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Europe’s Future Is Digital: A Broad Vision of the
Industry 4.0 Concept beyond Direct Manufacturing in
the Company *

Liviu Moldovan * and Adrian Gligor

Faculty of Engineering and Information Technology, “George Emil Palade” University of Medicine, Pharmacy,
Science, and Technology of Targu Mures, 38 Gh. Marinescu Street, 540139 Targu Mures, Romania;
adrian.gligor@umfst.ro
* Correspondence: liviu.moldovan@umfst.ro; Tel.: +40-740-498-427
1 Presented at the 14th International Conference INTER-ENG 2020 Interdisciplinarity in Engineering,

Mures, Romania, 8-9 October 2020.

Published: 17 December 2020

These proceedings contain research papers that were accepted for presentation at the 14th
International Conference Inter-Eng 2020 “Interdisciplinarity in Engineering”, which was held on
8-9 October 2020, in the city of Targu Mures, Romania. It is a leading international professional
and scientific forum for engineers and scientists to present research works, contributions and recent
developments as well as current practices in engineering, which is falling into a tradition of important
scientific events taking place at Faculty of Engineering and Information Technology in the “George
Emil Palade” University of Medicine, Pharmacy Science, and Technology of Targu Mures, Romania.

Inter-Eng marks this year seventeen years of existence, the first edition taking place in 2003.
Meanwhile the conference prestige grew primarily organizational aspect of arousing the interest
of national and international institutions in the country and abroad to become conference partners.
Therefore, this year’s edition is organized in cooperation with the Romanian Academy of Technical
Sciences, McMaster University from Canada and Zagazig University from Egypt. The conference
partners from Romania are Romanian General Association of Engineers in Romania, Mures County
Council and Targu Mures City Hall.

From another perspective, the international visibility of the conference results is an outstanding
increase, the conference proceedings in the previous six editions Inter-Eng 2013, 2014, 2015, 2016, 2017,
2018 and 2019 being published as dedicated issues in Elsevier’s Procedia Technology, Procedia Engineering
and Procedia Manufacturing journals [1-3], that are made available in open access on Elsevier’s Science
Direct for researchers worldwide. These volumes are indexed in the Clarivate Analytics Conference
Proceedings Citations Index.

Inter-Eng conference starts from the observation that today in full XXIst century, the era of high
technology, without new approaches in research one cannot speak of a harmonious society. The theme
of the conference proposing a new approach related to “Industry 4.0” the development of a new
generation of smart factories grounded on the manufacturing and assembly process digitalization,
is related to Advanced manufacturing technology, Lean manufacturing, Sustainable manufacturing,
Additive manufacturing, Manufacturing tools and equipment.

The conference slogan in this year is “Europe’s future is digital: a broad vision of the Industry
4.0 concept beyond direct manufacturing in the company”.

Industry is a central pillar of the European economy, and the EU production sector represents
more than 95 million jobs. Nowadays, the challenge is to ensure that all industrial sectors make the
best use of new technologies and to manage their transition to higher value products and processes,
commonly known as “Industry 4.0” [4].

Proceedings 2020, 63, 29; doi:10.3390/proceedings2020063029 1 www.mdpi.com/journal/proceedings



Proceedings 2020, 63, 29

Currently, manufacturing production is determined by international competition and the
requirement to rapidly adapt production to market needs. But manufacturing companies are facing
a huge challenge in implementing Industry 4.0 solutions. The concept of the industry is not only
limited to the manufacturing system, but also comprises the supply system and the sales system of the
enterprise, its entire value chain which constitutes a globalized system of links of all the enterprises
including all their functions and services.

These demands can only be met through the radical advances of current manufacturing technology
supported by Industry 4.0 which is integrating business and production processes, as well as integrating
suppliers and customers into the company’s value chain.

Through vertical networking of the smart factory’s cyber physical systems, changes in stocks or
demand or even faults in equipment are quickly addressed. Both production and maintenance
management of the factory can be organised automatically and independently of each other.
With real-time virtualisation of everything in the factory, parts and equipment can be located anywhere
and the workflows are self-organised for optimum efficiency.

Horizontal integration brings the efficiency of the network to other outside organisations, such as
subcontractors, suppliers, logistics service providers, distribution points and customers. As products
become more integrated with the Internet of Things, through embedded electronics and communication
technologies, the link with the manufacturer is maintained throughout its life cycle.

Exponential technologies represent one of the major characteristics of Industry 4.0 serving as a
catalyst for improvements in the manufacturing process. These technologies are evolving and enabling
change at an accelerating pace. Innovation through exponential technologies can help manufacturers
develop faster, be more flexible and unlock new forms of value.

Governed by vertical and horizontal integration and enabled by cyber physical systems, as well
as by the internet of things, the organisation of a factory of the future will be more flexible, changeable,
decentralised, and not as deterministic as today’s organisations.

Meeting these advances is different, because at present there are only a few “islands” of the
Industry 4.0 concept.

Delays of manufacturing companies in adapting to the transformations produced by digitization
will lead to low competitiveness, with adverse effects for their future. The better the new technologies
of “Industry 4.0” are understood and applied in practice, the more these companies will gain a
competitive advantage.

This year, the InterEng conference has distinguished keynote speakers:

e  Prof.drhabil. Laszlo Kovacs, University of Miskolc, Hungary;

e  Prof.dr. Abdelazim M. Negm, University of Zagazig, Egypt;

e Prof.dr. Mo Elbestawi, McMaster University, Canada;

e  Prof.dr. Ahmed Hussein Ibrahim, University of Zagazig, Egypt.

They are researchers with outstanding results in their field of activity, giving the scientific weight
to the conference. On behalf of the scientific committee, we thank them for attending the Inter-Eng
2020 conference.

During this edition of the conference are listed 123 papers distributed in five sessions. It is
remarkable the international participation with papers from 12 countries on five continents such as
Romania, Hungary, Switzerland, Spain, Finland, Slovakia, Canada, Egypt, Morocco, Saudi Arabia,
Algeria and India.

The Inter-Eng 2020 Conference submissions have been anonymously reviewed by two independent
reviewers, to ensure the final standard of the accepted submissions. On behalf of the scientific committee
of Inter-Eng 2020, we thank all reviewers for their hard work.

We are especially grateful to the authors who submitted their papers to this conference and to the
presenters who provided the substance of the meeting.
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These Proceedings book contain a rich experience of the academic and research institutions and
the industry on diverse themes related to advances and innovation in technology. We do hope that
researchers, knowledge workers and innovators both in academia and industry will find it a valuable
reference material.

These conference proceedings are made available with the professional support from:

Razvan CAZACU;
Adrian-Vasile DUKA;
Lucian DULAU;

Mircea DULAU;
Cristian-Dragos DUMITRU;
Stelian-Emilian OLTEAN;
Liviu POP.

The Inter-EngConference has become a tradition, and we are optimistic that it will be maintained
in future, contributing to the development of emerging technologies in various fields.

Last but not least, we hope that everybody had a good time in Targu Mures, and we invite
participants to join us for next year’s edition of the Inter-Eng Conference.

Targu Mures, Romania Liviu MOLDOVAN Adrian GLIGOR

11 October 2020 President of Scientific Committee Executive Director
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Writing—Review & Editing, A.G. All authors have read and agreed to the published version of the manuscript.
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Abstract: Starting from the idea of improving Coordinate Measuring Machines’ (CMM) measurement
strategy for inner thread locations, we developed a new method which increases the accuracy of
measurements and takes us closer to the pitch diameter. This article will analyze this new method by
testing different touching probes configurations for different thread sizes. The objective is to identify
the best probe configuration to be used in the measurements of different inner thread sizes.

Keywords: CMM measurement strategy; thread true position measurement; increase measurement
accuracy

1. Introduction

The evolution of technology creates the need to improve the response during production processes;
to do this, the process control must be faster and have increased accuracy. In this research, we
are focused on thread position measurement strategy solutions, because even if the CMM software
developer elaborate solutions for regulated and non-regulated surfaces, the small inner threads (ex.
M3 to M12) strategy were left behind. The actual measurement strategies that are used to measure
inner threads on the CMM are divided in two categories. In the first, we can use the inner cylinder
CMM strategy; here, we can chose different types of measurement, like more circles on different levels
or an elliptical rotation with a pitch indexation/revolution or tangent lines to indicate the minimum or
maximum diameter. In the second method, we use special pins, which will auto-center on the inner
thread. Each method has pro and cons, and the actual paperwork is focused on the first measurement
strategy, where improvements were made. The second strategy’s advantages are the accuracy and the
repeatability, the disadvantages are that the pins are very expensive and, overtime, the auto-centering
will decrease, and repeatability will decrease, which will give bad measurement results. The CMM
measurement accuracy is composed of two important categories: correct measurement strategy and
correct tool used [1]. To improve the measurement accuracy, we elaborate a method where the
measurement tool will scan the inner thread. This method was developed to improve the measurement
strategy for this type of measurement. The second approach is to identify the best tool that can be used
for different thread dimensions.

2. Material and Methods

The measurements were performed on a Hexagon Global Advantage 122,210 Coordinate
Measurement Machine edition 2018, Accuracy: 2.1 um + /333, Drive Unit: HH-A-T-5 + (SP25M +
SM25-3 + SH25-3)*equipped with a steel probe with an active side made of a ruby ball with different

Proceedings 2020, 63, 55; doi:10.3390/proceedings2020063055 5 www.mdpi.com/journal/proceedings
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diameters: 2, 3, 4 and 5 mm. Software of CMM is PC-Dmis 2019R1. Measurement speed was set to 4
mmy/s.

For the thread profile evaluation, a MahrMahrsurfXC2 Contour measurement machine edition
2017 with CD120 Drive unit was used, equipped with probe PCV 350 + 9 with a 25 um active side of
the probe, with an accuracy of 0.35 um. Measurement speed was set tol mm/s.

The method that we used to make this evaluation consisted of measuring the thread as close as
possible to the pitch diameter; this can be done by evaluating the form of the inner surface of the
thread and identifying the closest point to the pitch diameter. The measurement will begin from this
point and will measure a cylinder with a revolution movement that follows the pitch of the thread;
more details can be observed in Figure 1. In the actual research, we connected the measuring probe
diameter and the measurement strategy to measure a specific thread size. The probe configuration and
dimensions are standardized, and therefore is possible to measure metric threads between M4 and
M12 without a wide variety of probes. The dimensions of a probe are formed from an active area and
inactive areas; examples are presented in Figure 2, where we can observe the active area represented by
(D), the diameter of the probe, and inactive areas like M2, the metric thread used to assemble the probe,
L, which represents the length of the probe that must be introduced in the CMM software to can make
automatic calibrations, EWL, which is the length of the active ball support which, in combination with
S, which represents the diameter of the EWL, will have a big impact when we chose the measurement
probe. The measurement is done taking into consideration that characteristic “S” of the probe will not
be in contact with the thread; the probe must be in contact only with the active side when measuring
the inner thread.

J’ Align Circle

Cylinder start point

Figure 1. Evaluation steps to measure the inner thread.

—

(b)

Figure 2. Probe configuration and dimensions: (a) Probe characteristics; (b) Characteristic marked with
yellow are inactive and with green are active. “Pitch diameter measurements of internal threads are
more complicated than external threads [2] due to construction of internal thread which does not allow
easy probing like external threads”.
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3. Results and Discussion

Measurements were made for two metric threads, M6 and MS; for this, we used probes with an
active sphere diameter from o 2 to 5 mm. The results are focused on the pitch diameter and the
repeatability and accuracy of thread location. Having all this information we investigate several issue
and opportunities to do it right and here are some quote’s from our refererences: “The basis of the
direct method of measuring the position of the threaded holes was that the probe was led directly into
the threaded hole and then were scanned the certain number of points, from these points cylinder by
least-squares method was created. After that, the position of the axis of the cylinder to a reference hole
was determined” [3]. “The methods presented apply only to determining the position of a threaded
hole. The threads themselves, along with the minor diameter, should be checked with a thread gage
with one exception. If they are large enough for a styli to fit inside and scan the surface, there are
techniques discussed elsewhere that will help. None of the methods below will be able to calculate the
size reliably (except scanning may get a reasonably close minor diameter) unless the pitch surface of
the thread is accessible to a stylus” [4]. “Another problem measuring threads is if the threads on the
CAD don’t match the physical part, you'll have trouble finding the thread. Our part that we intended
to measure threads on had a different start and end than what the model shows. So when I picked
points along the major on the CAD, the CMM probed those points on the minor on the part. Not good.
So we had to keep using threaded gages. Do the threads still work? yes they do, CAD is just the
reference and I hear threads are a little difficult to model. Also we have multiple machines making the
same part and there is start and end variation from those machines. So you'll not be able to use the
exact same program/routine across CNC machines. First thing you have to do is be able find the thread
with the CMM” [5].

3.1. Metric 6 Measurement Results

3.1.1. Diameter Analysis

All diameter measurements are presented in Table 1. The results indicate that probe diameter ¢ 2
mm is the closest to the pitch diameter. If we consider going below this diameter, we risk that the part
will be in contact with the inactive side of the probe.

Table 1. Diameters of the thread resulted by measuring using 3 probes and 5 measurements.

M6X1/Min5.35/Max5.50
Probe 1 2 3 4 5
@2 mm 5.194 5.195 5.195 5.194 5.193
03 mm 5.134 5.133 5.135 5.134 5.134
04 mm 5.091 5.092 5.096 5.091 5.092

3.1.2. Location Analysis

We calculate the true position (TP) for the measurement so that we have a simple interpretation of
the results. Table 2 presents the measurement related to the diameter of the probe. Measurements
made with probe ¢ 2 indicate the best results, next is probe ¢ 3 and the worst is probe o 4.

Table 2. TP of the thread resulted by measuring using 3 probes and 5 measurements.

Me6X1
Probe TP 1 2 3 4 5

22 mm o dev 0.014 0.016 0.016 0.016 0.016
o3mm edev 0.020 0.019 0.019 0.018 0.019
o4 mm o dev 0.130 0.125 0.123 0.126 0.124
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3.2. Metric 8 Measurement Results
3.2.1. Diameter Analysis

All diameter measurements are presented in Table 3. The results indicate that probe diameter o 2
and o 3 mm is the closest to the pitch diameter. If we consider going below to this diameter, we will
risk being in contact with the inactive side of the probe.

Table 3. Diameters of the thread, found by measuring using 4 probes and 5 measurements.

MS8X1/Min7.188/Max7.348
Probe 1 2 3 4 5

92 mm 7.142 7.151 7.155 7.151 7.151
o3 mm 7.082 7.083 7.083 7.083 7.083
o4 mm 7.049 7.049 7.050 7.050 7.050
o5 mm 7.001 7.003 7.021 6.987 7.021

3.2.2. Location Analysis

We calculate the true position (TP) for the measurement so that we have a simple interpretation of
the results. Table 4 presents the measurement related to the diameter of the probe. Measurements
made with probe ¢ 5 indicate the best results, next is probe ¢ 2 and & 3 and the worst is probe & 4.

Table 4. TP of the thread, found by measuring using 4 probes and 5 measurements.

M8X1
Probe TP 1 2 3 4 5

o2mm  edev 0.066 0.069 0.072 0.071 0.072
23 mm o dev 0.067 0.069 0.070 0.071 0.071
o4dmm  eodev 0.105 0.105 0.103 0.103 0.103
o5mm  edev 0.052 0.054 0.066 0.059 0.068

4. Conclusions

The measurement results indicated in Tables 1 and 3 show us that a small probe diameter can be a
good solution to be closer to the pitch diameter; these results can also be seen in Tables 2 and 4. In these
tables we measure the true position, and the evaluation indicates the same results as in Tables 1 and 2: a
small probe is more accurate for this measurement strategy than a large probe. All the results presented
above are made for a part where the machining tool is new. In the serial production, the regular
measurement strategy remains the same for a CMM program, but the part will modify continuously
during the cycle time of the project: wear of the mold, wear of the gages, wear of the machining tools,
setup of new molds, etc., will all increase the chance of measurement errors. Knowing this, we created
the variable strategy model where the thread is evaluated every time, and here the configuration of the
probe also has a big impact on the final inspection of the part measurement. If we choose a probe with
a small diameter, than we risk to measuring with the inactive part of the probe, whereas if we choose a
probe with a large diameter, we will not measure the desired location. The wear of the machining tools
(see Figure 3) facilitates the bad segment of thread and this will decrease the measurement availability
area. The material defects can also facilitate a wrong measurement interpretation; the big porosity
inside the threads must be identified before the measurement.
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z )

(b) (9

Figure 3. Thread section profile for a new tool (a), a used tool (b) and a broken tool (c).

If we use the correct measurement strategy and the correct measurement tool, we can increase
the amount of correct measurements too. The pitch diameter gives us the most accurate and the
most correct inner thread location and the ax given by this measurement indicates a correct location
of the thread. We can find a false location of the threads if we are not focused on measuring these
characteristics.
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Abstract: This paper presents a device that, in final connection with presses, allows toothed gear
(with a crown similar to a toothed wheel with right teeth) to be achieved by hot deformation starting
from a cylindrical steel bar. For this, finite element simulations were performed in Forge software.
The proposed device has 23 rollers, so for the simulation process, a slice representing a part (the 23rd)
of a circle which simplifies the essential functionality of this device was taken into consideration.

