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ABSTRACT

Supporting sustainable development, contributing to reducing waste that causes environmental damage,
and reducing the use of natural materials are part of preserving the environment and society. This is done
by highlighting the manufacture of sustainable concrete pavement of acceptable quality and according
to specifications. The authors previously produced a concrete pavement mixture with optimal properties
by partially replacing the Portland cement with 55 wt.% of the ground granulated blast furnace slag
(GGBFS) in addition to partially replacing the virgin aggregates with 30 wt.% of recycled aggregate
from crushed rigid pavement. The goal of this research work is to produce a self-sensing rigid pavement
mixture from wastes with high mechanical properties, that is better than regular concrete and less
expensive. The new novel mixture has the ability to detect earlier the damages that occur to the concrete
pavement so as to obtain a longer life by periodically maintaining the pavement on time. The previous
mixture was improved by adding chopped steel shaving fibers with lengths ranging from 20-60 mm in
four different volumetric ratios. These are 0.7%, 1%, 1.1%, and 1.2%. The results were compared with
those of the basic mixture, and a decrease in workability and slump values were noticed. Moreover,
significant improvements in the mechanical properties were obtained. The concrete's resistance to the
applied loads increased by increasing the percentage of steel shaving in the mixtures, due to the
increasing of cohesion forces within the mixture. The self-sensing capability for the developed mixtures
was tested by measuring the changes in the electrical resistance under different types of mechanical
loadings. The results showed that the direction of the applied load and the proportion of steel shavings
affect the self-sensing properties in terms of the fractional variation in the electrical resistance (FVER,
%), which highlights the importance of using steel shavings in producing smart concrete pavements from
reused resources more efficiently and highly cost-effectiveness.
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1. INTRODUCTION

Concrete is a combination of materials that includes
cement, aggregates, water, and additives. Sustainability
and cost considerations associated with traditional
cement-based building materials have prompted the
academic and technical community to investigate
alternative products, and the current concrete industry
faces three significant challenges: diminishing reserves
of natural aggregates, increasing carbon due to increased
demand for Portland cement, and a corresponding
increase in greenhouse gas emissions from the production
of Portland cement annually (1). It is often used as the
main construction material in  many structural
applications.  Conventional concrete has some
weaknesses, including limited ductility and poor tensile
strength. Strength is enhanced by the use of reinforcing
bars, sometimes supplemented by fibers or polymers (2).
Various fiber kinds may be added to concrete mixes to
increase certain qualities like as ductility, fracture
resistance, tensile strength, and flexural strength (3). The
lathe steel fibers can be utilized to reinforce the concrete,
but high dosages of fibers leads decreased workability of
the freshly mixed concrete (4). However, addition of
small quantities of fibers to the concrete improves its
mechanical behavior (5). The impact of varying amounts
of steel lathe waste on the performance of concrete was
investigated by Mansi et al. (6). Incorporating steel lathe
waste into the mixture enhanced mechanical attributes
like concrete's compressive strength. Nevertheless, when
the amount of lathe steel waste is increased, the concrete's
workability decreases. Annadurai and Ravichandran (7)
investigated the effects of steel lathe waste on the shear,
impact, and fracture strengths of concrete. The output of
that research showed that the steel lathe waste
significantly slows the spread of cracks. The impact of
varying amounts of steel lathe scrap on the performance
of concrete was previously examined (6). The results
showed that the mechanical qualities including
compression strength were enhanced when steel lathe
waste was added to concrete. The flexural behavior of
concrete made from waste lathe fiber was studied by
Akshaya et al. (8). The researchers stated that addition of
lathe fibers to concrete improves its flexural strength and
reduces cracking length. The other reasons for using
recycled materials are that the cost of constructing rigid
pavements continues to rise, and there is an increasing
demand for materials that can improve the mechanical
and electrical properties of the rigid pavement (9). The
manufacturing of smart concrete pavement that has
acceptable mechanical properties is very important for
early detection of damage and, therefore, extending the
life of the pavement and enhancing its durability and,
thus, reducing the rehabilitation and maintenance costs
(10-13). In most studies of cement-based self-sensing
materials, electrically conductive filler(s) is/are

responsible for the initiation of electrical networks within
cement-based matrices (14-17).

