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 ABSTRACT  
 

Stainless steel (SS) is gaining popularity as reinforcement of structural elements in 

Bangladesh mainly due to its enhanced corrosion resistance, improved performance against 

fire, and resilient behavior. This research investigates the flexural performance of concrete 

beam reinforced with locally manufactured stainless steel of the Grade 201 series. This 

experimental program included a total twelve reinforced concrete beams subjected four 

points bending test. Eight of them are SS reinforced concrete beams and the remaining four 

beams are reinforced by carbon steel (CS) as control specimens.  Prior to conduct these 

tests, the mechanical properties of SS rebars and their bond strength in concrete are 

examined briefly. The tested beam specimens are divided into three categories based on 

their reinforcement ratio. Each group of beam consists of four specimens with low, 

medium, and high reinforcement ratios. The tested results of SS reinforced beams of each 

category are compared with that of the CS reinforced beams and also with the available 

codes. The experimental results in terms of the cracking moment showed a very good 

agreement with the code values as the differences of capacities within 10%. The ultimate 

moment capacity of tested SS reinforced beams also shows that theoretical value exceeds 

by a maximum of 30% compared to that of test results. Additionally, a series of finite 

element models are developed emulating the experimental program to understand the 

flexural response numerically. All twelve models are validated using finite element (FE) 

models in Abaqus v14.1. Crack propagation and damage patterns of experimental 

specimens matched well with that of the FE simulations. The outcome in terms of load-

displacement relationships extracted from finite element analysis also supports the 

experimental results with minor deviance.   The overall outcome of this study suggests that 

using SS as reinforcement of the beam is quite reasonable and can be used confidently as 

an alternative to CS. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 
 

The corrosion of steel reinforcement has been considered as the main cause for the 

deterioration of reinforced concrete structures,[1-3]. To increase the service life of concrete 

structures by preventing the corrosion of steel reinforcement, several protection measures 

such as increasing the concrete cover over the steel reinforcing bars, using low-permeability 

concrete, coating the steel bars with an epoxy polymer, and applying cathodic protection 

systems have been developed and implemented in real structures over the past decades[4, 

5]. Although the adoption of these methods can reduce the corrosion problem in some 

cases, the corrosion of steel reinforcement is still a major problem for the concrete 

structures exposed to moist and aggressive environments. The use of non-corrosive 

reinforcement can be an effective strategy to overcome such corrosion problem in steel 

reinforcement. A promising class of non-corrosive materials is fiber reinforced polymers 

(FRPs), which consists of fibers in a polymer-based matrix[6]. Furthermore, the bond 

strength of FRP rebars varies with the manufacturing process and uncertainty of strength 

such weakness in shear is predominant [2, 7, 8]. The initial cost of FRP rebars are also very 

high compare to their alternatives in the local market.  

Stainless steel reinforcing bars have also been considered as an alternative to carbon steel 

rebars to employ as a reinforcement in concrete structures [7-9]. Stainless steel contains a 

minimum of 10.5% chromium, which provides excellent resistance to corrosion by forming 

a very thin self-regenerating oxide layer[8]. Extensive research into the behavior of 

structural stainless steel has been reported in the literature including the flexural 

behavior[7-9] compressive behavior [10, 11] . and the mechanical characteristics  [12-14]. 
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Recently, stainless steels have become popular in load-bearing applications where 

durability, ductility, stiffness, and strength are required, as well as excellent fire resistance. 

Stainless steels are produced in different forms including sheet, plate, bar, tube, hot-rolled 

and cold-formed structural sections, fasteners, and fixings. Cold-formed sections fabricated 

from steel plates are the most commonly used products for structural members because they 

are the most readily available and are reasonably straight-forward to manufacture [12]  

 

Fig 1. 1: Stonecutters bridge in Hong Kong. Adopted from Rabi, Cashell et al. 2019[15] 
 

One of the earliest examples of the use of stainless steel reinforcement is The Stonecutters 

Bridge in Hong Kong and Sheik Zayed Bridge in Abu Dhabi, as shown in Figs. 1 and 2, 

respectively. These two bridges are reinforced with grade 1.4462 duplex stainless steel. 

Because of the relatively high initial cost, the stainless steel rebars are strategically placed 

and only used for the outer layer of the reinforcement in both projects, in the so-called 

splash zone. For example, austenitic grade 1.4301 stainless steel rebar was used to 

rehabilitate the pillars 
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Fig 1. 2 :  Sheik Zayed bridge in Abu Dhabi. Adopted from Rabi, Cashell et al. 2019 [15] 

 

and stone arches of the Knucklas Rail Bridge[16].Stainless steel reinforcement has also 

been used in another project, including the Progresso Pier in Mexico, as shown in Fig. 3, 

which was constructed in the early 1940s using grade 1.4301 austenitic stainless steel. 

 

Fig 1. 3: The Progresso Pier in Mexico. Adopted from Rabi, Cashell et al. 2019 [15] 
 

It has been in continuous service for over 70 years without any major repair or significant 

maintenance activities.  
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Many researchers have already been working on reinforcing material for concrete as a 

replacement of Mild Steel Rebar e.g. Fiber Reinforced Polymer (FRP), Shape Memory 

Alloy, etc. The importance of the usage of sustainable materials should be considered. 

Stainless steel (SS) can be a superior alternative of conventional mild steel and other 

reinforcing due to the fact that SS is already proved to be corrosion resistant, better 

performance against fire and most importantly recyclable. However, there are some key 

issues such as bonding, ductility, seismic performance, integration as a composite 

component and long term effect in applying SS as reinforcement of concrete that are needed 

to be addressed before their practical application.  

 

Stainless steel industries in Bangladesh is still in developing stage and are expected to have 

an excellent prospect as the county is growing at a very high rate. Some of the available 

stainless-steel rebar available in Bangladesh stainless steel solid rebar is produced by Steel 

Tech which is cheaper than the other conventional stainless steel available in the 

international market due to low labor and operational cost. After investigating on its all 

properties, it is considered to be suitable for the following locations such as Hydraulic 

Structure (i.e., bridge, retaining wall, tunnels, harbor, and jetty) all over our country, where 

salinity problem occurs especially in the southern region of Bangladesh and where airborne 

of chlorides happens especially near the seaside area of Bangladesh. Since no research work 

on SS rebar has been planned or conducted earlier on this type of local stainless steel, there 

is a scope to work in this area and hence develop stainless steel industry where SS rebars 

can be employed as reinforcement of concrete.  

1.2 Research Objectives 
 

The specific objectives of this research work are: 

1. To investigate the flexural behavior and mode of failure of concrete beams reinforced 

with Stainless and carbon steel rebars. 
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2. To determine the flexural performance of different stainless steel-reinforced concrete 

beams both experimentally and numerically (using finite element modelling tools). 

3. To observe on Stainless and carbon steel reinforced concrete beam behaviour of 

reinforcement yielding, strength limit state, load-deformation response, and crack pattern. 

1.3 Scope of Research 
 

This research program consists of experimental investigations and numerical simulations. 

This experimental program included a total twelve reinforced concrete beams subjected 

four points bending test. Eight of them are SS reinforced concrete beams and remaining 

four beams are reinforced by carbon steel (CS) as control specimens. A total of twelve 

reinforced concrete beams were tested under four-point bending. 

The numerical simulation of stainless steel reinforced concrete beams is performed using 

finite element program ABAQUS/CAE. The performance of the numerical model is studied 

by simulating several experimental beams from the literature. Comparisons are made 

between the finite element predictions and experimental results in terms of load versus 

deflection curves, ultimate capacities and failure modes of the beams. 

1.4 Methodology 
 

A total of twelve concrete beams reinforced were loaded under four point bending with a 

simple span of 1200 mm. Out of twelve beams, 4 specimens are controlled carbon steel and 

remaining 8 specimens are SS reinforced beams with an uniform cross section of  150 x 

200 mm and the total length is 1500 mm long. All specimens have a same shear 

reinforcement ratio and carbon steel 4.5mm diameter stirrups were placed at spacing of 150 

mm and 100 mm for the constant moment zone and the shear span zone as shear 

reinforcement, respectively. The concrete strength and longitudinal and shear 

reinforcement ratios were selected as the variable design parameters. There are five levels 

of longitudinal reinforcement ratios; low, moderate, beyond moderate, high, and extremely 
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high and the relative concrete strength between specimens having the same reinforcement 

ratio (1 = Lower, 2 = Higher) which can be translated to levels L, M,M’, H and H’ Letter 

(MS) refers to Mild steel as longitudinal steel reinforcement while letter (SS) refers to 

Stainless Steel as longitudinal steel reinforcement.  All twelve samples will be validated 

numerically using finite element program ABAQUS/CAE. 

1.5 Organization of the Thesis 
The outcomes of the research carried out have been divided into different topics and 

presented in five chapters. 

In chapter one, General remark with background, objectives, scope and methodologies of 

the present study are described briefly.  

In chapter two, a through a chronological literature review on compressive strength, shear, 

and flexural behavior of different types of reinforced concrete beams are presented. The 

definition and various aspects of stainless steel are discussed in this chapter.  

In chapter three, the experimental program is described in detail. In this chapter, the amount 

and type of material, properties, and mix design are mentioned. The experimental procedure 

is also mentioned in chapter three.  

In chapter four, all experimental results including compressive strength, shear, flexural 

strength, mode of failure of concrete beams results are presented. In this chapter, the 

comparison among tests results is made and discussed in details.  

In chapter five, All Experimental results are validated numerically using the finite element 

simulation by ABAQUS/CAE. 

 In chapter six, conclusions and relevant recommendations are mentioned for future 

analysis.  
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CHAPTER 2 

LITERATURE REVIEW 

 2.1 General 
Reinforcement corrosion is one of the most serious causes of deterioration of concrete 

structures, and thus reduced service life of the structures. Corrosion resistance plays a vital 

role in the stability of reinforced concrete structures[17, 18]. Stainless steel has emerged as 

a very attractive material for many applications including reinforcing potential in concrete 

structures. Stainless steel bars present a potential solution to this rebar corrosion problem. 

Few research studies on the behavior of structural stainless steel have been reported in the 

literature the flexural and behavior[11, 13, 14],  compressive behavior [12, 19, 20], and the 

mechanical characteristics [21, 22]. This chapter summarizes The Mechanical properties, 

Chemical composition, and Specification of stainless steel used in this research are 

presented. This section focuses on past research performed on the behavior of reinforced 

concrete beams incorporating several reinforcements was also discussed. Finally. A 

chronological literature review is presented of previous research on the flexural behavior 

of reinforced concrete beams in this chapter. 

2.2 Stainless Steel Reinforcement 
Stainless steel (SS) was first produced in Germany and the UK in 1912 [23]. It was termed 

as rustless steel due to its high resistance to corrosion as compared to carbon steel. SS 

usually contains 10% chromium, which leads to the formation of a self-healing oxide layer 

[24]. Stainless-steel can tolerate chloride levels up to 7% as compared to 0.4% tolerated by 

carbon steel. The term stainless steel does not refer to a single metal. Instead, it is used for 

a group of corrosion-resistant alloys. The primary alloy in stainless steel is chromium with 

a minimum content of 10.5%. It forms a chromium oxide layer on the bar surface that 

provides corrosion protection. If this protective layer is damaged, oxygen enables its self-
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healing [25]. Corrosion resistance can be further improved by adding other alloys including 

chromium, nitrogen, molybdenum, titanium, and nickel, which makes stainless steel 

suitable for use in acid media [26]. Other alloys include carbon and manganese. Manganese 

improves hot working properties, strength, and toughness [27]. The composition of 

stainless-steel bars defines their corrosion resistance, mechanical properties, and 

weldability [26]. Therefore, the excellent corrosion resistance and high chemical stability 

of SS lead their application for bridges, coastal equipment, and the marine environment. 

Corrosion resistance plays a vital role in the stability of reinforced concrete structures [17, 

18] when exposing ordinary steel reinforcements and SS reinforcements to chlorides, the 

damage of ordinary steel reinforcements is more serious than that of SS reinforcements 

[28-30]. 

2.2.1 Specification of Stainless Steel 

Widely used specifications for stainless steel are BS6744 and ASTM A955 [31, 32] 

Generally, the SS rebar diameter range is from 8mm to 25mm and produced in coils and 

straight bars cut up to 12 m in length. Earlier bar profile and strength classes specified in 

EN 10080 and ASTM A615/A615M but later on all the items adopted in BS 6744 and 

ASTM A955. The material designation is assigned differently in two codes like BS 6744 

followed EN 10088-1 and materials in ASTM A955 are designated following ASTM A276 

[33, 34]. Earlier the most common stainless steel used in construction is Grade 1.4307 

(304L), Grade 1.4311 (304LN), Grade 1.4162 (LDX 2101), and Grade 1.4362 (2304). Day 

by day the specification and other details are changing based on the demand. Currently 

most widely used SS rebar is Grade 1.4307 (304L) and it is a low carbon, standard 

chromium-nickel austenitic stainless steel. Grade 1.4162 (LDX 2101) is low nickel duplex 

stainless steel, known as a lean duplex. Chemical composition difference between 304, 316, 

and 2205 are shown below in Table 2.1. 
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Table 2. 1: Chemical composition of different grades of SS. Adopted from Gardner et el. 

