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Abstract— The main aim of this project is to investigate the 

nature of fracture in reinforced concrete. An experimental 

investigation was therefore undertaken to explore the 

cracking process in lightly reinforced concrete (RC) beams 

and to observe the details of the localized fracture process 

zone development. More specifically, the aim was to observe 

the effect of beam depth (150 mm and 180 mm) and steel 

reinforcement ratio (0.3–0.6%) on ductility through the 

investigation of crack branching. A total of six beams were 

cast in two series of two sizes (depths of 150 and 180 mm and 

lengths of 1000mm and 1200 mm respectively) keeping the 

width same (100 mm) for all the beams. Each of the series 

includes one unreinforced and two reinforced beams. All the 

six beams were tested in three-point bending and 

experimental surface strains and crack openings were inferred 

using high resolution digital camera and crack microscope. It 

was found that the presence of the reinforcement prevented 

premature fracture and led to crack branching where a single 

crack bifurcated in the region of the compression zone. In the 

larger beams (of depth 180mm and length 1200 mm) the 

branching developed at a lower relative depth and a greater 

reinforcement ratio led to a wider branching angle. These 

observations were associated with ductility measures for 

lightly reinforced concrete beams. 

Keywords: Reinforced Concrete (RC), Fracture Process Zone 

(FPZ), Crack Branching 

I. INTRODUCTION 

A. General 

Concrete is a construction material composed of cement, fine 

aggregates (sand) and coarse aggregates mixed with water 

which hardens with time. Portland cement is the commonly 

used type of cement for production of concrete. Concrete is a 

quasi-brittle material that has a relatively weak tensile 

strength when compared with its compressive strength. It is 

therefore susceptible to cracking. The cracking process in 

concrete is complex because the crack itself is a partially 

damaged zone with some capability for stress-transfer in the 

fracture process zone (FPZ). The FPZ acts as a transition zone 

between the discontinuous open crack and the continuous 

intact material beyond the crack. Although there is some 

debate about what constitutes a FPZ, and the size of the FPZ, 

there is a general agreement that it exists in concrete. A 

realistic description of the FPZ is essential in order to 

understand damage mechanisms and to predict and optimize 

the behaviour of concrete structures. 

In reinforced concrete, the fracture process is further 

complicated by the presence of the reinforcement that affects 

the crack development and propagation. The cracking process 

is associated with diverse phenomena such as the formation 

of cracks, crack propagation, the existence of micro-cracks, 

interactions between the reinforcement and concrete, and the 

concrete microstructure e.g. cement and aggregate. In 

addition, numerous factors can influence the cracking process 

and reinforcement crack bridging including the concrete 

compressive strength, the type, the properties and the ratio of 

the longitudinal reinforcement, the bond between the 

reinforcement and the concrete, and the geometrical 

properties and the size of the beam. These factors can be inter-

related and inter-dependant. Furthermore, the cracking 

process in reinforced concrete (RC) may involve several 

macro-cracks propagating at the same time leading to 

different failure modes. Internal reinforcement bridges a 

crack and improves the fracture toughness by providing a 

stitching action that prevents the crack faces from opening 

and controls the crack growth by increasing the energy 

demand for crack advancement. The fracture energy is 

closely related to the FPZ size and this implies that the 

existence of a FPZ may be the intrinsic cause for size effects. 

In concrete the FPZ covers a narrow crack band and only the 

region along the crack path is affected by cracking. However, 

in reinforced concrete the nature of the FPZ remains unclear. 

Most theoretical studies incorporate the reinforcement 

according to the principle of superposition by considering 

concrete fracture and adding the effect of the reinforcement 

as a closing force. Although the fracture properties of 

reinforced concrete at the structural scale have been studied, 

there is a need for further detailed investigations to better 

understand the nature of the fracture process. 

Understanding cracking in reinforced concrete is 

important for the strength assessment and renovation of 

existing structures. Relatively few fracture-oriented 

experimental studies have been conducted on concrete with 

internal steel reinforcement. Knowledge of concrete fracture 

processes can help identify suitable analytical approaches that 

capture the details of the crack process. This study presents 

an experimental investigation of RC beams subjected to 

three-point bending. A particular focus is the localised zone 

around the crack and the crack branching phenomena. Crack 

branching is a toughening mechanism in quasi-brittle 

materials and can be a source of size effects. Yet it has 

received little or no attention when studying the fracture of 

RC beams. In reinforced concrete, the confinement provided 

by the reinforcement to the crack path increases the 

possibility of crack branching. The crack branching that takes 

places during the failure process makes the failure behaviour 

more ductile. The aim of this project is to experimentally 

determine the relationship between size, reinforcement ratio 

and ductility through investigation of crack branching in RC 

beams. Although more experiments are required to generalize 

the results, this project acts as a foundation to describe the 

flexural Behaviour of lightly reinforced concrete beams and 

for further investigations of RC fracture processes. 

B. Development of Cracks in Concrete  

Cementitious materials like pastes, mortars, concretes, etc. 

are heterogeneous materials with complex microstructures. 
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Defects play a vital role on the mechanical behavior of 

cementitious materials. For example, in concrete microcracks 

are usually present, even before loading, at regions of high 

material porosity near the interfaces between the coarse 

aggregates and the mortar. They are caused by shrinking of 

the mortar during drying out of the concrete. Cracks are also 

present in the mortar matrix. Under an applied load both types 

of cracks start to increase and new cracks are formed. The 

interface cracks extend inside the mortar and are connected 

with the mortar cracks. When a sufficient number of 

microcracks coalesce a macrocrack is formed. Figure 1.1(a) 

shows a macrocrack (continuous traction-free crack) with its 

surrounding zone in a cementitious material. The damage 

zone ahead of the traction-free crack is referred to as the 

fracture process zone (FPZ) and plays a vital role in the 

analysis of growth of the crack. Within the FPZ many micro-

failure mechanisms including matrix microcracking, 

debonding of cement-matrix interface, crack deviation and 

branching take place. All these mechanisms contribute to the 

energy of fracture. The closure stress in the FPZ associated 

with localized damage takes a maximum value at the tip of 

the FPZ and decreases to a zero value at the tip of the 

macrocrack. 

