved only at the point of inflection. Otherwise, an experimentally 

observed torsion to shear interaction curve was a part of the torsion-shear-

bending moment curve on the torsion to shear coordinate plane. 

Additionally, the pure shear strength of a beam could not be determined 

experimentally. Torsional moment reduced the shear strength of the beam, 

especially if the applied torsion is more than 25% of pure torsional strength.  

 At last, in all the loading cases the post-cracking strength and ductility 

were significantly affected by the longitudinal and transverse reinforcement 

directions as compared with beams reinforced in the longitudinal direction 

only. Also, the behaviors of these members were dependent on the 

distribution and amount of longitudinal reinforcement. 

Qian and Li, 2013
 (40)

 tested reinforced concrete frames subjected to 

the loss of a ground corner which represents corner panels. Seven one-third-
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scale RC frames were tested to investigate their performance. The 

parameters of the study of the tested specimens were the change of beam 

transverse reinforcement ratios, type of design detailing (nonseismic or 

seismic), and beam span aspect ratios. Frame test setup, geometry, and its 

reinforcement showed in Figure (2-11). 

  

(a)                                                                            (b) 

Figure (2-11): a- frame test setup; b- Frame geometry and its reinforcement 

(Qian et. Al., 2013). 

 From experimental and analytical results, it was concluded that the 

loss of corner column caused the progressive collapse of the frame and the 

flexural capacity of the beams increased when the longitudinal beam 

reinforcement increased led to improve of the frame behavior, and plastic 

hinge developed at the beam end near to the corner joint when placed a 

moderate amount of transverse reinforcement in the corner joint region. Test 

results also specified that there are two methods to improve the behavior of 
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RC frames to resist progressive collapse caused by missing a corner column. 

The first method was by increasing the flexural capacity of the beam by 

increasing the longitudinal reinforcement ratio. The second method was by 

improving the shear strength of the corner joint by adding more transverse 

reinforcement at the joint to confine the corner joint. 

 Elsayed et al, 2015
 (41)

 studied experimentally the structural behavior 

of reinforced concrete beams with inclined cantilevers to explore the effect 

of increasing the angle of cantilever inclination from zero to 90 degrees and 

the reinforcement ratio on the beams' structural behavior. Ten beams with 

dimensions of 120 mm width  300 mm depth and constant 1000 mm simply 

supported span with different cantilever span were tested. The specimen‘s 

geometry, reinforcement ratios, and change of cantilevers inclination showed 

in Figure (2-12). 

 

Figure (2-12): Details of beams (Elsayed et al, 2015). 
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From the experimental results, they concluded that decreasing of 

cracking loads and ultimate loads were slightly affected by increasing the 

angle of inclination, but the maximum deflection, maximum strain, and the 

overall stiffness of beams were highly affected and all beams failure modes 

were diagonal tension cracks. The increasing of main longitudinal 

reinforcement ratios led to the increase of all the diagonal cracking load, 

ultimate load, and flexural cracking load respectively.  

Karim et al, 2016
 (42)

 experimentally tested four reinforced fibrous 

high strength concrete beams that were designed according to ACI318-14 

with a constant of clear span to depth ratio and the height to width ratio to 

study the effect of additional reinforcements in the concrete idealized core 

zone under pure torsional loading and check the effects of secondary shear 

flow zone on the torsional capacity. Space truss analogy theory assumed that 

the solid concrete section behaves as a thin-walled tube. The thin-walled 

tube could be defined as the idealized shear flow zone, while the area inside 

of the tube was considered as idealized core zone. The longitudinal and 

transverse reinforcement ratios were constant at the main shear flow zone 

but increased the percentage of the area in the idealized core zone at the 

additional reinforcement zone. Beams reinforcement and experimental test 

setup is shown in Figure (2-13). 
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(a) Reinforcement details  

 

 (b) Test setup 

Figure (2-13): (a) Beams reinforcement; (b) Experimental test setup (Karim 

et al, 2016). 
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The research conclusions included that the additional transverse and 

longitudinal reinforcements in the idealized core zone were increased the 

torsional capacity at the ultimate load and improved the twisting angle and 

shear strain at the ultimate load, but the cracking torsional moment was not 

improved because it was influenced proportionally by the compressive 

strength of concrete. Result of beams behavior is shown in Figure (2-14). 

 

Figure (2-14): Results of beams behavior (Karim et al, 2016). 

 Nagendra and Naresh, 2017
 (43)

 tested a cantilever reinforced 

concrete L-section beams under torsional loading by experimental work and 

finite element analysis by ANSYS software to study the effects of 

longitudinal and transverse reinforcement reductions on the beams behaviors 
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under torsional loading conditions. The control beam was designed as a 

cantilever beam to resist the design bending moment, and then the second 

beam with a reduced longitudinal reinforcement ratio by 30% and the third 

beam with reduced 30% of transverse reinforcement. Beams reinforcement 

and test setup showed in Figure (2-15). 

   

(a)     Control beam                     Second beam                     Third beam 

 

(b) 

Figure (2-15): (a) Beams reinforcement; (b) Experimental test setup 

(Nagendra and Naresh, 2017). 

As result, the experimental and finite element analysis results 

provided that the ultimate torsion was decreased by 25.71% when decreasing 

the longitudinal reinforcement and 28.57% when decreasing the transverse 

reinforcement as compared with reference beam. In addition, the beam with 
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reducing longitudinal reinforcement failed earlier than beam with reducing 

of transverse reinforcement because it had bending crack in addition to 

torsional cracks which made it weaker. 

 Buda-Ożóg, 2017
 (44)

 analyzed six cantilevers reinforced concrete 

beams made in a full scale with cross-section 300mm x 300mm that were 

loaded by torsional moment, bending moment, and a shear force to 

investigate torsional capacities, stiffness, the influence of reinforcement type 

on deformation, and cracking patterns then the experimental results 

compared with the calculated results from equations based on the previous 

theories. Beams were classified into three groups in the experimental tests, 

each group consist of two beams with reinforcement obtained based on the 

first strut, and tie models with the concrete compression diagonal strut were 

inclined to the axis of the chord at the angle of 45 °, 37 °, 26.6
o
 respectively. 

Geometry and reinforcement of beams and experimental test setup is shown 

in Figure (2-16). 

  

(a)                                             (b) 

Figure (2-16): (a) Geometry and reinforcement of beams; (b) Experimental 

test setup (Buda-Ożóg, 2017). 
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From experimental tests and theoretical results of the research, it was 

concluded that load-bearing capacity of the strut and tie models were highly 

lower than the capacity calculated from equations based on the previous 

theories and experimental tests. Also, the beams with diagonal strut inclined 

at the angle of 45
0 

that based on strut and tie models when reinforcement 

prepared were generally higher stiffness and load-bearing capacities than 

other beams as shown in Figure (2-17). The concrete compression diagonal 

struts is inclined to the axis of the chords at angle of 45° separated by cracks 

on each side of the vertical elements of truss that were represented by 

stirrups reinforcement and horizontal element that were represented by the 

top and bottom chords of the truss that represents tension reinforcement and 

compressed accordingly. This indicated that transverse reinforcement was 

more effective in the transmission of torsion moment than longitudinal 

reinforcement.  

 

Figure (2-17): The load and deflection relationship (Buda-Ożóg, 2017). 

The term "diagonal compression" that was used in the space truss 

analogy or strut and tie method and mentioned in the previous research 
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above was explained in the ACI-code as shown in Figure (2-18). 

Furthermore, the forces that acting on the section under torsion are explained 

in Figure (2-19). 

 

Figure (2-18): space truss analogy (ACI-Code, 2019). 

 

Figure (2-19): Forces on section under torsion (space truss analogy) 

(Hassoun and Al-Manaseer, 2020). 
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2.4 Concluding Remarks  

From the previous researches that were presented in this chapter, several 

remarks were concluded regarding the structural behavior of the reinforced 

concrete beams flexural with the out of plane part:  

1- Most researches over the past years focused on the investigation of the 

structural behavior of concrete beams under the effect of the combined 

loads that were applied on the beams by cast in place or loading steel side 

arms in pure torsion or combined of shear force, bending moment, and 

torsion moment, but it was too limited or in the otherwise is not available 

researches about reinforced concrete beam with out of plane parts.  

2- Researches in the literature review showed that increasing concrete 

compressive strength led to improve ductility of the straight concrete 

beam up to about 80-100 MPa and thereafter decreased as compressive 

strength was increased. In this study, the ductility of the straight beam and 

the beams with out of plane part was studied by using concrete with a 

maximum compressive strength 78 MPa to prove this fact for the straight 

beam and to investigate if it is possible to explore this fact for the beams 

with out of plane part. 

3- Most researches studied the structural behavior of the concrete beam 

focused on one mid span part supported by two ends with a rotatable 

supports or fixed ends, but more than one part between the supports has 

not studied yet, so in this current study the beams with more than one part 

was studied. 

4- The previous researches studied the structural behavior of the concrete 

beams under the effect of some parameters like loading type, concrete 

grad, and reinforcement ratios and compared the results of the tested 
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beams with reinforced beam have same their geometry but the comparison 

with the straight beam is too limited. In this current study, all the results 

of the tested beams were compared with the results of the tested straight 

beam. 

5- The studies concluded that the increasing concrete compressive strength 

led to increase all of the shear force, bending moment, and torsional 

moment capacities and the increasing longitudinal and transverse 

reinforcement ratios caused increasing of these capacities of the straight 

beams. In the current study the effect of concrete compressive strength 

and reinforcement ratios on capacities of the straight and non-straight 

beams were studied. 

6- Most researches studied the structural behavior of the concrete beams 

under pure bending, pure shear, and pure torsion then compared their 

behaviors with the beams under combined of these loads and concluded 

that the beams under combined loads has capacities lower than the beams 

under pure load. In the current study, the straight beams loaded with pure 

load while the beams with the out of plane part were loaded by the same 

loading protocol but they are exposed to combined loads according to 

their geometries. 
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Chapter Three: Experimental Work 

3.1 Introduction 

The main purpose of the experimental work of this research is to study 

the structural behavior of high strength reinforced concrete beams with Out 

of Plane Part that can be achieved by using fourteen models with different 

arms of out of plane part and different ratios of reinforcement. The details of 

the experimental program are presented in this chapter.  

This chapter contains details of the materials that have been used in 

this study and, it consists of a series of standard tests according to the Iraqi 

and American standards (IQS) and (ASTM); respectively. Material 

properties of cement, coarse aggregate, fine aggregate, mineral admixture 

(Silica fume), and chemical admixture (SP) used in this study are reported.  

Thereafter, the mix proportion of NSC and HSC according to the trial 

mixes, the final mix design, and specimens‘ preparation are presented. Also, 

mixing procedures are presented in addition to the casting and curing 

process. Then, the fresh concrete tests which have been carried out for NSC 

and HSC mixes during its fresh state are all described. In hardened state, 

various testing procedures for the mechanical properties of steel 

reinforcement and concrete at 28 days are presented according to the 

specifications which consist of density, compressive strength, tensile 

strength (flexural and splitting), and elastic modulus. 

This chapter also includes detailed information about beam formwork 

and reinforcement preparation procedure. Finally, the measurements and 

testing setup are explained. Through beam model tests, vertical deflection, 

and rotation were measured at the points of change in the span axis. Also, 
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crack width, cracks propagation and distribution in tension and compression 

faces for all reinforced concrete beam models are performed. 

3.2 Material Properties 

3.2.1 Cement 

Ordinary Portland cement (CEM I-R 42.5) manufactured in Iraq city/ 

Al-Sulaymaniyah with the trade mark of (Mass) had been used throughout 

this investigation for casting all the specimens. Appendix-A listed the 

chemical and physical properties of this cement in Tables (A-1) and (A-2); 

respectively. The test results showed that the cement adapts to the provisions 

of Iraq specification No. (5)-1984
 (45)

. These tests were carried out in the 

National Center for Construction Laboratories / Laboratory Baghdad. 

3.2.2 Fine Aggregate 

Badra natural sand was used in this work. It was tested to determine 

grading and other physical properties. The grading of this sand within zone 2 

and conformed to Iraqi specification No.45 / 1984
 (46)

 as shown in Table 

(A-3), Table (A-4) and Plate (3-1), see Appendix-A. 

    

Plate (3-1): Sieve analysis and grading curve of fine aggregate. 
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3.2.3 Coarse Aggregate 

 In this study, the coarse aggregate with a maximum size of 12.5 mm 

used for manufacturing concrete beams. It was cleaned and crushed gravel 

from (Gallate) region. All the used coarse aggregate with separated at sieve 

size (12.5mm) to isolate the aggregate with particles size more than 12.5 mm 

which after that was washed until removal of all dust and fine material and 

dried in the air then to fulfill the requirement of saturated surface dry 

condition, after that, it was ready for use, see Plate (3-2). The grading and 

other physical properties of the used coarse aggregates are conformed to the 

limits of Iraqi specification No.45 / 1984
 (46)

 and presented in Plate (3-3) and 

in the Tables (A-5) and (A-6) of Appendix A. 

      

 

Plate (3-2): Preparing coarse aggregate (gravel). 
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Plate (3-3): Sieve analysis and grading curve of coarse aggregate. 

3.2.4 Silica Fume 

 Micro Silica Fume had been used as a mineral admixture added to the 

mixture as a partial replacement of the cement in the production of HSC. In 

this study, silica fume used was U.A.E production which is commercially 

known as Mega MS (D) bought from local markets. 

The physical properties and chemical composition of the SF which be 

used in this study are shown in Table (A-7) and Table (A-8) respectively, see 

Appendix-A which were got from the manufacture data sheet which 

conforms the requirements of ASTM C1240-05
 (47)

. 

3.2.5 Superplasticizer (HRWRA) 

 A high range water reducer as a chemical admixture was used with 

mineral admixture silica fume to produce HSC. High Performance 

Superplasticizer Concrete Admixture with commercial name (Sika 

ViscoCrete -5930L) complies with ASTM C494
 (48)

 Type G and F and BS 

EN 934 part 2: 2001. It is suitable for use with all types of Portland cement 

and cement replacement materials such as PFA, GGBFS, and microsilica. 
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The optimum dosage between 0.2-2% liters by weight of cement can be used 

for high strength concrete. Appendix A-6 shows the typical properties of 

Sika ViscoCrete -5930L. 

3.2.6 Water 

Ordinary tap water was used for concrete mixing and curing in present work. 

3.2.7 Steel Bars and Stirrups Reinforcement 

The Ukrainian steel bars with nominal diameter (12 mm) were used as 

longitudinal reinforcing for flexural and torsional reinforcement, while (8 

mm) diameter was used in transverse reinforcement. All of the steel rebars 

were tested by a computerized tensile test machine in order to find out their 

behavior and mechanical properties. Tensile tests were conducted according 

to ASTM A496-02 
(49)

 requirements. See Appendix-A Table (A-9) and Plate 

(3-4). 

 

 

 

Plate (3-4): Testing the mechanical properties of steel bars. 
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3.3 Mix Proportion  

3.3.1 Normal Strength Concrete Mix Design  

The normal strength concrete (NSC) was designed according to the 

American method of mix proportions selection (ACI Committee 211.1-91)
 

(50)
. The target concrete strength (fc′) was 35 MPa at 28 days for test 

specimens as mentioned in Table (3-3) of Models Identification (section 

3.8.3).  

The mix proportions of the designed normal strength concrete (NSC) 

are shown in Table (3-1). 

Table (3-1):- The mix proportions of normal strength concrete. 

Parameter Quantity 

Cement (Kg/m
3
) 400 

Sand (Kg/m
3
) 818.16 

Coarse Aggregate (Kg/m
3
) 946 

Water (Kg/m
3
) 214.6 

W/C Ratio 0.54 

Slump mm 60 

Fresh Density (Kg/m
3
) 2604 

Air Dry Density (Kg/m
3
) 2404 

*fc′ (28 days) MPa 35 

* f′c is the average of three cylinders 150X300 mm 
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3.3.2 High Strength Concrete Mix Design 

The high strength concrete (HSC) was designed by depending on the 

data of some HSC mixtures used previously which had given in (ACI 

Committee 363.2R-11)
 (51)

. The design of mix ratio was adjusted to achieve 

strength requirement with laboratory trial mixes and the local materials 

would supersede these tables for the specific project. The target concrete 

strength (fc′) for all test specimens was 75 MPa at 28 days. The information 

of HSC trail mixes is shown in Table (3-2). 

Table (3-2):- Trail mixes proportion of high strength concrete. 

No. of Mix 
1 

2 

selected 
3 

Parameter 

Cement (Kg/m
3
) 425 487 513 

Sand (Kg/m
3
) 810 676 685 

Coarse Aggregate (Kg/m
3
) 1110 1070 1080 

SF% Wt. of Cement 9.57 8.8 7.73 

Water (Kg/m
3
) 128 155 130 

SP% Wt. of Cement 3.62 2.53 3.37 

W/C Ratio 0.3 0.29 0.25 

Slump mm 180 220 210 

Fresh Density (Kg/m3) 2708 2624 2604 

Air Dry Density (Kg/m3) 2500.26 2485 2548.37 

*fc′ (28 days) MPa 83.22 75.69 56.22 

* f′c is the average of three cylinders 150X300 mm 
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3.4 Mixing Procedures 

All the trial batches of concrete mix design and beams concrete 

mixing was carried out by using a laboratory drum mixer with a capacity of 

0.1 m
3
 as shown in Plate (3-5). The mixer was kept clean, moist, and free of 

water before the beginning of the mixing process. This mixer was utilized 

for the mixing of NSC and HSC. 

 

Plate (3-5): Laboratory Drum Mixer. 

3.4.1 NSC Mixing Procedure 

NSC was mixed according to (ASTM C 192/C 192M-15)
 (52)

. Coarse 

aggregate was added to the mixer and about 25% of the mixing water was 

used and mixed for three minutes. Then fine aggregate was added and about 

25% of the mixing water and mixed for three minutes. At last, the cement 
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and the remaining water were added and the mixer was operated for two 

minutes. 

3.4.2 HSC Mixing Procedure 

HSC was mixed according to (ACI 363R-10)
 (53)

 with altered steps of 

adding water and Superplasticizer until to get the workability and 

consistency of the mixture. The HSC mixing procedure was stated as below: 

1- Mix silica fume and cement in dry condition. 

2- Mix Superplasticizer with water for 5 minutes out of the mixer. 

3- Place half quantity of coarse and fine aggregate in the mixer. 

4- Add all the (Portland cement + silica fume). 

5- Add the remaining of coarse and fine. 

6- Add all the (water + Superplasticizer) in the mixer and mix 3 minutes. 

3.5 Molding, Casting, and Curing Process 

The molds that used to cast the beams were made of plywood. The 

internal surfaces of the cubes, cylinders, prisms molds were well cleaned and 

oiled to avoid adhesion with concrete after hardening. After that, the 

reinforcement was placed in the true position for all the beam molds by 

using concrete spacers at the bottom and side faces to achieve the thickness 

of the concrete cover. 