In the present work, to manufacture a self-sensing
concrete pavement, information about the strength,
displacement, or damage of crack structures is based on
the change of electrical resistance (13, 18). The primary
determinant of electrical conductivity of concrete is the
conductive ability of the filler. Currently, conductive
fillers are mainly based on metals (19). The incorporation
of chopped steel shaving fibers into concrete has the
potential to substantially decrease its electrical resistivity,
owing to the elevated electrical conductivity of steel. The
presence of steel shavings in the concrete matrix
facilitates the conduction of electrical current by serving
as conductive pathways (20). The sustainable concrete in
this research consists of materials that affect both
mechanical and electrical properties, as the use of
crushed concrete aggregates as a partial substitute for
natural aggregates can have contradictory effects on the
strength. It depends on factors such as the classification
of the crushed concrete aggregate, the gradation of the
aggregate, and the overall composition of the concrete
mix. Moreover, ground granulated blast furnace slag
(GGBFS) is an iron and steel industry byproduct, which
the Portland cement is partially supplanted with it to
produce the concrete pavement mixtures in the present
work. As a consequence, addition of GGBFS may affect
the concrete strength and decrease its electrical resistivity
(21). When comparing the methodology of this research
with some previous works (22, 23), it becomes clear that
by using lower percentages of chopped steel shaving
fibers by volume of the mixtures (0.7, 1, 1.1, and 1.2%),
high load resistance and good cohesion of the concrete
are obtained without a negative impact on workability
and slump test. This were obtained with the utilization of
optimal addition ratio and appropriate lengths of steel
shaving fibers. Briefly, in the present work, a novel,
sustainable (made with moderately high percentages of
waste materials (RCA, GGBFS and steel shaving fibers))
and smart concrete pavement mixture is suggested to fill
the gap left within the literatures.

2. LABORATORY EXPERIMENT PROGRAM

2. 1. Materials Used and Mixes

2.1. 1. Cement In this paper, sulfate-resistant
Portland cement CEM 1 42.5 R- SR3.5, was utilized. The
chemical and physical properties of the cement used are
summarized in Table 1.

2.1.2.Fine Aggregates Washed sand free of salts
and impurities was used, and it does not contain more
than 4% separable materials. It is a red sand type and it is
present Al-Ukhaidir area in Karbala. The sand gradations
have been checked according to AASHTO T27 (24) as
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stated in Table 2. and presented in Figure 1. This
gradation of the size of aggregate granules produces a
high-quality concrete mixture and fills the voids between
the coarse particles, as well as has an effect on the
workability of the fresh concrete (25).

2.1.3.Coarse Aggregates Two types of aggregates
were used, the first type was natural aggregates it was
sourced Al-Nebai area in Salahaldeen Governorate, and
the second type was recycled aggregates. It was sourced
from a demolished rigid pavement and converted into
coarse aggregates of different sizes using a crusher.
Coarse aggregates of both types are washed with water
and cleaned of impurities and dust that affect the
cohesion of concrete. Coarse aggregates are classified
into specific grades according to Iraqi specification (26),
depending on AASHTO T27 (24) as given in Table 3. and

TABLE 1. Chemical and physical properties of the Portland
cement used

Characteristic Value

Chemical properties

Loss on flicker 3.56
Insoluble materials 0.50
SOs 2.37
CsS 2.49
MgO 1.70
Chloride quantity 0.03
Physical properties
Finesse (m?/kg) 344
Primate time(min) 150
Final time (hours) 3:18
Hardness (mm) 0.29

Compressive strength (MPa)

2 days 23.9
28 days 48.2

TABLE 2. Fine aggregates gradation according to AASHTO
T27

% Passing by weight

Upper limit Chosen gradation Lower limit
100 100 100

100 95.87 95

80 64.37 45

30 21.96 12

10 3.95 2

3 171 0

exhibited in Figure 2, to obtain the largest amount of inlet
between the grades of aggregates, and this, in turn, leads
to an increase in the strength of the concrete (27).

2. 1. 4. Ground Granulated Blast Furnace Slag
(GGBFS) It is a byproduct of iron production and
when mixed with concrete it may enhance its strength and
durability. This substance is created by heating iron ore,
limestone, and coke to around 1500 °C. The procedure
takes place in a blast furnace. GGBFS does not form
straightforwardly. Molten slag and molten iron are
byproducts of iron production. The molten slag is made
up of alumina, silica, and a few oxides. After cooling, the
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Figure 1. Gradation limits and the selected gradation of the
fine aggregates used

% Passing by weight

TABLE 3. Coarse aggregate gradations according to SCRB-
R10 (28) and AASHTO T27 (24)

% Passing by weight

Upper limit Chosen gradation Lower limit
100 100 100
100 99 90
70 70 35
30 30 10
5 1 0
1 1 0
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Figure 2. Gradation limits and the selected gradation of the
coarse aggregates used
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slag is granulated. It is authorized to travel through high-
pressure water for this purpose. This causes the particles
to quench, resulting in granules with diameters smaller
than 5mm. The presence of the major oxides are typically
found to be within the following ranges: MgO (0-21 %),
Al,O3 (5-33 %), SiO2 (27-42 %) and CaO (30-50 %) (29).
These are the minerals contained in the majority of
cementitious compounds. The particles are then dried and
processed in a revolving ball mill to generate a fine
powder known as ground granulated blast furnace slag.

