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INTRODUCTION

Abstract

Optimization of the injection moulding process parameters of thermo-
plastic composites made of high-density polyethylene (HDPE) and kao-
lin clay (KC) was carried out using the Taguchi method. The parameters
that were taken into consideration were melting temperature, packing
pressure and packing time. Composites containing 98 wt% of HDPE and
2wt% of KC with various particle sizes of <75, 75-106 and 106-150 um
were used. Two defects that are usually associated with the injection
moulding process of polymers were selected, namely shrinkage and
warpage. Results showed that the optimal parameters needed to obtain a
minimum shrinkage value for composites containing clay (regardless of
its particle size) are very similar to those for the pure HDPE. Contrary,
the optimal parameters needed to obtain a minimum warpage value de-
pends on the size of clay particles added, which were also different from
those of the pure HDPE. Results also revealed that the most effective
parameter (both shrinkage and warpage) for pure HDPE and its compo-
sites with clay was the melting temperature.

Keywords: Clay, High Density Polyethylene, Injection Mould-
ing, Shrinkage and Warpage

Clay particles are highly recognized as fillers and are extensively utilized in polymer composites
owing to their exceptional properties. [1-3]. These properties include cation exchange capabilities,
swelling behaviour, plastic behaviour when wet, ability to harden when dried or fired and low per-
meability. Composite materials obtained from the combination of polymers and clays possess a
unique set of properties that make them highly desirable for various industrial applications. These
materials offer enhanced stiffness, improved strength, high impact resistance, and thermal stability,
making them ideal for use in automobiles, electrically conductive materials, and other applications
where such properties are needed. [4] The injection moulding process is widely used in the manu-
facturing of industrial parts made from polymers and polymer composites. This process involves
injecting melted polymeric materials into a mould to create the desired shape. This process depends
on a variety of variables, such as melting temperature, injection pressure, filling time. Although the
process is considered to be very stable, however, due to some internal interactions of several pa-
rameters, the resultant product’s quality could be dramatically affected. Thereafter, this process re-
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quires optimization, which could improve the physical and mechanical properties of the final prod-
ucts.

It has been shown that optimizing the injection moulding processing parameters can be performed
via several techniques [5]. Nowadays, computer-aided simulations and statistical experimental ap-
proaches can be used to achieve the required factors to obtain optimal processing conditions.
Taguchi method is one of the leading statistical methods for the optimization of injection moulding
processes. This method has been recently used for optimizing the processing parameters of a variety
of polymers that could be injection moulded such as polyethylene [6-8], polypropylene (PP) [9, 10],
recycled high-density polyethylene (HDPE) [11], acrylonitrile butadiene styrene copolymers [12],
polycarbonate [13], polybutylene terephthalate [14], polyamide [15], polyurethane [16], and poly-
styrene [17]. Optimizing the injection moulding process of polymer composites using the Taguchi
method was also under investigation. For instance, high-density polyethylene (HDPE)/TiO2 nano-
composites were studied using this technique, where four parameters were chosen; concentration of
TiO2, barrel temperature, residence time and packing time, while mechanical properties such as
yield strength, modulus of elasticity and elongation were selected as representative performance
[18]. The authors found that 5wt % TiOz, 225 °C barrel temperature, the residence time of 30 min
and packing time of 20 seconds were found to be the optimal operating variables.

Optimization of ultrasonic injection moulding for ultra-high molecular weight polyeth-
ylene/graphite composites was also studied by the Taguchi method [19]. The authors showed that
the optimal parameters to maximize the tensile strength of the composites were the mould tempera-
ture, which was the most significant parameter, followed by the graphite content. Kamaruddin et al.
[20] utilized this technique to improve the quality characteristic of products made by injection
moulding to reduce the shrinkage of polymer blends of PP (75%) and low density polyethylene
(LDPE) (25%). Their findings showed that combination of low melting temperature, high injection
pressure, low holding pressure, long holding time and long cooling time affected the shrinkage of
the final product. Similarly, Mehat et al. [21] carried out a study to improve the mechanical proper-
ties of blends of recycled and virgin plastics via optimal processing parameters using the Taguchi
method. Four controllable factors were chosen, which included melting temperature, injection pres-
sure, injection time and filling time each at three levels. The results revealed that the products,
which are made of 25% recycled PP and 75% virgin PP exhibited a better flexural modulus com-
pared to the virgin PP.

Rajesg et al. [22] studied the effect of injection moulding parameters on the nanofiller dispersion of
PP/clay nanocomposites. The major individual influencing parameter was the injection flow rate,
which improved the nanoclay dispersion with the combination of high back pressure and high screw
rotational speed. Polypropylene composites containing clay and natural fibres were also studied.
Othman et al. [23-25] used polypropylene mixed with clay and fibres obtained from bamboo trees
in their optimization study of processing conditions using the injection moulding method. Accord-
ing to them, the optimum parameters used to obtain a minimized shrinkage value were melting
temperature of 170 °C, the pressure of 80%, and screw speed of 70% and 3 seconds of filling time.
Whereas, minimum warpage was obtained when they used melting temperature of 170 °C, the pres-
sure of 70%, screw speed of 70% and 2 seconds of filling time.

In a recent study carried out by our group [26], we investigated the effect of Libyan kaolin clay on
the impact strength of HDPE. Our results showed that 2wt% kaolin clay added to HDPE enhanced
its impact resistance up to 33% compared to virgin HDPE. Another study [27] showed the particle
size of kaolin clay has a significant effect on the mechanical properties of HDPE composites. Clay
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particles sizes of 75-150 um appear to have better overall properties compared to composites con-
taining clay particles with sizes of <75 and > 150 um. Anova studies carried out on the same com-
posites have shown the effect of injection temperature on shrinkage of composites with particle siz-
es <75 and 106-150um was statistically significant. Also, the injection temperature has an effect on
the impact strength of the composites with particle sizes <75 and 106-150um was clear. [28] In this
study, the attempt to investigate the optimization of the injection moulding process parameters of
these composites was carried out. Taguchi method was used to help evaluate the best injection
moulding parameters that produced the minimum shrinkage and warpage using clay with different
particle sizes. Three factors, melting temperature, packing pressure and packing time and their ef-
fect on shrinkage and warpage was investigated using the Taguchi method.

EXPERIMENTAL

Materials

HDPE was used as received as the matrix polymer (SABIC Saudi Arabia, HDPE F00952, melt flow
index 0.05 g/10 min and density 952 g/cm?®). Kaolin clay was supplied by Industrial Research Cen-
ter in Tripoli-Libya (collected from Sabha city in Libya). It was sieved to remove impurities and
then passed through different sieve sizes to get particle sizes of (<75, 75-106 and 106-150 pm).

Composite preparation

kaolin clay was dried in an air circulating oven at 85 °C for 24 hr and mixed with the polymer in
(Ultra centrifugal mill ZM 200 -RETSCH) to obtain a very fine powder of the mixture. The final
mixing was then carried out by melt mixing method using twin-screw extruder (Brabender, Germa-
ny) at a screw speed of 35 r.p.m. and L/D ratio of 48 at the temperature range of 160-200 °C. The
temperature setup of the extruder is shown in) Table 1)The extruded composites were cooled in air
and then ground. Samples for shrinkage and warpage measurements were prepared in an injection
moulding machine (Xplore 12ml, Netherlands) at the various injection temperature, packing pres-
sure and packing times.

Table (1): Temperature setup of the extruder

Zone Zone Zone Zone Zone Zone Zone
No. 1 2 3 4 5 6
}g‘p 160 170 170 180 190 200

Shrinkage measurements

Shrinkage refers to the decrease in size that occurs in a linear direction when a polymeric object
cools down to room temperature after being injected at molding temperature. To obtain the shrink-
age value (S), three measurements are taken for each trial, and the following equation is used.

¢~ “ave

L,
Where, Lc is the actual mould cavity length (mm) and Lave is the average of sample length (mm).
The actual mould cavity length (Lc) is calculated as: Lc = L [1+0. (Tmould-Tambient)]
Where, a is the coefficient of thermal expansion for steel (6.45x10° 1/°F), L is the measured cavity
length (mm), Tmouid is the mould temperature in °F, and Tambient iS ambient temperature in °F.

Warpage measurements

The thickness of the sample was measured at three different places by using a digital micrometre.
Three measurements for each trial were taken, and the average warpage value was used. The warp-
age (Z) was calculated using the following formula:
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Z= h-ta

Where, h is the depth of the mould cavity (mm) and ta is the average of sample thickness (mm).

Design of Experiment

Taguchi method with Lo3® orthogonal array using the statistical software Minilab-19 was adopted
and used in this study. The injection moulding parameters were investigated are melting tempera-
ture, packing pressure and packing time. These factors were set at three levels for three different
composites containing different clay particle sizes (<75, 75-106 and 106-150 pm) as shown in) Ta-
ble 2). In this study, the smaller value of shrinkage and warpage should give a better quality charac-
teristic of the final product. Therefore, the “smaller is better” options as signal to noise ratio (S/N)
was used. (Table 3) shows the details of the orthogonal array used for the Taguchi study.

Table (2): Injection moulding parameters, factor symbols and their level selection.

Parameters Unites Factor symbol Level 1 Level 2 Level 3
Injection temperature (NT) (°C) A 180 200 220
Packing pressure (PP) (Bar) B 6 8 10
Packing time (PT) (Sec) C 1 2 3
Table (3): Taguchi method Lo3® orthogonal array

Trial No A (NT) B (PP) C (PT)

1 1(180) 1(6) 1)

2 1(180) 2(8) 2(2

3 1(180) 3(10) 3(3)

4 2 (200) 1(6) 2(2

5 2 (200) 2(8) 3(3)

6 2 (200) 3(10) 1)

7 3 (220) 1(6) 3(3)

8 3 (220) 2(8) 1)

9 3 (220) 3(10) 2(2

RESULT AND DISSECTION

The focus of the study was to investigate the effect of injection moulding process parameters on
some defects of parts made from HDPE/kaolin clay composites namely shrinkage and warpage. The
Taguchi approach was utilized to optimize the injection process of such composites towards a min-
imum shrinkage and warpage. Three different clay particle sizes were used, and their effect on the
optimization process was also discussed. For comparison, the optimization of pure HDPE was also
studied. A confirmation test based on experimental trials was carried out. (Table 4) shows the aver-
age shrinkage and warpage values for pure HDPE and all composites (containing clay with different
particle sizes) based on each trial.