(2015) [Gardner et el. (2015)] 

Chemical composition (% by mass) 

Element Steel Designation (Number) 

 1.4301(304) 1.4401(316) 1.4462(2205) 

Carbon (C) < 0.07 < 0.07 < 0.030 

Chromium (Cr) 17.00 to 19.50 16.50 to 18.50 21.00 to 23.00 

Nickel (Ni) 8.00 to 10.50 10.00 to 13.00 4.50 to 6.50 

Molybdenum (Mo) - 2.00 to 2.50 2.50 to 3.50 

Manganese (Mn) < 2.00 < 2.00 < 2.00 

Silicon (Si) < 1.00 < 1.00 < 1.00 

Phosphorus (P) < 0.045 < 0.045 < 0.035 

Sulphur (S) < 0.015 < 0.015 < 0.015 

Nitrogen (N) < 0.11 < 0.11 0.10 to 0.22 

Titanium (Ti) 5×C to 0.70 5×C to 0.70 - 

Tungsten (W) - - 0.50 to 1.00 

 

2.2.2 Type & mechanical properties of SS  

 

Three types of stainless-steel bars are readily available in the construction market. These 

are austenitic, ferritic, and ferritic-austenitic (duplex). Ferritic stainless steel has a 

chromium content of about 30% and is characterized by possessing ferromagnetic 

properties. Its tensile strength is higher than that of austenitic stainless steel, but its 

workability is not as efficient as other types. It is not recommended to be used for 

applications requiring long-life span or exposure to chloride ions [26]. 

Austenitic stainless steel has 17 to 25 % chromium and 8 to 26 % nickel. It has excellent 

toughness, ductility, and weldability as compared to both ferritic and duplex stainless steel. 
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Additionally, its high ductility has promoted its use in seismic areas. Austenitic stainless 

steel is available as a low-carbon chromium-nickel alloy (grades 304, 304L, 316, and 

316L), which contains up to 0.3% carbon. It is used in a chloride environment. It is also 

available as chromium-manganese-nitrogen alloy[26]. 

Ferritic-austenitic (duplex) stainless steel has a binary structure of ferrite and austenite. It 

contains up to 8% nickel, and between 22 and 28% chromium. Molybdenum improves its 

corrosion resistance. It has improved ductility and toughness as compared to ferritic 

stainlesssteel and has improved strength and corrosion resistance as compared to both 

austenitic and ferritic stainless steel [25]. Duplex stainlesssteel grades include 2205, 2304, 

and 2507. 

The stress-strain relationship for different types of stainless steels is illustrated in Figure 

2.1 [35]. Note that only the austenitic and the ferritic-austenitic (duplex) steel are relevant 

as reinforcement. Austenitic and duplex (and ferritic) grades of steels show early plastic 

deformation in the test, and continue to sustain increasing load with increasing strain. Cold 

working (cold-formed SS) will increase the strength of the steels and is therefore used to 

meet the requirements for use as reinforcement in concrete. Cold working usually results 

in martensite formation in 1.4301 types, whereas in 1.4401/1.4436 and duplex materials, 

this is not the case. For the austenitic types cold working results in a reduction of the 

elongation from 40% to 20- 25%. For small dimensions (<16 mm) also warm working (at 

a temperature somewhat lower than normal for such process) may be used for increasing 

the strength, resulting in mechanical.  Another way of increasing strength is the addition of 

nitrogen (0.15-0.2%). This is however not sufficient to reach the required strength and must 

therefore be combined with either cold or warm working properties similar to those 

obtained by cold working. 
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Fig 2. 1: Stress-strain curves for different stainless steels at room temperature, Adopted 

from Outokumpu (2006)  

 

To characterize the design strength of such strain hardening materials, proof strength is 

defined and determined as the tensile stress (RBP0, 2B) at elongation (strain) 0.2 %., 

stainless steels can be produced as ribbed bars within the normal range of strength and 

deformability required for application in concrete. The modulus of elasticity (E) for the 

relevant SSR is about 200 kN/mm2 in the same range as for carbon steel reinforcement (210 

kN/mm2). Owing to their excellent mechanical properties in the as-rolled conditions, 

duplex steels are of particular interest as material for reinforcement. For example, the 

duplex steel of grade 1.4462 (X2CrNiMoN 22-5) as cold-rolled, has a proof strength of 950 

MPa, the tensile strength of 1059 MPa, and elongation of 14 % for 10 mm bars.  

2.2.3 Influence of Chromium 

 Stainless steels are chromium containing steel alloys. The minimum chromium content 

of the standardized stainless steel is 10.5%. Steel with lower chromium content should 

not be termed "stainless". Chromium is the main alloy which provides the steel with 
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improved corrosion resistance and increased ductility. This improved corrosion resistance 

can be seen in Figure 2.2. 

 

Fig 2. 2 : Influence of chromium on the corrosion resistance of stainless steel, Adopted, 

from Outokumpu (2006) 

 

The improved corrosion resistance is due to a thin chromium oxide film that is formed on 

the steel surface and creates a so-called passive condition. It is important to realize that 

oxygen is required for the oxide film to form. The passivity is a dynamic process that is 

influenced by the surrounding environment, and especially temperature and humidity. The 

extremely thin chromium oxide film is also self-repairing under the right conditions, which 

includes the presence of oxygen. Besides chromium, typical alloying elements are 

molybdenum, nickel, and nitrogen. Nickel is mostly alloyed to improve the formability and 

ductility of stainless steel. Alloying these elements brings out different crystal structures to 

enable different properties of the steel for machining, forming, welding, etc. 

2.3 Alternative Reinforcements of Concrete Beams 
Usually, carbon steel with different grades is widely used as reinforcement of concrete 

structures. However, other reinforcement such as alloy steel, carbon fiber reinforced 

polymer, glass fiber reinforced polymers are also used as potential alternatives of carbon 
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steel after recent development. This section focuses on past research performed on the 

behavior of different hybrid reinforcements are discussed. 

2.3.1 Epoxy-Coated Reinforcing Steel 

Currently, the primary corrosion protection system for bridge decks in the United States is 

epoxy-coated reinforcing steel. Epoxy-coated reinforcing steel has been used in 

approximately 20,000 reinforced concrete bridge decks since the early 1970s and is 

estimated to have saved taxpayers billions of dollars in rehabilitation costs [36] 

Epoxy-coated reinforcement was developed in the early 1970s, in response to the need for 

better corrosion protection on reinforced concrete bridge decks. However, epoxy-based 

coatings are not impermeable to water [37] Epoxy coatings reduce the magnitude of 

macrocell currents, which are responsible for extensive deterioration when they develop in 

bridge decks [38] Because the protective ability of epoxy coatings depends on their ability 

to act as both a physical and electrical barrier, effective quality control measures must be 

taken during coating of the bars and subsequent handling, shipping, and storage of the bars 

[38] If, when chloride ions arrive at the surface of the reinforcement and corrosion will take 

place under the coating.  This corrosion will occur at a rate similar to that of a bare 

reinforcing bar in an acidic environment, which is faster than the corrosion of bare steel in 

concrete. Other studies have found that reinforcement in concrete with high moisture 

content generally suffers reduced adhesion of the [39-41] unfortunately, epoxy-coated 

reinforcement is never entirely free of defects. However, the question remains open as to 

whether epoxy-coated steel provides adequate long-term protection to reinforced concrete 

highway structures that are exposed to moisture and chlorides. 

2.3.2 FRP Reinforcement 

The idea of making composite materials by combining two different materials is not new 

and can be dated back to the ancient Egyptians when they used a straw to reinforce their 
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mud and make a stronger composite material. The fiber-reinforced polymer is just a later 

version of this idea [42]. 

In the 1980s in the USA a protrusion company entered the FRP reinforcing bar industry 

under the name of International Grating, Inc [43]. They developed sand coated glass FRP 

bars followed by the development of deformed FRP bars by Marshall Composites Inc in 

the 1990s. These experiments started to be undertaken with carbon FRP with deformed and 

sand coated surfaces [44]. In Europe, particularly in Germany, FRP was first used as 

concrete reinforcement in the construction of a prestressed FRP bridge in 1986 [45]. From 

1991 to 1996 the European BRITE/EURAM project has undertaken extensive research on 

testing and analysis of FRP [45]. 

Currently, different types of Fibre Reinforced Polymer (FRP) rebar for reinforcing concrete 

structures are available, which are classified by fiber type as shown in Figure 2.3. 

 

Fig 2. 3 :  Samples of FRP Reinforcement Configuration, Adopted from Virmani and 

Clemena 1998  [36] 

 

2.3.3 Metallic Coatings and Solid Metallic Reinforcing Bars 

Solid metallic bars made of corrosion-resistant materials such as stainless steel have also 

been used in reinforced concrete structures. These materials must be able to serve as 
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reinforcement as well as resist aggressive environments. For years, metallic coatings have 

been used successfully to prevent corrosion of steel in environments other than concrete, 

leading to the anticipation that they could also protect steel in concrete. Metallic coatings 

for reinforcing steel can be divided into two categories, sacrificial or noble. Sacrificial 

coatings are made up of metals that have a more negative corrosion potential than steel, 

such as zinc. If the sacrificial coating is broken, a galvanic cell is set up and the coating 

corrodes while protecting the steel. Noble coatings such as copper and nickel do not corrode 

in concrete, but if the coating is broken, any exposed steel becomes anodic and will corrode 

[46] Galvanized steel was tested as part of a study of the effectiveness of corrosion 

inhibiting admixtures published by the Virginia Transportation Research Council in 1999 

[36] Galvanized steel was observed to be providing good protection in the higher quality 

concrete. The specimen reinforced with galvanized steel seemed to be performing well for 

concrete with a w/c ratio of 0.45, with no cracks from corrosion visible at the time of 

inspection. The other galvanized steel specimen had a w/c ratio of 0.71 and exhibited 

excessive cracking. 

Results of both laboratory and field studies on galvanized reinforcement have been 

conflicting [47]. A panel was formed in 1982 to resolve this discrepancy and came to the 

following conclusions[18]. Laboratory studies with aqueous solutions have shown that zinc 

has a higher chloride concentration level than steel at the onset of corrosion. This higher 

threshold helps to explain why galvanizing can delay the onset of corrosion in outdoor 

specimens. Stainless steel and stainless steel-clad reinforcement have been used in several 

structures in the past 15 years, but none of these structures is old enough that corrosion 

damage would be expected, even if no protection measures had been used. So far, stainless 

steel reinforcement is performing satisfactorily. 
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2.3.4 Shape Memory Alloy 

Recently, a new group of alloys known as Shape Memory Alloys (SMAs) has emerged in 

the research community. Shape memory alloys (Fig:2.4 ) can sustain large deformations; 

Besides, SMAs can dissipate energy through hysteretic damping and be heat-treated to 

attain comparable strength to conventional deformed reinforcement. The unique properties 

of SMAs can address some of the shortcomings of conventional deformed reinforcing bars; 

specifically by controlling permanent strains. There are some disadvantages, including high 

cost, which leads to optimization of the material and the use of mechanical couplers to 

connect to conventional steel; difficulty in machining the material; the super elastic 

properties on the operating temperature, and the low elastic modulus that can result in larger 

displacements under service loads (Fig: 2.5). Nickel–Titanium (NiTi), consisting of 

approximately 56% nickel and 44%titanium alloy, is the most common type of SMA 

investigated for structural applications. [18]. Several studies have focused on material 

characterization and mechanical properties of super elastic NiTi bars and wires to evaluate 

the material for use in structural applications. Des Roches et al.[48]   

 

 

 

 

 

 

 

Fig 2. 4: SMA and conventional reinforcement samples. Adopted from Cramer, Covino  

Jr et al. (2002)  [17] 
 

demonstrated that SMA in wire form experienced higher strength and damping properties 

compared to SMA bars; However, the re-centering capabilities based on residual strains 
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were not affected by the form of the SMA. A study by Tyber et al.[49]  on large diameter 

NiTi bars revealed that transformation temperatures and hardness depended on bar heat 

treatment and not bar diameter. McCormick et al. [17] studied the deformation behavior of 

large-diameter super elastic bars. 

 

 

 

 

 

 

 

Fig 2. 5:  Larger Displacements, Adopted from Pérez-Quiroz, Terán et al. 2008 [18] 
 

2.4 Existing Experimental Work of Concrete Beams 
 

Concrete beams reinforced with alternative reinforcing steel have been studied for the last 

few decades. A chronological literature review of the research work conducted on concrete 

beams with different hybrid reinforcement is presented briefly in this section. 

2.4.1 Robert F. Mast, Mina Dawood, Sami H. Rizkalla and Paul Zia (2008) 

This paper presents a methodology for the flexural strength design of concrete beams 

reinforced with high-strength reinforcing steel that conforms to the requirements of ASTM 

A1035-07. The design method is based on simple analysis techniques that satisfy the 

fundamental principles of equilibrium and compatibility. Strain limits for tension-

controlled sections and compression-controlled sections are proposed that are consistent 

with the approach of the current and past ACI 318 Codes. The stress-strain characteristics 

of the reinforcement are quite different from conventional Grade 60 (400 MPa) steel 

reinforcement. The new steel is considerably stronger than conventional reinforcing steel 
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and lacks a well-defined yield point. The flexural behavior of concrete beams reinforced 

with high-strength reinforcing bars has been investigated experimentally by several 

researchers. The research indicates that, when properly designed, beams reinforced with 

high-strength reinforcing bars will achieve similar but higher strength characteristics to 

beams reinforced with conventional steel reinforcements [50]. 

2.4.2 Issa, M.S., Metwally, I.M., and Elzeiny, S.M., (2011) 

The experimental program consisted of seven concrete beams having the same concrete 

dimensions and reinforcement. The tested beams were classified into four groups according 

to the internal fiber types used. The first type of beams had no internal fibers, the second 

type had polypropylene fibers, the third type had glass fibers and the fourth type had steel 

fibers. The major aim of this paper was to improve the ductility of beams reinforced with 

FRP rebars. The experimental results of tests showed that using GFRP as the main 

reinforcement for the concrete beams achieved reasonable flexural strength. Also, the 

theoretical results calculated using ACI 440 code showed good agreement with the 

experimental results with an error of about 20%. The results of the current research 

indicated that all types of fibers used improved the ductility of FRP- reinforced concrete 

beams. It was found that the span-to-experimental service load deflection ratio is relatively 

high when compared to the usually accepted ratio of about span/250 [2]. 