 
Fig. 1.1:(a) fracture process zone (b) closure stresses (c) 

cracks in concrete 

C. A Single Flexural Crack 

A flexural crack (see Figure 1.2) is an opening mode where 

the crack direction is perpendicular to the applied tensile 

stresses. So it can be modelled as a mode I problem. Mode I 

crack propagation presents an opening mode where the stress 

is normal to the plane of the crack and includes a rotation 

around the crack tip. Fracture mechanics studies of concrete 

have focused on mode I failures because compared to other 

modes, mode I tests can be relatively easily conducted in 

laboratories. Mode I results can also provide insight for 

theoretical studies of shear failure since it has been found that 

the inclined crack propagation in reinforced concrete beams 

can be modelled as a mode I fracture. 

 
Fig. 1.2:  Flexural crack in a beam tested in lab (JKPCC lab 

Baramulla) 

 

Flexural shear failure occurs in a beam through three 

main stages: At first, the crack begins to form at the bottom 

of the beam due to flexural tensile stress. In second, the crack 

bends in a diagonal direction as it travels towards the upper 

end of the beam along with continuation to propagate in 

length and widen in breadth. And, finally, when the diagonal 

tensile stress exceeds the tensile strength of the concrete, the 

concrete fails by crushing or by shear. 

Flexural cracks form at the locations of beams where 

the bending moment is maximum. For example, in a beam 

with uniformly distributed load, the flexural cracks are 

observed at the mid-span. Similarly, web shear cracks form 

at the locations of the beam where the shear force is 

maximum. For instance, the proximity of the end supports of 

the beam with the uniformly distributed load. However, 

flexural shear cracks are formed at the locations of the beams 

where both the bending moment and the shear stress are 

higher in magnitude. That means this kind of cracks form at 

some distance between the support and mid-span of the beam. 

1) Crack Branching 

Crack branching is a material toughening mechanism. This 

mainly occurs when some of the micro-cracks ahead of the 

crack tip are arrested, thus more energy is required for crack 

propagation and this can lead to crack branching. In 

reinforced concrete, the presence of the reinforcement 

provides bridging to the crack and hence a confining effect to 

the crack path. This may increase the possibility of crack 

branching where crack branching and the redistribution of 

stresses that take place during the failure process contribute 

to a more ductile failure behaviour. Hence, if the amount of 

reinforcement affects the crack propagation process and the 

failure mode, it can be a source of a ‘size effect’ in RC beams. 

D. Motivation 

An understanding of cracking in reinforced concrete is 

important for the strength assessment and enhancement of 

existing structures. Theoretical and experimental knowledge 

of concrete fracture processes can help identify suitable 

analytical approaches that capture the details of the cracking 

process. A realistic description of the cracking process and 

the FPZ is essential in order to understand damage 

mechanisms and to predict and optimize the Behaviour of 

concrete structures. 

Over the last few decades, there have been extensive 

experimental studies relating to concrete fracture and there is 

a good understanding of the nature of concrete fracture. Yet, 

relatively few fracture-oriented experimental studies have 

been conducted on concrete with internal steel reinforcement. 

In addition, most of the theoretical studies on RC fracture 

include the reinforcement according to the principle of 

superposition by considering concrete fracture and then 

adding the effect of the reinforcement as a closing force. 

There is therefore a need for research that studies the fracture 

properties of reinforced concrete as a composite material with 

reinforcement and to consider the effect that the existence of 

the reinforcement can have on the concrete fracture. 

In reinforced concrete, the reinforcement provides 

an effective confinement to the crack path and this may 

increase the possibility of crack branching and can be a source 

of a ‘size effect’. Studying the RC crack profile and any 

deviations of the crack path from that of an idealized crack 
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plane can give information about the fracture energy and size-

effect. This project therefore, investigates RC beams with a 

particular focus on the localized zone around the crack and 

the crack branching phenomena. 

E. Objectives and Scope of Present Work 

This project aims to carry out an in-depth investigation of the 

crack propagation RCC beams. This will be achieved through 

experimental work which is required to observe the true 

cracking Behaviour in RC beams. More specifically, the 

objectives of this project are: 

 To study the effect of both beam depth and reinforcement 

on the ductility of RCC beams through investigation of 

crack branching. 

 To see the relation between the relative depth of crack 

branching and ductility. 

 To Check the effect of Reinforcement on Beams. 

Over the past decades various studies were 

conducted to investigate concrete cracking and models were 

developed to simulate the cracking process in reinforced 

concrete beams. These models can broadly be classified as 

either plasticity-based models which are justified in the case 

of ductile Behaviour e.g. beams with sufficient internal steel, 

or fracture mechanics-based models which do not treat 

fracture as a point phenomenon but use fracture mechanics 

principles to explain crack propagation. The cracking process 

in concrete is complicated because it is associated with the 

development of minor cracks and micro cracks as well as 

macro-cracks. Cracking is also connected with other 

phenomena such as strain localization and bridging. In a 

traditional strength criterion analysis, the Behaviour is 

described using continuum variables of stress and strain. 

However, during fracture propagation the Behaviour depends 

on what is happening in the fracture process zone (FPZ) 

ahead of the crack tip, which is a partially damaged zone with 

some residual ability to transfer stress. This zone is 

analytically challenging for model developers and structural 

engineers because it is a transition zone between the 

discontinuous open crack and the continuous intact material 

beyond the crack. So it cannot be modelled using the 

continuum variables. Since fracture mechanics provides rules 

and principles for crack propagation in materials, it can also 

provide a tool for studying the cracking process in concrete. 