Based on the results achieved in) Table 4), the value for a signal to noise (S/N) ratio was calculated
and used to measure the quality characteristic of the sample. In this study, the smaller values of
shrinkage and warpage shall give a better quality characteristic. Therefore, the option “smaller is
better” was used. The response values of the S/N ratio for shrinkage and warpage for pure HDPE
and all composites containing clay of different particle sizes of <75, 75-106 and 106-150 pm are
shown in) Tables 5-8).
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Trial No Pure HDPE 75 um particles size 106 um particles size 150 um particles size
Shrinkage | Warpage Shrinkage | Warpage Shrinkage | Warpage Shrinkage | Warpage
1 0.026 0.14 0.021 0.06 0.051 0.02 0.051 0.05
2 0.009 0.14 0.014 0.04 0.042 0.04 0.041 0.04
3 0.008 0.14 0.022 0.05 0.053 0.04 0.053 0.11
4 0.025 0.14 0.032 0.06 0.061 0.07 0.063 0.05
5 0.017 0.10 0.023 0.07 0.056 0.05 0.055 0.05
6 0.041 0.10 0.032 0.04 0.067 0.07 0.063 0.07
7 0.029 0.07 0.032 0.04 0.059 0.06 0.056 0.07
8 0.035 0.14 0.032 0.04 0.070 0.06 0.063 0.06
9 0.025 0.07 0.035 0.06 0.057 0.02 0.062 0.06
Table (5): The response values of S/N ratio for shrinkage and warpage for pure HDPE
HDPE Level NT PP PT
eve Shrinkage Warpage Shrinkage Warpage Shrinkage Warpage
L 37.67 17.08 31.36 19.08 29.31 18.05
) 31.54 18.05 34.77 18.05 34.70 19.08
3 30.56 20.06 33.64 20.06 35.76 20.06
Delta - 7.11 4,01 341 2.01 6.44 2.01
Rank - 1 1 3 2.5 2 2.5
Table (6): The response values of S/N ratio for shrinkage and warpage for composites containing clay particle size of
<75 um
_ _ NT PP PT
Clay particle size (um) Level Shrinkage | Warpage | Shrinkage | Warpage | Shrinkage | Warpage
34.31 26.14 30.94 25.61 30.97 26.78
<75 1
30.6 25.16 32.86 26.34 31.68 25.61
<75 2
29.39 26.78 30.51 26.14 31.65 25.69
<75 3
Delta - 4.93 1.62 2.35 0.73 0.71 1.17
Rank - 1 1 2 3 3 2

Table (7): The response values of S/N ratio for shrinkage and warpage for composites containing clay particle size of

75-106 um

Clay particle Level NT PP PT

size (um) Shrinkage Warpage Shrinkage Warpage Shrinkage Warpage
75-106 1 26.26 29.13 24.87 26.34 24.14 26.34
75-106 2 24.22 24.07 25.2 26.14 25.53 27.90
75-106 3 24.18 27.17 24.58 27.90 24.98 26.14
Delta -- 2.08 5.06 0.63 1.76 1.39 1.76
Rank - 1 1 3 2.5 2 25
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106-150 um
Clay particle size NT PP PT
(Hm) Level Shrinkage Warpage Shrinkage Warpage Shrinkage Warpage
26.24 24.30 24.87 24.78 24.55 24.52
106-150 1
24.35 25.05 25.57 26.14 25.22 26.14
106-150 2
24.33 23.73 24.48 22.15 25.15 22.41
106-150 3
Delta -- 1.91 1.32 1.09 3.99 0.67 3.73
Rank -- 1 3 2 1 3 2

Graphs of main effects plots for S/N ratio for shrinkage and warpage values for pure HDPE and

various composites are shown in) Fig 1-4).
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Figure (4). S/N ratio response for composite with clay particle size of 106-150 um: a) shrinkage and b) warpage.
The best conditions can be determined by selecting the level with the highest response value for
each factor. Based on these results, the best conditions that were used to obtain the least shrinkage

and warpage values for pure HDPE and each composite were selected, which are summarized in
(Table 9).

Table (9): The optimal combination of conditions for minimizing shrinkage and warpage

. NT PP PT
Clay particle
size (um) Shrinkage Warpage Shrinkage Warpage Shrinkage Warpage
No clay 37.67 20.06 34.77 20.06 35.76 20.06
Level 1 3 2 3 3 3
<75 34.31 26.78 32.86 26.34 31.68 26.78
Level 1 3 2 2 2 1
75-106 26.26 29.13 25.2 27.9 25.53 27.9
Level 1 1 2 3 2 2
106-150 26.24 25.05 25.57 26.14 25.22 26.14
Level 1 2 2 2 2 2

As shown in (Table 9), one can see that the optimal conditions for all composites containing clay
with various particle sizes are the same for shrinkage, which was at the factor levels of Al, B2, C2.
This indicates that the size of clay particles has no significant effect on the injection moulding fac-
tors studied. In addition, results showed that the conditions for all composites are slightly different
from those for the pure HDPE (A1, B2, and C3). On the other hand, the size of clay particles seems
to have a significant effect on the warpage values. For composites with the clay particle size of <75
MM, a minimum warpage value was obtained at levels of A3, B2, C1. For composites with the clay
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particle size of 75-106 um, the best combination of factors was obtained at levels A1, B3, C2, while
composites with the clay particle size of 106-150 um, the best combination of factors were at levels
A2, B2, C2. Furthermore, the optimal conditions for pure HDPE were at levels A3, B3, C3, which
are different from those for the composites. These variations indicate that the size of clay particles
has a significant influence on the injection moulding process parameters under study.

Confirmation test

Confirmation tests were carried out using the best combination of conditions obtained from the
Taguchi study, which resulted in the minimum shrinkage and warpage values. The test was carried
out for composites only at a different. (Table 10) shows the experimental shrinkage and warpage
values for all composites with various clay particle sizes.

Table (10): Shrinkage and warpage values for composites containing clay with varies particle sizes.

Defect Clay particle size of Clay particle size of Clay particle size of
name <75 um 75-106 um 106-150 pum
Shrinkage 0.016 0.018 0.015

Warpage 0.020 0.050 0.040

(Table 10) clearly shows that the shrinkage and warpage values for all composites are relatively
small, similar to the values obtained at the optimization levels. The results confirm that the optimal
conditions found by the Taguchi study indeed produced the minimum value of shrinkage and warp-
age. Taguchi's results showed the lowest shrinkage value for composites with different clay particle
sizes obtained was at levels Al, B2, C2 with values between 0.015-0.018. Similarly, Taguchi re-
sults showed the lowest warpage value for composite with the clay particle size of <75 at levels A3,
B2, C1. For composite with the clay particle size of 75-106 pum, the lowest warpage value was ob-
tained at levels Al, B3, C2. For composite with the clay particle size of 106-150 um, the lowest
warpage value was obtained at levels A2, B2, C2. The warpage value between obtained were 0.02-
0.05 for composites with various clay particles, which were very close to the optimal values ob-
tained above.

CONCLUSION

Taguchi method was used to study the optimal injection moulding process parameters for compo-
sites containing high-density polyethylene (HDPE) and Kaolin clay (KC). This was carried out to
predicate the best possible combination of conditions in order to minimize the shrinkage and warp-
age of parts made from these composites. The following can be concluded from this study:

. The optimum conditions for a minimum shrinkage

The optimal combination of parameters that gave minimum shrinkage for pure HDPE is injection
temperature of 180 °C, packing pressure of 8 bar and 3 sec of packing time. Those for composite
containing KC with particle sizes of <75, 75-106 and 106-150 um are injection temperature of 180
°C, packing pressure of 8 bar and 2 sec of packing time. The most effective parameter for pure
HDPE and all composites containing clay particles of <75, 75-106 and 106-150 um is injection
temperature.

. The optimum conditions for a minimum warpage

The optimal combination of parameters that gave minimum warpage for pure HDPE are injection
temperature of 220 °C, packing pressure of 10 bar and 3 sec of packing time Those for composite
containing KC with the particle size of <75, 75-106 and 106-150 um are injection temperature of
180 °C, packing pressure of 8 bar and 1 sec of packing time, injection temperature of 180 °C, pack-
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ing pressure of 10 bar and 2 sec of packing time and injection temperature of 200 °C, packing pres-
sure of 8 bar and 2 sec of packing time, respectively. The most effective parameter for pure HDPE
and composites containing clay particles of <75 and 75-106 pum is the injection temperature, while
the most effective parameter for composites containing clay particle size of 106-150 pum is the
packing pressure.
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Abstract

Wireless transmission can be affected by severe weather conditions such
as heavy rain. Such a temporary weather condition leads to decrease the
received power and thus reduce the signal-to-noise ratio, which de-
grades the overall performance. In some cases in which a high bit rate is
being transmitted where a specific amount of signal-to-noise ratio is re-
quired, the wireless transmission drops down completely. Adaptive
Coding and Modulation technique could provide the feature of adapta-
tion during transmission. In Adaptive Coding and Modulation, transmis-
sion parameters such as modulation scheme and/ or code rate can be
altered based on signal-to-noise ratio measurements. In this paper, a
survivable point-to-point wireless transmission was established using
Adaptive Coding and Modulation technology. A concentration on the
Adaptive Modulation was made in this work by using the AF-11FX
equipment which is capable of modulate carriers using different modula-
tion schemes (QPSK, 16QAM, 64QAM, 256QAM, and 1024QAM). In
this context, the wireless point-to-point link was examined with and
without the use of Adaptive Modulation. A survivable transmission was

achieved in which an automatic switching mechanism is performed
Accepted: among the aforementioned modulation schemes based on signal-to-noise
25 November 2023 ratio measurements, which led to increase the average transmission rate.
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INTRODUCTION

The introduction should articulate the problem being addressed. It should provide suffi-
cient background information on the subject allowing the reader to have more insight into what
will be It has been known until a recent time that optical fibers are the most successful means of
transmitting data at high rates due to their huge bandwidth. However, they will not remain the
best in the near future due to the expected challenges in the next generations of communication
networks [1]. One of the most important of these challenges is the large tendency of users to use
smart phones along with the demand for broadband transmission. This challenge can be over-
come if transmission and reception are activated wirelessly in the millimeter waves band. An-
other challenge arises here, which is the sensitivity of the millimeter waves band to severe
weather conditions such as heavy rains. This might lead to cut-off transmissions when high data
rates are sent where a certain amount of SNR is required. This problem can be settled if some
type of adaptive transmission becomes available. In other words, transmission under severe
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weather conditions can be maintained by automatically altering transmission parameters such as
modulation and/ or code rate that require lower SNR value [2]. In this article a survivable wire-
less PTP transmission was realized over 11 km in a mountainous area. The implementation
method was divided into two parts. The first part of the implementation method was based on
simulation approach in which the web application tool was exploited to validate the feasibility
of the 11 GHz band. Whereas the second part was based on experimental approach in which the
technology of Adaptive Coding and Modulation (ACM) was involved. Followings are some re-
lated works found in the literature:

Satoshi et, al in [3] evaluated the performance of super high bit rate mobile communica-
tions using computer simulation at 11 GHz band 24x24 Multi-input, Multi-output MIMO out-
door propagation environment where an increase in the throughput exceeding 30 Ghbps was
achieved. The work in the above mentioned article also clarified the requirements for the aver-
age SNR, channel conditions, and accuracy of channel state information (CSI) for achieving 30
Gbps throughput over a real 11 GHz band 24x24 MIMO channel. However, an experimental
solution have not been conducted due to hardware limitations. Kentaro et, al in [4] discussed
the characteristics of 11 GHz band MIMO channel in a street micro-cell environment. The re-
sults showed that the scattered signal component was weak compared with measurement results
of indoor environments. In addition, a further utilization for the MIMO channel modeling in the
higher frequency band was expected. Y. Oda et, al in [5] presented outdoor wideband 8x8
MIMO channel measurements using dual-polarized antennas at 11 GHz. The measurements
were conducted in the urban and residential areas of Ishigaki City, Okinawa, Japan. The effect
of different polarizations on MIMO capacity and efficiency were estimated with respect to the
dependency on local propagation environments. The results showed that there is a proportional
increase in the capacity as the number of the antenna increases in non-line-of-sight environ-
ment.

