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Abstract: This paper deals with an experimental study of the flexural behavior of sustainable rein-
forced cement concrete (RCC) beams with a smart mortar layer attached to the concrete mixture.
In total, nine RCC beams were cast and tested. Two types of reinforced concrete beams were
cast, and three different beams of sizes 1000 × 150 × 200 mm and six different beams of sizes
1500 × 100 × 250 mm were considered. The flexural behavior of these RCC beams was studied in
detail. The electrical resistivity of these beams was also calculated, which was derived from the smart
mortar layer. Research on the application of smart mortars within structural members is limited. The
experimental results showed that the smart mortar layer could sense the damage in the RCC beams
and infer the damage through the electrical measurement values, making the beam more sustainable.
It was also observed that the relationship between the load and the fractional change in electrical
resistance was linear. The fractional change in electrical resistivity was found to steadily increase with
the increase in initial loading. A significant decrease in the fractional change in electrical resistivity
was seen as the load approached failure. When a layer of mortar with brass fiber was added to
the mortar paste, the ultimate load at failure was observed and compared with the reference beam
specimen using Araldite paste. Compared to the hybrid brass-carbon fiber-added mortar layer, the
brass fiber-added mortar layer increased the fractional change in the electrical resistivity values by
14–18%. Similarly, the ultimate load at failure was increased by 3–8% in the brass fiber-added mortar
layer when compared to the hybrid brass-carbon fiber-added mortar layer. Failure of the beam was
indicated by a sudden drop in the fractional change in electrical resistivity values.

Keywords: self-sensing; reinforced concrete beam; mortar; fibre; electrical resistance; carbon fibre;
electrically conductive filler; brass fibre

1. Introduction

A reinforced cement concrete (RCC) beam is a structural member that carries all
vertical loads from the slab and transfers them to the column. Structural beams can be
made of different materials, such as steel, aluminum, wood, and concrete. RCC beams
are the most common type of structural beam in the construction industry. Concrete is
made up of cement, fine aggregate, and coarse aggregate. It is strong in compression, but
weak in tension. To overcome the weakness in tension, reinforcement bars are introduced
to the concrete, forming RCC members. Various studies have been conducted to improve
the strength of RCC members by modifying their standard constituents with developing
materials. These modifications aim to minimize structural failure and save lives. One
innovation in the construction industry is smart concrete, which is a type of self-sensing, self-
monitoring material that consists of conductive filler material along with the conventional
constituents of concrete.
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Carbon fibers are the most widely used type of conductive fillers, but their application
in smart concrete or mortar is limited due to their high cost. Hence, they are uneconomical.
To overcome this problem, brass fibers are introduced in the experiments. The primary
focus of this paper is on the use of brass fiber as a conductive filler in cementitious mortar.
Another main drawback of the use of carbon fibers is their high percentage of addition.

Research has been conducted extensively in this area to create a new technique that
can replace steel and alloys while being reliable, affordable, and simple to handle. The
use of FRP plates can be expanded to places where using steel would be impossible or
impractical because they have several advantages over steel plates [1]. Glass fiber sheets
performed slightly better than carbon fiber sheets due to their similar axial capacity [2].
CFRP increases the shear capacity to a greater extent for beams lacking sufficient shear
reinforcement as compared to beams with adequate shear reinforcements [3]. FRP is
increasingly in demand as a material to reinforce structural elements due to its high
corrosion resistance and high strength-to-weight ratio [4]. One study reported that the CFRP
beam specimen failed after the longitudinal steel reinforcement yielded concurrently with
inclined cracks or splitting of the epoxy paste during the flexural test [5]. A strengthening
system combining both the CFRP sheets and U-wrap anchors shows an increase in the
initial stiffness of the RC beams [6]. The best results were obtained when the fibers reached
their tensile failure, which occurred particularly when CFRP or steel plates were placed at
the end of reinforcements in a direction perpendicular to the strengthening direction [7].
As a result, fiber-reinforced polymers that are externally bonded to concrete structures
have gained widespread acceptance in the industry. However, this method reduces the
beam’s ductility [8]. Other researchers favor the use of U-wraps to avoid the debonding
effect [9]. Adding U-wrap anchorage to the CFRP sheets can increase the strengthened
beam’s endurance without considerably increasing its capacity [10].

The FRP with the U-wraps could improve the beam’s ability to support more weight
in addition to reducing delamination [11]. Sectional dimensions, tension reinforcement
ratio, shear reinforcement, load, and resistance all have an impact on the effectiveness of a
reinforced concrete beam [12]. A concrete beam cast using high-strength concrete performed
better in carrying the compressive strength, thus ensuring a good safety factor [13]. High-
strength concrete is recommended in cases where weight reduction is crucial or where
smaller load-bearing elements are required due to architectural concerns [14]. When the
amount of reinforcement was unchanged, the beam ductility improved as concrete strength
increased [15]. With various conductive additives, cement mortar produces a piezoresistive
effect [16].

