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10 Abstract
11 Steel fibre-reinforced concrete has been used extensively because of its excellent mechanical properties.
12 Academic researchers have comprehensively discussed the impact and challenges of fibre
5’ reinforcement to obtain optimal properties in the resultant concrete. Most researchers reported the
15 mechanical performance of fibre-reinforced concrete (FRC) under static loads. A few studies did
16 conclude the mentioned performance on dynamic loads. However, a comprehensive analysis is still
17 missing that can explain the crack resistance performance of FRC under dynamic loads at relatively
18 high temperatures. In this study, the efficacy of FRC beams for crack resistance is analysed under
;g coupled loads, i.e., dynamic load at relatively high temperatures as compared to room temperature.
21 Various rescarchers found that concrete's qualities may change at different temperatures due to moisture
22 content, physical and chemical changes to the ingredients, differences in cooling and heating schedules,
23 water-to-cement ratio, and aggregate. The ratc of reduction in moisture content is quite possible even
24 in relatively high temperatures as compared to standard room temperature. Therefore, we selected a
;Z range of temperature that demonstrate tests on more realistic weather conditions for most of the concrete
27 applications. As per theory, a slight change in modulus or strength shall definitely effect the dynamic
28 response. Therefore, we tested cantilever FRC beams on a modal excitor in a band heater to expose the
29 beams to bending loads at different temperature values. The variation in the beam’s dynamic response
30 parameters, including modal amplitude and frequency, is discussed, and compared with experimental
31 . .
30 results for regular and reinforced concrete beams. The SIF of plain concrete decreased as concrete
33 temperature increased. Compared to conventional concrete, using SFRC-1 enhanced fracture resistance
34 by 10-20% at various crack depths (2mm, 4mm, 6mm) and temperatures (20 °C, 40°C, 60°C).
35
36
37
38 NOMENCLATURE
39
40
41 a Crack depth
jg Beam section
44 AL, AR Coefticients
45
46 b Beam width
3 ; B Coefficient
49 B,, By Coefficients
50
51 Cp. Cr Cocfficients
gg D,, Dx Cocfficients
54 E Elastic modulus
55
56 E, Elastic modulus at T
g; f Frequency
59 fr(a/H) Shape function
60
61
62
63
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Beam thickness

Area moment of inertia

Momentum of inertia

Torsional spring stiffness

Distance between the crack location and fixed end of the beam
Beam length

End mass

Accelerometer mass

Angular frequency

Angular frequency of a shaker
Modal coordinate of the n-th mode
Density

Time

Modal coordinate

Shaker displacement amplitude
Distance to the fixed end of the beam
Beam displacement due to bending
Fixed-end side beam displacement
Free-end side beam displacement
Mode shape of the beam

n-th mode shape of the beam
Stress intensity factor

Steel fibre reinforced concrete
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1.Introduction

A crack in a structure, in general, affects local stiffness and influences dynamic structural responses,
such as displacement amplitudes, natural frequencies, and mode shapes. These dynamic responses
include information about the size and location of the crack(s). Many studies have concentrated on the
vibration properties of the cracked beams [1-3]. Ostachowicz and Krawczuk, for example, calculated
the natural frequencies of double-sided cracks and single-sided cantilever beams by modelling a crack
as a torsional spring model [4]. According to the experimental and analytical results, the natural
frequency of the cantilever beam reduced as the crack increased. Studies have also been conducted to
examine the dynamic response of a cantilever beam using a fracture mechanics-derived spring stiffness
model [5-11]. However, a torsional spring model can only describe superficial cracks. Some
investigations have studied the relationship between crack propagation and natural frequency [5,9,12—
16]. The location and extent of damage can be estimated using mode shapes [6,17-19]. Other
researchers claimed that variations in curvature modes may be used to determine a crack [20-22]. Mode
shapes and natural frequencies of cracked aluminium cantilever beams were investigated by Zai et al.
[23]. In their work, Khan et al. computed the fundamental frequency of a non-prismatic aluminium
1050 cantilever beam at various temperatures and found that the elastic modulus changed to represent
the changing ambient temperature [24]. Numerical, analytical and empirical studies have revealed that
increasing the temperature results in a lower structural natural frequency. Several additional
investigations [2] came to the same conclusion. Gupta et al., for example, studied the fundamental
frequency of a thermally cracked isotropic aluminium microplate. The effect of the thermal environment
was evaluated in terms of temperature-induced moments and in-plane forces [25]. Gillich et al.
proposed a multi-modal damage detection approach in fluctuating temperature situations[15]. The

internal load was calculated since a fixed steel beam was used.

Significantly, the investigations mentioned above focused on metal materials, and only a few studies
have been undertaken to examine the vibration response of cracked fibre-reinforced concrete (FRC)
beams. Concrete constructions are more likely to be subjected to temperature and dynamic stresses. As
a result, the mechanical characteristics of concrete structures are improved by adding fibres of various
materials to reinforce them. However, most of these estimates are produced through empirical testing
and quasi-static conditions [26—42]. In recent decades, FRC has been studied for improved crack
control. When fibres are combined with concrete, it increases the load-bearing capacity as well as the
crack resistance. [43]. Today, concrete is recognized as one of the most important and universal building

materials due to its capacity to withstand compressive load, temperature resistance, and durability[44].
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In addition, composite concrete structures play an essential role in enhancing load-bearing capacity due
to their multifunctional properties, i.e., superior strength, energy absorption, and durability [45-47].
Other researchers observed that short-term data from most durability investigations [48] showed that
GFRP bars exhibited a considerable loss in mechanical attributes, primarily tensile strength. As a result,
it increases the overall service life of the FRC-based structure. However, there is very little literature

available that can provide a quantitative assessment of the mentioned increase in crack resistance.