2.1.5. Steel Shaving Fibers A waste of lathe
iron was used to study the direct impact on concrete. The
recycled steel shaving obtained from the lathe machine
was spiral in form. Before usage, the recycled steel is cut
into specified pieces. Figure 3 exhibits the steel shaving
fibers production and uses in concrete. The dimensions
of the steel shaving fibers used were 2mm wide and
0.1mm thick, and the length was controlled between 20
to 60 mm. Each lathe produces approximately 2-3 kg of
steel shaving refuse filaments per eight-hour workday.
Steel shaving fibers were used in the present work to
decrease the electrical resistivity and enhance the
mechanical properties of the produced mixtures.

2.2.Mixing Procedures The materials were mixed
in three stages: the first stage was the dry mixing, which

L"

(a) Lathe machine

\
a /

(b) Waste steel fibers after cutting

includes the dry mixing of the fine and coarse aggregates
both 70 wt.% of natural aggregates and 30 wt.% of
recycled crushed concrete aggregates were blended in the
mixer in addition to the 45 wt.% of cementitious
materials of Portland cement and 55 wt.% of GGBFS. All
these components were dryly mixed for five minutes. The
second stage starts at the moment when water is added to
the ingredients. With the aid of the addition of the high
range water reducing admixture (HRWRA) to facilitate
the mixing process and get a well-mixed concrete, the
wet mixing process continues for about ten additional
minutes. These two stages of mixing were performed
according to the steps suggested by a previous work of
the authors (30). Different proportions of steel shaving
fibers by volume of mixtures (0.7%, 1%, 1.1%, 1.2%)
were slowly distributed and mixed with the fresh
concrete during the third phase for an additional five
minutes to avoid balling and agglomerating of steel
shavings. It was noted that the addition of steel shaving
fibers negatively affects workability, especially at a dose
of 1.2% vol. After completing the mixing process, the
mixtures were molded and vibrated for 20 seconds, and
finally covered with plastic sheets and kept at room
temperature for 24 h after molding. The curing stage of
the specimens is started after the demolding process by
immersing the specimens in water until they reach the age
at which the test is performed.

“*'. EQ,,"

(c) The use of waste steel fibers in concrete

Figure 3. The steel shaving fibers production and use in concrete

2. 3. Types of the Experimental Tests The tests
that were carried out in the present research include the
tests on the fresh concrete in terms of slump value, as well
as the tests on the hardened concrete, which cover the
compressive, indirect tensile and flexural tests.
Moreover, the piezoresistive behavior of the specimens
under the above loading scenarios were investigated
(Figure 4).

2. 3. 1. Slump Test Results The results of the
slump test are shown in Figure 5. It was observed that the
high percentage of utilization of steel shavings in the
mixture leads to a decrease in the amount of slump. The

Concrete Tests
|Fresh Concrete|——| Hardened concrete |
| Workability Slump Test | Compressive Strength

Spliting Tensile
Strength

Flexural Strength

Self sensing

Figure 4. Types of performed tests
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reason may be attributed to the enhanced bonding
between the concrete compounds, specifically the
concrete reinforcement (4). The increase in the
percentage of steel shaving with lengths (20-60mm)
makes the ingredients difficult to mix because it reduces
workability as a result of the cohesion that occurs
between these parts inside the mixer.

2. 3. 2. Experimental Procedures Three kinds
of tests were executed to determine the mechanical
properties of the concrete acquired by adding steel
shaving after a curing period of 7, 28, and 56 days. The
tests were compression for the cubic specimens, indirect
tension for the cylindrical specimens and flexure for the
prismatic specimens. During the loading process of these
specimens up to failure, the electrical resistance values
were recorded to capture the self-sensing behavior of the
produced mixtures. Three samples of each mixture were
tested and the results were averaged. The compressive
strength was tested using 100x100x100mm?® cubic
specimens. Cylindrical molds with a diameter of 200mm
and a height of 200mm were utilized to manufacture the
specimens that were loaded under indirect tension. The
flexural test was carried out to prismatic specimens of
100x100x400mm?3. The values of the tests were obtained
as shown in Table 4. The specimens were tested at a
loading speed of 0.2 MPa/sec for compression test BS-
EN-12390-6, (31), 1.0 MPa/min for splitting tension test

(32), and 1.0 MPa/min for flexural third point test (33)
until failure.

3. RESULTS AND DISCUSSION

3. 1. Compressive Strength Table 5 shows the
results obtained from the compression test of concrete
cubes containing steel shaving at four different
proportions (0.7, 1, 1.1, and 1.2). It was noted that the
samples containing steel shaving have a higher
compressive strength than the control mix (R30S1.2), and
the amount of strength is increased with the increase in
the percentage of steel shaving fibers. Figure 6 shows the
direct relationship between the percentage of steel
shaving fibers and the compressive strength for the three
curing ages 7, 28, and 56 days.

