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OPTIMAL PLACEMENT OF PHASOR MEASUREMENT 
UNIT (PMU) ON POWER NETWORK FOR REAL-TIME 

VOLTAGE MEASUREMENT 

Alex Aligbe, 
Department of Electrical and Electronics Engineering, Air Force Institute of 

Technology, Kaduna, Nigeria aligbealexprof@gmail.com 
Monday F. Ohemu 

Department of Electrical and Electronics Engineering, Air Force Institute of 
Technology, Kaduna, Nigeria monfavour@gmail.com

Adeleke A. Hafiz1 
Department of Electrical and Electronics Engineering, Air Force Institute of 

Technology, Kaduna, Nigeria, h.adeleke@afit.edu.ng 
Aiyudubie  S. Uyi 

Department of Telecommunication Engineering, Air Force Institute of Technology, 
Kaduna, Nigeria As.uyi@fit.edu.ng

Introduction 

Supervisory control and data acquisition (SCADA) was the traditional method of collecting data from 
wide area network, but it have drawbacks such as slow static measurement due to its inability to observe 
the dynamic state of the system, unable to synchronize data and inability to make accurate state 
estimators of the network that can cause blackout[1]. 

Due to the advancement in power systems, there is need for fast, accurate and synchronization of 
measured data from distance location for monitoring to improve the efficiency, reliability and security of 
the power network[2]. Phasor Measurement Units (PMU) are mainly used to monitor power system for 
critical conditions such as, voltage variation, faulty conditions, or any contingencies in a power system, 
it can also act as a fault recorder in power systems by recording waveforms. 

 ABSTRACT 

Due to the advancement in electrical power systems, there is need for control, monitoring and protection 

so as to improve the efficiency, reliability and security of the power network. Phasor Measurement Units 

(PMU) as the ability to perform enlisted task also perform operations in real-time and dynamic 

monitoring scenario. The aim of this research work was to optimally site PMUs on IEEE 14- Bus and 

IEEE 33-Bus network using Graph Theoretic Procedure Method (GTPM) with the ability to maximally 

observe the whole power network. For IEEE 14-Bus network 5 PMUs were required while for IEEE 33-

Bus network 14 PMUs were required for full observability of the networks. The GTPM was compared 

with previous method used on IEEE 14-Bus network. The PMUs measured voltage magnitude and phase 

angle was compared with load flow analysis using Newton Raphson method.  

Keywords: Phasor Measurement Units, Graph Theoretic Procedure Method, Optimal Placement, Power 

Network, Voltage Magnitude. 
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It can be deployed in real-time or dynamic monitoring scenario. The real-time monitoring scenario can 
be achieved by deploying Global Positioning system (GPS)[3]. PMU with sufficient numbers of 
channels can be installed on node bus to measure voltage magnitude and voltage phasor of the installed 
bus and the current phasor of all the branches connected to the node bus, these can help to improved 
protection, monitoring, and control of the system in a smart grid[3]. The cost price of PMU device ranges 
from $40,000 to $180,000 depending on the number channels the device is having[1]. Installing PMU at 
every bus on the network is not economical; there is need to optimally placed PMU on power networks to 
minimize cost. In 2014, about 1100 PMUs were installed on United State Eastern interconnection 
network, the PMUs were able to monitor the transmission system[4].  

Placement of PMU in a modern power network is a big challenge because of the financial implication, 
there is need for researcher to find possible ways to minimize cost. We have two methodologies that have 
been used in literature to address the purpose of optimal PMU allocation problem: (i) allocation of PMU 
to monitor the dynamic response of the system and (ii) development of list of allocation based on 
observability of the network. The dynamic response method gives a coherent picture of the power 
network and are mainly used to analyze voltage stability to avoid voltage collapse[5], protection, and 
assessment of the voltage security[6][7] while allocation based on observability are deployed to ensure 
that the whole network is properly observed, placing PMU on every bus of the network is not 
economical, that is why there is need for optimal placement of PMU for as long all buses are observed, 
this method was demonstrated in [8][1][9][10]. 

To achieved optimal placement of PMU, three method have been applied which are: (i) mathematical 
approach by deploying the mathematical model of the system[11], an example of a mathematical method 
used by researcher are: integer linear programming; mixed integer linear programming;   (ii) meta-
heuristic algorithms: In [12], Genetic Algorithm (GA) was deployed for optimally placed PMU, 
considering the observability and security of the network; Tabu search algorithm was used to optimally 
placed PMU for effective observability of the full network [13]; Exponential Binary Particle Swarm 
Optimization (EBPSO) was developed to find multiple solution of PMU placement for a smart grid 
application [14]; Grey Wolf Optimization Algorithm (GWOA) was developed to monitor the power 
network whenever the power company loses full observability of the system and (iii) graph theory 
approach

Power System Observability and PMU Sitting Formulation. 
A power network is said to be observable when all the state variable of the network are estimable. This is 
when the network voltage magnitude and voltage phasor of all the buses are measurable. When power 
system changes state, it affects the measured data and the network topology at any time, if this condition 
occurs, network observability becomes necessary. Network observability depends on the numerical and 
topological structure of the network. The topological approach is based on the information about 
measurement type, network connectivity and locations while the numerical approach is based on the 
gain matrix or the numerical factorization Jacobian matrix measurement information.  

Topology Observability Approach
This method deals with the network structure, type of measurement and locations by identifying 
observable buses and the one around it. Topology observability methods have fast converged speed 
compare to numerical observability method and are highly implemented in software packages. So, in 
optimal PMU placement is to minimize the number of PMUs and their installation locations such that the 
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whole network becomes observable, topological observability method have proven to be more reliable 
and faster in observing network. From literature, it was observed that researchers develop different rules 
in analyzing network observability, the rules are as follows [15]: 

i.When a PMU is placed on a particular bus, the voltage and current phasor of that bus and its 
interconnected branches are known, it is called direct measurement; 
ii.Whenever the voltage phasor at both end of a branch is observed, the current phasor of the branch can 
be directly obtained, also,if the voltage phasor at one end of a branch is observed, the voltage and current 
phasor of the other end of the branch can be directly obtained, these type of measurement is called 
pseudo measurements; 
iii.For  N-bus network with zero-injection bus can be express as; 

Where;  Yik represent the admittance matrix of the k- bus and Vk represent the k-bus voltage phasor of 
the network. Therefore, if a zero-injection bus exists without PMU, and the interconnected branches 
current phasor are all observed except one, then the current phasor of the unobserved branch could be 
calculated using Kirchhoff’s current law (KCL); 

iv.  If a zero-injection bus with unknown voltage phasor exist on the network and voltage phasor of its 
adjacent buses are all known, the voltage phasor of the zero-injection node can be obtained by deploying 
Nodal analysis; and 
v.  If a group of adjacent zero-injection buses voltage phasors are unknown and the voltage phasors of all 
adjacent buses to the group are known, then the voltage phasor of the zero-injection buses can be 
obtained by deploying Nodal analysis.

The measurements obtained from rule (iii-v) are called extended measurements.

PMU Sitting Mathematical Formulation  
The optimal placement problem (OPP) formulations in respect to topological observability approach is 
as follow[16] ; 
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The graphical representation of IEEE 14-bus and IEEE 33-bus network are shown in figure 1 and 2. 

Figure 1: Graphical Representation of IEEE 14-bus Network 

Figure 2: Graphical Representation of IEEE 33-bus Network

IEEE 14-bus network topology shown in figure 1 is represented in binary connectivity matrix shown in 
eq. (8) to solve Optimal PMU Placement (OPP) problem according to eq. (6). 
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Identification of Minimum Number of PMUs Buses  
A PMU located on a bus should be able to measure the bus voltage and the current phasor including the 
interconnected buses. The system observability is complete when all the synchronized measurements 
provided by the PMUs are obtained. Besides we ensure the minimum number of PMUs measurement 
needed for the network observability are available (i.e. all nodes are observed). Under these conditions, 
the bus candidates for locating the PMUs, that is, the PMU-buses are those represented with larger 
number of interconnected branches. 

For PMU-buses to be identified on a power network, let consider a power network that consists of an N-
buses and L- branches as shown in eq.(9). 

Load Flow Formulation Analysis
The purpose of conducting load flow analysis on power network is to get complete information about the 
voltage profile on each bus and the power losses of the network [17]. Numerical method is used provide 
solution to load flow problems due to their nonlinear nature of the problem. 
The equation for a balance power system, are written in two equations which are; real and reactive power 
for each bus. 
For real power balance equation is 
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Figure 3: voltage magnitude for IEEE 33-bus network 

State variable Estimation on Power System 
The mathematical model use to estimate power system state variables is given as [19]:

where W  is the diagonal matrix whose element are the measurement weighting factors, H(x) is the 
jacobian matrix of y(x), and G(x) is the gain matrix.
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The Research Methodology   
This section discusses about the method deployed in optimal placement of PMUs in IEE 14-bus and 
IEEE 33bar network for complete observability and measurement of voltage magnitude and phase angle 
using Graph Theory Algorithm. The power network was model on PSAT 2.1.11 software. 

Graph Theoretic Procedure

Load Flow Analysis Using Newton Raphson Algorithm
Assume that all the buses on the network are PQ buses, the load flow solution must agree with non-linear 
algebraic equations in figure (18) and figure (19).