2.4.3 Tejaswi and Ram (2015) 

The authors present a comprehensive study of Two plain concrete beams, Six Reinforced 

concrete beams used in this investigation. To observe the first crack at which load and 

corresponding deflection this process is continued for all beams and also note the ultimate 

load with the corresponding deflection for all beam sections. The main objective of this 

study is to obtain the relation between loading and the corresponding deflection of a simply 

supported beam when it is subjected to a point load. To predict the flexural behavior of any 

brittle material like concrete, the load-deflection method on three points was essential. The 
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three-point method is the way to compute the deflections due to applied loads to analyze 

the flexural behavior. In this study the experimental set up was made to investigate the 

following:a) Loads and corresponding deflections, b) The effect of length and cross-

sections on deflections per unit load. The following conclusions can be stated based on the 

evaluation of the analyses of the calibration model. 1. From the analytical investigation, it 

was observed that under reinforced ratio is the best type of reinforcement ratio among the 

others since it shows the greatest warning zone before failure.[51].  

2.4.4.Rabi, M., K. Cashell, and R. Shamass, (2019) 

In this study, the author reported results from The FE model is validated using five 

reinforced concrete beams from different experimental programs, Beams were reinforced 

with austenitic and duplex stainless steel rebars in grade 1.4311 and 1.4362, respectively. 

As these are the only two stainless steel reinforced concrete beam tests that have been found 

in the literature, three other beams containing carbon steel reinforcement are also included 

in the validation exercise for additional robustness. The details of geometry and 

reinforcement of these beams. All of the beams were tested under monotonic loading, in 

displacement control. It is concluded that the proposed analytical models provides a reliable 

solution for predicting the capacity of concrete beams reinforced with stainless steel[15] 

Here also discuss the other inventor’s invention in this sector against eliminating the 

problem of steel corrosion in reinforced concrete structures 

2.4.5 Qingfu Li, and Wei Guo (2020) 

The authors present a comprehensive study of the flexural characteristics of stainless steel 

(SS) reinforced concrete beams. They conducted experimental work on six concrete beams 

reinforced with SS as shown in Figure 2.6  
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Fig 2. 6 : Instrumentation setup and load distribution (all dimensions in mm), Adopted 

from Qingfu Li,and Wei Guo (2020) [71] 
 

The test results indicated that the failure mode of SS reinforced concrete beam can be 

divided into three stages: elastic stage, cracking stage, and failure stage as presented on 

Figure 2.7. Under the same reinforcement condition, load-bearing capacities of the SS 

reinforced concrete beams (the normal section and the oblique section) are significantly 

higher than those of the ordinary reinforced concrete beams. In addition, the prediction of 

the cracking moment and bearing capacity calculated by ACI 318-14. 

 

Fig 2. 7 : Typical load-deflection curves of all flexural beams tests Adopted from Qingfu 

Li,and Wei Guo (2020)  [71] 
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Cracking Moment calculation of the cracking moment in the Chinese code and the 

American code is different. Equation (3) shows the calculation method of the theoretical 

concrete cracking moment in ACI 318-14. 

 𝑀𝑐𝑟,𝑐 
𝐴 =

𝑓𝑟𝐼𝑔

𝑦𝑡
……………………………………………………………. (2.1) 

 In equation: 2.1, where MA
cr,c is the theoretical value of the concrete cracking moment. fr 

is the flexural tensile strength of concrete, fr0.62 fc′ , fc′  are the compressive strength of the 

concrete cylinder test block, and its conversion relationship with the cubic compressive 

strength fcu is fc′   0.8fcu. Ig is the sectional resistance moment on the centroid axes, 

regardless of the area of the reinforcement. yt is the distance between the centroidal axis 

and the edge of tensile concrete [24]. 

2.5 Motivation and Research Gap 
Over the years, many researchers have performed various works to prove their attention to 

improving corrosion problems in concrete structures. The corrosion of steel reinforcement 

has been considered as the main cause for the deterioration of reinforced concrete 

structures. Prioritizing this problem, locally made SS which is considered as the most 

economical stainless steel available in Bangladesh is taken into consideration to be applied 

as the potential alternative of carbon steel. Currently, SS is found available in round shape 

with a smooth finish in Bangladesh. So, it has been planned to evaluate the flexural 

behavior of concrete beams reinforced with plain stainless steel rebar which is expected to 

have higher corrosion resistance and improved mechanical properties. Moreover, no 

flexural test was conducted using this type of rebar earlier. Material properties of this rebar 

are also unknown and no codes or specifications are available for their application as rebar. 

Therefore, this research program performs the experimental studies and numerical analyses 

on the flexural behavior of concrete beams reinforced with plain stainless-steel rebar.  
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2.6 Summary 
Previously conducted experimental investigations on the materials like CFRP, GFRP, 

conventional high strength steel, and SS and their application as reinforcement of concrete 

beams are presented in this chapter. The common findings in all the studies were improved 

load carrying capacity or ductility, reduced mid-span deflection, and improved ductility 

and hence more resilient applications. In our present study, the targets remained the same 

in a sense to find an alternative of conventional steel that may show improve performance 

against corrosion and seismic events. SS is expected to show desired qualities as 

reinforcement of concrete structures. Because of finding the proof of its performance, a test 

program of SS reinforced concrete beams with a comparative study with the conventional 

steel may give the light in the application SS as reinforcement. In addition, numerical 

models of SS reinforced concrete beams using FE method may further strengthen the 

proposed work through the validation. The research work on the application of stainless 

steel in concrete beams is very limited. This study is expected to be a new contribution that 

may help to improve the design guideline and practitioners to build confidence in applying 

SS as a reinforcing bar of concrete structures.   
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

3.1 General 
To accomplish the aspiration of investigating the flexural behaviour of Stainless Steel (SS) 

reinforced concrete beams, a test program consisting of 12 beams was planned. These 

beams were reinforced with plain Stainless Steel (SS) rebars. All of the beams possessed 

enough transverse reinforcement to prevent shear failure, thus the desired failure mode was 

consistently flexural (either top concrete crushing or bottom reinforcement rupturing). The 

major variables in this program were concrete strength, type of SS bars, and hence the 

longitudinal reinforcement ratio. The detailed arrangement of the Mild Steel (MS) and 

Stainless Steel (SS) bars and material properties of concrete, individual test specimens, and 

test setup are presented in this chapter. In brief, this chapter presents the beam specimen 

preparation, experimental program, research strategies, test setup, data acquisition system 

and processes and overall methodology. 

3.2 Material Properties 

This section highlights the properties of the materials used in this experimental procedure. 

Various types of tests were performed on stone chips, sand, and cement to determine the 

material specification. Sieve analysis was conducted to get the gradation of aggregate. 

Aggregate properties such as specific gravity, absorption capacity, unit weight were also 

illustrated. 

3.2.1 Cement 

All cement used for the casting of concrete beams was ordinary Portland cement (CEM I) 

conforming to the requirements of the ASTM C 150. All concrete beams with different 

reinforcement arrangements and types were casted with the same brand of cement. All 
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types of cement were delivered from the same shipment so that their manufacturing dates 

are the same. Subsequently, they were stored in the laboratory with necessary precautions 

to carefully protect them against moisture and exposure to air. 

3.2.2 Water  

Water is a key ingredient of concrete. The property of water used in the concrete work was 

potable, free from oil and other organic impurities. Ordinary tap water was used as mixing 

water throughout the mixing procedure.   

3.2.3 Aggregate 

3.2.3.1 Sand as Fine Aggregate 

Best quality coarse sand (brown) locally known as ‘Sylhet sand’ as shown in Figure 3.1 (d) 

was used as the fine aggregate. The sieve analysis was carried out as per ASTM C136 

(ASTM 2006)[52]. The sieve analysis result indicated that the fine aggregate is well-graded 

having fineness modulus (F.M) 2.5. 

Different basic tests were performed on coarse and fine aggregate such as water absorption 

capacity, moisture content, unit weight and specific gravity. ASTM C128 is followed as a 

standardized procedure for determining the specific gravity of the fine aggregate that passes 

the 4.75-mm (No. 4) sieve, using a water pycnometer. The specific gravity of sand was 

found 2.60.  

3.2.3.2 Specific Gravity Test of Coarse Aggregates 

This method is a modification of ASTM C 127 that provides a standardized procedure for 

determining the specific gravity of coarse aggregate as shown in figures 3.1a, 3.1b, & 3.1 

c that retains the 4.75-mm (No. 4) sieve. The specific gravity of the stone aggregate was 

found 2.64, respectively. 
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Fig 3. 1 : Types of  aggregate used in research, here (a) ½” passing and ¼” in retained, (b) 

¾ ” passing and ½ ” in retained, (c) 1” passing and ¾ ” retained, (d) Stack of  Sylhet Sand 

 

3.3 Properties of Steel Reinforcement 
Both mild steel and stainless steel were used in this research program. Locally produced 

well established 72.5 grade mild steel was used as the main flexural reinforcement of 4 

beam specimens. In addition, shear reinforcement of all beam specimens was also planned 

to be mild steel though 8 beam specimens contained SS as main reinforcement. Properties 

of both types of reinforcement were determined through tensile tests using universal testing 

machine (UTM) before the rod binding of the proposed beam specimens.  

3.3.1 Conventional Steel Reinforcement  

Locally produced Mild Steel bars grade 72.5 were tested in UTM to find their exact 

mechanical properties. The stress-strain behavior of both 10mm and 12mm MS bar is 

presented in Figure 3.2. As per the test result, the yield of MS rebar was found to be 

527MPa which is quite reasonable for 500-grade carbon steel rebars.  The ultimate strength 

of CS rebars was found to be 713 MPa. Both rebars showed identical mechanical properties 

of 500 grade (72.5 grade) mild steel rebar. The elongation of the rebars varies in a range of 

20 to 24%.  

a b c d 
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Fig 3. 2 : Stress-strain behaviour for mild steel 

 

3.3.2 Mechanical Properties of Stainless Steel 

In order to investigate the mechanical properties of this local stainless steel rebar’s, tensile 

strength tests are conducted on both the 10mm and 12mm dia rebar samples using the 

universal testing machine as shown in Fig. 3.3, 3.4 and 3.5. Based on the tensile strength 

test data, the mechanical properties of SS rebar is presented in Table 3.1. The experimental 

results show that the yield strength at 0.2% strength is 888 MPa with an ultimate strength 

of over 1000 MPa whereas the strain at the ultimate strength of the SS rebar is 20% higher 

than that of the carbon steel. This data has been further used in the numerical analysis of 

the beams conducted in this study.   

 

Fig 3. 3: Plain Stainless Steel Rebar. Adopted from Google.com (2020) [69] 
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Fig 3. 4 : Plain Steel Stainless Steel Rebar samples 

 

 

Fig 3. 5 :  Photographs of Tensile Strength Test ASTM A955 
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Table 3. 1: Mechanical properties of reinforcement 

 

 

 

                   Fig 3. 6 : Tensile tests results comparison between MS and SS bar 
 

3.3.3 Chemical Composition 

Local industries of Bangladesh manufactures stainless steel whose grade is quite different 

than other neighboring countries. The chemical composition of the SS rebars is presented 

in Table 3.2 which is obtained from the composition test at the laboratory. The chemical of 

the stainless steel reflects that such properties and proportions of ingredients lie in 200 

series SS (grade 201). 

 
 

Mechanical properties of Mild steel and Stainless Steel bars. 

Dia. 

(mm) 

Mild  Steel bar(M.S) Stainless Steel Bar(S.S) 
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12 527.49 709 205 887 0.461 1015 13.58 192 
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Table 3. 2 : Alloy composition of Stainless-steel rebar 

 

Name of the Alloy  Composition of alloys.  

(Weight, %), 10mm  

Composition of alloys.  

(Weight, %), 16mm  

Carbon (C)  0.0929  0.0918  

Silicon (Si)  0.213  0.25  

Manganese (Mn)  09.36  09.70  

Phosphorus (P)  0.0465  0.0415  

Sulfur (S)  <0.0005  <0.0005  

Nickel (Ni)  1.37  1.47  

Chromium (Cr)  13.60  12.92  

Copper (Cu)  1.44  0.997  

Nitrogen (N)  0.0838  0.101  

Iron (Fe)  73.49  74.07  

Molybdenum (Mo)  0.0238  0.0125  

Aluminum (Al)  0.0020  0.0030  

Cobalt (Co)  0.0870  0.134  

Niobium (Nb)  0.0133  0.0091  

Titanium (Ti)  0.0033  0.0034  

Vanadium (V)  0.0701  0.0961  

Tungsten (W)  0.0192  0.0186  

Lead (Pb)  <0.0050  <0.0050  

Tin (Sn)  0.0105  0.0083  

Boron (B)  0.0007  0.0010  

Calcium (Ca)  0.0005  0.0007  

Selenium (Se)  0.0123  0.0110  

Antimony (Sb)  0.0050  0.0061  

Tantalum (Ta)  0.0567  0.0541  

 

3.4 Experimental Program and Data Acquisition 
The strength and serviceability of structural components largely depend on the concrete 

strengths, reinforcement, and environmental parameters like temperature, relative humidity 

which mostly control the deboning behaviors. Considering all the above mentioned factors, 

this research program was planned to investigate flexural capacity of SS reinforced 

concrete beam with different reinforcement arrangement. This section includes the 

geometric properties, reinforcement arrangement, instrumentation and data acquisition 

system of the test program.   
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3.4.1 Test Specimens 

In this section, the design of the specimens, flexural reinforcements, top compression 

reinforcements, and shear reinforcements are discussed. 