Interest in the application of fracture mechanics to concrete 

has been due to the realisation that strength criteria were not 

adequate to explain concrete cracking. Although fracture 

mechanics provides a rational approach for studying cracking 

and has been applied to concrete fracture for over forty years, 

it has typically not been widely adopted within design code 

equations and lacks a certain acceptance from the structural 

concrete community. One of the reasons is that fracture 

mechanics approaches are often modeled using finite element 

tools and this makes it difficult for inclusion in the 

development of guidelines. Furthermore, fracture mechanics 

has its own parameters and terms and civil engineers are less 

familiar with them. This means that conventional empirical 

stress-based approaches have been preferred for structural 

applications. In spite of the resistance of the structural 

concrete community to the application of fracture mechanics, 

fracture mechanics is important in order to better understand 

the behaviour of structures that are very sensitive to fracture 

such as structures in tension. Another example is where the 

tensile softening behaviour is important such as in lightly 

reinforced concrete beams. Reinforced concrete beams with 

low ratios of longitudinal reinforcement will be the subject of 

the current study. Although the fracture properties of 

reinforced concrete at the structural scale have been studied, 

there is a need for further detailed investigations of cracks in 

reinforced concrete to better understand the nature of the 

fracture process and improve existing models. Improving 

existing models does not necessary mean making them more 

complex. However, it does involve enhancing our 

understanding of the behaviour in a way that is translated to 

new applications without missing the important features. The 

recent advances in image processing techniques as well as in 

high-resolution digital cameras can provide advanced tools to 

measure fracture properties and provide insight into the 

cracking process. Such real observations can lead to the 

development of new models or the improvement of existing 

models. 

II. LITERATURE REVIEW 

N.A.B. Yehia [2003] has done experimental testing of 9 

notched reinforced concrete specimens under four point 

bending. The beams comprise three beam sizes and three 

tension reinforcing steel ratios. All beams have constant 

span/depth ratio of 4, initial notch/depth ratio of 0.3. Two 

strengthening fiber laminates were used: Glass fiber for the 

two lower tension reinforcing steel ratios and Carbon fiber for 

the higher tension reinforcing steel ratio. The strengthening 

laminates were designed to enhance beam moment capacity 

by 15% to 150% depending on the beam size and 

reinforcement ratio. To simulate real life strengthening 

situations, beams were first loaded until the notch propagated 

to 0.5 the beam depth. The strengthening fiber laminate was 

then introduced to the tension side of the beam while the load 

was kept applied to the other side of the beam. The fracture 

moment for a given crack depth was calculated through an 

analytical algorithm which employs Linear Elastic Fracture 

Mechanics. The approach takes into consideration the 

previous loading history of the beam prior to introducing the 

strengthening laminate. Test measurements of crack 

extension and applied load were used to compare the fracture 

moment recorded experimentally to that one calculated 

analytically. The application of the solution algorithm to 

different specimen sizes _ cross-section dimensions, 

reinforcement ratio, and strengthening fiber laminate showed 

that the solution algorithm is able to effectively predict the 

behavior of larger beam size and/or reinforcement better than 

that of smaller beam size and/or reinforcement. A sensitivity 

analysis was conducted to explore this point [13]. 

C. Barris et al. [2006] have studied the cracking 

behavior of GFRP RC elements based on the results of an 

experimental program involving 15 beams. The paper studies 

the influence of the reinforcing material, concrete cover, 

stirrup spacing and bond between the concrete and the 

reinforcement. For this purpose, two different types of GFRP 

and steel bars were used. The cracking behaviour (crack 

width and spacing) in the pure bending zone was analysed up 

to the service load. Crack width was consistently acquired by 

using a Digital Image Correlation (DIC) technique. The 2D 
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full-field displacements of the pure flexural zone were 

registered using 4 digital cameras and commercial software 

that enables the evolution of the specimen cracks to be 

analysed. Finally, bond coefficients have been adjusted to 

different formulations in terms of crack spacing and crack 

width [14]. 

Subramaniam et al. [2009] tested steel fiber 

reinforced concrete beams with fiber volume fractions equal 

to 0.5% and 0.75% with a shear span to depth ratio equal to 

1.8. The cracking in the beams is evaluated using the full-

field surface displacements obtained from the digital image 

correlation (DIC) technique. Analysis of images shows that a 

full depth shear crack is established before the peak load. The 

displacements measured from across the shear crack indicate 

a continuous increase in the crack opening displacement 

associated with increasing slip between the two crack faces. 

From crack opening and sliding measurements across the 

shear crack, the dilatant behavior is identical in beams with 

and without steel fiber reinforcement. Failure in control 

beams is brittle and results in a large opening of the shear 

crack. In the SFRC beams with 0.5% volume fraction, there 

is a continuous decrease in the residual load carrying capacity 

after the peak load which is associated with an increase in the 

crack opening displacement. In SFRC beams with 0.75% 

fiber volume fraction, the increased resistance to crack 

opening provided by the fibers results in a significantly 

smaller crack opening and a large increase in the peak load. 

The crack opening due to dilatancy is arrested, resulting in 

shear failure by the formation of a secondary shear crack or 

by flexural failure. The crack opening displacement across 

the shear crack at the peak load in the load response of the 

control and the SFRC beams are nominally identical. Failure 

in shear occurs when the crack opening control provided by 

the flexural reinforcement and steel fibers is inadequate to 

sustain the aggregate interlock [16]. 

Alam et al. [2009] used Acoustic Emission (AE) to 

study microcracking in RC beams. It was found that as the 

beam size increases, the fracture process changes from 

tensile-microcracking-macrocracking to shear-compression 

macrocracking. Digital image correlation has also been used 

to study the cracking in reinforced concrete beams failing in 

shear and it was found that the observed size effect was in 

agreement with Bazant’s size effect [10]. 

Skarzynski and Tejchman [2011] tested small RC 

beams with a height of 80 mm and length 320 mm (effective 

length 240 mm) with a reinforcement ratio of 1.5%. It was 

found that the localised zones are always created prior to the 

attainment of the peak load and the lengths of the fracture 

zones in RC beams (0.8 of the beam height) are higher than 

those in unreinforced concrete beams (0.6 of the beam height) 

[9].  