The research work flow chart model 

Figure 4: The research flow chart on PSAT software

Result and Discussion
Figure 5 shown below represent the load flow analysis and PMU measured voltage magnitude for IEEE 
33- Bus network. The PMU was optimally placed on 14 buses and it was able to observe the voltages in 
all the buses. The accuracy of the PMU measurement ranges from 97- 99%. Figure 6; represent the load 
flow and PMU phase angle measurement.
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Figure 5: the load flow and the PMUs measured voltage values (p.u) 

Figure 6:  Phase angle values from load flow analysis and PMUs for IEEE 33 bus. 

Figure 7a and 7b shows the plot of voltage magnitude and phase angle for IEEE 14 bus network as a 
result from load flow analysis and PMUs measured values. PMUs were optimally installed in five buses 
on the network and able to observed and measured voltages on all the buses on the network.

Graph theoretic procedure (proposed method) were compared with previous method on IEEE 14 – Bus 
network in table 1, it was observed that the proposed method was able to optimally placed PMUs on five 
(5) buses while other methods except Depth first method were able to optimally placed on four (4) buses. 
Table 2 shows the bus location for optimally siting PMUs on IEEE 33-Bus network using Graph 
theoretic procedure method.
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Figure 7a: load flow and PMU measured voltage 
values for IEEE 14 bus 

 
Figure 7b: Phase angle values for load flow analysis and 

PMUs for IEEE 14 bus

Table 1: comparison of proposed method (graph theoretic procedure) with previous methods for optimal 
placement of PMU on IEEE 14 – Bus Network. 
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Table 2: PMUs Bus location using Proposed Method on IEEE 33-Bus network

Conclusion 
This research work explores the capability of graph theoretic procedure method to optimally site PMU 
on electric power network with the PMUs voltage magnitude and phase angle measurement in real-time. 
This method was tested on IEEE 14- Bus and IEEE 33- Bus network. For IEEE 14-Bus network, 5 PMUs 
was installed on the network and was able to observe the whole network while 14 PMUs were required to 
fully observed IEEE 33-Bus Network. The PMUs measured voltage magnitude and phase angle were 
compared with the load flow analysis using newton Raphson Method.
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Introduction 

One of the most frequently utilized building materials worldwide is concrete. The number of 
infrastructures, such as buildings, structures, highways, and railroads, has increased recently, and so the 
needs for concrete. Concrete is in higher demand, which has led to increased performance criteria. 
Additional requirements for concrete are also put forth by environmental protection and energy 
conservation laws. Furthermore, concrete exhibits poor tensile and strain endurance, crimp failure, and 
is a semi-brittle material. Typically, the tensile strength of a material is 8–15% of its compressive 
strength (Mahmud, 2022). To increase tensile strength and ductility, reinforcement, such as steel bars or 
fibres, is used to enhance ductility and tensile strength (Banthia and Sappakittipakorn, 2007). Concrete 
reinforced with steel fibres has improved energy absorption, deformation before failure, and ductile 
behaviour as a result of the incorporation of steel fibres (Islam et al., 2021).

Before cement was invented, the Egyptian and Babylonian civilizations employed steel fibres to 
reinforce brittle materials (A. A. Shah and Ribakov, 2011). It is generally known that steel fibres' primary 
function is to reinforce concrete by bridging cracks as they form and enhancing its ductility. Steel fibre-
reinforced concrete has more energy absorption capacity due to the inclusion of fibres, which also 
increase strain at peak load. It has been shown that steel fibres also significantly increase the concrete's 
impact resistance, tensile resistance, ductility, and static flexibility (Mohammadi et al., 2008). 

 ABSTRACT 

Concrete and other cementitious materials are renowned for their poor tensile strength and brittle failure. 

One of the best ways to combat the brittleness of cementitious materials is by using steel fibres. This 

research aims to provide knowledge on the properties of steel fibre-reinforced concrete. The research will 

focus mainly on the mechanical properties of concrete reinforced with Dramix hooked-end steel fibre 

with different proportions of 0%, 0.5%, 1%, 1.5%, and 2%. The evaluation of concrete properties will 

include the workability of concrete using a slump test, compressive strength test, splitting tensile test, and 

flexural strength test at the age of 7 and 28 days of curing. The slump values of steel fibre reinforced 

concrete (SFRC) are lower to the tune of 1.74 – 6.97 %. There is an increase in compressive strength of 

SFRC from 4.37% - 15.11%. The maximum increase in splitting tensile strength of 15% was obtained at a 

steel fibre volume fraction of 2.0%. The addition of steel fibres significantly improves the mechanical 

properties of concrete. A 2% volume of steel fibre is recommended as the optimum steel fibre context in 

concrete for practical applications.

Keywords: Concrete, Steel Fiber, Compressive strength, Tensile Strength, Flexural Strength 

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 12



Furthermore, steel fibre improves concrete's tensile strength and flexural properties, which are regarded 
as the material's major structural weaknesses (Lee, 2017; Mahmud, 2022). There are several uses for 
fibre-reinforced concrete, including buildings, tunnels, and bridges. The influence of steel fibres on 
concrete has been the subject of numerous studies over the past few decades. Steel fibres' mechanical 
properties can be improved by using deformed fibres like hooked fibres. Theoretically, compared to 
other forms of fibre, fibres with hooked ends offer higher mechanical coupling (Boulekbache et al., 
2016). 

In general, increasing fibre volume can improve mechanical qualities. This is due to the rise in fibre 
usage to support loads (Z. Wu et al., 2019). Despite a decrease in flowability, Wu et al. (2019) showed 
that adding around 3% more fibre to SFRC enhanced its compressive and flexural properties when 
mixed with a consistent superplasticizer (SP) dosage. According to Shi et al., (2016), concrete with 2% 
steel fibre is much more dependable than concrete with 1% or 3% steel fibre, and 2% is the optimal fibre 
level for SFRC. The impact of steel fibres on the rheological characteristics, flexural toughness, flexural 
strength, splitting tensile and compressive strength of self-compacting concrete (SCC) was examined by 
Khaloo et al., (2014). The findings showed that employing large percentages of fibres resulted in a loss in 
various rheological properties that have been stipulated by EFNARC and ACI 237R, which in turn 
influenced the workability of medium and high-strength SCC classes. Similar findings were reported by 
Li et al., (2017) which showed that adding steel fibres greatly reduced the workability of freshly 
produced concrete. The following reasons might be given for the decline in slump value: (i) The 
networks of randomly positioned fibres reduced the workability of freshly mixed concrete; (ii) Since the 
fibres had a big surface area, they required a lot of cement paste to wrap it, thus, increasing the viscosity 
of the freshly mixed concrete mixes.  According to Mohammadi et al., (2008), the compressive strength 
increases as the proportion of short fibres in the concrete mix as well as the gross fibre content of the 
mixture rises.  

In the study by Chen and Carson (1971), the concrete mixes with shorter fibres showed better 
compressive strengths than those with longer fibres for a given volume fraction of fibres. In the research 
of Shah and Rangan (1971), the addition of fibres to concrete increased compressive strength by up to 
23%. According to a study by Khaloo et al., (2014), fibre volume fractions have an impact on the splitting 
tensile strength, with higher fibre fractions increasing splitting tensile strength. The SCC specimens' 
splitting tensile strength was improved by the inclusion of steel fibres. By spanning the space between 
the two sides of the crack opening, steel fibres increase the splitting tensile strength. For the medium and 
high-strength plain specimens, the inclusion of a 2% fibre volume fraction increased splitting tensile 
strength by 28.5% and 17.1%, respectively. A key indicator that can indicate the toughening effects of 
fibres and the interior structural performance of matrices is flexural toughness. Furthermore, Lin et al., 
(2014) examined the impact of fibre types on the flexural properties of self-compacting fibre-reinforced 
cementitious composites and found that these factors had a minimal bearing on specimens' initial crack 
strength and pre-cracking behaviour. However, fibre properties had a big impact on post-cracking 
behaviour and deflection types (deflectionhardening or deflection-softening). Additionally, Wu et al., 
(2016) investigated how the amount and shape of steel fibres (SF) influenced the flexural properties of 
ultra-high performance concrete (UHPC). The scientists found that whereas SF concentration had a 
significant impact on peak load, it had minimal impact on first crack strength and the corresponding 
deflection of UHPC.  The findings from Deng et al., (2016) showed that increasing fibre length, fibre 
content, and concrete strength considerably improved the postcracking behaviour of fibre-reinforced 
concrete (FRC). Comparable to this, Khaloo et al., (2014) find that the use of steel fibres increased the 
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flexural strength.   

Further research has shown that adding steel fibres to concrete enhances its flexure and impact strength. 
Song, and Hwang (2004) assessed the effect of fibre on the compressive resistance of concrete in terms 
of the fibre-reinforcing factor. They have discovered that while high-strength concrete has weak tensile 
resistance and strain capacities, adding steel fibres to it can make it less brittle. Rai and Joshi (2014) did a 
study on the properties and usage of SFRC. Their study revealed that the use of fibre boosts concrete's 
ductility and ability to withstand loads after cracking. Concrete that has fibres added to it is more 
resistant to bending and can absorb energy after the initial break (Abaza, 2014). Vega (2016) noted that 
the use of fibres aids in reducing the thickness of the structural elements because it avoids the use of 
minimal coatings to ensure the integrity of the reinforcement and the different fibres better sew the 
concrete matrix, which results in better control of cracks and increases the durability of the material. 
Researchers discovered that steel fibres may greatly improve post-cracking energy absorption 
properties as well as toughness (Fantilli et al., 2011; Marar et al., 2011) but also lead to a greater 
compressive (Lu and Hsu, 2006), flexural (Ding and Liu, 2010) and tensile strength (Grimaldi and 
Luciano, 2000) of concrete. Concrete's brittleness has been effectively reduced by the use of steel fibres. 
Similar to straw in mud, steel fibres may span concrete fissures and prevent them from spreading, giving 
the concrete a post-crack behaviour. 