The electrical resistance showed a significant increase after seven days of air curing,
whereas it decreased after 14 and 28 days of air curing [17]. An extremely sensitive
strain sensor with a gauge factor of up to 700 is made of cement that contains short
carbon fibers (0.24 volumetric percentage) [18]. The emergence and expansion of cracks
significantly raise the electrical resistance of the cement-based composite. As a result, the
cement-based composite has the potential to be utilized as a damage and strain sensor [19].
Electrical resistance variation and the perpendicular tensile strain showed a strong linear
association [20]. Carbon fibers added in larger amounts resulted in fluctuations in a
fractional change in resistivity (fcr), since the large amount being added reduced the
even distribution of the fiber. This also reduced the workability of the material, thereby
reducing its strength. Utilizing various conductive materials, researchers produced and
tested piezoresistivity for strain and damage detection [21]. The steel fiber-reinforced
cement-based composite can be used as a fire alarm detector due to the change in electrical
resistance with temperature variation [22]. The self-sensing pavement was developed by
embedding smart nickel particle-filled cement-based sensors into a concrete pavement.
The smart cement-based sensor’s high piezoresistive sensitivity enables the self-sensing
pavement to precisely identify the passing of vehicles [23]. The wireless monitoring
system, or nickel particle-reinforced cement composite, was developed for detecting vehicle
movement [24]. Under a single compressive loading subjected to failure and within an
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elastic regime, the fractional change in electrical resistivity of a Portland cement-based
composite containing nickel powder reached maximum values of 69.00% and 62.61% [25].
Sun et al. investigated [26] the application of cement-based composites as sensors in
various structural components. Due to the significant strains that have led to the fracture
of the concrete, carbon nanofiber–cement composites were unable to generate any type
of damage-sensing mechanism when coupled with an RCC element [27]. When placed
under uniaxial tension, embedded carbon-black-filled cement-based composite sensors
exhibited good tensile strain sensing characteristics before being subjected to crushing
failure [28]. Brass fibers are good electrically conductive filler materials used in mortar
mixes to improve piezoelectric resistivity [29]. The piezoresistance was increased by adding
0.25% brass fibers to the standard mortar and by adding 95% brass fibers and 5% carbon
fibers to the standard mortar [30].

Graphene nanoplatelets (GNPs) with relatively smaller surface areas and higher parti-
cle sizes form effective conductive paths and exhibit better piezoresistive characteristics [31].
As the sample size increases, the electrical resistivity also increases. However, the strain
sensitivity decreases due to the obstruction of electrons by the aggregates. Additionally,
large-scale bending test results verified the piezoresistivity of smart concrete, while crack
formation and propagation dramatically increased the electrical resistance [32]. Kuralon
fibers can further improve the strength and self-sensing properties of concrete. The mortar
mixture with 8% graphite provided the best self-sensing properties to warn against the
effects of cracking, and it also exhibited better mechanical properties [33]. The self-sensing
behavior of mortar pavement was evaluated by the self-sensing of compression force,
human motion detection, and vehicle speed monitoring. Moreover, the smart mortar slab
could detect vehicle speed with high accuracy of traffic detection [34]. Experimental work
on the mechanical properties of geopolymer concrete, mortar, and paste prepared using
fly ash and blended slag resulted in an incremental improvement that was followed by a
gradual reduction, and it finally reached a relatively consistent value with an increase in
exposure temperature [35]. Recycled carbon fibers increase the flexural and tensile split-
ting strengths by up to 100%, whereas brass-coated steel fibers improve the compressive
strength by 38%. Electrical conductivity tests show that recycled carbon fibers decrease the
electrical resistivity of mortars [36].

Fiber-reinforced polymers (FRPs), which have a high strength-to-weight ratio and can
withstand corrosive environments, can be used as structural components [37]. Based on
the CHILE technique, the created numerical model accurately predicted the magnitude
of spring-in deformation of L-shaped pultruded profiles [38]. In comparison to thermo-
plastic pultruded composites made from pre-consolidated tapes, pre-consolidated sheets
enable pultrusion flat laminates with larger cross-sections, showing higher mechanical
performance and surface roughness [39]. The mechanical properties degrade due to the
development of micro-voids, fractures, and interface debonding [40]. In contrast to CFRP-
strengthened specimens, which showed block splitting failure, fiber breakage, and buckling
damage, the GFRP-strengthened specimens showed fiber bundle breakage, splitting, and
buckling damage [41]. It was demonstrated that composite beams with wraps could attain
the ductility and strengths of their counterparts with substantially higher beam depths [42].