The compressive strength of concrete samples is
significantly influenced by both the curing period (34)
and the proportion of steel shavings incorporated into the
concrete mixtures. A higher percentage of steel shavings
results in a notable increase in the compressive strength,
with enhancements ranging between 19% and 21% when
compared to the base mixture (R30S1.2) without steel
shavings. The concrete constituents and densification can
enhance the overall compactness of the concrete, making
it more resistant to various types of stresses (34).

38
37.5
E 37
E
a 36.5
g
2 36
35.5
35
R30S1.2 R30S1.2Sh0.7 R30S1.2Sh1 R30S1.2Sh1.1R30S1.2Sh1.2
Type of mixes
Figure 5. Slump test results
TABLE 4. Proportions of materials used in all mixes
) o, s (0 samie S N
€ ; ; BF teel shaving  fipers (Ka/m?
Sh (steel shaving). Coment GCBFS T e ibers (Kg/m?) ~ Cement RCA FA NCA wic HRWRA
R30S1.2 1.2 55 0 0 45 30 100 70 0.35 0.3
R30S1.2Sh0.7 12 55 0.7 15.5 45 30 100 70 0.35 0.3
R30S1.2Sh1 12 55 1.0 22.15 45 30 100 70 0.35 0.3
R30S1.2Sh1.1 1.2 55 11 24.36 45 30 100 70 0.35 0.3
R30S1.2Sh1.2 12 55 12 26.58 45 30 100 70 0.35 0.3
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TABLE 5. The results of strength for five mixes

Mixture strength (MPa)

Compressive Indirect tensile Flexural
Mix type
Mixture age (days)
7 28 56 7 28 56 56

R30S1.2 28.01 35.07 41.76 2.24 3.03 3.59 8.87
R30S1.2Sh0.7 28.95 37.11 44.52 244 3.25 3.88 9.40
R30S1.2Sh1 29.98 39.45 45.89 2.67 3.55 4.17 9.40
R30S1.2Sh1.1 30.74 42.69 50.11 2.88 3.93 4.43 11.68
R30S1.2Sh1.2 37.86 53.33 64.60 3.29 457 4.95 13.08

70
60
50

o o o

Compressive strength (MPa)

[=]

40

: d
28da

2 ys

1 H 56 days

m 7 days

R30S1.2 R3051.25h0.7 R3051.25hl R3051.2Sh1l.1 R30S1.2Sh1.2
Type of mix

Figure 6. Compressive strength of the plain and modified mixtures at different curing ages

3. 2. Splitting Tensile Strength The purpose of
incorporating steel scrap into concrete is often to achieve
a ductile failure response, as plain concrete tends to
exhibit brittle failure characteristics under tension. The
impact of using discarded steel scrap on tensile behavior
is prominently illustrated in Figure 7.
By adding waste steel to the control mix with curing age
of 7, 28 and 56 days, the strength increases in the ranges
of 8% - 19 %.

The results exhibit an improvement in the elastic
behavior capacity of the specimens. As the waste steel-

IS

=N

spliting strength (MPa)
w

28 days
I H 56 days
0

to-volume ratio increased, the strength and ductility of
the material also increased to some extent. In a previous
study, the results showed that lathe residues significantly
increase the strength, ductility and ultimate stress of
concrete (35).

3. 3. Flexural Strength Table 5 gives the result
values that reflect the effect of adding lathe waste pieces
on the flexural strength of concrete at 56 days age. The
results indicate that the flexural strength increases
proportionally when the steel shaving fibers are added to

B 7 days

R30S1.2 R30S1.2Sh0.7 R30S1.2Sh1l R30S1.2Sh1.1 R30S1.2Sh1.2
Type of mix

Figure 7. Splitting tensile strength of different mixes with different curing ages
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the mixture. In their research on synthetic fiber-
reinforced concrete, Balamuralikrishnan and Saravanan
(36) observed an increase in post-cracking energy
absorption capacity and ductility, as well as a significant
increase in both flexural fatigue strength and toughness
compared to conventional concrete. The flexural strength
of concrete is achieved by integrating straight and
corrugated steel and hook. By comparing the mixture
(R30S1.2) with the four mixtures containing steel
shaving, an enhancement in the flexural strength between
6%-46% was obtained. This enhancement is proportional
to the amount of steel shaving fibers.

Figure 8 illustrates the increasing in the flexural
strength with the rising in the percentage of steel shaving,
as the corrugated and irregular shape of the lathe iron
sheets provide higher strength for cohesion and bending
after shedding the load compared to the plain mix, as
stated by Junaid et al. (35).

3. 4. Electrical Resistivity Measurement The
electrical resistance was checked at the same time as the
applied load recorded. A DC source meter was used to
measure the electrical resistance. Three samples of each
type of mixtures were examined by implanting copper
electrodes in the fresh concrete of each sample (Figure
9).