3.4.1.1 Sectional Dimensions of Beam Specimens 

All beam specimens were designed to have uniform dimensions to simulate the typical 

practical behavior of concrete beam applications. All beams were rectangular of 150 mm 

wide by 200 mm deep. The nominal length of all beams was 1500mm with a clear span of 

1200 mm. The concrete dimensions of the test specimen are shown in Figure 3.7. 

 

(a) Elevation 

 

(b) Cross-Section 

Fig 3. 7 : Test specimen; (a) Elevation (b) Cross-Section 

 

3.4.1.2 Labeling of Test Specimens 

The labeling on the specimen was used for specimen’s identification. There are five levels 

of longitudinal reinforcement ratios; low, moderate, beyond moderate, high, and extremely 

high (Low, L, ρ  = 0.59%; Moderate, M, ρ  = 1.2%; Moderate, M’, ρ  = 1.3%; High, H, ρ  

= 1.6%; Extremely high, H’, ρ  = 2.32%) and the relative concrete strength between 

specimens having the same reinforcement ratio (1 = Lower, 2 = Higher) which can be 

translated to levels L, M,M’, H and H’ Letter (MS) refers to Mild steel as longitudinal steel 
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reinforcement while letter (SS) refers to Stainless Steel as longitudinal steel reinforcement. 

Specimens were marked as MSL-1, MSL-2, MSH-1, MSH-2, SSL-1,SSL-2, SSM-1, SSM-

2, SSM’-2, SSH-1, SSH-2, SSH’-1.  

3.4.2 Design of Test Specimens 

Overall concrete dimensions were kept constant for all specimens. All beams were designed 

to achieve a minimum strain in the steel of 0.4 %. The reinforcement ratios for all beams 

satisfied the minimum and maximum value recommended by ACI 318-02[53]. The target 

compressive strength of concrete was 50 MPa. All specimens were loaded statically up to 

failure using a four-point bending scheme. Beams MSL-1, MSL-2, MSH-1, MSH-2, SSL-

1, SSL-2, SSM-1, SSM-2, SSM’-2, SSH-1, SSH-2, and SSH’-1 had reinforcement ratios 

of 0.59, 0.59, 1.60, 1.60, 0.59, 0.59, 1.2, 1.2, 1.3, 1.6, 1.6, 2.32 %, respectively. Beams 

MSL-1, MSL-2, MSH-1and MSH-2 were the only beams reinforced with Mild steel (MS) 

bars on the tension side as controlled beams. Beams SSL-1, SSL-2, SSM-1, SSM-2, SSM’-

2, SSH-1, SSH-2 and SSH’-1 were constructed to observe and evaluate Stainless Steel 

properties as reinforcement and hence they are compared to conventional steel Carbon steel 

bars.  

3.4.3 Top & Bottom Reinforcement  

Two ∅ 10 mm MS longitudinal bars were used as the bottom reinforcement for Beam MSL-

1 and MSL-2. Five∅10 mm MS longitudinal bars were used as the bottom reinforcement 

for Beam MSH-1 and MSH-2. Two ∅ 10 mm SS longitudinal bars were used as the bottom 

reinforcement for Beams SSL-1and SSL-2. Five ∅ 12 mm SS longitudinal bars were used 

as the bottom reinforcement for Beams SSH’-1. Beam SSM-1 and SSM-2 were reinforced 

with four ∅10 mm SS steel rebars. Three ∅ 12 mm SS longitudinal bars were used as the 

bottom reinforcement for Beams SSM’-2. Beams SSH-1 and SSH-2 were reinforced with 

five ∅ 10 mm and five ∅ 10 mm SS rebars respectively. Two ∅ 10 mm MS longitudinal 
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bars were used as the compression reinforcement bars for all Beams. Typical detailing of 

reinforcement for all twelve specimens is shown in Figure 3.7 (a) and (b). 

3.4.4 Shear Reinforcement  

To prevent undesired shear failure in the beams, adequate shear reinforcement was 

provided. All beams had an identical stirrup arrangement as shown in Figure 3.1(b);  ∅ 4.5 

mm mild steel bars were used as stirrups for all the twelve specimens, being spaced at 75 

mm and 100 mm respectively in the shear span region and the constant moment region. 

Stirrup's spaced zone detail is shown in fig: 3.8. Shear reinforcements were provided in 

such a manner to ensure that the flexural behavior governed and that shear failure was 

prevented. 

 

 

Fig 3. 8: Stirrup's spaced at different zones 

3.5. Concrete Mix Design 
A mix-design was prepared to conduct the experimental program as presented in Table 3.4 

for two target strengths of concrete which are 45 and 50MPa as evaluated from the ACI 

211 method (ACI 2002). For mix design, 36 cylinders (4ʺ x 8ʺ ) were prepared to conduct 

compressive strength tests at 28 days. Mix design details are shown in Table 3.3, 3.4 and 

Fig.3.9. The figure shows that (a, b, and c) both coarse and fine aggregates used in this 
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study at Saturated Surface Dry (SSD) condition just before mixing. Thereafter, twelve 

simply supported beams with rectangular cross-section were designed based on the 

guidelines of the ACI design code.  

Table 3. 3 : Material properties of concrete 

 

 

Table 3. 4 : Concrete mix design (weight basis) (Quantity for 1m3concrete) 

 Weight (kg) 

Materials Target 

strength(MPa) 

w/c OPC Coarse 

aggregate 

Fine 

aggregate 

Water 

Stone 

aggregate 

concrete 

45 0.45 360 1041.216 742.560 180.00 

55 0.40 460 984.051 701.792 184.00 

 

3.5.1 Concrete Mixing 

Before the mixing of the concrete, cement was kept dry and placed in a moisture-proof 

container to prevent the initiation of hydration and difficulties in handling. The fine and 

coarse aggregate was maintained in a saturated surface-dry condition 24 hours before use. 

All the concrete materials were stored at room temperature in the range of 20ᵒ  to 30ᵒ C 

by ASTM C 192-90a (1990) [54] ‘Making and Curing Concrete Test Specimens in the 

Laboratory’. It is important to have proper mixing to ensure all surfaces of the aggregate 

particles were coated with cement paste, and the ingredients were blended into a uniform 

mass. In this study, the drum type mixer was used. The workability tests adopted in this 

investigation were the slump test for the concrete. The slump test was carried out following 

ASTM C143-90a (1990) ‘Test Method for Slump of Hydraulic Cement Concrete’. Fresh 

Concrete mixing is prepared are shown in the figure: 3.9 

Properties                                Materials 

Stone aggregate Cement (CEMII) Sand 

Specific gravity(SSD) 2.64 3.00 2.60 
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        (a)                            (c)                                   (b) 

Fig 3. 9 : (a) Casting Area (b) prepared fresh concrete and (c) Cylinder specimen  

  

3.6 Specimen Preparation 

3.6.1 Formwork 

Smooth wooden formworks were used for casting the specimens. The wooden formwork 

consists of two sets, the base set and the side set. The base set consisted of 37.5 mm thick 

and 150mm wide wooden plates. The side set consisted of wooden plates of the same 

thickness and 200mm breadth.  All formworks were strengthened by steel nail to fix the 

sides in place during casting. The sides were fixed at the base set utilizing nail to ease 

assembling and disassembling of the formwork. The formwork is shown in Figure 3.10. To 

determine the strain properties of rebars, strain gauges were fixed with the rebars as shown 

in Fig 3.10 (b) and Figure 3.10 (c) shows the curing of the beam specimens where d, e, and 
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f highlights the fresh beam specimens, paining, and gridline preparation of the beam 

samples.   

 

          (a) (b) (c) 

 

 (d) (e) (f) 

Fig 3. 10 : Photographs of tests specimen preparation (a) Test specimens formworks,(b) 

Strain Gauge Fixing,(c) Curing of Specimen (d, e, f) Surface preparation for the draw to 

grid line 

 

3.6.2 Curing  

Special care was taken to cure the reinforced concrete so that the desired mechanical 

strength can be achieved. After molding, the specimens were immediately covered with 

wet gunny sack to prevent the evaporation of water from the un-hydrated concrete. The 

specimens were removed from the molds after 24 ± 8 hours (ASTM C192, 1990) and moist 

cured at 23˚  ±1.7˚ C until the age of 28 days. After the completion of moist curing, the 

specimens were loaded for compressive strength test and flexure test. 

3.6.3 Compressive Strength of the specimens  

Mix design was established to get the required strength of concrete based on the test results, 

which were counter checked by the compressive strength test of cylinders which was 

prepared during the beam casting. Cylinder specimens were in a size of 4-inch diameter 
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and 8-inch height. The test was conducted as per ASTM C39-86. The specimens prepared 

were tested at the age of 28 days.  The compressive strength test results including the other 

parameters of the beam specimens are listed in Table 3.5. 

Table 3. 5 :  Details of test beams. 

 

3.7 Test Setup And Procedures 

3.7.1 Instrumentation 

One of the major test outputs in the present setup is the imposed displacements. In addition, 

the strain of the reinforcements is important parameter to measure since the SS rebar strain 

may vary from the other conventional steel. Electrical measurement devices were used in 

the appropriate locations, to measure the displacement as well as the strain in reinforcement 

bars. All the LVDTs and strain gauges were connected to a channel box. All the data was 

recorded by the data acquisition device, shown in Figure 3.11(b). 

All beams were fully instrumented to measure the applied loads on the beams, deflections 

associated with each loading, and strains in steel as shown in Figure 3.11(b). Displacement 

transducers were the main devices used for measuring the imposed and resulting 

displacements in the test. Due to the relatively wide range of displacements measured, the 

transducers had minimum no-linearity and were capable of detecting small displacements. 

Specim
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Targ

et 
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gth  

(MPa
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At Midspan At support 

MSL-1 150 x 200 175 0.59 2φ10 2φ10 φ4.5@100 φ4.5@75 48 45 

MSL-2 150 x 200 175 0.59 2φ10 2φ10 φ4.5@100 φ4.5@75 50 55 

MSH-1 150 x 200 162.5 1.60 5φ10 2φ10 φ4.5@100 φ4.5@75 45 45 

MSH-2 150 x 200 162.5 1.60 5φ10 2φ10 φ4.5@100 φ4.5@75 52 55 

SSL-1 150 x 200 175 0.59 2φ10 2φ10 φ4.5@100 φ4.5@75 50 45 

SSL-2 150 x 200 175 0.59 2φ10 2φ10 φ4.5@100 φ4.5@75 60 55 

SSM-1 150 x 200 175 1.2 4φ10 2φ10 φ4.5@100 φ4.5@75 46 45 

SSM-2 150 x 200 175 1.2 4φ10 2φ10 φ4.5@100 φ4.5@75 67 55 

SSM’-2 150 x 200 175 1.3 3φ12 2φ10 φ4.5@100 φ4.5@75 54 45 

SSH-1 150 x 200 162.5 1.6 5φ10 2φ10 φ4.5@100 φ4.5@75 45 45 

SSH-2 150 x 200 162.5 1.6 5φ10 2φ10 φ4.5@100 φ4.5@75 56 55 

SSH’-1 150 x 200 162.5 2.32 5φ12 2φ10 φ4.5@100 φ4.5@75 48 45 
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Four linear variable displacement transducers (LVDTs) of maximum gauge length of 

100mm and precision of 1/100 of mm were used to measure the displacement for Two 

LVDTs at loading points along the beams. Two LVDTs were placed side by side at the 

bottom of mid-span to measure the maximum deflection. Deflections at the location of the 

point loads were measured to plot the deflection distribution along beam length. LVDTs' 

locations on specimens are shown in Figure 3.11(a) 

(a)                 (b) 

Fig 3. 11: (a) LVDTs' locations, (b) Data acquisition device, and channel box 

 

3.7.2 Experimental procedure 

All beams were simply supported over two rigid supports and subjected to monotonic 

loading up to failure using a hydraulic actuator with a capacity of 2000 kN. Two 

concentrated loads were applied at 150 mm apart on either side of midspan in a force-

controlled manner with a loading rate of 1mm/min (Fig. 3.12 and 3.13). After reaching the 

ultimate strength of each specimen, the concrete beams were loaded continuously by 

increasing the midspan displacement until a stable force was achieved for each step up to 

the specimen failed. 
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Fig 3. 12 : Four Point Static Bending Test setup (Schematic diagram) 
 

Deflections were measured at 400mm and 800mm distance from the support and also at the 

mid-span using linear voltage displacement transducers (LVDTs). Strains were monitored 

at load points and midspan using electrical resistance strain gage transducers. All 

instruments were connected to a high-speed data acquisition system, which can monitor the 

response of the test specimens throughout the experimental investigation. Therefore, all 

data were set to record automatically on a computer except for the crack width readings, 

which were recorded manually at each loading step. The crack formation was marked on 

the two sides of each beam and the applied loads were recorded automatically in the data 

acquisition system of UTM. The actual beam set up at the SM lab is shown in Fig.3.13.  
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Fig 3. 13 : General view of the specimens test setup 

3.8 Summary 
Details of the experimental program are presented in this chapter in which eight Stainless 

Steel and four mild steel reinforced concrete beams were constructed to investigate their 

flexural behavior. All beams were of a constant size (150 mm wide by 200 mm high by 

1500mm long) with the major variables being the type of SS bars, longitudinal 

reinforcement ratio (0.59%, 1.2%, 1.3%, 1.6%, or 2.32%) and variable concrete strength in 

arrangement of 45 MPa to 67 MPa where the target strength was 45 and 55 MPa. All twelve 

beams were tested under four-point loading with a 400 mm shear span. Details of 

instrumentation including internal strain gauges, LVDT’ are highlighted in this chapter. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 General 
This chapter presents the experimental results of the twelve concrete beams as described in 

chapter 3. Among them four beams were made as controlled concrete beam reinforced by 

mild steel. The remaining eight beams were made with stainless steel with different 

reinforcement ratio. Experimental results of the twelve beams including the cracking load, 

crack pattern, deflection, ultimate flexural strength and failure modes were evaluated. The 

response parameters include data from linear variable displacement transducers (LVDTs), 

strain gauges, visual inspection of specimen behavior, crack patterns and modes of failure. 