Wei Dong , Xiangming Zhou, Gediminas Kastiukas 

[2012] employed the digital image correlation (DIC) 

technique is employed to investigate the fracture process at 

rock-concrete interfaces under three-point bending (TPB), 

and four-point shearing (FPS) of rock-concrete composite 

beams with various pre-crack positions. According to the 

displacement fields obtained from experiment, the crack 

width, and propagation length during the fracture process can 

be derived, providing information on the evolution of the 

fracture process zone (FPZ) at the interface. The results 

indicated that under TPB, the fracture of the rock-concrete 

interface is mode I dominated fracture although slight sliding 

displacement was also observed. Under FPS, the mode II 

component may increase in the case of a small notched crack 

length-to-depth ratio, resulting in the crack kinking into the 

rock. It was also observed that the FPZ length at the peak load 

is far longer for a specimen under FPS than under TPB [15]. 

Kishore Kunal, Namesh Killemsetty [2014] describes that 

there are various types of cracks which occur in the building 

and accordingly at proper time cracks can be minimized 

depending upon the crack’s width. They described how epoxy 

resins is grouted into the cracks and how it is to be filled in it. 

They carried out investigation on cracks pattern and treatment 

measures to fill such cracks and techniques used accordingly 

[17]. 

Pooja Nama, Ankush Jain, Rajat Shrivastava and 

Yash Bhatia [2015] carried out certain investigations that 

how the cracks are classified such as in beams, columns and 

slabs. And various types of cracks such as structural cracks 

and non-structural cracks and concluded that if proper 

consideration is taken then cracks can be controlled. And 

depending on the type of cracks visualized and accordingly 

the technique is taken so that it can be minimized [18]. 

A. Critical Observation 

Understanding cracking in reinforced concrete is important 

for the strength assessment and renovation of existing 

structures. A survey of literature in this field shows that 

several techniques like Acoustic Emission analysis and 

Digital image correlation have been used to study crack 

propagation in RC structures and relatively few experimental 

studies have investigated the fracture process in reinforced 

concrete as opposed to unreinforced concrete. This project 

experimentally establishes the relationship between size of 

beams, reinforcement ratio and ductility through an 

investigation of crack branching in RC beams. The high 

resolution digital camera is used to track the crack 

propagation by capturing the images of failure zones at 

different stages, with crack microscope to measure the crack 

widths in RC beams.  

III. METHODOLOGY 

A. Methodology in Detail 

1) Literature Review 

Comprehensive study of various parameters were done after 

the selection of topic. Previous studies, codal provisions, 

recent advancement and future scope were considered before 

the project work (practical work) was to be commenced. 

2) Collection of Material 

This step involved procurement of the materials required for 

construction of beam samples viz. 

 Cement 

 Fine aggregates 

 Coarse aggregates 

 Steel bars 

 Formwork board 

The instruments for testing of samples involved: 

 Dial gauges 

 Crack detection microscope 
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 High resolution digital camera 

 Loading setup 

3) Testing of Materials 

The materials were tested in order to authenticate the quality 

of material to be used for casting. The tests involve physical 

tests for cement, fine aggregates and coarse aggregates. 

4) Fabrication of Beams 

A total of six unreinforced and reinforced concrete beams of 

two dimensions were cast under similar environmental 

conditions. Out of six beams, the two unreinforced beams 

were set as reference beams to obtain an exact benchmark for 

comparison. The specifications of the beams and the 

percentage of steel reinforcement in each sample are as under: 

 Sample 1: Reference (control) beam of dimensions 100 

mm * 150 mm * 1000 mm 

 Sample 2: Reference beam of dimensions 100 mm * 

200mm * 1200mm 

 Sample 3: Reinforced beam of same dimensions as that 

of sample 1 with reinforcement of 0.3%  

 Sample 4: Reinforced beam of same dimensions as that 

of sample 1 with reinforcement of 0.6%  

 Sample 5: Reinforced beam of same dimensions as that 

of sample 2 with reinforcement of 0.25%  

 Sample 6: Reinforced beam of same dimensions as that 

of sample 2 with reinforcement of 0.5%  

5) Testing of Beams 

Each beam was tested to failure under three-point loading. 

The beams were made to rest on bearing pads of width 10 cm 

at the ends which in turn were rested on supports. This was 

done to simulate the simply supported conditions as closely 

as possible. 

6) Test Results and Discussion 

This includes the analysis to observe the effect of depth and 

reinforcement on crack propagation in concrete, strength and 

ductility. 

7) Interpretation of Results 

Effect of reinforcement on crack propagation is reflected 

through branching of cracks at different depths of beams. The 

relative depth of branching is effected by overall depth of 

beam and percentage of reinforcement. Crack branching is a 

cause for increase in ductility of beams. 

8) Conclusion  

This involves brief overview of the data analysis and 

interpretation. This chapter rounds up the whole project and 

also contains the highlights of the project. 

IV. EXPERIMENTAL INVESTIGATION 

A. Material Properties 

Testing of materials was done in order to authenticate the 

quality of material to be used for casting. Testing of materials 

involve physical tests for cement, fine aggregates, and coarse 

aggregates. 

1) Cement  

The cement used was ordinary Portland cement of grade 43. 

To determine the properties of cement several tests were 

conducted which are as follows. 

a) Standard Consistency 

Standard consistency of a cement paste is defined as the water 

content at which the paste will permit a Vicat’s plunger 

having 10 mm dia and 50 mm length to penetrate to a depth 

of 33 – 35 mm from the top of the mould. The test is useful 

for finding out initial setting time, final setting time, etc. The 

standard consistency was found to be 30 %. 

Trial 

No. 

Water – cement 

ratio 

Penetration of plunger 

(mm) 

1 0.25 16 

2 0.27 27 

3 0.29 32 

4 0.295 33.4 

5 0.30 34 

Table 4.1:  Readings for standard consistency test 

b) Initial Setting Time of Cement 

Initial setting time of cement is regarded as as the time 

elapsed between the moment when water is added to the 

cement to the time when the paste starts losing its plasticity. 