Keywords: toothed gear; hot deformation; presses; deformation roller; fibrous structure

1. Introduction

From the start of this research problem, it should be noted that the semi-finished product was
obtained through a plastic forming process (pressing) by an equipment with 23 forming rollers [1].
The symmetry axis of the set is collinear to the symmetry axis of the final toothed gear, so we subjected a
slice which is the 46th part from 360°, namely 7.8°, in the simulations. Additionally, we tried to quantify
the implications of operating the press punch on the designed and assembled toothed gear wheel.

A mesh network was built for each slice, and the corresponding plastic deformation equations
were applied in each of them. Through this research methodology, we noticed how each simulated
slice of 7.8° was affected overall, so we reached the necessary conclusions that led us to make the
necessary changes in the whole assembly, and finally we saw how the whole set behaved.

The technical parameters of this plastic deformation process were deduced. It was proven that the
technical feasibility for the manufacture of toothed gear wheels through this method is clearly superior
to the classical method which involves milling, especially due to the significantly higher productivity
of the proposed process and the material saving, in addition to the advantage of toothed gear wheels
obtained with continuous fiber, who are much more resistant from a mechanical point of view.

2. The Pressing

We started from the idea of making a toothed gear by pressing a cylindrical semi-finished product,
made by drawing [2,3], through a roller device. In a specific case, we decided that the device should
consist of 23 deformation rollers and a body (fixed) on which these rollers are assembled. The design
was created using a CAD software: SolidWorks (see Figure 1). It must be noted that the device was
made only for research, being intended for the realization of a gear with straight teeth having a certain
number of teeth (23) and a certain circular pitch, respectively.

Proceedings 2020, 63, 57; doi:10.3390/proceedings2020063057 11 www.mdpi.com/journal/proceedings
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. Themoving force,
. The semi-finished product.
. The forming rollers,
. Thebody (fixed) of device

Figure 1. The principled sketch of the deformation mode with this device.

For practical, concrete cases, such a device can be built for each desired value of the number of
teeth and the circular pitch “p” of the final toothed gear.

The toothed gear achieved device, built, has 23 deforming rollers, for simulation using the 46th
part of a virtual circle, which has in the center the longitudinal axis of symmetry of the semi-finished

product, thus being similar to a slice with peak angle of 7.8° as is shown in Figure 2.

(b)

Figure 2. The aspect of the “slice” subjected to simulation ((a)—longitudinal view, (b)—cross-sectional
view, 1—the moving force, 1’—the direction of movement, 2—the semi-finished product,
3—the deforming rollers, 4—the body of device).

This simplification was used to speed up the analysis time of the simulation process. We want to
mention that the simulation of the deformation process was simplified to a “slice” because the process
is axisymmetric.

3. The Device Description

The previously proposed device was actually made to confirm the simulation results and its
design and real assembly is shown in Figure 3.

b)

Figure 3. The device for achieving of a toothed gear on presses: (a) the proposed version, (b) the built
version; the forming rollers 3 and the body (fixed) of device 4. The notations are in correspondence
with those from Figure 1.
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Starting from a cylindrical semi-finished product (see Figure 4a), the device manages to make

toothed gears by hot forming, similar to that shown in Figure 4b.

L))

@ AT
‘ _
—+
o«

Figure 4. The initial semi-finished product (a); the final product (b).

In fact, the intermediate technical stages (viewed in cross section) are detailed in Figure 5

d'a

_J

@I' i

|'

Figure 5. Cross-sectional view of the processed semi-finished product: (a) the initial semi-finished
product (green) and (b) the final product (red); the forming rollers are numbered as 1, 2, 3

4. Simulation
The simulations were performed by finite element analysis (FEA), using FORGE software

4.1. The Dimension Assessment of the Initial Semi-Finished Product

Basically, the diameter D of the semi-finished product and its height Hs were determined
The mathematical calculation of the diameter Ds of the semi-finished product implies that the sum of
the transverse areas of the portions displaced by the action of the forming rollers must be equal to the
sum of the transverse areas of the tooth tips formed by the flow of the material [4] (see Figure 6).

Area displaced by the action
D,

of forming rollers (1)
Area of the woth tip (I1), / D
formed by the flow of metal , Ps

Figure 6. (a) Main view of the semi-finished product deformation and (b) the previous view enlarged

with the dimensions that appear in the nomenclature.

13
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We estimated the area affected by the forming rollers, corresponding to the area displaced by their
action (I) and the area of the tooth tip, formed by the flow of the material (II), respectively, with two
trapezoids [5] whose surfaces are:

fqg+s
51 = “——%(Ds = Dy) M
vq e
Si = ~5—(Dy = Dy) @)
fq+s vq+e
(fa : d)'(Ds—Df) _ (va : d)-(DV—Ds)
faDs +84'Ds  fa-Df+84-Df _ va-Dy +eq' Dy va-Ds + eq-Ds
2 2 B 2 2
fq-Ds +s4:-Ds ~ vg-Ds + eq-Ds vg-Dy +eq:Dy  f4-Df + sq-Ds
+ = -
2 2 2 2
D, D. D
so, (fd+Vd+Sd+ed)'7s = (Vd+ed)'7v+(fd+5d)'7f ®)
The approximation of v4 ~ fq and sq ~ eq results in:
D D
(Vd +54)Ds = (Vd+5d)'7v+(Vd+Sd)'7f @)
Ds = (Dy + Dy)/2 ®)

S;  the area displaced by the action of the deforming rollers [mm?]
Si  the area of the tooth tip, formed by the flow of material [mm?]
Ds the diameter of the initial semi-finished product [mm]

D¢ the diameter of the dedendum circle [mm]

Dy the diameter of the addendum circle [mm]

sq tooth thickness [mm]

eq tooth space [mm]

P circular pitch [mm]

fy  tooth space peak thickness [mm]

vgq tooth peak thickness [mm]

To correct the approximations from these calculations, FEA simulations were performed
determining the von Mises stress and deducing the optimum dimensions of the initial semi-finished
product: diameter, Ds (Figure 7), and height, Hg (Figure 8). The dimensions Ds and H; are not specified
as a value and are only relevant in correspondence with the dimensions of the device object of study.
These dimensions were established so as to achieve the maximum degree of filling of the toothed gear
by the flow of the material and a certain behavior in the process of its deformation.
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Figure 7. The deduction of the diameter D; of the initial semi-finished product by finite element
analysis (FEA) simulation.
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Figure 8. The deduction of the height Hs of the initial semi-finished product by FEA simulation.

4.2. The Von Mises Stress Determination

In the second phase, with these correct dimensions, a mesh network was applied both for the
semi-finished product and for the analyzed device. Thus, the final values of von Mises stress were
deduced. Because both the semi-finished product and the analyzed device were involved in the
simulation at this moment, a view was achieved in its longitudinal section, focused on the von Mises

16
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stress that appeared at the deformation of the semi-finished product [6]. Figure 9 shows 5 figures
made at various deformation moments: (a) corresponds to the deformation start time t = 0 (initial
deformation moment), (b) corresponds to the moment t/5, (c) moment (2/5)-t, (d) moment (3/5)-t, (d)
moment (4/5)-t and (e) the final moment (t = t).

Figure 9. The von Mises stress involved in the whole process of plastic deformation of the semi-finished
product (the duration of the deformation was symbolized by “t”).

4.3. The Semi-Finished Product Deformations

This simulation is similar as aspect to the previous one, practically focusing on the amplitude of
the deformations of the semi-finished product along the entire time interval (t) of its deformation, as
shown in Figure 10.

Figure 10. The deformations involved in the whole process of plastic deformation of the
semi-finished product.

4.4. The Flow of the Semi-Finished Material

Mesh network was no longer viewed. The whole system device-part was cut from the entire
longitudinal section with the aim of analyzing only the evolution of the flow of the part material, as
shown in Figure 11.
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Figure 11. The flow of the semi-finished material, in the process of its plastic deformation.
5. Conclusions

In this research, it was proven that toothed gears with a certain circular pitch and number of
teeth can be achieved by this method [7] of plastic deformation, and as with any process of plastic
deformation, the fibrous structure being continuous, it results in a more resistant final product, able to
respond more efficiently to various mechanical stresses [8]. During the practical hours of simulation,
it was also observed that the flow of the material in the tooth formation imposes a certain regime of
deformation speed. It was also observed that in the case of obtaining steel toothed gears, the respective
deformation process will be performed hot, requiring only the heating of the cylindrical surface of the
initial semi-finished product.
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Abstract: The purpose of our paper is to assess the reuse potential of the steel mill scale for
sustainable industrial applications. We have presented the experimental procedures for chemical
and mineralogical characterizations. According to the results of the elementary chemical analysis,
the steel mill scale contains the following predominant chemical elements: iron, aluminum, silicon,
and magnesium. Due to its high iron content, the steel mill scale can be reused as a source of raw
material in the sustainable steelmaking industry. The mineralogical phases identified in the steel mill
scale are: wiistite (FeO), hematite (Fe;O3), magnetite (Fe3Oy), silica (quartz) (SiO,), magnesioferitte
(MgFe;Oy), and aluminum oxide (corundum) (Al,O3). Silica, alumina, and hematite are the main
compounds of the cement and contribute to the formation of the: dicalcium silicate (2Ca0O-5iO;),
tricalcium silicate (3Ca0-Si0,), tricalcium aluminate (3Ca0O-Al;O3), and tetra—calcium aluminoferrite
(4Ca0-AlyO3-Fey03). The results of the paper are promising and encourage the future research for
establishing the optimal percentage for the reuse of the steel mill scale in the composition of concrete.

Keywords: reuse; sustainable industry; steel mill scale; mineralogical characterization; industrial
wastes; cement; steelmaking; alloying elements

1. Introduction

Sustainable development was introduced in a widespread way by the Brundtland Commission,
which defined it as development that “meets the needs of the present without compromising the
ability of future generations to meet their own needs” [1]. Sustainability has been applied to many
fields, including engineering, manufacturing, and design. Manufacturers are becoming increasingly
concerned about the issue of sustainability. For instance, recognition of the relationship between
manufacturing operations and the natural environment has become an important factor in the decision
making among industrial societies [2].

Sustainable manufacturing focuses on both how the product is made as well as the product’s
attributes. This includes the inputs, the manufacturing processes, and the product’s design.
Sustainable manufacturing includes things such as making products using less energy and materials,
producing less waste, and using fewer hazardous materials as well as products that have greener
attributes such as recyclability or lower energy use [3].

The European steel industry generates an estimated 500,000 tones/yr of oily sludge and mill scales.
More than 30% of this total is not valorised. The steelmaking by-products such as dust and mill scale
are currently produced in large quantities and represent a potential of almost 5 million tons in the
world [4,5].
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Mill scale is a steelmaking by-product from the rolling mill in the steel hot rolling process. Mill scale
can be considered a valuable metallurgical raw material for iron making, steelmaking, and construction
industries because it contains valuable metallic minerals [6-8].

The chemical and mineralogical characterizations of steel mill scale play a key role for their reuse
in sustainable industrial applications.

The aim of this paper is the assessment of the reuse potential of the steel mill scale for sustainable
application, both in the steelmaking and building materials industries.

The objectives of the paper are:

e  The chemical characterization of the steel mill scale;

e  The mineralogical characterization of the steel mill scale;

e Identification of the mineralogical phases of the steel mill scale;

e  Establishing the mineralogical phases of the steel mill scale that are also found in cement;
e Assessment of the steel mill scale potential for sustainable industrial applications.

2. Materials and Methods

The steel mill scale sample was taken from a metallurgical plant (Salaj County, Romania). The mill
scale comes from the rolling process of the steel pipes. In order to identify the possibilities of
reusing the mill scale, for sustainable industrial applications, the sample was subjected to chemical
and mineralogical characterization. The chemical elements from the steel mill scale sample were
determined using inductively coupled plasma. The mineralogical characterization of the mill scale
sample was performed with the help of an X-ray diffractometer, Brucker Advance D8 type (Germany).
The identification of the mineralogical phases was made with Match software from Crystal Impact.
This software uses the PDF database from International Centre for Diffraction Data.

3. Results and Discussions

Table 1 shows the major and minor chemical elements contained in the steel mill scale.

Table 1. Major and minor chemical elements contained in the steel mill scale.

Chemical . Minor Elements (Cr, Ni, Mo,
Element Fe Al Si Mg Mn Cu, Zn, V, Cd, Ca, As etc.)
[%] 768 29 27 14 11 4.8

According to the results of the chemical analysis, the major elements in the steel mill scale
composition are iron, aluminum, silicon, magnesium, and manganese. The main constituent of the mill
scale is iron with 76.8%. Due to its high iron content, the steel mill scale can be reused as a source of
raw material in the sustainable steelmaking industry. According to the reference [9], the reuse of iron,
from the steel mill scale, as a raw or auxiliary material to the steelmaking, leads to natural resources
conservation. The minor elements contained in the steel mill scale are chromium, nickel, molybdenum,
copper, zinc, vanadium, cadmium, calcium, and, arsenic, etc. According to the references [9-11],
the chromium, nickel, molybdenum, manganese, and vanadium can be reused as alloying elements to
the stainless steelmaking in the electric arc furnace.

Figure 1 shows the diffractogram of the steel mill scale.
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Figure 1. Diffractogram of the steel mill scale.

Table 2 shows the chemical formulas and powder diffraction files of the mineralogical phases
identified in the steel mill scale sample, by X-ray diffraction.

Table 2. Mineralogical phases identified in the steel mill scale by X-ray Diffraction (XRD).

Name of the Mineralogical Phase Chemical Formula Powder Diffraction File (PDF)
Wiistite FeO 46-1312
Hematite Fe, O3 33-664
Magnetite Fez0y4 19-629
Quartz (silica) SiO, 46-1045
Magnesioferitte MgFe; Oy 36-398
Alumina (corundum) Al,O3 43-1484

According to the data presented in the Figure 1 and Table 2, the mineralogical phases identified
in the steel mill scale are: wiistite (FeO), hematite (Fe,O3), magnetite (Fe30,), silica (quartz) (SiO,),
magnesioferitte (MgFe;Oy), and aluminum oxide (corundum) (Al,O3).

The results of the X-ray diffraction show that the mineralogical phases identified in the steel
mill scale are also found in the mineralogical composition of the Portland cement. According to the
references [12,13], the Portland cement consists mainly of lime (CaO), silica (SiO;), alumina (Al,O3),
and iron oxide (Fe;O3). In conclusion, silica, alumina, and hematite are the main mineralogical phases
both in steel mill scale and in the Portland cement.

Silica, alumina, and hematite are the main compounds of the cement and contribute to the
formation of the dicalcium silicate (2CaO-Si0,), tricalcium silicate (3Ca0O-Si0O,), tricalcium aluminate
(3Ca0-Aly03), and tetracalcium aluminoferrite (4CaO-Al,O3-Fe;O3). According to the references [8,14],
the steel mill scale can be reused in the cement and mortar compositions.

The mineralogical composition of the steel mill scale plays a key role in establishing the
reuse domains.

4. Conclusions

The main constituent of the mill scale is iron with 76.8%. Due to its high iron content, the steel
mill scale can be reused as a source of raw material in the sustainable steelmaking industry.

The mineralogical phases identified in the steel mill scale are: wiistite (FeO), hematite (Fe,O3),
magnetite (Fe30y), silica (5i0O,), magnesioferitte (MgFe,O,), and alumina (Al,O3). Silica, alumina,
and hematite are the main mineralogical phases both in steel mill scale and in the Portland cement.
These mineralogical phases contribute to the formation of the: dicalcium silicate, tricalcium silicate,
tricalcium aluminate, and tetracalcium aluminoferrite. The results of the paper are promising and
encourage the future research for establishing the optimal percentage for the reuse of the steel mill
scale in the sustainable building materials.
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Abstract: The work remarks the peculiarities, which appeared in the reconstruction of a broken
grooved shaft. The originality of the subject consists of the realization of a slotting tool, in material
changing, which increased the reliability of the piece, and the total time of measuring the allocation
to the work. The dimensional aspects specified include the adjustment, the tool making for profiling
the groove, the choice of the material, and the required time to design and build the new spare part.

Keywords: splintering processing; grooved; CAD; slotting tool; semi-coupling

1. Introduction

Argument: for the machinery park to work with maximum, economic efficiency of mechanization
and works automation, in addition to rational exploatation and the proper maintenance, the organization
must be ensured and performing current and capitals repairs at a high technical level as well as of
assemblies, [1].

The studied grooved shaft can be seen in Figure 1. The first findings on the damaged piece are
as follows:

- the groove is made through injection up to the polyamide;

- contains two profiles, grooved and prismatic;

- has the number z = 12 (channels);

- has two bores, the smallest being intended for fixing the coupling with an M5 screw.

Figure 1. Broken grooved shaft—plastic material/part.
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2. Working Method
The construction stages of the new grooved shaft are as follows:

- determining the dimensions of the damaged piece;
- the execution of the drawings nedeed;

- material choosing;

- establishing the method of manufacturing the part;
- determining the time required for the manufacture;
- determining deviations of the new grooved shaft.

2.1. Dimensions of the Piece and Execution Drawing

The dimensions determining the defective piece are shown in Figure 2. It was achieved with some
difficulty due to the advanced state of deterioration caused by impact. For dimensional detection it
were used two micrometers of the exterior with an aperture of 0-25 and 25-50 mm were used for the
measurements, having an accuracy of 0.01 mm and a caliper with a rod having an accuracy of 0.02 mm.

The CAD design media—Inventor Autodesk was used to elaboration on the drawings present in
this paper. Groove assemblies are shaft-hub assemblies designed to transmit torque and rotational
motion, [2].

Figure 2. The execution sketch of the grooved shaft [3].