Fresnel Zones Concept and Analysis

In wireless channels, a transmitted signal might take several paths before it reaches the
receiver even in a line-of-sight environment. The parts of the signal that take paths other than
the line-of-sight path, might subject to reflection before reaching their destination [6]. This
would lead to destructive interference between the part of the signal that passes through the di-
rect path and the other part that passes through the reflected path if the phase difference be-
tween the two parts is half an odd integer multiple of the period. The n-th Fresnel zone can be
represented as a group of reflecting points that are located on three dimensional space such that
a two segments path from the transmitter to the receiver that reflected off at any arbitrary point
on that surface will be between n-1 and n half-wavelengths out of phase with the straight-line
path. The shape of these zones are elliptical with foci at the transmitter and receiver. Fresnel
zone analysis can help in designing a clear path between the transmitter and receiver. Obstruc-
tions within the first Fresnel zone can cause significant destructive interference and thus leads
to weaken the received signal, even if those obstructions are not blocking the apparent line-of-
sight path. Thus, it is required to determine the size of the 1st Fresnel zone to decide whether or
not a noticeable signal weakness will take place. To realize an ideal 1st Fresnel zone, 80% of
clearance is required. However, practically, not less than 60% of clearance is considered ade-

quate [7] [8]. Consider an arbitrary point P at distances @1 and d3 with respect to each of the
two antennas as shown in Figure 1.
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Fig.1 Schematic Representation of nth Fresnel Zone

To obtain the radius ™ of zone ™, note that the volume of the zone is delimited by all
points for which the difference in distances, between the direct wave (P = di+dz) and the re-

flected wave (AP + PB) is the constant n times half of the wavelength z .
This can be represented mathematically as:
S — A

Re-writing (1) with the coordinates of point Pand the distance between antennas gives:
A
Vi +r2+d; +12 —(dy+dy) =n3 )

Doing more simplification in (2) gives

d, f1+;—§—1‘+nf2 f1+;—§—1‘=n§
1 2z (3)

Assuming the distances between the antennas and the point £ are much larger than the
radius and applying the binomial approximation (1 + %)%~ 1 +ax for x < 1,
Doing the binomial approximation for the square root would simplify the expression to:

1 1 A
—|l—+—|~&n-
|~ ns (4)

2 Ldq da

solving (4) for "= gives

ro~ nfdg
" o " where @1,d; > ni (5)

Adaptive Coding and Modulation (ACM)

Rely on worst case scenario in designing any communication systems leads to inade-
quate utilization of available resources, whereas tolerance in the design would reduce the relia-
bility [9]. For example, it is often intended to increase the capacity of wireless transmission
while maintaining it available all the time, which is a very challenging issue. To solve this di-
lemma, ACM was introduced as a compromise which makes wireless transmission even more
attractive. ACM technology seeks to realize adaptations during transmission by automatically
altering some transmission parameters, such as modulation, code rate, or power based on feed-
back CSI [10]. More specifically, ACM refers to the automatic adjustment that a wireless sys-
tem can make to resist weather-caused impairments that leads to fading and thus enhance the
average rate of transmission. The idea is simply to make a frequent CSI at the receiver side and
feed it back to the transmitter. As the transmitter receives the CSl, it alters its transmission pa-
rameters accordingly. In ACM-based transmission, the receiver sends back CSI to the transmit-
ter via a feedback channel. The transmitter then adjusts its transmission parameters based on
that CSI to maintain a survivable transmission. This scheme has the capability to significantly
increase the spectral efficiency of wireless transmission. Figure 2 shows a basic ACM-based
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wireless communication system.

Work Implementation
Input Data Received Data

Transmitter Receiver T

Encoder Modulator ° >>> <<< ° Demodulator Decoder

CSI Unit

Fig. 2 A basic ACM-based wireless communication system

This section is divided into three parts. In the first part, an almost free of obstacles
point-to-point link is established based on Fresnel Zone concept. In the second part, the channel
capacity is estimated in case of using different types of modulation techniques. In the third part,
the ACM is incorporated in the transmission process. As a part of preparing a clear Fresnel
Zone, we entered the coordinates and height of the transmitter and receiver antennas using the
web application. In this context, the positions of the transmitter and receiver antennas were
32.763989, 21.761985 and 32.806079, 21.870386, respectively, whereas, the height of the
transmitter and receiver antennas were 42 m and 36 m, respectively. The antennas heights were
entered with regardless of sea level altitude because it is included in the web application. The
separation distance was calculated automatically by the web application which was 11.17 Km.
The web application also suggested the use of 5 GHz band for transmission. Figure 3 shows the
Fresnel Zone based on the recommended band. It is obvious from Figure 3 that the point-to-
point link is not 100% clear. Based on the Fresnel Zone analysis, a reduction in radius can be
achieved by increasing the frequency. Thus, we choose to increase the frequency to 11GHz and
observe the situation via the web application.

° PTP Master Product Selection @ Auto m ©Q sttion
Capacity 1094 Mbps

e . 1117 km odet Axibrir
¥ ' g |
arfiber SXHI ¥ 30dBisg® V@ Jy airFiber SXHI ™ 30dBi58°

Auto a8 100 MHz . Auto

657 E | v SO 2m -

EXpEéted Signal -51 dBm Expected Signal -51 dBm

E5 4 2x ax &% 8X 10% 12x i 1x 2 ax L ax 10 12x

Fig.3 Fresnel Zone based on the 5 GHz recommended band by the web application

Figure 4 shows the Fresnel Zone when 11GHz is used where an almost free obstructions
point-to-point link was achieved. The 11GHz band was chosen for the following reasons: (a) It
is a part of the microwave bands that is devoted to the education sector, (b) It leads to a higher
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channel capacity, (c) Moving to 11GHz band helps to avoid interfering with the license free and
commonly used 5GHz band. The equipment ( AF-11FX ) has been installed on both sides of the
point-to-point link to work as transceivers. This equipment has the capability to modulate carri-
ers using QPSK, 16QAM, 64QAM, 256QAM, and 1024QAM.

o PTP Master Product Selection @ Aut @ o Station

Capacity 1376 Mbps

1117 km

Auto Auto A
ey 007° - e | AM A e e - 003 245°w
; Fe M | % -
d'Sigral . xpected Signa

Fig.4 An almost free obstructions Fresnel Zone using 11 GHz

In addition, it is featured with ACM technology. To estimate the maximum channel ca-
pacity using the aforementioned modulation techniques, transmission was set using the follow-
ing parameters:

- Tx frequency: 11060 MHz
- Rx frequency: 11550 MHz
- Channel Width: Max 56 MHz
- Modulation: QPSK, 16QAM, 64QAM, 256QAM, and 1024QAM
- Mode: MIMO
- Tx Power: 20 dBm
- Tx Antenna Gain: 35 dBi
The obtained measurements were listed in Table 1.

Table 1: Maximum channel capacity obtained using AF-11FX Equipment

Channel Bandwidth Mode Modulation Scheme Capacity (Mbps)
QPSK 137.6
16 QAM 275.2
56 MHz MIMO 64 QAM 412.8
256 QAM 550.4
1024 QAM 687.9

Based on the capacity measurements, one can choose to establish the link using the low-
est capacity all the time to ensure high reliable transmission, however, this will come at the cost
of the spectrum efficiency. On the other hand, if the link is establish using the highest capacity,
it might be dropped down due to un expected weather conditions, such as rain, snow, or even
fog. Here, the role of incorporating the ACM comes clearly. To do so, transmission was made
while altering the modulation to the automatic rate adaptation mode. The power and gain values
are altered several times to monitor the automatic adaptation of modulation rate. The flowchart
in Figure 5 describes the ACM mechanism performed by the AF-11FX equipment.
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By observing Figures 6 and 7, one can easily extract the difference between the ACM-
Free and ACM-Based transmissions. In the case of ACM-Free transmission, the link is going
down if SNR lower than the required SNR is measured. ACM-Based transmission survive the
link. In other word, the rate of modulation will be automatically changed depending on the link

No

Pre-demodulated
signal

SNR = SNR,, Yes
for 1024 GAM —

e

SNR,. for 2560AM = SNR < SNR, for 1024 QAM

[

SNR,. for B40AM = SNR = SNR, for 256 QAM

&

SNR,, for 160AM = SNR < SR, for B40AM

&

SNR = SNR,, for 840AM

Convert to 1024 QAM
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Yes

Yes

Convert to 256 OAM

Convert to 64 QAM

Convert to 16 QAM

Convert to QPSK

Fig.5 ACM mechanism using AF-11FX equipment

status, which led to increase the average capacity of the link.

CONCLUSIONS

In this article a survivable wireless PTP transmission was implemented. The implemen-

modulation rate (1x, 2x, 3x .. etc)!
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Fig.6 ACM-Free transmission
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tation was divided into two parts. In the first part, the web application simulation tool was ex-
ploited to validate the feasibility of the suggested 11 GHz band, whereas in the second part, the
technology of ACM was experimentally involved. An improvement in the average capacity was
achieved due the automatic switch among the employed modulation schemes rather than drop-
ping the link down and getting zero capacity at severe weather conditions.
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Fig.7 ACM-Based transmission
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INTRODUCTION

Abstract

The current paper provides a symbolic regression-based correlation for
the drag coefficient for circular cylinder. The correlation is intended to
be applicable over a wide range of flow regimes namely that range from
the creeping flow regime up to the turbulent flow regime. Demo version
of TuringBot symbolic regression software was used to develop differ-
ent correlations using different sets of data. Experimental set of data was
used in one run whereas steady numerical results for Reynolds number
up to ~ 25 were used in generating a second set of formulas. In a differ-
ent run data generated using Sucker and Brauwer (Warme-und
Stoffubertragung, 1975. 8: p. 149-158) correlation with uniform distri-
bution in each order of magnitude was used to obtain a different set of
correlations. The data was generated across five orders of magnitude of
change of Re. Among all suggested formulas in the three cases, four
correlations are considered for their simplicity and accuracy. The pre-
dictions of the correlations ranged from reasonably good to very good as
compared to existing data and correlations. The relative error of the four
developed correlations ranged between 9% and 16% when compared to
experimental data for Reynolds numbers ranging from 1-10°. In particu-
lar, one correlation was able to capture all the gualitative and quantita-
tive changes in the drag coefficient over the different flow regimes for
0.15 < Re < 10°. The relative error of this correlation was comparable to
Sucker and Brauwer correlation.

Keywords: Drag Coefficient; Circular Cylinder; Correlation;
Machine Learning; Symbolic Regression

The flow over fully or partially submerged bluff bodies in a fluid flow has been of interest to a
vast number of researchers for several decades ago. Early documented interests of the subject may
date back to da Vinci (1513) whom sketched the flow patterns around a partially submerged col-
umns [1]. First photographs of alternating vortices past a cylinder are those reported by Henri Bé-
nard [2], a phenomenon that is known later by Karméan-Bénard Vortex Street. Besides investigating
the flow patterns around submerged bodies, the resistance force (or drag force) felt by the objects as
they move through the fluid is in the core of interests of researchers. The drag force and its behavior
is crucial in the design of aerofoils, automobile bodies, buildings, and airspace shuttles. To allow
for a comparison of different bodies at the same flow conditions, the drag force is typically non-

The Author(s) 2023. This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License [http://creativecommons.org/licenses/by-nc/4.0/ ], which permits unrestricted use, distribution, and reproduction in any medi-
um, for non-commercial purposes only, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.



https://doi.org/10.54172/wadd2q70
http://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=/10.54172/wadd2q70/&amp;domain=pdf&amp;date_stamp=2008-08-14

Al-Mukhtar Journal of Engineering Research 07 (1): 20-28, 2023 page21 of9

dimensionaized with respect to the kinetic energy of the incoming fluid resulting in the drag coeffi-
cient (Cp).