14
e 12
2
S 10
=
2 s
p
] 6
i 4
2
2
“ 0

During the mechanical test, DC electrical resistance
was measured along the stress axis using binary
electrodes, which previously embedded in the fresh
concrete. To achieve reliable results, a DC source meter
was utilized. A wooden board was constructed between
the loading device and the samples to avoid electrical
conduction that might affect the accuracy of the data.
Figure 9 shows the entire pressure testing and self-
sensing apparatus. A data acquisition system was used to
record the electrical resistance (Figure 8b). In addition,
the electrical resistance measurements were obtained
using a DC source meter, as shown in Figure 8c. As a
result of the above, the electrical resistivity data are
generated, which are then converted to fractional
variation in electrical resistivity (FVER, %) using
Equation 1.

FVER (%) 0 = (£5£2) x 100 % )
where FVER, po and pt are the fractional variation in
electrical resistivity, initial electrical resistivity and
electrical resistivity when the specimen is under loading
respectively. Figure 10. presents the geometrical
dimensions of the specimens and copper plates. The
methodologies and electrode types used in this approach
are based on literature (10, 34).

R30S1.2  R30S1.2Sh0.7 R30S1.2Sh1 R30S1.2Sh1.1 R30S1.2Sh1.2

Type of mix

Figure 8. Flexural strength of the produced mixtures after 56 days of curing

~

Figure 9. Self-sending setup: (a) Concrete specimens with emb

edded electrodes, (b) Data ‘acquisition system for the electrical

resistivity measurement, (c) DC electrical source meter, (d) Compressive strength machine
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Figure 10. The geometrical dimensions and electrode positions of the (a) cubic, (b) cylindrical and (c) prismatic specimens (all

dimensions are in centimeters)

3. 5. Ultrasonic Pulse Velocity Test (UPV)
Ultrasonic testing devices can identify cracks and voids
in concrete and monitor its strength. The device consists
of a display unit, two power adapters (54 kHz), two 1.5
m BNC cables, a connector, a calibration rod, a battery
charger with USB cable, and 4 AA batteries (LR6).

Ultrasound velocity was measured for a 28-day-old
cubic samples of 10cm?® cubic specimens (11). The
electric transducer is in contact with one area of the
concrete surface, and the longitudinal pressure wave
pulses are generated by the transducer. The second
transducer, located at a distance L from the source of the
pulses, receives these pulses and converts them into
electrical energy. After penetrating the concrete, the
transducer sends out its electrical signals. The electronic
measurement of time spent in transit is denoted by the
letter "T." Dividing L by T, the pulse frequency, V can
be determined. Figure 11 presents the Proceq Pundit Lab
method. After adjusting the instrument settings using the
manufacturer's instructions, three samples were
lubricated to ensure smooth operation during the test. The
test was performed by determining the time taken for the
ultrasonic pulses to pass into the concrete.

Sample quality and mix homogeneity can be
determined, using approved standards such as BS. A low
speed indicates that the concrete mixture contains voids

and cracks, while a high speed indicates that the material
quality and consistency are high and the materials
composition are highly packed (37). To ensure more
accurate results, the water-saturated samples were dried
at 60 °C for 24 hours because the pulse speed in the wet
samples was five percent higher than the speed in the dry
concrete, and then the samples were lubricated on the
opposite sides on which the poles were placed.
Ultrasound propagates in a straight path between the two
ends of the sample, as specified in the standard were
determined (38).

4. DESCRIPTION OF STRENGTH RESULTS

Steel shaving fibers, a byproduct of the lathe machine,
are waste material beneficial to sustainable concrete
product. The improvement of concrete strength increases
by increasing steel shaving content in all concrete mixes,
as a 1.2% of steel shavings as a volumetric ratio of a
sample gives the higher strength amount in the present
work. The reason is due to the results of cohesion that
occurs between the matrix parts inside the mixtures, as
illustrated in Figure 12.

Through previous studies, it was found that the use of
steel fibers in different proportions in the concrete
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ot

Figure 11. Ultrasonic Pulse Velocity test: (a) Lubrication sdrfaces of the cube, (b) UPV calibration, and (c) Ultrasonic test of a

specimen

mixture affects the strength (39). It was concluded that
the use of 1% steel fibers with a length of 30-50 mm led
to a decrease in a slump from 19 cm in the base mix to 17
cm. As for the compressive strength, it increased by 11%
compared to the base mixture at the age of 28 days. As
for Aksoylu et al. (40), they also used steel fibers but with
short lengths and different proportions. One percent steel
fibers by volume in their work led to a decrease in
workability and slump. Concerning the alteration of
normalized splitting tensile strength, Celik et al. (22),
demonstrated a 70% augmentation in their research,
whereas Shewalul (41) observed a decline of 13%.
Accordingly, it can be stated that the amount of slump
and workability do not depend on an increase in the
percentage of steel only, but also on the shape and size of
the additive, as an increase in these percentages
sometimes gives counterproductive results. Moreover, if
there are no balling cases in the produced mixtures, the
compressive strength can be enhanced significantly with
the addition of reinforced fibers. The linking bonds
between the cement hydration products and fibers
increases the elasticity, ductility, and durability of
concrete. The irregular nature of lathe waste pieces is also
an essential property that contributes to their adhesion, as
they adhere effectively to cement and aggregate.