The shape of the groove protrusion is identified with the rectangular profile, but the piece which
is made of polyamide, does not insist on the aspects related to the precision of execution (with external
centering, with internal centering or with centering on the flanks). Argument: regardless of the
category in which they fall, plastics have a high specific coefficient of expansion due to the Van der
Walls bonds (week bonds) between the chains and their conformation, [4,5].

The affected accuracy of the part in question is shown—Table 1.
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Table 1. The coefficient of linear expansion [4].

Characteristic M.U Metal Nylon 6.6
Properties : . 30% 30%
Steel Al Mg Monowire Fiberglass  Carbonfiber
The coefficient of 107/K 14 2 25 80 30 20

linear expansion

2.2. Choosing of the Material for the Grooved Shaft

The main framings of the polyamide are: Polyamide 6 (PA 6) and Polyamide 6.6 (PA 66). However
by modifying the chemical structures (chain length and chemical organization), several other families
of polyamides are obtained: PA 4.6; PA 6.10; PA 10.10; PA 11 and PA 12, [6]

Determining the type of polyamide that made up the defective piece was not insisted on, since
another material will be chosen. The argument for this option as follows:

- itis desired to use a material with better properties in terms of impact/collision at breakage;

- since the piece will be machined by splintering, the newly chosen material must have technological
and thermal properties superior to the original one;

- only one piece will be processed;

In order to improve the strength and hardness or of some technological properties (splintering,
material castability, etc.), aluminum alloys with Mg, Cu, Mn, Ni, Zn, Ti, Li, Bi, Sb, etc. [7].

For the manufacturing process of the part was used the material: EN AW-6061/AIMg1SiCu (EN
573-3-2007) [5].

2.3. Machining of the New Grooved Piece

Of all technological processes necessary for execution of equipment, machinery, machines, the
one of mechanical processing is most complex [8].

The notion of manufacture derives from two latin words manus (hand) and factus (to do), resulting
combination meaning “hand made”. The formal term of “hand made” accurately described the manual
methods used until the word “manufacture” was coined around 1567 [9], and it used as a verb, it first
appears around 1683 [10]. Next, the piece will not be “hand made” totally, so we have the elements of
technological process of mechanical processing are: operation, placement/position, phase, passage,
handling and movement, [8]. The unique manufacturing system of the piece will use classic machine
tools, a universal lathe SNB 400 x 750 [11] and a milling cutter machine FUS 22, [12].

2.4. Initial Turning of the Grooved Shaft

The processings performed on SNB 400 X 750, inside the machine tool laboratory of “George Emil
Palade” UMFST of Targu Mures, are classic cutting operations, so this paragraph will not be developed,
except for Figure 3, in order to argue the shape evolution of the semi-couple during its fabrication.

Figure 3. Cilindrical lathe of the semi-couple
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2.5. Mortising the Grooved Profile

The manufacturing preparation of the FUS 22 machine (equiped with a slotter ram) takes into
account the adjustment of MDPT system (machine, device, part and tool) as follows:

- design and construction, as well the related holder bar for the slotting tool;
- the piece centered in the universal of the index head and the axis centered of the slotter ram with
respect to the axis of the piece, implicitly of the index head, can be observed in Figure 4.

\__AI.

Figure 4. Measurement of deviations of fixing the part in the universal of the index head of FUS 22
machine tool: measuring the radial beat (a); axial deviation out of the X direction measurement (b);
measuring frontal beat (c); axial deviation out of the Y direction measurement (d); Three-dimensional
(3D) model of the slotting machine process: main cutting movement (I), indexing movement, executed
by the part (IT); mortising device (1) mortising knife-tool (2), part (3), screw for fixing the knife-tool (4).

When mortising, the main movement (alternating rectilinear) is performed vertically by the tool,
and the feed movement (intermittent) is performed, at the end of each inactive stroke of tool [13,14],
in the horizontal plane, also by the tool, however, in the transverse direction (particular case on—FUS
22 machine). By slotting, flat vertical surfaces can be generated with curvilinear profiles, channels of
wedge, inner or outer grooves and teeth, etc. [13,14]. In the Figure 4, you can see the 3D model of the
theoretical sintesis of the mortise process and the measurement of the deviations of fixing the piece in
the universal slotter ram on the machine tool FUS 22:

- The measurement of the radial beat on surface “D”at a complete rotation of 360 °, the result of
dimensional deviation is exactly 0.03 mm;

- Axial deviation out of the X direction on surface “D” of the part, result of dimensional deviation
is exactly 0.035 mm;

- Axial deviation out of the Y direction on surface “D” of the part, the result of dimensional
deviation is exactly 0.00 mm;

- Measuring the frontal beat on surface “A” at a complete rotation of 360°, the result of dimensional
deviation is exactly 0.045 mm.

After the mounting index head and slotter ram, both the semi-finished and the slotting tool,
Kinematic adjustment parameters are established on the FUS 22 machine and after the positioning
adjustments [15]: the main movement (alternative rectilinear) of the slotting tool n.4 = 50 dr/min,
the cutting advance s = manual, and an empirical calculation—s = 0.0359 mm/dr, is being determined
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by knowing the timing (3’5”), to displacement at the cutting depth t = 1.95 mm. About for the
splintering knife-tool, the name is generally adopted for a wide range of single-tooth tools used in
cutting processes, on universal lathes, revolver lathes, automatic, and semi-automatic, carousel lathes,
on mortising, grinders, on boring machine, a.o. [16].

In Figure 5 you can see the scheme of the robot part that defines all the machined surfaces of the
finished part.

Kl [R] [HQIBIFID L M

J CliG 0 N
Figure 5. Letter of the surface on the piece [3,13].

Depending on temperature at they work, tools steels for cold processing, non-alloy and alloyed,
with working temperature below 200 °C and tool steels for hot machining, alloyed, at which working
temperature is over 200 °C, [7].

In Figure 6 you can see the details of the geometry of the active part of the mortising cutting tool,
as well as the fixing in the mortising device.

. “u

Figure 6. Shape evolution at the mortise knife manufacture.

Only one piece (aluminum) is fabricated, thus the chosen material for the mortise knife is C105U
1.1545 (SR EN ISO 4957:2002), [7].
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According to the classification [15,17], the full name of the tool for cutting the groove is: Radial
slotting tool of high-speed steel with a profile. In Figure 7 you can see all the geometric and constructive
elements of the radial slotting cutting tool.

Figure 7. Geometric and constructive elements of the radial slotting tool and holder bar for cutting
tool [3,15].

Following is the calculation of the simple indirect division [12,13] for the rotation of the index
head axis at each executed channel (out of the 12 required channels): Gp is the number of holes on a
circumference of disk D; k is the number of traveled holes; Zp is the number of divisions on the surface
of the piece, relation (1). Therefore each channel will be divided, rotating the crank of the index head
to three complete rotations, on a circle of Gp = 36 holes plus k = 12 additional holes displaced on Gp.

k40 40 12
=3+— =3+ (1)

=12 12 36

In Figure 8 you can see practical aspects about manufacturing process of tne grooved shaft.

Figure 8. Slotting the groove (a), cutting the piece (b) and milling the square profile (c).
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3. Results and Discussion

The total time includes: 1 h measurements + 1 h parametric modeling of three drawings + 1 h 55
slotting tool construction + 2 h 40" turning + 2 h 54’ mortising + 1 h 19’ turning again + 1 h 30’ square
profile milling, with a total of 11 h 38’. It is not possible to assess whether the realized time (11 h 38') is
more or less, achived. It would be desirable to conduct a theoretical calculation of time, for edification.
Figure 9 shows the final result of the technological method approached for the manufacture of the
grooved shaft, as well as the assembly whit conjugate part.

Figure 9. The piece after mortising (a), in four hypostases—the finished piece (b), the part-mounted
piece on the worm (c).

For the working method presented, all the photo present in this paper are original and were taken
in the laboratory M.U.—A014 of the “George Emil Palade” University of Medicine, Pharmacy, Science
and Technologie of Targu Mures, Roamania.

4. Conclusions

The dimensions of the defective piece have been determined, in the Inventor-Autodesk enviroment.
The necessary 2D and 3D drawings were designed, all the necessary technological steps, necessary
tools, and adjustment of the machine tools were completed.

The slotting tool was conceived and built by the auto-endowment, and saving acquisition costs.

It was possible to piece the fabricate in required parameters, according to the endowment of
the laboratory. Therefore, no other faster or cheaper fabricatione ways are disputed (3D printing or
CAD/CAM). In this sense, it would be interesting to have a comparison.
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Abstract: The present paper describes the structural analysis performed on a preloaded bolted
joint. The first joint modeled was comprised of a conventional cylindrical flange that was sliced to
simplify the analysis for two bolts in lieu of four. This involved an L-shaped flat segment flange.
Parametric studies were performed using elastic, large-deformation, non-linear finite element analysis
to determine the influence of several factors on the bolted-joint response. The factors considered
included bolt preload, contact surfaces, edge boundary conditions, and joint segment length in this
first approach. The second model applied the previous preloaded torque on a complex flange to study
the flange lift off. Joint response is reported in terms of displacements, gap opening, and surface strains.
Most of the factors studied were determined to have minimal effect on the bolted joint response.

Keywords: static structural response; preloaded bolted joints; large-deformation analysis; non-linear
finite element analysis

1. Introduction

In the International Journal of Mechanical Engineering, Welch argues that the preloaded
(or pre-tensioned) bolted joints are sufficiently tightened to create joint closure while aligning
the connecting components, which are tightened further to yield the required bolt preload and
(more critically) a faying surface compressive load [1]. The faying face of a joint section is the prepared
face (fabricated or ground) that connects with the faying face of a different joint component. Preloaded
joints are essential in providing stiff joints that do not slip. The bolts possess substantial mean stress
but have a lower range of working stress, which confers preloaded joints excellent fatigue functionality.
Therefore, this research aims at analyzing the structural response and preloaded bolt joint lift off on
flanges based on Welch argument [1].

We used elastic, large-deformation, non-linear finite element analysis to achieve this goal. We used
two kinds of flanges to implement the technique: An L-shaped flat section flange and a sophisticated
flange. The investigation was simulated using Ansys Workbench, while the Inventor Autodesk was
used to build the geometry.

According to Oldfield and to Knight, eccentric loading to the fasteners greatly facilitates the
separation of bolted joints. Such behavior of joints increases the possibility of bolt fatigue, principally
because of the moments the bolts carry during lifting [2,3]. Thoppul and Somasundaram contend that
many traditional flanges exert some quantity of eccentric weight on the fasteners [4,5].

Integrated Systems Research, Inc. analyzed the reaction of eccentrically loaded bolted joints by
investigating the relative advantages of different features of joints on increasing separation resistance [6].
There was a presentation of the findings of surface analysis behavior of traditional cylindrical design
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of a flange. Just like any vital bolted connection, finite element analysis should be used to finalize the
preliminary design.

The study should integrate any safety issues, partial safety issues, and design factors, or allowable
design stresses and loads requirement of the local regulations during the design of the equipment to
satisfy specific needs and should precede any similar considerations that this paper proposes.

2. Materials and Methods

2.1. Joint Arrangement

Figure 1 illustrates the configuration of the preloaded bolted joint. It has two 5-inch flange
sections of 0.656-inch-thick material. A 3/8-inch-diameter bolt in a large-diameter cylindrical casing
is used to connect the flange specimens. It is normal not to know the exact preload force of the bolt.
Nevertheless, the estimated preload torque was 300-600 ft-Ib. The flanges were split for the simulation
to be conducted using just two bolts to simplify the investigation.

ANSYS

R14.5
Academic

Figure 1. Two bolts were used to simulate the preloaded bolted joint of the flange.
2.2. Material Characteristics

It was assumed that the bolted joint material was (ABI 5L X52) carbon steel, which yielded 52 ksi
of stress [7]. Because elastoplastic investigations were expected, it needed the material information
as a type of actual stress being the function of plastic stress [8]. Medium carbon steel (SAE Grade 5),
which yielded strain of 120 ksi, was assumed to be the material for the bolts and nuts [7]. The bolts
and nuts in these investigations were postulated to have a linear elastic response and thus had no
explicit modeling.

2.3. Stress Estimation in a Bolt

An evaluation of bolt stress depends on a simple material strength technique for the bolt and
speculates a maximum use of bolt material before damage or failure, for instance, when the entire bolt
cross-sectional area produces stress. The assumptions of bolt preload constitute a particular preload
torque T. Preload Axial force, F, relates to the preload torque [9] as:

T=kxFxd, 1)

where k is a nut factor to account for threads friction between nut and bolts [10]. d is the bolt diameter.
For permanent links:
F=09XA; xS, 2)

where S, is the bolt’s strength; A;, the area of tensile stress, can be illustrated as:

A; = 0.7854 x (d — 0.9743/n)?, (3)
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where d represents the nominal diameter in inches, while 7 is thread numbers in each inch (pitch).

A preloaded bolt with an axial force of 5927 Ib produces a nominal preload torque of 444 ft-Ib
and a nut factor of 0.2. The force gives the initial bolt stress because of the preload of 92 ksi. Thus,
the full stress of the bolt is calculated as the total of the stresses from the mechanical loads and preload
stresses. Therefore, the total estimation of the bolt stress is 70 ksi. This result is entirely below the
bolt material yield stress of 120 ksi. The definition of developing bolt yield force is a preload force
capable of completing the cross-sectional yielding of a bolt (i.e., bolt yield stress multiplied by the
cross-sectional area of the bolt), which equals 53,000 Ib.

2.4. Assumptions During Modeling

The development of these stress analysis models has several common assumptions. This simulation
makes two key assumptions that should be discussed. First, the finite components did not have an
explicit representation of the bolts and nuts; their effect was rather simulated. One-dimensional elastic
beams represented the bolts. Second, the efforts to compute the finite element models were lowered
by splitting the flange for the analysis of just two bolts as Figure 1 indicates. This reduced the CPU
processing time and simplified the investigation.

3. Method of Analysis

A pipe with an internal pressure of 1 MPa was used to connect the flanges. Internal pressure was
used as a second load in the simulation after the application of bolt pre-tension. Figure 2 shows the
development of a non-linearity problem in connected areas. A 0.1 friction factor was assigned to the
area of contact between the two flanges [11]. It sat asymmetrically, meaning the contacting regions will
have a single side manifestation. The flanges were clamped by tightening the bolts and nuts.

ANSYS

R14.5
Academic

v
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Figure 2. The friction factor at the area of contact between the two flanges that develops the
non-linearity problem.

Meshing is an essential factor in modeling, with bolts being vital maximum stress areas.
Figure 3 shows the mapping and meshing of geometry using a Hexahedron connection. After the
experiment, the geometry was altered by making it stiffer to achieve a more complex geometry for the
investigation and comparison of joint behavior; see Figure 4.
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Figure 3. Hexahedron connection was used to map and mesh the (a) the flange (b) the bolts and nuts.
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Figure 4. A complex geometry is generated to make a stiffer joint.
Numerical Results

The utilization of various computer-assisted engineering investigation tools was needed in the
engineering examination of the bolted joint arrangement. The tools included those that represented
geometry, produced the models for infinite elements, performed analysis of the structure, and those
that refined the computed findings. Besides this, system response was studied through analysis to
determine modeling challenges to facilitate the precise bolted joint structure simulation and to offer
pre-investigation predictions, should these need to arise. Various measures such as the bolt axial
load function, fixed end reaction force, separation of flanges (or lift-off), lateral joint displacement,
and strains were used to characterize the joint behavior.

Ansys Workbench 14.5 was used for all the analyses. There are two primary stages involved in
the investigation. First was the application of bolt preload axial force at a particular value and watch
local damage and stress response. Second, internal pressure application acted on the wall of the pipe.
These were non-linear analyses as a result of explicit association modeling between the surfaces of
the flanges.

4. Solutions for Static Structures

Figure 5 shows the structural behavior of a preloaded bolted joint. The bolt load is a function
of the applied torque. The baseline analysis has two phases. Application of (5927 Ib) preload onto
the modeled flanges and monitoring its behavior to the initial stress is the first phase. This tightens
them in a manner that simulates how a bolted joint tightens. Simulating water through a (1 Mpa)
internal pressure pipe is the second phase.
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Figure 5. The phases of the structural behavior of a preloaded bolted joint.

Figure 6 shows flange separation (or lift-off) based on the reaction force. There is a non-linear
increase of the lift-off, and the opening of the gap nearly reaches 0.005 inches with the application of
the 5927 Ib load. Nevertheless, there was no total separation of the flanges. Figure 7 shows flanges
gliding atop and around the bolts.
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| 2.4048x10°° X
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Figure 6. The flanges separation under load.

[0

Figure 7. The flanges gliding atop and around the bolts.
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Figure 8 shows the bolt equivalent static strains. The strains originate from the center of the bolt
between the head of the bolt and the nut. The average value of the strain depicts the nominal stress of
the membrane. The specimen has minimal surface strain extent at the design load locations. Besides
this, these strain findings reveal significant joint bending behavior at the reaction load.

1mo Lam 1088 i

Figure 8. The bolt equivalent static strains as a function of the reaction load.

Figure 9 shows the joint’s lateral displacement. The front surface is used to measure the lateral
movement at the joint interface; it is uniform across the joint width. Positive measures show a
standard direction displacement of the joint to the back surface, while negative results show a standard
movement of the joint to the front surface. These findings indicate an outward displacement of the
bolted joints (the front face direction).