A fundamental case of interest is the case of a circular cylinder perpendicular to a steady
stream. The flow pattern generated by the flow over the cylinder exhibits a rich mosaic of flow
morphologies. The drag coefficient depends on how well the air flow around the object and leaves
it. Streamlined shapes and small area shapes in the flow direction generally give lower values of the
drag coefficient [3]. The flow disturbance caused by the cylinder is restricted to trailing wake
downstream and significantly affects the drag force. The presence of alternating shedding from the
cylinder produces an oscillatory lift force on the cylinder perpendicular to the stream motion[4].
The behavior of the flow around the cylinder changes dramatically with the change of Reynolds
number (Re) and so does the drag force. Two different mechanisms contribute to the drag force, the
skin friction and the form drag (or pressure drag). While the first (skin friction) is directly related to
shear stresses on the surface of the surface, the second is a result of the pressure difference in the
direction of the drag force [3, 5].

The variation of Cp with Reynolds number is shown in Figure 1 for circular cylinder across a
range of Re from 107! to 10’. The quantitative changes of the drag coefficients over this wide range
of Reynolds number are associated with tremendous variations in the qualitative flow field aspects
[5]. A thorough discussion of the different flow regimes can be found in [3, 6-8]. A brief review of
the different regimes is provided here for reference with Figure (1) to facilitate associating the qual-
itative changes in Cp with physics of the problem. For very low values of Re, say, Re < 4, the flow
is attached to the cylinder and the streamlines are almost symmetrical and come together as they
pass over the cylinder. This is a direct result of high viscosity which dominates fluid inertia effects.
This viscous flow regime is called Stokes flow. As Re is increased for up to 40, separation occurs
on the aft of the cylinder forming two stable distinct vortices which are stationary in their place.
The vortices become unstable beyond this limit and start alternate regular shedding at the wake re-
gion (called Karaman vortex street). Further increase in Re causes the Karman vortex street to turn
into turbulent and later changes into a distinct wake (150 < Re < 300). The separation point of the
boundary layer shifts towards the back of the cylinder along the surface with the transition to fully
turbulent flow.

The drag coefficient remains at an almost constant value of about one at the range of 10% < Re <
3x10°. Further increase in Re (3x10° < Re < 3x10°%) makes the flow in the outer region of the
boundary layer to changes to turbulent flow causing reattachment followed by another separation of
the boundary layer at the back face of the cylinder. As the flow changes to turbulent the wake
thickness shrinks resulting in a reduction in the pressure drag on the cylinder to undergo a dramatic
drop around Re = 3x10° (also known as the drag crises). Beyond Re > 3x10°, a direct transition of
the boundary layer to turbulent flow takes place at some point on the forward face. The separation
of boundary layer at this case is estimated at an angular location slightly less than 120° on the back
surface. The separation points on the back surface shifts closer to the top and bottom of the cylin-
der, producing a thicker wake, thus larger pressure drag.

Three distinct flow regimes can be used to characterize the variations of the drag coefficient of
the cylinder known as subcritical, supercritical and transcritical based on their location from the
critical Re at which the drag crisis takes place. The roughness of the cylinder surface affects both
the value of Re at which the drag crisis takes place and the value of the drag coefficient after the
drag crisis. More details and investigations about the drag crisis can be found in [6, 10].
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Fig. 1: Drag vs. Reynolds number for infinitely long circular cylinder (reproduced from [9]). Void circles are experi-
ments made by Wieselsberger, the solid line is advised by Schlichting.

Qualitatively speaking the regimes and general shape of the Cp vs Re plot of flow over circular
cylinder is similar to that of flow over a sphere. However, much more research is dedicated towards
formulating a drag correlations for spherical particles compared to those for cylinders. Particles,
bubbles, and droplets which are found in vast industrial and environmental systems can be reasona-
bly approximated as spherical particles and hence come the significance of investigating spheres
over cylinders. As a result the literature is saturated of correlations for drag over spheres which is
yet worth further investigation. Symbolic regression was used to develop correlations of the drag
over sphere by Baratti et al. [11] and El-Hasadi & Padding [12] using large volume of experimental
data. Development of drag formula for spheroids and spherocylinder particles using limited size of
high fidelity data using symbolic regression was also performed by El-Hasadi & Padding [13]. To
the best of the authors’ knowledge, no such use is reported to develop a correlation pertaining the
drag over cylinder. The size of data used in the current work is not sizeable, but with no much nota-
ble variability.

A thorough review of all the existing correlations and experimental data is beyond the scope of
this work and can be found in [9, 14, 15]. Selected correlations which includes the most commonly
used in relevant literature are first outlined in the next section and their agreement with most com-
mon experimental data is reviewed. The software used in the current work is presented in section
and selected correlations obtained by the software are presented in section 3. A discussion of the
performance and limitations of the found formulas is provided in section 3 as well.

1. METHODOLOGY

1.1 Review of existing data and correlations

Stokes pioneered investigating the flow over spheres and cylinder at very low Re (also called
creeping flow regime Re <<1). Stokes analytically solved the steady drag over a sphere in infinite
medium but stated that no solution exists in flow over cylinders [16]. His postulate triggered a re-
searchers to perform theoretical and experimental studies with varying qualitative and quantitative
agreement [17]. The unclearness of the data is not well defined in many cases leading to conflicting
sets of data that requires careful reevaluation and attempts to correct [18].

One of the most commonly used correlations is that of Kaplun [19] whom used matched asymp-
totic expansion to improve the approximate solution provided by lamb [20] to Stokes paradox
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Reynolds number herein is based on the diameter of the cylinder. The formula diverges for Re
values >1. White [14] offered a simple curve-fit formula which is reasonable agreement up to the
drag crisis (Re < 250000). The data used in generating the correlation are from Tritton [21] and
Wieselesberger [22]
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A roughly derived formula is suggested by Munson et al. [3] in which separation of the bounda-

ry layer is assumed to take place at 109° (measured from stagnation point).
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The first term on the RHS comes from form drag while the second represents skin friction. The
skin friction term was assumed to have similar dependencies between Cp and Re as that of a flat
plate.

An accurate curve-fit formula [14] was proposed by Sucker & Brauwer [23]

o — 118 6.8 106 0.0004Re
p—= +Re“‘9°+\-'E_'l+3.63><1[]‘7393 (4)

Mapping of the above correlations on Cp vs. Re diagram that contains a compilation of existing
data as made by Panton [7] is provided in Figure (2). The steady numerical (blue dashed line) re-
sults line is for steady numerical results by Hamielec and Raal (1969) [24] and Fornberg [25] as-
suming steady flow. Kaplun correlation (Eg. (1)) diverges for Re >1 while Munson’s correlation
(Eg. (2)) may be applied to up to Re ~ 3x10°. Munson’s formula shows reasonable agreement for 2
> Re > 10* but shows a different “slope” when plotted on a log-log scale of the Co vs. Re plot. Alt-
hough predictions of White’s formula (Eq. (2)) is superior to that of Munson’s, it fails to capture the
minimum Cp value at 102 < Re < 10% Sucker and Brauwer’s formula (Eq. (4)) outperforms all the
presented correlations and captures almost all qualitative behaviors before the drag crisis.

+D « Experiments
—Kaplun
- = Steady-Numerical
— -Munsen
0 --- White
= — Sucker & Brauwer
@]
e = o L R ——
1 b S
- «&‘ e
.
:.,-:"j
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Fig. 2: Comparison of different correlations with experimental data for drag over circular cylinder. Experimental data
compiled by Panton [7].

1.2 Analysis Software
TuringBot symbolic regression software is chosen to perform the regression task. The free
Demo version, however, has a limitation on both the number of data points and the number of inde-
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pendent variables. The maximum number of data points is 50 whereas a variable can only be a
function of other two parameters. Once the data is loaded, the target parameter along with the ratio
of test/train sets is selected before running the job. It is optional to shuffle the data before running
the job. Although the software defaults the parameter used to evaluate the accuracy to the root mean
square (rms) value of the target variable, it is possible to select different criterion from a dropdown
list. Once the task is executed, the software suggests a list of possible fitting functions (starting
from a bare average). The software keeps refining (or replacing) the proposed formulas producing
more accurate fits until the user decides to halt it. TuringBot interface allows for visualization of the
different suggested solutions and how they fit the original data. Since the current work assumes
Cp=f(Re), the Demo version is appropriate given that the used data does not include much uncer-
tainty.

2. RESULTS AND DISCUSSIONS
Selected sets of data were used to generate a drag formula and led to the following formulas:

Cp=(9.29 — shin*(3.19 — 0.000545Re) ) /shin~* (Re)  (5)
g.39

Cp=1268 + — (6)
_ B.76
Cp= 1074 + ReteE (7)
- 1154 8.02 — 4.657 x 10~ 3Re" 8
p =L+ (Re — 0.119)%722% £ 5,601 x 10-5Re (8)

Data from Wieselsberger [22] at Re ranges from ~ 4 -105000 was used to generate Eqg. (5) thus
excluding the drag crisis experimental data. The data is a subset of the data in Figure 2 and is dis-
played in Figure 1. Although hyperbolic functions are not commonly used in drag formulas, Bara-
ti’s correlation [11] for drag over sphere is rich of trigonometric and hyperbolic functions. It is not
clear to us at the time being if these functions can actually be linked to the physics of the problem
or they exist because of their ability to fit complicated behavior. The steady numerical results of
Hamieleec & Raal [24] and Fornberg [25] are found to be in very good agreement with the average
experimental data trend line advised by Schlichting (see Figure (1)) until Re ~25 [9]. Beyond Re
~25 deviations between the steady simulations and the experiment take place possibly because un-
steadiness is initiated in the form of vortex shedding. The line at which the steady results almost
match the experimental results was digitized to ~ 50 data points (0.24 < Re < 24) which were fed to
TuringBot to generate Eq. (6). The third data set was generated using Sucker and Brauwer’s corre-
lation (Eq. (4)) for (0.1 < Re < 10°) with equal number of data points in each order of magnitude. In
the first two runs 75/25 test/train ratio was selected, however, all the data was used in the training
(no testing) when Egs. (7 & 8) were obtained. The former strategy of not spending part of the data
in testing the trained model was adapted to ensure having equal weights for the different regimes in
generating the correlation.

Comparison of Egs. (5 - 8) is shown in the Figure (3). Eq. (5) shows some deviation at very low
Reynolds number most likely because of the uncertainty in the data point used at Re~4 which af-
fected the extrapolation process at lower Reynolds number values. On the other hand Eq. (6) shows
quite good agreement for flow regimes before the drag crisis. Similar to the correlation by White
(Eq. (2)), the physics embedded in the minimum Re at 10° <Re <10* are, however, not captured.
Due to the relatively low number of data points at this region, it would be hard for the algorithm to
capture the trend in this regime. Such drawback is avoided in the third set of data in which the data
is generated in similar distribution at each “decade”. Eq. (7) has similar structure to Eq. (6) which
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comes from steady data but better agreement with experimental data at high Reynolds number.
Both correlations converge to a constant value of Cp at high Re values (Re > 10%). As can be seen
from the equation itself, Eq. (7) converges to a value of 1.074 which is very close to the suggested
value of one by White (Eqg. 6). This Reynolds number-free term can be linked to the form drag as
outlined by Munson et al. [3] and the value to which it converged could be linked to the separation
angle of the boundary layer. The separation angle as a function of Re is a subject of interest to many
researchers (e.g.[26, 27]).
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Figure 3. Comparison of the current results with available experimental data and empirical correlation of Sucker and
Brauwer [23]

Table (1) lists the rms error for the proposed equations against the data used in testing, and the
average relative error from the data of Wieslesbrger and finally against the available experimental
data at Re ranges from ~1-10°. All suggested correlations have low average rms error in their train-
ing data. When compared to Wielesberger experimental data which is used to generate Eq. (5) the
relative error was the least for Eq. (5), however, Eq. (8) show comparable performance. Although
Eq. (6) shows the highest deviations of ~16%, its deviation is not bad provided that it was generated
using steady results for up to Re ~24. When the experimental data over a wide range is considered,
Eq. (7) become comparable to both Egs. (8) and Sucker and Brauwer (Eq. (4)). The relatively large
error is mainly because of the variations of the results of the experimental data itself. The inability
of Eq. (7) to capture the behavior at 10° < Re <10* is alleviated as a consequence of the limited
number of data at that regime as compared to the total number of data points used. The performance
of Eqg. (5) now deteriorated as it diverges outside its training data regime. Indeed Eq. (8) has the
best agreement among all obtained correlation over the wide range of Re. The local minimum is
captured and the agreement with Sucker-Bauwer’s correlation is obvious. Interestingly the correla-
tion has consistently shown somewhat lower relative error when compared to the experimental data.
The correlation, however, diverges beyond Re values lower than ~0.12 possibly because of the ex-
istence of negative number (at the denominator) raised to a negative number.