This study examines the mechanical characteristics of Dramix hooked-end steel fibre reinforced 
concrete with various steel fibre contents of 0%, 0.5%, 1%, 1.5%, and 2% to enhance concrete 
performance. The characteristics of steel fibre-reinforced concrete will be experimentally investigated 
in both the fresh and hardened states. The workability of concrete will be assessed using a slump test as 
part of the assessment of fresh properties. Whereas the hardened properties of the concrete comprise the 
compressive strength test, splitting tensile test, and flexural strength test. Based on the findings of the 
study's results, the optimal steel fibre content to be employed will be chosen.

Materials and Methods  
Cement
The concrete mixes were made using ordinary Portland Cement of CEM 1 with a strength of 42.5 MPa 
and a specific gravity of 3.15. The chemical composition of the cement utilized is presented in Table 1.  

Fine and Coarse aggregates
Natural river sand with relative densities of 2.65 kg/m3, 1.15% water absorption, and 3.17 in terms of 
fineness modulus were employed for the mixes. A well-graded 10 mm aggregate with a relative density 
(SSD) and water absorption value of 2.66 kg/m3 and 1.0%, respectively, was utilized as coarse 
aggregate, according to BS 882 (1992). 

Table 1.  Chemical Composition of Portland Cement 

Steel Fibers 
Four different volume fractions of Dramix Hooked-end section circular steel fibre were used: 0.5%, 1%, 
1.5%, and 2%. The steel fibres utilized were Dramix hooked-end steel fibres, BN type RC 65/35, with 
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dimensions of 35 mm in length, 65 in aspect ratio, 7850 kg/m3 in density, and 1250 MPa in tensile 
strength. The physical appearance of the Hooked-end steel fibre is shown in Figure 1. It has been proven 
that steel fibre with hooks at one end will help the fibre and concrete matrix bind appropriately. 
Additionally, the binding is dependent on the mechanical interlocks created by the hooks of the fibres in 
addition to chemical adhesion and static friction (Abdallah et al., 2018). 

Mixture Proportions and Specimen Preparation 
Table 2 displays the mixture proportion for the steel fibre-reinforced concrete (SFRC) employed in this 
experiment. The water-to-cement ratio in the concrete is 0.48. No water-reducing additives were used. 
Hooked-end steel fibres having a density of 7850 kg/m3 were employed in five different ratios: 0%, 
0.5%, 1%, 1.5%, and 2% by volume fraction. The laboratory investigation consisted of tests for both 
fresh and hardened concrete properties.  

Figure 1. Dramix hooked end section of circular steel fibre 

Table 2. Mixture Proportion of SFRC

A consistent SFRC blend was made by three different rounds of fibre mixing. The top of the mould was 
cleaned of excess material, and the surface was trowelled smoothly. After 24 hours, the samples were 
demolded, and they were left to cure at room temperature until testing age.

Slump Test 
The workability of concrete will be assessed using a slump test as part of the assessment of the fresh 
properties. For the workability of SFRC, ACI Committee 544 suggested using an inverted slump cone 
test (ACI544.2R-89, 2009). According to the ACI manual of concrete practice, the workability of the 
fresh concrete mix is its capacity to adequately fill the form or mould with the necessary work (vibration) 
while maintaining the quality of the concrete. The broad end of the cone should be facing down on a flat, 
nonabsorptive surface. Then, it is filled in three equal levels, each of which is tamped with a steel rod to 
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compact the layer (ASTMC143/C143M-10a, 2010). The encased material will slump somewhat owing 
to gravity when the cone is carefully taken off, as illustrated in Figure 2.

Figure 2. Slump Test 

Hardened Properties Test 
The hardened properties test on the concrete comprises: 
Compressive Strength Test  
According to BS EN12390-3 (2009), a 3000 kN capacity universal testing equipment was used to 
perform the compressive strength test on 100 × 100 mm cubes, as depicted in Figure 3. The test was 
conducted at the ages of 7 and 28 days.  For each batch, three (3) samples were tested, and the average 
value was computed to determine the compressive strength by applying Equation 1.

Where; F  is the splitting tensile strength in MPa, F is the maximum load in Newton, L is the height of the ct

sample in mm, and D is the diameter of the specimen in mm. 

Flexural Strength Test 
According to BS EN 12390-5 (2009), a flexural strength test on a 100 x 100 x 500 mm prism was 
conducted at 7 and 28 days after curing. By applying force through the top and lower rollers, the sample 
is subjected to a four-point bending test. Up to 20% of the failure load was applied as the initial load 
during testing. After the initial load was applied, the load was maintained at a constant rate of 0.04 
N/mm2 until sample failure.

Figure 3. Compressive strength test on Concrete cube samples
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Figure 4. Flexural Strength Test 

The flexural strength was then calculated by using Equation 3. 

Where ‘P’ is the maximum applied load (N), ‘I’ is the distance between the supporting rollers (mm), d1 is 
the width of specimen (mm) and d2 is the depth of specimen (mm).

Results and Discussions 
Fresh Concrete 
Following the addition of 2% steel fibre to the concrete, workability decreased. The findings of the 
slump test shown in Figure 5 indicate that concrete reinforced with steel fibres has lower slump values 
than reference concrete. In comparison to the reference concrete, the findings reveal a slump value 
reduction of 1.74 to 6.97%. As the steel-fibre ratio rises, the slump value decreases as well. Parallel to 
this, Köroğlu (2018) also noted that when the amount of steel fibre in concrete increases, the slump value 
decreases. 

Figure 5. Slump Value of Steel Fiber Reinforced Concrete 

The workability of concrete may be affected by steel fibre. The coarse aggregate movement is prevented 
by the fibres, which lessens the material's flexibility. An increase in the mortar composition and/or the 
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initial slump might lessen such impact and create ideal working conditions (Figueiredo et al., 2015). 
Superplasticizers and other high-range water-reducing admixtures should always be used in SFRC. 
Lowlevel fibre addition minimizes fibre balling and creates concrete with homogenous material 
consistency and excellent workability (Song and Hwang, 2004). Thus, considering the experimental test 
results, a 2% volume of fibre is recommended as the optimum fibre context for practical applications. A 
recommendation of 2% was used in many studies (Aksoylu et al., 2022; Zeybek et al., 2022).  

Hardened Properties of SFRC 
The properties considered in this section are compressive strength, splitting tensile strength, and flexural 
strength. 

Compressive strength of SFRC 
Figure 6 displays the results of compressive strength tests on reference concrete and SFRC with various 
fibre volume fractions for a curing age of 7 and 28 days. It is clear that when the fraction of fibres rises, 
the compressive strength increases as well. According to the findings, adding fibres to concrete at a 
curing age of seven days often increases compressive strength ranging from 3.96% to 19.75%, as shown 
in Figure 6. Additionally, it can be seen that at a curing age of 28 days, concrete with 0.5%, 1.0%, 1.5%, 
and 2.0% volume fractions of fibres increases its compressive strength by 4.37%, 6.63%, 12.57%, and 
15.11%, respectively. This can be due to the presence of steel fibre, which primarily works to prevent 
fractures from forming. Therefore, the steel fibres' major role is mostly as a crack preventer rather than in 
actual compression (Majain et al., 2019). Furthermore, there is an optimal volume proportion of fibres 
for a given mix that provides the highest strength, and this is 2.0%. 

Figure 6. Compressive Strength of SFRC 

In general, it can be deduced that the compressive strength increases as the amount of steel fibre in the 
mixture raises. According to Mohammadi et al., (2008), the compressive strength improves with an 
increase in the proportion of short fibres in concrete mix and an increase in the gross fibre content in the 
mix. Likewise, Shah and Rangan (1971) stated that the addition of steel fibres to concrete increased 
compressive strength by up to 23%.

Splitting Tensile Strength of SFRC
The splitting tensile strength test was performed to find the capacity of SFRC in tension, which is an 
important mechanical parameter for concrete performance. Figure 7 depicts the impact of steel fibre on 
the concrete's splitting tensile strength at 7 and 28 days after curing. Figure 7 makes it clear that the 
inclusion of steel fibre increases the splitting tensile strength of the concrete in comparison to the 
reference concrete.
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Figure 7. Tensile Strength of SFRC

The 28-day findings revealed an increase in tensile strength of 4.26%, 5.32%, 10.64%, and 14.89% for 
concrete mixes containing volume fractions of steel fibre of 0.5%, 1.0%, 1.5%, and 2.0%, respectively. 
At a steel fibre volume percentage of 2.0%, a maximum improvement in splitting tensile strength of 15% 
over reference concrete was noted. The SF's bridging effect across the fracture is what causes the 
increase in tensile strength, which in turn prevents the crack from spreading and enlarging (Grimaldi and 
Luciano, 2000).