ANSYS

R14.5

Academic

[XTT] Laoe pIUTEY  §
)

) Ly
Figure 9. The joint’s lateral displacement as a reaction force function.

Figures 10 and 11 show the axial deformation and the load von Mises stress oym. These figures show
the results for the 5927 Ib load, including low von Mises levels of stress on the flanges. Many high-stress
results are as a result of the flange bolts experiencing preload states. The corner of the head of the bolt
also exhibits high stress as a result of the sharp model ends, which are absent in a real bolt.
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Figure 10. The axial deformation of a preloaded bolted joint.
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Figure 11. The equivalent stress (von Mises) of a preloaded bolted joint.

These findings show that it is easy to simulate the primary structural behavior of a preloaded
joint. The technique is to first evaluate the condition of the preloaded joint, then to apply the external
mechanical loads. In this investigation, a uniform internal loading pressure was imposed as the external
loading. Next, parametric investigations are conducted to identify the factors that have significant
effects on predicting the structural behavior of the joint.

Application of simple geometry (L-shape) bolt preload torque was the first modeling hypothesis
to be considered. In the model for finite analysis, the preload axial force, computed using Equation (1),
was specified instead of the preload torque. Nevertheless, in an ordinary bolted joint, a torque wrench
is used to measure the preload torque. The joint structural behavior is indicated based on the bolt load
and the induced internal pressure but assuming a 0.2 nut factor.

Influences of Complex Geometry

Analyzing similar circumstances on a complex geometry that Figure 4 shows was the second
hypothesis of modeling. It was to investigate the influence of increasing stiffness and reduce the
lift-off behavior.

The findings show that there was an improvement in the primary structural behavior of the
preloaded bolted joint. Both nut and bolt stresses were reduced; this facilitated the adjusted geometry
to maintain a higher load, as shown in Figure 12. Figure 13 clearly shows that there was a reduction of
the lift-off response, while the flanges stuck to each other.
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Figure 12. The equivalent stress (von Mises) of a preloaded bolted joint on the complex flanges.
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Figure 13. The complex flanges gliding atop and around the bolts.

5. Conclusions and Discussion

This paper explains the analysis of structural bolted joint arrangement to describe primary
modeling and the requirements for investigations, and determines that the arrangement significantly
influences the behavior. The Ansys Workbench 14.5 code was used to perform an elasto-plastic,
large-deformation, non-linear finite element analysis. Various factor analyses were conducted, and it
revealed that the bolts were the most significant factor affecting the response of the bolted joint.
It was determined that modifying the flanges could diminish the response of the preloaded bolts.
The parametric study results offer insights to lead future bolted flanges modeling and simulations.
There are some uncertainties in the simulation of structural joint and connection behavior such as the
ones in these experiment models, which can be averted by calibrating the results of this analysis with
test findings.
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Abstract: The paper presents in the first part a diagnosis of the frequency per year of the pull and
torque test followed by an analysis of the average time given to each attempt, a comparison of
the average time spent on the torqueing and pulling test and the average times to perform the
other tests. In the second part there is a forecast of the times spent performing the test following
the optimization. The optimization is performed in the first phase at project level in the Inventor
Professional 2018 program. The testing method is not foreign to companies that produce cable cord,
and is it described in at least two standards. The latest developments in the electronics field show
an optimization on two separate devices for each stress, pull and torque. The goal of this paper is
to present an optimization of the device for pull stress testing, in order to proceed with both of the
stresses on one device. The optimization aims to reduce the time spent by the quality tester in the
metrological laboratory on this test. Following the optimization, in the forecast it was found that the
quality of work was improved by reducing working hours and removing human assistance as much
as possible in order to eliminate the errors caused by it.

Keywords: cable cords; cable testing; pull and torque testing method; pull and torque testing equipment;
reducing working time

1. Introduction

In modern industry, any company producing electrical cables must set its quality goals as
paramount in order to remain a market leader [1]. In order to maintain its place on the market,
the company must ensure the quality [2] of the products with a set of qualitative tests performed in
the metrological laboratory. The tests must have a large scale to cover any possibility of premature
failure and to ensure the efficiency of the product. Real attention should be paid to the potential for
fires caused by wiring and its characteristics [3,4], and thermal aging [5], which reduces the safety of
the electrical system [6].

One goal is the policy of continuous improvement [7], which aims to optimize the process,
innovation, research and development as well as optimize working hours in the production process.

Optimization of the device aims to facilitate the work of the quality team in the metrological
laboratory and to reduce the time used normally for this kind of test.

2. Innovation Need

Several analyses were carried out by the company in order to have a view of the entire time spent
on the test in the metrological laboratory.
The method [8] helped to confirm the integrity of the product in the following four cases of application:

Proceedings 2020, 63, 28; doi:10.3390/proceedings2020063028 41 www.mdpi.com/journal/proceedings
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1. Stumbling on the cord cable when the socket is positioned at the bottom of the wall. For example,
the cord is attached to a vacuum cleaner and the user moves the appliance, creating a tension of
the cable through which it no longer sits on the floor but will be taut above the floor.

2. Pulling the product from its cable, in cases where the user tries to unplug the appliance by pulling
directly on the appliance or pulling on the cable, instead of unplugging it by the plug.

3. Transporting or lifting the product by its cable. If the appliance is small, this includes appliances
weighing 1 kg or less, such as hair dryers or curlers.

4. Attempting to move a product that is still electrically connected in cases where an appliance such
as a vacuum cleaner is pulled from the cable.

The cables tested were the usual types, for daily use in house appliances.

The research was based on diagnosing the current condition of the cord to determine the level at
which it operates. The diagnosis was based on three major points: (1) determination of the place of
the test in relation to the other test performed in the laboratory, (2) determination of the average time
spent on each test, and (3) determination of the time spent on the pull and torque test.

2.1. Frequency of The Test

Determination of the annual number of tests was made in order to ascertain its position in relation
to the other tests performed in the metrology laboratory. In Figure 1 shows all the tests performed in
the laboratory and their frequency during 2019.

B Pull and torsion resistance

B Electrical resistance

B Voltage resistance on the
conductor

B Tension resistance on the
cable

M Flexion test

M Tersile strength

B Elcngation at break

WFire resistant

H Radial thickness of conductors
and sheath

M Fall resistance

B Pullresistance in 5 directions

256 2%

Figure 1. Frequency of laboratory tests during one year.

The diagram shows that routine or sample tests were performed at a higher frequency, routine
tests being performed in the continuous flow of production and sample tests being performed on each
sample to ensure product compliance. Type tests are tests that are performed on the product before
delivery to ensure that the product is consistent with the requirements.

The pull and torque test is a type test performed at a frequency of 2% in a year; compared to the
other tests performed, it had a much lower rate, but considering the time spent on this operation, it took
longer than the sample ones. The sample test had a 21-22% rate, which was 118 times, compared to
12 times for the pull and torque test.

2.2. Time Spent on Each Test

When analyzing the average time of testing it was observed that the most time spent by the
operator was on the test to determine the resistance to voltage in the cable and the resistance to falling
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(Figure 2). For the pull and torque test, the laboratory technician spent 39 min to determine the
conformity of the product.

Temsion Fall Pull

Pull and Electrical ~ Voltage  resistance Tersle  Elongation Fire Radial resistance  resistance Pull
torsion resistance  resistance on the strength at break resistant thickness ins resistance
resistance on the cable of directions  with 1508
conductor conductors

and sheath

Figure 2. Average time in minutes given to each test.

Compared to other tests that were performed in the laboratory, this test required twice as much
time as the electrical resistance, which was determined to be 15 min.

Routine or sample tests had a higher frequency but were performed in less time than the pull and
torque tests; this was mainly due to the large number of operations involved in this test.

2.3. Average Time Provided for the Method

The relatively long time for the method was due to the two stresses to which the cord was
subjected, the tensile stress and the torsional stress.

In this case the electrical resistance was determined as 15 min, the total time calculated for all
operations taking place for this test.

In cases of determining the conformity of the cords in the test for pull and torsion, the average time
of performance was divided by all the operations that took place, as we see in Figure 3. The preparation
of the test piece, which consists in cutting it to size, stripping the jacket about 10 cm, stripping the
conductors about 1.5 cm, and automatically measuring the electrical resistance, was carried out in
an average time of 5 min. Preparing the device, which consists of measuring the weight required
to perform the test using the scale, took an average of 3 min. Preparing the plug, which consists in
marking it in order to have a comparison at the end of the tests, had a duration of 1 min. Preparing the
device for the torsion test had a duration of 5 min, which consists in positioning in the vise. The weight
measurement, which has to be accurate, was made in 3 min. Fixing the cord took place in 2 min,
and the test itself lasted for 1 min. The electrical resistance has an important value because it shows the
integrity of the plug within.
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Figure 3. Average times of pull and torsion tests.
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3. Optimization of the Device in Inventor Professional 2018

The latest developments in this field show that there are a series of electronic devices that can
perform this test separately, which means that there is one device for the pull test and another one for
the torque test, although between the two devices the most important role is played by the weight
because it sets the hardness of the test. Researching the international market for the types of equipment
used for this kind of test, there are limited options [9-12].

Optimization of the device has the goal to facilitate the work of the quality team in the metrological
laboratory and to reduce the time used normally for this kind of test.

3.1. Innovation of the Device

The version of the device that was used in the laboratory had manual actuation, which means
that the 100 cycles were done by the staff manually, and the device for the torque test was separate
from the device for the pull test. The staff had to walk every time from one operation desk to another,
which was unnecessary time and could be reduced by an innovation of the device, so it could do both
of the tests on one device.

Several measurements were carried out because the weight that rolls on the filleted bar could
not roll to the minimal point, tangent to the body of the device, because of the fixing device for the
cable. In order for the weight to roll and make a complete cycle, the bar that holds the weight was
moved below, as Figure 4 shows. The prototype for this device was made in the Inventor Professional
2018 program.

Figure 4. The pull device.

The basis of innovation was considered to be the last level at which the optimized product was
located. Taking into account the latest research in this field, two separate, automated devices were
used for that test.

The principle of use of the torsion device, following the innovation, changed completely.
Despite the fact that the principle of operation remained identical to the previous one, the emphasis
was on facilitating and excluding possible human errors that may occur as a result of the empirical use
of the device.

The optimization of the device consisted in remodeling it so that both tearing and twisting requests
could be executed on the same device. Taking into account the fact that a force of 100 N was applied in
the pull-out test, which transformed into a unit of weight was 10,197 kg, and to the torsion test a force
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of 12.5 N was applied, which, transformed, was 1275 kg, it was necessary to be able to slide the weight
so that the margin of force on the glazing bar passed through the cable clamp.

For the tensile stress, the device was subjected to the optimization of the movable arm for the
application of the weight; the position of the weight, as can be seen in Figure 4, was changed by placing
the threaded bar at the bottom of it. At the top, the support for the cable fastener was kept, the initial
bar being fixed by the support rods at the bottom.

For the pull-out and torsion test device, the force arm is of major importance because its
optimization in terms of achieving a torque of less than 3 kg at the moment of force creates the
possibility of using the weight for both tests. This optimization can be achieved only by constructing
the arm so that the weight can slide over the entire arm to make a full stroke, but once it reaches the
turning point its value is equal to 0.

Mathematically, the value of the moment of force is equal to the product of the value of the force
arm and the value of the force [13].

M =b x FN/m. (1)

In relation to the moment of force, the force is directly proportional to the force arm, so as the
weight slides toward the fixing point, it decreases and the force arm will also decrease.
Both the force and the force arm are specified in IEC 66335-1 [8], as seen in Table 1.

Table 1. Torques applied to the pull-out and torsion test [8].

Couple Section mm?
0.10 Nm 2x0.5
0.15 Nm 2x0.75
3x0.5
0.25 Nm 3x0.75
F=125N 2% 1.00
Bf =2 cm 3 x1.00
0.5 Nm 2x15
F=25N 3x15
Bf =2 cm

For torsional stress, the device used was remodeled and optimized so that it could be joined and
fitted to the pull stress device. The questions underlying the determination of the appropriate location
were closely related to the position of the cable fastener where the weight value is measured.

The optimized device for the torque test is presented in Figure 5, from front and rear view.
The location in the upper part of the body allowed easy access to the cable entry hole for tensile stress
and torsional stress when inserting the cord for the use of the same weight.

(a) (b)

Figure 5. The torsion device. (a) Front view; (b) Rear view.
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Compared to the original device, the optimized one, which is shown in Figure 6, was changed by
moving the position of the cord fixing support, which was made for clamping, to the side of the device.
To fix the cord in the initial device, a mobile fastening system was used that slid on the support but
was fixed by screws, which in this phase is no longer possible, so the fixation was placed directly on
the body of the traction device, and it will no longer be necessary to remove the traction device.

Figure 6. Position of the torsion device.

The cord that is attached to the torsion roller, and with which the device will be operated, will pass
through the hole on the body of the device. The cord is fastened to the cable clamp used for the
tensile stress.

3.2. Tests on the Device

The first tests on the new device took place in May and were recorded in metrological bulletins.
Following the implementation, 12 trials were performed to establish the effectiveness of the optimization.
As can be seen in Figure 7, in the determination of the conformity of the cords in the tensile and
torsional test on the optimized device, the average performance time was divided for all operations
taking place, the preparation of the specimen and the electrical resistance were performed in the same
time, an average of 5 min.
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Figure 7. Average time of operation included in the pull and torsion test after optimizing the device.
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The preparation of the device, which consisted in placing the weight necessary to carry out the test
on the threaded bar next to the marking of the force provided in the standard, took on average 1 min.

The marking of the plug and the cord was performed in an average time of 1 min, after which
its fixing between the clamping device on the arm of the device required on average 2 min. The test
itself to perform the pull stress by rotating the eccentric of the device 100 times takes a total of 2 min
but is no longer performed by the laboratory, thus allowing work such as, for example, the metrology
bulletin to be completed at the end of the test and its disassembly for 2 min. The preparation of the
device to perform the torsional stress was excluded because it no longer required time, but was kept in
the diagram in order to have a vision of the optimization.

The measurement of the weight used in this test, which consists in positioning it in relation to
the dimension on the bar indicating the appropriate weight, was carried out in 1 min. Fixing the
plug in the device was done on average in 2 min. The test took an average of 1 min, measured with
a stopwatch. The measurement of the electrical resistance, after the test, took on average 5 min,
after which, following the observations of the test piece, the conclusions and possible discussions were
made, which lasted on average 8 min. By summing up all the operations, it was observed that the
average time to perform the operation was 28 min.

4. Comparison between Test Results before Optimization and after Optimization

Following the implementation of the optimized device it was necessary to study the effectiveness
of the device to conclude whether the proposed purpose was met and had a strong impact on the
quality of working time of the staff in the metrology laboratory in a power plant.

The first step in the conclusion was a comparison between the durations of the operations that
were part of the pull and torsion test before and after the optimization.

When overlapping the two average times obtained, as shown in Figure 8, from the beginning
there was a decrease in times due to the presence of zero times when testing on the optimized device.
Zero times were found in the first phase of the test itself, where the presence of the laboratory was no
longer required. This was due to its automation, during which time staff could perform other tasks.
This operation initially took 2 min. The second phase, the operation of preparing the torsion device,
which consisted of fixing in the vise and lasted an average of 5 min, was completely excluded from
the series of operations performed during the test on the optimized device because the vise was now
attached to the device at a well-established, fixed place, not needing fixing in advance.

~—— Before optimization — Affter optimization s 8

Figure 8. Comparison between the durations of the pull and torsion test operations before and
after optimization.

5. Conclusions

As the diagram shows, the average time allotted for sticking the device decreased considerably
from 3 min to 1 min. This operation consisted of measuring the force required in placing the scale on
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the upper surface of the plug fixing plate, after which the scale hook was fixed on the threaded bar,
next to the cable fixing device. The force, N, in weight, was transformed to kg, then the weight was
slid on the bar until the set force was reached. At the moment, the weight was slid on the bar next to
the force marking on the plate.

Another decrease in working time due to optimization was found in the weight measurement
operation for the torsional stress, which this time was performed on those devices so there was no
need for measurement, as the location of the weight is next to the marking on the plate.

The efficiency of the device was distinguished by performing the test as quickly as possible,
at the same quality as the previous one or at a higher quality. Excluding human intervention as much
as possible raises the level of test quality by reducing errors such as manual traction, where lack of
constant force and speed can cause involuntary jerks that damage the product.
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Abstract: Electrolytic tough pitch copper is commonly used in electric and electronic applications
while fine copper wires are widely used in electronic conductors. A multi-pass wiredrawing process
was designed for the manufacturing of fine pure copper wire, from 0.50 mm to 0.10 mm in diameter.
The analytical model and the finite element analysis (FEA) were performed to validate the pass
schedule design. The initial wire was mechanically characterized, and the pass schedule design was
stablished by the analytical method according to the specific criteria. The sequence of wiredrawing
passes was modeled in the finite element method (FEM) software in order to analyze and validate
the designed pass schedule. The combination of these methods allowed designing and validating
the wiredrawing pass schedule to implement it in a real process with guaranteed results. This work
contributes in showing a combined methodology for the design and virtual validation of the pass
schedule in the case of multistage wiredrawing of ETP copper fine wires.

Keywords: multi-pass wire drawing process; Deform2D; fine ETP copper wire; slab method;
finite element method

1. Introduction

Fine wire is manufactured with metals such as stainless steel, gold, magnesium, tungsten,
rhodium and copper by a sequential multi-pass wiredrawing process [1-6]. Copper fine wires have
a wide range of applications as semiconductors and bonding wire in electronics, medical devices,
shielding applications or measurement sensors, as is shown in Figure 1.