Concrete's mechanical properties are significantly impacted by temperature variations brought on by
the hydration process in bulk concrete or by changes in the environment. Therefore, mechanical
characteristics must be considered when designing concrete structures[49—51]. For these reasons, it is
required to research and quantify how temperature and aging affect concrete properties. Several studies
on the degradation of concrete when exposed to extreme temperatures have been conducted. Concrete
structures may be subjected to high-temperature changes, coincidental causes, or auxiliary application
characteristics, and as a result, concrete changes may influence their mechanical characteristics [52].
Various researchers found that Concrete's qualities may change at different temperatures due to
moisture content, physical and chemical changes to the ingredients, differences in cooling and heating
schedules, water-to-cement ratio, and aggregates[53—55]. Because of its high fatigue strength, fibre-
reinforced concrete (FRC) is commonly utilized in the construction of bridges and underground
structures (tunnels), as well as in improving/reinforcing structures subjected to earthquake forces[56

59]. The dynamic compressive strength and elastic modulus of Fiber reinforced reduce as temperature
rises, while critical strain rises. Furthermore, peak toughness rises first and then falls within the same
conditions[60]. Developing a dynamic response model for FRC is critical to account for
thermomechanical loads accurately and accurately reflecting actual working environments. Structural

behaviour of the crack’s resistance is quite significant for concrete applications.

The stress intensity factor represents the crack resistance and fracture toughness of a material [61,62].
The crucial stress intensity factor for concrete mixture grades and the impact of different factors on it
were experimentally determined in [63—605].The stress intensity factor explicitly states the increase in
intensity at the crack's tip; the crack would then propagate when it exceeds the material's toughness.
Both fracture growth and crack opening (the rise of the fracture surface displacement) could boost the
permeability of concrete, resulting in a loss in cement integrity. Designers and engineers can use the
factor of stress intensity as an essential input variable to predict the durability of materials cracked under
various failure modes [64]. As a result, some research has focused on concrete design, concentrating on

fracture mechanics to obtain more detailed results [65].

In this study, the efficacy of FRC beams for crack resistance is analyzed under coupled loads i.e.,
dynamic load at relatively high temperatures. Cantilever FRC beams were tested on a modal excitor in

a band heater to expose the beams with bending loads at different temperature values. The variation in
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beam’s dynamic response parameters, including modal amplitude and frequency, is discussed, and
compared with experimental results for regular and reinforced concrete beams. The stress intensity
factor (SIF) and displacement amplitude characteristics show that the steel fibre-reinforced concrete

specimens have excellent ductile behaviour and higher crack resistance than ordinary concrete samples.

2. Experimental Methodology

The analytical models presented in Section 3 should be appropriately validated. As a result, appropriate
experiments were devised to consider dynamic thermomechanical loads. The chosen test parameters
were specified, and an experimental setup was created to monitor structural integrity and dynamic
response during a fatigue life test. In the analytical models, the temperature-dependent Young’s

modulus value was also calculated.

2.1 Materials

This investigation used Portland EMC II composite cement and standard coarse and fine aggregates
(Table 1). A sieve evaluation of the aggregates used revealed that they were appropriate for making the
concrete mixture. Flowaid SCC superplasticizer was added to enhance the workability of the concrete,
making it more usable and flowable. The concrete was workable, with good cohesion, negligible
segregation, and no bleed water. The mix concrete design and Novocon® FE-1050 steel fibres at a 1%
amount were used in this study, in accordance with Khalel and Khan’s optimization study of fibres

Table 2 explain fibre properties. The table 1 shown the mixing percentages of the control concrete.

Table 1 Mixing percentages of the control concrete

Quantity Cement (kg) | Water (L) Fine aggregate Coarse aggregate
(kg) (kg)
Per m? 427 213 679 1061
Trial mix 0.009 m? 3.843 1.917 6.273 0.549

Superplasticizer (0.5% 0.0192 kg for trial mix
form cement)

Table-2 Fibre properties.

Type of fibre Shape Diameter | Length of fibre | Tensile strength of | Supplier
(mm) (mm) fibre (N/mm?)
SFRC-1 Straight 1 20 1150 Sika

2.2 Experimental Design and Procedure

2.2.1 Geometry of the Cantilever Beam

Figure 1 shows the geometry of the cantilever beam used in the experiment. The beam was 25 mm
thick. An initial seeded crack with widths and depths of 2 mm, 4 mm, and 6 mm was present on the top
surface, close to the fixed end of the beam, to achieve maximum stress concentration. The seeded crack

was measured at 5 mm from the fixed end of the beam. The free end of the beam was fitted with an



extra-lightweight accelerometer (mass: 0.6 g) from PCB® (Depew, NY, USA). Table 3 shows the

16
17 Figure-1 Geometry of a beam with dimensions of 200 mm, 30 mm, and 25 mm.
18
19
20
21

22 Crack depth | Temperatures | Number of samples Test number

;3 Mix type (mm) (°C) test for each for each crack dept
4 Temperature

32 Control Mix (20,40,60) (3,3,3)
;g Control Mix (20,40,60) (3,3,3)
29 Control Mix (20,40,60) (3,3.3)
ig Control Mix (20,40,60) (3,3,3)
30 SFRC (20,40,60) (3,3,3)
(20,40,60) (3,3,3)
(20,40,60) (3,3,3)
(20,40,60) (3,3,3)

Table 3 Experimental scheme

33 SFRC

34
35 SFRC

36 SFRC
37

28 Total
39
40
41 2.2.2 Sample Preparation

42

43 The sample is a beam, as shown in Figure 1. Before casting the concrete, oil was applied to the mould
44
45
j$ room temperature for 24 hours, after which they were marked, removed from the moulds, and stored
48 covered in clear freshwater until the test. The test was performed after 28 days because concrete
49
50
2% strength [66], as shown in Figure 2. This study used four standard concrete mixes and four FRC
53 mixtures. For example, steel fibre-reinforced concrete (SFRC) was utilized to create four concrete
54
55
gg content of 1% that replaced the cement in the concrete mix. The optimal value of steel fibre used in this
58 study is according to a parametric study for optimizing fibre-reinforced concrete Properties.