Using vicat’s apparatus, it is measured as the period elapsed 

between the moment when water is added to the cement and 

the time when the needle (1 mm dia ) penetrates the test 

mould to a depth of 33 – 35 mm from the top at water content 

of 0.85 times the standard consistency. 

The observations obtained are as under: 

Weight of cement = 400 g 

Weight of water =0.85 *30/100*400 =102 g 

Initial setting time is obtained as 3 hours 10 minutes. 

c) Final Setting Time of Cement 

The final setting time is the time elapsed between the moment 

the water is added to the cement and the time when the paste 

has completely lost its plasticity and has attained sufficient 

firmness to resist certain definite pressure. In vicat’s 

apparatus, it is the time elapsed between the moment when 

water is added to the cement and the time when the centre 

needle makes an impression not more than 0.5 mm deep while 

the circular cutting edge of the attachment fails to do so. The 

final setting time was observed as 5 hours 40 minutes. 

2) Gradation of Fine Aggregates 

Weight of sample taken =1500 g 

Sieves required 

 4.75 mm 

 2.36 mm 

 1.18 mm 

 60011µ 

 300µ and 150 

Siev

e 

size 

Weight 

retaine

d (g) 

% wt. 

retaine

d 

Cumulativ

e %wt. 

retained 

% 

finer 

Remark

s 

4.75 

mm 
3 0.2 0.2 99.8 

 

 

Sand 

falls in 

zone ΙΙ 

2.36 

mm 
11 0.733 0.933 

99.0

6 

1.18 

mm 
80.5 5.36 6.293 

93.7

0 

600 

µ 
747.5 49.8 56.09 

43.9

1 

300 

µ 
598 39.86 95.95 4.05 

150 

µ 
50.5 3.36 99.31 0.69 

Table 4. 2: Sieve analysis of sand 
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As the percentage passing through 600µ sieve is 

between 35 and 59, the sand tested belongs to gradation zone 

ΙΙ. 

 
Fig. 4. 1: Gradation curve of sand obtained from sieve 

analysis in lab 

From the gradation curve we find D10 = 0.33, D30 = 0.48, D60 

= 0.72 

Cu =D60/D10 =0.72/0.33=2.18 

Cc = D30
2/ (D10*D60) = 0.482/0.33*0.72=0.98 

Thus, the sand is poorly graded sand. 

a) Coarse Aggregates 

The coarse aggregates used were crushed stone aggregates. 

The coarse aggregates of two grades were used one retained 

on 10 mm size sieve and another grade contained aggregates 

retained on 20 mm size sieve. The maximum size of coarse 

aggregate was 20 mm having specific gravity of 2.88 grading 

confirming to IS: 383-1970. 

Descript

ion of 

sample 

Speci

fic 

gravi

ty 

Grading 

Remarks Sieve 

designa

tion 

(mm) 

% passing 

 

 

Coarse 

aggrega

tes 20 

mm:10

mm:: 

60:40 % 

by 

weight 

 

 

 

 

2.88 

Obtai

ned 

Requi

red 

 

Conform

s to 20 

mm full 

graded 

coarse 

aggregat

es as per 

IS:383-

1970 

specifica

tions 

40 100 100 

20 95 
100-

95 

10 32 25-55 

4.75 0 0-10 

Table 4. 3: Sieve Analysis of Coarse Aggregate 

3) Concrete Mix 

The concrete mix used was M30 which was designed as per 

IS 10262-2010. The proportion of ingredients of concrete 

required for the design mix was calculated as: 

Material Mass required per m3 (kg) 

Cement 330 

Water 210 

Sand 780 

Aggregates 1025 

Table 4. 4: Concrete mix (M 30) 

a) Testing of Concrete Cubes 

Three concrete cubes were cast simultaneously with the beam 

samples using design mix M30 in order to verify the quality 

of material and mixing apparatus. The cubes were properly 

cured and testing was done after 28 days. The following 

results were obtained. 

SAMPLE NO. COMP. STRENGTH (N/mm2) 

1 32.4 

2 35.6 

3 31.8 

Table 4.5: Cube strength under compression test 

  
Fig. 4.2: Cube failure under compression test 

4) Reinforcement Steel 

The reinforcement steel used in concrete beams was High-

Yield Strength Deformed (HYSD) bars confirming to IS 

1786:1985. The yield strength of steel reinforcements used in 

the experimental program was determined by performing the 

standard tensile test on the three specimens of each bar. The 

proof stress or yield strength of the specimens are averaged 

and shown in Table 4.6. The modulus of elasticity of steel 

bars was 2 × 105 MPa. The reinforcement involved only steel 

bars of 6mm and 8mm diameter which were bended later at 

the two ends at right angles up to 10 cm length. The steel bars 

were used as a flexural reinforcement only. 

Sample 
Diameter of 

bar (mm) 

0.2% Proof 

stress 

(N/mm2) 

Average proof 

stress (N/mm2) 

1 8 520 
 

523 
2 8 527 

3 8 521 

4 6 531 
 

528 
5 6 525 

6 6 528 

Table 4.6: Tensile strength of reinforcing steel bars 

 
(a)                                           (b) 

Fig. 4.3: (a) Steel test specimen tested in UTM (b) Steel test 

specimen after failure 

5) Detailing of Reinforcement in Beams 

The steel reinforcement bars used in concrete beams were 

bended at right angles at the ends. These steel bars were used 
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as flexural reinforcement only and shear reinforcement was 

not provided. The steel reinforcement included the HYSD 

steel bars of diameters 6mm and 8 mm. 

 
Fig. 4.4: Reinforcement steel used in beam 

6) Formwork for Beams 

The plywood sheets were sawn in the carpentry shop to form 

the sheets of required sizes. These small sheets were joined 

to form the moulds for beams. 