Fine round section copper products are manufactured by wiredrawing with polycrystalline or
natural single crystal diamond dies [7]. Its good formability allows to easily draw from rod into very
fine wire sizes without intermediate annealing treatment. Usually, the area reduction of pure copper is
limited to about 90% just before a first annealing. Beyond that level of reduction, metallurgical structure
changes dramatically degrade the wire’s mechanical properties. Fine copper wire is often produced by
sequential multi-pass wiredrawing, the so-called “in line process”, which involves moderate advancing
speed combined with continuous annealing.

Proceedings 2020, 63, 12; doi:10.3390/proceedings2020063012 49 www.mdpi.com/journal/proceedings
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Figure 1. Representative applications of fine pure copper wire.

The importance of die geometry is crucial in single-step and multi-step wiredrawing process and
the influence of the reduction and bearing zones affects directly on the drawing force (F;), drawing
stress (04) and stress distribution in its radial (0,44is1) and axial (04xia) components, among other output
variables [6,8-10].

On the other hand, analytical methods have long been used for modeling wiredrawing. Rubio etal.
demonstrated the feasibility of the combination of the slab method and numerical simulation for
the single-step drawing process analysis [11-13]. Hassan et al. studied the influence of different
process inputs, geometrical and technological, applying the free body equilibrium Equations (1) and (2)
obtained by the slab method in the drawing process and evaluating the results by a comparison with
those obtained in the numerical simulations [14]. Rodriguez-Alabanda et al. developed a software
application for designing and optimization of multi-step wiredrawing processes which is based in the
implementation of the slab method [13,15]. The slab method analytical model and the finite element
method (FEM) model of the single step process are shown in Figure 2.

ENTRANCE

Figure 2. (a) The slab method in the drawing process: from free body equilibrium to Equation (1)
to calculate the drawing stress; (b) the graphic of the finite element method (FEM) model used in
the simulations.

Regarding the metal to be drawn, gy corresponds to the yield stress while o is the semi-angle of
the drawing die, d refers to the initial diameter of the wire and d is the diameter at the exit of the die.
In the Figure 2, p is the normal die-wire pressure, L is the contact length of reduction cone, L. is the
bearing length and p corresponds to the friction coefficient at the die-wire interface.

1+B do\®
04 = oy ; -[1—@) ] )

where
B = p-cotar 2)

One of the most advanced analytical models for the calculation of the drawing stress (¢4) was
developed by Avitzur [16,17] and later approached by Bitkov [6,18] from the implementation of the
so-called upper bound method in the drawing process (Equation (3)), where r; and 7 indicate the
initial and final radius of the wire and f(«) is a function of the die semiangle. Thus, in wiredrawing,
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the reduction ratio is noted as r and represents the degree of total area reduction possible without
intermediate annealing as a function of the composition of the metal to be drawn (Equation (4)).

Oback + 2~f(a)~ln:—; + L(L _ cota) + 2y~{cota~[1 _ Uha;*k _ ln:—?]'li’l:—? + f_ff}

o4 9 V3 \sin’a 9y 3)
Oy 1+ 2~y~,—;
d
=1-—= 4
r X 4)

As denoted from the above models, the friction factor has a great significance in the wiredrawing
process. A negative effect of friction in the drawing process can have as a consequence non-uniform
distribution of stress intensity on the metal into the reduction zone and may cause non-uniform
distribution of mechanical properties on the final wire cross section. The friction coefficient (i) can be
calculated by using the Avitzur’s upper bound model equation [16,17,19], together with the data of the
wire drawing force obtained empirically, and the most favorable value obtained under the different
lubrication conditions used in the experiment has been used in the multi-step wiredrawing process
modelization and FEM analysis.

Computer-aided numerical simulation of the wiredrawing process offers great potential in
the sense of analysis and design of this type of process and previous works consulted [1,2,20],
which demonstrated its viability for implementation in the case of multi-step wiredrawing case.
The finite element method (FEM) has been implemented successfully in many previous research works
consulted [5,21-24].

The present work constitutes an analytical-numerical study concerning the experimental procedure
for the initial characterization of the metal and with the aim of determining the best tribological
conditions of the wire drawing process object of study. The research is focused on the involvement
and combination of both methods for the design and analysis of responses such as the drawing stress
or the distribution of radial and axial stresses in the final drawn product in multi-step sequencing.
It is a meaningful effort because the good implementation of this combined procedure allows to
understand the process conditions leading the way for a specific product quality and functional
properties improving the productivity. The structure of the paper is organized as follows: In the
Materials and Methods section, we describe the copper properties and characteristics, in addition to all
the specific methods and equipment used. The results from analytical as well as finite element method
(FEM) simulations are presented in Results section and, finally, concluding remarks are mentioned in
the Conclusions section.

2. Materials and Methods

The experimental procedure was applied to determine the plastic deformability of the commercial
Cu-ETP (99.94% Cu) wire with 0.5 mm diameter and a length of 200 mm in the annealed condition
implemented in the original industrial process. This wire is a semi-elaborated product that is annealed
in a continuous induction system, just at the end of the production process. Since our objective was to
study the possibilities of processing this material in a subsequent fine wiredrawing process, a tensile
test was performed to obtain the mechanical properties of specimens.

Both Ludwik-Hollomon strain hardening model defined by Equation (5) and multilinear isotropic
strain hardening (MLISH) rule were checked to simulate the material behavior in the FEM software.
The MLISH was checked assigning a value of stresses equal to 6, = 143 MPa at ¢ = 0 unitary true strain
and oyyrs = 349 MPa when ¢ = 0.3706 (Figure 3).
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Figure 3. Multilinear strain hardening rule obtained from the tensile tests.

On the other hand, for the initial copper wire tested, the elastic modulus is E = 14001.92 MPa,
yield strength o, 929, = 143 MPa, break limit oy7s = 349.04 MPa, constant K = 496 MPa and strain
hardening coefficient nn = 0.34. Finally, the Ludwik-Hollomon strain hardening model was selected to
analyze the results in the FEM simulations.

Oe(i) = op(i) + Kee" ()

¢ is the unitary deformation in the step (i), og(; in the initial yield strength of the metal to be drawn
and o, ;) is the yield strength of the drawn metal after this drawing step.

In a second experimental phase, the single-step wiredrawing at different speeds were implemented
with the aim of calculate the friction coefficient (1) using a mineral oil lubricant and calculating the
lower value for i from these experimental results. The experimental procedure was done using a single
block drawing machine and a conical wiredrawing die with a core made of polycrystalline diamond
(PCD) with 20 = 14° and L, = 50%-dy, geometrical features and core material recommended by Esteves
group [25], commonly used in the case of copper wiredrawing. The drawing stress o; was determined
by a direct measure of the drawing load (F;) with a load cell and signal acquisition system installed on
the machine (Figure 4). Finally, the optimal values of u were determined indirectly, analytically and by
polynomial interpolation of the results.

.
&
8 F

d | Dlzt.la

| acquisition

Steel cast

Figure 4. Experimental setup for the indirect determination of the friction coefficient .

Next, and knowing the plastic behavior of the material, in addition to the minimum value of the
friction coefficient obtained by the analytical-empirical method, the analytical method was applied
to design the multi-step wiredrawing process for the manufacture of fine wire, using the PullWorks
computer application developed for this purpose [26]. This software tool is friendly to use for a user
with a certain experience since all the working input conditions must be introduced in the software
interface: the material strain hardening is a function of its mechanical properties and the geometric
and tribological parameters for each of the consecutive dies/steps constituting the sequential process.
However, the software refers to a desired value for the shape coefficient A in all the process for the
multi-stage wiredrawing sequence design. A value 1 < A < 3 reduces the effect of friction while
lower values near to one 1 < A <2 minimize wear in the die contact surface, too [27]. In this specific
work, the value of delta was fixed as A = 1 with aim of obtaining a short sequence of steps for the
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designed wiredrawing process and, theoretically, minimizing friction and wear effects. This coefficient
is geometrically defined as the quotient between the average diameter (d,;,) and contact length (L),
noted in the Equation (6).

dy  do+df

A=

I = W -Sino (6)

Finally, numerical simulations were performed to analyze the proposed multi-step wiredrawing
pass schedule using Deform2D FEM software [28]. The model of the initial wire consists of quadratic
elements in a perfect plastic wire for the axisymmetric case and the three-dimensional system was
simplified in a two-dimensional problem in terms of longitudinal as well as radial dimensions.
This initial portion was considered as isotropic body of 0.5 mm per 2 mm long and meshed in a
linear-quadratic array of 10 elements in the radial direction and 80 elements in the axial direction.
For the subsequent simulations of the whole sequence of drawing passes, the accumulated stress and
strain state was considered. The drawing dies were modelled as a perfectly rigid body since the interest
of this work is focused on the deformation of the wire. It should be noted that, for the purpose of
simplifying the design of the rows and the simulations, there was a constant distance from the entry
point to the reduction cone to the exit point of the row equal to 1 mm (zones II to IV). The lower value
of the friction coefficient p1, obtained from the experimental measurements, was implemented in the
simulations as Coulomb’s type friction. It must be noted that the effects of backward tension (op,cx) and
thermal increment generated during the process were neglected in the present approach. The friction
coefficients were obtained for different drawing speeds and implementing the measurements of the
drawing force in Equations (7) and (8), according to Avitzur’s Equation (3).
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In summary, in the presented procedural methodology, an experimental first phase is indispensable
for the determination of the mechanical properties that define the behavior of the metal against cold
deformation hardening using wiredrawing. The application of the analytical method implemented in
software for the design of the desired sequence of steps for the multi-step process is proposed below,
and it is demonstrated how the numerical method and the FEM simulations complement the procedure
from the point of view of the analysis of different response variables of the same.

3. Results

3.1. Experimental Determination of the Friction Coefficient

The experiments to determine the lower value of friction coefficient u were performed on a
reduction from ©0.50 mm to ©0.45 mm using a die with a reduction angle 2« = 14°, a bearing length
L = 50%-dy and a contact length in the conical zone L = 0.205 mm which implies a total contact length of
0.43 mm. The drawing tests were done using 100% mineral oil as lubricant interfacial tribo-element [6].
The polynomial fitting, shown in the Figure 5, gives a minimum value of p = 0.127.
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Figure 5. The polynomial fitted values of the minimum drawing force F; and lower coefficient of
friction  as a function of different values of drawing speed (v) used in the experiments, for a die with
2a =14° and Lc = 50%-dy lubricated with 100% mineral oil.

The results in the graph of Figure 5 show a lower friction when the drawing speed increases
until a critical value of 15 m/s. Beyond this speed value, excess or lack of lubricant getting inside the
wire/die interface may result in an increasing of the friction effect [29]. This minimum of y = 0.127 was
implemented in the analytical design and subsequent numerical analysis of the designed sequential
wiredrawing process.

3.2. Analytical Definition of the Multi-Step Pass Schedule Design by PullWorks Software

Fine wiredrawing pass schedule design was calculated by PullWorks software and implementing
Ludwik-Hollomon strain hardening law as shown in Equation (5), defining die geometry, the optimum
friction coefficient y = 0.127 and A = 1, since this shape coefficient value minimizes friction and wear
effects and allows a short relatively sequence for the designed wiredrawing process [27].

The selected conditions threw a seven-step wiredrawing sequence pointing out the convenience
of annealing before each of them. This sequence was established as the aim of study by both analytical
and numerical methods. Table 1 shows the multi-step wiredrawing pass schedule design.

Table 1. Multi-step fine wiredrawing pass schedule designed by PullWorks.

Step N Input, do;) Output, dr;y  Reduction Unit Shape Continuous
: [mm] [mm] Ratio, r Strain, & Factor, A Annealing

1 0.50 0.39 0.40 0.50 1 YES

2 0.39 0.31 0.40 0.46 1 YES

3 0.31 0.24 0.40 0.51 1 YES

4 0.24 0.19 0.40 0.47 1 YES

5 0.19 0.15 0.40 0.47 1 YES

6 0.15 0.12 0.40 0.45 1 YES

7 0.12 0.10 0.31 0.36 1.34 YES

Table 2 shows the wiredrawing sequence calculated with PullWorks software and the values
obtained for the drawing force and drawing stress, analytical and FEM software applications.

Table 2. Drawing forces and drawing stresses obtained by the analytical (PullWorks/slab method) and
numerical (FEM) software solutions in the multi-step fine wiredrawing sequence.

Drawing Force, Drawing Force, Drawing Stress, Drawing Stress,
Step Nr. F; (PullWorks) F; (FEM) 0,4 (PullWorks) o4 (FEM)
[N] IN] [MPa] [MPa]
1 459 53.2 384.5 4453
2 27 30.1 357.2 398.8
3 17.9 194 394.4 428.8
4 10.3 10.7 363 3774
5 6.5 7.3 366.9 413.1
6 3.9 4.5 348.7 397.9
7 2.5 2.6 321 331
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The graph of Figure 6 shows that the difference obtained by both methods is smaller than 12.4%
in the evolution of drawing stress calculated from a drawing force (Table 2).

550 -

500 [

450

400

Drawing stress, o, (MPa)

o 1 2 3 4 5 & 7 L
Step number

Figure 6. The evolution of the value of drawing stress ¢, (analytical vs. FEM).
3.3. Numerical FEM Study of the Proposed Multi-Step Pass Schedule

To understand the influence of the die geometry in each of the stages of the wire multi-step
wiredrawing process, the numerical simulations allows to measure the axial (tractional) and radial
(compressive) components of the drawing stress and their evolution while the copper wire is passing
through the different zones inside of the dies.

The radial and axial stress distributions were simulated assuming the optimum value of the
friction coefficient y = 0.127 since this condition corresponds to the minimal tool wear and optimum
drawing speed, as shown in Figure 5. The simulation snapshot in Figure 7 shows the differentiated
zones in the standard geometry of the drawing die and the 23 tracked nodes in a displacement of
1 mm, from a fixed starting point of the reduction cone area (II) to the exit zone (IV).

try (1) ntry (I)

Reduction (1) Reduction (IT)

Bearing (111} Bearing (I11)

Distance [mm)]
Distance [mm]

Exit (IV) Exit (IV)

Figure 7. Tracking points and tracked displacement representation for the analysis distribution and
evolution of the axial and radial stress when the wire goes through the die.

Figures 8-14 show the simulations allowed to obtain the compressive radial (0,44i,) and axial
(0avial) data stress evolution when the wire goes to different zones through the die, in the surface and
center of the wire (Figure 2b). Marks II, III, IV indicate the different zones trough the drawing die.
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Figure 8. From FEM simulations: (a) axial and (b) radial stress (step 1); (blue) center, (red) surface.
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Figure 9. From FEM simulations: (a) axial and (b) radial stress (step 2); (blue) center, (red) surface.
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The results demonstrate the internal die geometry’s influence in association with the traction
force from capstan in the axial and radial values. In other words, it is possible to see the tensile stress
that is necessary to apply by each of the machine capstans (steps) and the compression stress generated
in the conical deformation zone into the die (II).

It has been observed that the results obtained by both methods for the values of drawing stress and
drawing force shown a very similar evolution (Figure 6). The values obtained by the FEM simulations
are slightly higher than those obtained from the calculations performed analytically by means of the
software application PullWorks. This fact is in line with the conclusions obtained in the work of
Luis et al. [30] and that is because the analytical method only considers the effects of homogeneous
deformation and friction, unlike the numerical model, which takes into account the effects due to the
additional energy required as a consequence of the non-homogeneous deformation that occurs in
wiredrawing process.

As can be seen in Figure 7, the small dies were modelled in such a way that the 0.00 point is fixed,
that is, while L. decreases in the sequence, the length of the conical zone without contact increases just
after the entry zone (I). This fact can be appreciated in the graphs (Figures 8-14): in the first step both
radial (compressive) and axial stresses increase almost instantly with the wire contact with the conical
zone, while in the last step (7th) the increase in values of 0,,4is and 0,yiy is appreciated a few tenths of
a millimeter inside the cone. This is because the effective contact length L; in this zone decreases as
the area reduction increases in the wiredrawing sequence.

Compressive radial stresses (0,44ia1) Show a maximum near 300 MPa in the surface points, in all
the steps of the sequence, Figures 8b, 9b, 10b, 11b, 12b, 13b and 14b. This circumstance is in agreement
with the results obtained by Martinez [30]. The evolution of this response parameter shows a marked
increment in its value in a point just entering bearing length, in the case of surface radial stress
Oradial (surface), While on the contrary, the radial stress in the center points decreases just in the same
contact point.

As is shown in Figures 8a, 9a, 10a, 11a, 12a, 13a and 14a, axial stress (04yia1) evidences maximum
values under 600 MPa and this maximum occurs at the exit of the die and on the surface points,
just in the calibration zone (III) while the maximum of axial stress in the center points of the wire
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(=400 MPa) occurs punctually just at the entrance of the calibration zone (III) to drop lightly and reach
this maximum again at the exit of the die (IV).