All beam molds were firmed by a steel frame and placed on the 

vibrator table. Then, carefully the mixed concrete was poured. As 

recommended in ASTM C192/C192M−15
 (54)

, a vibrator table (frequency 

3600 vibrations per minute -60 Hz) was used to compact each one of the 

concrete models. The vibration process was stopped when the air bubbles 

stop to appear and the concrete surface became smooth.  
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The upper concrete surface was finished to smooth the face after the 

casting process by using a steel trowel. Then, a plastic sheet was placed on 

each mold with an average temperature of 25°C to avoid plastic shrinkage.  

The molds were removed from the specimens after 24 hours, and then 

all of them were placed in the water to achieve ponding curing type as 

recommended in the ACI 363R-10
 (53)

 and ASTM C192/C192M−15
 (54)

. 

After the end of the curing period, the beams models were painted by 

white emulsion to ensure the monitoring of cracks propagation during 

testing. After that, the beams models were sketched to specify the location of 

testing points as described in Plate (3-6). 

    

(A) Molds and placement of reinforcement. 

Plate (3-6): Preparing concrete beams and symbols. (Continowed) 
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(B) Casting, finishing and plastic sheet covering process. 

   

(C) Curing and paint process. 

Plate (3-6): (Continued). 
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3.6 Tests of Fresh Concrete Properties 

Fresh properties of NSC and HSC were measured by using the 

following tests:- 

3.6.1 Slump Flow Test  

The slump flow test of NSC and HSC was performed in accordance 

with ASTM C 143/C 143M-05a
 (55)

 as shown in Plate (3-7). 

       
Plate (3-7): Slump flow test. 

3.6.2 Fresh Density Test 

The fresh density test of NSC and HSC was conducted according to 

ASTM C138 / C138M - 17a 
(56)

 by taking the average result of two 

cylinders 150×300 mm. 

       

Plate (3-8): Fresh density test. 
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3.7 Tests of Hardened Concrete 

3.7.1 Hardened Density Test 

A hardened density test of NSC and HSC was carried out by taking 

the average result of two cylinders 150×300 mm. This test was done 

according to ASTM C642 - 13 
(57)

. 

3.7.2 Cylinder Compressive Strength 

The compressive strength test of NSC and HSC was done according to 

ASTM C39/C39M-05 
(58)

. The result of compressive strength was obtained 

by taking the average value of the two cylinders (150×300 mm) tested at 7, 

28, 56,  and 90 days by using a hydraulic compression test machine with  

2000 kN capability, as shown in Plate (3-9). 

  

Plate (3-9): Cylinder compressive strength test. 

3.7.3 Cube Compressive Strength Test 

According to BS1881- part 116:2000 
(59)

, the compressive strength of 

concrete was tested by using a cube of 150 mm for NSC and HSC and 
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compressed under uniaxial load perpendicular to the face of the cube, as 

shown in Plate (3-10). 

   

Plate (3-10): Cube compressive strength test. 

The average of three cubes was adopted from NSC and HSC and the 

cubes were tested at 28 and 90 days. 

3.7.4 Static-Elastic Modulus and Poisson′s Ratio Test 

 The elastic modulus (E) and Poisson's ratio were tested according to 

ASTM  C469 /C469M-14 
(60)

, as shown in Plate (3-11). The readings values 

of electrical strain gages that fixed horizontally and vertically on the face of 

cylinders (150×300 mm) were recorded and the results were the average of 

readings for two specimens. 
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Plate (3-11): Stress-strain relationship and static-elastic modulus tests. 
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The modulus of elasticity was measured by test devices as shown in 

Plate (3-11) according to the formula of Ec based on 40% of the stress-strain 

curve as follow: 

Ec = 
     

      
    (3.3) 

Where:  

Ec = Elastic modulus, GPa.  

S2 = Stress conforming to 40 % of maximum load, GPa.  

S1 = Stress conforming to the longitudinal strain of 50 millionths, GPa.  

𝜖2 = Longitudinal strain produced by stress, S2. 

𝜖1 = Longitudinal strain produced by stress, S1. 

The Poisson's ratio was measured according to the formula of (ν) 

based on 40% of the stress-strain curve as follow: 

ν = 
       

      
    (3.4) 

where:  

ν = Poisson‘s ratio.  

𝜖𝑡2 = Transverse strain at midheight of the specimen produced by stress S2. 

𝜖𝑡1 = Transverse strain at midheight of the specimen produced by stress S1. 

𝜖2 = Longitudinal strain produced by stress S2. 

𝜖1 = Longitudinal strain produced by stress S1. 
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3.7.5 Test of Splitting Tensile Strength 

In NSC and HSC, the splitting tensile strength was tested according to 

ASTM C496 / C496M - 17 
(61)

 by using two concrete cylinders of (100 mm 

diameter ×200 mm length) were tested at 28,56 and 90 days. The plywood 

strips with 3.0 mm thick, 25 mm wide, and 200 mm length were located at 

the top and bottom of the cylinder specimen as shown in Plate (3-12), it is 

achieved by applying diametrical compressive force with a capacity of 2000 

kN along the specimen length until failure of the cylinder into two halves by 

longitudinal crack breaks. 

  

 
 

 

Plate (3-12): Splitting tensile strength test. 
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The average result of two cylinders taken to evaluate the tensile 

strength as: 

ft = 
  

   
    (3.5) 

Where:  

ft = splitting tensile strength (MPa),  

P = maximum applied load indicated by the testing machine (N),  

L = length (mm), and  

d = diameter (mm). 

3.7.6 Flexural Tensile Strength Test (Modulus of Rupture) 

The test was carried out according to ASTM C78 / C78M−18 
(62)

 procedure 

by using two concrete prisms of dimensions (100×100×400) mm as shown 

in Figure (3-1) and Plate (3-13). 

 

Figure (3-1): Schematic of flexural strength test 
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Plate (3-13): Two-point load flexural strength test. 

The specimens were tested at 28, 56, and 90 days, and the average of 

two specimen's results was used to evaluate each test. Flexural strength 

expressed as the modulus of rupture was determined using the results 

obtained from a simple beam using third-points loading with a clear span of 

300 mm, as shown in Plate (3-13). The flexural strength of concrete prisms 

was determined by using the following formula: 

fr = 
   

   
    (3.6) 

Where:  

𝑓𝑟 = rupture modulus (MPa),  

P = the ultimate applied load (N),  
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L = the length of the span c/c(mm),  

b = average width of prism (mm), and d is average depth of prism (mm). 

3.8 Beam Models Identification 

The beams were classified according to their compressive strength, 

geometry, and reinforcement as explained in Table (3-3) and in order to 

identify the experimental and numerical analysis for the research parameters. 

Table (3-3):- Symbols of tested out of plane part beam models. 

Symbols Refer to 

NSC-S Normal Strength Concrete Straight Beam  

NSC-1OP Normal Strength Concrete Beam with One Out of Plane Part 

NSC-2OP Normal Strength Concrete Beam with Two Out of Plane Parts 

NSC-3OP Normal Strength Concrete Beam with Three Out of Plane Parts 

HSC-S High Strength Concrete Straight Beam 

HSC-1OP High Strength Concrete Beam with One Out of Plane Part 

HSC-2OP High Strength Concrete Beam with Two Out of Plane Parts 

HSC-3OP High Strength Concrete Beam with Three Out of Plane Parts 

HSC-1OPT High Strength Concrete Beam with One Out of Plane Part and added 

Torsional Reinforcement 

HSC-2OPT High Strength Concrete Beam with Two Out of Plane Parts and added 

Torsional Reinforcement 

HSC-3OPT High Strength Concrete Beam with Three Out of Plane Parts and added 

Torsional Reinforcement 

NSC-I-1OP Normal Strength Concrete Beam with Increase length of One Out of 

Plane Part 

NSC-I-2OP Normal Strength Concrete Beam with Increase length of Two Out of 

Plane Parts 

NSC-I-3OP Normal Strength Concrete Beam with Increase length of Three Out of 

Plane Parts 
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The geometry and reinforcement details of the tested beams are shown 

in Figure (3-2) to (3-11).  

 

 

Top view 

 

Side view 

       

 

3D view 

Figure (3-2): Geometry and reinforcement details of beam models (NSC-S 

and HSC-S). 

A 

A 
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Top view 

 

Side view 

       

 

3D view 

Figure (3-3): Geometry and reinforcement details of beam models (NSC-

1OP and HSC-1OP). 
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Top view 

 

Side view      

 

3D view 

Figure (3-4): Geometry and reinforcement details of beam models (NSC-

2OP and HSC-2OP). 
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Top view 

 

Side view 

      

 

3D view 

Figure (3-5): Geometry and reinforcement details of beam models (NSC-

3OP and HSC-3OP). 
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Top view 

 

Side view 

       

 

3D view 

Figure (3-6): Geometry and reinforcement details of beam models (HSC-

1OPT). 
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Top view 

 

Side view 

 

 

3D view 

Figure (3-7): Geometry and reinforcement details of beam models (HSC-

2OPT). 
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Top view 

 

Side view 

        

 

3D view 

Figure (3-8): Geometry and reinforcement details of beam models (HSC-

3OPT). 

C 

C 

A 

A 
B 

B D D 



73 
 

 

Top view 

 

Side view 

       

 

3D view 

Figure (3-9): Geometry and reinforcement details of beam models (NSC-I-

1OP). 
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Top view 

 

Side view 

    

 

3D view 

Figure (3-10): Geometry and reinforcement details of beam models (NSC-I-

2OP). 
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Top view 

 

Side view 

      

 

3D view 

Figure (3-11): Geometry and reinforcement details of beam models (NSC-I-

3OP). 
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3.8.1 Case Study No.1  

This study investigated the effect of number and location of out of 

plane parts of normal strength concrete (NSC) beams on their structural 

behavior as compared with the normal strength concrete straight beam. This 

study included NSC-S, NSC-1OP, NSC-2OP, and NSC-3OP beam models. 

Model NSC-S was used as a control beam that had been made with 

NSC and designed according to ACI code 318-2019 as shown in appendix 

B. This model was tested under static load until failure. 

3.8.2 Case Study No.2  

This study investigated the effect of replacement of normal strength 

concrete (NSC) by high strength concrete (HSC). This study included HSC-

S, HSC-1OP, HSC-2OP, and HSC-3OP beam models. 

Model HSC-S was used as a second control beam which is used as a 

reference beam for the beams that are made with HSC. This model was 

made with HSC and it was reinforced similarly to the NSC-S beam. 

3.8.3 Case Study No.3  

This study investigated the effect of adding torsional reinforcement at 

each part of the beams with the out of plane parts in conjunction with the 

replacement of normal strength concrete (NSC) by high strength concrete 

(HSC). This study included HSC-1OPT, HSC-2OPT, and HSC-3OPT beam 

models. 

3.8.4 Case Study No.4  

This study investigated the effect of increasing the length out of plane 

parts of normal strength concrete (NSC) beams on the structural behavior as 

compared with the NSC-S and the other NSC beams that made with out of 
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plane parts. This study included NSC-I-1OP, NSC-I-2OP, and NSC-I-3OP 

beam models. 

The reinforcement of all the beams that were mentioned in the above 

cases were explained in schematic Figure (3-2) to (3-11) and Plate (3-14). 

  

Straight beams   

 

Beam with one out of plane part 

 

Beam with two out of plane parts    

 

Beam with three out of plane parts 

Plate (3-14): Reinforcement details of all the beam models. 
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3.9 Instruments and Testing Procedure of Beam Models 

To achieve the main objective of the laboratory test, the basic step was 

to prepare the required boundary conditions as follows: 

3.9.1 Supports Condition and Loading  

Special clamping rigid steel frame of (150 X 150 mm) HP-sections 

and channel-sections was designed according to AISC 
(63)

  code by using 

Autodesk Robot Structural Analysis and Autodesk Advance steel software 

as shown in Figure (3-12) and its details are explained in Appendix-D. This 

support used to test all beam models, which were clamped to ends of beams. 

Eight steel columns were connected to each other's by steel beams at the 

sides, top, and bottom by weld and bolted connections to give a fixed 

supported condition to a rectangular beam section with an effective span of 

1500 mm. The load applied on the tested beams by a double HP-section 

spreader beam, and the supported part of the beam was 150 mm, while the 

100 mm of the beam span was remained out of the support that had been 

used as a continuous part in order to get the fixity of the supports. According 

to ACI 445R-99 
(64)

 that recommended (if the shear span-to-depth ratio (a/d) 

decreases below about 2.5, members become deep and it will fail under 

shear, so the load was applied with a shear span (a) that located from support 

points to the loading point, with a length of 450 mm to achieve (a/d) ratio 

equal to 2.65 which satisfy the flexural failure. The interior flexural span 

between the loading points was 600 mm in length; see Figure (3-12) to (3-

14) and Plate (3-15). 
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(a) 3-Dimensions view 

 

(b) Side view 

 

(c) Front view 

                  Figure (3-12): Scheme of Steel Supporting Frame. 
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Beam with one out of plane part    Straight beam 

 
Beam with two out of plane parts               Beam with three out of plane parts 

Figure (3-13): Scheme of 2D test set up. 

 

Figure (3-14): Scheme of test set up. 
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Plate (3-15): Steel support preparation and experimental test set up. 
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3.9.2 The Test Setup and Equipment 

3.9.2.1 Universal Testing Machine 

All the beam models were tested by a universal testing machine with a 

capacity of 1000 kN under monotonic up to ultimate load. The universal 

machine used existed in the laboratory of structural in the Department of 

Civil Engineering at Wasit University. The load readings were measured by 

a load cell that was installed between the jack and a spreader stiff beam as 

shown in Figure (3-13),  Figure (3-14), and plate (3-15). 

3.9.2.2 Deflections and Mid Span Rotations of The Beams 

The deflections and mid span rotations were measured by a Linear 

Variable Differential Transducers (LVDT). 

Five vertical LVDTs were positioned under the tested beam models at 

the center point, the loading points, and the out plane parts to record the 

deflection at mid span and under the loading points to get the deflection 

shape and the angle of twist. The angle of twist was measured by taking the 

difference between readings of back and front LVDTs divided by the 

distance between them. Figure (3-13),  Figure (3-14), and plate (3.15) show 

the schematic and experimental test set up. 

All the test instrumentations were connected to a data logger that was 

computerized to readings and saving the data per second during the 

experiment time. Plate (3-16) shows the instrumentations that were used.  
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(a) LVDTs 

 

(b) Data logger 

 

(c) Computer control 

Plate (3-16): Five LVDTs, data logger, and computer were used for 

deflection and rotation reading. 

 3.9.2.3 Crack width 

An optical micrometer with an accuracy of 0.005 mm was used to 

measure cracks width for all beam models. 

All the beams were painted with white color to make it easy to 

monitor the cracks propagation and measure their width, the cracks were 

detected and drawn on the front and back faces in addition to the top face of 

the tested beams as shown in Plate (3-17). This investigation aimed to 
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measure crack location and width at the first cracking load and ultimate load, 

also to draw cracks pattern in order to identify failure mode of beams. 

  

 

Plate (3-17): Monitoring crack width by using a photic micrometer. 

3.9.3 Testing Procedure 

All the beams were tested by applied concentrated two-point loads 

and supported by clamped fixed supports at the two ends.  

The steel frame was designed and prepared to be able to support the 

beams and considered as a partial fixity which intended to be fixed at the 

ends to provide sufficient lateral stability for torsion. The frame was divided 

into several frames, the side, front, back, top, and bottom frame, and the 
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parts of each frame were connected by welding, and then the frames were 

connected to each other by bolted connection. The steel members at each 

end of the supports were clamped to the beam firmly by the bolts with a ¾
''
 

diameter, and they could be removed once the test was done. Inner faces of 

the supports were shimmed with 1/4'' steel plates to provide additional room 

for dimensional tolerances and ensure uniform contact along the supports 

and to avoid the slippage between the beam and support. 

Rubber plates (8 mm thickness) were provided on the top face of the 

concrete beam and located under the loading steel plate to avoid non-

uniform stress distribution.  

In this study, the loading was monotonic. The load was applied 

gradually up to failure. Test started with the application of 5 kN to set and 

check LVDT. At zero loading, initial reading of load cell and LVDTs were 

obtained. The first cracking load and its location were recorded. Then the 

load was applied of 10 kN and at each load increment, observations of 

cracks development on the beams were traced by pencil. Also, for each 

model, maximum crack width and its location were measured. The 

deflections and rotations were measured for each step and were recorded at 

each second of testing time. The loading was continued until the ultimate 

load. 

The failure mode of the beam models were stated when no further 

increase of the loading readings were recorded with a noticeable large 

deflection in addition to large flexure, shear, and torsional cracking. The 

beam was removed carefully from the test rig after the test completion. 
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Chapter Four: Experimental Results and Discussion 

4.1 Introduction 

This chapter presents and discusses the test results of the experimental 

program that had been described in chapter three in a tabulated and a 

graphical forms. 

The experimental test results of (NSC) and (HSC) hardened properties 

are explained and discussed first, and then the second part of this chapter 

describes the experimental results of fourteen beam models. 

4.2 Mechanical Properties of Concrete 

The hardened properties from control specimens for NCC and HSC 

beam models were tested at 7, 28, 56, and 90 days age and listed in Table (4-

1). 

A common compressive strength test age for NSC is 28 days produced 

good results, especially when it is not required early strength or early 

evaluation, whereas HSC may gain considerable strength at later ages (56 or 

90 days) when construction requirements allow the concrete more time to 

develop strength before loads are imposed. (ACI 363R-10) 
(53)

. 
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Table (4-1):- Mechanical properties of concrete test results of control 

specimens for all beam models. 

Mechanical 

Properties 

NSC HSC 

7 

days 

28 

days 

56 

days 

90 

days 

7 

days 

28 

days 

56 

days 

90 

days 

Hardened 

Density 

(kN/m
3
) 

- 24.04 - 24.21 - 24.85 - 25.38 

Cylinder 

Compressive 

Strength 

(MPa) 

21.19 34.77 36.19 37.62 71.26 75.69 76.07 79.38 

Poisson′s Ratio - 0.22 -  - 0.24 -  

Cube 

Compressive 

Strength 

(MPa) 

25.34 37.96 38.46 38.595 81.87 85.75 85.81 85.83 

Splitting 

Tensile 

Strength 

(MPa) 

- 2.25 - 2.56 - 4.39 - 4.52 

Modulus of 

Rupture (MPa) 
- 4.81 - 6.23 - 7.72 - 10.06 

Modulus of 

Elasticity 

(GPa) 

- 22.01 - 27.60 - 34.39 - 40.98 
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4.2.1 Fresh Properties of Concrete 

The fresh properties of concrete were examined through workability 

slump flow test and fresh density. The slump was 60 mm for NSC and 215 

for HSC, while the fresh density for NSC and HSC were 26.04 and 26.24 

KN/m
3
 respectively. 

4.2.2 Hardened Density of Concrete  

The air dry (hardened) density for NSC and HSC were measured at 28 

days and at the day of the test beams (90 days) and presented in Table (4-1). 

Results showed that the air-dry density of HSC was somewhat higher than 

NSC that was prepared with the same raw materials. 