 
Fig. 4.5: Moulds for beams 

 
Fig. 4.6: Insulation foam at centre for notch provision 

7) Casting of Beams 

To cast the beams, the mould for each specimen was held in 

position with help of side supports. At the centre of each 

mould, insulation foam of thickness 6 mm and depths of 20 

mm and 25 mm was provided in beams of depth 150 mm and 

180 mm respectively, to serve the function of notch. The 

notch was provided to ensure that the flexural cracks occur in 

beams starting from the notch.  After this, the concrete was 

made in a mixer and placed in the moulds. In case of 

reinforced samples clear cover of 20 mm was provided and to 

ensure this cover, a layer of plain concrete of thickness 20 

mm in case of beam depth of 150 mm and 25 mm in case of 

beam depth of 180 mm was laid initially on which the steel 

bars were rested to act as flexural reinforcement. As no shear 

links were used, the flexural steel bars were held fixed till the 

concreting was completed flush with the top surface. The 

compaction of concrete was done by using needle vibrator. 

 
Fig. 4.7: Casting of beams 

B. Experimental Program 

 
Fig. 4.8: Test specimen layout 

A total of six beams were cast out of which two are 

unreinforced and four are reinforced. The flexural crack was 

tracked using high resolution camera. The reinforcement used 

was only flexural and did not have shear links. Two different 

beam sizes were considered but a constant clear span to 

effective height ratio was maintained (heights of 150 mm and 

180mm and lengths of 1000mm and 1200 mm respectively). 

The different reinforcement percentages 0%, 0.35% and 0.6% 

for beam depth 150 mm and 0%, 0.3% and 0.55% for beam 

depth 180 mm were used. All the test beams had a width of 

100 mm and a concrete cover of 20 mm. In Table 4.7 each 

beam has been identified using the following notation: a letter 

M followed by a number (showing the concrete mix strength), 

a letter D followed by a number (showing the effective 

depth), and then the reinforcement ratio as a%. The 

longitudinal steel consisted of deformed steel bars of 6mm 

and 8 mm diameter with average yield strength of 500 MPa. 

The concrete mix was designed for a strength of 30 Mpa using 

ordinary Portland cement of 43 grade, coarse aggregates with 

equal percentage (50%) of 10 mm and 20 mm aggregates and 

the sand used was of zone second.  

In order to fulfill the objectives mentioned in first 

chapter following steps were convoluted. 

Concret

e cube 

comp. 

Strengt

h (MPa) 

Beam 

dimension

s 

B * D * L 

(mm) 

Reinforceme

nt ratio 
Notation 

M 30 

100 * 150 

* 1000 

Unreinforced 

(0%) 
M30,D150,0% 

2T6 (0.35%) 
M30,D150,0.35

% 

2T8 (0.6%) 
M30,D150,0.60

% 

 

 

Unreinforced 

(0%) 
M30,D1800,0% 
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100 * 180 

* 1200 

2T6 (0.3%) 
M30,D180,0.30

% 

2T8 (0.55%) 
M30,D180,0.55

% 

A crack inducer was located at mid-span. Insulation 

foam was used to form the crack inducer where the foam was 

cut into pieces with a width of 6 mm and depth of 20 mm for 

the beams of dimensions100*150*1000 mm and width of 

6mm and depth 25 mm for beams of length 100*180*1200 

mm. The foam was inserted vertically at the middle of the 

formwork prior to casting. As no shear reinforcement is 

provided, the notch has been provided to ensure that flexural 

cracks occur starting from the notch. 

C. Experimental Setup 

The test setup consisted of a loading frame in which the loads 

were applied through manually operated hydraulic jack. The 

readings of load were taken by using proving ring of capacity 

50 ton. The deflections were noted from dial gauge fixed at 

the centre length of beam. The beams rested on the bearing 

pads of 10 cm width which in turn were rested on end 

supports. The beams were tested by using three-point loading. 

 
Fig. 4.9: Test Set up of Three Point Loading frame 

1) Crack Detection Microscope 

Crack measuring microscope specially designed for 

measuring crack width in concrete beams, slabs, columns etc. 

the apparatus operates by an adjustable lamp unit provided at 

the top and the image is focused by turning a knob. The 

eyepiece scale can be turned through 3600 to align with the 

direction of the crack or patch under examination. The least 

count of the instrument is 0.01mm. For determining the crack 

width; the instrument is placed perpendicular to the concrete 

surface over the crack. The crack under consideration is 

focused and the number of divisions on the scale of 

instrument encompassing crack is noted. This number is 

multiplied with the least count (0.01) of the instrument which 

gives the crack width in mm. 

 
Fig. 4.10: Crack detection microscope 

 
Fig. 4.11: Flexural crack seen through crack microscope 

D. Testing of Beam Samples  

All the samples were tested subjected to three-point loading 

on the loading frame under similar conditions. The ratio of 

clear span to depth was kept nearly same for all the beams. 

The beams were made to rest on bearing pads of width 10 cm 

at the ends which in turn were resting on supports. This was 

done to simulate the simply supported conditions as closely 

as possible. The manually operating hydraulic jack was used 

to transfer the load. The proving ring of capacity 50 ton was 

used to measure the loads. The load was applied in small 

intervals and at each step the load from proving ring and the 

corresponding deflection from dial gauge was noted. Also the 

corresponding crack widths were measured with the help of 

crack microscope. 

 
Fig. 4.12: Testing of beam sample in the lab. (JKPCC lab 

Baramulla) 

 
Fig. 4.13:  Flexural crack in a beam under loading 

1) Failure Modes in Tested Beams 

All the beam samples failed by flexure except the beam 

sample D150,0.6% which failed in shear. The unreinforced 
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samples failed along single vertical flexural cracks. In 

reinforced samples flexural cracks propagated by undergoing 

branching along the crack path. The depth of branching was 

different for different samples. The failure modes of different 

samples are shown below: 

   
(a)                         (b) 

    
(c)                                         (d) 

   
(e)                                               (f) 

Fig. 4.14: Failure modes of tested beams, (a) Beam 

D150,0% (b) Beam D180,0% (c) Beam D150,0.35% (d) 

Beam D180,0.3% (e) Beam D150,0.6% and (f) Beam 

D180,0.55%. 