Additional research can be performed by adding various other conductive fillers to
the structural components in the future. Previous studies were carried out incorporating
carbon fibers, carbon black, carbon nanofibers, etc. Since carbon fibers are uneconomical to
be used as conductive fillers, an alternative brass fiber is introduced in the present study.
The studies on the use of brass fiber, along with carbon fiber, as hybrid mortars with respect
to structural applications on existing structural elements are limited. Hence, the newly
developed smart mortar with the addition of brass fibers and hybrid brass-carbon fibers is
introduced to the RCC beam specimen for damage detection.

The addition of fibres to the cementitious composites improves their flexural strength,
flexural toughness, impact resistance, and tensile strength. Due to their high cost, carbon
fibres are not widely used for practical purposes. Brass fibres are incorporated into the
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cementitious composites in this work as conductive fillers to improve the mortar’s capacity
for self-sensing. Due to the addition, fibres were also used to determine the self-sensing
ability of brass fibres, and the bonding between the particles was observed within the
cement matrix. Brass fibres were used to form thin mortar strips of 6 mm thickness. These
strips were attached to the RCC beam to self-sense the damages occurring in the beam
element, making it more sustainable. Further studies can also be carried out, implementing
other conductive fillers to the structural elements.

2. Materials and Methods

To ascertain the flexural behaviour of the sustainable RCC beam, an experimental
investigation was carried out. The self-sensing mortar layer was applied to the bottom
of the beam to determine the failure of the beam through the self-sensing effect of the
smart mortar.

2.1. Materials

The beam specimen was created using M30 concrete. The mix ratio for the M30 grade
of concrete used for the beam specimen is shown in Table 1; the RCC beam’s design and its
reinforcing details were determined from the guidelines of IS 456-2000 [43]. The primary
bars at the bottom were two numbers of 12 mm-diameter bars. The top reinforcement was
made up of two numbers of 10 mm-diameter bars. Stirrups with a 100-mm centre-to-centre
spacing were made of two-legged, 6-mm-diameter rods. Locally accessible river sand, OPC
53-grade cement, coarse aggregate measuring 12.5 mm, and portable water were used to
create the RCC beams.

Table 1. Mix design for M30 grade concrete.

Cement (kg/m3) Fine Aggregate (kg/m3) Coarse Aggregate (kg/m3) Water (kg/m3)

428.48 888.94 924.64 171.39

The smart mortar layer was made up of OPC 53-grade cement, locally available river
sand of particle size less than 600 µm, potable water, and brass fibres of randomly varying
length from 1 mm to 4 mm, with diameters varying from 0.1 mm to 1 mm (manufacturer:
Sarda Industries Pvt. Ltd, Jaipur, Rajasthan, India). Carbon fibres of size 5 mm in length
with a diameter of 10 µm were also used (manufacturer: Fibre Region Pvt. Ltd., Chennai,
India). The pictorial representation of brass and carbon fibres is shown in Figure 1. A
superplasticizer was used to improve the workability of the mortar mixture. Methyl
cellulose (manufacturer: Southern India scientific Corporation Pvt. Ltd., Chennai, India)
was additionally used for improving the dispersion of carbon fibres when carbon fibre
was added to the cement mortar mixture. Silica fume (manufacturer: Astrra chemicals
Pvt, Ltd., Chennai, India) was added to the smart mortar mixture to improve its strength.
The fibres were randomly mixed to the mortar matrix. Modified MM 7.5 masonry mortar
was adopted for smart mortar strips conforming to IS 2250-1981 [44]. The mix proportions
along with the constituents are shown in Table 2.

In addition to the materials listed in Table 1, methylcellulose was added to the cement
mortar mix at a rate of 1.872 kg/m3 for the hybrid brass addition. The brass fibres were
added at a dosage of 0.25% by the volume of the mortar. In the hybrid brass-carbon fibre
addition, the fibres were added in a combination of 95% brass fibre and 5% carbon fibre.
Carbon fibres were added at a rate of 0.24% by volume of mortar.

Table 2. Mix proportion and constituents for mortar strips.

Cement (kg/m3) Fine Aggregate
(kg/m3) Water (kg/m3) Superplasticizer

(kg/m3)
Silica Fume

(kg/m3)

468 1427.5 234 7.02 70.20



J. Compos. Sci. 2023, 7, 132 5 of 19J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 5 of 21 
 

 

  
(a) (b) 

Figure 1. The pictorial representation of brass and carbon fibres. (a) Carbon fibre. (b) Brass fibre. 

Table 2. Mix proportion and constituents for mortar strips. 