4.2.3 Cylinders and Cubes Compressive Strength  

The average compressive strength was evaluated at 7, 28, 56, and 90 

days and it was (21.19, 34.77, 36.19, and 37.62 MPa) for NSC cylinders (fc') 

and (25.34, 37.96, 38.46, and 38.59 MPa) for cubes (fcu), whereas the 

average compressive strength of HSC cylinders and cubes were (71.26, 

75.69, 76.07 and 79.38 MPa) and (81.87, 85.81, 85.81 and 85.83 MPa) 

respectively, as shown in Table (4-1).  

From Table (4-1), the ratio of the average cube to cylinder 

compressive strength (fcu / fc') for NSC at 7, 28, 56, and 90 days were 

(1.196, 1.092 and 1.062, and 1.025) respectively. While, the ratio of the 

average cube to cylinder compressive strength (fcu / fc') for HSC at 7, 28, 

and 56 days were (1.149, 1.138, 1.128, and 1.081), respectively. It can be 

seen that the ratio of the cube to cylinder compressive strength for NSC and 

HSC decreased with time. The cylinder compressive strength gained with 

age for both types of concrete are shown in Figure (4-1) 
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Figure (4-1): Strength gain with age for HSC and NSC. 

4.2.4 Splitting Tensile Strength  

The splitting tensile strength (fsp) results of NSC and HSC beam 

models were estimated at 28, and 90 days and explained in Table (4-1). It 

was (2.25, and 2.56 MPa) for NSC and (4.39, and 4.52 MPa) for HSC. The 

percentage ratio of the splitting tensile strength to the compressive strength 

(fsp / fc') of NSC at 28, and 90 days was (6.47%, 6.80%), while in HSC was 

(10.19%, 12.67%).  

4.2.5 Flexural Tensile Strength (fr) 

The flexural tensile strength of NSC and HSC were estimated at 28 

and 90 days and its results are shown in Table (4-1). This property also 

expressed as the modulus of rupture (fr) and its relationship with the 

compressive strength at 28 days is (𝑓𝑟=0.62√fc ) for NSC, but in HSC is 

(𝑓𝑟=0.94√fc ) as recommended in the ACI 363R-10
 (53)
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4.2.6 Poisson's Ratio 

Poisson′s Ratio for NSC and HSC at 28 days are 0.22 and 0.24 

respectively. Primarily based on the experimental results, Poisson‘s ratio 

reduced whilst water/cement ratio increased. 

In addition, Poisson‘s ratio of HSC at the elastic limit appeared 

corresponding to the probable limit of values for NSC. 

4.2.7 Modulus of Elasticity 

 The slope of the chord for the uniaxial stress-strain curve between the 

point corresponding to 40 percent of the maximum stress and the point 

corresponding to a strain of 0.00005 represents the secant modulus of 

elasticity. The modulus of elasticity of concrete Ec is related to its density 

and compressive strength. 

The average modulus of elasticity at 28 and 90 days are 22.01 and 

27.60 GPa for the NSC and 34.39 and 40.98 GPa for HSC as shown in Table 

(4-1). 

From the results, it could be concluded that the NSC had a modulus of 

elasticity at 28 and 90 days lower than HSC modulus of elasticity by about 

35.99% and 30.96%, respectively. 

4.2.8 Stress-Strain Behavior in Uniaxial Compression 

The axial compressive stress-strain curves of NSC and HSC at 28 

days are shown in Figure (4-2). 
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Figure (4-2): compressive stress-strain curves of NSC and HSC. 

The shape of the ascending part of the stress-strain curve was more 

linear and sharper for HSC, and its strain at the maximum stress was 

somewhat higher than NSC. High strength concrete showed fewer internal 

micro cracking than normal strength concrete for a given axial strain. 

4.3 Experimental Results of Beam Models 

The results were based on fourteen beam models tested in Wasit 

University Structure Laboratory. All the beam models were tested under 

static load. 

The discussion of the test results was based on several variables that 

have been examined to show their influence on the structural behavior of the 

tested beam models. These studies were used to investigate the effects of 

four parameters and each parametric study contains several beam models as 

mentioned in chapter three. 
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The results of the tests were discussed considering the first cracking 

load, ultimate load, the load- deflection curve, deflected shape, the load- 

rotation curve, cracking behavior, and failure mode. Most of the test results 

data had been transferred to graphical form for ease of interpretation. 

4.3.1 Ultimate Load and Deflection 

Five LVDTs were used to measure the deflection and rotation. One at 

the center to measure the mid span deflection, two below the point load to 

measure the deflection and draw deflected shape, and two in front and back 

at mid span to measure the mid span rotation. The recorded ultimate load 

and deflection are presented in Table (4-2) for beam models. 

Table (4-2):- Deflection and rotation at ultimate load for each beam model. 

(Continued). 

Beam models 

symbol 

Ultimate load 

Pu (kN) 

Mid-span 

deflection (mm) at 

ultimate load  

Mid-Span angle of 

twist (degree) at 

ultimate load 

NSC-S 576.76 26.79 0
0
 

NSC-1OP 369.36 61.21 2.58
0
 

NSC-2OP 392.30 45.92 3.55
0
 

NSC-3OP 176.14 31.09 1.44
0
 

HSC-S 757.57 40.85 0
0
 

HSC-1OP 384.51 51.21 2.44
0
 

HSC-2OP 404.88 35.68 1.95
0
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Table (4-2):- (Continued). 

HSC-3OP 241.57 32.42 1.41
0
 

HSC-1OPT 460.48 49.67 2.65
0
 

HSC-2OPT 467.96 34.52 2.99
0
 

HSC-3OPT 289.30 31.47 1.92
0
 

NSC-I-1OP 369.29 48.70 0.56
0
 

NSC-I-2OP 387.24 31.26 0.65
0
 

NSC-I-3OP 176.45 29.54 0.56
0
 

 

4.3.1.1 Load–Deflection Curve 

The beam models under loading were shown in three stages of 

behavior, first stage is the elastic stage that can be described by a nearly 

linear shape between the load and the deflection. In this stage, the concrete 

section was uncracked and reinforcement was not yielded yet and both the 

concrete and reinforcement behaved essentially elastic. 

The second stage was elastic-plastic behavior when the relation of the 

load and deflection changed to a nonlinear behavior with distinctive changes 

in slope by increasing deflections. This stage occurred when the stiffness of 

the beams decreased and the primary cracking of the concrete section was 

started to appear. 

The third stage was the plastic behavior and the load-deflection 

relation was also nonlinear and in which, as a load slightly increased lead to 
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a larger deflection. In this stage, the slope of the load-deflection curve was 

decreased as a result of reinforcement post-yielding and reached to the yield 

strain. In general, a nonlinear behavior was observed after concrete cracking 

and continued up to failure. 

Case Study No.1:- Investigated the effect of number and location of out of 

plane parts of NSC beams on their load-deflection response as compared 

with the NSC straight beam. The NSC-1OP, NSC-2OP, and NSC-3OP beam 

showed ultimate load lower than the NSC-S beam by about 35.96%, 33.33%, 

and 69.46% respectively and their mid span deflection was higher than 

NSC-S beam by 56.23%, 41.66%, and 13.83% at the ultimate load and  

181.05%, 143.17%, and 3.94% at the service load. Figure (4-3) shows the 

load versus central deflection of these beam models. 

 

Figure (4-3): Effect of number and location of out of plane part on load-

central deflection response beam models. 

The effect of the location of the out of plane part relative to the mid 
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the NSC-2OP beam had ultimate load higher than the NSC-1OP and NSC-

3OP beams by (5.84%) and (55.10%). This behavior is due to the axis of the 

mid span part of NSC-2OP beam was parallel to the beam axis and 

decreased the applied torsional moment at this part which led to increasing 

the load-carrying capacity, while the NSC-1OP and NSC-3OP have mid-

span part perpendicular to the beam axis and increase torsional moment at 

these parts which led to decrease the load-carrying capacity. In addition, the 

load-deflection responses at each stage of the behavior (elastic, elastic-

plastic, and plastic) were affected by the number and location of out of plane 

parts. In general, the beams with even number of the out of plane parts had 

load bearing capacity higher than the beams with odd number of the out of 

plane parts. 

Case Study No.2:- Investigated the effect of increasing compressive 

strength of concrete on the load-deflection response of HSC beams with the 

out of plane parts as compared with the NSC and HSC straight beams. The 

HSC beam models showed higher ultimate load when compared with the 

NSC beam models that modeled with same geometry and reinforcement, but 

their capacity remained smaller than NSC-S by about 33.33%, 29.80%, and 

58.11% respectively and their deflections at the ultimate load were 

somewhat higher than NSC-S by 47.68%, 24.91%, and 17.36%  and at the 

service load were 137.14%, 76.87%, and 60.39% respectively. Figure (4-4) 

shows the load versus central deflection of these beam models. 
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Figure (4-4): Effect of replacement NSC by HSC on the load-central 

deflection for beam models 

The behavior of HSC beams with the out of plain parts as compared 

with the HSC-S showed that the HSC-1OP, HSC-2OP, and HSC-3OP beam 

models showed ultimate load lower than HSC-S by about 49.24%, 46.55%, 

and 68.11%, while the capacity of NSC-S was 23.86% lower than HSC-S. 

This means that using HSC in beams with out of plane part was of limited 

enhancement on its strength. 

Case Study No.3:- Investigating the influence of adding torsion 

reinforcement at each part of the beams with the out of plane parts on load-

bearing capacity and load-deflection behavior. The reinforcement was added 

to each part of the beam according to its own torsion. 

The torsion reinforcement has a noticeable effect on increasing load-

bearing capacity and a clear effect on increasing measured deflections as 

shown in Figure (4-5). 
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Figure (4-5): Effect of using torsion reinforcement on load-central deflection 

for HSC beam models as compared with HSC-S and NSC-S beam. 

The HSC beam models with torsion reinforcement (HSC-1OPT, HSC-

2OPT, and HSC-3OPT) showed higher ultimate load, but it was remained 

lower than the NSC-S beam by 20.16%, 18.86% and 49.84% and their 

deflections were higher than NSC-S beam 46.06%, 22.39%, and 14.87% at 

the ultimate load and 116.97%, 97.66%, and 21.89% at the service load. 

The behavior of HSC beams with torsion reinforcement as compared 

with the HSC-S showed that the HSC-1OPT, HSC-2OPT, and HSC-3OPT 

beam models had ultimate load lower than HSC-S by about 39.15%, 

38.22%, and 61.82%.  

Furthermore, the adding torsion reinforcement enhanced the load 

bearings capacity of the HSC-1OPT, HSC-2OPT, and HSC-3OPT beam 

models by about 19.75%, 15.58%, and 19.76% as compared with the HSC 

beams without using torsion reinforcement. 
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Case Study No.4:- Evaluating the beams behavior by increasing the length 

of out of plane parts. The length increased by 150 mm in NSC-I-1OP and 

NSC-I-2OP, but for NSC-I-3OP it was increased by 150 mm for mid span 

part and 75 mm for the first and last out of plane parts. The behavior of each 

beam with its similar beam whose out of plane parts length were not 

increased and the control NSC-S beam model were shown in Figure (4-6) to 

Figure (4-8).   

 

Figure (4-6): Effect of increasing length of out of plane part on load-central 

deflection for NSC-I-1OP beam models as compared with NSC-1OP and 

NSC-S beam. 
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Figure (4-7): Effect of increasing length of out of plane part on load-central 

deflection for NSC-I-2OP beam models as compared with NSC-2OP and 

NSC-S beam. 

 

Figure (4-8): Effect of increasing length of out of plane part on load-central 

deflection for NSC-I-3OP beam models as compared with NSC-3OP and 

NSC-S beam. 
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The NSC-I-1OP model showed ultimate load lower than NSC-S and 

NSC-1OP by about 35.97% and 0.02%, and for deflections was 44.98% 

higher NSC-S but 20.43%  lower than NSC-1OP.   

On the other hand, the NSC-I-2OP model showed ultimate load lower 

than NSC-S beam and NSC-2OP beam by 32.85% and 1.28%, while their 

deflections was 14.30% higher NSC-S beam but 31.92% lower than NSC-

2OP beam.  

The last one, NSC-I-3OP model was also showed ultimate load lower 

than NSC-S beam by 69.40% but higher than NSC-3OP beam by 0.176%, 

while their deflections was 9.30% higher NSC-S beam and 4.98% lower 

than NSC-3OP beam. 

From the figures and Table (4-2), it can be seen that the increase 

length of out of plane parts had a little effect on its capacity but the 

deflection highly affected. 

In addition to the load-deflection results, the ultimate load of each 

beam was calculated relative to the ultimate load of NSC-S control beam, 

and the results were shown in Figure (4-9). 

 

Figure (4-9): Ultimate load of each beam relative to the ultimate load of the 

NSC-S beam. 
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The Committee (ACI 318M-19)
 (65)

 proposed strength reduction factor 

in the design procedure of the structural members to take precautions about 

variations in material strengths and member dimensions, inaccuracies in the 

design equations, to reflect the available ductility of the member under 

considered load, and to reflect the member importance in the structure. The 

reduction factors that proposed for the bending moment, shear, and torsion 

were 0.90, 0.75, and 0.75 respectively. These factors were used in the design 

of straight control beam (NSC-S beam) in the current study. 

It is worth to mention again that the NSC and HSC beams with out of 

plane parts were reinforced by the reinforcement of the straight beam but 

they were showed lower bearing capacity. Therefore, it is not possible to 

design and reinforcing the beams with out of plane part by using the same 

reduction factors of the straight beam, and that it is not reliable to be loaded 

with the same loading. 

It is possible to suggest a new strength reduction factors for the design 

of the beams with out of plane parts based on the strength reduction factors 

of the straight beam but modified them according to the ratios of the ultimate 

load of the beams with out of plane parts to the ultimate load of the straight 

beams from the present study as: 

ϕout = ϕS   
       

    
     (4.1) 

Where; ϕout is strength reduction factor of the beams with out of plane part, 

ϕS is the strength reduction factor of the straight beam (according to ACI 

318-19), PU Out  is the ultimate load of the beams with out of plane part, and 

PU S  is the ultimate load of the straight beam. 



102 
 

The new proposed strength reduction factors of the NSC beams with 

out of plane part are shown in Table (4-3). 

Table (4-3):- Proposed strength reduction factors of the NSC beams with out 

of plane part 

BEAM 

       

    
 

Strength reduction factors 

Shear Bending Torsion 

NSC-S - 0.75 0.9 0.75 

NSC-1OP 0.64 0.50 0.60 0.50 

NSC-2OP 0.68 0.50 0.60 0.50 

NSC-3OP 0.31 0.25 0.30 0.25 

 

4.3.1.2 Deflected Shape 

The deflected shape of all the tested beam models has been drawn 

depending on the deflection readings at the mid span and under the load 

points that was monitored by the LVDTs at these points that explained in 

Figure (3-16).  

The lowest ultimate load of the tested beams was considered as the 

loading level to draw the deflected shapes of the tested beams. The ultimate 

load (176.14 kN) of the NSC-3OP beam was the lowest one and the 

corresponding deflection of all the beams at this loading level was selected 

for drawing the deflected shapes. 
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Case Study No.1:- The effect of the number and location of out of plane 

parts of NSC beams on their deflected shape as compared with the NSC 

straight beam at the load (176.14 kN) are shown in Figure (4-10). 

 

Figure (4-10): Effect of number and location of out of plane parts on the 

deflected shape along longitudinal-axis for beam models at load (176 kN). 

The central deflection of NSC-1OP, NSC-2OP, and NSC-3OP beams 

were higher than the NSC-S beam by about 198.76%, 254.32%, and 

732.09% respectively.  

Therefore, the deflected shape responses gave indicate that the 

increasing number of out of plane parts increased the deflection, that means 

increasing the ductility and decreasing the flexural and torsional stiffness of 

the beams due to the increasing of loads combinations at the selected loading 

level.  

Furthermore, it was observed that the NSC-3OP has the maximum 

deflection because its ultimate load was considered as reference load for 

measured deflection of all the other beams and its deflection was taken at its 

ultimate load.  
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Case Study No.2:- The effect of using high strength concrete (HSC) instead 

of normal strength concrete (NSC) on the deflection characteristics at the 

load (176 kN) for the beam models are shown in Figure (4-11).  

 

Figure (4-11): Effect of replacement of NSC by HSC on the deflected shape 

of beam models at load (176 kN). 

The using of HSC in the beams with the out of plane parts decreased 

greatly the differences between their mid span deflection and the deflection 

of NSC-S control beam. In addition, the using of HSC made the deflected 

shape of HSC-2OP is closer to the deflected shape of the NSC-S and HSC-S 

beams.  

Case Study No.3:- The effect of adding torsion reinforcement and using 

high strength concrete (HSC) instead of normal strength concrete (NSC) on 

the deflection characteristics for the beam models at the load level (176.14 

kN) are shown in Figure (4-12). 
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Figure (4-12): Effect of addition torsion reinforcement with replacement of 

NSC by HSC on the deflected shape of beam models at load (176 kN). 

Figure (4-12) can summarize that using torsion reinforcement in 

addition to use HSC in the beams with the out of plane parts decrease the 

differences between the mid span deflection of the HSC beams with the out 

of plane parts and the deflection of NSC-S and HSC-S beams.  This 

behavior gave an impression that the stiffness of the beams had been 

increased, and the beams with odd number of the out of plane parts became 

stiffer than the beam with even number of the out of plane parts. This 

behavior happened because the parts in the beams with odd number of the 

out of plane parts have torsion higher than the parts in the beams with even 

number of the out of plane parts, so, the torsion reinforcement became more 

effective in the beams with odd number of the out of plane parts.  
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beam at the load level (176.14 kN) are shown in Figure (4-13) to Figure (4-

15). 

 

Figure (4-13): Effect of increasing length of out of plane part on deflected 

shape of NSC-I-1OP beam models as compared with NSC- 1OP and NSC-S 

beam at load (176 kN). 

 

Figure (4-14): Effect of increasing length of out of plane part on the 

deflected shape of NSC-I-2OP beam models as compared with NSC-2OP 

and NSC-S beam at load (176 kN). 
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Figure (4-15): Effect of increasing length of out of plane part on deflected 

shape of NSC-I-3OP beam models as compared with NSC-3OP and NSC-S 

beam at load (176 kN). 

This case could be concluded that the increase length of the out of 

plane parts led to almost the same mid span deflection for the corresponding 

beam with shorter out of plane part.  

4.3.1.3 Serviceability Limit State 

In order to satisfy the serviceability limit states, the reinforced 

concrete structural member must be serviceable and perform its intended 

function throughout its working life. One of the important behaviors in the 

serviceability limit states assessment is the excessive deflection at the 

service load. ACI-318-19 code was mentioned that the calculated deflections 

should not exceed the limits in Table (4-4).  

 

 

0

5

10

15

20

25

30

35

0 150 300 450 600 750 900 1050 1200 1350 1500

D
ef

le
ct

io
n

 (
m

m
) 

Span (mm) 

NSC-S

NSC-3OP

NSC-I-3OP



108 
 

Table (4-4):- Maximum permissible calculated deflections (ACI-318-19 

code) 

Member Condition 
Deflection to be 

considered 

Deflection 

limitation 

Flat roofs 

Not supporting or attached to 

nonstructural elements likely to 

be damaged by large deflections. 