Flexural Strength of SFRC 
The flexural strength of the SFRC beam is improved by the inclusion of steel fibre as depicted in figure 8. 
In comparison to the reference concrete, which had a flexural strength of 4.63 MPa, the SFRC beam's 
flexural strength was 8.98 MPa for 2% steel fibre volume. The engineering properties of concrete are 
considerably improved by the inclusion of steel fibres.

Figure 8. Mean Flexural Strength of SFRC 

The 7-day flexural strength of the SFRC is accompanied by a 54% increase in strength compared to the 
reference concrete at 2% steel Fiber, demonstrating that the SFRC has increased flexural strength and 
can withstand higher loads. Additionally, the results at 28 days show that the SFRC's flexural strength 
was increased by 94% when compared to reference concrete containing 2% steel fibre. Salihu and 
Mallum, (2020) have provided documentation of a comparable finding. According to the findings, 
adding steel fibre to concrete caused a positive growth in the flexural strength of the concrete.
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Conclusion
This paper highlights the mechanical properties of Dramix hooked-end steel fibre reinforced concrete 
with different proportions of steel fibre of 0%, 0.5%, 1%, 1.5%, and 2%. Based on the findings from the 
experiments, the following conclusions were outlined: 

•  The slump values of concrete with steel fibres are lower to the tune of 1.74 – 6.97 % compared to the 
reference concrete. Steel fibres act as a barrier to coarse aggregate movement reducing the flexibility of 
the material. 
•  There is an increase in compressive strength of SFRC from 4.37% - 15.11%. It may be concluded that 
with an increase in the volume fraction of steel fibre in the mix, the compressive strength improves. 
•  The maximum increase in splitting tensile strength of 15% with respect to reference concrete was 
obtained at a steel fibre volume fraction of 2.0%. The increase in tensile strength is due to the bridging 
action of SF across the crack, which controls the crack widening and propagation. 
•  The flexural strength of SFRC improves by 94% compared to reference concrete at 2% steel fibre 
content. 
•   The addition of steel fibres significantly improves the mechanical properties of concrete. 
•  Thus, based on the experimental test results, a 2% volume of steel fibre is recommended as the 
optimum steel fibre context in concrete for practical applications.

References 
1. Abaza, O. (2014). Flexural behavior of flat-end steel-fiber-reinforced concrete. Journal of Materials 
in Civil Engineering, 8(26). https://doi.org/https://doi.org/10.1061/(ASCE)MT.1943-5533.0001015 
2. Abdallah, S., Fan, M., and Rees, D. W. A. (2018). Bonding Mechanisms and Strength of Steel 
FiberReinforced Cementitious Composites: Overview. Journal of Materials in Civil Engineering, 30(3), 
115. https://doi.org/10.1061/(asce)mt.1943-5533.0002154 
3. ACI544.2R-89. (2009). Measurement of properties of fiber reinforced concrete. 
4. Aksoylu, C., Özkılıç, Y. O., Hadzima-Nyarko, M., Işık, E., and Arslan, M. H. J. S. (2022). Investigation 
on improvement in shear performance of reinforced-concrete beams produced with recycled steel wires 
from waste tires. Sustainability, 14. https://doi.org/10.3390/su142013360 
5. ASTM C469. (2002). Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete 
Specimens, Annual Book of ASTM Standards. West Conshohocken; Pa, USA. 
6. ASTMC143/C143M-10a. (2010). Standard test method for slump of hydraulic- cement concrete. 
7. Banthia, N., and Sappakittipakorn, M. (2007). Toughness enhancement in steel fiber reinforced 
concrete through fiber hybridization. Cem. Concr. Res., 37(9). 
8. Boulekbache, B., Hamrat, M., Chemrouk, M., and Amziane, S. (2016). Flexural behaviour of steel 
fibre-reinforced concrete under cyclic loading. Constr. Build. Mater., 126, 253–262. 
9. British Standards Institution BSI. (1992). Specification for aggregates from natural sources for 
concrete. Bs 882-2., 1–14. https://doi.org/10.3403/02522741 
10. BS EN 12390-2. (2009). British Standard Institute. 
11. BS EN 12390-3. (2009). Testing hardened concrete: Part 3, Compressive strength of test specimens. 
12. Chen, W. F., and Carson, J. L. (1971). Stress–strain properties of random wire reinforced concrete. 
ACI Journal, 68(12), 797–804. 
13. Deng, Z. C., Shi, F., Yin, S., and Tuladhar, R. (2016). Characterisation of macro polyolefin fibre 
reinforcement in concrete through round determinate panel test. Constr. Build. Mater., 121, 229–235. 
14. Ding, Y. N., and Liu, S. G. (2010). Study of the flexural and shear toughness of steel fiber reinforced 
self-compacting concrete. Chin. Civil Eng. J., 43(11), 55–63. 

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 20



15. Fantilli, A. P., Vallini, P., and Chiaia, B. (2011). Ductility of fiber-reinforced self-consolidating 
concrete under multi-axial compression. Cem. Concr. Compos., 33(4), 520–527. 
16. Figueiredo, A. D. De, Ceccato, M. R., Jacob, R., and Steinberg, B. (2015). Workability Analysis of 
Steel Fiber Reinforced Concrete Using Slump and Ve-Be Test. Materials Research, 18(6), 1284–1290. 
17. Grimaldi, A., and Luciano, R. (2000). Tensile stiffness and strength of fiber-reinforced concrete. J. 
Mech. Phys. Solids, 48(9), 1987–2008. 
18. Islam, A., Shuvo, A. K., Chowdhury, S. A., Sharmin, S., and Hasan, M. (2021). A Comparative Study 
on the Properties of Natural, Synthetic and Steel Fibre Reinforced Concrete. J. Civ. Eng. Constr., 10(4), 
216–224. 
19. Khaloo, A., Raisi, E. M., Hosseini, P., and Tahsiri, H. (2014). Mechanical performance of 
selfcompacting concrete reinforced with steel fibers. Construction and Building Materials, 51, 
179–186. https://doi.org/10.1016/j.conbuildmat.2013.10.054 
20. Köroğlu, M. A. (2018). Behavior of composite self-compacting concrete (SCC) reinforced with steel 
wires from waste tires. Revista de Construcción J. Constr., 17, 484–498. 
21. Lee, J. H. (2017). Influence of concrete strength combined with fiber content in the residual flexural 
strengths of fiber reinforced concrete. Compos. Struct., 168, 216–225,.
https://doi.org/10.1016/j.compstruct.2017.01.052. 
22. Li, J. J., Wan, C. J., Niu, J. G., Wu, L. F., and Wu, Y. C. (2017). Investigation on flexural toughness 
evaluation method of steel fiber reinforced lightweight aggregate concrete. Construction and Building 
Materials, 131, 449–458. https://doi.org/10.1016/j.conbuildmat.2016.11.101 
23. Lin, C., Kayali, O., Morozov, E. V., and Sharp, D. J. (2014). Influence of fibre type on flexural 
behaviour of self-compacting fibre reinforced cementitious composites. Cem. Concr. Compos., 51, 2737. 
24. Lu, X. B., and Hsu, C. T. (2006). Behavior of high strength concrete with and without steel fiber 
reinforcement in triaxial compression. Cem. Concr. Res., 36(9), 1679–1685. 
25. Mahmud, J. Al. (2022). Effect of the Inclination Angle of Hooked Steel Fiber on the Flexural 
Behavior of Steel Fiber Reinforced. In 6th International Conference on Advances in Civil Engineering 
(ICACE2022) (pp. 0–9). 
26. Majain, N., Rahman, A. B. A., Mohamed, R. N., and Adnan, A. (2019). Effect of steel fibers on 
selfcompacting concrete slump flow and compressive strength. IOP Conference Series: Materials 
Science and Engineering, 513(1). https://doi.org/10.1088/1757-899X/513/1/012007 
27. Marar, K., Eren, O., and Celik, T. (2011). Relationship between impact energy and compression 
toughness energy of high-strength fiber-reinforced concrete. Mater. Lett., 47(4–5), 297–304. 
28. Mohammadi, Y., Singh, S. P., and Kaushik, S. K. (2008). Properties of steel fibrous concrete 
containing mixed fibres in fresh and hardened state. Construction and Building Materials, 22, 956–965. 
https://doi.org/10.1016/j.conbuildmat.2006.12.004 
29. Rai, A., and Joshi, Y. P. (2014). Applications and properties of fibre reinforced concrete. Int. Journal 
of Engineering Research and Applications, 4(5), 123–131. 
30. Salihu, K., and Mallum, I. S. A. (2020). MECHANICAL PROPERTIES OF STEEL FIBRE 
REINFORCED CONCRETE. International Journal of Civil, Structural, Environmental and 
Infrastructure Engineering Research and Development (IJCSEIERD), 10(3), 9–18. 
31. Shah, A. A., and Ribakov, Y. (2011). Recent trends in steel fibered high-strength concrete. Materials 
and Design, 32(8–9), 4122–4151. https://doi.org/10.1016/j.matdes.2011.03.030 
32. Shah, S. P., and Rangan, B. V. (1971). Fibre reinforced concrete properties. ACI Journal, 68(2), 
12635. 
33. Shi, C., He, W., and Wu, L. (2016). Effects of steel fiber content and shape on mechanical properties 
of ultra high performance concrete. Constr. Build. Mater., 103, 8–14. 