Cement (kg/m3) Fine Aggregate 
(kg/m3) 

Water (kg/m3) Superplasticizer 
(kg/m3) 

Silica Fume 
(kg/m3) 

468 1427.5 234 7.02 70.20 

In addition to the materials listed in Table 1, methylcellulose was added to the cement 
mortar mix at a rate of 1.872 kg/m3 for the hybrid brass addition. The brass fibres were 
added at a dosage of 0.25% by the volume of the mortar. In the hybrid brass-carbon fibre 
addition, the fibres were added in a combination of 95% brass fibre and 5% carbon fibre. 
Carbon fibres were added at a rate of 0.24% by volume of mortar. 

2.2. Casting of Specimen 
Six beam specimens, measuring 1500 mm in length, 100 mm in width, and 250 mm 

in depth, were cast. The beams were designed by IS 456-2000 [43]. Two numbers of 12 mm 
steel bars were placed longitudinally at the bottom of the test beams, and two numbers of 
10 mm steel bars were placed longitudinally at the top of the test beams as the tensile and 
compressive steel reinforcement, respectively. Two-legged stirrups of 6 mm diameter 
were used at 100 mm centre-to-centre spacing. 

Two mortar layers were cast separately with dimensions of 1200 mm in length, 100 
mm in width, and 6 mm in thickness. One mortar strip was made of brass fibre addition, 
while the other was made of hybrid brass–carbon fibre addition. These two mortar strips 
were pasted to the RCC beam with Araldite paste at the bottom. In the other two beam 
specimens, the freshly prepared mortar paste was applied to the existing beam, which was 
manufactured 28 days earlier. In the other two beam specimens, the mortar layer was 
freshly cast on the beam during the time of its manufacture. Detailed information on the 
beam specimens is given in Table 3. 

Table 3. Details of the beam specimens. 

S. No. Beam Variations Provided 

1 Beam-1-FB-FM-BF By incorporating brass fibres into the mortar mixture, 
a fresh mortar layer was cast on a fresh beam. 

2 Beam-2-EB-FM-BF 
By including brass fibres in the mortar mixture, a 
fresh mortar layer was cast on the top of the existing 
beam. 

3 Beam-3-EB-EM-BF 
Brass fibres were included in the mortar mixture, and 
a separate layer of cast mortar was placed over the 
existing beam. 

Figure 1. The pictorial representation of brass and carbon fibres. (a) Carbon fibre. (b) Brass fibre.

2.2. Casting of Specimen

Six beam specimens, measuring 1500 mm in length, 100 mm in width, and 250 mm in
depth, were cast. The beams were designed by IS 456-2000 [43]. Two numbers of 12 mm
steel bars were placed longitudinally at the bottom of the test beams, and two numbers of
10 mm steel bars were placed longitudinally at the top of the test beams as the tensile and
compressive steel reinforcement, respectively. Two-legged stirrups of 6 mm diameter were
used at 100 mm centre-to-centre spacing.

Two mortar layers were cast separately with dimensions of 1200 mm in length, 100 mm
in width, and 6 mm in thickness. One mortar strip was made of brass fibre addition,
while the other was made of hybrid brass–carbon fibre addition. These two mortar strips
were pasted to the RCC beam with Araldite paste at the bottom. In the other two beam
specimens, the freshly prepared mortar paste was applied to the existing beam, which
was manufactured 28 days earlier. In the other two beam specimens, the mortar layer was
freshly cast on the beam during the time of its manufacture. Detailed information on the
beam specimens is given in Table 3.

Table 3. Details of the beam specimens.

S. No. Beam Variations Provided

1 Beam-1-FB-FM-BF By incorporating brass fibres into the mortar mixture, a fresh
mortar layer was cast on a fresh beam.

2 Beam-2-EB-FM-BF By including brass fibres in the mortar mixture, a fresh mortar layer
was cast on the top of the existing beam.

3 Beam-3-EB-EM-BF Brass fibres were included in the mortar mixture, and a separate
layer of cast mortar was placed over the existing beam.

4 Beam-4-FB-FM-HBC By incorporating hybrid brass carbon fibres into the mortar mixture,
a fresh mortar layer was cast on a fresh beam.

5 Beam-5-EB-FM-HBC Hybrid brass-carbon fibres are added to the mortar mixture before
casting a new mortar layer over an existing beam.

6 Beam-6-EB-EM-HBC
Hybrid brass carbon fibres were added to the mortar mixture, and a
separate layer of cast mortar was applied to the existing beam with
Araldite paste.