Immediate deflection due to L 

Immediate deflection due 

to maximum of Lr, S, and 

R 

ℓ/180 

Floors ℓ/360  

Roof or 

floors 

Supporting or 

attached to 

nonstructural 

elements 

Likely to be 

damaged by 

Large deflections 

That part of the total 

deflection occurring after 

attachment 

of nonstructural 

elements, which is the 

sum of the time 

dependent 

deflection due to all 

sustained loads and the 

immediate deflection due 

to any additional live 

load 

ℓ/480 

Not likely to be 

damaged 

by large 

deflections 

ℓ/240 

 

The comparison of the experimental results of beams deflections at 

the service load and the code limitation are listed in Table (4-5) and showed 

in Figure (4-16). 
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Table (4-5):- Comparison of experimental service load deflection and ACI 

Code deflection limit 

Beam Models 

Symbol 

Experimental Central 

Deflection (mm) at 

Service Load (0.60 PU) 

ACI Code Deflection 

Limit (L/180)(mm) 
EXP/ACI 

NSC-S 8.13 

8.33 

0.98 

NSC-1OP 22.85 2.74 

NSC-2OP 19.77 2.37 

NSC-3OP 8.45 1.01 

HSC-S 9.35 1.12 

HSC-1OP 19.28 2.31 

HSC-2OP 14.38 1.73 

HSC-3OP 13.04 1.56 

HSC-1OPT 17.64 2.12 

HSC-2OPT 16.07 1.93 

HSC-3OPT 9.91 1.19 

NSC-I-1OP 23.82 2.86 

NSC-I-2OP 16.60 1.99 

NSC-I-3OP 5.12 0.61 
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Figure (4-16): Service load deflection of each beam relative to the ACI Code 

service load deflection Limit. 

From the Table (4-5) and Figure (4-16) it was observed that the 

deflection of the NSC-S control beam within the code limit, but the 

deflection of all the other beams unless NSC-I-3OP was passed the limit. 

Furthermore, the ratio between the experimental test results and code 

limitation was decreased with the increasing number of the out of plane parts 

for all the case studies. 

Therefore, the deflection limits of the beams with out of plane parts at 

service load cannot be considered at 60% of their ultimate load as the 

straight beam, but it was noticed from the results that deflection limit should 

be taken at service load below 60% of their ultimate load and such 

percentage is computed from the following equation: 

PS.Out% = 
       

       
     (4.2) 

Where; PS.Out% is the service load percentage from the ultimate load of the 

beams with out of plane part, PS.Out is the service load of the beam with out 
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of plane part that satisfy the deflection limit according to ACI 318M-19, 

PU.Out  is the ultimate load of the beams with out of plane part. 

The new proposed service load percentages from the ultimate load for 

the beams with out of plane part are shown in Table (4-6). 

Table (4-6):- Proposed service load percentage limits of the beams with out 

of plane part 

Beam 

Models 

Symbol 
NSC-1OP NSC-2OP NSC-3OP HSC-1OP HSC-2OP HSC-3OP 

PS.Out% 40 30 60 40 40 45 

Beam 

Models 

Symbol 
HSC-1OPT HSC-2OPT HSC-3OPT NSC-I-1OP NSC-I-2OP NSC-I-3OP 

PS.Out% 45 35 60 30 30 75 

 

Another way to evaluate serviceability limit state is the checking 

service load of the beams with out of plane parts at the allowable maximum 

crack width of straight beam which equal to 0.30 mm as stated in ACI-318-

19 code by checkin it if can satisfy the service load of straight beam (0.60 

PU). Table (4-7) showed the service load for each beam at the maximum 

crack width of 0.30 mm and its percent from ultimate load. 
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Table (4-7):- Comparison of experimental service load at crack width limit 

(0.3 mm) according to ACI Code. 

Beam Models 

Symbol 

Experimental Service 

Load at (Crack width 0.30 

mm) (kN) 

Ultimate load 

(kN) 

Pcr/PU 

NSC-S 360 576.76 0.63 

NSC-1OP 115 369.36 0.31 

NSC-2OP 60 392.3 0.15 

NSC-3OP 50 176.14 0.28 

HSC-S 350 757.57 0.46 

HSC-1OP 115 384.51 0.30 

HSC-2OP 110 404.88 0.27 

HSC-3OP 60 241.57 0.25 

HSC-1OPT 100 460.48 0.22 

HSC-2OPT 65 467.96 0.14 

HSC-3OPT 105 289.3 0.36 

NSC-I-1OP 110 369.29 0.30 

NSC-I-2OP 118 387.24 0.30 

NSC-I-3OP 80 175 0.46 

 

From the Table (4-7) it was observed that the service load of the NSC-

S control beam was approximately within the limit of 60% of its ultimate 

load, while all the other beams service loads were below 60% of their 
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ultimate load at the allowable maximum crack width of straight beam which 

equal to 0.30 mm.  

Therefore, the service load of the beams with out of plane parts cannot 

be considered at 60% of their ultimate load as the straight beam, but it was 

noticed from the results that deflection limit should be taken at service load 

below 60% of their ultimate load. This also proves what has been clarified 

regarding the behavior of deflection at the service load as it was shown in 

Table (4-6) by the consider equation 4.2 in calculating service load that 

achieves the maximum permissible deflection limit (L/180). In another way, 

the ratios mentioned in Table (4-7) can be adopted with regard to the service 

load that achieves the maximum crack width of 0.30 mm. 

4.3.1.4 Ductility Index 

Ductility represents one of the materials properties which could be 

defined as the ability of material or a member to undergo large deformations 

without significant resistance loss or rupture before the collapse. In concrete 

structural members, it could be obtained by the ratio of steel reinforcement 

within it, because mild steel is a ductile material that can be bent and twisted 

without rupture, Punmia, 1992 and Khamees et al., 2021
 (66, 67)

. 

The ductility of the structural member in experimental work could be 

estimated in terms of ductility index. There were two common methods to 

estimate the ductility index, the first one was the displacement ductility 

index, and the second one was the energy ductility index. 

Kim et al., 2010
 (68)

 and Maghsoudi et al., 2011 
(69)

 defined the 

displacement ductility index μ as: 

μ = 
  

  
     (4.3) 
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Where; μ is the ductility index, ΔU is the deflection of the beam at the 

ultimate load, and Δy is the defection of the beam at the yield load. 

Park 
(70, 71)

 based on the equivalent elasto-plastic yield point that 

depends on the equivalent elasto-plastic energy absorption, otherwise used 

the ultimate load deflection at the first fracture of any element that occurs at 

the end of the elastic zone and causes a reduction in stiffness as shown in 

Figure (4-17). In this approach, the deflection at yield point (Δy) was taken 

at the intersection point of two lines; the first line is a  horizontal tangent to 

the load-deflection curve at the ultimate load, whilst the second one is a line 

passing through the origin point to the point that represents 75% of the 

ultimate load. 

 

Figure (4-17): Park definition for displacements [70, 71]: (a) yield 

displacement by equivalent elasto-plastic energy absorption.  (b) The 

ultimate deflection is based on the first fracture of an element. 

The energy absorption capacity of the concrete beam could be 

approximated as the area under the load-deflection curve up to its ultimate 

load, which represents the energy absorption that could sustain before 

displaying a significant drop in load-carrying capacity [72, 73, 74]. 

Absorbed energy could be obtained by integrating the area at each loading 

step in a load-displacement relationship [75, 76, 77, 78]. Figure (4-18) 
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represented the load-deflection curve where; the total energy E was done by 

integrate the product the magnitude of the load P and of the small deflection 

dx and which is equal to the area under the load-deformation diagram 

between x = 0 and x = x1 and could be written as: 

E = ∫   𝑑𝑥
  

 
    (4.4) 

 

Figure (4-18): Determination of energy based ductility capacity. 

Thomsen et al., 2004
 (78)

  and Maghsoudi et al. , 2009
 (79)

 defined the 

energy ductility index as (μE) which is the ratio between the energy of the 

system at failure (Eu) and the energy of the system at yielding load of tensile 

steel reinforcement at the central support (Ey): 

μE =
  

  
    (4.5) 

Where Eu is the failure energy of the beam at ultimate load, Ey is the 

elastic energy at first steel yield load as shown in Figure (4-19), and μE is the 

energy ductility index. 
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Figure (4-19): Determination of energy based ductility capacity. 

Abdulraheem, 2018
 (80)

 proposed a new approach to evaluating the 

ability of  RC beams to absorb the energy in terms of energy ductility index 

μen by classifying the total energy absorption into two regions, first one is the 

elastic energy zone Eel, and the second one is the plastic energy zone EPL. 

This index could be estimated as the ratio of the plastic energy to the elastic 

energy as shown in Figure 4.24, and calculated using the following equation: 

μen = 
   

   
 = 

          

   
     (4.6) 

Where Epl is the plastic energy that represents the area under the load-

deflection curve from the yielding point up to the ultimate load, and Eel is the 

elastic energy that represents the area under the linear part of the load-

deflection curve up to the yielding point as shown in Figure (4-20). 

 

Figure (4-20): Procedure of energy absorption index Evaluation 
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In this study, equation (4.6) was used to estimate the energy 

absorption index for the tested beams, because it gave results more 

acceptable as compared with the displacement ductility index that was 

estimated by equation (4.3). 

Case Study No.1: The effect of number and location of out of plane parts of 

NSC beams on their ductility indexes as compared with the NSC straight 

beam are shown in Figure (4-21). 

   

        (a) Displacement ductility index  (b) Energy ductility index 

Figure (4-21): Effect of number and location of out of plane parts on the 

ductility index of NSC beam models. 

Figure (4-21-a) showed that the displacement ductility of NSC-1OP 

and NSC-2OP was less than NSC-S by 17.53% and 11.68% respectively, 

while NSC-3OP is 20.20% higher than NSC-S. From the Figure (4-21-b), it 

could be seen that the energy ductility of NSC-1OP and NSC-2OP was less 

than NSC-S by 37.87% and 4.04% respectively, while NSC-3OP is 36.23% 

higher than NSC-S. 

 From these results, it could be concluded that increasing the number 

of out of plane parts improved the ductility and reduced the difference with 

NSC-S. The ductility improved with increasing number of the out of plane 
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parts because increasing total length of beams and increasing torsional effect 

as copared with flecutural effect that led to decreas bending to tosion ratios.   

Case Study No.2: The effect of using high strength concrete (HSC) instead 

of normal strength concrete (NSC) on the ductility index for the beam 

models are shown in Figure (4-22). 

  

        (a) Displacement ductility index  (b) Energy ductility index 

Figure (4-22): Effect of replacement of NSC by HSC on the ductility index 

of HSC beam models. 

Figure (4-22-a) showed that the displacement ductility of HSC-1OP, 

HSC-2OP, and HSC-3OP was less than NSC-S by 22.18%, 14.65%, and 

13.31% respectively, and less than HSC-S by 34.34%, 27.99%, and 26.86% 

respectively. From the Figure (4-22-b), it could be seen that the energy 

ductility of HSC-1OP, HSC-2OP, and HSC-3OP is less than NSC-S by 

47.31%, 26.19%, and 25.00% respectively, and less than HSC-S by 59.90%, 

43.83%, and 42.92% respectively. 

These results gave indicate that the HSC beams with out of plane parts 

had less ductility than NSC-S and HSC-S beams, but increasing the number 

of out of plane parts improved the ductility and reduced the difference with 

NSC-S and HSC-S beams. 
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Furthermore, it was observed that the ductility of straight beam 

increased when using HSC and this behavior proved the fact the increasing 

concrete compressive strength led to improve ductility of the straight 

concrete beam as mentioned in the literature review, while the beams with 

out of plane parts was showed behavior opposite to that of the straight beam. 

Case Study No.3: The effect of adding torsion reinforcement and using high 

strength concrete (HSC) instead of normal strength concrete (NSC) on the 

ductility index for the beam models are shown in Figure (4-23). 

  

        (a) Displacement ductility index  (b) Energy ductility index 

Figure (4-23): Effect of addition torsion reinforcement with replacement of 

NSC by HSC on the ductility index of HSC beam models. 

Figure (4-23-a) showed that the displacement ductility of HSC-1OPT, 

and HSC-2OPT  less than NSC-S by 3.89%, and 13.63%, while the ductility 

of HSC-3OPT higher than NSC-S by 9.74%, but when comparing with the 

HSC-S beam, it was observed that the ductility of HSC-1OPT, HSC-2OPT, 

and HSC-3OPT were less than HSC-S by 19.12%, 27.32%, and 7.65% 

respectively. From the Figure (4-23-b), it could be seen that the energy 

ductility of HSC-1OPT, and HSC-2OPT less than NSC-S by 10.60%, and 
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12.62% only, while the ductility of HSC-3OPT higher than NSC-S by 

7.07%. 

These results gave indication that the using torsion reinforcement in 

addition to use HSC in the beams with out of plane parts had improved the 

displacement ductility index by 23.33%, 0.75%, and 26.12% and energy 

ductility index by 70.19%, 18.49%, and 43.24% for the beams with one, 

two, and three out of plane parts respectively as compared with HSC beams. 

Moreover, the ductility of the beams with one and two out of plane 

parts was somewhere less than NSC-S beam, but the beam with three out of 

plane parts has ductility higher than NSC-S beam. 

The using torsion reinforcement improved the ductility of HSC beams 

with out of plane part, because these beams exposed to torsion effect 

especially when increasing number of the out of plane parts. The using HSC 

improved their stiffness, but using torsional reinforcement together with 

using HSC made torsional reinforcement more effective to contribute in the 

improvement each of stiffness and ductility. In adtion, the using HSC 

improved the bond strength between concrete and reinforcement, which 

improved stiffness and ductility.   

Case Study No.4: The effect of increasing the length of the out of plane 

parts of NSC beams on their ductility index for the beam models are shown 

in Figure (4-24) to Figure (4-26).  
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        (a) Displacement ductility index  (b) Energy ductility index 

Figure (4-24): Effect of increasing length of out of plane part on the ductility 

index of NSC-I-1OP beam models as compared with NSC- 1OP and NSC-S 

beam. 

Figure (4-24-a) showed that the displacement ductility of NSC-I-1OP 

less than NSC-1OP and NSC-S by 6.29%, and 22.72% respectively, and 

from the Figure (4-24-b) for energy ductility, it could be seen that these 

ratios were 1.62%, and 38.88% respectively. 

These results gave indicate that the NSC-1OP and NSC-1-1OP had 

ductility less than NSC-S beam and  increase length of out of plane part 

caused a little decrease in the ductility of the beam with one out of plane 

part. 

    
(a) Displacement ductility index  (b) Energy ductility index 

Figure (4-25): Effect of increasing length of out of plane part on the ductility 

index of NSC-I-2OP beam models as compared with NSC-2OP and NSC-S 

beam. 
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Figure (4-25-a) showed that the ductility of NSC-I-2OP was less than 

NSC-2OP and NSC-S by 16.17%, and 25.97% respectively, and from the 

Figure (4-25-b), it could be seen that these ratios were 36.31%, and 38.88% 

respectively. 

The results of this case showed that the NSC-2OP and NSC-1-2OP 

beams had ductility less than NSC-S beam, and increasing length of out of 

plane part caused a decreasing in the ductility of the beam. 

  
(a) Displacement ductility index  (b) Energy ductility index 

Figure (4-26): Effect of increasing length of out of plane part on the ductility 

index of NSC-I-3OP beam models as compared with NSC-3OP and NSC-S 

beam. 

On the other hand, Figure (4-26-a) showed that the ductility of NSC-I-

3OP was higher than NSC-3OP and NSC-S by 37.54%, and 50.16% 

respectively, and it can be shown from Figure (4-26-b) that these ratios are 

45.98% and 68.81%  respectively. 

These results gave indication that the NSC-3OP and NSC-I-3OP had 

ductility higher than NSC-S beam and increasing the length of out of plane 

parts increased the ductility of the beam with three out of plane parts.  

This behavior is due to the fact that the beam, which contains three 

out-of-plane parts, has a torque ratio in all of its parts higher than the ratio in 
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the other parts of the beams. In addition, increasing the length of the parts 

leads to an increase in deflection and as a result leads to an increase in 

plasticity.  

Finally, according to the results, and when comparing the two 

methods for calculating ductility, the energy method is better because in its 

calculations the effect of load and precipitation is included, but in the 

displacement method, only precipitation values are adopted. 

4.3.1.4 Load–Rotation Curve 

The load versus angle of twist for the cross-sections at the mid span of 

the beams with out of plane parts was calculated at each loading stage in the 

experimental work up to the beams rupture. The angle of twist was measured 

by taking the maximum absolute different readings between the LVDTs that 

were installed at the at front and back points of mid span and the LVDT at 

centerline of the beam which was installed as explained in Figure (3-13), 

Figure (3-14), and Plate (3-18), then this vertical displacement was divided 

on the horizontal distance between them and took the average of front and 

back angles. The load and mid span twisting response are explained for each 

case of this study. Figure (4-27) and equations (4-7) to (4-9) shows an 

example of calculating twisting angle. 



124 
 

 

Figure (4-27): Twisting angle calculation of the beam with one out of plane 

part at mid span. 

θ1 = 
     

 
    (4.7) 

θ2 = 
     

 
    (4.8) 

θ = 
     

 
    (4.9) 

Case Study No.1 

The effect of number and location of out of plane parts of NSC beams 

on load–rotation curve as compared with the NSC-1OP beam are shown in 

Figure (4-28). 

 

Figure (4-28): Effect of number and location of out of plane part on the load-

mid span rotation response of beam models. 
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According to Figure (4-28) and Table 4.2, it can be observed that the 

NSC-2OP beam had the angle of twist at the ultimate load higher than NSC-

1OP and NSC-3OP beams by 27.32% and 59.43%, and rotation of NSC-

3OP was lower than NSC-1OP by 44.18%. These results gave the 

impression that the NSC-2OP beam had the highest mid-span rotation at the 

ultimate load, because its mid-span part direction was parallel to the beam 

axis, while the mid-span part of NSC-1OP and NSC-3OP beam was 

perpendicular to the beam axis and this decreasing the angle of twist, 

especially when increasing the number of out of plane parts. 

Case Study No.2 

The effect of replacement NSC by HSC on the load-rotation response 

of HSC beams with the out of plane parts beams is shown in Figure (4-29). 

 

Figure (4-29): Effect of replacement NSC by HSC on the load- mid span 

rotation response of beam models.  

Figure (4-29) and Table (4-2) showed that the angle of twist HSC-2OP 

and HSC-3OP beam at the ultimate load lesser than HSC-1OP by 20.08% 
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Case Study No.3 

  The effect of adding torsion reinforcement and using high strength 

concrete (HSC) instead of normal strength concrete (NSC) on the load-

rotation characteristics for the beam models are shown in Figure (4-30). 

 

Figure (4-30): Effect of using torsion reinforcement on load- mid span 

rotation response of HSC beam models. 