For gauging the crack widths for different load 

increments a digital camera was used to click the pictures 

through the eye piece of crack widths. 

  
Fig. 4.15: Crack width measurement using crack microscope 

 
Fig. 4.16: Crack widening in beams with increase in load 

V. TEST RESULTS AND DISCUSSION 

The unreinforced beams D150,0% and D180,0% showed 

relatively lower flexural strength than the reinforced beams. 

The beams showed flexural strengths of 1.7 kN and 1.95 kN 

respectively. Both the unreinforced beams had a brittle failure 

and showed negligible deflections prior to failure. Due to 

brittle failure, the measurement of deflection was not possible 

during the test and the load deflection curves for unreinforced 

beams could not be obtained. The load deflection curves for 

reinforced beams are plotted as shown in figure 5.1. 

 
Fig. 5.1: Load vs Deflection curves of RCC beams 

With the increase in percentage of steel from 0.30% 

to 0.5% in beams of depth 180 mm, peak load increases from 

19.1 kN to 27.8 kN and maximum deflection increases from 

11 mm to 13 mm. In case of beams of depth 150 mm, by 

increasing percentage of steel from 0.3 % to 0.6% the peak 

load increases from 7.5 kN to 17.6 kN whereas the maximum 

deflection decreased from 9 mm to 6.2 mm.  

The crack formation in the unreinforced samples 

was instant and the failure was abrupt and hence the crack 

width measurement was not possible for unreinforced beam 

samples. However, the reinforced beams showed 

considerable deflections and the crack widths were measured 

after regular intervals of load. The plot of load versus crack 

width for beam samples of depth 150 mm and 180 mm of 

various percentages of steel reinforcement is shown in figure 

5.2. 

 
Fig. 5.2: Load vs crack width curves for different beam 

samples 
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As the percentage of reinforcement is increased, the 

crack mouth opening displacement gets decreased. This is 

due to increased stitching action of cracks by reinforcement 

and thus restricts the widening of cracks with increase in 

loads. 

Load (kN) Deflection (mm) CMOD (mm) 

0 0 0 

2 0.5 0.09 

5 1.5 0.19 

7 3 0.49 

7.5 5 0.82 

6.5 8.5 2.6 

6.1 9 3.1 

Table 5.1: Readings for beam D150 0.35% 

Load (kN) Deflection (mm) CMOD (mm) 

0 0 0 

5.7 1.2 0.03 

9 1.7 0.04 

12 2.3 0.08 

15 3 0.13 

17 4 0.2 

17.6 4.8 0.44 

16 5.9 0.9 

15 6 2.2 

14.2 6.2 3.1 

Table 5.2: Readings for beam D150 0.6% 

Load (kN) Deflection (mm) CMOD (mm) 

0 0 0 

5 0.4 0.01 

8.4 1.2 0.03 

11.6 2.1 0.06 

14 3 0.11 

17.2 4.2 0.41 

18.9 6 0.83 

17 8.1 1.25 

14.8 9.8 2.1 

12 10.4 3.2 

Table 5.3: Readings for beam D180 0.35% 

Load (kN) Deflection (mm) CMOD (mm) 

0 0 0 

4 0.67 0.02 

9 1.3 0.11 

14 2.2 0.21 

18 4 0.40 

23 5.1 0.51 

26 6 0.63 

27 7.9 0.70 

25 10.6 0.82 

24.3 11.2 1.0 

20 12 2.87 

Table 5.4: Readings for beam D180 0.5% 

A. Interpretation of Results 

 
Fig. 5.3: Load deflection curves for beams D150 0.35% and 

D150 0.6% 

 
Fig. 5.4: Load deflection curves for beams D180 0.3% and 

0.5% 

With the exception of beam M30, D150, 0.6%, which failed 

in shear, all the beams failed in flexure when a central crack 

propagated in the region of the highest applied moment. In 

case of beams of depth 150mm, the peak load increases from 

7.5 kN  to 17.6 kN but the deflection decreases from 9mm to 

6mm.With increasing reinforcement ratio in beams of depth 

180 mm, the peak load increases and the maximum deflection 

at the peak load Δmax also increases. 

1) Cracking Behaviour 

The unreinforced beams of depths (150mm and 180mm) were 

tested to establish the baseline concrete fracture properties. 

This helps to understand the effect of the reinforcement on 

the fracture behaviour of concrete. The unreinforced 

specimens failed due to a crack propagating from above the 

crack tip. In the reinforced specimens this crack starts as a 

single slightly curved shape but, with increasing load, the 

crack propagation continues along two branches. The 

localised zone advances in a single narrow band exhibiting 

some deviations from a straight line due to the heterogeneity 

of the concrete and aggregate interlock until it bifurcates into 

two branches. It was found that the branched localised zone 

was created in the beams at a load of around 7 kN in beam 

D150 0.35%, 17.5 kN in beam D180 0.35%, and 19 kN in 

beam D180 0.5%. The beam D150 0.6% failed in shear and 

did not show any branching and hence will not be discussed. 
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Beam 

CMOD at 

branching 

(mm) 

Max. 

CMOD 

(mm) 

% CMOD that 

occurs after 

branching 

D150 

0.35% 
0.51 3.1 83.5% 

D180 

0.3% 
0.61 3.2 82.1% 

D180 

0.5% 
0.37 2.87 87.2% 

Table 5.5: Measurements associated with crack branching 

Based on the results in Table 5.5 it can be seen that 

most of the CMOD in the tested beams happens after 

branching (or steel yielding as the two phenomena are 

connected) 80% to 90% of the CMOD was noticed in the 

tested beams after crack branching and thus indicating that 

the CMOD increases substantially close to the peak load. This 

indicates that before branching, the crack process is primarily 

about crack propagation whereas, after branching, crack 

opening dominates. The bifurcation leads to the failure in the 

compression zone in lightly RC beams. 