2.3. Test Method

The flexural behaviour of the beam was determined with the two-point method
(loading frame manufacturer–SRM Institute of Science and Technology) of loading. Six
beams with a smart mortar layer were tested with two-point loading. To measure the
deflections, one deflectometer was positioned at the beam’s midspan at the bottom. The
dimensions of the beam with the smart mortar layer are illustrated in Figure 2. To measure
the strains, three strain gauges were attached at the top, middle, and bottom of the beam.
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Figure 2. Pictorial representation of beam with smart mortar layer.

As depicted in Figure 3, the specimens were tested in a 400 kN loading frame. Using
a load cell, the beam specimens were subjected to incremental loading until failure. The
electrical measurements of the RCC beam were determined using the four-probe method.
Silver paint was applied to the specimen at four points with intervals of 200 mm, as shown
in Figure 4. Steel wires were wound along the applied silver paint to determine the flow
of electricity across the specimen. Two multimeters were connected to the four probes,
along with a DC power supply. Through the multimeter, the voltage and current readings
were recorded. Using the voltage and current data that were obtained, the resistance and
fractional change in electrical resistance were calculated. Under two-point loading, the load
was applied in an increment of 5 kN. Readings were recorded using digital multimeters,
a deflectometer, and strain gauges. The fractional change in electrical resistance (fcr) was
determined using the resistivity value for each load increment of 5 kN.
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3. Discussion and Findings
3.1. A New Brass Fibre Added Mortar Layer Is Cast on a New 1.5-m-Long Beam

The ultimate load of fresh brass fibre added to the mortar layer cast on a fresh beam
was observed at 145 kN. The stress observed at the bottom of the beam was higher when
compared to the middle and top of the beam. At the initial stages of loading, the strain
observed in the reinforced beam was minimal. As the loading was increased and the first
crack was observed, the strain at the bottom increased gradually until failure. Figure 5
illustrates that, when the loading increased, flexural cracks developed in every reinforced
concrete beam. From the beginning point of loading until failure, a progressive increase in
the mid-span displacement of the beam was also noticed. The graphical representations
of stress versus strain, fcr versus strain, load versus displacement, and load versus fcr are
shown in Figure 6. The maximum bottom strain at failure was observed as 0.00131 for the
brass fibre-added fresh mortar layer cast on a fresh concrete beam of length 1.5 m.

The fcr values were calculated with the current and voltage readings recorded through
the multimeter connected to the beam through the four-probe winding method. The
fractional change in electrical resistivity values was found to steadily increase with the
initial increase in loading through the four-probe winding method. The fractional change
in electrical resistivity values was found to steadily increase with the initial increase in
loading. Whereas, when the loading was about to reach the failure load, a drastic change in
the fractional change in electrical resistivity values was observed. This was caused by the
formation and development of more cracks in the mortar layer.
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Figure 6. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement
and (d) load versus fcr behaviour of the brass fibre added fresh mortar layer cast on fresh concrete
beam of length 1.5 m.

Similarly, the fractional change in electrical resistivity values decreased when the
applied load approached the failure load and was at its minimum at the ultimate load.
This occurred due to the splitting of the mortar layer at the bottom of the beam through
the development of cracks in it. The electrical circuit formed through the four probes was
disconnected by the breakage of the smart mortar layer, leading to the reduction in fcr
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values. The pictorial representation of the crack formed on the smart mortar layer at the
bottom of the beam is shown in Figure 7.
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Figure 7. Failure modes of the smart mortar layer.

3.2. A Fresh Mortar Layer of Brass Fibres Was Cast on an Existing 1.5-m-Long Beam

The ultimate load of the freshly added brass fibre mortar layer cast on an existing
beam was measured at 140 kN. The behaviour of the beam with respect to displacement,
strain, and stress was similar to that of a fresh mortar layer with added brass fibres cast on
a fresh beam. When compared to a fresh brass fibre added mortar layer cast on a new beam,
a fresh brass fibre added mortar layer cast on an existing beam reduced displacement by
20.37%. Similarly, fcr increased by 4.26% in a fresh brass fibre-added mortar layer cast
on an existing beam when compared to a fresh brass fibre-added mortar layer cast on a
fresh beam.

The failure of the smart mortar layer was caused by the formation and propagation of
flexural cracks on the beam, which led to the disconnection of the self-sensing effect [27].
The maximum bottom strain at failure was observed as 0.00525 for the brass fibre-added
fresh mortar layer cast on an existing concrete beam of length 1.5 m. The graphical
representation of stress versus strain, fcr versus strain, load versus displacement, and load
versus fcr is shown in Figure 8.
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Figure 8. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of the brass fibre added fresh mortar layer cast on an existing
concrete beam of length 1.5 m.