From Figure (4-30) and Table (4-2), it could be observed that the 

HSC-2OPT beam had the angle of twist at the ultimate load higher than 

HSC-1OPT and HSC-3OPT beams by 11.37% and 35.78% respectively, and 

rotation of HSC-3OPT was lower than HSC-1OPT by 27.54%. Furthermore, 

the addition torsion reinforcement increased mid span rotations of HSC-

1OPT, HSC-2OPT, and HSC-3OPT by 10.81%, 55.44%, and 24.44% as 

compared with the HSC beams without using torsion reinforcement. 

Case Study No.4 

 The effect of increasing the length of the out of plane parts on the 

load-rotation characteristics of the NSC beam models are shown in Figure 

(4-31) to Figure (4-33). 
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Figure (4-31): Effect of increasing length of the out of plane part on the 

load- mid span rotation response of beam with one out of plane part.  

 

Figure (4-32): Effect of increasing length of the out of plane part on the 

load- mid span rotation response of beam with two out of plane parts.  

 

Figure (4-33): Effect of increasing length of the out of plane part on the 

load- mid span rotation response of beam with three out of plane parts.  

0
50

100
150
200
250
300
350
400
450
500

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4

A
p

p
lie

d
 lo

ad
 (

K
N

) 

Mid span rotation (degree) 

NSC-1OP

NSC-I-1OP

0
50

100
150
200
250
300
350
400
450
500

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4

A
p

p
lie

d
 lo

ad
 (

K
N

) 

Mid span rotation (degree) 

NSC-2OP

NSC-I-2OP

0
50

100
150
200
250
300
350
400
450
500

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4

A
p

p
lie

d
 lo

ad
 (

K
N

) 

Mid span rotation (degree) 

NSC-3OP

NSC-I-3OP



128 
 

From the figures and Table (4-2), The NSC-I-1OP model showed mid-

span rotation 78.29% lower than NSC-1OP.  The NSC-I-2OP model showed 

mid-span rotation lower than NSC-2OP beam by 81.69%. In same way, the 

rotation of NSC-I-3OP model was lower than NSC-3OP beam by 61.11% at 

ultimate load. 

It could be seen that the increase length of out of plane parts led to a 

high decrease of the mid span rotation about the longitudinal beam axis at 

the ultimate load of all the NSC beam with the out of plane parts. This 

behavior occur due to increase torsional effect at the parts that is 

perpendicular to the beam axis and reduced its effect at the parts that is 

parallel to the beam axis which led to decrease the mid span rotation about 

the longitudinal axis of the beam.  

The results of all the case studies at the load (176 kN) are summarized 

and explained in Figure (4-34). 

 

Figure (4-34): Effect of the number of the out of plane parts on the mid span 

rotation for all the beams at the load (176 kN). 
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Figure (4-34) showed that the mid span rotations of NSC beams were 

increased but they were decreased in HSC beams when the number of the 

out of plane parts increased. 

4.3.2 Cracking Behavior and Failure Mode 

The cracks propagation and the maximum crack width were 

monitored throughout tests in order to compare between the beams and 

identify the failure mode of each model. The first cracking load and its 

percentage of the ultimate load, the maximum crack width at the service load 

and ultimate load, and failure mode are shown Table (4-8). These results in 

addition to the cracking patterns for all the beam models are discussed in the 

following subtitles. 

Table (4-8):- Results of cracks for all the tested beam models. (Continued). 

Beam 

models 

symbol 

Ultimate 

load Pu 

kN 

Cracking 

load Pcr 

kN 

Pcr/ 

Pu% 

Crack 

width at 

60% Pu 

(ws) 

(mm) 

Crack 

width at 

ultimate 

load Pu 

(wu) 

(mm) 

Failure mode 

NSC-S 576.76 38 6.59 0.294 3.00 Flexure 

NSC-1OP 
369.36 26 

7.04 0.969 9.89 
Flexure plus 

torsion 

NSC-2OP 392.30 26 6.63 7.64 8.72 
Flexure plus 

torsion 

NSC-3OP 176.14 14 7.95 1.6 11.60 Torsion 

HSC-S 757.57 65 8.58 0.45 3.44 Flexure 

HSC-1OP 384.51 43 11.18 5.30 13 
Flexure plus 

torsion 

HSC-2OP 404.88 44 10.86 4.50 7.45 
Flexure plus 

torsion 
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Table (4-8):- (Continued). 

Beam 

models 

symbol 

Ultimate 

load Pu 

KN 

Cracking 

load Pcr 

KN 

Pcr/ 

Pu% 

Crack 

width at 

60% Pu 

(ws) 

(mm) 

Crack 

width at 

ultimate 

load Pu 

(wu) 

(mm) 

Failure mode 

HSC-3OP 241.57 40 16.55 2.12 4.50 Torsion 

HSC-1OPT 460.48 48 10.42 1.28 6.00 
Flexure plus 

torsion 

HSC-2OPT 467.96 45 9.61 4.75 10.00 
Flexure plus 

torsion 

HSC-3OPT 289.30 65 22.46 1.00 3.05 Torsion 

NSC-I-1OP 369.29 26 7.04 1.15 2.40 
Flexure plus 

torsion 

NSC-I-2OP 387.24 41 10.59 1.40 2.20 
Flexure plus 

torsion 

NSC-I-3OP 176.45 20 11 0.40 2.5 Torsion 

 

4.3.2.1 Cracking Behavior  

The cracking behavior of the tested beam models was monitored 

during the loading stages in the case of elastic ranges (linear), then the 

applied load was increased up to the first crack became visible, finally the 

plastic range when the cracks number increased and propagated up to the 

models' failure. 

  Generally, the straight beams started to cracking at the supports 

by the negative moment flexural cracks then followed by the positive 

moment flexural cracks at the mid span. Then the combined flexural and 

shear cracks appeared below the loading points and at the shear spans and 

these cracks increased and propagated up to the beams failure by flexural 
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cracks at the supports and mid-span with the concrete crushing at 

compression zone. The beams with the out of plane parts were started to 

cracking by the torsional cracks at the interior corners of the out of plane 

parts and continued from bottom to the top then distributed at the top face of 

the beams and at the side faces of the out of plane parts, while the flexural 

and other torsional cracks observed bellow the point load and at the shear 

span (a), and then the torsional and flexural cracks at the supports. The 

beams' cracks patterns at the failure load after release load are shown in 

Plate (4-1). 

 

NSC-S Front 

 

NSC-S Back 
 

NSC-S-3D 

 

NSC-1OP Front 

 

NSC-1OP Back 

 
NSC-1OP-3D 

Plate (4-1): Cracks patterns at failure for the tested beam models. 
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NSC-2OP Front 

 

NSC-2OP Back 

 
NSC-2OP-3D 

  

 

NSC-3OP Front 

NSC-3OP Back  

NSC-3OP-3D 

 

HSC-S Front 

 

HSC-S Back 
 

HSC-S-3D 

Plate (4-1): (Continued). 
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HSC-1OP Front 

 

HSC-1OP Back 

 
HSC-1OP-3D 

 

HSC-2OP Front 

 

HSC-2OP Back 

 
HSC-2OP-3D 

 

HSC-3OP Front 

 

HSC-3OP Back 

 
HSC-3OP-3D 

Plate (4-1): (Continued). 
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HSC-1OPT Front 

 

HSC-1OPT Back 

 
HSC-1OPT-3D 

 

HSC-2OPT Front 

 

HSC-2OPT Back 

 
HSC-2OPT-3D 

 

HSC-3OPT Front 

 

HSC-3OPT Back 

 
HSC-3OPT-3D 

Plate (4-1): (Continued). 
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NSC-I-1OP Front 

 

NSC-I-1OP Back 

 
NSC-I-1OP-3D 

 

NSC-I-2OP Front 

 

NSC-I-2OP Back 

 
NSC-I-2OP-3D 

 

NSC-I-3OP Front 

 

NSC-I-3OP Back 
 

NSC-I-3OP-3D 

Plate (4-1): (Continued). 
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The cracking behavior of the beam models in each case study are 

described as follow: 

Case Study No.1:- From Plate (4-1), could be concluded that the specimens 

with one and two out of plane parts were failed in the torsion at out of plane 

part then followed by flexure mode at the fixed supports. The specimen with 

three out of plane parts failed in the torsion at out of plane parts. The cracks 

of the NSC-1OP and NSC-3OP were flexural vertical and inclined torsional 

cracks at the flexural span (between points load), while in NSC-2OP it was 

only vertical flexural cracks. That is the behavior of the beam with two out 

of parts was similar to NSC-S at mid span because that the mid span part 

was parallel to the beam axis and which led to the preservation of the 

bending behavior at the mid span. The cracks of NSC-1OP and NSC-3OP 

beams were different from the NSC-S, because that the mid span part is 

perpendicular to the beam axis and which led to the appearance of torsional 

cracks in conjunction with the flexural cracks at the mid span. 

Case Study No.2:- It could be observed from Plate (4-1) that the replacing 

the NSC by HSC led to increasing the number of cracks and the inclined 

torsional cracks at flexural span were changed to the vertical flexural cracks. 

The increase of concrete compressive strength did not change the location 

and mode of failure, but the cracks appeared rapidly with taller length and 

formed in an explosively shape. 

Case Study No.3:- Experimental results showed that the using torsion 

reinforcement was also changed the cracks patterns from inclined into 

vertical cracks and the number of cracks at the shear spans was reduced. 

Furthermore it was noted during the lab test that the using HSC at first then 

using torsion reinforcement in conjunction with HSC led to decrease mid 
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span damage at the ultimate load and increase the damage at the supports 

gradually. 

Case Study No.4:- It could be seen from Plate (4-1) that the increasing the 

length of the out of plane parts led to increased cracks number at the flexural 

span and change their slope from inclined to vertical cracks and also 

increased torsional cracks and damage at the out of plane parts that increased 

in their span. 

4.3.2.2 First Crack Load  

The first crack load for each beam model that was obtained from the 

experiments is listed in Table (4-8).  

4.3.2.3 Crack Width  

The formations of cracks were monitored during the test to record the 

width of these cracks with increasing load at each 10 kN until failure. When 

the concrete tensile stress in a beam models reached to the ultimate tensile 

strength, the cracking occurred. During the record of the first crack width, it 

was observed that other cracks increased in their width with increasing load 

more than first crack; therefore, it was necessary to record maximum crack 

width that occurred at each loading step until failure of beam models. The 

width of the first crack, the cracks width at service load (60% of ultimate 

load) and maximum crack width at failure are listed in Table (4-8). 

Case Study No.1:- All the NSC beams with the out of plane parts gave 

higher maximum crack width at service and failure load than NSC-S. The 

maximum crack width of NSC-1OP, NSC-2OP, and NSC-3OP was higher 

than NSC-S by about 229.59%, 2498.64%, and 444.22% at service load, and 
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229.67%, 190.67%, and 286.67% at ultimate load. In addition, it was noted 

that the crack width of NSC-2OP at service load was higher than NSC-1OP 

and NSC-3OP by 87.30%, and 79.05%, but the crack width of NSC-2OP at 

the ultimate load was lower than NSC-1OP and NSC-3OP by 11.83%, and 

24.82% respectively. 

 

Figure (4-35): Effect of number and location of the out of plane parts on the 

load-maximum crack width for beam models. 

Case Study No.2:- All the HSC beams with the out of plane parts gave 

higher maximum crack width at service and failure load than NSC-S and 

HSC-S. The maximum crack width of HSC-1OP, HSC-2OP, and HSC-3OP 

was higher than NSC-S by about 1702.72%, 1430.61%, and 621.09% at 

service load, and 333.33%, 148.33%, and 50.00% at ultimate load, while it 

was higher than HSC-S by 1077.78%, 900.00% and 371.11% at service 

load, and 73.53%, 53.82%, and 23.55% at ultimate load.  
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Figure (4-36): Effect of replacement NSC by HSC on the load-maximum 

crack width of beam models.  

Case Study No.3:- The using of HSC with addition torsional reinforcement 

have kept the beams with the out of plane parts to give higher maximum 

crack width at service and ultimate load than NSC-S and HSC-S. The 

maximum crack width of HSC-1OPT, HSC-2OPT, and HSC-3OPT was 

higher than NSC-S by about 335.37%, 1515.65%, and 240.14% at service 

load, and 100.00%, 233.33%, and 1.67% at ultimate load, while it was 

higher than HSC-S by 184.44%, 955.56% and 122.22% at service load, but 

it was observed that the crack width of HSC-1OPT and HSC-2OPT at 

ultimate load was higher than HSC-S by 74.42% and 190.70% respectively, 

while the crack with of HSC-3OPT was 11.33% lower than HSC-S. 

Furthermore, it was noted that the crack width of HSC-3OPT was lower than 

HSC-1OPT and HSC-2OPT by 28% and 375% at service load, and 96.72% 

and 227.87% at ultimate load. 
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Figure (4-37): Effect of using torsion reinforcement on load-maximum crack 

width of HSC beam models. 

Case Study No.4: the increasing length of the out of plane parts led to a 

decrease in the cracks width at services and ultimate load as compared with 

the NSC beams. From Figure (4-38) to Figure (4-40) it could be seen that the 

crack width of NSC-I-1OP is higher than NSC-1OP and by NSC-S by 

26.50% and 74.43% at services load, but at ultimate load the crack width of 

NSC-I-1OP was smaller than NSC-1OP by 45.39% and higher than NSC-S 

by 44.44%. The crack width of NSC-I-2OP was smaller than NSC-2OP by 

81.67% but higher than NSC-S by 79.00% at services load, while at ultimate 

load it was smaller than NSC-2OP and NSC-S by 74.77% and 26.67% 

respectively. In addition, the crack width of NSC-I-3OP was smaller than 

NSC-3OP by 75.00% and higher than NSC-S by 26.50% at services loads 

while it was smaller than NSC-3OP and NSC-S by 78.44% and 16.67% at 

ultimate load. 
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Figure (4-38): Effect of increasing length of the out of plane part on the 

load-maximum crack width of beam with one out of plane part.  

 
Figure (4-39): Effect of increasing length of the out of plane part on the 

load-maximum crack width of beam with two out of plane parts.  

 
Figure (4-40): Effect of increasing length of the out of plane part on the 

load-maximum crack width of the beam with three out of plane parts. 
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This case could be concluded that the increasing length of the out of 

plane parts led to decrease the maximum crack with as compared with the 

beams that has not been increased in length of their out of plane parts. This 

behavior occur due to increase beams stiffness as it was clearly seen through 

the decrease both of deflection and rotation at mid span increasing length of 

the out of plane parts. 
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Chapter Five: Nonlinear Finite Element Analysis 

5.1 Introduction 

Finite element method was used to investigate the structural behavior 

of all the experimentally tested beam models. There are many software 

packages available now for solving engineering problems like solid and 

structural mechanics, heat and mass transfer, fluid mechanics, acoustics and 

multi-physics, which might be static, dynamic, linear or non-linear behavior. 

These softwares use the FEM as an independent methodology or combined 

with other numerical methods to solve physical problems, but they have 

different capabilities for more complex problems with the development of 

detailed and fine-tuned algorithms and numerical schemes. (Liu, and Quek, 

2003) 
(81)

. 

In this study the ABAQUS software packages (Version 2019) was 

used to perform this numerical analysis due to its high ability in dealing with 

non-linear FEM problems. The main items presented in this chapter are the 

outline of ABAQUS functional units called models analysis procedure which 

one listed below: 

 Parts geometry 

 Materials data 

 Parts assembly 

 Analysis steps 

 Interaction between the parts also with boundary conditions 

 Loads and boundary conditions 

 Element types and mesh properties 

 Analysis job performed 

 Output results visualization 
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5.2 Modeling of R.C. Beams 

5.2.1 Parts Geometry 

There are five parts defined in the modeling of reinforced concrete 

beam under applied loads as a concrete beam, longitudinal reinforcement, 

transverse reinforcement, steel loading part, and steel supports part. 

5.2.1.1 Concrete Beam Geometry 

Straight control beam geometry defined as a 3D solid deformable type 

by extrusion drawing method, and non- straight beam was drawn by sweep 

method. 3D elements used, because it can be used for modeling all types of 

large structural parts which cannot be modeling by 1D or 2D element. 

Beams geometry and span length are shown in Figure (5-1). 

 

(a) Geometry of NSC and HSC beam models 

   

(b) Geometry of NSC beam models with longer span of the out of plane part 

Figure (5-1): Beams Geometry. 

5.2.1.2 Reinforcement Parts Geometry 

Longitudinal and transverse reinforcement defined as a 3D wire 

deformable type by planar drawing method as shown in Figure (5-2). 
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(a) Reinforcement of NSC and HSC beam models 

   

(a) Reinforcement of HSC beam models with torsion reinforcement  

   

(b) Reinforcement of NSC beam models with longer span of the out of plane 

part 

Figure (5-2): Reinforcement Geometry 

5.2.1.3 Loading Steel Parts Geometry 

 Loading steel part geometry defined as a 3D solid deformable type by 

extrusion drawing method. It is dimension was 75 mm width, 150 mm 

length and 20 mm thickness as shown in Figure (5-3). 

 

Figure (5-3): Loading Steel Part Geometry. 

5.2.1.4 Support Steel Parts Geometry 

 The geometry of the steel support part defined as a 3D solid 

deformable type by extrusion drawing method. It was modeled as performed 
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in experimental work by using the same steel sections and provides the 

opening with dimension 150 mm width, 200 mm height, which can be fitted 

with the cross section of the beam as shown in Figure (5-4). 

 

Figure (5-4): Steel Support Parts Geometry. 

5.2.2 Material Models 

 The concrete and steel materials that used in concrete beam, steel 

reinforcement, and supports have been fully modeled for all behavior cases 

of elastic, elastic-plastic and plastic, as well as the definition of the damage 

that resulting from the plastic behavior was defined according to models 

prepared by researchers and as explained in detail in the Appendix E. 

5.2.3 Parts Assembly 

 Each part that created was oriented in its own coordinate system and 

is independent of the other parts in the model. Although a model may consist 

of numerous parts, it contains only one assembly. The geometry of the 

assembly could be defined by creating instances of a part and then 

positioning the instances relative to each other in a global coordinate system. 

An instance may be independent or dependent. Independent part instances 
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are meshed individually, while the dependent part instance mesh is related to 

the mesh of the original part. 

In this research five parts (concrete beam, longitudinal reinforcement, 

transverse reinforcement, loading plate, and support part) were assembled by 

using order of create instance as shown in Figure (5-5).  

   

                       (a)                                                      (b) 

Figure (5-5): (a) Abaqus Assembly window; (b) assembled parts 

5.2.4 Step Module 

Step module that was used in Abaqus modeling to perform the following 

tasks: 

• Create analysis steps. 

• Specify output requests. 

• Specify adaptive meshing. 

• Specify analysis controls. 
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A sequence of one or more steps could be defined within a model that 

generated. The steps sequence provides appropriate way to notes the 

variations in the loading and boundary conditions of the model, variations in 

the way parts of the model interact with each other, the removing or adding 

of parts, and any other variations that may occur in the model during the 

analysis processes. 

An Abaqus/CAE model used the following two types of steps: 

 An initial step, in which can define boundary conditions, predefined 

fields, and interactions that are applicable at the very beginning of the 

analysis. 