 

The contribution of each response parameter to the behavior of specimens was enumerated. 

Primarily, plots of load versus midspan deflection for all specimens were prepared. During 

the analysis of test results, the test specimens were classified according to the type of steel 

reinforcement used, steel reinforcement ratios, and concrete compressive strength. The 

cracking moment and ultimate moment capacity of the SS reinforced beams were compared 

with that of the mild steel. In addition, results coming from different reinforcement ratio 

are also examined to understand the reinforcing effect of SS in concrete beams.   

4.2 Experimental Investigation 
A total of twelve concrete beams with constant cross-sectional dimensions were 

constructed and tested under four-point bending. The parameters that varied in the design 

were the longitudinal tensile reinforcement ratio. The overall performance of the tested 

specimens was evaluated based on the overall flexural behaviour. The different limit states 

used to evaluate flexural performance were: 
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1) Flexural cracking load 

2) Crack pattern 

3) Deflection under load 

4) Ultimate flexural strength 

5) Failure mode 

4.2.1 Beams with Low Reinforcement  

Based on the experimental investigation on tested beams having low reinforcement, results 

are presented in terms of crack pattern, failure mode and load-deflection responses. The 

reinforcement ratio for these beam sections are kept to be 0.59 %. Cracking behavior for 

low reinforcement ratios (0.59%), SS reinforced beams SSL-1, SSL-2 and MS reinforced 

beams MSL-1 and MSL-2 are discussed and compared. 

4.2.1.1 Crack Pattern & Failure Mode  

The crack pattern of the tested beams SSL-1, SSL-2, MSL-1 and MSL-2 are presented in 

figures from Figure 4.1 to 4.4. 

 

Fig 4. 1: Crack Pattern for beam SSL-1 
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Fig 4. 2 : Crack Pattern for beam SSL-2 

 

Fig 4. 3 : Crack Pattern for beam MSL-1 

 

Fig 4. 4 : Crack Pattern for beam MSL-2 
 

It is evident that the cracks at the constant moment region occurred at an earlier stage and 

continued to propagate after the yielding of the steel. On the other hand, cracks located 
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within the constant shear region initiated at a later stage. As the applied load increased, the 

flexural cracks started to appear outside of the constant moment region.  

Therefore, it can be concluded that, due to the mechanical characteristics of SS bar, as the 

load increases, more cracks were formed rather than widening of the initially formed 

cracks. It should be noted that more crack formation in SS beams is recognized than the 

conventional steel reinforced beams with same reinforcement ratios. The figures showed 

that the cracks and failure of the concrete SS reinforced beams are more prominent in l/3 

distance from the supports whereas for MS reinforced beams the cracks and failure were 

more prominent at the middle of the beams. Similar observations were found for both 

grades of concrete. This may have happened due to the fact that smooth SS rebars samples 

were used as reinforcement.  

The failure mode of the beams SSL-1, SSL-2, MSL-1 and MSL-2 was crushing of the 

concrete in the constant moment zone after considerable deflection following yielding of 

the tension reinforcement. Flexural failure mode was observed for all low steel ratio beams. 

The failure patterns for these beams are shown in figures from Figure 4.5 to Figure 4.8. 

Another significant finding of these crack patterns and failure modes are that no significant 

concrete crushing was found in the compression zone for low SS reinforced concrete 

beams. However, for MS reinforced beams concrete crushing was observed in the 

compression zones.  
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Fig 4. 5:  Failure Mode for beam SSL-1 due to concrete crushing 

 

Fig 4. 6: Failure Mode for beam SSL-2 due to concrete crushing 

 

Fig 4. 7: Failure Mode for beam MSL- 1 due to concrete crushing 

 

Fig 4. 8: Failure Mode for beam MSL- 2 due to concrete crushing 

 

4.2.1.2 Flexural Behavior on load vs deflection responses  

Load-displacement responses of the beams having lower reinforcement ratios with both 

MS and SS bars are presented in Figure 4.9. It is evident from the figure that linear behavior 

was observed till cracking at a load level of 17.4 kN and 15.5 kN respectively. This 

behavior is attributed to the same elastic modulus for the reinforcing materials and the same 

reinforcement ratio. Yielding of conventional steel rebars Grade 72.5 was observed at a 

loading level of 42.34 kN and 44.60 kN with a corresponding midspan deflection of 4.77 

mm & 3.88mm as presented in the Figure 4.9. 
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Fig 4. 9: Load-midspan deflection behaviour for beams SSL-2, SSL-1, MSL-1 & MSL-2 

 

The ultimate capacity of the SS beams were observed at deflection of about 11.42mm and 

15.70 mm with a peak load of 63.32 kN & 62.20 kN. Whereas for stainless steel (SS) beam 

SSL-1 & SSL-2 the ultimate capacity of beams occurred at deflection of about 18.77 mm 

and 24.80 mm with a peak load of 72.42 kN &102.13 kN respectively. The difference of 

ultimate strength between SS concrete beams and MS concrete beams was caused from the 

difference of concrete strength. The results indicate that the SS concrete beams showed 

38% higher ultimate capacity than MS concrete beams for low reinforcement ratio. It is 

also notable that the stiffness (slope of the load vs deformation curve) of the SS beams are 

lower than the MS beams.  This phenomenon can be explained by the fact that the modulus 

of elasticity of SS is less than the MS rebars and the smoothness of the SS rebars may result 

in slippage at the SS-concrete interface.  

4.2.2 Medium Reinforcement Ratio 

Based on the experimental investigations the figure below shows crack pattern, failure 

mode and the experimental midspan load-deflection responses of SS reinforced concrete 
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beams with 1.2 % and 1.3% steel ratios. These reinforcement percentage for the beams are 

termed as medium reinforced beam specimens.  

4.2.2.1 Crack Pattern & Failure Mode 

The crack pattern for tested beam specimens SSM-1, SSM-2, and SSM’-2 are presented in 

figures from Figure 4.10 to Figure 4.12. 

 

Fig 4. 10 : Crack Pattern for beam SSM-1 

 

Fig 4. 11: Crack Pattern for beam SSM-2 



 

 

  

47 

 

 

Fig 4. 12 : Crack Pattern for beam SSM’-2 

Cracking behavior for Medium reinforcement ratios (1.2%) beams SSM-1, SSM-2, and 

SSM’-2 with SS reinforced are discussed and compared to the beams reinforced with MS 

beams. It was observed that the cracks at the constant moment region occurred at an earlier 

stage and continued to propagate after the yielding of the steel. On the other hand, cracks 

located within the constant shear region initiated at a later stage. As the applied load 

increased, the flexural cracks started to appear outside of the constant moment region. 

The failure mode of the beams of SSM-1, SSM-2, and SSM’-2 was due to crushing of the 

concrete in the constant moment zone after considerable deflection following yielding of 

the tension reinforcement.  The failure patterns for these beams are shown in figures from 

Figure 4.13 to Figure 4.15. 
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Fig 4. 13: Failure Mode for beam SSM- 1 due to concrete crushing 

Fig 4. 14: Failure Mode for beam SSM- 2 due to concrete crushing 

 

Fig 4. 15: Failure Mode for beam SSM- 2 due to concrete crushing 

 

4.2.2.2 Flexural Behavior on Load vs Deflection responses  

Stainless Steel concrete Beams SSM’-2 and SSM-1 exhibited same behavior described 

below as shown in Figure 4.16 where deflection increases linearly with the increase of the 

applied load prior to cracking. After the initiation of the first crack, at a load level of 23.05 

kN and 11.67 kN, yielding of Stainless Steel rebars for SSM’-2 and SSM-1 beams was 

observed at a loading level of 117.54 kN and 83.74 kN with a corresponding midspan 

deflection of 13.9mm & 7.21mm respectively as shown in Figure 4.16. The beam SSM-2 

showed reduced stiffness, yielding of the reinforcement at a load of 120.70 kN with a 

corresponding midspan deflection of 12.19 mm,  
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Fig 4. 16 : Load-midspan deflection behaviour of the beams SSM-1, SSM-2 & SSM’-2 

 

The peak load was 146.71 kN with corresponding midspan deflection of 18.73mm. The 

specimens with the medium longitudinal reinforcement exhibited both the largest 

deflection and ultimate capacity. 

4.2.3 High Reinforcement Ratio 

This section incorporates the test results in terms of crack pattern, failure mode and the 

experimental midspan load-deflection responses of MS and SS reinforced concrete beams 

with 1.6 % and 2.32% steel ratios. 

4.2.3.1 Crack Pattern & Failure Mode 

The crack pattern for SSH-1, SSH-2, SSH’-1, MSH-1 and MSH-2 are given in figures from 

Figure 4.17 to Figure 4.21 for high reinforcement steel ratios. These 5 beams had 

reinforcement ratios 1.6 % and 2.32%.   
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Fig 4. 17 : Crack Pattern for beam SSH-1 

 

Fig 4. 18 : Crack Pattern for beam SSH-2 

 

Fig 4. 19 : Crack Pattern for beam SSH’-1 

 

Fig 4. 20 : Crack Pattern for beam MSH-1 
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Fig 4. 21: Crack Pattern for beam MSH-2 

 

Cracking behavior of beams having higher reinforcement ratios, beams SSH-1, SSH-2 and 

SSH’-1 with Stainless Steel and MSH-1 and MSH-2 beams with Mild Steel are discussed 

and compared in this section. It is evident that the cracks at the constant moment region 

occurred at an earlier stage and continued to propagate after the yielding of the steel. On 

the other hand, cracks located within the constant shear region initiated at a later stage. As 

the applied load increases, the flexural cracks started to appear outside of the constant 

moment region.  

Therefore, it can be concluded that, due to the mechanical characteristics of SS bar, more 

cracks are formed rather than widening the existing cracks as the load increases. It should 

be noted that more crack formation was observed in SS beams than the conventional steel 

reinforced beams having same reinforcement ratios. 

4.2.3.2Flexural Behavior on Load vs Deflection responses  

It is evident in Figure 4.22 the load-midspan deflection behavior of MSH-2 and MSH-1 

showed that linear behavior was observed till cracking at a load level of 25.3 kN and 20.14 

kN respectively. This behavior is attributed to the same elastic modulus for the reinforcing 

materials and the same reinforcement ratio. Yielding of conventional steel rebars of Grade 

72.5 was observed at a loading level of 144.8 kN and 136.00 kN with a corresponding 

midspan deflection of 8.23 mm & 8.52 mm. as shown in Figure 4.22 
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Fig 4. 22 : Load-midspan deflection behaviour for beams SSH-2, SSH-1, SSH’-1, MSH-2 

& MSH-1 

 

The ultimate capacity of beams occurred at deflection of about 11.30 mm and 10.65 mm 

with a peak load of 154.8 kN & 146.90 kN respectively. Whereas for stainless steel (SS) 

beam SSH-2, SSH-1& SSH’-1 the ultimate capacity of beams occurred at deflection of 

18.86 mm and 15.78 mm and 15.67 mm with a peak load of 165.41 kN &158.27 kN and 

172.63 kN respectively. Increasing the amount of reinforcement ratio results in higher load 

carrying capacity for the beams reinforced with Stainless Steel bars. These also shows 

comparatively low deflection amount than the beams having medium reinforcement ratios. 

The failure mode of the beams was due to crushing of the concrete in the constant moment 

zone after considerable deflection following yielding of the tension reinforcement. The 

concrete strength was recorded 50 MPa, 65 MPa, 48 MPa and 50 MPa for beams SSH-1, 

SSH-2, SSH’-1, MSH-1 and MSH-2 respectively. The failure modes for these beams are 

shown in figures 4.23 to 4.27. 
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Fig 4. 23: Failure Mode for beam SSH- 1 due to concrete crushing 

 

Fig 4. 24: Failure Mode for beam SSH- 2 due to concrete crushing 

 

Fig 4. 25 : Failure Mode for beam SSH’- 1 due to concrete crushing 

 

Fig 4. 26 : Failure Mode for beam MSH- 1 due to concrete crushing 

Fig 4. 27 : Failure Mode for beam MSH- 2 due to concrete crushing 

 

4.3 Overall key experimental results 
Based on the experimental investigation on twelve concrete beams, schematic diagram of 

crack patterns are presented on figure 4.28. The outcome of the other key design parameters 

are also tabulated in Table 4.1. The table highlights the yield and ultimate loads of the beam 
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specimens, midspan deflections, ductility and failure modes. The beam deflections along 

the length at different loading are presented on the figure 4.29.  