Table (1). Comparison of relative average error of proposed correlations with experimental data

Formula Average rms error in train- Average relative error %
ing data Wieselsbrger All Available
Eq. (5) 0.0477752 237 13.26
Eq. (6) 0.0728236 15.9 16.07
Eq. (7) 0.088027 6.3 9.83
Eq. (8) 0.0237282 2.89 9.15
S&B NA 3.14 9.51
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A close view of the performance of different correlations at low Re values is provided in Figure
(4) for 0.1< Re < 10. It can be seen that White’s correlation has the best agreement with experi-
mental data at for 1 < Re <10. The correlation however underpredicts the experiments at lower val-
ues of Re and may depart at further low values. Equation (8) is in very good agreement with Sucker
and Brauwer’s formula and the steady numerical results.
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Fig. 4: Comparison of best correlations with experimental data at low Re values
3. Conclusions and Recommendations for Further Work

Symbolic regression was successfully used to generate a correlation that predict the drag coeffi-
cient for a wide range of Reynolds number. Although the developed correlation captured all the
qualitative changes in Cp in the different flow regimes it does not extrapolate beyond the training
regime used. In fact none of the existing correlations as of yet was capable of predicting the behav-
ior at the drag crisis. The obtained correlation was developed by generating a reasonably small set
of data from reliable correlation. The former strategy was adapted by El-Hasadi and Padding [12]
in investigating the existence of logarithmic terms in the drag over sphere and is the best recom-
mended in the absence of highly accurate measurements that covers the whole regime. Further in-
vestigation is required in the creeping flow regime if Stokes paradox is to be tackled using symbolic
regression. Investigation of the existence of logarithmic terms and whether it is possible to predict
the drag crisis in a generic formula are other research extensions that would be carried out using
symbolic regression. For the former purpose, larger volume of data may be required.
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INTRODUCTION

Particle dampers are devices that control vibration levels in structures. They function by
an impact and friction damping together. The primary structure’s energy is transferred to the
particles inside the damper’s casing that is attached to the vibrating system where it dissipated
by being absorbed by the action of the contacts between the particles. The principal processes
engaged in energy dissipating are collisions, sliding friction and rolling friction with those pro-
cesses taking place between the particles and with the particles and the damper casing’s walls.
This type of damping can be optimized by adjusting the acceleration of the particles within the
container [1]. At lower frequencies, the damping mechanism requires that the particles and the
casing wall to be out-of-phase with one another resulting in comparatively empty container.
Particle impact dampers originated from impact dampers and they are more efficient in reduc-
ing vibrations than them [2]. Another key mechanism operating inside particle dampers is asso-
ciated with the granular material’s state of matter. For example, at high amplitude frequencies
gas-like states occur whereas at lower frequencies solid and liquid-like states appear. In this
damping mechanism, performance can be optimized by paying attention to the state of the par-
ticles in the container [3].
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Particle dampers are used in several industries to limit vibrations and noises. The aero-
space industry led the way in using them, however; other industries such as automotive, medi-
cal and energy soon followed [4]. There are many particle dampers’ applications in strengthen-
ing buildings against earthquake and in automotive gears to suppress vibrations in the rotary
shaft of gear transmission. There are other uses in helicopter and aircraft mechanisms in rotor
blades and landing gears, and in machine tools. Noise resulting from machine actions can also
be reduced by impact dampers [5], however; at times the actions of the impact dampers can in-
crease it [2].

The use of granular materials to reduce resonant vibrations in machinery and structures
is increasing. They are attractive because they combine several different energy dissipation
mechanisms, making them more versatile than traditional damping materials. This study sets
out to understand and model the effects of vibration amplitude and frequency on the perfor-
mance of granular systems, with a view to explaining and optimizing their use in reducing vi-
brations typically experienced in machinery.

Numerical modelling will be used alongside laboratory experiments to investigate the ef-
fects on energy dissipation performance of features such as particle material, shape, and the ge-
ometry of a flexible—walled packet container. The experiments described in this study were de-
vised to give some introductory understanding of single particle damping. They were also in-
tended to identify key variables and to direct the design of future experiments. The experiment
was to investigate the damping performance of a single particle (viscoelastic sphere) placed
within a cavity attached to a vibrating beam. First, the resonance of the beam plus empty damp-
er was considered and then the natural frequency and modal damping ratio for different ampli-
tudes and damper gap settings are identified.

Finally, the SDOF mathematical model is used to write a MATLAB code for a simula-
tion to estimates time domain response for a SDOF impact damper using measured parameters
obtained and the numerical results are then compared with the single particle impact damper
experimental results.

MATERIALS AND METHODS

This experiment Investigated the resonance of a beam with a single damper attached and
identified the first natural frequency and modal damping ratio for different amplitudes. The ex-
perimental analysis is performed with the system shown in figure 1.

Fig. 1 Impact damper experiment setup
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Table (1): Description of individual components

SigLab 4 signal analyser

300W power amplifier

PCB model 482A22 charge amplifier

Particle damping enclosure (empty)

PCB 353B18 accelerometer (Sensitivity 981 m/s?/V)

PCB 208B01 force transducer (Sensitivity 8.99 N/V)

Electromagnetic shaker (peak sine force capacity 100 N)

Clamped steel beam 425L x 75W x 4D (mm)

The test structure is a steel beam that is clamped at either end. The beam has a cross-
section that is approximately 75x4 mm and the free length between the clamps is approximately
425 mm. A casing of the damper (of mass 266.6 grams) is attached to the beam using a threaded
connector.

The system is excited by an electrodynamic shaker via a stinger rod. The force applied
by the exciter is measured with a force transducer and the beam vibration is measured with an
accelerometer. Signals from these transducers are recorded on a data acquisition system (Table
1, Fig. 2). The test rig is adjusted such that the direction of shaking aligns with the direction of
gravity. The vibration response is measured over a frequency range of around 10-1000 Hz using
signals of varying magnitude and frequency content. The amplitude will be in the range 1 to

1000 m/s?.

Fig. (2) Signal flow diagram

The impact damper’s container as shown in Fig. 3 is similar to the damper used by
Wong et al. [6]. It is constructed from a clear PMMA cylinder so the movement of the sphere
can be noticed with a steel base. The container has a threaded top for gap size adjustment. A
viscoelastic sphere(rubber) of mass 11.5 grams and diameter ~ 25mm is placed in the container.

Natural frequency (®n) and damping ratio ({) measurements of the system were taken at
gap sizes of O (lid firmly on top of sphere), 10, 15, 23 millimeters; and for random excitation 19
values of acceleration with an increment of 0.1g at accelerations of 0.07 to 1.7 g and for sin-
ewave excitation 19 values of excitation acceleration with an increment of 0.1g from 0.05 to 5.0
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g.

For random excitation, the SigLab virtual network analyzer (vna) was used which pro-
vides links to network-based analysis tools for measuring frequency response functions. Infor-
mation was retrieved from (vna) data file, then the post process was done in the MATLAB set-
ting using the SLm data structure using the MATLAB function frf_from_vna in

Adjustable B
iscew-top £

ISphere’s height
= 25mm

» B *
nside diameter—'
39mm

Fig (3). Damper container with adjustable gap

combination with the function from_frf to get the natural frequency and damping ratio
from frf uses functions mobfit and mobfit_obj to curve fit. For sinewave excitation from the
SigLab swept-sine analyzer (vss) was used for measuring the system’s frequency response func-
tion. The data processing was done sing the MATLAB function frf_from_vss.

As for the repeatability and uncertainty in the results, there is a major problem connect-
ed with random excitation is that signals will always experience leakage. This leakage error will
cause a serious reduction of the quality of the measured frequency response function (frf), with
a sizable error resulting, mainly at the resonant peaks of the system [7]. Leakage is also an issue
for sinewave excitation.

RESULTS AND DISCUSSION

Vibrating beam’s natural frequency and modal damping ratio

First, the resonance of a vibrating beam is investigated and the natural frequency and
modal damping ratio ({) for different amplitudes are identified. There is a difference in the
damping ratio ({) trend between the different excitations as the damping ratio for random exci-
tation is almost constant with the increasing amplitude whereas the damping ratio for sinewave
excitation increases with the increasing amplitude (Fig. 4).
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Fig. (4). The acceleration’s (g) effect of on the damping ratio () for random and sinewave excitations

The results of the natural frequency (wn) for the different excitations are illustrated in
fig. 5, where the beam response to random and sinewave excitation show the same trend.

If there is a resistance to the vibrations when the system is undamped then the system
undergoes frictional or other type of loss of kinetic energy which is damped with time. The en-
ergy loss within the structure itself is called structural (hysteresis) damping where in solids
some of the energy involved is the repetitive internal deformation and restoration to the original
shape is dissipated in the form of random vibrations of an intramolecular nature. Most likely
this is friction damping at the joints since metals have a loss factor of less than 0.001 and the
PMMA damper does not significantly deform in the 10-100 Hz range.
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Fig. (5) Comparison of the acceleration’s (g) effect of on natural frequency (wn) for random and sinewave
excitations of a steel beam

The effects of gap size of an impact damper under random and sinewave excitation

When a continuous structure vibrates with a particular deflection shape, its motion can
be represented by a SDOF system. The mass of this equivalent system is obtained using the
equivalent kinetic energy. For slender uniform beams, the equations for normal vibration mode
shapes are given in textbooks [8]. For these, they also show that for equal kinetic energy in both
systems,

L. _Ll.- L= _ Lf¥enoe =
,J.N'Dﬂrmpr,' =g m = .-.:'.\'DC'FmPI;' - ..( Bi m

where ¢ defines the shape of the deflection as a function of the distance along the beam
and therefore,
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_n
S
At the end of a cantilever the fundamental vibration mode shape gives ¢? = 4, at the
mid-point of a clamped-clamped beam ¢? = 2.52 and at the mid-point for a pinned-pinned beam
2 —
o°=1

Meq

The beam has a cross-section that is approximately 75x4 mm and the free length be-
tween the clamps is approximately 425 mm.
The test structure is a steel beam that is clamped V= (L) (H) (W)
V = (0.425) (0.075) (0.004)

=1.275x10* m?
p (For steel) = 7900 kg/m?3
The mass, m = (v) (p)

= (1.275 x10* m®) (7900 kg/m®)

= 1.00725 kg
At the mid-point of a clamped-clamped beam ¢? = 2.52
m
Mgy = E
LDOT 25
= Z.52
= 300.7¢g

The mass of sphere = 11.5 g

The mass of empty container = 266.6 g

So, The Total mass is:

mt =11.5 + 266.6 +399.7

=677.8¢

First there is a discussion of random excitation results followed by the sinewave results.
When the system is subjected to random excitation and for a gap size of 0 mm, even though the
sphere does not have any space to move and this does not allow for significant interchange of
momentum between the sphere and the container, the nature of random excitation high frequen-
cy causes the particle to have more movement. Therefore, it has dissipation of energy and the
measured damping ratio is higher than 23 mm and 10 mm gaps (Fig. 6). As the gap size in-
creases, the particles are given more room to move and the damping ratio () reaches 0.04104 at
acceleration amplitude 1.7g which occurs at an optimum gap size of 15 mm. If the gap size is
increased further there will be fewer impacts since the particle does not acquire enough velocity
to travel from bottom of the container to the top, on the average twice per “cycle” of the re-
sponse. Therefore, if the gap size is increased beyond the optimum, the damping decreases.