59

60

61

62

63

64

65
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after cleaning it. The moulds were then filled with concrete in layers. The test samples were kept at

achieves its highest strength after that period of time and its compressive strength indicates its overall

mixtures with various seeded crack depths (2 mm, 4 mm, and 6 mm), at a length of 20 mm, and a fibre
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Figure-2 Beam sample preparation.

2.2.3 Dynamic Response Testing

The experimental design was similar to approaches used in previous studies [67]. The first seeded crack

SFRC sample was set on a Data Physics V55 shaker (Hailsham, UK). The signal generator produced a

sine output signal, which sent the signal to the shaker. A mica band heater was used throughout the

trials to transmit a temperature load to the samples. An accelerometer was attached to the free end of

the beam to monitor the acceleration in real time. The acceleration and time data were recorded on

Signal Express software using a DAQ NI 9174 chassis and a DAQ NI 9234 card (Figure 3). The table

3 explains the sensitivity of the used accelerometer in this study

Table 4 explains the sensitivity and reliability of the used accelerometer in this study

pwaw)
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Figure-3 Experimental procedures.

The experiment was performed in stages. First, the fundamental natural frequency of the specimen was
determined three times using impact tests. The average number of the frequency response was then
calculated. Second, the shaker generated a sinusoidal motion with a displacement amplitude of 1 mm
at the measured fundamental frequency. Finally, the shaker powered the beam and vibrated at the
frequency, producing the first maximum beam displacement amplitude. The displacement amplitude
was calculated and used to investigate the crack. Figure 5 illustrates a seeded crack depth ranging from
2 mm to 6 mm of the CFRC beam. Continuous force vibration caused the depth of the crack, reducing
the local rigidity of the crack location and modifying the dynamic response characteristics of the entire
system. When the displacement amplitude displayed in real time by the Signal Express program was
drastically lowered, the experiment was paused. Next, the fundamental frequency of the system was
measured and re-entered. As a result, the experiment was re-started. The methods were used for all
seeded crack beams. Figure 3 above shows the experimental steps and Figure 4 below presents the

experimental setup.
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Figure-4 Experimental setup.
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2.2.4: Calculation of stress intensity factor

The stress intensity factor is the driving force that drives the crack to grow. This study considers the
load applied as the ultimate load (F) at the beam ends to generate the worst deflection situation. The
resulting maximum load can be calculated as follows: Max deflection equals the specified amplitude
value at resonance. Therefore, Eq (1) amplitude value can be used to determine the load. As a result,

the ultimate load at the crack's tip will have a sine wave-like shape with angles between 0 and 360

degrees.
pL?
6max = By (])
.
o=- 2)

Where M is the bending moment, ¢ Stress at the tip and Z is the section modulus, calculated as

7 = bxh?

- 3)
Where b=30 mm and h=25 mm are the cross sections of the cantilever beam in this study.

The minimum and maximum stress values can be provided Ao by the load sine graph, which enables it

to supply the value needed for AK.

AK = Y Ao (Pi x crack depth) * (0.5) (4)

From the literature can be calculated Y for mode-1 fracture under bending load specimens. It will be

roughly equal to 1.12. Crack depth values are available based on the amplitude value chosen in Eq.1.
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3. Analytical Model to Calculate the Natural Frequency during Different
Crack Depths

Fundamental frequency, displacement amplitude, and mode shapes are all ways to express a dynamic
structural response. This study covers the first two techniques. Ultimately, measuring frequency and
structural displacement amplitude is easier and more convenient than monitoring the mode forms in
real construction circumstances. The first mode shape is seen in many real structural applications and

is primarily responsible for any structural property changes due to its high energy content.

3.1 Abstraction of Good Working Conditions of the Samples in this Study

There are various structures within practical real application scenarios. A cantilevered beam structure
was studied in this study because, as with most previous research, a cantilevered beam is an essential
element in real engineering applications because it can resist high mechanical loads. Structures such as
wings and wind blades may be considered cantilever beams. In addition, the dynamic response of a

cantilever beam is more violent when it is excited.

Figure 1 above shows how the cantilever beam in this study was constructed. The beam can be excited
by vibrating movement from the fixed left end. To model crack damage in functional structures, the
initial seeded crack was on the top surface and close to the stationary end of the beam. There was one
crack location. To depict damage in real life, the distance between the beam's start and the fixed end is
200 mm. Furthermore, an additional mass on the free beam end represents an accelerometer in contrast
to a practical application. It clamps a mass of 0.6 g and 670 g, respectively, used in later experiments

in the research.

3.2 Modelling Crack Size

Cracks alter the local stiffness of a structure. A large crack depth reduces local stiffness significantly.
As illustrated in Figure 6, a crack in a beam can be represented by a torsional spring. Ostachowicz and
Krawczuk used Equations (5) and (6) to model the torsion spring stiffness related to an open single-

sided crack on a beam[4].

Figure-6 Torsion springs—cantilever beams—accelerometer system.
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a
H
a\8
2.4909 (%) (6)
Several previous studies used a similar model of spring stiffness derived from fracture mechanics to

study the dynamic behaviour of beam fractures [7-9,11,16,68=70][71][10][72][73].