 An analysis step, in which applied the loads on the model. Analysis steps 

can be classified into two types: general analysis steps, which can be used 

to analyze linear or nonlinear response, and linear perturbation steps, 

which can be used only to analyze linear problems. 

In this research, the initial step used to define boundary condition of 

beam to support connection and analysis steps defined as a general 

dynamic implicit quasi-static for monotonic loading on the beam. The 

magnitude load of loading step showed in chapter three. Figure (5-6) 

show the loading step define with the input data. 
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Figure (5-6): Steps definition in Abaqus. 

Each loading step consists of smaller increments to represent the 

nonlinear solution path. The first increment size required to be assumed in 

the loading analysis step, which is typically taken as a small percent of the 

applied load through the step to ensure that the elastic limit has not been 

overstepped. In the loading step for instance, the initial increment size used 

as 5% of the ultimate applied load, then Abaqus/Standard automatically 

modify the increments size. 

Abaqus uses Newton-Raphson equilibrium iterations to update the 

stiffness of model, when these iterations give a convergence at the end of 

each step load increment within the force and displacement tolerance limits. 

5.2.5 The Interaction Module 

Interaction module that was used to define the interaction 

between the parts also with boundary conditions. Interactions are 

step-dependent objects, which mean that the define them was 

required to identify the steps of the analysis for each one. 
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This model adopted to define many types of contact and 

constrains, but in this study it was required to define two types 

only; contact interaction and embedded region constraints. 

5.2.5.1 Contact Interaction 

The contact of the concrete surface with the steel loading plates and 

supports surfaces was defined by the surface to surface friction penalty type 

with a friction coefficient 0.4 between concrete and steel surfaces. This 

constraint allows two surfaces separate by relative motion between them at 

these regions even though the deferent meshes created on the surfaces of the 

regions. The definition and assign this interaction are shown in the Figure 

(5-7). 

     

(a) Defining interaction. 

Figure (5-7): Surfaces interaction definition. 
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(b) Defined supports Interactions.       (c) Defined loading plats interactions. 

Figure (5-7): (Continued). 

5.2.5.2 Embedded Region Constraints 

The embedded region constraint technique allows to specifying an 

element or group of elements and embedded it in ―host‖ elements. The nodes 

of embedded elements become embedded nodes in host elements and the 

number of translational degrees of freedom of these nodes must be identical 

to the number of translational degrees of freedom of nodes in the host 

element. 

This technique was defined and used to model reinforcement bars 

embedded in concrete as shown in Figure (5-8).  

     

(a) Defining constraint.   (b) Model with defined constraints. 

Figure (5-8): Embedded region constraints definition 
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5.2.6 Loads and Boundary Conditions 

Loads and boundary conditions are step-dependent, which means that 

the step must be specified and activate for each type of load and boundary 

condition. The boundary conditions were applied by using the initial step, 

while the loads were applied by using the general analysis step. 

All the beams connections were fixed supports by using rectangular 

ring steel HP-sections at the ends of beam and applying the boundary 

conditions on the out flanges and webs surfaces of the steel sections, while 

the inner flange surfaces which in contact with the concrete beam surfaces 

defined as a friction penalty type as mentioned in section 5.6.1. Boundary 

conditions defined as a Symmetry/Antisymmetry/Encastre type with a 

restricted motions and rotations in X, Y, and Z-directions. Figure (5-9) 

shows the defining and assign boundary conditions. 

     

(a) Defining boundary conditions.   

Figure (5-9): Defining and assign boundary conditions. 



153 
 

 
Sides boundary conditions 

 
Bottom boundary 

condition 

 
Supports boundary conditions with beam model 

(b) Assign boundary conditions. 

Figure (5-9): (Continued). 

The load was applied in Abaqus as a pressure on the top surface of the 

loading plates by N/mm
2
 unit. Figure (5-10) shows defining and assigning 

applied load loads on the loading plates. 

   

(a) Defining load. 

Figure (5-10): Defining and assign loads 
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(b) Assign loads. 

Figure (5-10): (Continued). 

5.2.7 Meshing Elements 

The models in this study were meshed by using two types of mesh 

element, the first one is the solid element and the second one is the truss 

element, which can be explained in detail as follows: 

5.2.7.1 Solid Element 

The ABAQUS standard library contains two types of solid element; 

these types are linear and quadratic interpolation elements in one, two or 

Loads 
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three dimensions. They could be utilized in practically for both linear and 

nonlinear stress-displacement analysis and almost to model any shape.  

Typically, the name of an element is clearly classified according to its 

dimension and nodes number. The eight-node isoperimetric brick element 

(C3D8R, 8-node linear brick) adopted here to model the concrete beams with 

reduced integration to prevent the shear locking effect. In this type, each 

node had three components of the displacement.  

The quadratic elements provide better boundary compatibility and 

convergence issues. Furthermore, the quadrilateral shape with eight nodes 

contributes to mesh and follows nonlinear calculation. This interface 

element also has excellent connection effect, thus has higher convergence in 

iteration calculation. 

 

Figure (5-11): First-order brick element (ABAQUS Theory Manual, 2013). 
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5.2.7.2 Truss Element 

 Typical in ABAQUS, the longitudinal reinforcement and stirrups 

simulated with automatically embedded reinforcement type, which can be 

embedded into continuum all structural element types as shown in Figure (5-

12). The embedding term meaning that the reinforcement elements can 

automatically enter and couple with any kind of surrounding host concrete 

elements without users manually setting up the bond interface elements 

between reinforcement and concrete, which additionally means that stiffness 

can only be contributed by embedded reinforcement as well as host concrete 

elements. 

A two-node three dimensional linear displacement (T3D2) truss 

element adopted to idealize the internal steel reinforcements and stirrups. 

Each node has only one axial elongation translation displacement in uniaxial 

X, Y or Z directions. 

 

Figure (5-12): Truss element AB embedded in solid element; node A is 

constrained to edge 1-4 and node B is constrained to face 2-6-7-3 (ABAQUS 

Theory Manual, 2013). 
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5.3 Finite Element Analysis Results 

The main objective of this chapter is to show the results of the 

numerical analysis and compare them with the experimental results in order 

to discover an appropriate representation for each of the element types, the 

material modeling, the convergence criteria, and the real constants to 

represent the high strength concrete (HSC) and normal strength concrete 

(NSC) beams reinforced by steel bars and subjected to static load. 

In this chapter, the powerful nonlinear finite element method (FEM) 

package ABAQUS software (version 2019) was used to show the results of 

the numerical analysis of the beams whose experimental results were shown 

in chapter four.  

5.3.1 Convergence Study 

The selection of mesh density is very important to obtain convergence 

of results. The meshing of the model was done in the initial step of the FEM 

analysis. The mesh density has been increased to the point where the 

analysis results did not influence. 

The study was conducted on the convergence of the results of the 

control straight beam model to find the suitable mesh density. The results 

converge when using a suitable number of elements in the model. This is be 

realized in practice when the increase in the number of elements has a slight 

effect on the results. 

Four different numbers of elements 492, 1020, 2380, and 8160 were 

used to model the beams that have the same properties of the material as 

shown in Figure (5-13). 
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Figure (5-13): Mesh density. 

The relation between the central deflection and the number of 

elements for the tested control HSC and NSC beams was the ruling in 

choosing the appropriate number of elements for the convergence purposes. 

Figure (5-14) shows results of the central deflection of the convergence 

study of NSC-S and HSC-S models. 

Case No.1      Case No.2 

Case No.3      Case No.4 

Mesh size 50 mm 

Mesh size 20 mm Mesh size 30 mm 

Mesh size 40 mm 
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Figure (5-14): The convergence study of NSC-S and HSC-S models under 

applied load. 

According to Figure (5-14), the number of elements 2380 with mesh 

size 30 mm (Case No.3 in Figure (5-13)) was used for the entire study which 

represent the results stability point. Figure (5-15) shows the mesh of steel 

reinforcement for all the analyzed models. 

  

  

(a) Reinforcement mesh of NSC and HSC beam models. 

Figure (5-15): Mesh of steel reinforcement. 
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(a) Reinforcement mesh of HSC beam models with torsion reinforcement  

  

 

(b) Reinforcement mesh of NSC beam models with increase span of the out 

of plane part 

Figure (5-15): (Continued). 

5.4 Comparison between Numerical and Experimental Results 

The comparison between numerical analysis and experimental results 

was conducted in terms of ultimate load, load-deflection curves, deflected 

shape, and first cracking loads in addition to cracks pattern propagations at 

failure. 



161 
 

5.4.1 Ultimate Load 

The comparisons between the ultimate loads of FE models analysis 

and the ultimate loads of experimental models results of all the tested beams 

are shown in Table (5-1). It could be seen that the ultimate loads that 

obtained from numerical FEA agreed well when compared with the 

corresponding values of experimental test results of tested beams, where the 

average difference of the ultimate load was about 4.35 %. 

Table (5-1):- Comparison between experimental and numerical ultimate 

loads for tested beam models. 

Beam models symbol 
Ultimate load PU (kN) Difference ratio 

% Experimental FEM 

NSC-S 576.77 592.80 2.78 

NSC-1OP 369.36 388.25 5.11 

NSC-2OP 392.31 398.94 1.69 

NSC-3OP 176.14 192.62 9.35 

HSC-S 757.57 771.50 1.84 

HSC-1OP 384.52 403.91 5.04 

HSC-2OP 404.88 424.00 4.72 

HSC-3OP 241.20 257.14 6.61 

HSC-1OPT 460.49 485.95 5.53 

HSC-2OPT 467.97 484.10 3.45 

HSC-3OPT 289.30 295.16 2.02 

NSC-I-1OP 384.55 390.77 1.62 

NSC-I-2OP 387.24 394.39 1.85 

NSC-I-3OP 176.45 192.80 9.27 

average 
 

4.35 
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5.4.2 Load-Deflection Curves 

The mid span deflection of each tested beam was measured by the 

experimental work and numerical analysis. The load-deflection curves as 

found from numerical (ABAQUS) together with experimental results were 

drawn as shown in Figures (5-16) to (5-29). The finite element results for the 

high strength concrete as well as normal strength concrete beam models 

showed a stiffer response as compared with the experimentally recorded 

curve. 

 

Figure (5-16): Load-deflection curves of beam NSC-S. 

 

Figure (5-17): Load-deflection curves of beam NSC-1OP. 
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 Figure (5-18): Load-deflection curves of beam NSC-2OP. 

 

Figure (5-19): Load-deflection curves of beam NSC-3OP. 

 

Figure (5-20): Load-deflection curves of beam HSC-S. 
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Figure (5-21): Load-deflection curves of beam HSC-1OP. 

 

Figure (5-22): Load-deflection curves of beam HSC-2OP. 

 

Figure (5-23): Load-deflection curves of beam HSC-3OP. 

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35 40 45 50 55 60 65

A
p

p
lie

d
 L

o
ad

 (
K

N
) 

Central deflection (mm) 

HSC-1OP Exp

FEM

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35 40 45

A
p

p
lie

d
 L

o
ad

 (
K

N
) 

Central deflection (mm) 

HSC-2OP Exp

FEM

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35 40 45

A
p

p
lie

d
 L

o
ad

 (
K

N
) 

Central deflection (mm) 

HSC-3OP Exp

FEM



165 
 

 

Figure (5-24): Load-deflection curves of beam HSC-1OPT. 

 

Figure (5-25): Load-deflection curves of beam HSC-2OPT. 

 

Figure (5-26): Load-deflection curves of beam HSC-3OPT. 
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Figure (5-27): Load-deflection curves of beam NSC-I-1OP. 

 

Figure (5-28): Load-deflection curves of beam NSC-I-2OP. 

 

Figure (5-29): Load-deflection curves of beam NSC-I-3OP. 
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Generally, many factors made FE models had stiffness higher than 

experimental behavior and could be summarized as: 

1- The finite element model was based on an assumed displacement field 

that means stiffer behavior than the actual one. 

2- The finite element analysis deals with the concrete as a homogenous 

material, but really that it is a heterogeneous material. 

3- The stiffness of the actual concrete beams was reduced by the generated 

micro cracks in the concrete due to the handling and drying shrinkage, but 

these effects are not taken in FEA. 

4- The plastic behavior cracks of each element are only tested at gauss 

points, which give an overestimate of ultimate load and stiffer response. 

5.4.3 Deflected Shape 

The NSC-S, NSC-1OP, NSC-2OP, and NSC-3OP beam models were 

taken as an example to verify the application of the proposed numerical 

solutions by using ABAQUS computer software. The deflected shapes for 

these beam models due to applied loads at failure are shown in Figure (5-

30). 

  

  

Figure (5-30):- Deflected shape for NSC-S, NSC-1OP, NSC-2OP, and NSC-

3OP  beam models. 
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The displacements in three dimensions of all the nodes in the model 

mesh were got in the results outputs of the analysis, but the displacement of 

the nodes at mid span and under load points was recorded for each load step 

up to the ultimate load. The ultimate load of the NSC-3OP beam was used as 

a references load value which was (192.62 kN) from the FEA and (176.14 

kN) from the experimental results. The deflection profiles were plotted at 

these loads that being obtained from numerical analysis together with the 

plots of experimental results are compared and given in Table (5-2) and 

Figures (5-31) to (5-34) for all the tested beams for each case study. 

Table (5-2):- Comparison between experimental and numerical deflections 

for tested beam models. 

Beam models 

symbol 

Central deflection (mm) 
Difference ratio % 

Experimental FEM 

NSC-S 4.00 3.93 1.75 

NSC-1OP 12.10 11.79 2.56 

NSC-2OP 14.35 10.23 28.71 

NSC-3OP 31.09 26.88 13.54 

HSC-S 2.85 3.98 -39.65 

HSC-1OP 10.87 8.11 25.39 

HSC-2OP 8.72 7.44 14.68 

HSC-3OP 17.09 11.01 35.58 

HSC-1OPT 5.00 5.55 -11.00 

HSC-2OPT 9.10 7.00 23.08 

HSC-3OPT 8.93 8.24 7.73 

NSC-I-1OP 16.45 10.50 36.17 

NSC-I-2OP 12.99 9.46 27.17 

NSC-I-3OP 30.78 25.52 17.09 

 
Average 

  
13.06 
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Figure (5-31):- Deflection profile for shape for NSC-S, NSC-1OP, NSC-

2OP, and NSC-3OP beam models. 

 

Figure (5-32):- Deflection profile for shape for NSC-S, HSC-S, HSC-1OP, 

HSC-2OP, and HSC-3OP beam models. 

 
Figure (5-33):- Deflection profile for shape for NSC-S, HSC-S, HSC-1OPT, 

HSC-2OPT, and HSC-3OPT beam models. 
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Figure (5-34):- Deflection profile for shape for NSC-S, NSC-I-1OP, NSC-I-

2OP, and NSC-I-3OP beam models. 

From the Table (5-2) and deflection profile figures, based on the mid 

span deflection it observed that the average absolute differences between the 

experimental and FEA deflections was 13.06%, so it can be said that the 

FEA could foresee the experimental behavior of the beams fairly well. 

Furthermore, it was noted that the most of the FEM mid span 

deflections were lower than the experimental results, this behavior gave 

indicates that the FE models had stiffness higher than experimental models 

as mentioned in the load-deflection behavior. 

5.4.4 First Cracking Loads  

The comparison between numerical and experimental results of the 

first cracking load for the tested beam models is shown in Table (5-3); the 

first cracks have appeared in the tension face. 
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Table (5-3):- Comparison between experimental and numerical first crack 

loads for tested beam models. 

Beam models symbol 
First crack load Pcr (kN) 

Difference ratio % 
Experimental FEM 

NSC-S 38.00 52.89 39.19 

NSC-1OP 26.00 33.53 28.97 

NSC-2OP 26.00 35.00 34.62 

NSC-3OP 14.00 19.89 42.07 

HSC-S 65.00 72.95 12.23 

HSC-1OP 43.00 50.68 17.86 

HSC-2OP 44.00 52.43 19.16 

HSC-3OP 40.00 34.76 -13.10 

HSC-1OPT 48.00 54.43 13.40 

HSC-2OPT 45.00 45.95 2.11 

HSC-3OPT 65.00 68.69 5.68 

NSC-I-1OP 26.00 28.69 10.33 

NSC-I-2OP 41.00 51.89 26.56 

NSC-I-3OP 20.00 24.36 21.80 

Average  18.63 

 

The first cracking load obtained from numerical analysis results for all 

the cases was mostly higher than the experimental results and recorded with 

an average difference of 18.63% for the tested beam models. This is 

probably owing to the homogenous FE models in comparison with the 

heterogeneous experimental beam models that had many micro cracks. 

5.4.5 Cracking Pattern 

At each increment of loading step, the ABAQUS program reported the 

cracks' pattern and their propagation. The plastic damage of the beam 

models in the FEA is classified into two types, first one is the tension stress 

damage cracks that represented by DAMAGET, and the second one is 

compression stress damage cracks that represented by DAMAGEC. The 



172 
 

original beam color is blue and the color of the cracks is red as shown on the 

analyzed beam models. 

As an example, Figures (5-35) to (5-38) show the cracks pattern in the 

tension face and compression face at ultimate load for HSC beam models.  

 

HSC-S Front 

 

HSC-S Back 

 

HSC-S-3D 

 

Figure (5-35): Cracks pattern of HSC-S model at the ultimate load. 
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HSC-1OP Front 

 

HSC-1OP Back 

 
HSC-1OP-3D 

 

 

Figure (5-36): Cracks pattern of HSC-1OP model at the ultimate load. 

Front Back 

Front Back 
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HSC-2OP Front 

 

HSC-2OP Back 

 

HSC-2OP-3D 

 

 

Figure (5-37): Cracks pattern of HSC-2OP model at the ultimate load. 

Front Back 

Back Front 



175 
 

 

HSC-3OP Front 

 

HSC-3OP Back 

 
HSC-3OP-3D 

 

 

Figure (5-38): Cracks pattern of HSC-3OP model at the ultimate load. 

Back 

Back 

Front 

Front 



176 
 

By comparing the crack patterns and failure modes of FEA results 

with the experimental results it could be noticed that was acceptable 

agreement between them. Furthermore, from the monitoring numerical 

analysis at each loading step, it was observed that the places where cracks 

appeared were the same as those that appeared in experimental work and 

their propagation was the same behavior approximately. 

5.5 Parametric Study 

A parametric study was carried on the beam NSC-4OP as compared 

NSC-2OP, and NSC-5OP as compared with NSC-3OP to study the influence 

of increasing the number of the out of plane parts in conjunction with the 

direction of mid span part to the beam axis on the overall behavior of the 

beams. The geometry and mesh of the beam models are shown in Figure (5-

39). 

   

NSC-4OP       NSC-5OP 

(a) Concrete beams geometry 

Figure (5-39): Geometry and mesh of the NSC-4OP and NSC-5OP beam 

models. 
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(b) Reinforcement geometry 

    

(c) Models element mesh 

Figure (5-39): (Continued). 

Figure (5-40) showed the load-deflection behavior and Figure (5-41) 

showed the cracks patterns at the ultimate load. 