0.06
4+ 10 mmagap
O No
0.05 o
15 mm gap
X 23 mmgap
i 004 1) = % =emptycase
=
g
= 0.03 e
= =} =}
£ x
8 0.02 ® " A +
. ¥ x +
ro
- %
oot - S % 8 g = ] g g, o T
o L L L L
0 0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8 2
Accelration (g)

Fig. (6). The effect of acceleration g (rms) on the different gaps of an impact damper’s damping ratio () under
random wave excitation
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The damping ratio at optimum gap size increases with increasing acceleration. Overall,
the damping ratio of the beam was increased by over five times, demonstrating the effectiveness
of the particle impact damper particularly at high amplitudes of excitation (Fig. 7). Experiments
also revealed a shift in the resonance frequency of the system. This frequency shift is affected
by both acceleration and gap size. Figure 8 shows that the resonance frequency decreases with
increasing acceleration
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O 15mmgap
¥  emplycase

0051

Damping ratio ()
f=} =
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=] B

=
(=]
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o.m-?ﬁigﬂ,**** * * %

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Acceleration (g)

Fig. (7) Comparison of the acceleration g (rms) effect on the damping ratio () of an impact damper (with
15mm gap) to that of an empty-case under random wave excitation
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Fig. (8) The effect of acceleration g (rms) on the different gaps of an impact damper’s natural frequency
(on) under random wave excitation

for all gap sizes at different rates. This confirms that as the sphere has more space to
move, it contacts the container less resulting in a lower mass effect and higher resonance fre-
quency. With the increase of acceleration, a higher mass effect is produced, which implies that
the sphere has more contacts with the container. Overall, the natural frequency of 15 mm gap
under random excitation is lower than that of the beam’s natural frequency.

The damping ratio () values of the system under sinewave excitation exhibits show al-
most the same trend with the different gaps as the random excitation with the exception that the
effective damper’s gap is 10 mm which is smaller than that determined by random excitation
(Fig. 9). The damping ratio of this gap is more than three times higher than that of the empty-
case’s damping (Fig. 10).
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The natural frequency (wn) of the system under sinewave excitation exhibits a different
trend than that of
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Fig. (9) The effect of acceleration g (peak) on the different gaps of an impact damper’s damping ratio (¢)
under sinewave excitation
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Fig. (10) Comparison of the acceleration g (peak) effect on the damping ratio ({) of an impact damper
(with 10mm gap) to that of an empty-case under sinewave excitation

the random excitation in that the natural frequency of the 10mm gap is lower than the
damper with no gap (Fig. 11). And it is much lower than the empty-case’s natural frequency as
shown in figure 3.11.
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Fig. (11) The effect of acceleration g (peak) on the different gaps of an impact damper’s natural frequency (wn)
under sinewave excitation
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DISSIPATED ENERGY IN THE SYSTEM

If a vibrating system is connected to a damper, then due to damping, the amplitude will
reduce in each cycle. This is because it is the rule of damping to reduce the amplitude and since
the amplitude is reduced in each cycle, it means that energy of the system is dissipated. Thus,
the damping in this system is reducing the amplitude by absorbing some energy of the vibrating
system, so the dissipated energy of the system under sinewave excitation with gap 10 mm and
amplitude 5g is determined by the equation (Appendix C):

W=mcwkX*
Stiffness and damping for impact damper:
wy = 2w f
=2 (3.1415) (46.62)
= 292.91 rad/s
Accounting for the background damping of the test rig:
C(actual) = Cmeasured - C test rig
=0.04333 - 0.01382 = 0.02951
€= 2imuy,
= 2(0.02951) (0.6778) (292.91)
= 11.72 Ns/m
Calculating the aerIitude’s value, 4= ¥w;
X=—=

=49.05/ (292.91)?
=5.7x10%m
Dissipated energy (W):
W=rcwkX"
= (3.1415) (11.72) (292.91) (5.7 x 1042
=3.5x 103
Kinetic energy (T):
T= 1/ m, (wX)
=% (11.5) [(292.91) (5.7 x 109]?
=1.6x10%
Calculation of W/T ratio from impact damper:
The Specific damping capacity (v) = W/T is calculated from excitation amplitude 0.1 to 5 g as
in Table 2.

Table 2: Ratio of dissipated energy per cycle (W) to Kinetic energy per cycle (T)

Amplitude (X) m Kinetic energy per cycle (T) J | Dissipated energy per cycle (W)J | WIT
7.9 X10° 45X108 3.1e-8 0.7
1.6 X 10° 1.8 X 107 7.0e-8 0.4
2.4 X10° 4.1 X107 2.4e-7 0.6
1.3 X 10° 1.2 X107 5.8e-8 0.5
3.3X10° 7.8 X107 7.9e-7 1.0
4.7 X 10° 1.5 X 106 1.8e-6 1.2
5.5 X 10° 2.2 X10° 3.6e-6 1.6
6.0 X 10° 2.7 X10° 2.3e-5 8.5
7.1X10° 3.6 X10° 5.9e-6 1.6
7.7 X10° 4.4 X 10 3.8e-5 8.6
1.7 X 10* 2.0X10° 4.7¢e-6 0.2
2.6 ¢ 10* 45X 10° 1.0e-4 2.2
45X 10* 1.0 X 10* 2.8e-3 28
5.7 X 10* 1.6 X 10* 3.5e-3 6.1

Time domain simulations of a SDOF system moving between walls
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One of the simplest ways to model a single particle impact damper is to use a SDOF
model in which the particle is represented by mass that can move between rigid walls, which
themselves are subject to prescribed motion. The contact between the particle and the walls of
the casing can be represented by springs and dampers as shown in figure 12.

The variables xc and xp represent the positions of one of the walls and the particle rela-
tive to an arbitrary fixed point in space. The second wall remains a fixed distance L from the
first one. When the casing walls move with a prescribed time history, useful outputs of the
model are the resulting motion of the particle and the force required to maintain the motion of
the casing.

| L |
| |
I 2r |
k k
¢ c
—> ﬁ‘
c P

Fig. (12). An SDOF model showing contact between the particle and the casing

Motion of the particle is related to force applied to it using Newton’s Second Law,
myiy, = f

It can be seen from the figure that particle-wall contact is not constant and hence the
force depends on the contact conditions. No force is transmitted when the particle is not touch-
ing a wall. In the absence of body forces such as gravity loading, f = 0.

When in contact, force is generated by spring and damper units. However, even when in
contact, the spring and damper together cannot exert a tensile force. These conditions are sum-
marised in Table 3.

Time domain simulation
The equation of motion can be solved numerically in Matlab using the function ode45.
This function provides a numerical solution to a first order differential equation of the form,

¥y = Ay +F
For the impact damper problem this can be achieved by setting
R A = [ k=
¥y = [_x"_ﬂ] and’ _iﬂ;r, _iﬂ;r,

Table (3): Conditions of particle contacts

Contact with the cylinder bottom Contact with the cylinder top
Condition Xy ZXp—T x,=xptr—1L
Force f f=f  +f f=f +f

spring * " damper spring " damper

fspring :_k(xp_r_xc) fspfiﬂg :_k(xp+r_XC_L)

fdamper = _C(Xp - Xc) fdamper = _C(XP - XC)

No tension f=0 f=0
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In this example, excitation is in the form of prescribed harmonic motion of the casing
and the forcing vector depends on the contact,

Contact with the cylinder bottom:
0

_ |k c
F=l"(,+n+—z
My My

Contact with the cyI'inder top:

0
k c
_{xr‘l‘f.—r:]‘l‘_.fr
My My

F =

If the motion of the casing is sinusoidal,
x,. = X_ sinlwt)
i, = wkX, coslwt)
The Matlab expression for running the time domain solution has the following form,
[t,y] = ode45('calc',t,yo);
where t is an array containing the discrete points in time that the solution y is obtained at
and yo are the starting values. The term “calc’ refers to a function “calc.m” that specifies the
differential equation and provides the output¥ (written yq) for a given input (y) at a particular
time (t).
yd = calc(t,y)
For this particular example, it is convenient to note that,
y(1) =x,=y(2)
and, )
¥(2) =#,=L

-
where the force f depends on the contact conditions defined on the previous page.

This entire example has been coded into the function sdof_impact_damper. Because of
the limitation on allowed input and output variables in “calc.m” this function has to encode in-
ternal computations to allow the force to be specified. To allow convenient adjustment of the
values of variables, the main function sdof_impact_damper rewrites “calc.m” each time it is
run.

simulation and comparison to experimental results

In this section, the mathematical model is verified and used to perform the simulation
with damping and stiffness parameters obtained from the drop-bounce experiment and system
parameters with the vibration amplitude (defined as beam displacement Xc) matching the peak
vibration in the experimental tests (Table 4, Fig. 13).

Table (4): Parameters used in the simulation

Particle and system parameters

Particle mass m 11.5x10°m
Particle radius 12.5x10°m
Stiffness k 40.76 x 10° N/m
Damping ¢ 0.7 Ns/m
Casing length L 40 x 103 m

Excitation frequency whz 46.62 Hz
Amplitude Xc 5.7x10%m
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The specific damping capacity (y) W/T per cycle of the simulation is calculated and
compared to that of the impact damper experiment (Table 5). There is a small discrepancy be-
tween the simulation and experimental results (Fig. 14).
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Fig. (13). simulation showing the dissipated energy by radian resulting from a viscoelastic sphere contact
with the damper’s casing at vibration amplitude (Xc) 5.7 x 10* m and excitation frequency 46.62 Hz

CONCLUSION

The practical and inert vibration control technology of particle damping is developing
considerably at the present stage with ongoing research into its many factors. This study aims to

explore the role of contact pressure of the particles and the configuration of its container.
Table 5: Comparing the specific damping capacity (W/T) of experiment and simulation

Amplitude (X) m WI/T simulation WI/T experiment
7.9 X10° 0 0.3
4.7 X 10 0 1.9
5.5 X 10° 0 0.5
6.3 X 10°® 0 0.5
7.0 X 10° 0 0.5
7.9 X10° 0 0.7
1.6 X10° 0 0.4
2.4 X10° 0 0.6
1.3 X10°% 0 0.5
3.3X10° 0 1
4.7 X103 0.7 1.2
5.5 X 10° 1.9 1.6
7.1X10° 1.2 1.6
1.7 X 10* 1.2 0.2
2.6 X 10* 3.8 2.2

The identification of the main challenge: granular damper properties strongly affected by
the extent to which

particles are forced together to form temporary agglomerations such as what is seen in
the "bouncing bed" phase. The ability to form and adjust the nature of these agglomerations
gives control over the damper effectiveness, so this research focuses on physical ways of con-
trolling this.