They employed Equations (5) and (6) directly to investigate the relationship between crack depth and
spring stiffness. Their analysis assumed that bending stress was equivalent to stress on the crack upon
the beam surface because of the moment constant. The estimated stiffness equations above are,
however, only applicable to cracks near the surface. With greater crack propagation depths, this
hypothesis may result in spring stiffness inaccuracies. As a result, a mathematical change was
introduced into Equation (5), as shown in Equation (7):

k= () < )

w ) a3

The additional term (H — a)/H ensures that the stiffness of the spring tends to zero as the crack depth
considers the beam thickness, which relates to the actual condition. The contrast between the originally
modelled and the modified stiffness is shown in Figure 6. A higher temperature caused a reduction in
the elastic modulus, E_T, and, in due course, caused a decrease in natural frequency[74]. Equation (8)

introduces E_T, which is a temperature-dependent value in Equation (9).
E = E_20* (1.06 — 0.003 * T) (®)

3.3 Natural Frequency of the System

With the revised torsional spring model in Equation (3), a cracked beam is shown as two separate whole
beams, as shown in Figure 7 below, consistent with other studies [1-3,5-10,14,16-20,23.24,68,71—
73,75-93],Euler-Bernoulli classical beam theory was employed separately for the left and right beams.
Thermal expansion owing to thermal loads (high ambient temperature) does not introduce force and
timing since the beam has just one fixed end, on the left. The damping effect of the beam is examined
because only the basic frequency of the beam is determined. For both beams, the determining variance

equation can be written as Equations (9) and (10):
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4 2
ETfa 3;‘L(x,t) + pA 9%yL(x.t) =0 (9)

x* a2
a*yr(x.t) %yr(xt) _
E;l a’; + pA aRcz =0 (10)
bH3

Thermal load variations have an effect on the value of the elastic modulus of the E material. The

boundary conditions of the two beams can be given as follows:

1. There is no rotation at the fixed end of the beam and, consequently, dy, (0,t)/dx = 0.

2. There is no displacement at the fixed end of the beam and, consequently, y; (0,t) = 0.

3. Deflection appears at the spring position, hence y; (I, t) = yg(L, t).

4. Angular divergence due to spring rotation happens and, consequently, dyg(l,t)/dx —
0y, (L, t)/0x = (Er1/k)[0%yr(l ) /0x?].

5. The bending moment occurs in the spring position and, therefore, 8%y, (l,t)/dx* =
0%yg(l,t)/0x>.
6. Shearing force occurs in the spring position and, therefore, 33y, (I, t)/0x3 = 33y, (1, t)/0x3.
7. There is no bending moment in the free end of the beam and, consequently,
Erl[0%yg(L, t)/0x?] + J,[03yr(L, t)/0t*dx] = 0. ],is ignored since it is too small.
8. There is no shearing force at the free tip of the beam and, consequently,

Er1[03yg(L,t)/0x3] — m[0%yR (L, t)/0t?] = 0.

The overall solution of Equation (9) is

y(x,t) = Y(x) sin(wt) (11)

Equation (10) is obtained by substituting Equation (12) into Equation (13):

V) _ pay(x) =0 (12)

dx*

w?pA
Epl

p* =

The general solutions of Equation (8) for the left and right beams are presented as Equation (13):
Y. (x) = A, sin(Bx) + B, cos(f8x) + C, sinh(fx) + D, cosh(fBx)
Ye(x) = Ag sin(8x) + B cos(Bx) + Cg sinh(Bx) + Dg cosh(fx) (13)
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In the boundary conditions, the general solution shown in Equation (13) is used. According to Cramer’s
rule, the characteristic Equation (10) is produced since at least one constant from A; to Dy has non-zero

solutions.

The equation is used to calculate the value of Equation (14). Next, the different orders of the natural

frequencies for the cracked beam with an end mass are computed using Equation (12).

Figure-7 Beam cross-section free body diagram.
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4. Results and Discussion

4.1 Cantilever Beam End Mass System Dynamic Response

Section 2.2.3 describes the fatigue tests on beams with various crack depths and temperatures. The
original and adjusted stiffness values were used to create dynamic response models. The analytical
model used Equation (8) to calculate the elastic modulus values at various temperatures. Figures 8 and
9 below show the beam’s fundamental frequency of the control concrete and the SFRC at the beam tip;
the experimental displacement amplitudes of the standard concrete and SFRC are shown in Figures 10
and 11 for the various crack depths. The maximum number of intervals in MATLAB R2019b was
surpassed by 2.7 mm when the crack depth was measured at the 5 mm crack location, resulting in
approximations that fell short of the desired level of accuracy. The fitted curves for the fundamental
frequency were plotted based on the analytical results for crack depths ranging from 0 to 6 mm. The
dynamic responses and crack patterns for SFRC concrete slabs and beams derived from the present
nonlinear finite element analysis are consistent with those discovered by previous experimental

methods[94].

at20°C at40°C

(a) (b)
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Figure-8 Natural frequency of normal concrete measured experimentally and predicted using

an analytical model at various crack depths and temperatures.

(a) (b)

240 -

()

Figure-9 Natural frequency of SFRC measured experimentally and predicted using an
analytical model at various crack depths and temperatures.

4.2 Fundamental Frequency of the Seeded Crack Beams

4.2.1 Influence of Crack Depth on the Fundamental Frequency of Normal Concrete and
SFRC

Figures 8 and 9 show the results of the impact of crack depth on the natural frequency of cantilever
concrete beams with and without steel fibres. Natural frequency and dynamic characteristics are among
the essential aspects of construction and are frequently employed, such as for the long-term assessment
of bridges over their service life. The relationship between crack depth and a change in fundamental
frequency at an ambient temperature of 40 °C at a 5 mm crack location was considered for analysis
because the analytical model and experimental data show similar trends for a change in fundamental
frequency with crack depth at ambient temperature. There is a gradual decrease in the frequency of
samples with differences in crack depth. The experimental results indicated a 7.84% decrease in

frequency when the crack depth in the standard concrete was 2 mm. In addition, the results indicate that
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the natural frequency of SFRC decreased by about 9% when the steel fibre was added to the concrete
beam at the same crack depth. The results showed a slight decrease in the natural frequency of ordinary
concrete from 0 mm (253.776 Hz) to 6 mm (212.702) cracking of the beam, about 16.174%. However,
the frequency of the SFRC beam gradually decreased to about 9.35%. As a result, the frequencies of
the standard concrete and the SFRC were shown to decrease when the crack depths increased. The
reduction in natural frequency values observed for the beam’s containing fibre was less due to their
being induced by a seeded crack, compared with the control reinforced concrete (RC) beam.
Furthermore, the Khan model of RC beams reinforced with steel fibres Khan-He has completed the

beams' uncracked and cracked beam conditions.