3.3. Brass Fibre Added Mortar Layer Pasted on Existing Beam of Length 1.5 m with Araldite Paste

The final load of the brass fiber-added mortar layer cast and placed on the existing
beam with the help of Araldite paste was 155 kN. The behaviour of the beam in terms of
displacement, strain, and stress was identical to a fresh brass fibre mortar layer cast on a
fresh beam. The displacement was reduced by 8.71% when brass fibre was added to the
mortar layer placed on the existing beam with the help of Araldite paste as compared to a
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fresh mortar layer placed on a fresh beam. The electrical resistance improved by 15.43%
more when brass fibre was added to the mortar layer placed on the existing beam with
the help of Araldite paste as compared to a fresh mortar layer cast on a fresh beam. The
addition of a smart mortar layer to the existing RCC beam with Araldite paste improved the
piezoelectricity of the beam greatly. This is due to the improved bonding between the beam
and the smart mortar layer due to the Araldite paste. Hence, among all three methods used
to implement the smart mortar on the reinforced concrete fibre-added mortar layer cast on
the existing beam with the help of Araldite paste, one was observed to be more effective.

The development and spread of flexural cracks on the beam caused the self-sensing
effect to be disconnected, which resulted in the failure of the smart mortar layer. The
maximum bottom strain at failure was observed as 0.00234 for the brass fibre-added mortar
layer pasted on the existing concrete beam of length 1.5 m with Araldite paste. In Figure 9,
the relationships between stress and strain, fcr and strain, load and displacement, and load
and fcr are represented graphically.
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Figure 9. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement
and (d) load versus fcr behaviour of brass fibre added mortar layer pasted on existing concrete beam
with Araldite paste of length 1.5 m.

3.4. Hybrid Brass Carbon Fresh Mortar Layer Cast on a Fresh Concrete Beam of Length 1.5 m

The ultimate load of the mortar layer added with fresh hybrid brass-carbon fibre cast
on a fresh beam was measured at 140 kN. In comparison to the centre and top of the beam,
there was more strain towards the bottom of the beam. The reinforced beam experienced
very little strain during the early stages of loading. When the loads were increased, the
bottom strain progressively developed until failure, and the first crack was observed. The
mid-span displacement of the beam was also found to significantly increase from the point
of initial loading until failure.

The fcr values were calculated using voltage and current readings from a multimeter
connected to the beam via the four-probe winding method. It was discovered that, initially,
the fcr values increased continuously with the increase in loading. In contrast, a sharp
change in the fcr values was seen as the loading approached the failure load. This was
carried on by the formation and growth of further cracks in the layer of mortar.

The fcr values also decreased as the applied load approached the failure load and were
at their lowest at the maximum load. This happened as a result of the cracks in the smart
mortar layer that developed at the bottom of the beam. The fracturing of the smart mortar
layer interrupted the electrical circuit established by the four probes, which reduced the fcr
values. In Figure 10, the relationships between stress and strain, fcr and strain, load and
displacement, and load and fcr are represented graphically.



J. Compos. Sci. 2023, 7, 132 13 of 19

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 14 of 21 
 

 

cast on a fresh beam, the fractional change in electrical resistivity decreased by 14.76% in 
a fresh hybrid brass and carbon fibre added mortar layer cast on a fresh beam. The 
maximum bottom strain at failure was observed as 0.00136 for the hybrid brass carbon 
fibre-added fresh mortar layer cast on a fresh concrete beam of length 1.5 m. 

 
(a) stress versus strain 

 
(b) fcr versus strain 

 
(c) Load versus displacement 

0

10

20

30

40

50

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

St
re

ss
 (N

/m
m

 2
)

Strain

Top Middle Bottom

0

5

10

15

20

25

30

35

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

fc
r 

Strain

Top Middle Bottom

0

40

80

120

160

200

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Lo
ad

 (k
N

)

Displacement (mm)

Load vs Displacement

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 15 of 21 
 

 

 
(d) Load versus fcr 

Figure 10. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement, 
and (d) load versus fcr behaviour of hybrid brass carbon fibre added fresh mortar layer cast on a 
fresh concrete beam of length 1.5 m. 

3.5. Hybrid Brass–Carbon Fibre Added Fresh Mortar Layer Cast on an Existing Concrete Beam 
of Length 1.5 m 

The peak load of the fresh hybrid brass–carbon fibre-added mortar layer cast on an 
existing beam was 130 kN. The beam behaved similarly to a fresh hybrid brass–carbon 
fibre-added mortar layer cast on a fresh beam in terms of displacement, strain, and stress. 
When fresh hybrid brass with a carbon fibre added mortar layer cast on an existing beam 
was compared to fresh hybrid brass with a carbon fibre added mortar layer cast on a new 
beam, displacement was reduced by 15.94%. When comparing fresh hybrid brass with a 
carbon fibre-added mortar layer cast on a fresh beam to fresh hybrid brass with a carbon 
fibre-added mortar layer cast on an existing beam, the electrical resistivity increased by 
6.62%. 