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 21



34. Song, P. S., and Hwang, S. (2004). Mechanical properties of high-strength steel fiberreinforced 
concrete. Construction and Building Materials, 18(9), 669–673. 
35. Vega, G. (2016). Review of the steel fibers use in concrete. Anales de Edificación, 2(3), 
41–51.https://doi.org/https://doi.org/10.20868/ade.2016.3471 
36. Wu, Z. M., Shi, C. J., He, W., and Wu, L. M. (2016). Effects of steel fiber content and shape on 
mechanical properties of ultra high performance concrete. Constr. Build. Mater., 103, 8–14. 
37. Wu, Z., Shi, C., and Khayat, K. H. (2019). Investigation of mechanical properties and shrinkage of 
ultra-high performance concrete: Influence of steel fiber content and shape. Compos. Part B Eng., 174. 
https://doi.org/10.1016/j.compositesb.2019.107021 
38. Zeybek, Ö., Özkılıç, Y. O., Çelik, A. İ., Deifalla, A. F., Ahmad, M., and Sabri Sabri, M. M. (2022). 
Performance evaluation of fiber-reinforced concrete produced with steel fibers extracted from waste 
tire. Frontiers in Materials, 9(November). https://doi.org/10.3389/fmats.2022.1057128. 

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 22



EVALUATING THE FLEXURAL STRENGTH OF 
CORRODED REINFORCED CONCRETE BEAMS

Ibim Green 
Kelechi Ugoji 

Introduction 

Corrosion of steel reinforcement is one of the most predominant causes of the deterioration of reinforced 
concrete (RC) structures, greatly shortening the service life of the structure and increasing maintenance 
costs (Bertolini et al. 2004). The corrosion of reinforcement causes a decrease in rebar diameter, 
cracking and spalling of the concrete cover, which adversely affects the ultimate strength of RC 
structures. Furthermore, when the steel rebar corrodes, the corrosion products of reinforcing steel exert 
stresses within the concrete resulting in the formation of cracks along the reinforcing bars. These cracks 
weaken the bond and the anchorage between steel and concrete and lead to cracking and spalling of 
concrete which in turn facilitates the ingress of oxygen and moisture to the reinforcing steel and 
increases the rate of corrosion (Berto et al., 2008). The rehabilitation of RC structures affected by 
corrosion costs billions of dollars every year (Imam et al. 2015). Reinforcement corrosion should thus be 
of great concern to engineers when designing new structures. The residual strength of old structures 
should be properly estimated in order to ensure that the required repairs are performed on time to 
guarantee public safety. 

Corrosion of reinforcements involves the movement of ions or charges from the active anodic sites, 
where iron atoms are being dissolved, towards the passive cathodic sites, where oxygen are being 
consumed (Imam et al 2015). These two reactions combine to produce very soluble and expansive rust 
products that cause progressive damage on RC beams. For prematurely corroding structures, assessment 
is required to administer appropriate maintenance and repair, or provide information about their 
remaining service life. However, evaluation practices normally utilize destructive techniques and costly 
technologies that are material and labor intensive (Wang et al 2008). Predictive models provide cheaper 
and more convenient alternatives to these advanced corrosion assessments (Bertolini et al. 2004). 

 ABSTRACT 

Corrosion of reinforcing steel is one of the most deterioration factors that influence reinforced concrete 

structures. Quantifying the effect of corrosion before structural failure is significant for a cheaper and 

more efficient repair. In this paper, a simple model was used to predict the residual flexural strength of RC 

beams with varying degrees of reinforcement corrosion based on experimental results. The Model was 

developed from analysing several beam specimens available in literature, which have been damaged by 

accelerated corrosion. The validity of this study was compared with separate set of published data. The 

new proposed model in this study was able to successfully predict the residual flexural strength of 

corroded reinforced concrete beams. It is recommended to study in future work the applicability of this 

model to full-scale RC beams that underwent natural corrosion or failed in flexure by concrete crushing.

Keywords: Serviceability, Reinforced Concrete, Corrosion, Flexural strength, Analysis of Variance
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Objectives of the study 
(1) To develop a model that can be used to predict the relative flexural strength of corroded concrete 
members. The need for the prediction of the relative strength often arises to determine the underlying 
safety of the corroded members and to decide when the repair or strengthening must be undertaken 
without any further delay. 
(2) Demonstrate the validity of the proposed models by comparing the computed residual flexural 
strength to the actual flexural strength obtained from bending tests. 

Data gathering 
Data used for this model development were analyzed from literature (Imam et al 2015). Reinforced 
Concrete beam specimens have been gathered with general layout drawn in Fig. 1(a) to (c). 
Experimental investigations generally involved partially immersing the beam specimens in 3.5–5.0% 
NaCl solution while an external current of intensities, varying from 1 to 3 mA/cm2, is being applied for 
periods of 4 days up to 3 weeks. Corroded samples were then tested in flexure by centerpoint (Fig. 1d) to 
get the residual moment capacity (Mex,c); after which, the reinforcing bars were extracted and cleaned 
chemically for mass loss measurement (Broomfield 2002). 

Figure 1: Vertical stress and strain distribution: (a) typical reinforced concrete beam section (b) strain 
distribution (c) actual concrete stresses (d) equivalent concrete stresses 

The stress and strain distributions of reinforced concrete beam are shown in Fig. 1. The flexural strength 
of reinforced concrete beams can be calculated from Equation 1.

Equation 1 can be used for uncorroded beams, however when the beams get corroded there will be a 
reduction in the moment resistance due to the loss of the cross sectional area of the steel and the loss of 
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 the bond between the concrete and the steel. Therefore, Equation 1 cannot be used to determine the 
flexural strength of reinforced concrete beam.

Data analysis 
Assuming a uniform corrosion over the surface of the reinforcing bar, and the concrete in tension is 
cracked and no longer contribute to the tensile resistance of RC beam; the tensile force for a beam 
designed to fail in bond, at any corrosion level xp is given as follows:

Where, 

When the reinforcing bar corroded, the stress in the steel is less than the yield stress. The reason for this is 
that the formation of corrosion products layer exerts an outward pressure on the concrete from inside and 
as the pressure builds, the ultimate result is cracking of the concrete, which in turns results in a loss of 
bond between steel and concrete. Therefore, stresses in concrete cannot be transferred to the reinforcing 
steel properly. Stress in the corroded steel bar cannot be obtained from the strain compatibility equation 
because plain sections before bending will not remain plain after bending. Thus, the strain compatibility 
becomes invalid for corroded bars (Wang and Liu 2008).  
From compatibility requirement as shown in Fig. 1, the strain for steel in compression can be obtained 
from Equation 3:  

The depth of neutral axis can be obtained from Equation 5, and the ultimate moment of resistance after 
corrosion can be determined as follows: 

Model development 
Corrosion coefficient was first evaluated from the sample beams using Eq. (5) to initially assess how it is 
affected by other test variables. Results 
suggest a noticeable decline in corrosion coefficient at higher percent mass loss (Fig. 2a) and rebar 
diameter 
(Fig. 2b). There is also an inverse relationship between and clear cover thickness (at tension side), but at 
slightly lesser degree (Fig. 2c). The applied current, on the other hand, has negligible influence (Fig. 2d). 
Henceforth, the model considered only the contribution from the first three parameters.
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Fig. 2. Relationship between Corrosion coefficient and different RC beam parameters.

ANOVA is used in analyzing the data available (Mangat and Elgarf 1999, Rodriguez et al. 1997, Azad et 
al. 2007, El Maaddawy et al. 2005, Joyce 2008) to determine the residual flexural behavior of corroded 
reinforced concrete beams. First an interpolation of the data has been done at different levels of 
corrosions (Mass Loss, ML %) 2.5%, 5%, 10%, 15%, 20%, 25% and 30%. To preform that analysis, the 
built-in function ‘anovan’ in MATLAB was chosen as the primary method of variance analysis. Based 
on the results of ANOVA, an equation to determine the yield strength of corroded reinforcing bar as 
follows: 

Conclusions
The corrosion of steel reinforcement reduces the strength of a reinforced concrete element, thus, there is 
a need to predict the relative strength often arises to determine the underlying safety of the corroded RC 
members and to decide when the repair or strengthening must be undertaken without any further delay. 
In this paper, a simplified model developed based on the experimental results in the literature using 
ANOVA. The predicted results of the present model correlated very well with the experimental results 
observed in the literature.
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Introduction 

The advancement in hybrid steel fibers improves the mechanical properties and the ductility of concrete 
structures. Fibre addition to concrete is a potential approach for enhancing the properties of hardened 
concrete. In recent years, there has been significant research conducted to study the effect of different 
fibres on the characteristics of hardened concrete. Steel fibres have traditionally been employed to 
improve crack resistance behaviour at various crack scales. The same factors that affect shrinkage strain 
in plain concrete also affect shrinkage strain in fibre reinforced concrete, including temperature and 
relative humidity, material properties, curing time, and structural size (Cunha et al 2009).