Crack depths are shown in Figure 8 by plotting the fundamental frequency and drop percentage change
as predicted by the Khan-He model and data from the experiments. The experimental data and analytical
model (see Figures 8 and 9) show that the fundamental frequencies of the normal concrete and the SFRC
decrease as the crack depth increase. The fundamental frequency of the control concrete lowers from
around 212.72 Hz to 203.7 Hz at a crack depth of 6 mm compared to an entire 25 mm-thick beam,
which is just 4.2% of the initial fundamental frequency. Analytical models show that the local drop-in
stiffness owing to increased crack depth reduces the stiffness matrix, resulting in a gradual fall in the

fundamental frequency.

Notably, the fundamental frequency change is minimal when there is no crack on the surface of the
beam. However, when the crack depth of the beam increases, the fundamental frequency decreases. For
example, when a 4 mm (one-sixth of the beam thickness) crack is present in the ordinary concrete beam,
the frequency decreases by approximately 16 Hz (7% relative change); in contrast, the frequency
decreases by around 14 Hz (6% relative change) from the 4 mm crack depth of the FRC beam. In other

words, sensitive sensors are necessary when employing crack depth to forecast fundamental frequency.

In general, SFRC frequency is lower than that of conventional concrete. Furthermore, fibre has a
negative effect on frequency. As indicated by the data, when the crack depth increases, the frequency
decreases. Cracks affect the fatigue lives and limits of concrete and SFRC beams. Thus, crack depth

would degrade the fatigue behaviour of the reinforced beams.

4.2.2 Influence of Temperature on the Fundamental Frequency of Normal Concrete and
SFRC

Figures 8 and 9 demonstrate the impact of temperature on the natural frequency of cantilever concrete
beams with and without steel fibres. There is a gradual decrease in the frequency of the samples with
differences in crack depth. The experimental results indicated a 7.84% decrease in frequency when the
temperature of the standard concrete was 40 °C. In addition, the results suggest that the natural
frequency of SFRC decreased by about 9% when the steel fibre was added to the concrete beam at the

same temperature. The results showed a slight decrease in the natural frequency of ordinary concrete
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without cracks from 20 °C (253.776 Hz) to 60 °C (226.9 Hz) in the beam (about 10.5%). However, the
frequency of the SFRC beam without cracking gradually decreased from 20 °C (232.5 Hz) to 60 °C
(220.65 Hz) (about 5.08%). This indicates that the frequency of the standard concrete and the SFRC
decreased when the temperature increased. According to previous findings, it is widely accepted that
the concrete elastic modulus, geometrical features, constraints, and boundary conditions of construction

applications are changed by temperature, which causes variations in fundamental frequencies.

Various studies show that temperature is the most significant environmental element influencing
structural vibration [95,96], and that its influence may be higher than that of structural damage [97].
Xia ct al. examined the change of modal frequencies against non-uniform temperature distribution for
an RC slab by considering the correlations between natural frequencies and temperature. It was amply
demonstrated that when temperature increased, natural frequencies decreased [98]. Li et al. found that
high temperatures reduced SFRC elastic modulus while increasing its critical strain, and that peak
toughness increased initially and then decreased as the temperature rose [99]. The highest value was
observed in the frequency of standard concrete at 20 °C. This is related to plasticity formation at lower
temperatures and ductility at higher temperatures. When the modal variability generated by daily
temperature differences and seasonal temperature fluctuations are coupled, it has a complex influence
on structural applications such as bridge construction, dams, and highways. Furthermore, the
temperature in the SFRC reached 60 °C at the same time, which is the temperature that causes stiffness
reduction. As a result, the change in displacement slop observed after approximately 30 min of heating
is also related to the greater deformability of an unreinforced beam at ambient temperature. The
frequency of concrete was decreased for two reasons. The first was due to the increase in the
temperature, and the second is that the elastic modulus of concrete is slightly impacted by the 1%
volume fractions of steel fibres used in this study. However, the elastic modulus of SFRC is anticipated
to decrease as more fibres are added. In addition, it is seen that the natural frequency of fibre decreases

as the fibre volume fraction increases, which other researchers have demonstrated [ 100].

In general, SFRC frequency is lower than that of conventional concrete. Furthermore, fibre has a
negative effect on frequency. When the temperature increases, as indicated by the data, a decrease in
frequency is revealed. Temperature affects the fatigue lives and limits of concrete and SFRC beams.

Therefore, high temperature environments would degrade the fatigue behaviour of reinforced beams.

4.3 Influence of Crack Depth on Displacement Amplitude

The displacement amplitude of beams with fibre and without fibre at 0.0 mm, 2 mm, 4 mm, and 6 mm
crack depths at different temperatures was examined in order to compare the trends of the displacement
amplitude of the samples at the three crack depths. Figures 10 and 11 show the variation in displacement
amplitude of the control and SFRC beams with different crack depths. At crack depths of an ordinary

concrete beam of 0 mm to 6 mm, the displacement amplitude drops from roughly 0.0034 mm. Similarly,
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the drop for the reinforced concrete was from 0 mm to 6 mm; about 0.0042. However, the displacement
of the SFRC was higher than that of the standard concrete. For example, at crack depths of 2 mm, 4
mm, and 6 mm, the displacement of the ordinary concrete and the SFRC at 40 °C was (0.0132, 0.0124,
0.0117, 0.0104 mm) and (0.0140, 0.0136, 0.0125, 0.0105 mm), respectively. Moreover, the change in

displacement amplitude is as gradual as the crack depth at the top surface of the beam. When the crack

Different Crack Depth of Normal Concrete LANEFENT LTACK UEPIN O NOrmal LONCTELE  \Imin)
(mm) at 20 °C at40°C
v
A" 1 2 3 4 5 6 7
Different Crack Depth of Normal Concrete (mm)
at 60 °C
(©)

Figure-10 Displacement amplitudes of normal concrete measured experimentally at various crack

depths and temperatures.