5. UPV TEST RESULTS

The pulse velocity checked by ultrasonic test instrument
for concrete cubes for all concrete mix types are shown

1573
Figure 12. Concrete specimens after failure

in Table 6 and figuratively presented in Figure 13. The
sample size affects the exactitude of the UPV test results.
A previous study by Prasad et al, (42) verified this fact,
indicating that the specimen dimension would be under
50 mm and not exceeding 100 mm as the pulse is both
large or small at short distances. As a consequence,
discrepancies in the values of the test findings are
possible. To establish the quality of the mixes, the test
results were compared to British Standards (BS). The BS
Standards categorize ultrasonic pulse velocity across
samples as extremely bad, weak, questionable,
acceptable, or exceptional (43), as shown in Table 7.
Figure 8 shows that the UPV values of the mix
R30S1.2Sh1.1 reinforced with steel shaving of 1.1 vol.%
has the highest pulse speed (4410 m/s), while the mix
with steel proportion (0.7, 1, 1.2%) showed a significant
decrease in pulse speed, even when compared to the plain
mix, which reached 4206 m/s. All combinations,
however, may be considered excellent homogenous
mixtures. Furthermore, the difference in average pulse

TABLE 6. UPV test results

Type of mix Time (usecond)  Velocity (m/s)  Condition
R30S1.2 219 4110 Good
R30S1.2Sh0.7 209 4306 Good
R30S1.2Sh1 224 4318 Good
R30S1.2sh1.1 212 4410 Good
R30S1.2Sh1.2 214 4408 Good
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Figure 13. Pulse transfer velocity results

TABLE 7. Pulse velocity ranges for concrete (43)
Pulse velocity (m/sec)

General conditions

Above 4570 Excellent
3660 — 4570 Good
3050 — 3660 Questionable
2130 - 3050 Poor
Below 2130 Very poor

speeds caused by the presence of hybrid fillers provided
the impression that the electrically conductive materials
impacted the homogeneity and strength of the mix, which
is in line with the results obtained by Abdullah et al. (16).
They demonstrated that the kinds of components and
their amounts in the cement-based combination influence
pulse speed.

6. SELF-SENSING BEHAVIOUR OF SPECIMENS
UNDER LOAD APPLICATION

Electrical resistivity is indicated by how well the material
conducts electricity within concrete. The benefit of
determining the fractional variation in the electrical
resistance (FVER, %) is in the early detection of cracks
that occur in rigid pavement and their maintenance at the
lowest cost before these cracks get worse and become a
major problem. As a result, the upkeep of these
necessitates the highest expenses. In this research, the
produced sustainable concrete pavement consists of
recycled aggregates, GGBFS, and steel shaving, as each
of these three materials affects the piezoresistive
behavior of the produced mixtures. The produced
specimens, as mentioned before, were tested under three
loading scenarios; compression, indirect tension and
bending.  Electrical  resistance was  measured
simultaneously with mechanical tests each one second.

6. 1. Behavior of Self-sensing Under Uniaxial
Compression Test Figure 14 illustrates the
correlation among the self-sensing behavior of mixtures,
as indicated by the Fractional Variation in Electrical
Resistance (FVER, %), and time under uniaxial
compression loads for all of the four proportions of steel
shaving (0.7, 1, 1.1, and 1.2 vol.%) that utilized within
the mixtures. The piezoelectric test was carried out two
times depending on the direction of the load application
relative to the direction of the measurement of the
electrical resistance (parallel and perpendicular). The
research demonstrates the self-sensing capabilities of
cubic specimens composed of various mixtures when
subjected to uniaxial compressive loading after a 28-day
curing period. Figure 14. presents the compression stress
and FVER changes along the time of test performing
when the direction of the applied load was parallel to the
direction of the electrical resistance measurement. The
piezoresistive behavior of the mixtures containing
different dosages of steel shaving fibers exhibits similar
pattern. There were small differences between the
mixtures in terms of FVER. It can be seen clearly that the
FVER at 1.1 vol.% steel shaving registered the higher
change comparing with other percentages. This can be
attributed to the effectiveness of the electrical network
formed at this ratio of fibers, which led to a greater
change in the electrical resistance when the samples were
subjected to compressive loads. Moreover, the increase
in FVER may be due to the cohesion exhibited by
concrete particles and the reduction of existing voids, as
well as the presence of steel in a helical form that
prevents further formation of micro-cracks and thus
makes the specimens coherent even after failure. That is,
the presence of a good medium that transmits electrical
ions and thus more changes can be obtained (40).