 

 

 

 

 

 

 

                                           

Fig 4. 28 : Comparison of Crack Pattern 
 

Table 4. 1: Details of Experimental Results 

           

Specim

en 

Load, kN 
Midspan deflection, 

mm 
Ratio 

Failure 

mode 
Crack

ing, 

Pcr 

Yieldin

g, Py 

Ultimat

e, Pu 

Yieldi

ng, 

∆ y 

Ultim

ate, 

∆ u 

Failur

e, 

∆ max 

Load 

Pu/Py 

Displacement 

∆ u/∆ y 
∆ max/

∆ y 

MSL-1 17.4 46.34 63.32 4.77 11.42 35.86 1.37 2.39 7.51 Flexural 

MSL-2 15.5 44.6 62.2 3.88 15.70 37.2 1.39 4.05 9.59 
Flexural 

Shear 

MSH-1 20.14 136 146.9 8.52 10.65 28.86 1.08 1.25 3.38 Flexural 

MSH-2 25.3 144.8 154.8 8.23 11.30 35.37 1.06 1.37 4.29 Flexural 

SSL-1 15.83 53.83 72.42 7.35 18.77 39.67 1.34 2.55 5.4 Flexural 

SSL-2 21.04 71.44 102.13 15.12 24.80 25.01 1.43 1.64 1.65 Flexural 

SSM-1 11.67 83.74 123.98 7.21 14.11 27.56 1.48 1.96 3.82 Flexural 

SSM-2 18.48 120.7 146.71 12.19 18.73 29.13 1.21 1.54 2.39 Flexural 

SSM’-2 23.05 117.54 154.73 13.9 18.97 26.57 1.31 1.36 1.91 flexural  

SSH-1 23.28 119.23 158.27 11.46 15.78 20.9 1.32 1.38 1.82 Shear 

SSH-2 24.96 137.45 165.41 13.86 18.87 24.1 1.2 1.36 1.74 Flexural 

SSH’-1 27.71 144.04 172.63 12.18 15.67 29.32 1.2 1.23 2.4 Shear 
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Fig 4. 29:  The beam deflections at different loads from the LVDTs 

-20

-15

-10

-5

0

0 0.2 0.4 0.6 0.8 1 1.2

D
ef

le
ct

io
n
 (

m
m

)

Distance (m)

MSL-2

20 kN 40 kN 60 kN Max. Load

-12

-10

-8

-6

-4

-2

0

0 0.2 0.4 0.6 0.8 1 1.2

D
ef

le
ct

io
n
 (

m
m

)

Distance (m)

MSH-2

20 kN 40 kN 80 kN 120 kN Max. Load

-12

-10

-8

-6

-4

-2

0

0 0.2 0.4 0.6 0.8 1 1.2

D
ef

le
ct

io
n
(m

m
)

Distance (m)

MSH-1

20 KN 40 kN 80 kN 120 kN Max. Load



 

 

  

59 

 

4.5 Analytical Results & Code Comparison 
This part of the study deals with the analytical capacities of tested beams as per different 

code comparison and hence comparing them with the experimental results in terms of 

cracking moment and ultimate moment capacity of the beams. Three different codes are 

studied for this comparison. 

4.5.1 Cracking Moment Calculation 

The cracking moment capacity of beam specimens as per ACI 318 guideline may be 

presented as [55]: 

Mcr 
theo = fr

𝐼𝑔

𝑦𝑡
…………….………………………………………………………(4.1) 

Where fr = 0.62λ √𝑓′𝑐 for normal-weight concrete; λ  is taken as equal to 1 for normal-

density concrete and 0.85 for lightweight concrete; yt is the distance from centroid axis of 

the cross section to the extreme tension fiber; and Ig is the second moment of area of the 

cross section neglecting the steel bars. 

 

Canadian Standard Association CSA recommends the following equation for the cracking 

moment of beam specimens [56]: 

Mcr 
theo = fr

𝐼𝑔

𝑦𝑡
………….…………………………………………………………(4.2) 

Where fr = 0.6λ √𝑓′𝑐 for normal-weight concrete; λ  is taken as equal to1 for normal-

density concrete and 0.85 for semi-low-density concrete (density ranged from 1850 to 2150 

kg/m3). 

As per EC2, the cracking moment capacity of the beam may be written as [57]: 

Mcr 
theo = fctm

𝐼𝑢

(ℎ−𝑥𝑢)
………………………………………………………………(4.3) 

where fctm is the mean value of axial tensile strength of concrete = 0.3fck
0.67 is the 

characteristic compressive cylinder strength of the concrete; Iu is the second moment of 
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area of the uncracked transformed section; xu is the distance from the neutral axis of the 

section to the extreme top fiber and h is the height of the cross section of the beam. 

Based on the stated equations of three different guideline the cracking moments are 

presented in Figure 4.30. From the figure it is evident that the 12 tested beams show a very 

good agreement with the codes, particularly with the ACI and CSA. Therefore, the results 

are clear enough to reflect the acceptable conformity between the theoretical results of 

several Code’s and experimental data. The cracking moments for the experimental results 

are slightly higher than the analysis. As an example, the cracking moment of the beam 

MSH-1 was 4.028 kN, which is about 26% higher than that of the Theoretical Results. It is 

interesting to highlight that the tested cracking moments of high steel ratio SS beams were 

observed to be higher than the cracking moments computed from the codes. This may 

happen due to the fact that with the increase of steel, the beam become stiffer and capacity 

increases. 
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Fig 4. 30 : Comparison of Cracking Moment Capacity with Several Codes’ 

 

4.5.2 Ultimate Moment Calculation 

The ultimate moment capacity of tested beam specimens as per ACI 318 guideline may be 

presented as follows ACI 318 [55]. 

𝜌𝑠= 
𝐴𝑠

𝑏𝑑
 ; 𝛼=0.85 

𝑀𝑢=𝜌𝑠𝑓𝑠𝑏𝑑2(1-
𝜌𝑠𝑓𝑠

2×𝛼1 𝑓𝑐
′)………… ……………………………………….……(4.4) 

If steel yields: 

𝑓𝑠=𝑓𝑦 

α  = 0.85 

β  = 0.85    per 𝑓′𝑐≤ 28 MPa 

β  = 0.85-0.05(𝑓′𝑐-28)/7 ≥ 0.65 per 𝑓′𝑐> 28 MPa 

 

In this study, the experimental ultimate moment (Mu exp.) of each tested beam was 

compared to the theoretical design moments (Mtheo) predicted using analytical formula 
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resulting from the rectangular stress block, as recommended by CSA[56], ACI 318[55] and 

EC2[57].  

All design codes recommend a rectangular stress block with a height of ‘‘β c” and a width 

of ‘‘α 𝑓′𝑐 ”in which 𝑓′𝑐 concrete compressive strength, a and b are defined as stress block 

parameters. Eqn. (4.9)-(4.12) show the proposed values of stress block parameters for each 

design code. The ACI 318 and EC2 

𝜌𝑓=
𝐴𝑓

𝑏𝑑
  𝛼=0.85-0.0015𝑓𝑐

′ ⩾ 0.67 

𝑀𝑢=𝜌𝑓𝑓𝑓𝑏𝑑2(1-
𝜌𝑓𝑓𝑓

2𝛼1 𝑓𝑐
′)…………………………………………………………(4.5) 

α   = 0.85-0.0015𝑓′𝑐≥ 0.67 

β  = 0.97-0.0025𝑓′𝑐≥ 0.67 

AS 3600 [50]: 

𝛼2=0.85-0.0015𝑓𝑐
′ … 𝛼2 ⩾ 0.67 

𝛾 =0.97-0.0025𝑓𝑐
′ … 𝛾 ⩾ 0.67 

𝑘𝑢=
𝐴𝑠𝑡𝑓𝑠𝑦

𝛼2𝑓𝑐
′𝛾𝐵𝑑+𝐴𝑠𝑐𝑓𝑠𝑦

 

𝑀𝑢 = 𝐴𝑠𝑡𝑓𝑠𝑦*(𝐷 −
𝛾𝑘𝑢𝑑

2
)…………………………… ………………………….…(4.6) 

α = 1-0.003𝑓′𝑐   where 0.67 ≤α ≤ 0.85……………………….……...(4.7) 

γ (=β ) = 1.05-0.007𝑓′𝑐 where 0.67 ≤γ ≤ 0.85……………………..……….(4.8) 

EC2: 

η  (=α ) = 1.0     per 𝑓′𝑐≤ 50 MPa……………………………(4.9) 

η  (=α ) = 1.0 - 
𝑓′𝑐−50

200
   per 50 <𝑓′𝑐≤ 70 MPa………………..…….(4.10) 

λ  (=β ) = 0.8    per per 𝑓′𝑐≤ 50 MPa……………………....(4.11) 

λ  (=β ) = 0.8 - 
𝑓′𝑐−50

400
   per 50 <𝑓′𝑐≤ 70 MPa…………………...…(4.12) 
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Assuming that the nominal flexural strength of member is reached when the maximum 

strain at the extreme compression fiber reaches a strain limit of 0.003, while the CSA and 

EC2 specify a value of 0.0035 for ultimate concrete strain as shown in Fig.4.31, the 

comparison reveals that all investigated design codes (ACI, CSA and EC2) underestimated 

the flexural capacity SS reinforced tested beams. 

 

Fig 4. 31: Comparison of Ultimate Moment Capacity with Several Codes 

 

Fig.4.31 shows the comparison of moment capacity of the tested beams with the theoretical 

ultimate moments calculated as per three design codes. It is observed from the figure that 

the results for all the experimental values of moment capacities of the beams having MS 

deformed rebar of both of Low and high reinforcement ratio, are quite close to the 

theoretical moment capacity; the difference between them is within 10%. The figure also 

shows that the ultimate capacity of SS reinforced beam with low steel ratio shows a good 

agreement with the codes. As an example, for SSL-2, the difference between experimental 
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and theoretical values are within the 10% of the predicted code recommended values. 

However, the predicted values by different codes for high SS steel ratios are approximately 

25-40% higher than that of the experimental results of the beams. It is also important to 

note that the theoretical values of ultimate capacity as per different established codes are 

usually higher than the experimental results which is quite similar to the results presented 

in in Fig. 4.31. 

4.6 Summary 
In this chapter, the test results for flexural behavior of RC beams are presented. A total of 

twelve reinforced concrete beams were tested under four points bending test. Eight of them 

were SS reinforced concrete beams and remaining four beams were reinforced by carbon 

steel (CS) as control specimens. The variables during the tests were concrete compressive 

strength, rebar diameter and rebar types, steel ratio of the RC beam specimens. The key 

findings from the study can be summarized as: 

1) The failure mode of most beams was classified as flexural failure accompanied by 

yielding of the tension reinforcement preceding the crushing of the concrete. The 

test results show that the failure patterns of the beam specimens are mostly flexural. 

The investigation also revealed that there were no beams failing due to rupture of 

the SS rebars. Only two beam exhibited combined shear and flexural failure where 

reinforcement ratio was high.  No clear bond failure was observed during testing up 

to the cracking point. It is worthy to note that the flexural cracks observed at the l/3 

point for SS and l/2 for MS reinforced beam.  

2) The load displacement relationship reflected that the ultimate capacity of the beams 

increase as the reinforcement ratio increases. Subsequently, compressive strength 

of concrete also influences the ultimate capacity expectedly.  

3) The cracking moment of tested beams and the theoretical values are quite close.  
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4) The specimens having medium longitudinal reinforcement ratios exhibited both of 

the largest deflection and ultimate capacity. This can be explained by the fact that 

high strength renders the beams more rigid and less ductile as expected. 

5) For high steel ratio, the ultimate capacity of SS reinforced beams was found to be 

25-40% less than the code specified values. The results indicate that the Stainless-

Steel concrete beams were comparatively less stiff than the MS reinforced beams. 

This happens due to the fact that the strength of SS rebars are higher than the MS 

rebars but the modulus of elasticity is just opposite. Therefore, high strength and 

low stiffness of SS rebar leads to early deformation and reduced ultimate moment 

capacity of the beams. 
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CHAPTER 5 

NUMERICAL MODELING 

5.1 General 
In this study, Finite Element (FE) modelling of MS and SS reinforced concrete beams were 

performed using the finite element software- ABAQUS v14.1. The FE modeling using 

Abaqus has been proven to be an effective tool, especially for such type of concrete beam 

analyses. The FEM for RC beams have been generally developed based on the replacing of 

composite continuum by an assembly of elements representing the concrete and the steel 

reinforcement. This chapter includes the modeling consideration, modeling technique, 

material model for concrete and steel, assembly of the different parts, materials and 

geometric nonlinearity, analysis approximations and analysis output of concrete beams 

reinforced with MS and plain SS rebars.  

5.2 FE Modeling  
The FE method is a widely acknowledged numerical technique for solving physical 

problems. Typical problem areas of interest in engineering and mathematical physics that 

are solvable by the use of the FE method more preferably the problems related structural 

analysis, heat transfer, fluid flow, mass transport and electromagnetic potential. 

5.3 Specimen Detail 
 

Overall cross sectional dimensions of the beams were kept constant in all specimens 

following exact geometry of the tested beams. All beams were designed and tested to 

achieve a minimum strain in the steel of 0.4 %. The reinforcement ratios for all beams 

satisfied the minimum and maximum value recommended by ACI 318. Two concrete 

compressive strengths were used in the design. They were 45 MPa and 55 MPa concrete. 

All beam specimens were loaded statically up to the failure point subjected to four-point 
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bending scheme. Beams having IDs MSL-1, MSL-2, MSH-1, MSH-2, SSL-1, SSL-2, 

SSM-1, SSM-2, SSM’-2, SSH-1, SSH-2, and SSH’-1 had reinforcement ratios of 

0.59,0.59,1.60,1.60,0.59,0.59,1.2,1.2,1.3,1.6,1.6,2.32% respectively. Beams MSL-1, 

MSL-2, MSH-1and MSH-2 were the only beams reinforced with Mild steel (MS) bars on 

the tension side as controlled beams. Beams SSL-1, SSL-2, SSM-1, SSM-2, SSM’-2, SSH-

1, SSH-2 and SSH’-1 were constructed to observe and evaluate flexural performance of 

Stainless Steel rebars compared to that of conventional carbon steel bars in concrete. The 

test matrix has already been mentioned in Table 3.1 of the Chapter 3. 