4. Conclusions

In particular, by the experimental determination of the optimum value of the friction coefficient
in the case of Cu-ETP commercial wiredrawing process, the analytical designing of a multi-step
wiredrawing sequence and the corresponding numerical simulations have been performed in this
work. This combined methodology development demonstrated that the effective complementation
of the three methods, experimental, analytical, and numerical, allows the implementation of the real
boundary conditions with the aim of process design and both analytical and FEM analysis. The work
shows the results obtained by PullWorks software application, offering a proposal for a basic process
of multi-step wiredrawing to obtain fine copper wire and FEM software has allowed to understand
the process conditions in terms of both the superficial and center radial and axial stress components
derived from the effective stress associated to the process in each of the stages.
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Abstract: Lower limb rehabilitation is an often-encountered need. This paper presents the design
process of an exerciser that combines robot-assisted physiotherapy with functional electrical
stimulation (FES) of the lower limb muscles. The exerciser features two degrees of freedom,
one focuses on the rehabilitation of the muscles responsible for dorsiflexion and plantar flexion,
the other one on the muscles responsible for the inversion and eversion of the foot. These motions
might be accompanied by FES, if the physiotherapist so recommends. The presented exerciser
constitutes a mechatronic device that seamlessly integrates mechanical design, electronics and
control engineering.

Keywords: rehabilitation engineering; medical robotics; lower limb rehabilitation

1. Introduction

Lower limb rehabilitation is a subject which, among rehabilitation engineers, is not as popular as
upper limb rehabilitation. A simple search query with the keywords “lower limb rehabilitation robot”
returns less than half the results for the keywords “upper limb rehabilitation robot” on the popular
science platform PubMed. This disparity can be explained by the fact that designing for the upper limb
is more challenging from a technical point of view than designing for the lower limb, and consequently
more palatable, yet there are many more situations that necessitate the rehabilitation of the lower limb
(e.g., prolonged inactivity due to a certain illness impacts much more the lower limb). Lower limb
orthoses are used to support the foot in a certain position and assist in recovery of gait; they are also
used to redistribute forces that occur when the foot comes in contact with the ground while walking
so as not to exert too much force on a specific affected area of the foot [1,2]. A robotized exerciser
empowers a physiotherapist by providing a tool for repeatable and reproducible results, enabling more
efficient and targeted procedures; moreover, provided the exerciser is affordable and meant to be also
used in non-clinical environments, it facilitates rehabilitation for the patient in a prescribed way.

This paper describe the critical milestones in the design of a two-degree-of-freedom (DOF)
hybrid lower limb exerciser [3]; the hybrid part is given by the fact that it combines the traditional
physiotherapy assisted robotically with the functional electrical stimulation (FES) of the relevant
muscle groups. The exerciser focuses on the ankle joint, namely, the dorsiflexion/plantar flexion and the
inversion/eversion of the foot. The designed exerciser does not mandate the usage of FES in conjunction
with the robotically assisted physiotherapy, it merely provides the option of simultaneously usage.
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The paper provides a description of the state of the art, after which it focuses on the mechanical design
and describes the electronics and coding involved in the control of the proposed exerciser.

2. State of the Art

In this chapter several examples of rehabilitation equipment will be discussed that are in accordance
with the object of the paper and which are considered representative.

In his patent [4], Stein presents an electronic stimulator with fixed electrodes attached to a textile
tape. This band must be positioned correctly on the leg so that the electrodes are placed in an area
over the nerve to be stimulated. The band also contains devices for monitoring body movement and
a system that operates the electrodes at certain intervals to stimulate the nerve and activate latent
muscles. This device can be used in the case of a person who suffers from "drop-foot" that may occur
as a result of a stroke.

Gil et al. [5] describe a unilateral hybrid orthosis-type exoskeleton intended to assist and recover
gait for patients who experience motor deficiencies due to central nervous system diseases. It consists
of an orthosis at the knee, ankle and foot that supports the lower limb and a functional electrical
stimulator that activates the affected muscles. The support part has the role of constraining the ankle
and knee joint and stopping their involuntary movements in certain directions. This ensures a stable
position of the lower limb while walking and while the patient is standing.

A platform presented by Liu et al. [6] is intended for patients who have suffered a stroke and
experience motor deficiencies as a result. In order to recover the functions of the lower limbs,
therapy based on exercises is needed, which has the role of strengthening the muscles and correcting
the position of the leg. The device proposed in this example assists the patient in performing certain
exercises that improve the ability to move the foot. The robotic platform consists of two symmetrical
plates that have the role of foot support, each with 3 DOF and can perform internal and external
rotation of the ankle, dorsal and plantar flexion and inversion and eversion of the foot. The patient can
use the device in three ways depending on the rehabilitation stage: exercises that involve maintaining
a constant speed, exercises that keep the motor speed constant and exercises that involve the proactive
involvement of the patient in training.

Erhan and Mehmet [7] elaborate a study on the design and control of a robot for therapeutic
exercises for the lower limbs of a patient who needs rehabilitation after a spinal cord injury. To control
this robot, a “human-machine interface” with a rules-based control structure was developed. The robot
manipulator can perform active and passive exercises, as well as learn specific exercise movements
and perform them without the physiotherapist through the human-machine interface. Moreover, if a
patient reacts against the robotic manipulator during an exercise, he may change position depending
on the feedback data.

An interesting application of orthosis is the ability to assist the transfer from a sitting position
to a standing one; Aroche et al. [8] proposed a computerized system for persons that suffer from
complete paraplegia, arguing that widespread adoption of powered orthosis among this demographic
is hampered by the fact that these orthoses does not provide equilibrium autonomy. Another system [9]
blocks all but one DOF of the lower limb and makes use of mechanical linkages and automation for
independent locomotion; it is not entirely clear if it can also provide the transfer function. Roulaetal. [10]
compared multiple operating conditions and concluded that PID controller might not perform well
enough due to various uncertainties presented by the complex interaction between a subject, their
orthosis and the environment.

3. Design Process

From a structural standpoint, the designed exerciser is composed of three interconnected
subsystems that are detailed in the following paragraphs. The integration of these parts makes
the device a mechatronic product.
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3.1. Mechanical Subsystem

The mechanical subsystem is designed to enable movement only in a predictive fashion; for a
correctly executed exercise, a proper attachment to the foot is necessary that lines the bones, muscles,
and tendons in an anatomically appropriate way. In order to achieve this goal, biomechanical data
were taken into account, namely, it was hypothesized that the exerciser is used by a person 1.65 m tall
with a mass of 50 kg; this gives a weight of the foot of 7.13 N and a position of the center of gravity (CG)
by the following coordinates in relationship to the heel: 0.098 m horizontally and 0.039 m vertically
(Figure 1a). The range of movement of the foot in relationship to the transverse plane allowed by
the exerciser is —35°; 20° for the plantar flexion/dorsiflexion; —20° and 15° for inversion and eversion,
respectively. Given these data and using the geometrical relationship between the foot CG and the
designed mechanism (Figure 1b), the result is a maximum necessary moment of 0.37 Nm for the first
DOF, and 0.27 Nm for the latter.

——
—
0.039 m

Y
37

(a) (b)

Figure 1. Input biomechanical data: (a) range of motion and position of the center of gravity of the foot
(b) geometrical relationship between the center of gravity and exerciser.

The employed mechanism is a spatially stacked version of the well-known four bar linkage.
Its main purpose is to provide a way of simultaneously actuating both degrees of freedom; 4 four-bar
linkages are connected to form a parallelepiped, each vertex being formed out of two rotational
joints, their axes perpendicular to each other and parallel to the other 3 sister joints axes (Figure 2a).
The placement of a motor in one of the joints is trivial for actuating one DOF, but the second actuated
DOF (Figure 2b dotted line) raises additional issues, as the linkage has to be connected to a fixed
reference; if directly connected, the whole DOF is pinned. The designed solution was to incorporate
in the power train an universal joint coupled to a sliding shaft with parallel splines; this allows the
necessary tilt angle as well as accounting for the radial displacement. Due to the fact that the mobile
part of the exerciser has considerable mass, additional support mechanism is employed: two gas
cylinders, their ends connected by spherical joints add stability to the system (drawn with red on
Figure 2c).

Referring to the aforementioned figure, the immovable part (drawn with blue) is attached to the
leg by Velcro straps, which are not pictured, as to not overload the schematic. The foot is resting
on a specifically designated platform. The design is modular, so that the footrest is easily
changeable to accommodate various feet sizes by removing and reinserting the bottom U-shape
shaft (drawn in magenta on Figure 2c). The normal operation of the exerciser presumed oscillatory
movement, therefore the design does incorporate only plain bearings; the friction is dealt by using
polytetrafluoroethylene bushing, the low speed nature of the real life use case scenario allowing
sufficient time for cooling. The CAD model was designed using SolidWorks software package
published by Dassault Systemes.
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Figure 2. Design stages of the lower limb exerciser: (a) kinematic chain (b) mechanism, where FR is the
foot resting plate, Y is the yoke, with 1 are designated the vertical linkages (0.330 m) and with 2—the
horizontal linkages (0.143 m); dotted line represents the rotational axis (¢) CAD model of the exerciser.

3.2. Electronics Subsystem

The electronics subsystem is built around an ATmega328-P microcontroller (refer to Figure 3a)
that commands the actuation of the mechanical subsystem with two electrical motors, each powered
by an H-bridge. Each electrical motor is encapsulated with a 210:1 gear ratio transmission, capable
of delivering up to 3 Nm of torque, which is well above the computed necessary. The H-bridge
is compatible with PWM signals and also provides a quick response disable input. The angular
positioning of each DOF is monitored with a resistive absolute encoder that provides an accuracy of
+0.3°. For additional safety, each DOF has 2 normally-closed limit switches, each of them controlling a
normally-open relay in such a manner that if one of the limit switches is tripped, or the power to the
switches is somehow interrupted (rusted connection, torn wire, etc.) only one direction is stopped;
therefore, recovery of the system is still possible in normal operation and a high standard of safety
is employed. Each faulty state is signaled to the microcontroller galvanically insulated through an
optocoupler that drives the first interrupt pin to which an interrupt routine is attached.

x2/DOF
LS x1/DOF  x1/DOF N0

x1/DOF

D

x1/DOF

2 channels

IEFB

uu

(a) (b)

Figure 3. Electronics subsystem: (a) System architecture, where LS are limit switches, RE—resistive
encoder, SD-SD read/write module, UU-USB to UART converter, H-H-bridge, M—motors, R—relays,
FES—functional electrical stimulation unit and uC—the microcontroller; (b) PCB layout.

An SD-card module is included which allows for upload of different exercises; the file is a
simple text string, each row containing one command that contain the desired position and maximum
allowable speed for each motor as well as the necessary commands for the start/stop of FES system.
The FES system used by the exerciser is a commercially available 2-channel device interfaced with by
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relay; therefore, the pulse length, frequency and amplitude of the stimulation is manually dialed in
before commencing the exercise, the microcontroller merely starts or stops the device. The placement
for the FES electrodes on the skin is covered by the device user manual and might be performed either
by a physical therapist or the patient after receiving a precursory instruction. The exerciser’s main
electrical circuit was implemented on a single layer printed circuit board (PCB), pictured in Figure 3b,
using EAGLE (published by Autodesk); it is worth noting that this PCB is not entirely necessary
if an Arduino board were to be used. Furthermore, for programming as well as testing purposes,
communication over a USB to UART converter is employed.

3.3. Control Subsystem

ATmega328-P microcontroller is a popular microchip with the Arduino device family; therefore,
the Arduino IDE was used in code design for its easy-to-use libraries. The motors were controlled
using a PID algorithm implementation which reads the signal from the resistive absolute encoders
through the microcontroller integrated 10-bit ADC and compares it to the target position provided by
the exercise file that resides on the SD-card. The output from the PID controller is a PWM value that is
proportionally to the motors speed; it is worth noting that if the value is negative, which correlate
with the rotation in the opposite direction, a simple function remove the sign and invert the signal
before further processing. The sign triggers a flag that signalize the H-bridge which combination is
active, so that the motor can easily turn. In order to limit the speed in a safe range, the PWM value
is capped before writing it in the appropriate PWM register with the value specified in the exercise
file. The overall safely usage of the exerciser is ensured by the hardwired limiters described in the
precedent subchapter, but as a first line of secure operation there are also software-defined limits which
maintain a physiological range of motion.

Another mode of operation is by permanent connection via an USB-UART converter. At this stage
a simple graphical user interface was designed in Matlab GUIDE, but further development was halted
until prototype completion. If a limit switch is activated, an interrupt routine drives the H-bridge low
and throws an error; putting the H-bridge on hold is redundant, as the wiring, described in subchapter
3.2, already cuts the power to the motor; as a result, the system has triple redundancy for emergency
stop: software defined limits, external interrupt routine and hardware-defined limits, so even in case of
end-user interference with the safety checks, it is reasonable to expect that at least one remains active.

4. Conclusions

This paper presented the design stages of a hybrid 2-DOF lower limb exerciser; although the
work done so far is enough to grant the manufacture of a first prototype, several issues were identified
and are taken into account for a future iteration. First of all, it is necessary to make sure that the
exerciser is capable of serving a broader demographic; even though the selected motors have a 8-fold
power margin, there was no rigorous calculation of the needed torque in order to cover at least the
95th percentile for height and mass of the population. A useful improvement would be the addition
of strain gauges; not only would the operational safety increase (if an anomalous strain is detected,
the exerciser stops and avoid potential injury), but it would also enable active and passive mode usage.
Therefore, a patient might continue to use the exerciser for different stages of their rehabilitation; in the
beginning, when the musculature is still weak, the system might work in a passive mode to maintain
articular mobility; in the later stages, when the musculature begin to strengthen, the exerciser might
switch to an active mode, opposing the movement with a certain force controlled by the strain gauges.

Another design requirement for a future iteration is the simplification of the actuating system;
one of the DOF is directly connected to the motor, which makes the actuation very robust. The second
DOF is connected with a quite complex transmission which is prone to failure. There are already several
design solutions being investigated, but not fully explored at this time. Modern equipment tends
to have implemented diverse communication protocols that use the radio spectrum; in this regard,
a future development will be the addition of a Bluetooth module that will enable communication with
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a smartphone app. Another idea worth investigating is implementing Wi-Fi functionality, but this
direction must be carefully approached, as connecting a medical device to a computer network might
expose the patient to malicious actors over the internet. Another planned improvement is related to
multiple exercise selection: in preparation for the prototype, the designed code is capable of reading
only one file; a file management system has to be implemented, which will allow multiple exercise
files to be loaded on the SD card and chosen by the physical therapist or patient, presumably with
a Bluetooth-connected smartphone. As soon as full activity in the Biomechatronics Laboratory is
allowed (currently reduced by measures taken to stop the spread of SARS-CoV2), a prototype will be
build using the additive manufacturing technologies available; this prototype will be further used for
preliminary testing, and, if found satisfactory, pre-clinical testing using healthy volunteers.

Author Contributions: Conceptualization, D.L. and A.L-A.-D.; methodology, A.I-A.-D.; software, L.LV.;
validation, A.I.-A.-D.; formal analysis, A.L-A.-D.; investigation, L.I.V.; resources, L.I.V.; data curation, A.I-A.-D.;
writing—original draft preparation, D.L.; writing—review and editing, D.L.; visualization, A.L-A.-D.; supervision,
A.L-A.-D.; project administration, A.L-A.-D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Farris, R].; Quintero, H.A.; Goldfarb, M. Preliminary Evaluation of a Powered Lower Limb Orthosis to Aid
Walking in Paraplegic Individuals. IEEE Trans. Neural Syst. Rehabil. Eng. 2011, 19, 652-659. [CrossRef]
[PubMed]

2. Quintero, H.A.; Farris, R.J.; Hartigan, C.; Clesson, I.; Goldfarb, M. A Powered Lower Limb Orthosis for
Providing Legged Mobility in Paraplegic Individuals. Top. Spinal Cord Inj. Rehabil. 2011, 17,25-33. [CrossRef]
[PubMed]

3. Vlasin, L.I. Design of a Hybrid Rehabilitation System Composed from an Orthosis and a Functional Electrical
Stimulation Unit; Technical University of Cluj-Napoca: Cluj-Napoca, Romania, 2020.

4. Stein, R.B. Assembly for Functional Electrical Stimulation during Movement. U.S. Patent No. 5,643,332,
1 July 1997.

5. Gil, J.; Sanchez-Villamanan, M.; Gomez, J.; Ortiz, A.; Pons, J.; Moreno, J.; Del-Ama, A. Design and
Implementation of a Novel Semi-Active Hybrid Unilateral Stance Control Knee Ankle Foot Orthosis.
In Proceedings of the 2018 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS),
Madrid, Spain, 1-5 October 2018; pp. 5163-5168.

6. Liu, Q; Wang, C; Long, J.J.; Sun, T.; Duan, L.; Zhang, X.; Zhang, B.; Shen, Y.; Shang, W.; Lin, Z,;
et al. Development of a New Robotic Ankle Rehabilitation Platform for Hemiplegic Patients after Stroke.
J. Health Eng. 2018, 2018, 1-12. [CrossRef] [PubMed]

7. Akdogan, E.; Adli, M.A. The design and control of a therapeutic exercise robot for lower limb rehabilitation:
Physiotherabot. Mechatronics 2011, 21, 509-522. [CrossRef]

8. Aroche, O.N.; Meyer, P-J.; Tu, S.; Packard, A.; Arcak, M. Robust Control of the Sit-to-Stand Movement for a
Powered Lower Limb Orthosis. IEEE Trans. Control. Syst. Technol. 2019, 28, 2390-2403. [CrossRef]

9.  Sunada, T.; Obinata, G.; Pei, Y. Active Lower Limb Orthosis with One Degree of Freedom for Paraplegia.
In Proceedings of the 16th International Conference on Informatics in Control, Automation and Robotics,
Prague, Czech Republic, 29-31 July 2019; SciTePress: Settbal, Portugal, 2019; pp. 504-509. [CrossRef]

10. Roula, N.; Chemori, A.; Rizk, R.; Zaatar, Y. On Control Design for a Lower Limb Orthosis: A Comparative
Study in Different Operating Conditions. Adv. Mech. Mach. Sci. 2018, 58, 81-97. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

66



E proceedings ﬁw\l)\l’y
P

Proceedings

A New Light Aircraft and Its Design Method *

Marius-Ion Ghitescu '*, Marilena Ghitescu ! and Arina Modrea >*

1 Department of Mechanical Engineering, Faculty of Mechanical Engineering, Transilvania University of

Brasov, 500036 Brasov, Romania; marilenaradu?71@yahoo.com

Department of Industrial Engineering and Management, Faculty of Engineering and Information

Technology, University of Medicine, Pharmacy, Sciences and Technology, George Emil Palade of

Tirgu-Mures, 540142 Tirgu-Mures, Romania

*  Correspondence: marius.ghitescu@unitbv.ro or m_ghitescu@yahoo.com (M.-1.G.);
arina.modrea@umfst.ro (A.M.)

t Presented at the 14th International Conference INTER-ENG 2020 Interdisciplinarity in Engineering,
Mures, Romania, 8-9 October 2020.