Figure 15 exhibits the self-sensing behavior of the
produced mixtures when the direction of the applied load
was perpendicular to the direction of the electrical
resistance (ER) measurements. According to this setup, it
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was noted that the mixture containing 0.7 vol.% steel
shaving reached to FVER of 2.5%, performed better than
other mixtures in spite of the low percentage of fiber used
in it. The high FVER obtained in this mixture under the
uniaxial compression loads may be attributed to the well
dispersed process of the steel shaving fiber that leads to
the creation of a good electrical network within the
concrete matrix that highly can self-sense the applied
load on it (10, 17, 44, 45).

6. 2. Behavior of Self-sensing Under Splitting
Tensile Test As presented in Figure 16, the self-
sensing characteristics of concrete mixture samples
change with the proportion of steel shaving amount.
Through the use of reinforced concrete in this work, the
splitting tensile strength of the cylindrical specimens
under the applied load can be determined, as the concrete
gradually cracks when the load is applied until it reaches
the failure stage. As a result, the electrical resistance was
measured to early capture the micro crack happening in
the concrete and enable maintenance of initial cracks in
the real-world pavement structures before they reach the
deterioration stage. Figure 16 displays the self-sensing
behavior of the cylindrical specimens under indirect
tension loads where the direction of the applied load is
parallel to the ER measurement via the copper electrodes
embedded in the concrete. As previously mentioned in
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section 6.1, the self-sensing capability is measured by
determining the fractional variation in electrical
resistance FVER for all mixes. It was noted that all types
of mixtures reinforced with different amounts of steel
shaving fibers well behaved in terms of FVER with clear
superiority of the mixture reinforced with the highest
amount of steel shavings (i.e. the mix that contains 1.2
vol. %), which reached to FVER of 0.22%. This may be
explained due to the obvious effect of the reinforcing
fibers on the self-sensing behavior of the mixtures when
they loaded with the splitting loads. Moreover, it can be
concluded that the electrical resistivity of all types of the
loaded mixtures were decreased because the ER was
measured parallel to the applied load, which indicates
that the electrodes come closer together when the indirect
tension load is applied, while measuring the electrical
resistance as shown at the beginning of this section. As
for Figure 17, the split load is applied in a direction
perpendicular to the ER measurement. It was observed
that the resulting FVER for mixtures containing (0.7, 1.1
vol. %) steel shaving fibers had very small values, but the
mixture that contains 1 vol. % steel fibers reached to
FVER of 0.48% at the end of the splitting test of the
cylinders. The highest amount of the steel shaving fibers
and also irregular behavior appears in mix 1.2%, where
the FVER of 9%, again proved their self-sensing
superiority, although there is self-sensing in the rest of

Stress FVER

Splitting stress, MPa
- N w
oM W W n
o
[
FVER, %

[

F 0.2

05
0 025
0 5 10 15 20 25 30 35
Time, Sec
(b) 1.0 %vol. steel shaving
4 0
35 Stress FVER
I -0.05
© 3
o
=
5 25 01
Q Y
— o
g 2 &
2 z
£ s L 0.15
=
=
[ |
L 02
05
0 025
0 5 10 15 20 25 30 35

Time, Sec

(d) 1.2 %vol. steel shaving

Figure 16. Piezoresistive behavior of cylindrical specimens with different percentages of steel shavings under splitting load with

load application parallel to the ER measurement
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Figure 17. Piezoresistive behavior of cylindrical specimens with different percentages of steel shavings under splitting load with

load application perpendicularly to the ER measurement

the mixtures. As it can be noticed, the FVER raises with
the increasing of the splitting loads in all mixtures. This
can be explained by the electrodes being farther away
from each other with the progression of the split load
applications until failure. Moreover, the ER changes as a
result of the concrete particles sliding, their position
changed, the electrodes moved apart, and cracks
occurred. All of these reasons lead to an interruption in
the network that transports ions, thus increasing electrical
resistance. From this, it is useful to utilize steel shaving
reinforcement within the mixtures, and the use of high
percentages are better than low percentages, as the FVER
obtained, which is the index of the self-sensing
phenomenon are higher. In addition, the steel shaving
fibers show good behavior in terms of the cohesion of
concrete and controlling the microcracks that occur
during the load application (10, 11, 16, 17, 45).