  
(a)                                              (b) 

 
Fig. 5.5: Single flexural cracks without any branching in 

unreinforced beams (a) D150,0% (b) D180,0%. Crack 

branching at different depths in beams (c) D150,0.35% (d) 

D180,0.3% (e) D180,0.5% 

With increasing load, the branched localised zone 

develops and its length increases. The bifurcation took place 

at a depth of 0.75, 0.65 and 0.5 of the effective depth of beams 

D150 0.3%, D180 0.3% and D180 0.5% respectively. 

Beam Relative depth of branching 

D150 0.35% 0.75 

D180 0.3% 0.65 

D180 0.5% 0.50 

Table 5.6: Relative depth of crack branching 

 
Fig. 5.6: Plot of relative depth of branching vs beam depth 

The beam depth is plotted against the relative depth 

at which bifurcation took place. In the larger beams (of depth 

180mm and length 1200mm) branching occurs at a lower 

relative height than in the smaller beams (of depth 150mm 

and 1000mm). After the onset of branching, localization 

continues to develop at the tips of the two branches until one 

of the branches dominates and leads to final failure. It was 

noted that the crack branching in beam D180 0.5% occurred 

at a relatively lower depth than that of D180 0.30%. But there 

cannot be a clear trend in terms of the effect of the 

reinforcement ratio on the effective depth of branching. This 

is thought to be due to the different failure modes exhibited 

by the specimens. That is; the shear failure in beam D150, 

0.6% and flexural failure in rest of the samples. This makes it 

difficult to make a clear conclusion about the effect of 

reinforcement on crack branching, and hence, on beam 

ductility. More specimens are required to be able to compare 

beams with similar failure modes. However, the 

reinforcement ratio does seem to have an effect on the 

branching angle. The different bifurcation angles for the 

beams are shown in Fig 5.6. It is of note that with increasing 

reinforcement ratio, the bifurcation angle seemed to become 

wider. For example, the bifurcation angle of beam 

D180,0.30% is relatively narrow when compared with the 

bifurcation angle of beam D180,0.5% which has higher 

reinforcement ratio. 

Crack branching generates a larger surface area that 

absorbs energy and hence more energy is needed for fracture 

to propagate. In the larger beams, branching occurred at a 

lower relative height than in the smaller beams. This means 

that for lightly reinforced beams, by increasing the beam size, 

a more ductile behaviour can be obtained. Crack branching 

occurred in all the reinforced beams but was not noted in the 

unreinforced concrete beams and the beam D150, 0.6% 

which failed in shear. In reinforced concrete, the 

reinforcement provides an effective confinement to the crack 

path. The bifurcation occurs when the tip splits into two 

cracks. 

The aim of the current work is to investigate 

experimentally the phenomenon of branching and provide 

evidence that it is associated with the presence of 
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reinforcement (or confinement effects). The results of the 

experimental program showed this within the range of the 

tested properties and within the tested sizes. The load 

deflection behaviour of the experimental reinforced concrete 

beams show a capacity for post-peak deflection which is 

reflected in the ductility factors presented in Table 5.5. As the 

crack bifurcation is associated with ductility, it is postulated 

that a better understanding of crack branching and the 

incorporation of the experimental observations into 

theoretical models would give a better prediction of the 

cracking process and a better estimation of the ductility. This 

could lead to an improved evaluation of the minimum flexural 

reinforcement required for ductile behavior.  

VI. CONCLUSION AND FUTURE SCOPE 

An experimental investigation on the cracking process in RC 

beams was undertaken with a focus on the localized zone and 

crack branching phenomena. The following conclusions can 

be drawn based on the experimental results: 

 In unreinforced concrete beams the shape of the crack is 

in the form of a single curved band indicating the 

development of damage in the material. Softening 

behaviour ensues after the peak load where the load 

decreases with increasing vertical deflection. A 

considerable increase in the crack mouth opening occurs 

during the softening stage. 

 In reinforced concrete, the crack initially propagates in 

the shape of a single narrow slightly curved band. 

However, the presence of the reinforcement prevents 

premature fracture and results in the development of 

crack branching where the single crack bifurcates. The 

combination of this bifurcation and cracking results in 

the failure of the compression zone.  

 It has been found that the larger the beam size, the lower 

the relative depth at which branching takes place. The 

crack path is therefore influenced by depth of the 

compressive stresses. 

 In reinforced concrete, the bifurcation angle was fairly 

narrow in beams with lower reinforcement ratios. With 

increasing reinforcement ratio, the bifurcation angle 

becomes wider. 

 Crack branching generates a larger surface area that 

absorbs energy. Hence more energy is needed for the 

crack to propagate and this affects the ductility of RC 

beams. It was found that increasing the beam size or the 

reinforcement ratio increases the ductility of RC beams 

according to a conventional definition of ductility. 

A. Recommendations for Future Work 

 In this project work, the considered parameters affecting 

crack propagation and ductility are beam depth and 

reinforcement ratio. The other parameters like concrete 

grade can also be taken into consideration also to see the 

effect on crack propagation. 

 Although the fracture properties of reinforced concrete at 

the structural scale have been studied, there is a need for 

further detailed investigations of cracks in reinforced 

concrete to better understand the nature of the fracture 

process and improve existing models. Improving 

existing models does not necessary mean making them 

more complex. However, it does involve enhancing our 

understanding of the behaviour in a way that is translated 

to new applications without missing the important 

features. The recent advances in image processing 

techniques as well as in high-resolution digital cameras 

can provide advanced tools to measure fracture 

properties and provide insight into the cracking process. 

Such real observations can lead to the development of 

new models or the improvement of existing models. 

 The experimental observations of the fracture process of 

RC beams need to be incorporated into analytical 

solutions for reinforced concrete cracking to develop 

better predictions for the cracking process of RC beams. 

This could lead to an improved estimation of the 

minimum reinforcement requirements for flexural 

members and associated ductility. 
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