 

Figure (5-40):- FEA Load -mid span deflection response of beam models. 
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(a) Crack patterns of NSC-4OP 

 

 
(b) Crack patterns of NSC-5OP 

Figure (5-41): FEA Cracks pattern of NSC-4OP and NSC-5OP beam models 

at the ultimate load. 
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From Figure (5-40), it could be seen that the ultimate load and 

deflection of NSC-4OP was somewhat lower than NSC-2OP by 9.91% and 

4.32% respectively, and ultimate load and deflection of NSC-5OP was rather 

lower than NSC-3OP by 6.13% and 14.50% respectively. However, the 

ultimate load and deflection of NSC-4OP was clearly higher than NSC-3OP 

by 43.91% and 19.64% respectively. These results proved that the increasing 

number of the out of plane parts for the beams that classified according to 

the odd and even number of the out of plane parts led to decreasing load 

bearing capacity and deflection for each class. However, beams with even 

number of the out of plane parts were much better than those with odd 

number of the out of plane parts. 

From Figure (5-41), the cracks propagation was also affected by the 

increasing number of the out of plane parts, increasing number of the out of 

plane parts led to decreasing flexural tensile stress damage and increasing 

torsional compressive stress damage. 

 Another parameter was evaluated for convergence is one of the 

concrete material properties that is called dilation angle. Concrete is a brittle 

material and it is experience a great change in volume when it is in the 

inelastic strains. This criterion known as dilatancy is captured in CDPM by 

the dilation angle, ψ. The dilation angle in ABAQUS ranges between 0 to 

56.30. In this study, four values of the ψ were inspected (30, 31, 35 and 42) 

for NSC and (20, 21, 25 and 30) for HSC. It was observed that the ψ of 35 

for NSC and 25 were for HSC gave acceptance results as compared with the 

experimental results. 
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Chapter Seven: Conclusions and Recommendations 

7.1 Conclusions 

 This research introduces the behavior of reinforced concrete beams with 

out of plane part that made with high and normal strength concrete with 

several of longitudinal and transverce reinforcement ratios and subjected to 

the monotonic load. From the results of the experimental work and 

numerical analysis the following conclusions are drown: 

7.1.1 Experimental Work 

1. The presence of the out of plane part reduced the ultimate load of all 

beams with different number of the out of plane parts by above 30% -70% 

and increasing deflection about 14%-56% as compared with the 

corresponding straight beam. 

2. Beams with even number of the out of plane parts showed better load 

capacity than beams with odd number of the out of plane parts (e.g. beam 

with two out of plane parts is better than beam with one and three out of 

plane parts). 

3. The existence of the out of plane parts affected on the caracks patterns and 

led to a change of their failure modes from flexure to combined flexure 

plus torsion. 

4. Using HSC instead of NSC in producing the beams led to an increase in 

the load bearing capacity by more than 30% for the straight beam and 

more than 3% for the beams with out of plane parts. 

5. Adding torsion reinforcement in conjunction with using HSC leads to an 

increase in the load bearing capacity by the range about 16% to 20% as 
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compared with the HSC beams with out of plane parts without using 

torsion reinforcement. 

6. Using torsion reinforcement led to a decrease mid span deflection of HSC 

beams with one, two, and three out of plane parts by about 3%. 

7. Increasing length of the out of plane parts had a limited effect on the 

ultimate load with different not more than 2%, while the deflections were 

decreased by the range about 5% to 32%.  

8. Increasing length of the out of plane parts led to a decrease of mid span 

rotation by 78%, 82%, and 61% of the NSC beams with one, two, and 

three out of plane parts respectively. 

9. The mid span rotations of HSC beams with out of plane parts were 

decreased by the range about 2% to 45%, as compared with NSC beams. 

10. The beams with an even number of the out of plane parts had mid span 

rotation higher than the beams with odd number of the out of plane parts. 

11. Using HSC reduced the mid span deflection of HSC beams with one and 

two out of plane parts by above 16% and 22% respectively, while the 

deflection of the beam with three out of plane parts was increased by 

above 4% as compared with NSC beams. 

12. The mid span rotations of the HSC beams with out of plane parts with 

using torsion reinforcement were increased by the range about 6% to 53% 

as compared with the HSC beams without using torsion reinforcement. 

13. The increasing number of the out of plane parts from one to three led to 

improve the displacement ductility index by about 1.27 to 1.93 and energy 

ductility index from 1.23 to 3.43 of the NSC beams, and also these 

indexes increased from 1.2 to 1.34 and from 1.04 to 1.48 of the HSC 

beams. 
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14. Using HSC led to a decrease in the displacement ductility index by the 

range about 3% to 31% and energy ductility index by the range about 

15% to 57%, but the displacement ductility index of the straight beam 

increased by 18.83%, and energy ductility index by 31%.  

15. Adding torsion reinforcement led to increased displacement ductility 

index by the range about 0.75%, to 26%, and energy ductility index by 

the range about 18% to 70% as compared with the HSC beams with out 

of plane parts without using torsion reinforcement. 

16. When increasing the length of the out of plane parts, the displacement 

ductility index of the beams with one and two out of plane parts was 

decreased by 6% and 16%, and energy ductility index by 2%, and 36%, 

while the displacement ductility index of the beam with three out of 

plane parts was increased by 60% and energy ductility index by 85%. 

17. The beams with the out of plane parts is not sufficient to be reinforced 

by the same reinforcement of the straight beam because each part has 

different values of shear force, bending moment, and torsion however it 

can be designed in the same way by using strength reduction factors 

lower than that used in the straight beam. 

18. When using modified strength reduction factors (lower than those for 

straight beam), the service load deflections of the beams with the out of 

plane parts may become within the codes limits. 

7.1.2 Finite Element Analysis 

1. The three-dimensional finite element model by ABAQUS/Standard was 

capable to simulate the structural behavior of the beams with out of plane 

parts and straight beam with an average variation ratio not exceeding 4 % 

for the ultimate load capacity and 19% for the central deflection. 
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2. The numerical results showed that increasing the number of the out of 

plane parts from two to four and from three to five led to a reduction in 

the ultimate load capacity of 10% and 6% and decreasing in the deflection 

by about 4% and 20% respectively. 

3. In general, the numerical and experimental results showed that beams 

with an even number of the out of plane parts had load bearing capacity 

higher than the beams with the odd number of the out of plane parts (e.g. 

beam with two out of plane parts is better than beam with one and three 

out of plane parts and beam with four out of plane parts was better than 

beam with three and five out of plane parts). 

7.2 Recommendations for Future Studies 

1. Investigating the structural behavior of the beams with out of plane parts 

that strengthened and repaired using externally bonded carbon fiber 

reinforced polymer sheets.  

2. Investigating the structural behavior of continuous beams with out of 

plane parts with different loading and supporting conditions. 

3.  Investigating the structural behavior of the beams with out of plane parts 

as a part of reinforced concrete frames. 

4. Studying the effects of introducing openings of various locations and 

shapes on the mechanical behavior of the beams with out of plane parts.  

5. Investigating the structural behavior of the beams with out of plane parts 

subjected to fire.  

6. Studying the structural behavior of the beams with out of plane parts that 

supported reinforced concrete slabs. 
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7. Investigating the structural behavior of the beams with out of plane parts 

by using different types of materials like ultra high strength concrete 

(UHSC), self compact concrete (SCC), light weight concrete (LWC). 

8. Studying the structural behavior of the beams with out of plane parts 

under the action of dynamic loads. 
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Appendix A: Material Properties  

A-1 Cement Properties 

Table (A-1) Chemical Analysis of the Cement 

Compound Composition 
Chemical 

Composition 

Perc. by 

Weight 

Iraqi 

Specification No. 

5/1984 

Lime Oxide CaO 61.61 - 

Silica Dioxide      20.08 - 

Alumina Oxide       4.62 - 

Iron Oxide  e    3.60 - 

Magnesia Oxide MgO 2.12 ≤ 5.0% 

Free Lime Free CaO 1.40 - 

Sulfate Trioxide     2.71 

≤ 2.5% if C3A ≤ 

5% 

≤ 2.8% if C3A 

>5% 

Loss on ignition L.O.I 2.39 ≤ 4.0% 

Total  98.53  

Insoluble Residue I.R 0.73 ≤ 1.5% 

Lime Saturation Factor L.S.F 0.93 0.66-1.02 

Tricalcium Aluminates     6.16 - 
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Table (A-2) Physical Properties of the Cement 

Physical Characteristics Results 
Limits of IQS 

No.5/1984 

Fineness by Blaine (m
2/

 kg) 368 ≥230 

Setting time (Vicat) (min) 
Initial Time 105 ≥ 45 

Final Time 150 ≤ 600 

Compressive strength of 

cement paste 50 mm cube 

mold (MPa) 

3 days 21.30 ≥ 15 

7 days 28.25 ≥ 23 

 

A-2 Fine Aggregates Properties 

Table (A-3) Sieve Analysis of Fine Aggregates 

Sieve size 
Cumulative Retained 

(%) 

Passing 

(%) 
IOS No.45/1984 (Zone2) 

10 mm 0 100 100 

4.75 mm 0.94 99.06 90-100 

2.36 mm 20.93 79.07 75-100 

1.18 mm 36.73 63.27 55-90 

600 μm 49.10 50.90 35-59 

300 μm 76.67 23.33 8-30 

150 μm  97.60 2.40 0-10 

Pan 100 0.0 - 

Fineness modulus = 3.81 
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Table (A-4) Physical and Chemical Properties of the Fine Aggregates 

Physical Characteristics Value IOS No.45/1984 

Specific gravity 2.61 - 

Absorption 0.75 % - 

Sulfate content 0.34 % ≤ 0.50 % 

A-3 Coarse Aggregates Properties 

Table (A-5) Sieve Analysis of Coarse Aggregates 

Sieve size Cumulative Retained (%) % Passing 
IQS No. 45/1984 

Limits 

20 0 100.0 100 

14 0.0 100 90-100 

10 40.05 59.95 50-85 

5 97.68 2.32 0-10 

2.36 99.71 0.29 - 

Pan 100.0 0  - 

 

Table (A-6) Physical Properties and Sulfate Content of Coarse Aggregates 

Physical Properties Values IQS No. 45/1984 Limits 

Specific gravity 2.64 - 

Sulfate content 0.08% ≤ 0.1 % 

Absorption  0.71% ≤ 35% 

Clay 0.13%    0.2% 
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A-4 Silica Fume 

The Manufacture Company Catalogue of Sika® Fume S 92 D 
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Table (A-7) Chemical Analysis of the Silica Fume 

Compound Composition 
Chemical 

Composition 
Oxid content% 

Lime Oxide CaO 1.323 

Silica Dioxide      91.46 

Alumina Oxide       0.794 

Iron Oxide  e    5.288 

Magnesia Oxide MgO 0.427 

Sulfate Trioxide     0.531 

Loss on ignition L.O.I Less than 1% 

Potassium Oxide K2O 1.032 

Sodium Oxide Na2O 0.226 

 

Table (A-8) physical Analysis of the Silica Fume 

Physical Properties Values 

Specific gravity 2.2 

Bulk density (kg/m³) 570 

Loss on ignition  Less than 1% 

Color Gray powder 
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A-5 Chemical Admixtures (Sika ViscoCrete® 5930-L) 

The Manufacture Company Catalogue of Sika ViscoCrete® 5930-L 
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A-6 Deformed Steel Bars  

Table (A-9) Properties of Deformed Steel Bars 

Bar 

Diameter(mm) 
Area (mm

2
) 

Yield Strength 

fy (MPa) 

Ultimate Strength 

fu (MPa) 

12 (11.99) 112.8 512.9 597.40 

10 (9.93) 77.44 422 582 

8 (8.18) 52.55 420 546.4 
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Appendix B: Design of NSC-S Beam Model 

 

By using ACI code 318-19 (2019):- 

 Design of Flexural Reinforcement:- 

b=150 mm, h=200 mm, concrete cover = 16 mm, longitudinal bar 

diameter=12 mm, and transverse bar diameter=8 mm 

d = 200 – 16 – 8 – 
  

 
 = 170mm 

by using 3 bars for top and bottom longitudinal reinforcement 

 𝑠=3(113) = 339 mm
2
        →    = 

  

  
 =

    

       
 =0.013  

As
′
=3(113) = 339 mm

2
        →    ′= 

   

  
 =

   

       
=0.013 

Check if the beam acts as doubly reinforced 

 0.005=0.85𝛽1 
   

  
 

     

          
  

𝛽1=0.85−0.05 
      

 
 = 0.80    

 0.005=0.85 × 0.80 ×  
  

     
 

     

          
 = 0.017 

∵  0.005                                        ⸫ (Single Reinforcement and Ductile) 

  min = 
√   

   
 =0.003  

   

  
 =0.0027 

  min = 0.003 

As min =   min .bd = 0.003 × 150 × 170 = 73.53 mm
2 

 b = 0.85 𝛽1 
   

  

   

      
 = 0.024 >          ⸫ (Under Reinforcement) 

Use:         3Ø12mm 
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Design Load 

a = 
     

        
 = 

           

              
 = 38.96 

𝑀𝑛 = As.fy (d - 
 

 
 ) = 339 × 512.9 (170 - 

     

 
 ) × 10

-6 
= 26.17 KN.m 

Maximum Design Load at Support 

 Wself = 24×0.15×0.2 = 0.72 KN/m 

𝑀𝑛 = Md +ML = (
         

  
) + 

       

   
  

26.17 = 
           

  
 + 

     

   
       

 P = 82.68  kN    

So, the total load = 2P = 165.36 KN    

Maximum Design Load at Mid-span 

𝑀𝑛 = Md +ML = (
         

  
) + 

   

   
  

26.18 = 
           

  
 +  

         

   
    

 P = 193.42 kN   (Max Load) 

So, the total load = 2P = 386.84 KN    

 Shear Design 

𝑉𝑐 = 
√   

 
 bw.d = 

√  

 
 x 150 x 170 x10

-3
 = 25.14 kN 

∅𝑉𝑐 = 0.75 × 25.14 = 18.86 kN 
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0.5∅𝑉𝑐 = 0.5 × 0.75 × 25.14 = 9.43 kN 

Vu = 82.68 KN   ∅𝑉c                  (Stirrups is required) 

If use Ø8 mm    (A stirrup = 52.55 mm
2
) 

Spacing Calculations 

𝑉𝑢=∅(𝑉𝑐+𝑉𝑠) 

𝑉𝑠= 
     

    
 - 25.14 = 85.10 kN 

S = 
       

  
 = 

                   

          
  = 88.18 mm 

Maximum spacing to provide Av 

𝑠=≤

{
 
 

 
 

       

  √   
  

                   

   √  
        𝑚𝑚

      

  
  

                  

   
        𝑚𝑚

 

 
  

   

 
    𝑚𝑚

    𝑚𝑚

           ∴S𝑚𝑎𝑥 = 85 𝑚𝑚 

∴U𝑠𝑒 Ø8 mm @ 81 mm 𝑐𝑒𝑛𝑡𝑒𝑟 𝑡o 𝑐𝑒𝑛𝑡𝑒r 
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Appendix C: Shear force, Bending Moment, and Torsion 

Moment Diagrams of The Beam Models 

  
S.F.D    B.M.D    T.M.D 

Diagrams of the straight beam 

     
S.F.D     B.M.D    T.M.D 

Diagrams of the beam with one out of plane part 

   
S.F.D     B.M.D    T.M.D 

Diagrams of the beam with two out of plane parts 

   
S.F.D     B.M.D    T.M.D 

Diagrams of the beam with three out of plane parts. 
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Appendix D: Design Details of Steel Support  

 

                                                                                       Connection 1 
 

 

  
Front View 

Connection 1 
 

 
 
 
 
 
 
 

 
Side View 

 
Connection 2 
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Appendix E: Finite Element Mdeling 

 

E.1 Concrete 

The concrete material can be defined in three different constituent 

models in ABAQUS; the smeared crack concrete standard model, the brittle 

cracking explicit model, and the concrete damaged plasticity model in both 

Abaqus/Standard and Abaqus/Explicit. 

Smeared crack concrete model is preferred in the case of the concrete 

is basically subjected to monotonic straining and a material point exposed to 

tensile cracking or compressive crushing. 

The brittle cracking model is prepared for the cases in which the 

concrete behavior in tensile cracking and compressive failure is not 

important. The model involves status of the anisotropy created by cracking 

and the model assumed elastic behavior in compression. 

The concrete damaged plasticity model adopted for the cases in which 

the concrete exposed to arbitrary loading conditions, involving cyclic 

loading and considerations for stiffness recovery. This type of damage 

depended on the assumption of scalar (isotropic) damage. The model also 

deals with the decreasing of the elastic stiffness induced by plastic straining 

both in tension and compression (ABAQUS Analysis User’s Guide, 

2013)
(82)

. 

Concrete damaged plasticity model is chosen in the present study 

according to the ability to deal with the following issues: 
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1- Concrete material can be modeling for all types of structural members 

like beams, truss members, shells, and solid bodies. 

2- It can define a combination of elastic isotropic damaged with plastic 

isotropic tensile and compressive to represent the inelastic behavior of 

concrete material. 

3- The convergence of CDP model in the softening regime is higher than 

that of the smeared crack model.  

4- It can define model have sensitivity to the rate of straining. 

5- It can show the true post yielding (plastic behavior) like softening in 

tension while the initial hardening occur then followed by the softening 

in compression region. 

E.1.1 Failure Criterion of Concrete 

Concrete behavior can be evaluated by checking the load-deformation 

relation, tensile cracking and compressive stresses crushing. There are many 

factors affects on the behavior including the composition of concrete, the 

loading type, the loading fashion which can be uni-axial, bi-axial or multi-

axial, confinement effect, loading rate, and temperature (Dere, Y. and 

Koroglu, M.A., 2017) 
(83)

. 

In this study the loading fashion is assumed to be uniaxial loading in 

compression and tension because it can be easily obtained through laboratory 

experiments of cylinder standard sized specimens for the uniaxial 

compression strength test and tension strength which determined by splitting 

tests. The CDP properties can be defined by three parameters, plasticity, 

uniaxial compressive, and uniaxial tensile behavior. 
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 E.1.2 Plastic Behavior 

Plastic can be defined by four constitutive parameters. First one called 

the dilation angle (ψ) is measured in the p-q plane which represents the 

inclination of the plastic flow potential at high confining pressure as shown 

in Figure (5-5) and it is equal to the friction angle in low stresses. Its values 

range between 25
o
 ≤ ψ ≤ 40

o
 and it can be neglected in some cases, but for 

normal strength concrete ψ =30
o
 and for high strength concrete ψ =25

o
 

(Malm, 2006) 
(84)

. 

 

Figure (E-1): Flow potentials in p-q plane, (Hibbitt, 2010). 