5.4 Element Types 
Different type of 3D elements has been offered by nonlinear FE package, ABAQUS v14, 

to predict the complex behavior of RC structure. However, frequently used 3D elements 

for modelling of concrete material are:  

 C3D20  

 C3D8  

 

Fig 5. 1 : C3D20, C3D8, T3D2 elements used to model the concrete of the reinforced 

beams by ABAQUS v14 
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(a)                                                       (b) 

Fig 5. 2 : (a) Beam model as 3D solid element (C3D8), (b) Longitudinal rebar model as 

1D truss element (T3D2) 

 

 

 

 

Fig 5. 3 : Stirrup model as 1D truss element (T3D2) 
 

In the present study, C3D8 element has been employed to model concrete material of RC 

structure to avoid longer run time for the analysis. C3D8 element is simple linear continual 

solid brick element with 8 (2 x 2 x 2) integration points. On the other hand, ABAQUS v14 

offer a range of two nodded link elements such as truss element T3D2. In the present study, 

T3D2 element has been employed to model reinforcement bars of RC beams.  
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(a)                                                                     (b) 

Fig 5. 4 : (a) Bottom roller support of the beam model as 3D solid element, (b) Loading 

shell at the top of the beam model as 3D discrete rigid 
 

 

Fig 5. 5 : 3D view of overall geometry of numerical model 
 

 
Fig 5. 6 : Reinforcement arrangement inside the numerical model 
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5.5 FE Modeling of Concrete Components 

The explicit FE method has proven to be an effective tool, especially for transient impact 

analyses. The FEM for RC structures have generally been based on replacing the composite 

continuum by an assembly of elements representing the concrete and the steel 

reinforcement. From the literature, it has been observed that three techniques are mainly 

employed for modelling reinforcement in a 3D FEM of a concrete structure: smeared 

model, embedded model, and discrete model. In this study, embedded element technique 

is chosen depending on the application and the degree of detail in which the model needs 

to be developed. However, most of the difficulties in modelling of RC behavior depend on 

the development of an effective and realistic concrete material formulation and not in the 

modelling of the reinforcement. 

5.5.1 Rebar as Embedded Element  

To overcome mesh dependency in the discrete model, the embedded formulation allows 

independent choice of concrete mesh, as shown in Fig. 5.7. In this approach, the stiffness 

of the reinforcement elements is evaluated independently from the concrete elements, but 

the element is built into the concrete mesh in such a way that its displacements are 

compatible with those of surrounding concrete elements. The concrete elements and their 

intersection points with each reinforcement segment are identified and used to establish the 

nodal locations of the reinforcement elements. The embedded formulation is generally used 

with higher-order elements. In concrete structures where reinforcement modelling is 

complex, the embedded representation is advantageous. However, the additional nodes 

required for the reinforcement increase the number of degrees of freedom (DOFS), and 

hence the solution time. Furthermore, researchers have found that analyses with the 

embedded representation are in general more computationally efficient than those with the 

discrete representation. 
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Fig 5. 7 : Embedded formulation for RC beams 
 

5.6 Contact Zone Modeling 
Several contact algorithms are available in the literature, namely, frictional sliding, single-

surface contact, nodes impacting on a surface, tied interfaces, 1-D slide lines, rigid walls, 

material failure along interfaces, penalty and Lagrangian projection options for constraint 

enforcement and fully automatic contact. The strain compatibility is maintained at the 

contact zone since the reinforcement are modeled as the embedded element inside the 

concrete. 

 

 

 

 

 

 

 

Fig 5. 8 : Embedded contact between 1D rebar to 3D solid elements 
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Fig 5. 9 : Surface to surface contact: (a) Rigid body to beam top surface, (b) Support 

(solid element) to beam bottom surface 

 

This algorithm uses a penalty method to model the contact interface between the different 

parts particularly the surface between loading apparatus and top surface of the beams. In 

this approach, the slave and master surfaces are generated separately. An example of this 

approach is illustrated in Fig. 5.10.  The internal forces added to the slave nodes are a 

function of the penetrated distance and a calculated stiffness for the master surface. The 

stiffness is computed as a function of the bulk modulus, volume, and surface area of the 

elements in the master surface. Friction less, tangential and hard normal behavior between 

different parts in contact has been used in the present study. The top roller is considered as 

the master surface where the beam top is the slave as the force transmits from roller to 

beams.  

 

 

 

 

Fig 5. 10 : Penalty method for contact algorithm 
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5.7 Boundary Condition  
In the model, two cylinders are placed beneath the beam as the bottom supports. The lower 

outer surfaces of two of the beams are made to confirm the pinned support condition i.e. 

no translation and rotation allowed. Moreover, x-directional and z-directional movements 

of the plate and cylinders are restrained. 

 

Fig 5. 11 : Boundary Conditions at the supports 
 

5.8 Material Modeling 
In material library of ABAQUS software, there is a wide range of tools that helps to model 

materials using the constitutive relationship. There are several material models to represent 

concrete and steel, which have been implemented in this commercial software used for 

simulation of concrete structures. For example, the Concrete Damage Plasticity (CDP) 

model, Concrete Smeared Crack model, and Modified Drucker-Prager/Cap model are 

widely acceptable and popular material models for modelling of concrete in ABAQUSv.14. 

In the present study, concrete damage plasticity (CDP) model has been employed to model 

concrete material of RC structure and elasto plastic non-linear behavior of reinforcing steel 

is considered in the material model of RC beams. 
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5.8.1 Concrete Damage Plasticity  

The concrete damaged plasticity model in ABAQUS.v14 provides a general capability for 

modelling concrete and other quasi-brittle (rock, brick etc.) materials in all types of 

structures (beams, trusses, shells, and solids). CDP model also uses concepts of isotropic 

damaged elasticity in combination with isotropic tensile and compressive plasticity to 

represent the inelastic behavior of concrete. The uniaxial properties of concrete is presented 

in Fig. 5.12.  

 

Fig 5. 12 : Response of Concrete to Uniaxial Loading in Tension (a) and Compression 

(b), Adopted from ABAQUS/Standard User's Manual, (2002).[73] 
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The model is a continuum of plasticity-based damage model for concrete. It assumes that 

the main two failure mechanisms are tensile cracking and compressive crushing of the 

concrete material. According to CEB-FIP 2010, the material model of concrete follows the 

relationship as shown in 5.13 and 5.14 which are accommodated in this study. 

 

Density, ρ  (N-sec2/mm4) 2.40455E-09 

Modulus of 

Elasticity, E 

(N/mm2) 

32092.88 

Poison’s Ratio, ν  0.15     

Dilation angle, Ψ 38° Eccentricity 0.1 

fbo/fco 1.16 K 0.67 

 

 

Fig 5. 13: Compressive Damage Factor vs Inelastic Strain 
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 Fig 5. 14 : Tensile Damage Factor vs Cracking Strain 
 

 

 

 

Fig 5. 15 : Tensile Stress vs Inelastic and cracking Strain 
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5.8.2 Material model for Stainless Steel: 

The simplified Ramberg-Osgood model ware used for two different diameter (10mm and 

12mm) stainless steel reinforcement as given in chapter 3 Fig 3.4. As stated previously, the 

stress-strain behavior of stainless steel is quite different from that of carbon steel as shown 

in Fig: 3.6. Carbon steel has a linear elastic response with a well-defined yield point and 

yield plateau, followed by a moderate degree of strain hardening. On the other hand, 

stainless steel exhibits a predominantly non-linear and continuous stress-strain response 

without a clearly-defined yield point as well as significant levels of strain hardening.  

 

Fig 5. 16: (a) Adopted from Ramberg and Osgood 1943, Adopted from Ramberg and 

Osgood (1943) [21] 
 

In the absence of a visible yield point, the typical value adopted is the 0.2% proof stress 

 σ  (0.2%) which is determined by drawing a line with a slope equal to the elastic modulus 

(E) between 0.2% strain on the x-axis and the stress-strain curve. The analysis employs the 

modified Ramberg-Osgood stainless steel material model [22, 58], as depicted in Fig. 5.16. 

 

 

 



 

 

  

78 

 

 

Fig 5.16: (b) 

 

Fig: 5.16: (c) 

Fig 5. 17 :  (a)The simplified material model for stainless steel with reference to the 

modified R-O model, 5.19(b) R-O Model for 10 mm SS rebar, 5.19(c) R-O Model for 12 

mm SS rebar 
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5.9 Loading Protocol  

In the present study, the loading protocol used is displacement-controlled method. Here, a 

downward displacement in a rate of 1mm/min (as imposed in the experiment) was applied 

on the top surface of the plate placed over the cylinders. This system generates a load vs. 

displacement graph which is used to determine the flexural properties of the RC beams.  

5.10: Selection of Meshes  

The ABAQUS mesh module tools allow generating meshes on the part element or 

assembled parts model created within ABAQUS software. In the numerical model, 

meshing of structural elements was performed using uniform element size. Mesh module 

within ABAQUS software provides control over the element meshing to create particular 

mesh model topologies and also optimizes the size of mesh to obtain reliable results. 

 

Fig 5. 18 : Solid elements 

 Mesh size: 12 mm 

 Geometric order: Linear 

 Family: 3D stress 

 Element Library: Explicit 

 Hexagonal, Reduced integration 

 C3D8R: An 8-node linear brick, reduced integration, hourglass control 
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Fig 5. 19 : Truss elements to emulate the reinforcements 
 

 Mesh size : 12 mm 

 Geometric order: Linear 

 Family: Truss 

 Element Library: Explicit  

 T3D2: A 2-node linear 3-D truss 

After finalizing the model definitions, the model is run and analyzed by ABAQUS Job 

module. The ABAQUS Job module allows the submitted job to be monitored during the 

analysis progress. 

5.11 Solution Strategy  
In the model, both material and geometric non-linearity are considered to determine the 

accurate flexural capacity of reinforced beams. The explicit FE analysis performs the 

incremental procedure and at the end of each increment updates the stiffness matrix based 

on geometry change (if applicable) and material changes (if applicable). Then a new 

stiffness matrix is constructed and the next increment of load or displacement is applicable 

to the system. In this type of analysis, the hope is that if the increments are small enough 

the results will be accurate. 
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5.12 Experimental Validation 

5.12.1 Comparison between experimental and numerical results 
 

Primarily, comparisons were made for the beams reinforced with MS rebars. Later, a 

comparative study between experimental and numerical results for both SS reinforced 

concrete beams and MS reinforced concrete beams was done. 

In Figure 5.20, load-displacement curves for MS reinforced concrete beam developed from 

experiment and numerical models are presented. The figure shows that the experimental 

load displacement response is quite close to that of the numerical analysis.  The peak load 

obtained from the numerical beam analysis was 61.83kN with the corresponding maximum 

displacement of 4.00 mm and the peak load obtained for experimental beam was 62.17kN 

with corresponding displacement of 14.16 mm. The experimental result shows that the peak 

load is obtained at a relatively larger displacement than that of the numerical model. The 

reason for the experimental beam to show higher displacement is mainly due to the 

application of geotextile in the experimental set-up that was placed under the loading 

apparatus to fix it with the beam. The geo-textile has a very low stiffness and displaced 

easily at the start of the test on its own and thus shows more displacement than the 

ABAQUS numerical model curve. The crack pattern and failure at ultimate load as 

observed in the experiment also quite similar to that in numerical output.  
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Mild Steel Reinforced Concrete Beam (MSL-2) 

 

Fig 5. 20 : Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (MSL-2) 
 

 

 

Fig 5. 21 :  Response of experimental and numerical model (a-b) of mild steel reinforced 

concrete beam (MSL-2) 
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Mild Steel Reinforced Concrete Beam (MSL-1) 

 

Fig 5. 22: Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (MSL-1) 
 

(a) Observed beam specimen 

 

(b) Damage tension                              

Fig 5. 23 : Response of experimental and numerical model (a-b) of mild steel reinforced 

concrete beam (MSL-1) 
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In Figure 5.22, the figure shows that load displacement response obtained from 

experimental investigation is quite close to that of the numerical analysis for mild steel at 

low reinforcement ratio. The peak load obtained for numerical beam model was 48.86kN 

with corresponding displacement of 8.00 mm and the peak load obtained for experimental 

beam was 60.75kN with corresponding displacement of 10.30 mm. The experimental curve 

shows that the peak load is obtained at a greater displacement than that of the numerical 

model curve. The main variation in behavior between the predicted and the observed results 

can be viewed after the peak load has reached, where ABAQUS v.14 found that the beam 

lost its capacity at 48.86 KN as the peak load, whereas the actual beam sustained up to 

60.75 kN load. The result is quite similar to the other MS reinforced beams as observed in 

the existing literature.  

Mild Steel Reinforced Concrete Beam (MSH-2) 

 

Fig 5. 24 : Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (MSH-2) 
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(a) Observed beam specimen 

 

(b) Damage tension 

Fig 5. 25 : Response of experimental and numerical model (a-b) of mild steel reinforced 

concrete beam (MSH-2) 

 

It is obtained from the Figure 5.26, the load-displacement relationship obtained from 

experimental investigation and numerical analysis are very close. The peak load obtained 

for numerical beam model was 153.3kN with corresponding displacement of 8.00 mm and 

the peak load obtained for experimental beam was 153.82kN with corresponding 

displacement of 10.46 mm. In addition, the crack patterns of experimental beam and 

numerical cracking profile are also apparently similar.  
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Mild Steel Reinforced Concrete Beam (MSH-1) 

 

Fig 5. 26 : Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (MSH-1) 
 

 

 

(a) Observed beam specimen 

 

 

 

(b) Damage tension 

Fig 5. 27 :   Response of experimental and numerical model (a-b) of mild steel reinforced 

concrete beam (MSH-1) 
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In Figure 5.26 the load of both the curves are observed to be close and hence showed a 

good agreement with that of the experimental results. The peak load obtained for numerical 

beam model was 151.80kN with corresponding displacement of 8.00 mm and the peak load 

obtained for experimental beam was 146.98kN with corresponding displacement of 10.76 

mm. The experimental curve shows that the peak load is obtained at a greater displacement 

than that of the numerical model curve.  