10
11
12
13
14
15

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

E 0016 4 = 0015

F = 0009

2 0.008 4 : - ' . | ) 2
0 1 2 3 4 5 6 7 0,008 Frrrr T
Different Crack Depth of SFRC (mm) at 20 °C . A 3 d . . . h

Different Crack Depth of SFRC (mm) at 40 °C

(a) (b)

Displacel
£
=

Different Crack Depth of SFRC (mm) at 60 °C

(©)
Figure-11 Displacement amplitudes of SFCR measured experimentally at various crack depths and

temperatures.

The decrease in beam displacement amplitude with an increase in crack depth can be ascribed to two
factors. First, as the fracture depths increase, the load required to maintain the displacement amplitude
of FRC steadily reduces. In other words, the force pushing on the beam reduces gradually. Reduced
stress leads to smaller displacement amplitudes. Second, an increasing crack depth enhances beam
damping. As a result, the energy released by damping during vibration increases, whereas the
displacement amplitude decreases. Previous study support that by using fiber, such as ABS or Polylactic
Acid (PLA), in concrete beams increased their ductility but decreased their compressive strength[101].
FRP composites' fatigue resistance was greater than that of other construction materials [102,103].
Matsumoto used a fracture mechanics-based model to evaluate the influence of FRC on fatigue life and
discovered that FRC enhances fatigue life [ 104]. The use of SFRC considerably increased the strength

and fatigue life of the concrete by eliminating the open crack region [105].

In general, SFRC displacement is more than that of conventional concrete. Furthermore, fibre has a
positive effect on displacement. When a crack increases, as indicated by the data, a decrease in
displacement is revealed. Crack depths affect the fatigue lives and limits of concrete and SFRC beams.

Therefore, increasing cracks would degrade the fatigue behaviour of the reinforced beams.
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4.4 Influence of Temperature on Displacement Amplitude

Figures 10 and 11 show how temperature affected the displacement amplitude of beams with and
without steel fibre. The impact of various temperatures on the displacement amplitude of cracked beams
is complex, in contrast to all prior response trends. The displacement amplitude of a beam from an intact
to a cracked condition is at its lowest at 20 °C, as indicated in Figure 10. At 20 °C, the entire beam has
the maximum displacement amplitude but, when the temperature increases, the displacement decreases.
The displacement of the SFRC beam was higher than that of the beam without fibre. For example, the
displacement of different beams with and without fibre at different crack depths (2 mm, 4 mm, 6 mm)
at the same temperature of 40 °C was (0.01245, 0.0117, 0.0104) and (0.0136, 0.0125, 0.0105),
respectively. This incidental phenomenon supports the experimental findings of earlier studies [1].
Greater scasonal temperature variations than a dam has previously experienced appear to be more likely
to affect its concrete temperature and relative displacement [106]. These phenomena are explained
explicitly by the interaction of temperature-dependent excitation loads and variable elastic moduli.
When the temperature increases and the beam is exposed to the same external excitation, the overall
flexibility of the beam naturally decreases, and the displacement amplitude gradually increases.
However, the fundamental frequency decreases in relation to the temperature increase. As a result, the
external forces imposed on the beam reduce the displacement amplitude and frequency, lowering the
beam displacement amplitude. The overall response of the displacement amplitude of the beam loses

monotonicity and becomes more complex because of these two conflicting impacts.

The outcomes above demonstrate a favourable impact of steel fibre particles when applied to dynamic
loading, including displacement with exposure to various temperatures (20, 40, 60 °C). Steel softens
and eventually decomposes at different temperatures, so the enhanced effect of SFRC on frequency

diminishes after it undergoes a high-temperature treatment.

In general, the displacement of plain and FRC decreases with an increase in concrete temperatures.
SFRC displacement is more than that of conventional concrete. Furthermore, fibre has a positive effect
on displacement. When the temperature increases, as indicated by the data, a decrease in displacement
is revealed. Temperatures affect the fatigue lives and limits of concrete and SFRC beams. Therefore,
increasing temperatures would degrade the fatigue behaviour of the reinforced beams. As a result, the

thermal impacts must be considered when designing concrete structures for safety.
4.5 Calculation of stress intensity factor and crack resistance

Structural behaviour against crack propagation is quite significant for concrete applications. The stress
intensity factor represents the crack resistance and fracture toughness of a material [61,62]. Some
researchers said that the interaction between the SIFs at the crack's tip symbolizes the conflict between
the forces working to open and close the crack: the cohesive force and the crack driving force.

Therefore, the concrete's crack resistance qualities should be considered when determining the
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equilibrium condition of the SIFs at the crack tip [107,108]. Researchers previously assessed the stress
state of reinforced concrete beams with newly formed cracks. The external moment value for beams
with an initial fracture is identified, and the crack length lengthens above that value[109,110]. In this
study, the stress intensity factor of beams with and without fibre at 2 mm, 4 mm, and 6 mm crack depths
at different temperatures was calculated. Figures 12 shows the stress intensity factor variation of the
control and SFRC beams with different crack depths. At crack depths of an ordinary concrete beam of
0 mm to 6 mm, the crack resistance was lower than SFRC at 20°C ,40°C, and 60°C. For example, at
crack depths of 2 mm, 4 mm, and 6 mm, the crack resistance of the ordinary concrete and the SFRC at
40 °C was (0.344,0.422,0.463) MPa m "2 and (0.386,0.546,0.536) MPa m ', respectively. Moreover,
the change in resistance is as gradual as the crack depth at the top surface of the beam. These
observations are comparable with previous research where fibre impacts on concrete toughness were

found more significant in the tearing mode than in the tension mode.