6. 3. Behavior of Self-sensing of the Prismatic
Samples under Flexural Loads The flexural test
is important to determine the ability of the rigid pavement
to bend. The test was carried out using four-point flexural
test according to ASTM C78 (33). The capacity of the
loading machine is 200 kN, and the prismatic specimens
were loaded at a loading rate of 1.0 MPa/min, with a
computer connected to the loading machine to record the
flexural load and mid-span displacement each second
until failure, simultaneously with the recording of the

electrical resistance via the embedded electrodes as
shown in Figure 18. Electrical resistance values were
measured and registered during the process of applying
the flexural loads on the specimens with the aid of a DC
source meter each one second. After that, the FVER was
determined to quantify the self-sensing ability of the
prismatic specimens against the applied loads and the
resulted mid-span displacement. The electrodes were
positioned at a distance of 25 mm from the edge of the
prismatic specimens, specifically at the positions of the
support points, to avoid the earlier failure of the prisms,
since the electrodes create weak points that lead to crack
propagation under loading (Figure 18 b).

The self-sensing results obtained during the four-
point bending in terms of FVER are presented in Figure
19. The figure exhibits the self-sensing behavior that may
be divided into three segments, each showing variations
in flexural stress-deformation plots. The first phase
encompasses the region from the onset of flexural
loading until the development of the first fracture when
the flexural stress-deformation relationship remains
linear (elastic stage). The second stage starts after the first
cracking and involves a simultaneous process of
deflection-hardening along with the occurrence of
several microcracks. The third "part” may be regarded as
the region of deflection-softening, characterized by an
abrupt decrease in the ability to bear flexural loads,
caused by the process of identifying the specific location
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Figure 19. Piezoresistive behavior of prismatic specimens with different percentages of steel shavings under flexural load

of a particular little fracture that ultimately results in
complete failure. With increasing bending loads and
deformation experience, the FVER values show a steady
increase. All blends are included, regardless of steel
shaving content percentage. Deterioration, or
disintegration of the conductive paths has occurred as a
result of microcracks. The FVER showed a steady rise
throughout the first loading segment, followed by more
dramatic rises as the bending loads approach the final
breaking point. This is likely caused by increased cracks
(12, 14, 45-47).

In terms of ductile concrete, the mixtures containing
0.7 vol.% of steel shavings exhibit the best behavior. This
behavior is due to the clear effect of steel shaving fibers

that award the concrete mixture the ductile behavior in
addition to uniform changes in the electrical resistance,
which means that the produced mixtures have the ability
to sense the load application, damage and displacement
of the prismatic specimens. Sudden failures that are
happened after around 1 mm of displacement are also
captured by the produced mixtures that have 1.0 and 1.1
vol.% of steel shaving fibers. At 1.2 vol.% of steel
shaving fibers dosage, the prismatic specimens appeared
a steadier behavior in terms of flexural strength and the
resulted mid-span displacement with a successful self-
sensing behavior. In essence, the rising of FVER with the
progression of the flexural load application is due to the
fracture induces the dispersion of concrete particles,
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resulting in the formation of wider gaps or voids between
them. The expanded gaps impede the movement of
electrons, resulting in a rise in the electrical resistivity
even when the material is experiencing failure (44, 48-
51).

Nevertheless, the dispersion and divergence of
particles disturb the networks through which electricity
flows in the material, resulting in an elevation of the
electrical resistance. Comprehending this behavior is
vital for interpreting the electrical reaction of materials
when subjected to stress and failure circumstances,
especially in situations where it is necessary to self-detect
or monitor the structural health through electrical
properties.

7. CONCLUSIONS

A comprehensive research endeavor was undertaken to
assess the self-sensing capabilities and mechanical
attributes of concrete compositions derived from waste
materials. The evaluation of mechanical properties
involved testing through compressive, splitting, and
flexural examinations of different concrete mixtures. The
investigation of self-sensing capabilities entailed
analyzing the Fractional Variation in Electrical
Resistance (FVER) concerning various applied load
scenarios across cubic, cylindrical and prismatic
specimens. Consequently, several conclusions can be
drawn from these investigations:

1. The slump test for concrete containing steel shaving
compared to the base concrete shows that the id
declined the increasing of the steel shaving fiber
dosage

2. The specimens containing steel shaving have a higher
compressive strength than the control mix (R30S1.2),
and the amount of strength is increased with the
increase in the amount added of steel shaving fibers

3. The addition of the steel shaving fibers to the mixtures
enhances the strength ability regarding the applied
indirect tension loads. This improvement is raised
with the increasing of the fiber dosages. Moreover,
the indirect tensile strength is improved the
progression of the curing age of the mixtures

4. An enhancement was obtained in the flexural strength
and this enhancement is proportional to the amount of
steel shaving fibers

5. The ultrasonic pulse velocity test results proved the
compressive strength results of the different mixtures
produced in the present work

6. All mixture types exhibit good piezoresistive behavior
regarding the loads applied on them (compression,
indirect tension and bending) even with low dosages
of steel shaving fibers. This behavior opens the door
widely to the possibility of producing rigid pavement
mixtures with good mechanical and smart properties
from waste materials
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