In comparison to a fresh brass fibre-added mortar layer cast on an existing beam, the 
displacement in a fresh hybrid brass–carbon fibre-added mortar layer cast on an existing 
beam increased by 8.77%. Similarly, when compared to a fresh brass fibre-added mortar 
layer cast on an existing beam, the fcr of a fresh hybrid brass and carbon fibre added 
mortar layer cast on an existing beam decreased by 12.83%. The maximum bottom strain 
at failure was observed as 0.00455 for the hybrid brass–carbon fibre-added fresh mortar 
layer cast on an existing concrete beam of length 1.5 m. The graphical representation of 
stress versus strain, fcr versus strain, load versus displacement, and load fcr is shown in 
Figure 11. 

 
(a) stress versus strain 

0

40

80

120

160

200

0 5 10 15 20

Lo
ad

 (k
N

)

fcr 

Load vs fcr

0

10

20

30

40

50

0 0.001 0.002 0.003 0.004 0.005

St
re

ss
 (N

/m
m

 2
)

Strain

Top Middle Bottom

Figure 10. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of hybrid brass carbon fibre added fresh mortar layer cast on a
fresh concrete beam of length 1.5 m.
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When compared to a fresh brass fibre added mortar layer cast on a fresh beam, the
displacement in a fresh hybrid brass–carbon fibre-added mortar layer cast on a fresh beam
increased by 3.04%. Similarly, when compared to a fresh brass fibre added mortar layer cast
on a fresh beam, the fractional change in electrical resistivity decreased by 14.76% in a fresh
hybrid brass and carbon fibre added mortar layer cast on a fresh beam. The maximum
bottom strain at failure was observed as 0.00136 for the hybrid brass carbon fibre-added
fresh mortar layer cast on a fresh concrete beam of length 1.5 m.

3.5. Hybrid Brass–Carbon Fibre Added Fresh Mortar Layer Cast on an Existing Concrete Beam of
Length 1.5 m

The peak load of the fresh hybrid brass–carbon fibre-added mortar layer cast on an
existing beam was 130 kN. The beam behaved similarly to a fresh hybrid brass–carbon
fibre-added mortar layer cast on a fresh beam in terms of displacement, strain, and stress.
When fresh hybrid brass with a carbon fibre added mortar layer cast on an existing beam
was compared to fresh hybrid brass with a carbon fibre added mortar layer cast on a
new beam, displacement was reduced by 15.94%. When comparing fresh hybrid brass
with a carbon fibre-added mortar layer cast on a fresh beam to fresh hybrid brass with a
carbon fibre-added mortar layer cast on an existing beam, the electrical resistivity increased
by 6.62%.

In comparison to a fresh brass fibre-added mortar layer cast on an existing beam, the
displacement in a fresh hybrid brass–carbon fibre-added mortar layer cast on an existing
beam increased by 8.77%. Similarly, when compared to a fresh brass fibre-added mortar
layer cast on an existing beam, the fcr of a fresh hybrid brass and carbon fibre added mortar
layer cast on an existing beam decreased by 12.83%. The maximum bottom strain at failure
was observed as 0.00455 for the hybrid brass–carbon fibre-added fresh mortar layer cast on
an existing concrete beam of length 1.5 m. The graphical representation of stress versus
strain, fcr versus strain, load versus displacement, and load fcr is shown in Figure 11.
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Figure 11. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of hybrid brass–carbon fibre-added fresh mortar layer cast on an
existing concrete beam of length 1.5 m.

3.6. Hybrid Brass–Carbon Fibre-Added Mortar Layer Pasted on Existing Concrete Beam with
Araldite Paste of Length 1.5 m

The ultimate load of the hybrid brass-carbon fibre mortar layer placed on the existing
beam with the help of Araldite paste was 150 kN. The beam behaved in the same manner
as the fresh hybrid brass–carbon fibre-added mortar layer cast on a fresh beam in terms
of displacement, strain, and stress. In comparison to fresh hybrid brass with carbon fibre
added mortar applied to a new beam, displacement was reduced by 11.16% in the hybrid
brass, with carbon fibre-added mortar layer applied to an existing beam using Araldite
paste. In comparison to a hybrid brass–carbon fibre-added fresh mortar layer cast on a fresh
beam, the electrical resistance increased by 15.51% when the hybrid brass–carbon fibre-
added fresh mortar layer was placed on an existing beam with the aid of Araldite paste.