Published: 22 January 2021

Abstract: The paper presents some aspects related to a new light aircraft that has as fields of use
sports and leisure aviation. It also has a maximum capacity of two seats and a certain aerodynamic
shape and which has on the wings mounted curved flaps for the flight board without hinges, as well
as for gliding the plane in critical flight conditions or when it is necessary to save fuel. The paper
presents and optimal design method of this new light aircraft.
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1. Introduction

The activity of designing a product part uses knowledge acquired in the fields of mathematics,
physics, strength of materials, technical drawing, study of metals, materials technology, tolerances and
dimensional control, technology of machine construction.

Aircraft design is an information intensive engineering process full of evaluation and
decision-making. Conceptual design phase, compared with the entire design process, consumes
relatively less time and costs; however, many tasks should be carried out, and a lot of important
decisions will have to be made during this period. It is estimated that as much as 80% of the life cycle
costs of an aircraft is decided in the conceptual design and preliminary design phase [1-3].

The wing loading is the weight of the aircraft divided by the area of the reference (not exposed)
wing. As with the thrust-to-weight ratio, the term “wing loading” normally refers to the takeoff
wing loading but can also refer to combat and other flight conditions. Wing loading affects stall
speed, climb rate, takeoff and landing distances and turn performance. The wing loading determines
the design lift coefficient, and impacts drag through its effect upon wetted area and wing span.
Wing loading has a strong effect upon sized aircraft takeoff gross weight. If the wing loading is reduced,
the wing is larger. This may improve performance, but the additional drag and empty weight due to
the larger wing will increase takeoff gross weight to perform the mission [4].

Aircraft sizing is the process of determining the takeoff gross weight and fuel weight required for
an aircraft concept to perform its design mission.

It is known in the literature the light aircraft Extra 300 LT at which the force load of the direction
reaches 90 kg [5]. The Extra 300 LT is a one- or two-seater acrobat aircraft produced by German
manufacturer Extra Aircraft (Extra Flugzeugbau GmbH, today Extra Flugzeugproduktions- und
Vertriebs-GmbH).
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It is known the Zlin 142 light aircraft at which the load with forces reaches 200-250 N [6]. Zlin Z
142 is a single-engine aircraft with two seats for tourism and produced by Czechoslovak manufacturer
Moravan Otrokovice (now ZLIN Aircraft Otrokovice, Czech Republic).

The new light aircraft has as its areas of use sports and recreational aviation with a maximum
capacity of two seats [7].

The new light aircraft has a certain aerodynamic shape, symmetry geometry and good stability
being made up of middle wings of rectangular shape and having in part an asymmetrical profile so that
the profile rope forms an angle of incidence @;ycigence = 11° with the direction of advance and a setting
angle @cqp = 0°, from a front fuselage with a certain aerodynamic shape, a central fuselage with a
certain aerodynamic shape and having 2 parts of different shapes in the cabin area, a rear fuselage with
a certain aerodynamic shape, propeller helmet, ailerons, flaps, cabin, depth, drift, direction, stabilizer
with profiled shapes [8-10].

2. A New Light Aircraft and Optimal Design Method

The technical problem of a new light aircraft is the improvement of the dynamic behavior of the
light aircraft through the control mechanisms of the flaps and the constructive form of the aircraft,
in the conditions of low manufacturing costs and in a favorable time for the aircraft, increasing the
surface of the flaps, increasing the wingspan to allow the aircraft to operate in critical flight conditions
or when fuel economy is required, enabling the aircraft to glide in these situations.

The design of the aircraft took into account the fact that the components of the aircraft must be
simple to manufacture and assemble and accessible for repair.

When establishing the aerodynamic shape and the constructive dimensions of the light aircraft,
the optimal design of the light aircraft was taken into account, as were the parameters that influence the
aerodynamic shape of the fuselage and wing (Figures 1-5), as well as the flap and aileron installations
and mechanisms mounted in these areas.

Giratie

w

(5]

Figure 1. A new light aircraft. 1—the median wing of rectangular shape and having in part an
asymmetrical profile so that the chord of the profile forms an angle of incidence with the direction of
advance and an angle of choke of a certain length L, 2—the central plane of the fuselage, 3—the helmet
of the propeller, 4—front fuselage (bonnets), 5—aileron, 6—curved flaps or single flaps (one on each
wing) located on the trailing edge without hinges (without axes of rotation on the wings), 7—the cab,
8—the depth (the moving part of the horizontal tail), 9—the drift (the fixed part of the vertical tail),
10—the direction (the moving part of the vertical plumage), 11—rear fuselage, 12—stabilizer (fixed part
of the horizontal tail), 13—central fuselage (2nd part).

68



Proceedings 2020, 63, 66

~

windscrren

H
h

11

La=Ly Le Lp

Figure 2. Lateral view of a new light aircraft.
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Figure 3. The frontal view of light aircraft.

Figure 4. The first part of fuselage.

b
\

Figure 5. The central fuselage—Part 1.

The constructive solution of the new light aircraft consists of original components such as shape
and dimensions to improve the aerodynamics of the aircraft and its stability, as follows: median wings,
L-shaped, rectangular and having in part an asymmetrical profile so that the rope profile forms an
angle with the forward direction, the central plane of the fuselage (Part 1 of the central fuselage),
the propeller helmet, the front fuselage (hoods), ailerons and curves for the flight dashboard without
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hinges (one on each wing), the cabin housing the crew, the depth, the drift, the direction, the rear
fuselage, the stabilizer and the second part of the central fuselage.

The advantages of the light aircraft are the following;:

(a) The light aircraft has a simple and fast response structure, is safe and reliable and has good
flight control and lifting performance and good stability.

(b) The aerodynamic shape of the airplane and the constructive shape of the flywheel control
mechanism imply an increased service life.

(c) In order to increase the lift capacity of the aircraft, during take-off and landing, as well as
during the flight, two curved flaps for the flight board without hinge (without axes of rotation with
respect to the wings) were mounted on the wings, one on each wing.

(d) By increasing the length of the wings, an increased load-bearing surface was obtained,
increasing the wingspan L of the wings to a value greater than (1.1 ... 1.3) times the length of the
fuselage Ly, which led to an increase in the surface of the flaps, which allows the aircraft be able to glide
in critical flight situations when the engine is no longer running or when needed for fuel economy,
which allows the aircraft to easily behave like a glider.

Figure 1 shows in axonometric view the constructive solution of a new light aircraft, which consists
of original components as a shape and dimensions to improve the aerodynamics of the aircraft and
its stability, as follows: 1—represents the median wing of rectangular shape and having in part an
asymmetrical profile so that the chord of the profile forms an angle of incidence with the direction of
advance and an angle of choke of a certain length L (2 pcs.), 2—the central plane of the fuselage, 3—the
helmet of the propeller, 4—front fuselage (bonnets), 5—aileron (2 pcs., one on each wing), 6—curved
flaps or single flaps (one on each wing) located on the trailing edge without hinges (without axes of
rotation on the wings), 7—the cab, 8—the depth (the moving part of the horizontal tail), 9—the drift
(the fixed part of the vertical tail), 10—the direction (the moving part of the vertical plumage), 11—rear
fuselage, 12—stabilizer (fixed part of the horizontal tail), 13—central fuselage (2nd part) [7].

The aerodynamic shape and construction dimensions of this aircraft have been established by
combining various geometric shapes for its components in order to obtain a good aerodynamic shape
for the class of light aircraft and to fulfill the function of gliding when needed when fuel economy is
needed or in critical flight conditions when the engine is no longer running.

The aerodynamic shape and constructive dimensions of the light aircraft shown in Figures 1-3
make this aircraft also fall into the category of glider, which means that the aircraft can glide as needed
if the engine is no longer running or when the engine is stopped for fuel economy.

Figure 2 shows a side view of the light aircraft in which the important components and dimensions
established in the design of the aircraft can be observed.

The aerodynamic shape of the light aircraft depends on the aerodynamics of the body systems of
which the aircraft is composed. The fuselage being the supporting organ of the plane’s transport load,
its design starts from the interior partitioning necessary for the plane’s mission.

The fuselage of a light aircraft consists of 3 large assemblies, namely, assembly 1 called the front
fuselage 4 (front of the aircraft) in length, assembly 2 called the central fuselage which has 2 parts 1
and 2 (positions 2 and 13 lengths), and the last assembly being the rear fuselage 11 (from the tail of the
plane) long.

The shape of the fuselage on light aircraft without special demands of an aerodynamic nature is
imposed by technological considerations, manufacturing costs and useful volume.

The useful volume is the parameter that gives the available space inside where we can place the
crew, luggage, equipment and fuel.

The payload depends on the carrying capacity of an aircraft which decreases with the reduction
of the total length of the fuselage and the area of the maximum cross part.

A maximum useful aircraft volume means a lower than optimal aerodynamic shape.
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The fuselage of the aircraft is located in a stream of air and it produces lift (very low) but especially
forward resistance: Lateral aerodynamic forces and aerodynamic moments act on it; its construction
takes over all the demands of the other organs and elements of the aircraft.

In addition, in the fuselage are arranged spaces for crew, propulsion system, fuel tank, equipment,
etc., which implies the existence of a well-defined volume. For the fuselage, an optimal solution must
be found both from an aerodynamic and constructive point of view: with a front surface as small as
possible to “close” a large volume, but at the same time, the shape of the body volume obtained, to be
as aerodynamic as possible.

The front fuselage of a light aircraft, Figures 2 and 4, has an aerodynamic profiled shape,
being made up at the bottom of a surface arranged under a circular arc on a length L,, the straight side
surfaces on the length L, = (1.2.... 1.5)*Dy, and the part of above is a flat surface that is inclined at a
certain angle 6 = 20" ... 50"

The maximum equivalent part Dy = H [mm] for the center fuselage shall be determined according
to the dimensions of the cab and of the installations which are contained in the fuselage.

For light aircraft with 2 adjacent seats, the area of the maximum rear fuselage part is recommended
asSp=15... 17 m?. Determining the total length of the fuselage with the relation: L¢ = (6.... 10)*Dy,
where Ly/Df= Iy =6 ... 10 represents the elongation of the fuselage.

At subsonic flight speeds, the pressure resistance in a laminar flow is relatively low compared to
the frictional resistance, and there is no question of reducing it. As the forward resistance is mostly
produced by the frictional resistance, it is recommended to use short (shorter) fuselages to reduce it.

The central fuselage has two aerodynamic parts (Figures 1, 2 and 5).

Part 1 of the central fuselage of a light aircraft has at the bottom a surface arranged under an arc
of acircle onalength Ly = Ly = (1.7 ... 2.0)*Dy, straight side surfaces; the top is straight, a front surface
facing the cab inclined at a certain angle Oyindscreen = 40 ... 55°, having in longitudinal part a profiled
shape with dimensions h = 0.625*Df, Lq, Df, H= Df =(1.5... 1.7)*h and an inclined front surface which
is the windscreen inclined at a certain angle Oyindscreen = 40 ... 55° for optimum visibility, Figure 5.

Part 2 of the central fuselage of a light aircraft (Figures 2 and 6) has a profiled aerodynamic shape
having at the bottom a surface arranged under an arc of a circle on a length L, = L; and inclined at
an angle 61 = (10° ... 25°), the straight side surfaces, and the top is a flat and inclined surface at a
certain angle 61 = (10° ... 25°), having in longitudinal part a frustoconical shape with large base H = Dy,
length and angle of inclination of the side edges 6; = (10° ... 25°).

I 1

Figure 6. The central fuselage—Part 2.

The shape of the rear fuselage is shown in Figures 1 and 7. The rear fuselage of a light aircraft has
a profiled aerodynamic shape, being formed at the bottom of a surface arranged under an arc of a circle
on a certain length L1 = 0.7*Ly; the left-right side surfaces are straight on a certain length L,,; = 0.7*L,,
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and the surfaces from the tail of the plane are inclined at a certain angle 6, = 20 ... 50° on a length
Ly — Lpy = 0.3"Ly, where L, = (1.2.... 2.5)*Dy.

Figure 7. The rear fuselage.

The middle wing of a light aircraft (Figures 1-3) has a profiled aerodynamic shape, the wing
having a rectangular shape and an asymmetrical profile in part so that the profile rope forms an angle
of incidence @jycidence = 11° with the direction of advance and a right angle. @ocking = 0°, and the
wingspan L of the wing is greater than (1.1... 1.3) times the length of the fuselage Ly = (6 ... 10)*Dy,
(Df = H [mm]—the maximum equivalent part for the central fuselage, for a non-circular profile) to
allow the aircraft to behave like a glider due to the length of the wings and the aerodynamic shape, to
glide when needed for fuel economy or in critical flight situations when the engine is no longer running.

The middle wing is advantageous in terms of interaction with the fuselage.

Figure 3 shows a front view of the light aircraft and the wingspan L of the wings.

When designing the fuselage of the aircraft, the operating conditions necessary for the fuselage
were taken into account: maximum payload, access to all installations mounted in the fuselage, heating,
ventilation, tightness, good visibility for the crew. The strength and rigidity of an aircraft are maximum
at a minimum weight of the resistance structure.

The design of the aircraft took into account the fact that the components of the aircraft must be
simple to manufacture and assemble and accessible for repair.

Increasing the length of the wings also increases the length of the flaps, which leads to increased
lift during takeoff and landing of the aircraft slightly.

At subsonic flight speeds, a great influence on the aerodynamic characteristics has also the attack
board of the wing profile, reason for which its sharp shape is avoided because it does not allow
obtaining large lifting forces.

When the plane flies at relatively low speeds, the evolutions are made at high angles of incidence.
The detachment of the boundary layer that begins with the increase of the angles of incidence is
manifested with greater intensity in the area where the wing joins the fuselage. This detachment results
in an increase in the forward resistance, a decrease in lift and a displacement of the center of pressure.

Upon landing, the pilot reduces engine traction and automatically reduces the lift. Volleyballs
driven at negative downward angles ensure an increase in lift at this critical time, behaving like an
aerodynamic brake.

At take-off, the traction of the engine increases successively, and the flaps as hypersuspension
devices ensure an increase of the load-bearing force and the reduction of the take-off distance.
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The optimal design method of the light aircraft is to establish the calculation steps that define
the parameters of the fuselage and the wing and the aerodynamic shape of this aircraft depending on
the maximum equivalent part Dy in the cabin area where the crew sits, the value of the magnitude
L=(1L1... 1.3)*Ly, of the installations that are mounted in these areas.

Figure 8 shows the logic diagram underlying the optimal design of the aerodynamic shape of a
light aircraft with the steps to be followed.

1. Determining the maximum equivalent part Dy = H [mm] for the center fuselage for a
non-circular profile.

2. Determining the total length of the fuselage with the relation: Lg= (6 ... 10)*Dy, where L¢/Dy = Iy =
6 ... 10, represents the elongation of the fuselage.

3. The establishment of the ratio between the sum of the lengths of the previous fuselage L, and the
length L1 of Part 1 of the central fuselage compared to the total length Ly of the is calculated with
the relation:

(Lo + Ly)/Ly=02... 03

where L, [mm] represents the length of the front fuselage, L; [mm]—the length of Part 1 of the
central fuselage (cabin area), L y [mm]—the total length of the fuselage.
4. The determination of the elongation of the front fuselage is calculated with the relation:

L/Df=12... 150rL, = (12... 1.5)*Dy[mm].

5. Setting the Peak Angle for the front fuselage 6 = 20° ... 50°. It was adopted 6 = 30°.
6.  Determining the Length L; L, of the two parts of the central fuselage, the total length L. of the
central fuselage, and the angle of inclination 6; of the edges with the relations:

Ly = Ly = (17 ... 20)*Dy [mm], &; = 10° ... 25°,
Le = Ly + Ly = 2%y = 2+l = (34 ... 4.0)+ Dy [mm],

where L1 [mm]—Ilength of Part 1 of the central fuselage (in the cab area), L, [mm]—the length of
Part 2 of the central fuselage, L.—the total length of the central fuselage, and 6;—the angle of
inclination of the side edges.

7. The establishment of the lateral surface of the fuselage is approximated with the relation:

Siat = KnDyLy = [0.734 +145x 107 % (6...10)] nDLy, [mm?]

where K = 0.734 + 14.5 x 1073 x (6...10).
8. Determining the angle of the rear fuselage 0, = 20.. .50°. Ttis adopted 6, = 30°.
9. Determining the length of the rear fuselage L, = (1.2...2.5) * Dy [mm].