The discrepancy between the simulation and experimental results could be caused by the
level of uncertainty in the damping ratio data which is showing in the quality of the circle-fit
which artificially effect the damping. This uncertainty could be also caused by the nonlinearity
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of the system or could be an issue with the shaker drop-out causing more vibrations. Thus,
measurements of natural frequency data have a higher level of certainty than the damping ratio
data. Considering the uncertainty in the experiment the comparison result is a reasonable out-
come.

= & =W/T simulation
s WIT impact damper

W

0 0.5 1 1.5 2 25 3
Amplitude (m) « 107

Fig. (14). Comparing the specific damping capacity (W/T) of experiment and simulation

The flexible packet is one way to adjust the agglomerations in a controllable manner.
Thus, future work

will concentrate on the design and experiment of a flexible packet damper that can be
used to adjust the particle-to- particle contact pressure (and therefore the performance) of a
granular damper. The flexible packet comprises a collection of particles that are squeezed to-
gether by an elastic membrane which provides a nominal static pressure that is defined by the
tension in the membrane. The membrane can be constructed from different materials, but initial
work will involve an elastomer for simplicity.
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Abstract

Over the last twenty years, many investigators are used finite element
software, to validate and compare the FE results with their experimental
research. This work focused on the development of a numerical model
implemented by the ANSYS 2022R2 software, to simulate the flexural
behavior of the RC beam. Numerical models are tested under four-point
bending. To investigate the influence of reinforcement steel ratio and
compressive strength of concrete on the flexural capacity of the model.
The results indicated that the Finite Element model was able to predict
the flexural behavior of the experimental test beam. Furthermore, the
influence of different tensile reinforcement ratios has the most effect on
the flexural behaviour of the FE models at maximum loads. While the
change in concrete compressive strength has affected the flexural per-

formance of the models. This influence shows slight increases in the
first crack load and maximum loads of the models. Furthermore, crack-
ing pattern behaviour at the final stage for numerical models showed a
good agreement with experimental cracks behaviour.

Keywords: RC Beams, Finite Element Method, ANSYS, Steel Rein-
forcement Ratio, Compressive Strength.

INTRODUCTION

Experimental studies of the flexural behavior of reinforced concrete beams comprise the cost of
materials, equipment for testing, workers and time. Safety and serviceability evaluation of construc-
tion structures requires the development of accurate methods and three-dimensional FE models for
their analysis. For example, the numerical and experimental studies are conducted side by side. To
compare the numerical and experimental results and collect detailed information using numerical
models. Also, the experimental studies are becoming expensive and take a long time. The Finite
Element Method (FEM) is commonly used for predicting the behavior of structures, and it is often
preferred over experimental studies when investigating the behavior of concrete. Many variables
have an impact on the accuracy and convergence of the results such as properties of materials, mesh
and convergence criteria. Vasudevan and Kothandaraman [1] present several trial analyses of influ-
encing factors on the flexural behavior of numerical models. As, mechanical properties of concrete,
mesh density, points loaded, the influence of shear reinforcement on flexural behavior, and steel
reinforcement ratios. The results of their study demonstrate the ANSYS program'’s ability to simu-
late mechanical properties in the analysis of reinforced concrete beams. Mazen Musmar [2] referred
in his study to the performance of the finite element model of the reinforced concrete beams that are

The Author(s) 2023. This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License [http://creativecommons.org/licenses/by-nc/4.0/ ], which permits unrestricted use, distribution, and reproduction in any medi-
um, for non-commercial purposes only, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.
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designed to fail in flexure. The work showed the performance of the FE model of the RC beam
from where crack pattern, load-deflection curve, mode of failure and behavior material models are
implemented in the FE models. This study targets to explain the effective role of FE structural
modelling in simulating the performance of RC structures members.

Another study showed that modelling and simulation of reinforced concrete beams using AN-
SYS program to understand the effect of percentages of steel reinforcement on flexural behavior as
under, balanced and over-reinforced beams implemented by Pawar and Pawar [3]. Pranata et al. [4]
studied testing of the studied deep beams was performed by FE modelling using ANSYS program.
To obtain useful parameters for modelling RC deep beams in FEM modelling, calibrating tests have
to be done out of verification and validation processes. Moulika et al. [5] worked in their study that
modelled and analyzed reinforced concrete beams when subjected to two-point loads at one-third
span from each support, using the Finite Element Analysis tool, called ANSYS software. The nu-
merical model has dimensions length of 600mm, width of 160 mm and height of 160 mm with main
steel reinforcement of 312 mm and 28 mm at top reinforcement, also stirrups using @8 mm/100
mm. The results showed have more sensitive to mesh size, materials properties and load incre-
ments.

Tjitradi et al. [6] studied the conduct of structural members of one-layer reinforced concrete
beams under tension, balanced and compressive, consequences of collapsed mechanisms with mod-
elling and simulation using ANSYS Workbench. The outcomes displayed that the reinforced con-
crete members can be analysed using the ANSYS program with the modified three-dimensional
model. The numerical model used simulates Multilinear Kinematic Hardening using the compres-
sion stress-strain curves of unconfined concrete. The use of the element SOLID 65 in the modelling
of concrete materials can specify outcomes by the nonlinear behaviour of reinforced concrete mem-
bers. Steel reinforcement is used as an axial bar element by taking the discrete engineering model
Spar Link Element (LINKS8). The behaviours of RC elements can be determined through the analy-
sis of calculation and FEM that beams with the tensile collapsed condition have a lower flexural
capacity and collapse behavior is more ductile. On the other hand, many studies focused on the de-
velopment of a 3D FE model using ANSYS software to analysis the flexural behavior of the RC
beam strengthened, and validate numerical results with the experimental results. These papers pre-
sented the applications of nonlinear finite element models in the analysis and predict the behavior
of RC beams strengthened with U-jacket, CFRP sheets or rods and NSM FRP rods. The numerical
results are compared to experimental results of unstrengthen beams. As well, the comparisons are
carried out about of load- deflection behavior at mid-span of beams, the ultimate load at failure and
cracks pattern [7-11].

The aims of this research are to:

e Select the suitable element types available in ANSYS 2022 R2 software, such as steel rein-
forcement, concrete, plates of loading, and steel support plates.

e modelling of a 3D model to simulate the behaviour of simply supported RC beams analysis.

e Validation of the numerical model results of the current study by comparison of the experi-
mental results of a tested beam (reference beam CB) implemented by Sharaky et al. [12].

e Studying the effect of two variables such as tensile reinforcement steel and compressive
strength of concrete on the behaviour of the numerical model.

MATERIALS AND METHODS

To model and idealize the RC beams in the ANSY'S software some elements must be selected.
ANSYS’s element library [13] contains a lot of different element types. Each element type has a
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unique number and a prefix that identifies the element category. Concrete was modelled using solid
element SOLID65 with 3-D 8-node solid elements as shown in Fig. 1 (a). The SOLID 65 element is
capable of crushing in compression and cracking in tension. The steel reinforcement was modelled
using LINK 180 as shown in Fig. 1(b). Moreover, a 3-D structural solid element 185 was used to
model the plates of loading and supports as shown in Fig. 1 (c).

The specimen of study is a simply supported reinforced concrete beam. The full-size specimen
was 2600 mm x 160mm x 280mm and the clear length of 2400 mm. While the main steel rein-
forcement was 2012 mm and the top reinforcement of 238 mm as shown in Fig. 2. The shear steel
reinforcement was 8 mm stirrups with spacing between bars of about 100mm .Table 1. displays the
concrete material properties used for current model.

Six models divided into two main groups were subjected to four-point bending. We have select-
ed the four - points test to evaluate of behavior flexural of FE models and

Fig. (1). FE models elements: (a) SOLID65 (b) LINK180 (c) SOLID185[13].

P/2 P/2
1 stirrups @8mm @ 100 mm
.y w <l
280mm
F-Y - A F-Y —l
100/ 800mm 800mm 800mm 100
2600mm
23 8mm

. 30
stirrups 8mm 1 1
220
l 280mm
J

Fig. (2).Tested beam details [12].
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Table (1): Concrete material properties used in ANSY'S beam model

Material properties

M30 M60
Modulus of Elasticity, Ec 25000MPa 36000MPa
Poisson Ratio, v 0.2 0.2
Concrete Open Shear Transfer Coef. 0.2 0.2
Closed Shear Transfer Coef. 0.8 0.8
Uniaxial Cracking Stress (ft) 2.8 MPa 3.50 MPa
Uniaxial Crushing Stress (fc) 31 MPa 60 MPa
Modulus of Elasticity, Es 200 GPa 200 GPa
Tension Rein- Poisson Ratio, v 0.3 0.3
forcement Yield stress 545 MPa 545 MPa
Tangent Modulus 1200 MPa 1200 MPa
Density 7850 kg/m?3 7850 kg/m?3
Loading & Sup-  Modulus of Elasticity, Es 200 GPa 200 GPa
porting Plates Poisson Ratio, v 0.2 0.2
Tensile Yield Strength 550 MPa 550 MPa
Tensile Ultimate Strength 650 MPa 650 MPa

to avoid shear failure. The models were designed as an under-reinforced section, the first group is
normal strength concrete, while the second group with high strength concrete. The variable factor
for each group in the numerical study using ANSYS software is steel reinforcement ratios. Details
of the models for the numerical program are summarized in Table 2

Modelling and Meshing

Modelling of the RC beams is idealized in the ANSYS. The RC beam has been modelled as vol-
umes, such as the concrete, loading plates and supports. While the steel reinforcements and stirrups
are modelled as line bodies. The model of RC beam is shown in Fig. 3. Concrete was simulated us-
ing a multilinear isotropic hardening model. The stress-strain curve was used to simulate the con-
crete plasticity based on equations 1 and 2. The concrete material properties are given in Table 1.

Table (2): Numerical models configuration

Type of Top

Model ID Bottom reinforcement fc . Stirrups
group reinforcement
B1-®12-M30 2-®12mm 2-O8mm
Group (A) B2-d14-M30 2-014mm 31MPa 2-O8mm
B3-®16-M30 2-®16mm 2-O8mm
B4-d12-M60 2-®12mm 2-08mm C8Mm@100mm
Group (B) B5-®14-M60 2-014mm 60MPa 2-08mm
B6-®16-M60 2-®16mm 2-O8mm
Top steel reinforcement

Plate of L oading - s

| | g | l e

L] / att Ve e

ol = _ g <L s Stirmps

= Steel Support Plate I, =
. ~ Concrete (SOLIDG5) ‘L < = Bottom steel reinforcement ./L‘

o s 0000 gy 3 = 12009 e
;

Fig. 3 Details of the numerical model in ANSYS.
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f=—= 1
1+[8]
&
E

Where, Ec is Young’s modulus for concrete, € is the concrete strain, and €o IS the compression fail-
ure strain.

Element mesh size sensitivity

On the other hand, sensitivity analysis was done by studying the element's sizes effect of
(25*24*16.5) mm, 20mm, 30mm and 40mm, to examine the convergence of the results. Fig. 4
shows the effect of element sizes on the numerical results that were studied and compared to exper-
imental results by Sharaky et al. [12]. The mesh size (25*%24*16.5) mm was chosen as it generated
good results from the solver keeping the run time at a reasonable length. Fig. 5 presents the mesh
size of the numerical model in ANSYS for this study.