When compared to the brass fibre added mortar layer placed on the existing beam
with the help of Araldite paste, the displacement increased by 0.27% in the hybrid brass
and carbon fibre added mortar layer placed on the existing beam with the help of Araldite
paste. Similarly, in the brass fibre-added mortar layer placed on an existing beam with the
help of Araldite paste, the fcr decreased by 14.70% in the hybrid brass–carbon fibre-added
mortar layer placed on an existing beam with the aid of Araldite paste. The maximum
bottom strain at failure was observed as 0.00156 for the hybrid brass–carbonfibre-added
mortar layer pasted on an existing concrete beam of length 1.5 m with Araldite paste. The
graphical representation of stress versus strain, fcr versus strain, load versus displacement,
and load versus fcr is shown in Figure 12.
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Figure 12. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of hybrid brass–carbon fibre-added mortar layer pasted on existing
concrete beam with Araldite paste of length 1.5 m.
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The load was applied with a 2 kN increment in UTM. A strain gauge and digital
multimeter were used for testing. The fractional change in electrical resistance (fcr) was
determined using the resistivity value for each 2 kN increment in load.

4. Discussion of Results

From the experimental results, it was found that the fractional change in the electrical
resistivity values was found to steadily increase with the increase in loading initially. In
contrast, a drastic reduction in the fractional change in electrical resistivity values was
observed when the loading approached the failure load. Both brass and carbon fibres
performed well as conductive fillers in the production of cement composites that helped
to measure strains on the surface of a structural member, irrespective of the local stresses
being in tension or in compression, which was similar to the experimental observations of
Baeza et al. [27]. The most sensitive dosage of brass fibres in the mortar strip was 0.25%
(by volume of the mortar). Similarly, the optimum dosages of the hybrid brass-carbon
fibre were 95% for brass fibres and 5% for carbon fibres, respectively (by volume of the
mortar) [30].

The ultimate load at failure was also observed in a separately cast, fibre-added mortar
layer pasted to the existing beam with the use of Araldite paste. Compared to the hybrid
brass–carbon fibre-added mortar layer, the brass fibre-added mortar layer’s fractional
change in electrical resistivity performance improved by 14–18%. Similarly, the ultimate
load at failure was improved by 3–8% when the brass fibre was added to the mortar layer
as compared to the hybrid brass-carbon fibre-added mortar layer.

From the experimental results presented in this paper, it was found that the addition
of brass fibre and hybrid brass–carbon fibre made mortar more self-sensing. With the
newly developed smart mortar, the strain level in any flexural member can be assessed.
Additionally, the load level on the beam or on the slab can be assessed by measuring the
electrical resistance of the member. The structural elements can maintain their load level
within a safe limit. The developed smart mortar can be used for structural applications
where temperature changes are severe, such as chemical storage facilities, pavements, dams,
bridges, and for tall buildings. A quick, affordable, and less time-consuming technique
of monitoring the structural health of a building is possible by the development of this
smart mortar layer that can be applied to an existing structural member to monitor its
performance throughout its lifecycle.

5. Conclusions

The following findings were obtained from experiments on reinforced concrete beams
with smart mortar layers containing either pure brass fibre or a hybrid of brass and carbon
fibre. By adding a smart mortar layer to the bottom of a reinforced concrete beam, the
electrical resistivity values were able to detect a failure in the beam before it actually
occurred, making the beam element more sustainable. The application of Araldite paste,
which improves bonding and piezoelectricity, is the most effective method for implementing
the smart mortar layer in the reinforced concrete beam. The brass fibre-added smart mortar
performed better when compared to the hybrid brass–carbon fibre-added smart mortar in
terms of piezoresistive effect. The behaviour of the beam in terms of displacement, strain,
and the ultimate load was more or less similar, since all the beams were prepared with the
same materials and specifications. The formation and progression of cracks in the smart
mortar layer before the failure of the beam resulted in prior intimation through a sudden
drop in a fractional change in electrical resistivity values. The ultimate load at failure was
observed in a separately cast fibre-added mortar layer pasted to the existing beam with
the use of Araldite paste. Compared to the hybrid brass–carbon fibre-added mortar layer,
the brass fibre-added mortar layer showed an increase in the electrical resistivity values by
14–18%. Similarly, the ultimate load at failure was improved by 3–8% in the case of brass
fibre-added mortar layer when compared to the case of hybrid brass–carbon fibre-added
mortar layer.
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As a result, structural members can be coated with either carbon or brass fibres in
thin mortar layers to detect damage to the member. It can also be used to detect damage
in members before they fail and collapse, making the structure more sustainable. Further
research can be carried out with different conductive fillers in the mortar matrix. Studies
on the applications of such smart mortars in high-rise buildings, pavements, and dams
can also be carried out. The incorporation of smart mortars into other structural elements
subjected to cyclic loading can be performed in the future.
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