Studies have shown that adding fibres, particularly steel, to concrete has positive benefits in balancing 
the movements brought on by volume changes in concrete and tends to stabilize the volumetric changes 
sooner when compared to plain concrete. Steel fibres allow concrete to support several cracks, delay the 

 ABSTRACT 

This study is aimed at examining the possible improvements on the fracture properties of concrete 

containing more than one fibre type. Several mixtures were elaborated in this study. To study the fracture 

properties and load resistance at various scales, discrete short brass fibres and double-hooked steel fibres 

were added in concrete. Different types of concrete mixtures were prepared and tested which contained 

varying proportions of steel and brass fibres up to 0.4% volume fraction. The effects of different hybrid 

fibre combinations at low and high dosages were investigated for compressive strength, splitting tensile 

strength and flexural strength. Test results indicated that the different hybrid fibre combinations played a 

significant crack arresting properties depending upon the fibre properties (size and fibre availability). The 

presence of steel fibres provided post crack resistance properties whereas the shorter brass fibres delayed 

the crack origination resulting in significant increase in mechanical strength. The hybrid fibre concretes 

containing steel fibres (0.3% Vf) and brass fibres (0.2% Vf) showed a consistent increase in the ultimate 

stress capacity up to 7.75% (in compression) and 37.98% (in fracture strength). Microscopic studies 

showed the effectiveness of different hybrid fibres during crack formation and subsequent propagation at 

different loading stresses. The use of steel fiber hybrid offers several economical and technical benefits.

Keywords: Compressive strength, Flexural strength, Steel fiber, Hybrid fiber, Concrete. 
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onset of the first crack, and greatly reduce crack widths (Ding et al 2010). Brittle tension failure with 
micro-level strains occurs in cement-based matrices. The tensile qualities of the FRC are significantly 
enhanced when discrete fibres are added to such matrices, whether continuous or discontinuous, as 
compared to the characteristics of the unreinforced matrix (Brouwers et al 2005). The characteristics 
have greatly improved because of a larger number of fibres present in the matrix along with a consistent 
load sharing system. To implicitly deduce the composite's tensile properties, the majority of FRC 
research relies on experimental observations from flexural or split cylinder tests (Petit et al 2010). The 
present study is conducted on the fracture resistance of brittle concrete composites using hybrid fibre 
combinations of steel and brass fibres. Fibres were also traditionally used in spatial distribution of 
concrete to achieve homogenous mechanical properties.

Objective of study 

(1) To conduct investigation on the fracture and ductile response of steel-brass hybrid fibre concretes at 
different volume fraction of fibres. 
(2) To systematically analyse the load carrying capacity of concretes containing different hybrid fibre 
combinations to evaluate its fracture efficiency and the optimal steel-brass fibre combination. 
(3) To analyse and interpret crack growth in various steel-brass hybrid fibre concrete system under 
monotonic flexural loading and fractured surfaces are interpreted with the advanced digital image 
analysis technique.

EXPERIMENTAL PROCEDURE 
Materials 
Concrete materials used consist of ordinary Portland cement, river sand as fine aggregates and crushed 
coarse aggregates from nearby source of granite rocks. Proportioning of concrete mixtures was done 
carefully in the ratio of 1:1.42:2.35 (Binder: Sand: Aggregate) at w/c ratio of 0.34. To achieve a high 
workable concrete mix up to 100 mm slump super-plasticizing admixtures were added. The various 
concrete mixtures are proportioned by varying the fibre content in terms of volume fraction of fibre 
dosage (% by volume of concrete). Short cut brass fibres of 6.54 mm long (average size) and double 
hooked steel fibres of 32 mm long were used in concrete mixes to evaluate the fibre synergy in the 
hardened concrete. The concrete manufacturing materials are provided in Table 1. 

Table 1: Concrete manufacturing materials used.

The various design concrete mix proportions for different hybrid fibre concrete mixes are as follows:

CASE 1:  Plain Cement Concrete (PCC 1):
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Cement - 342, Sand - 694, Coarse Aggregate - 1194, Water/Concrete ratio (w/c ratio) - 0.34, Water - 175, 
Superplasticizer – 24

CASE 2:  Hybrid Steel Brass Fiber Concrete Two (HYSBFC-2):
Steel - 0.4% Vf , Brass - 0.1%Vf, Cement - 342, Sand - 694, Coarse Aggregate - 1194, Water/Concrete 
ratio (w/c ratio) - 0.34, Water - 175, Superplasticizer – 24

CASE 3:  Hybrid Steel Brass Fiber Concrete Three (HYSBFC-3):
Steel - 0.3% Vf , Brass - 0.2%Vf, Cement - 342, Sand - 694, Coarse Aggregate - 1194, Water/Concrete 
ratio (w/c ratio) - 0.34, Water - 175, Superplasticizer - 24 

CASE 4:  Hybrid Steel Brass Fiber Concrete Four (HYSBFC-4):
Steel - 0.2% Vf , Brass - 0.3%Vf, Cement - 342, Sand - 694, Coarse Aggregate - 1194, Water/Concrete 
ratio (w/c ratio) - 0.34, Water - 175, Superplasticizer – 24

CASE 5:  Hybrid Steel Brass Fiber Concrete Five (HYSBFC-5): 
Steel - 0.1% Vf , Brass - 0.4%Vf, Cement - 342, Sand - 694, Coarse Aggregate - 1194, Water/Concrete 
ratio (w/c ratio) - 0.34, Water - 175, Superplasticizer - 24 

Special chemical admixtures such as sulphonated melamine formaldehyde was added at 1% by weight 
of cement to reinstate the loss in consistency of fresh concrete. Fibres added in concrete mixes were 
known to show loss in consistency during fibre addition and this is effectively addressed by using super-
plasticizing admixtures. Freshly prepared concrete mixes were placed and compacted in the steel 
moulds as shown in Fig. 2 and allowed for normal drying in room temperature. After sufficient curing for 
a day, the moulds were removed to separate the hardened concrete and further kept under water curing 
for 28 days. 

Fig. 2:  Layered casting of concrete using steel-brass hybrids.

Laboratory testing of hybrid fibre composite beams 
The specimens were tested in a universal compressive strength testing machine of 2000KN capacity 
which has an electronic digital controller for actuating the rate of loading, Also, the crack propagation in 
beams can be electronically tested using ultrasonic pulse velocity (UPV) measurements. The visual 
observations during first crack origination on the surface of concrete specimens were captured using 
digital recording machine for fracture assessment. Flexural testing of beam specimens of size 
150×150×1000mm were carried out using a third point loading setup. Gradual loading rate of 0.5 
mm/min was maintained throughout the bending test for maintaining a stable crack propagation and 
further crack bridging ability of brass fibres in the concrete matrix. To monitor the crack growth at the 
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centre it was intended to place the ultrasonic sensors using transducers at the middle third point of beam 
specimens. Digital images of concrete specimens were recorded to observe the crack propagation 
pattern in each type of concrete specimens. Fracture characteristics of concrete were assessed in terms of 
first crack origination and the fracture energy. 

Digital images of sliced concrete specimens were taken at the fractured surfaces to assess the crack 
propagation patterns and fibre bridging mechanism. A digital USB Microscope of 1000x magnification 
with a resolution of 1280 × 960 pixels was used in this study to analyse the cracked surfaces in different 
concrete specimens. Microscopic images of failed concrete specimens were captured initially from 
cracked concrete sections and further image analysis were carried out.

RESULTS AND DISCUSSIONS
The influence of hybrid fibres in different failure loads of concrete are discussed in this section and the 
experimental values are represented in Fig. 3. It clearly indicated that compared to plain cement 
concrete, all fibre concretes showed controlled failure without any sudden cracking sound. A maximum 
compressive strength increases of 7.75% was noted in the case of steel-brass fibre concretes (HYSBFC-
3). Also, the other hybrid fibre concretes reported a marginal increase in compressive strength without 
any abrupt strength loss. Fracture strength of all fibre incorporated concretes resulted in appreciable 
increase owing to additional reinforcing mechanism contributed by fibres. Maximum fracture strength 
of 7.12 N/mm2 and 6.89 N/mm2 was obtained for steel/brass hybrid concretes (HYSBFC-3 and 
HYSBFC-4 respectively) with an increase of 37.98% compared to plain concrete. It can be noted that 
hybrid fibre addition in concrete systems provided an appreciable increase in fracture strength. 
However, the presence of optimal fibre combination of 0.3% steel fibres and 0.2% brass fibres reported 
maximum strength up to 37.98%. Similar test observations were made by Cunha et al (2009) that high 
volume fraction of micro fibres may affect the post elastic strain hardening properties up to 60% in the 
strain capacity of composites. This was observed in the present study when the crack opening was 
unstable leading to increased crack width and hence the smaller micro brass fibres were not effective 
enough to bridge the widening cracks. Hence, it can be evident that the pre-peak strain hardening part is 
greatly influenced by short/micro brass fibres than longer steel fibres. This effectively provides matrix 
strengthening leading in delay in the origination of micro cracks. This also reveals that synergy of steel-
brass hybrid fibre combinations are profoundly observed in all fibre combinations. The maximum 
ductility was observed for steel-brass hybrid fibre concrete (HYSBFC-5) up to 3.87mm with a 
maximum peak deflection of 2.13 mm. Since the post elastic deformation characteristics of fibre 
concretes were found to be dependent on the straining/yielding of fibres completely after failure. 
However, the straining of composite was found to be dependent on the number of fibres bridging the 
wider cracks as well as crack localization. In this study, it was apparently evident that maximum 
availability of brass fibres at crack opening provided adequate ductility leading to significant post elastic 
deformation. 