Stainless Steel Reinforced Concrete Beam (SSL-2) 

 

Fig 5. 28 : Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (SSL-2) 
 

 

(a) Observed beam specimen 
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(b) Damage tension 

Fig 5. 29 :   Response of experimental and numerical model (a-b)of mild steel reinforced 

concrete beam (SSL-2) 
 

In Figure 5.27 the load displacement curve is also observed to be close that ultimately 

declares the validation experimental results. The peak load obtained for numerical beam 

model was 89.67kN with corresponding displacement of 27.99mm and the peak load 

obtained for experimental beam was 91.93kN with corresponding displacement of 19.17 

mm. The experimental curve shows that the peak load is obtained at a less displacement 

than that of the numerical model curve. The crack patterns particularly the flexural crack 

at middle of the beam is quite similar to the experimental test beam and numerical analysis 

output.  

In the relationship as presented in Figure 5.30, shows that that load displacement response 

obtained from experimental investigation is quite close to that of the numerical analysis for 

stainless steel at low reinforcement ratio.  The peak load obtained for numerical beam 

model was 84.81kN with corresponding displacement of 28.00 mm and the peak load 

obtained for experimental beam was 70.05kN with corresponding displacement of 17.66 

mm. The experimental curve shows that the peak load is obtained at a greater displacement 

than that of the numerical model curve. The reason for the experimental beam to show more 

displacement is due to the use of geotextile in the experimental beam. The geotextile has a 
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greater displacement of its own and thus shows more displacement than the ABAQUS 

numerical model curve. 

Stainless Steel Reinforced Concrete Beam (SSL-1) 

 

Fig 5. 30 : Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (SSL-1) 

 

(a) Observed beam specimen 

 

(b) Damage tension 

Fig 5. 31:   Response of experimental and numerical model (a-b) of mild steel reinforced 

concrete beam (SSL-1) 

 

0

20

40

60

80

100

0 10 20 30 40 50

L
o
a
d

 (
k

N
)

Deflection (mm)

Load vs. deflection(mm) for SSL-1

FE Results (ABAQUS) Experimental Results



 

 

  

90 

 

Stainless Steel Reinforced Concrete Beam (SSM-1) 

 

Fig 5. 32 :  Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (SSM-1) 

 

 

(a) Observed beam specimen 

 

(b) Damage tension 

Fig 5. 33:   Response of experimental and numerical model (a-b) of mild steel reinforced concrete 

beam (SSM-1) 
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In Figure 5.32, that load displacement response obtained from experimental investigation 

is quite close to that of the numerical analysis for stainless steel at low reinforcement ratio.  

The peak load obtained for numerical beam model was 121.89kN with corresponding 

displacement of 13.13 mm and the peak load obtained for experimental beam was 

114.407kN with corresponding displacement of 23.99 mm. The experimental curve shows 

that the peak load is obtained at a greater displacement than that of the numerical model 

curve. The main variation in behavior between the predicted and the observed results can 

be viewed after the peak load has reached, where ABAQUS (2014) found that the beam 

lost its capacity at 121.89 kN as the peak load, whereas the actual beam sustained up to 

114.40 kN load. 

Stainless Steel Reinforced Concrete Beam (SSM-2) 

 

Fig 5. 34: Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (SSM-2) 
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(a) Observed beam specimen 

 

 

(b) Damage tension 

 

Fig 5. 35 :  Response of experimental and numerical model (a-b)of mild steel reinforced 

concrete beam (SSM-2) 
 

Similar to the previous FE output, for medium steel ratio, experimental results of SS 

reinforced beam shows a very close result with the numerical model as shown in Figure 

5.34. The peak load obtained for numerical beam model was 135.16 kN with corresponding 

displacement of 23.99 mm and the peak load obtained for experimental beam was 

145.66kN with corresponding displacement of 17.86 mm. The experimental curve shows 

that the peak load is obtained at a less displacement than that of the numerical model curve.  

Stainless Steel Reinforced Concrete Beam (SSH-2) 
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Fig 5. 36 : Load vs. displacement of experimental  and numerical model of mild steel 

reinforced concrete beam (SSH-2) 
 

 

(a) Observed beam specimen (Experiment) 

 

(b) Damage tension (FE Model) 

Fig 5. 37 : Response of experimental and numerical model (a-b)of mild steel reinforced 

concrete beam (SSH-2) 
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In Figure 5.35 that load displacement response obtained from experimental investigation is 

quite close to that of the numerical analysis for stainless steel at high reinforcement ratio.  

The peak load obtained for numerical beam model was 154.64kN with corresponding 

displacement of 20.004 mm and the peak load obtained for experimental beam was 

159.99kN with corresponding displacement of 16.00 mm. The main variation in behavior 

between the predicted and the observed results can be viewed after the peak load has 

reached, where ABAQUS (2014) found that the beam lost its capacity at 154.64 kN as the 

peak load, whereas the actual beam sustained up to 159.99 kN load.  

Stainless Steel Reinforced Concrete Beam (SSH-1) 

 

Fig 5. 38 : Load vs. displacement of experimental and numerical model of mild steel 

reinforced concrete beam (SSH-1) 
 

 

(a) Observed beam specimen 
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(b) Damage tension 

Fig 5. 39 :   Response of experimental and numerical model (a-b)of mild steel reinforced 

concrete beam (SSH-1) 
 

Similar observation is finding in Fig:5.37 for SSH-1 reinforced beams except at higher 

load. The peak load obtained for numerical model was 135.16kN with corresponding 

displacement of 24.00 mm and the peak load obtained for experimental beam was 

155.09kN with corresponding displacement of 15.02 mm. The experimental curve shows 

that the peak load is obtained at a less displacement than that of the numerical model curve.  

In Figure 5.39, the peak load obtained for numerical beam model was 98.34kN with 

corresponding displacement of 23.99 mm and the peak load obtained for experimental 

beam was 126.12kN with corresponding displacement of 12.52 mm. This may happen due 

to the fact that concrete crushes at high steel ratio that results premature failure of the beam 

without yielding the steel rebars.  
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Stainless Steel Reinforced Concrete Beam (SSM’- 2) 

 

Fig 5. 40 : Load vs. displacement of experimental  and numerical model of mild steel 

reinforced concrete beam (SSM’-2) 

 

(a) Observed beam specimen 

 

(b) Damage tension  

Fig 5. 41 :   Response of experimental and numerical model (a-b)of mild steel reinforced 

concrete beam (SSM’- 2) 
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Stainless Steel Reinforced Concrete Beam (SSH’ -1) 

.  

Fig 5. 42 : Load vs. displacement of experimental (CH1) and numerical model of mild 

steel reinforced concrete beam (SSH’ -1) 

 

 

(a) Observed beam specimen 

 

(b) Damage tension 

Fig 5. 43 :   Response of experimental and numerical model (a-b)of mild steel reinforced 

concrete beam (SSH’ -1) 
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In Figure 5.41, the load displacement response obtained from experimental investigation is 

quite close to that of the numerical analysis for stainless steel at high reinforcement ratio.  

The peak load obtained for numerical beam model was 167.79kN with corresponding 

displacement of 11.99mm and the peak load obtained for experimental beam was 170.96kN 

with corresponding displacement of 14.86 mm. The experimental curve shows that the peak 

load is obtained at a greater displacement than that of the numerical model curve. The crack 

patterns of the actual beam shows similar behavior of the numerical analysis out 

particularly at the 1/3 point of the beam.  

5.13 Conclusion  
In this chapter, FE modeling procedure, assumption, analysis scheme and output 

extractions are discussed first. In addition, the FE results are compared with the 

experimental output as discussed in chapter 4. The results extracted from the numerical 

models were compared with that obtained from the experimental tests. The load verses mid 

span deflection of the beams has been compared and investigated. The responses of FE 

analysis has been found to be relatively similar to the actual response as observed in the 

test nearly for all beam specimens. In the current study, it is obtained from the results that 

the peak loads for experimental and numerical beam models are satisfactorily close enough 

though there are some differences in the initial stiffness. This difference can be described 

by the fact that minor mis-fit at the experimental test may change the displacement 

corresponding to the load. Besides, the concrete strength uncertainty may differ the actual 

ultimate capacity. Otherwise it may be concluded that the outcome from the numerical 

models were able to predict the ultimate capacity quiet accurately and the approach is 

successful for stainless steel reinforced concrete beams. The most accurately simulated 

model showed that 98.5% accuracy in predicting the ultimate load. The crack patterns and 

failure modes are also observed to be quite similar for both experiments and FE models. 
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CHAPTER 6 

CONCLUSIONS 

6.1 General 
The research program presented in this thesis was investigated to study the flexural 

behavior of concrete beams reinforced with smooth Stainless Steel rebars. This 

experimental program included a total twelve reinforced concrete beams subjected four 

points bending test. Eight of them are SS reinforced concrete beams and remaining four 

beams are reinforced by carbon steel (CS) as control specimens. All beams were tested 

under static loading conditions up to failure in order to investigate the behavior during the 

cracking, ultimate capacities, and modes of failure. All beams were fully instrumented to 

monitor midspan deflection, steel strain, and crack propagation, and the flexural behavior 

of each beam. The experimental results and analysis conducted in this research are steered 

toward the development of reinforcement recommendation, which will address the use of 

SS rebars as reinforcements for structural concrete. Finally, a series of FE models are 

developed to simulate all twelve experimental beam following exact geometry, loading and 

boundary condition considering both geometric and material non-linearity.  

6.2 Conclusions 
Based on observed behavior, experimental results, theoretical prediction, and Finite 

Element analysis, the following conclusions can be made: 

1) Mechanical properties of SS rebar shows that yield and ultimate strength of the SS 

rebars are observed to be 888 and 1015 MPa respectively which are higher than that 

of the normal CS/MS rebars. However, the modulus of elasticity of SS is 

approximately 195 MPa is smaller than the MS rebars.  
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2) From the load displacement response, the experimental results shows that SS 

reinforced beams shows larger deflection than that of the MS beams. This happens 

due to the fact that SS rebars has low stiffness than the MS rebars as we observed 

the rebar tests (as discussed in 1). Therefore, it can be concluded from the 

experimental results that Stainless Steel concrete beams were found less stiffer than 

mild steel reinforced beam. 

3) For both of SS and MS reinforced concrete beams SSL-1, MSL-1 were similar steel 

ratio is 0.59 %, but the ultimate capacity for SS is significantly higher. The results 

indicate that the stainless steel concrete beams is around 38% higher ultimate 

capacity then MS concrete beam. Therefore, it can be concluded that the SS 

reinforced beam shows improved performance in low steel ratio.   

4) SS rebars shows high deformability in rebar test and in the beam test. No rebar 

yielding is observed in case of beam test. SS reinforced beams shows higher 

performance in terms of ultimate capacity for low to medium steel ratio. The 

specimens with the medium longitudinal reinforcement ratio was 1.20% exhibited 

both of the largest deflection and ultimate capacity than low steel ratio. 

5) All SS reinforced beams exhibit ductile flexural failure. The mode of failure was 

mostly classified as a ductile flexural failure, which is evident from the significant 

straining of reinforcement followed by concrete crushing in the compression zone. 

6) FE models are developed to validate the experimental results which shows a very 

good agreement between them in terms of pick load and cracking patterns. For some 

cases, minor deviations are observed in initial stiffness which mainly arises from 

the test setup.In case of stainless steel reinforced concrete beam, the numerical 
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models predicted the peak loads with an accuracy of 96.86% of that observed in 

experimental test for concrete beam having id of SSH-2. 

7) The outcome of this study opens the door to investigate local SS rebars so that they 

can be utilised as the reinforcement in structural components. The research outcome 

may be added in the national and international guideline to commercialize the SS 

grade 201 as rebar.    

6.3 Limitations of the Study 
To fulfill the objective of the experiment, there are scope to improve from the existing 

study. The limitations are stated below 

1) Stainless steels are comparatively expensive than the MS. Although stainless steel 

is undoubtedly more expensive than carbon steel in terms of initial costs, over the 

life time of a structure if maintenance and rehabilitation works can be avoided 

through the use of more durable materials, then stainless steel provides a very 

competitive. 

2) It is also important that the SS rebars that are available in local market are mostly 

smooth. Deformed SS rebar may improve the capacity of the concrete beam and 

hence other performances as well.  

6.4 Recommendations for Future Study 
The current research work has contributed to understanding of the behavior of reinforced 

concrete beam flexural behavior with SS rebars under static loading and to the 

implementation of a suitable design guidelines. However, several topics have been unveiled 

for investigation and some propositions require further validation. Several suggestions are 

given hereafter,  

1) The data which is attended after the experimental work provide a base for any future 

study related with Stainless Steel Rebar. Additional tests must be performed to 
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evaluate the consistency of SS steel modified model in design. Such as cyclic 

fatigue tests should be pursued in order to provide fatigue strength results. 

2) Future experimental programs on SS reinforcing beams subjected to severe 

environmental conditions should be done to verify the highly corrosion-resistant 

nature claimed by the manufacturer and taking into account the effect of 

surrounding concrete in corrosion of SS rebars. 

3) Various studies on related topics, such as slabs, pre-stressed beams and columns 

should be carried out to develop a complete guideline on the use of SS rebars as 

reinforcements for structural concrete applications. 
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