(a) (b)

o 20°C . 40°C
IE TE
[} n e - on o
E 03 . — E o0odq—— — ————r
@ 1 2 3 4 5 6 7 @ 1 2 3 4 5 6 7
Crack Depth (mm) Crack Depth (mm)
(c)
60 °C
E 056 4
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Figure-12 Concrete stress intensity factor with and without steel fibre at various crack depths (mm)
and temperatures.
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In general, the SIF of plain concrete decreases with increased concrete temperatures. However, there is
no temperature impact on the SIF of steel fibre-reinforced concrete beam. In addition, it was observed
that the SIF of a concrete beam with reinforcement reduces as crack length increases. As a result,
unstable crack propagation lowers its load-carrying capacity but does not result in the beam being

destroyed quickly[110].

4.6 Statistical validation of results

The SPSS software was used to perform Statistical validation on the experimental data. The Pearson
correlation method was used to describe the relationship between the obtained values of stress intensity
factor against the input values of temperature, and crack depth. Tables 5,6,7 and 8 summarize the
findings using the correlation and other descriptive statistics of the results for both the standard concrete
and the SFRC, respectively. The statistical details indicate that the biserial correlation between the stress
intensity factor and the crack depth has two asterisks, which means this correlation is significant at 0.05
level (2-tailed) [111]. The stress intensity factor and crack depth are closely correlated with the
correlation numbers equal to 0.826 and 0.948 for normal concrete and SFRC respectively. The
estimated p-value was less than 0.001, which means that there is a strong relationship in between the
obtained results of stress intensity factor and the input variable i.e., crack depth. However, the estimated
p-value was more than 0.05, about 0.140 and 0.106, which means there is a less relationship between
the obtained results of the stress intensity factor and the input variable i.e., temperatures for standard

concrete and SFRC, respectively.

Table 5 shows the statistical Correlation of normal concrete between SIF, Temperatures, and Crack

depths
Correlations
Crack Depths
(mm)
Crack Depths (mm)
SIF Temperatures (°C)
Pearson
Correlation 1 826%* 0
Sig. (2-tailed) <0.001 1
N 27 27 27
SIF Pearson
Correlation .826%* 1 0.140
Sig. (2-tailed) ,<0.001 0.487
N 27 27 27
o Pearson
Temperatures (°C) Correlation 0 0.140 |
Sig. (2-tailed) | 0.487
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N 27 | 27 | 27

** Correlation is significant at the 0.05 level (2-tailed).

Table 6 the Descriptive Statistics of normal concrete results

Descriptive Statistics
Mean Std. Deviation N
CRACK 4 1.66410059 27
SIF 0.361462 0.08151676 27
TEM 40 16.64100589 27

Table 7 shows the statistical Correlation of SFRC between SIF, Temperatures, and Crack depths

Correlations
Crack Depths
(mm) SIF | Temperatures (°C)
Pearson Correlation 1 948%* 0
Crack Depths (mm) Sig. (2-tailed) <.001 1
Sum of Squares and
Cross-products 72 3.615 0
Covariance 2.769 0.139 0
N 27 27 27
Pearson Correlation 948%* 1 0.106
STF Sig. (2-tailed) <.001 0.6
Sum of Squares and
Cross-products 3.615 0.202 4.029
Covariance 0.139 0.008 0.155
N 27 27 27
Pearson Correlation 0 0.106 1
Sig. (2-tailed) 1 0.6
Sum of Squares and
Temperatures (°C) Cross-products 0 4.029 7200
Covariance 0 0.155 276.923
N 27 27 27

** Correlation is significant at the 0.05 level (2-tailed).

Based on the p-values in the preceding tables, we can confirm that an increase the crack depth has the
highest statistical impact on crack resistance of both SFRC and normal concrete. Temperature has a less
impact on crack resistance for SFRC and normal concrete. Tables 6 and 8 provides statistical

information regarding the impact of crack depths and temperatures. The mean data for all the specimens
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was calculated at different temperatures (20,40,60) °C and different crack depths(2mm,4mm,6mm).

The statistical analysis of the normal concrete samples was also based on the same method.

Table 8 the Descriptive Statistics of SFRC results

Descriptive Statistics
Mean Std. Deviation N
Crack Depths (mm) 4 1.6641 27
Stress intensity
factor 0.3857772 0.088176 27
Temperature(°C) 40 16.641 27

4.7 Comparison and Evaluation of Fundamental Frequency Variations

Experimental data and analytical model outputs of the fundamental frequencies of standard concrete
and SFRC for different crack depths and temperatures are shown in Figures 8 and 9. The fundamental
frequency of the specimens decreases as the seeded crack depth increases, according to the experimental
results and the calculations of the analytical model. A similar result was found previously [1]. The
fundamental frequencies of standard concrete and SFRC were determined using an identical model, as
shown by a comparison of the results of the analytical model-based fundamental frequency calculations.
The basic frequency curve of the original spring stiffness model tends to decrease as the crack depth
increases. In contrast, the modified spring stiffness model drops rapidly and decreases even more
rapidly as the crack depth increases. At a temperature of 60 °C of the concrete without steel fibres, the
fundamental frequency results of the experimental and modelling results were 227 Hz at zero depth,
218.726 Hz at 2 mm, and 203.8 Hz at 6 mm. This is due to increases in the seeded crack depth and the
temperature rises. From 0 to 6 mm fracture depth, the results of the experiment show a slight increase

from 6.4 to 7.23% in terms of percentage proportion to the original stiffness model.
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Figure-14 Relative variance between the analytical model and experiment results of SFRC.