Fig. 3. Compressive strength to efficiency of hybrid fibre concretes. 
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However, the hybrid fibre efficiency in compression was found to be maximum of 7.75% and 7.23% for 
hybrid fibre concretes HYSBFC-3 and HYSBFC-4 respectively. Similar strength improvement upto 
10% in flexural bending and fracture properties were reported in earlier studies [2,5,8,9] depending upon 
the type of hybrid fibre combinations used. Mechanism of hybrid fibres provide evidence that dual 
action of short and long fibres in arresting crack propagation at different scales and at different stress 
levels. Fibre effectiveness is also visibly observed depending upon the number of micro cracks 
appearing at maximum bending stress. This was visibly higher for steel-brass hybrids containing 0.1% 
steel fibres and 0.4% brass fibres as seen in Fig. 4. It can be inferred that by increasing fine brass fibres 
volume in the matrix comparatively to steel fibres, may result in higher bending resistance due to 
effective fibre bridging by shorter fibres. Many research studies conducted earlier support the hybrid 
fibre mechanism in concrete in terms of the careful selection of fibre types (length, aspect ratio, elastic 
modulus) and its volume fraction [10]. The dual fibre action noticed in this study proceeds at every crack 
interception and the effectiveness in synergistic crack arresting mechanism depends upon optimum 
volume fraction of steel (0.3%) and brass (0.2%) fibres. 

Fig. 4. Fracture strength to efficiency of hybrid fibre concretes. 

The use of advanced image analysis at 500x magnification has provided distinctive fibre reinforcements 
in matrix phase and analysed for each type of hybrid fibre concrete specimen. The origination of steady 
state cracks occurs at the weak boundary of ITZ and propagates to the matrix phase. The various load 
levels were given to each concrete specimen to identify the potential cracking pattern as well as to 
observe the crack coalescing in the crack vicinity. It can be evidently seen that the crack coalescence 
occurs with either crack joining or leading to the origination of multiple cracking. At low stress levels up 
to 30% of ultimate load, the crack formation is slightly visible in the plain concrete specimens. The 
influence of fibres during crack origination is observed when the direction of propagation is controlled 
by the intercepting steel fibres. During stress transfer from the matrix to the fibres the interfacial shear 
stress is taken by fibres which may show debonding failure. The fibre effectiveness is pronounced when 
number of fibres provides crack bridging properties and has enhanced the load carrying capacity. In 
another research study, similar microscopic observations were made to analyse the fibre orientation and 
spacing on the fracture properties of concrete (Srinivasa et al 2009). 

CONCLUSION  
The experimental observations for different hybrid fibre concretes consisting of steel-brass fibre 
concretes were typically investigated in this study and summarized as given below.
(1) Compressive strength of concrete is marginally improved depending upon the different hybrid 
substitutions and showed a maximum strength of 46.03 N/mm2 (HYSBFC-3) with an increase upto 
7.75%. 
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(2) Hybrid Fibre efficiency in compressive performance was found to be marginal in the case of longer 
steel fibres which does not undergo required straining, whereas the presence of shorter/fine brass fibres 
in large availability provide adequate matrix strengthening leading to strength improvement. 
(3) The inclusion of hybrid fibres substantially increased the flexural performance and post crack 
performance of all hybrid fibre concretes without sudden cracking. Most notably a maximum failure 
strength up to 8.14 N/mm2 was obtained for steel (0.3%) and brass (0.2%) hybrid concretes (HYSBFC-
3). 
(4) A maximum efficiency of 37.98% and 33.53% in fracture resistance of hybrid fibre concretes was 
noticed in HYSBFC-3 and HYSBFC-4 concretes respectively. This showed effective synergistic 
combinations due to dual fibre mechanism played at different cracking scales. As the short and large 
availability of finer brass fibres provided high crack control mechanism at smaller micro-cracks and 
steel fibres provide adequate bridging mechanism upon increased crack widths. 
(5) The most important contribution of hybrid fibres mechanism was observed in terms of maximum 
ductility (3.87 mm) which was noticed in the case of steel-brass hybrids (HYSBFC-5) which exhibited a 
good post elastic deformation characteristics of hybrid fibre composites. 
(6) Microscopic image analysis showed convincing evidence of the dual role played by hybrid fibres 
during crack formation at low and high stress levels with a multi scale crack arresting properties in 
cementitious system.

REFERENCES 
1. Ambroise J, Rols S and Pera J (2001). Properties of self-leveling concrete reinforced by steel fibers. In 
Proceedings of 43rd Brazilian Congress of the Concrete (IBRACON), Brazil. 
2. Barr B, Gettu R, Al-Oraimi S K A, Bryars L S (1996). Toughness measurement—the need to think 
again. Cement and Concrete Composites, 18(4), 281-97. 
3. Brouwers H.J.H and Radix H.J (2005). Self-compacting concrete: theoretical and experimental study. 
Cement and Concrete Research, 35(11), 2116-36. 
4. Corinaldesi V and Moriconi G (2004). Durable fiber reinforced self-compacting concrete. Cement 
and Concrete Research, 34(2), 249-54. 
5. Cunha V.M, Barros J.A and Sena-Cruz J.M (2009). Pullout behaviour of steel fibers in self-
compacting concrete. Journal of Materials in Civil Engineering, 22(1), 1-9. 
6. Dhonde H.B, Mo Y.L, Hsu T.T and Vogel J (2007). Fresh and hardened properties of self-consolidating 
fiber reinforced concrete. ACI materials journal, 104(5), 491–500. 
7. Ding Y, You Z and Jalali S (2010). Hybrid fiber influence on strength and toughness of RC beams. 
Composite Structures, 92(9), 2083-9. 76 Haddadou et al., J. Build. Mater. Struct. (2014) 1: 65-76 
8. Ding Y, You Z and Jalali S (2011). The composite effect of steel fibres and stirrups on the shear 
behaviour of beams using self-consolidating concrete. Engineering Structures, 33(1), 107. 
9. Domeski J (2011). Cracking moment in steel fiber reinforced concrete beams based on waste send, 
OVIDIUS. University annals - costantza, series civil engineering, XIII (13):29-34.
10. EFNARC (2005). European guidelines for self-compacting concrete: Specification, production and 
use. Selfcompacting concrete, European Project Group. 
11. Elkhadiri I, Diouri A, Boukhari A, Aride J and Puertas F (2002). Mechanical behaviour of various 
mortars made by combined fly ash and limestone in Moroccan Portland cement. Cement and Concrete 
Research, 32(10), 1597-603. 
12. Greenough T and Nehdi M (2008). Shear behavior of fiber-reinforced self-consolidating concrete 
slender beams. ACI materials Journal, 105(5), 468–77 

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 33



13. Katzer J (2008). Properties of precast SFRCC beams under harmonic load. Science and Engineering 
of Composite Materials, 15(2), 107-20. 
14. Khayat K.H and Guizani Z (1997). Use of viscosity-modifying admixture to enhance stability of fluid 
concrete. ACI Materials Journal, 94(4), 332-41. 
15. Moriconi G and Corinaldesi V (2005). Rheological study of blended cement concrete. In proceeding: 
cement combinations for durable concrete, edited by Dhir RK. Harrison TA., Newlands MD. The 6th Int. 
Congress on ‘Global Construction: Ultimate Concrete Opportunities’. Thomas Telford, London, UK; p. 
211–8. 
16. Nagataki S and Fujiwara H (1995). Self-compacting property of highly flowable concrete. ACI 
Special Publication, 154, 301-14. 
17. Okamura H and Ouchi M (2003). Self-compacting concrete. Journal of Advanced Concrete 
Technology, 1(1), 5-15. 
18. Petit J.Y and Wirquin E (2010). Effect of limestone filler content and superplasticizer dosage on 
rheological parameters of highly flowable mortar under light pressure conditions. Cement and 
Concrete Research, 40(2), 235-41. 
19. Şahmaran M, Christianto H.A and Yaman I.O (2006). The effect of chemical admixtures and mineral 
additives on the properties of self-compacting mortars. Cement and concrete composites, 28(5), 432-40. 
20. Sahmaran M and Yaman I.O (2007). Hybrid fiber reinforced self-compacting concrete with a 
highvolume coarse fly ash. Construction and Building Materials, 21(1), 150-6. 
21. Srinivasa R, Sekhar T and Sravana P (2009). Durability studies on glass fibre SCC. The Indian 
Concrete Journal, 83(10), 44-52. 
22. Torrijos M.C, Barragan B.E and Zerbino R.L (2008). Physical–mechanical properties, and 
mesostructure of plain and fibre reinforced self-compacting concrete. Construction and Building 
Materials, 22(8), 17808.