55

90
80
E %0 70
E
§ - 60
k- x 50
E 45 =
a 3 4
£ = —e— Expermentail
30
-? 40 = Element size (25*24*16.5)mm
E 20 = —=Element size 20mm
----- Element size 30mm
10 .
35 —— Element size 40mm
10 (16.5%25 20 25 30 35 40 45 o
.
24)mm Element Size 0 10 20 30 40 50 60 70 80
Deflection , (mm)
a) Effect of element size on the sensitivity of results b) Comparison of P-& curves with

different mesh sizes

Fig. (4). Results verification; a) Effect of element size on the sensitivity of results, b) Comparison of P-§ curves with
different mesh sizes.
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Fig. (5). The meshes of the numerical model in ANSYS
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Loading and Boundary Conditions

Displacement boundary conditions are required to constrain the model to obtain a remarkable
solution. To confirm that the model works similarly to the testing beam; boundary conditions must
be applied to the supports. So, the support conditions in this study will be taken as a pin support
with no movement in the X, Y and Z directions. In contrast, another support will be taken as a roller
of which there will be only movement in the Z- direction with no movement in the other directions
as seen in Fig. 6. The load plate is loaded by applying a remote force on each plate as seen in Fig. 6.

The methodology of this study was done by modelling of geometry body, selecting the type of
elements, material properties of concrete and steel, meshing details, finite element analysis, and re-
sults as shown in Fig. 7.

| Roller Support A
_- z ¥

0.00 500.00 1000.00 (rm)
250.00 750.00

Fig. (6). Loading and boundary conditions of model.

section 160*280 mm and
length 2600mm using
ANSYS software

Poisson’s ratio p.

Pin Support 0, 0, 0.
Roller Support 0, 0, Free.

Fig. (7). A flowchart displays the process of the methodology.
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RESULTS AND DISCUSSION

Validation of the model

The validation of the FE model must be done to determine the accuracy of the results. The nu-
merical model was simulated and compared to an experimentally tested beam of the study pub-
lished in the international journal, by Sharaky et al. [12]. Comparing the numerical results to the
experimental results, the flexural behavior of the finite element model is acceptable through the
load-displacement curve as shown in Fig. 8. The data in the figure clearly shows that the first crack
load registered about 15.72kN for the current numerical model compared to 14.7kN for experi-
mental beam [12]. While the yield load, Py, and mid-span deflection, Ay, registered about 67.79kN
and 9.43mm for the current numerical model compared to 64.5kN and 11.20mm for the experi-
mental beam, respectively.

On the other hand, Fig. 9. shows the numerical deflection distribution along the model and
compares it with that experimentally measured by [12]. It can be noticed that the deflection at the
mid-span for the experimental recorded about 1.95mm, 4.12mm, 6.90mm and 9.75mm compared to
2.18mm, 3.62mm, 5.87mm and 8.11mm for deflection of the numerical model with percent differ-
ence by (-11.79%), (12.13%), (14.92%) and (16.82%) at loading steps 20kN, 30kN, 45kN, 60kN,
respectively. The distribution shows convergent results in the elastic zone as a linear relationship
exists and an increase in the percentage difference at the end elastic region and after yield stress of
steel, due to the plastic region as seen in Fig.8. Also, there are microcracks in the concrete for the
tested beam due to the production of concrete by shrinkage that it is not included in the numerical
model and it affects numerical results. Overall, there was an agreement and convergence in the
load-deflection behaviour.

120
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100 +

80 -+
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'

——ANSYS, 60 kN~ ====EXP.[12], 60 kN
20 T4 = Experimental by Sharaky et al [12] -15 ANSYS, 45 kN ===-EXP.[12], 45 kN
{ = = =Current Numerical Model by ANSYS ANSYS, 30 kN EXP.[12], 30 kN
o e — —B—ANSYS, 20 kN~ ===-EXP.[12], 20 kN
] 10 20 30 40 50 60 70 80 20
Deflection, mm )
Fig.8 Load-deflection curve of experimental Fig. 9 Details deflection of numerical model
results by [12] and numerical model compared to experimental results

Parametric study

Table 3. presents the numerical results of finite element models in this research for all specimens
using ratios of steel reinforcement and various compressive strengths of concrete. It includes the
first crack load, Pecr, yield load, Py, yield deflection, Ay, the maximum load, Py, the maximum deflec-
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tion, Au, ductility index, u, and the failure modes. The numerical models failed due to concrete
crushing after yielding the steel reinforcement.

Table (3): Numerical results of the FE Models

Per Py Ay Py Ay

Model ID (KN) (kN) (mm) (KN) (mm) V] Failure mode
B1-912-M30 15.72 67.79 9.43 79 50.02 5.30 concrete crushing
B2-®14-M30 16.13 90.73 10.16 103 41.09 4.04 concrete crushing
B3-®16-M30 17.80 119.8 12.18 136 39.13 3.21 concrete crushing
B4-®12-M60 16.52 71.22 9.39 83 29.34 3.12 concrete crushing
B5-®14-M60 18.87 94.25 9.81 107 32.75 3.33 concrete crushing
B6-®16-M60 21.50 123.3 10.86 140 34.54 3.18 concrete crushing

Effect of tensile reinforcement ratios

The effect of the tensile reinforcement ratios on the flexural behavior of the numerical mod-
els was investigated in the difference between numerical results and experimental results due to the
toughening mechanisms. So, the model was able to predict the experimental outcomes in an ac-
ceptable manner. This section. Fig.10 illustrate the effect of tensile reinforcement steel ratios on
load-deflection behavior of the numerical models having the normal strength concrete M30 and ten-
sile reinforcement ratios of 0.6%, 0.8% and 1%, which equals the area steels about by 2d12mm,
2d14mm and 2P16mm, respectively. We can notice that the numerical model of B3-®16-M30
recorded an ultimate load of 136 kN, while values of 103 kN and 79 kN were recorded for models
B2-®14-M30 and B1-d12-M30 respectively. The increasing percentages are 72.1% and 30.3% for
tensile steel ratios using 1% and 0.8% compared to 0.6% respectively.

Fig.11 illustrate the effect of tensile steel reinforcement ratios on load-deflection behavior of
the numerical models having the high strength concrete M60 and tensile reinforcement ratios of
0.6%, 0.8% and 1%, which equals the area steels about by 2d12mm, 2d14mm and 2d16mm, re-
spectively. We can notice that the numerical model of B6-®16-M60 recorded an ultimate load of
140 kN while values of 107 kN and 83 kN were recorded for models B5-®14-M60 and B4-d12-
M30 respectively. The increasing percentages are 68.6% and 28.9% for tensile steel ratios

200

180 +

Load, kN

—B1-012-M30
- B2-014-M30
====B3-016-M30

] 10 20 30 40 50 60 70 B0
Deflection, mm

Fig .(10). Load - deflection curves of numerical models with different areas steel for M30
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using 1% and 0.8% compared to 0.6% respectively. These results that it confirms the effect of
change longitudinal steel reinforcement ratios on the load-deflection curve for the numerical models
by ANSYS software. On the other hand, the mid-span deflection of B3-®16-M30 model was de-
creased at the same applied load of other models which means a raise stiffness due to increasing of
tensile steel reinforcement ratios. FE model is able to simulate the flexural behaviors of RC beams
using a change of tensile steel reinforcement ratios.
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Fig.11 Load - deflection curves of numerical models with different areas steel for M60

Effect of compressive strength of concrete

This section presents, a comparison between the effect of change compressive strength pro-
posed in this work on the flexural behavior of the numerical models. The load-deflection behavior
is considered to be an indication of the effect of compressive strength on behavior for the FE mod-
els. This analysis aims to determine the efficiency of the model. The effect of the compressive
strength on the flexural strength of FE models, with concrete compressive strength of M30, M60
and changing of tensile steel areas are given in Fig. 12.

For tensile reinforcement steel of 2d12mm as shown in Fig. 12 (a), models of B1-®12-M30
and B4-®12-M60 recorded the first cracking load increases from 15.72 kN to 16.52 kN by a per-
centage enhancement equals 5.0%, respectively. While the value of the ultimate load increases from
79 kN for model B1-®12-M30 to 83 kN for model B4-®12-M60, the percentage increase is 5.0 %.
Moreover, the mid-span deflection at ultimate loads of models is 50.02 mm and 29.34 mm, with
percentage decreases of 41.3%, respectively. Fig. 12 (b) presents the behavior of FE models B2-
®14-M30 and B5-®14-M60 with reinforcement steel area of 2d14mm. It is observed that the first
cracking load increases from 16.13 kN of specimen B2-®14-M30 to 18.87 kN of specimen B5-
®14-M60, by a percentage enhancement equals 17.0%. While the value of the ultimate load in-
creases from 103 kN for model B2-®14-M30 to 107 kN for model B5-®14-M60, the percentage
increase is 5.0 %. Moreover, the mid-span deflection at ultimate loads of models is 41.09 mm and
32.75 mm, with percentage decreases of 20.3%, respectively. Fig. 12 (c) presents the behavior of
FE models B3-®16-M30 and B6-®16-M60 with reinforcement steel area of 2d16mm. It is ob-
served that the first cracking load increases from 17.80 kN of specimen B3-®16-M30 to 21.5 kN of
specimen B6-®16-M60, by a percentage enhancement equals 20.7%. While the value of the ulti-
mate load increases from 136 kN for model B2-®14-M30 to 140 kN for model B5-®14-M60, the
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percentage increase is 3 %. Moreover, the mid-span deflection at ultimate loads of models is 39.13
mm and 34.54 mm, with percentage decreases of 11.7%, respectively.

= - G || -

Load, kN
Load, kN
Load, kN

o 10 20 30 40 S0 60 70 80 0 10 20 30 40 50 60 70 80

o 10 20 30 40 50 60 70 80
Deflection, mm Deflection, mm

Deflection, mm

Fig. (12). Load - deflection curve of FE models with change compressive strength

Stress contours and crack pattern of the FE models

The compressive, tensile stress contours and cracks pattern are shown in Figs. 13-18, for numer-
ical models at the ultimate stage loading. As seen in the figures the stress contours of the ANSYS
software can effectively display stress prediction and development in the concrete for each mode
which depends on various parameters such as change of reinforcing steel ratio and concrete com-
pressive strength. The crack patterns noticed from the finite element analysis at ultimate loads that
the FE models using a variety of ratios reinforcement steel failed in flexural by yielding main steel
followed by concrete crushing and a high spread of cracks in the mid-span of the models.

Flexural eraci

Fig. 14 Numerical stress contours and crack patterns of model B2-®14-M30.
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Fig. 16 Numerical stress contours and crack patterns of model B4-®12-M60

Flexural cracks

Fig. 17 Numerical stress contours and crack patterns of model B5-®14-M60
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B6-16-M60

Fig. 18 Numerical stress contours and crack patterns of model B6-d16-M60

Stresses in main steel bars

The axial tensile stresses in steel rebars were mapped from FE models as shown in Fig. 19. It
can be seen that the upper contour lines which represent the top steel reinforcement showed nega-
tive stress values indicating
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Fig. 19 Stress in the reinforcement steel of FE models at yield point.
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compressive stresses while the lowest contour lines which represent the main steel reinforcement
showed positive stress values indicating tensile stresses. Moreover, the stresses in the steel rein-
forcement of all models reached the yield strength.

CONCLUSIONS

The The numerical study allows us to conclude the following:

= The current numerical model was developed using ANSYS 2022 R2 software that was able to
predict and simulate of the flexural behavior of reinforced concrete beam tested.

= According to the results, increasing the tensile steel reinforcement ratios has a considerable ef-
fect on the load-deflection capacity for the FE models.

= It was concluded that increasing the concrete compressive strength was found to remarkably
affect the load-deflection behaviour of the numerical models. Furthermore, it has slightly af-
fected the structural stiffness of the numerical models.

® The cracking pattern of the FE models in ANSY'S, compatible with experimental manners.
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