Section 3.2 reported the spring model of crack depth and the difference in the fundamental frequency
of crack depths. It was originally assumed that the stress field and surface stresses of bending beam
cracks were of equal size in the spring stiffness modelling process. It is only possible to use this estimate
for shallow cracks near the surface of a beam. Stress errors increase as the crack depth increases. There
are two different terms in the suggested Khan-He model that ensure that the stiffness coefficient of the
spring is zero when a beam is cracked. When comparing the results of the analytical model with the
experimental data, it becomes clear that the model's projected values, particularly at high crack depths,
can be accepted. As shown in Figures 8 and 9, the experimental data and the spring stiffness model have
significant disparities. Temperatures and crack depths have varying fundamental frequencies.

Furthermore, the variation in the fundamental frequency with crack depth is consistent across all plots.
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A crack depth at 2 mm under 40 °C at the 5 mm crack position is shown. There are signs of good
argument between the results of the different crack depth tests, which are summarised here. Figures 13
and 14 depict the differences between the analytical and experimental findings produced using the
analytical model, as shown by the relative difference. The fundamental frequencies computed using the
Khan-He Model and the experimental results for different fracture depths grow increasingly dissimilar
as the crack depth increases. When crack depths ranging from 2 mm to 6 mm are applied, the Khan-He
model produces fundamental frequencies within 10% of the experimental data. Compared to crack
depths of 2 mm and 6 mm, the variation in fundamental frequency is just 8.74% and 5.64%,
respectively. The fundamental frequency of the analytical model was determined using a second-order
polynomial fit because the precision of the MATLAB approach was insufficient. The use of this fit

likely contributed to the 10% disparity between the value and the experimental data.

There are signs of good arguments between the results of the different crack depth tests, which are
summarised here. Figures 13 and 14 depict the difference between the analytical and experimental
findings produced using the analytical model, as shown by the relative difference. The fundamental
frequencies computed using the Khan-He Model and the experimental results for different fracture
depths become increasingly dissimilar as the crack depth increases. When crack depths ranging from 2
mm to 6 mm are applied, the Khan-He model produces fundamental frequencies within 10% of the
experimental data. Compared to crack depths of 2 mm and 6 mm of SFRC, the variation in fundamental
frequency is just 0.08% and 0.07%, respectively. The analytical model fundamental frequency was
determined using a second-order polynomial fit because the precision of the MATLAB approach was
insufficient. The use of this fit likely contributed to the 10% disparity between the value and the

experimental data.

In general, the values of the fundamental frequencies predicted by the Khan-He model matched those
observed in the experiments. The fundamental frequency response of the beam may be accurately

estimated for specified crack depths, compared to the experimental results.

5.Conclusion
In this paper, the efficacy of FRC beams for fracture resistance is investigated under coupled loads, i.e.,

dynamic load at relatively high temperatures. Cantilever FRC beams are subjected to bending loads at
various temperature levels using a modal exciter in a band heater. The variation in the dynamic response
parameters of the beam, such as modal amplitude and frequency, is examined and compared to
experimental data for regular and reinforced concrete beams. The findings of this investigation are as

follows:

> The results showed a slight decrease in the natural frequency of ordinary concrete from 0 mm

(253.776 Hz) to 6 mm (212.702) cracking of the beam, about 16.174%. However, the frequency
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of the SFRC beam gradually decreased to about 9.35%. As a result, the frequencies of the
standard concrete and the SFRC decreased when the crack depths increased.

In the present study, the temperature affected the natural frequency of both the unreinforced
and the FRC. The findings show that the natural frequency of SFRC samples was lower than
the typical frequency of concrete. Furthermore, the results showed a slight decrease in the
natural frequency of ordinary concrete without cracks from 20 °C (253.776 Hz) to 60 °C (226.9
Hz) in the beam (about 10.5%). However, the frequency of the SFRC beam without cracking
decreased gradually from 20 °C (232.5 Hz) to 60 °C (220.65 Hz) (about 5.08%). As a result,
the frequency of the standard concrete and the SFRC decreased when the temperature increased
Temperatures affect the fatigue life of concrete and SFRC beams. Therefore, increasing

temperatures would degrade the fatigue behaviour of the reinforced beams.

The displacement of the SFRC was higher than that of the standard concrete. For example, at
crack depths of 2 mm, 4 mm, and 6 mm, the displacement of the ordinary concrete and the
SFRC at 40 °C was (0.0132, 0.0124, 0.0117, 0.0104 mm) and (0.0140, 0.0136, 0.0125, 0.0105
mm), respectively. Moreover, the change in displacement amplitude is as gradual as the crack
depth at the top surface of the beam. When the crack depth of the beam is 6 mm, the
displacement amplitude falls sharply.

The displacement of the SFRC beam was higher than that of the beam without fibre. For
example, the displacement of different beams with and without fibre at different crack depths
(2 mm, 4 mm, 6 mm) at the same temperature of 40 °C was (0.01245, 0.0117, 0.0104) and
(0.0136, 0.0125, 0.0105) respectively. As a result, fibre has a positive effect on displacement.

The values of the fundamental frequencies predicted by the Khan-He model matched those
observed in the experiments. The fundamental frequency response of the beam may be
accurately estimated for specified crack depths compared to the experimental results. When
crack depths ranging from 2 mm to 6 mm were applied, the Khan-He model produced
fundamental frequencies within 10% of the experimental data. Compared to crack depths of 2
mm and 6 mm of SFRC, the variation in fundamental frequency is just 0.08% and 0.07%,
respectively.

The SIF and displacement amplitude characteristics show that steel fibre-reinforced concrete
specimens have excellent ductile behaviour and crack resistance compared to ordinary concrete
samples. The SIF of plain concrete decreases with increased concrete temperatures. However,

there is no significant temperature impact on the SIF of steel fibre-reinforced concrete beams.
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» Based on the p-values in the tables 5,6,7 and 8, we can confirm that an increase the crack depth
has the highest statistical impact on crack resistance of both SFRC and normal concrete.

Temperature has a less impact on crack resistance for SFRC and normal concrete.
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