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 34



DEVELOPMENT OF ROBOTIC SYSTEM FOR 
SEGREGATION OF METALLIC COMPONENTS 

Adyuth Hisham Babu Syed 
Department of Robotics and Automation, PSG College of Technology,  

Peelamedu, Coimbatore, 641004, Tamil Nadu, India *adyuthisham@gmail.com

Jonah N. 
Department of Robotics and Automation, PSG College of Technology, 

Peelamedu, Coimbatore, 641004, Tamil Nadu, India * nmn.rae@psgtech.ac.in 

Binil Mohan 
Department of Robotics and Automation, PSG College of Technology,  

Peelamedu, Coimbatore, 641004, Tamil Nadu, India * bbiinniill100@gmail.com 

Introduction 
As technology has progressed, robots have started performing significant roles in vari ous sectors of 
different industries. Soon robots will be an irreplaceable part of society. One of the common use of robots 
is to perform pick and place operations. Robotic 2 arms are primarily engineered for industrial 
applications; however, there exists a grow ing demand for their utilization in residential and commercial 
settings as well. [1]. The main factors that are to be focused on when designing such a robot are the 
compactness, mobile nature of the device, the safety of the people around the device, the easy use of the 
robot, and aesthetics. Robotic systems are designed to meet specific requirements, primarily aimed at 
assisting and automating various tasks. The HSV colour detection algorithm was employed to 
effectively segregate coloured balls [2]. For object manipulation, the grain boundary function was 
employed to accurately determine the centroid of the ball, thus enabling the precise location estimation 
for pick and place operations. Waste segregation processes can be effectively automated through the 
implementation of robotic arms. Sensors were employed to identify the nature of waste materials for 
effective segregation [3]. Specifically, a moisture sensor and a metal sensor were utilized to discern wet

 ABSTRACT 

The task of segregation of components is simple yet time-consuming. Automating such a task frees up 

time and resources to invest in other sectors. Pick and place operations performed by a robot reduce the 

workforce required and assure a degree of precision. In this paper, the different factors that come into play 

in designing a portable robotic system for pick and place operations were considered. The design focus 

was performing pick-and-place operations of components with ferromagnetic properties using object 

classification with a compact and portable nature. The developed robotic system included a 

microcontroller for controlling the robotic arm and a Raspberry Pi 4 for performing object classification. 

The portable system was built for performing the segregation of objects in a mobile manner. The robotic 

arm and other components were designed and selected for efficient performance. 
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 and metallic wastes, respectively. In an alternative method of waste segregation, convolutional neural 
network (CNN)-based classifiers were employed to determine the biodegradability of waste items [4]. 
The development of a robotic arm system dedicated to the segregation of common objects plays a 
significant role in minimizing the need for human labour in trivial tasks. The segregation task may seem 
trivial but it usually requires a person to perform it. Thus, by incorporating a robot to assist with the task, 
an additional workforce is freed up for other requirements. This paper presents the development of a 
robotic system specifically designed for the segregation of ferromagnetic components. The system 
employs a TFLite model for object identification, while a solenoid is utilized for object picking and 
segregation. The object identification model is deployed on a Raspberry Pi, while the design of the 
robotic arm prioritizes portability as a key consideration. 

Implementation 
As the objective of keeping the robotic system portable with minimal calibration, the components of the 
system must be compact and have minimal setup while having the resources for performing fast and 
precise actions. The selection of components required for the system was based on their optimal 
characteristics and suitability for the intended purpose. 

Raspberry Pi 4 
The Raspberry Pi 4 can run resource-intensive applications and multitask effectively. It is powered by a 
quad-core ARM Cortex-A72 processor with 8 GB RAM. For per forming object classification, 
significant processing power is required for efficient and accurate classification. For modification of the 
classification set, the Pi 4 is accessible and easy to work with.

Raspberry Pi Pico 
Selecting the appropriate microcontroller is a critical aspect as it is the core of the system. The main 
requirements of the microcontrollers are to efficiently perform the required tasks without taking up too 
much physical space. By selecting the best micro controller, the development process is streamlined, 
resulting in a more effective and fruitful system. Raspberry Pi Pico is a compact and inexpensive 
microcontroller. Pico has 264 kB of RAM and 2 MB of flash memory and is powered by a dual-core Arm 
Cortex-M0+ processor that operates up to 133 MHz [5]. The compact nature of the Pico and its high 
performance are the main highlights. 

Figure 1: Robotic arm design.

Robotic Arm 
Selecting the right robotic arm is of paramount importance in pick-and-place opera tions. The choice of 

ISSN: 2394-3696 

Intl Jrnl of Innovations in Engineering Research and Technology (Volume- 12, Issue - 3, Sep - Dec 2025)                          Page No - 36



the robotic arm is determined by the arm’s workspace and design. The robotic arm should ensure high 
repeatability and reliability. For the specific requirements of the robotic system, a robotic arm is 3D 
printed as shown in Figure 1 using the Anycubic Mega Pro. The robotic arm is modified such that the end 
effector has a slot for attaching the solenoid so that it acts as an electromagnet end effector. 

Ultrasonic Sensor 
The ultrasonic sensor utilizes sound waves to measure distances and detect objects in its vicinity. It emits 
high-frequency sound pulses and calculates the time it takes for the sound waves to bounce back after 
hitting an object. This data enables the sensor to determine the distance between itself and the object. The 
sensor sends a signal for the Pico to determine if an object is close enough for picking application.

Pi Camera Module 
The camera module is an add-on designed for Raspberry Pi single-board computers. This compact 
camera module enables users to capture images and record videos directly from their Raspberry Pi. The 
camera module is compact in nature and the object classification is performed from the images captured 
from the camera module.

TensorFlow Lite 
TFLite is a lightweight machine-learning framework designed specifically for edge models and mobile 
platforms. TFlite allows real-time inference and efficient memory utilization. The compact nature of the 
machine learning framework makes it easier to train and deploy on an edge device such as the Raspberry 
Pi 4.

Solenoid Electromagnet 
The KK-P20 solenoid electromagnet shown in Figure 2 attracts magnetic substances using the induced 
magnetism produced by electric current. The solenoid can lift up to 3 Kg, thereby making it optimal for 
everyday objects like scissors and screws. 

igure 2: KK-P20 solenoid.

Working Principle 

Figure 3: Block diagram. 
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The working principle of the robotic system developed for the segregation of com ponents is presented in 
Figure 3. The main objective of the robotic system is to perform object segregation based on object type. 
To perform the tasks within the set param eters and while keeping the object portable the model is built in 
a compact design. The robotic arm is designed to be small yet able to carry the required loads. Object 
classification is performed on a Raspberry Pi 4 and Raspberry Pi Pico is used as the microcontroller for 
controlling the robotic arm. The functionality of the model is designed such that when an object is 
detected by the ultrasonic sensor, the Pico sends a signal to the Raspberry Pi to activate the camera 
module which captures an image of the object to be segregated. Data transfer between the Pico and Pi is 
performed using a UART module as shown in Figure 3. Both modules are set to receive and transmit data 
based on the requirements. A TfLite model is deployed in the Pi for the classification of the object. The 
identification of an object is performed by training the system using the data collected through the Pi 
Camera module. The object ID number is passed back to the Pico. Based on the object ID number, the 
Pico sends a command to the robotic arm to pick the object and segregate the object in a specified 
location which is calculated based on the number of objects to be segregated. The microcontroller is 
designed such that the robotic arm picks the object when the object ID is received. The solenoid is 
magnetized and the object is picked up and placed at the required location.

Microcontroller 
The Raspberry Pi Pico acts as the central control unit for the robotic arm system. This microcontroller 
assumes responsibility for governing various modules within the system, including the robotic arm, 
ultrasonic sensor data acquisition, and activation of the electromagnet end effector as shown in Figure 4. 
Synchronization and control of all these distinct modules are achieved through the utilization of a 
micropython script. 6 To ascertain the proximity of an object to the robotic arm, a predefined threshold is 
established for the ultrasonic sensor. Upon receiving distance data from the ultrasonic sensor, if the 
measured distance falls below this threshold, the presence of an object is detected. Subsequently, a 
UART protocol is employed to transmit a signal to the Raspberry Pi 4, triggering the magnetization of 
the Solenoid through the utilization of a relay. 

Figure 4: Robotic arm prototype.

Robotic Arm 
The robotic arm comprises three servos and is equipped with an electromagnet end effector (Figure 5). 
The robotic arm is programmed for performing pick and place operations and performing object 
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segregation based on the type of object detected. On startup, the robotic arm moves to its home position. 
When an object is detected by the ultrasonic sensor a signal is sent to the Pi 4 for object classification. 
The drop locations for each object are calculated on startup based on the number of objects to be 
segregated. The object is picked up by the electromagnet and dropped at the designated location based on 
the identified object class. After successfully dropping, the robotic arm is moved back to its home 
position and is set on standby till another object is detected. 

Object Classification 
Machine learning is crucial in the efficient detection and separation of different components. For the 
present system, there are a few criteria to be met. Timely and precise identification and separation of 
components are the main necessity. The trained model must be deployed on edge devices. In the present 
system, a TFLite model is deployed for object classification. TFLite is a collection of tools to convert and 
optimize TensorFlow models to run on mobile and edge devices [6]. A custom model is trained based on 
the required object to be segregated. The object classification model is deployed on the Raspberry Pi 4 
and the Pi Camera module is used for acquiring images. When an object is detected by the ultrasonic 
sensor, the Pico sends a signal to the Pi 4 to perform object classification. The camera module is activated 
and the object is identified as shown in Figure 6. After successful classification, the object ID is passed 
back to the Pico through the UART protocol for object segregation.

Figure 5: Object classification.

Figure 6: Project setup.
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Results 
The developed robotic system is displayed in Figure 7. The system has been tested for three objects; 
screwdriver, scissor, and battery (Figure 8). The Raspberry Pi 4 is externally powered and the Raspberry 
Pi Pico is powered by the Pi. On startup, the robotic arm is moved to a home position. When the 
ultrasonic sensor detects an object, a signal is sent to the Raspberry Pi 4 for performing object 
classification. The classification ID is sent to the Pico and the robotic arm picks and places the object in a 
precalculated position.

Conclusion 
A robotic system for the segregation of the components was developed using a robotic arc, a 
microcontroller, an ultrasonic sensor, and a camera. It was trained to identify three components and the 
system was tested to segregate the components. It was found that the robotic system performed well for 
the purpose for which it was developed.
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