Second parameter is an eccentricity of the plastic potential surface (ϵ) 

which equal to 0.1 as default value. To account for the different evolution of 

strength under compression and tension, the CDP model uses the yield 

function of Lubliner et al. (1989) 
(86)

, with the modifications suggested by 

Lee and Fenves (1998) 
(87)

. The yield surfaces in the plane stress and 

deviatoric plane conditions are depicted in Figure (E-2 (a) and (b)), 

respectively. The yield function defined by Lubliner et al. (1989) 
(86)

 can be 

expressed in terms of the effective stress as follows: 
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𝐹 =
 

     
 [𝑞   − 3𝛼𝑝  + 𝛽 (   ,   c𝑝𝑙)〈𝜎   𝑚𝑎𝑥〉 − 𝛾〈−𝜎   𝑚𝑎𝑥〉] − 𝜎  𝑐 ( ̃𝑐𝑝𝑙 )  (E.1) 

Where 

𝛼 =
             

              
;  0 ≤ 𝛼 ≤ 0.5 

𝛽 = 
     ̃ 

   
 

     ̃ 
   

 
 (1 − 𝛼) − (1 + 𝛼);  

𝛾 = 
          

       
 

𝜎  𝑚𝑎𝑥 is the maximum principal effective stress; 𝜎𝑏0/𝜎𝑐0 is the ratio of initial 

equibiaxial compressive yield stress to initial uniaxial compressive yield 

stress. 𝜎𝑏0/𝜎𝑐0 was set to the default value of 1.16 in the conducted 

simulations, which is the maximum of the range of experimentally found 

values reported by Lubliner et al. (1989) 
(86)

, the minimum being 1.10. 𝜎  𝑐 

(  c𝑝𝑙) and 𝜎 (  𝑡𝑝𝑙) are compression and tension cohesion values, assumed to 

depend on the compressive and tensile equivalent plastic strains,   c𝑝𝑙 and   𝑡𝑝𝑙, 

respectively. 

 Parameter 𝐾𝑐 is the ratio of the second stress invariant on the tensile 

meridian, q(TM) , to that on the compressive meridian, q(CM), shown in 

Figure (E-2 (b)), at any value of the hydrostatic stress. In the simulations 

presented, 𝐾𝑐 was set to the default value of 2/3, which is in same line with 

what is suggested by Lubliner et al. (1989) 
(86)

. 
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(a)       (b) 

Figure (E-2): Concrete yield surface in (a) plane stress and (b) deviatoric 

plane. 

In this research the parameters ϵ, σb0/σc0, and Kc defined by the 

default values as 0.1, 1.16, and 2/3 respectively because tests that are going 

to be verified do not have such information. 

E.1.3 Compressive Behavior of Concrete 

The uniaxial compressive behavior of concrete is linear elastic 

behavior up to 40% of compressive strength then the behavior change to 

nonlinear behavior because tensile cracks began which lead to change the 

stiffness of material according to (ASTM 496-17 and EC2) 
(61, 94)

. 

The stress-strain relation for a given concrete should be based on the 

uniaxial compression experimental tests data which can be modified to finite 

element analysis input data by using the relations for this purpose.  

In this research for the normal and high strength concrete used, the 

uniaxial stress-strain behavior of concrete in compression was introduced in 
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the CDPM according to the procedure of Wang and Hsu, 2001  
(92)

 is shown 

in Figure (E-3) and expressed as below: 

𝜎𝑐   ζ𝑓c [2(
  

   
)-( 

  

   
)2]                   , if 

  

    
 1… ……… E.2) 

                    𝜎𝑐  ζ 𝑓c  [1-(
         

 

 
  

)2]                 , if 
  

    
 1… ……… E.3) 

Where, 

 𝜎𝑐 is the compressive stress; 

 𝑓c   is the mean value of concrete cylinder compressive strength; 

  𝑐0 is the concrete compressive strain at the maximum compressive stress ( 𝑐0=2 𝑓c  Ec) 

  𝑐 is the compressive strain in the concrete at the compressive stress 𝜎𝑐 

( 𝑐= 0.4𝑓c
 /Ec +2 2.25∙10−3 /7) 

 𝐸𝑐 is the modulus of elasticity of concrete  

For normal strength concrete 

𝐸𝑐 = 4700 √𝑓𝑐     (E.4)  

       For high strength concrete  

𝐸𝑐 = 3300 √𝑓𝑐  + 6900   (E.5)  

 ζ  s the softened coeff c ent wh ch can be taken as     ζ  1. 

Figure (E-3) as explained the behavior of concrete under uniaxial 

compression. 
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Figure (E-3): Schematic of the compressive stress-strain curve of concrete 

(Wang and Hsu, 2001). 

According to ABAQUS analysis user‘s guide the model under 

uniaxial compression stress response linear until the value of initial yield 𝜎𝑐o, 

then the plastic response is typically characterized by stress hardening 

followed by strain softening beyond the ultimate stress 𝜎𝑐u as shown in 

Figure (E-4). 

 

Figure (E-4): Response of concrete under uniaxial compression (ABAQUS 

Analysis User‘s Guide, 2013). 

Eq.(5.3) Eq.(5.2) 
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In ABAQUS required enter two input variables to define CDP in 

compression behavior are σc (start from yield value) and inelastic strain 

( ̃ 
  ). These inputs defined by equations below: 

  ̃
    c   

      (E.6) 

Where, 

  
   

𝜎 

𝐸 
 

σc is the total stress at specific point or element that can be input as defined 

in equation E.2 and E.3; and Ec is the modulus of elasticity as defined in 

equations E.4 and E.5 . 

The material required as input data for the program to define 

compressive damage parameter dc in order to behave from undamaged when 

its value is zero to full-damaged material when its value is 1. Damage 

parameter can be defined in a tabular form by using equation E.7 and if it is 

not specified, the model behaves as a plasticity model (Hafezolghorani, 

2017) 
(92)

. 

dc = 1- 
  

   
    (E.7) 

E.1.4 Uniaxial Tensile Behavior of Concrete 

The uniaxial tension behavior of concrete could be experimentally 

estimated by indirect methods, such as sample splitting or beam bending test 

because the direct tension test is difficult in execution and the large scatter of 

the results. The stress-strain responses under uniaxial tension were 

characterized by plastic damage, as can be seen in Figure (E-5). 
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Figure (E-5): Response of concrete under uniaxial tension (ABAQUS 

Analysis User‘s Guide, 2013). 

From the Figure (E-6) the effects of the tension stiffening could be 

defined in three ways: 

 Stress-Strain diagram 

 Stress-Displacement  

 Fracture Energy, Gf  

 

Figure (E-6): Tension damage definition. 
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The tensile Stress-Strain relation input data required to enter the 

cracking strain  𝑡𝑐𝑘 in tabular values as a function of, defined as: 

 𝑡𝑐𝑘 =  𝑡 −  0𝑡
𝑒𝑙 =  𝑡 

  

 
    (E.8) 

Where;  𝑡𝑐𝑘 is the cracking strain,  𝑡 is the total tensile strain,  0𝑡
𝑒𝑙 is the 

elastic tensile strain corresponding to the undamaged material, 𝜎𝑡 is the 

tensile stress, and 𝐸 is the initial undamaged modulus of elasticity. 

The tensile stress could be defined in tabular values by using proper relation 

was proposed by, among others, Wang and Hsu: 

𝜎𝑡 = 𝐸𝑐  𝑡              ,  𝑡 ≤  𝑐𝑟   (E.9) 

 𝜎𝑡 = 𝑓cr ( 
   

  
 )n

        ,  𝑡 >  𝑐𝑟     (E.10) 

Where;                    fcr = 0.31√𝑓   

                                    𝑐𝑟 = 
   

  
    

Wang and T.C Hsu proposed the rate of weakening n=0.4 and 

suggested defining a short plateau at the peak point of the curve with sharp 

change at cracking strain to avoid the problems during a finite element 

analysis as shown in Figure (E-7). This relation used in this research. 

 

Figure (E-7): adopted tensile stress-strain curve of concrete (Wang and Hsu, 

2001).  
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The tensile damage of concrete material defined in CDPM as a 

parameter dt in the program input data. The tension damage defined 

according to (Hafezolghorani, 2017) 
(93)

, and this could be expressed as 

follows: 

dt = 1- 
  

  
    (E.11) 

Where; dt is the tension damage parameter, σt is the tension stress, and ft is 

the tensile strength of concrete. 

E.2 Steel Reinforcement and Steel Plate 
There were three types of reinforcement (stirrups Ø8 mm, and 

longitudinal Ø12 mm and Ø10 mm) used and defined as a steel material 

based on the experimental stress-strain results of the uniaxial tensile tests as 

explained in Appendix-A. The behavior was defined as elastic linear strain 

hardening bilinear curve. The elastic behavior was defined by defining the 

longitudinal elasticity modulus of 200 GPa and Poisson‘s ratio of 0.3, while 

the plastic behavior was defined according to British Standards 

Institution
(94)

 by true stress σs, and true plastic strain  𝑠𝑝𝑙, data pairs as 

follow: 

𝜎𝑠= 𝜎𝑛 (1+ 𝑛)     (E.12). 

 𝑠𝑝𝑙= 𝑠− 𝑠𝑒𝑙    (E.13). 

Where  

 𝑠= ln (1+ 𝑛) , and       
   

  

  
 

𝜎𝑠 is the true stress,  𝑠 is the true strain, 𝜎𝑛 is the nominal stress,  𝑛 is the 

nominal strain, and Es is the modulus of elasticity. 
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Figure (E-8 (a) and (b)) show the true stress and true strain 

relationships and steel plastic behavior according to the code and according 

to ABAQUS input data. 

    

(a) Steel stress-strain relationship from Euro code EC2-2.  

  

(b) Main parameters for ABAQUS input data. 

Figure (E-8): Stress-plastic strain relationship of reinforcing steel and steel 

plate. 

E.3 Support and Loading Steel Parts 

Steel parts were used under loading points and at ring supports and its 

required parameters just elastic behavior because it required only for loading 

and support, so there was no need to define plastic behavior. Elastic 

behavior defined just by values of Poisson ratio (v) is 0.3 and the modulus of 

elasticity (Es) has 200 GPa.
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 الخلاصت

ٌٍغٍٛن الإٔشبئٟ  (FEA) اٌعٕبصش اٌّحذدح٠مخ شثطردش٠ج١خ ٚرح١ًٍ  فحٛصبد٠زعّٓ ٘زا اٌجحث 

ّصٕٛعتخ ِٓ ٚاٌ ّغزٛٞاٌ خبسخخ عتٓ اٌثبثزخ ِع أخضاء ّغبٔذاٌخشعب١ٔخ اٌّغٍحخ راد اٌ عتزبةٌلأ

 .اٌّعشظخ ٌحًّ ثبثذ (NSC) اٌعبد٠خ اٌّمبِٚخٚاٌخشعبٔخ راد  (HSC) خِٚبمّاٌخشعبٔخ عتب١ٌخ اٌ

ِغزم١ّخ  وبٔذلاعتزبة بْ ِٓ ٘زٖ ا. اثٕعتزت٠زىْٛ اٌجشٔبِح اٌزدش٠جٟ ِٓ اخزجبس أسثعخ عتشش ّٔٛرج 

الأخشٜ  عتزبةخ ٚخ١ّع الاّمبِِٚٓ اٌخشعبٔخ عتب١ٌخ اٌ ِصٕٛع ِٓ اٌخشعبٔخ اٌعبد٠خ ٚالأخش احذّ٘ب

ٌٙب ٔفظ أثعبد اٌّمطع  عتزبة. خ١ّع الاّغزٛٞاٌ خبسخخ عتٓ أخضاءثوبٔذ غ١ش ِغزم١ّخ ِٚصٕٛعتخ 

 .ٍُِ ٠1500جٍغ  فعبء صبفٍُِٟ ٚ 2000غٛي وٍٟ ُ ِع ٍِ 200ُ ٚعتّك ٍِ 150اٌعشظٟ ثعشض 

اٌّزغ١شاد اٌشئ١غ١خ اٌزٟ رُ أخز٘ب فٟ الاعتزجبس فٟ اٌذساعخ اٌزدش٠ج١خ ٟ٘: عتذد الأخضاء وبٔذ 

ٔٛع اٌخشعبٔخ  ( ،اٌّغزٛٞ اٌخبسخخ عتٓ ثلاثخ ِٓ الأخضاء ٚ ، اثٕبْ ، ٚاحذ) عتٓ اٌّغزٛٞ خخبسخاٌ

١ح حذ٠ذ رغٍ، إظبفخ  (HSC)) اٌّمبِٚخٚاٌخشعبٔخ عتب١ٌخ  (NSC) خ اٌعبد٠خّمبِٚ)اٌخشعبٔخ راد اٌ

، ٚص٠بدح غٛي الأخضاء  (HSC) اٌّمبِٚخالاٌزٛائٟ ثبٌزضآِ ِع اعزخذاَ اٌخشعبٔخ عتب١ٌخ  عتضَ

ثبلإظبفخ إٌٝ  (NSC). اٌعبد٠خ اٌّمبِٚخراد  خاٌخشعب١ٔ عتزبةّٔبرج الا فٟ عتٓ اٌّغزٛٞ خاٌخبسخ

 ثعذدّغزٛٞ اٌ عتٓ خبسجاٌص٠بدح عتذد الأخضاء  ٠زعّٓ FEA ثبعزخذاَ أخش بًِرٌه ، رُ رم١١ُ ِع

 .أوثش ِٓ رٍه اٌزٟ رّذ دساعزٙب ردش٠ج١ب  

٠ؤدٞ إٌٝ رم١ًٍ ععخ اٌحٌّٛخ. ِٚع رٌه  عتٓ اٌّغزٛٞأظٙشد إٌزبئح أْ ص٠بدح عتذد الأخضاء اٌخبسخخ 

عتزبة أفعً ِٓ الا ٞلأخضاء اٌخبسخخ ِٓ اٌّغزٛا ِٓ اٌزٟ رحزٛٞ عتٍٝ عتذد صٚخٟ عتزبةالا ، فئْ

 زٞاٌ عزت)عتٍٝ عج١ً اٌّثبي ، اٌ ٞٓ اٌّغزٛعتدٞ ِٓ الأخضاء اٌخبسخخ اٌزٟ رحزٛٞ عتٍٝ عتذد فش

 ٓعتخبسج  ٚاحذ خضءحزٛٞ عتٍٝ ٠ ٍزٞاٌ عزتأفعً ِٓ اٌ ٞٛاٌّغز ١ٓ عتٓحزٛٞ عتٍٝ خضئ١ٓ خبسخ٠

٪ فٟ ثعط اٌحبلاد. أدٜ  70ض فٟ ععخ اٌزح١ًّ اٌمصٜٛ ٠صً إٌٝ حٛاٌٟ بخفٔ(. ٘زا الاّغزٛٞاٌ

ععخ اٌزح١ًّ  ص اٌفبسق فٟٟ ععخ اٌزح١ًّ اٌمصٜٛ ٚرمٍغ١ػ فإٌٝ رحغ١ٓ ث HSC اعزخذاَ

حذ٠ذ رغ١ٍح . أدٜ اعزخذاَ NSCبٌعزت اٌّغزم١ُ رٚ اٌخشعبٔخ ٪ ِمبسٔخ  ثـ 60اٌمصٜٛ إٌٝ حٛاٌٟ 

خ إٌٝ رحغٓ ٍِحٛظ فٟ لذسح رحًّ ّمبِٚٓ ِع اعزخذاَ اٌخشعبٔخ عتب١ٌخ اٌثبٌزضاِ عتضَ الاٌزٛاء

ثحٛاٌٟ  NSC ٔٛع اٌّغزم١ُ زتٌٚىٕٙب ظٍذ ألً ِٓ اٌع اٌّغزٛٞعتٓ خبسج اٌخضاء لاأ راد عتزبةالا



 

ٌٙب رأث١ش ظئ١ً عتٍٝ ععخ  ّغزٛٞٓ اٌعت خدح غٛي الأخضاء اٌخبسخ٪. ٌمذ ٚخذ أْ ص٠ب50٪ إٌٝ 20

 ٘طٌٛٙب.ٌٚىٕٗ أدٜ إٌٝ رم١ًٍ  رحًّ الاعتزبة

 عزتاٌ ٘طٛي أعتٍٝ ِٓ عتٓ اٌّغزٛٞ خخبسخاٌخضاء لاأ راد عتزبةخ١ّع الا ٘طٛيثشىً عتبَ ، وبْ 

. ّغزٛٞٓ اٌعت خص٠بدح عتذد ٚغٛي الأخضاء اٌخبسخ ِع ٙطٛياٌ ا٘زل١ُ ٚرٕبلصذ  NSC ٔٛع اٌّغزم١ُ

اٌخبسخخ اٌزٟ رحزٛٞ عتٍٝ خضء ٚاحذ ٚاث١ٕٓ ِٓ الأخضاء  الاعتزبةثبلإظبفخ إٌٝ رٌه ، وبٔذ ١ٌٛٔخ 

خبسخخ عتٓ اٌزٞ ٠حزٛٞ عتٍٝ ثلاثخ أخضاء  عزتألً ِٓ اٌحضِخ اٌّغزم١ّخ ٌٚىٓ اٌ عتٓ اٌّغزٛٞ

ٓ عت١ ب ِع ص٠بدح عتذد الأخضاء اٌخبسخخ أعتٍٝ ، ٚلذ ٌٛحع أْ ا١ٌٍٛٔخ صادد رذس٠د ١ٍٛٔخ٠زّزع ث اٌّغزٛٞ

 .اٌّغزٛٞ

 عتٍٝ الاعتزبة راد ألاخضاء اٌخبسخخ عتٓ اٌّغزٛٞ حغ١ٍعتلاٚح عتٍٝ رٌه ، لا ٠ّىٓ رص١ُّ ٚر

ّ   "بعتزجاعتزجبس٘ب  ب لأْ ٌٙب ل١  ّ . ِٚع رٌه ، ٍٟاٌعتضَ ٚ ,الأحٕبء , عتضَلٛح اٌمص ِٓ ب ِخزٍفخ ِغزم١

 .لًا ِمبِٚخعبًِ رم١ًٍ ِِع ٌٚىٓ  اٌّغزم١ُ عزتاد رص١ُّ اٌخطِٛٓ اٌّّىٓ رطج١ك 

ا ، رُ إخشاء رح١ًٍ اٌعذدٞ  ح١ًٍالأثعبد لإخشاء اٌز خدح غ١ش اٌخط١خ ثلاث١اٌعٕبصش اٌّحذ ثطش٠مخ أخ١ش 

اٌحبعٛثٟ فٟ ٘زا اٌعًّ. أظٙشد  ABAQUSثبعزخذاَ ثشٔبِح  عتزبةٌٍغٍٛن اٌعبَ ٌّٕبرج الا

ٔغجخ اٌّمبسٔخ ث١ٓ اٌزح١ًٍ اٌعذدٞ ٚإٌزبئح اٌزدش٠ج١خ صحخ ِعمٌٛخ ٌٍزح١ًٍ اٌعذدٞ ح١ث أْ ِزٛعػ 

ٌد١ّع إٌّبرج اٌزٟ  طٟٛعاٌ ٍٙطٛي٪ 19ٌ٪ ٚ 4الاخزلاف عتٍٝ أعبط لذسح اٌزح١ًّ إٌٙبئ١خ حٛاٌٟ 

 رُ رح١ٍٍٙب.