10. Determining the inclination of the windshield (dome). 0yjindscreen = 40 . .55, Suindscreen = 45° was
adopted for better visibility.
11.  The determination of the height & [mm] is determined with the following relation:

h =0.625+Dy.

12.  The determination of the width / [mm] of the cabin is determined with the following relation:
I =1.0625+Dy .

13.  The determination of the height H [mm] is determined by the following relation:

H=Ds=(15...17) h,
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Dy =1.6*h was adopted.
14. The determination of the height H, [mm] of the direction is determined by the following relation:

H, = (12...13)+Dy.

H, =1.235*Ds was adopted.

15.  Determination of the wingspan (distance between the extreme ends of the wings) L [mm], the angle
of incidence @jucigence [°] and the angle of offset @aocking [°], L = (1.1 ... 1.3)*Dr. We adopted
L= 1~15*Lfr Pincidence = 11° and Pchocking = 0°.

16. CAD modeling and optimization of the aerodynamic shape of the light aircraft.

17.  Simulation of the plane with Adams software.

18. Practical execution and testing of light aircraft.

The optimal method of designing the light aircraft is to go through the following steps:

When the aircraft is operating lightly, the two flaps on the wings bend (rotate downwards)
symmetrically, only at negative angles.

During the flight of the aircraft, the two identical ailerons on the wings brace anti-symmetrically
to each other at positive and negative angles and generate the roll motion.

In the current stage of industrial development in conditions of high competition in the aero
industry market, each manufacturer must develop its own strategy.

It seeks to reduce as much as possible the time interval between the conception (design) of an
installation and its execution.

For this purpose, the use of the computer in all stages of design and production is a basic
requirement. Thus, it is necessary:

- Real—time simulation of the dynamic behavior for these aircraft command and
control installations.
- Virtual prototype optimization.

Aircraft must comply with special design and execution conditions. These apply to all
subassemblies and components.

Computer modeling and virtual prototyping are valuable tools for creation.

The materials used for its execution also have an influence on the aerodynamics of the light aircraft
and its minimum weight. The main components of the light aircraft (for example, fuselage, wings,
tailings, throttle controls, ailerons) can be made of various materials (e.g., duralumin or composite
materials) so as to obtain good aerodynamics and a minimum weight of plane.

By using composite materials, the weight of the aircraft is considerably reduced, the aerodynamics
is improved, and its mechanical strength and reliability are increased.
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Start

[ Optimal parameterized design of the aerodynamic shape for a light ]

Y.

- establishing the maximum equivalent part Dj for the central fuselage;

- determination of the total length Lsof the fuselage, L= (6...10)*Dy;

- the establishment of the ratio between the sum of the lengths of the previous fuselage
Ls and the length Li of part 1 of the central fuselage compared to the total length Ly
of the fuselage is calculated with the relation: (L+L1)/Ls=0.2...0.3.

- establishing the elongation of the front fuselage, L. = (1.2...1.5)*Dj;

- setting the peak angle for the front fuselage 6, 6 = 20°...50%

- determining the Length L;, L2 of the two parts of the central fuselage, the total length
Le of the central fuselage, and the angle of inclination &1 of the edges with the
relations: Li=L2=(1.7...2.0)*Dy, 01 = (10°...25°), Le = L1 + [2=2*L1 = 2*[2 = (3.4...4.0)*D;;

- the establishment of the lateral surface Sw of the fuselage,
St = KnDyLs= [0.734 + 14.5 x 107 x (6...10)] DAy

- determining the angle of the rear fuselage 0p, 6, = 20°...50°.

- determining the length of the rear fuselage L2=(1.2...2.5)*Drand a height 1 = 0.625*D;

- determining the inclination of them windscreen(dome) duinsscrer = 40°...55%;

- determining the width [ of the cab, I = 1.0625*Dy;

- determining the height H, H = Dr= (1.5...1.7)*k;

- determining the height H. of direction, Ha = (1.2...1.3)*Dy;

-determination of the wingspan L, the angle of incidence @inisne, the setting angle,

L = (1.1...1.3)*Ly, @incitence = 11° and @ehocking = 0°.

A4
[Light aircraft aerodynamic shape]

YOK.

Easy modeling and CAD optimization of the aircraft

Easy airplane simulation with Adams Software

[ Practical prototype execution and easy aircraft testing ]

Figure 8. The logic diagram of optimal design method of light aircraft.
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3. Conclusions

The process of aircraft conceptual design includes numerous statistical estimations, analytical
predictions and numerical optimizations. However, the product of aircraft design is a drawing.
While the analytical tasks are vitally important, the designer must remember that these tasks serve only
to influence the drawing, for it is the drawing alone that ultimately will be used to fabricate the aircraft.

All of the analysis efforts to date were performed to guide the designer in the layout of the initial
drawing. Once that is completed, a detailed analysis can be conducted to resize the aircraft and
determine its actual performance.

This detailed analysis is time-consuming and costly, so it is essential that the initial drawing be
credible. Otherwise, substantial effort will be wasted upon analyzing an unrealistic aircraft.

The design layout process generally begins with a number of conceptual sketches.

A good sketch will show the overall aerodynamic concept and indicate the locations of the major
internal components. Once the design has been analyzed, optimized, and redrawn for a number of
iterations of the conceptual design process, a more detailed drawing can be prepared.

The crew station will affect the conceptual design primarily in the vision requirements.

Requirements for unobstructed outside vision for the pilot can determine both the location of
the cockpit and the fuselage shape in the vicinity of the cockpit. The pilot must be able to see the
runway while on final approach, so the nose of the aircraft must slope away from the pilot’s eye at
some specified angle. While this may produce greater drag than a more streamlined nose, the need for
safety overrides drag considerations. Similarly, the need for over-side vision may prevent locating the
cockpit directly above the wing.

The vision angle looking upward is also important. Light Aircraft should have unobstructed
vision forwards and upwards to at least 20 deg above the horizon.

By increasing the length of the wings, an increased load-bearing surface was obtained, increasing
the wingspan L of the wings to a value greater than (1.1... 1.3) times the length of the fuselage Ly,
which led to an increase in the surface of the flaps, which allows the aircraft be able to glide in critical
flight situations when the engine is no longer running or when needed for fuel economy, which allows
the aircraft to easily behave like a glider.

Computer modeling and virtual prototyping are valuable tools for creation.

By applying a virtual prototyping algorithm, we can shorten the distance between the creation
and execution of the physical prototype. By increasing the length of the wing and the wingspan,
the surface of the flaps is obtained. By increasing the surface of the shutters, the load is increased. By
increasing the load and by increasing the steering angles, the take-off and landing of the aircraft is
done in a shorter time and over a shorter distance.

4. Patents

The content of this paper is the subject of a patent application entitled “Light aircraft and flap control
mechanism”.
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Abstract: In this pioneering study, Retama monosperma fibers were used in the preparation of a plaster
composite dedicated to the field of civil engineering in order to find a substitute for fiberglass as a
reinforcement material. Refama monosperma (Rtam) is one of the plant species abundantly available
in Mediterranean regions. The localization of fibers at the organic level, the extraction procedure,
physical and mechanical properties were studied to compare them with other vegetable fibers
currently used in the manufacture of biocomposites. The results obtained show the possibility of
improving the mechanical properties of plaster by using the fibers of Retama monosperma. The purpose
of this paper is to promote the fibers of Retama monosperma as a building material in civil engineering
in order to boost researchers’ interests in this Mediterranean plant.

Keywords: gypsum; fiber; stems; Refama monosperma; concretes plaster; mechanical characteristics

1. Introduction

Plaster is a white powder produced by the calcination of gypsum. This material is extremely
old—it was discovered by humanity in antiquity. Gypsum is a very abundant rock with varied
crystalline forms. Gypsum has the formula CaSOy, 2H,O, and it is called calcium sulfate dehydrate, or,
more simply, dehydrate. Due to its availability in subsoil, relatively low cost, ease of high usage and
mechanical characteristics being suitable for many uses, plaster is a widely used construction material,
and its use continues to grow, as does the use of prefabricated gypsum products such as tiles and
plates. However, plaster appears to be permeable and too brittle [1]. Improving the crack resistance of
gypsum is an essential problem which the science of composite materials has naturally responded
to. The main idea is to introduce a material in the form of fibers into a binder, called a matrix. It is
then possible to obtain extremely resistant materials from a fragile elastic fiber and matrix. Fiber glass
first appeared in plaster, and a number of studies have shown that synthetic fiber reinforced plaster
materials possess the best mechanical efficiencies [2,3], but it is an expensive reinforcement, and it
makes the plates considerably heavier, making them less practical to use on larger sites; besides this,
they have a harmful effect on the environment. Due to these kinds of fibers, scientists have been
forced to look for a new material. Vegetable fibers are a potential source for a low-cost material from
renewable resources, and are environmentally friendly, and they are less gluttonous regarding fossil
energy. According to [4], the mechanical properties of plaster are enhanced by using natural fibers.

Nowadays, one of the current trends of the building industry is to develop “green materials”:
the use of natural fibers as reinforcement of lime plasters plays a leading role in this transition
towards renewable materials [5]. Generally, the application of natural fibers is attractive for four
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main reasons: their specific properties, their price, their health advantages and their recyclability [6].
The fact that these natural fibers offer a low density and good specific properties is an important
benefit. Furthermore, the fibers are renewable and have a CO,-neutral life cycle, in contrast to their
synthetic opponents.

Retama monosperma (Rtam) is a shrub 1 to 4 m tall [7], belonging to the Fabaceae family. It grows
in coastal regions [8,9]. Retama monosperma is able to tolerate salt spray, high temperatures and
nutrient-poor soils [9]. Rtam is known for its very fiber-rich stems, but unfortunately until now there
has been no study on the valuation of Retama monosperma fibers in building construction.

In the present study, the main objective is the modification of the mechanical behavior of gypsum
by Retama monosperma stem fibers. For this, we attempted to study the influence of proportion and
length of Retama monosperma stem fibers on the mechanical properties of plaster concretes.

2. Materials and Methods
2.1. Fibers

2.1.1. Fiber Extraction

For this step (Figure 1), a procedure based on the combination of chemical and physical treatments
was used [10].

[ Chemical Dissociation (NaOh 14%) ]
[ Physical dissociation (autoclaving) ]
[ Post-treatment (manual carding) ]

Figure 1. Fiber extraction procedure.
2.1.2. Location of Fibers within the Stem of Retama monosperma

Freehand cuts were made on freshly harvested stems of Retama monosperma, which were colored
with congo red and methyl green in order to reveal the different parts of the stem.

2.1.3. Biometric Study of Fibers

A biometric study requires the separation of elementary fibers from one another. This was carried
out according to the protocol of [11] by putting fragments of 1 cm of young stems in a solution of
hydrogen peroxide and acetic acid with equal volume, before putting them in the oven at 70 °C for
24 h. Once the fibers were separated, microscopic observations were made using a light microscope
with a micrometer incorporated in the eyepiece.

2.1.4. Mechanical Characterization of Fibers

The mechanical properties (tensile strength, elongation and the modulus of elasticity of the fibers)
were determined in accordance with standards NF EN ISO 5079(1996), under climatic conditions,
T=20+2°C, and a relative humidity, RH = 65 + 2%, using an Instron universal testing machine
equipped with a 250 N load sensor and two displacement transducers at a cross-head speed of
0.5 mm/min. Tests data were digitally recorded and the force/deformation curve was plotted.
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2.1.5. Density

The density of fibers was determined by using a pycnometer (Figure 2).

(b) (d)

Figure 2. Illustration of the different steps of the composite preparation (plaster/fiber): (a) first step,
(b) second step, (c) third step and (d) fourth step.

2.1.6. Thermogravimetric Analyses (TGA)

Thermogravimetric analyses (TGA) were carried out with an etaram TG/DTA 92 type device.
The initial mass of the sample was approximately 10 mg. The heating rate was adjusted to 10 °C/min,
with a temperature varying from 20 to 1000 °C.

2.1.7. Scanning Microscopy

A scanning electron microscope was used to examine the fibers’ surface topographies and the
section of fibers.

2.2. Plaster Concrete

The gypsum used comes from the Knauf factory of Oran in Algeria.
The steps of composite preparation:

1.  The powdered gypsum was mixed with water until a slurry was obtained, which was then spread
out in a mold.

2. Production of the composite by the gypsum fiber blend; the proportion of fibers in the composite
was 1%.

3. Finally, the surface of each plaster brick was smoothed to have a regular brick surface of 30 cm
length and 15 cm width.

4. Mechanical properties relate to flexural strength as well as compressive strength; the results were
obtained on MPa.

3. Results and Discussion
3.1. Fiber

3.1.1. Location of the Fibers at the Stems

The cross-section shows the distribution of fibers which go from the epidermis towards the
medulla, grouping in clusters between each crypt (Figure 3). While the subepidermal fibers are colored
green by methyl green, due to lignified walls, the fibers located in the direction of the phloem are
colored in pink by the Congo red, which means that this cellulosic fibers are not lignified yet.
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(b)

Figure 3. Cross-section in a stem of Retama monosperma. (a) Cross-section observed at (x100), FB: Fibers,
Ph: Phloem, Xy: Xylem, M: Marrow, Ch: chlorenchyma; (b) cross-section observed at (x400); the fibers
are indicated by arrows.

3.1.2. Fibers Extraction

Using the protocol of [10] allowed us to obtain an average fiber yield of 10.5% after manual
carding (Figure 4).

(b)

Figure 4. Retama monosperma stem fibers. (a) Before manual carding; (b) after manual carding.

3.1.3. Physical and Mechanical Properties of Retama monosperma Fibers

Table 1 shows the density and mechanical properties of natural plant fibers commonly used
in several sectors compared to Retama monosperma fibers. As can be seen from Table 1, the tensile
strengths as well as Young’s modulus of Retama monosperma are lower than other fibers mentioned in
this table. However, elasticity of Retama monosperma is 4.6% higher than other fibers. On the other hand,
the Retama monosperma fibers show an interesting density of 1.3 g/cm®. The lower density is interesting
where the weight of the structure needs to be reduced. Generally, the tensile strength and Young's
modulus of plant fibers increase with the increasing cellulose content of the fibers [15]. Additionally,
the structure and microfibrillar angle determine the overall properties of the fibers [16].

Table 1. Mechanical characteristics of some vegetable fibers [11-14].

Fibers Tensile Strength Elongation at Break Young’s Modulus Density
(MPa) (%) (GPa) (g/em®)
Retama 110 4647 133 13
monosperma
Flax 345-1035 1.3-3.3 27.6 15
Sisal 600 3 12 15
Jute 396-773 1.5-1.8 26.5 13
Hemp 690 1.6 30-60 1.15
Cotton 287-597 7-8 5.5-12.6 1.5-1.6
Raphia textilis 148-660 2 28-36 0.75
Raphia vinifera 500 4 12.3 -
Kenaf 700 3 55 -
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Plant fibers are more ductile if the fibrils have a spiral orientation to the fiber axis. Fibers are
inflexible, rigid, and have a high tensile strength if the fibrils are oriented parallel to the fiber axis [17].
However, the origin place and climatic conditions affect the physical-mechanical properties of natural
plant fibers. It is also important to note that natural plant fibers with poor mechanical properties may
be suitable for nonstructural applications [17].

3.1.4. Geometric Features Including Fiber Length and Width

The fibers extracted from the stems of Retama Monosperma have an average length of 155.7 mm
and a width of 0.116 mm. Each fiber is microscopically made up of several unitary fibers.

The Retama monosperma unitary fiber is 0.7 mm long and 20 pm wide. The comparison between
the morphometry of Retama nonosperma fibers and other fibers (Table 2) shows that the fibers of
Retama monosperma are small.

Table 2. Morphological structure of some natural fibers [18-22].

Single Fiber Retama monosperma Cotton Hemp Kenaf
Length, mm 0.7 15-56 40-250 1.5-11
Width, pum 20 12-25 16-126 12-36

The morphological characteristics of the fibers, length and width, are important factors for the
mechanical performance of fibers. In general, unitary fibers of short length give a fibrous bundle with
limited resistance to mechanical traction, because the small unitary fibers need many interfibrillary
bonds inside the fiber bundle compared to the long unitary fibers, which reduces the mechanical
resistance of the entire bundle.

Microscopic observations with SEM show the appearance of the fibrous bundles of
Retama monosperma (Figure 5a). The horizontal section of the fibers shows the presence of a triangular
lumen in the center of each unitary fiber of Retama monosperma (Figure 5b), which gives the fiber a heat
insulating capacity.

Figure 5. Observation of Retama monosperma fibers using an electron microscope. (a) Bundles of
fibers (x50,000); (b) horizontal section (x100,000).

3.1.5. Thermal Stability

The obtained results show the evolution of the loss of mass fibers as a function of the temperature.
In this study, the degradation of fibers started at a temperature of 66.57 °C, with an energy release
of 1.55 ] and a weight loss of 6.859% of the initial weight of the fibers (Table 3). The first mass loss
is linked to the evaporation of water trapped inside the fiber [23]. The degradation continued with
the increase in temperature until it reached its peak at the temperature of 312.40 °C where the weight
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loss was 53.195%. More than half of the mass of the fibers was lost at 312.40 °C. This loss is linked to
the cellulose mass loss; the numerous studies in the literature agree that cellulose degrades between
300 and 420 °C [24,25], while pectins and hemicelluloses degrade between 250 and 320 °C [24,25],
and also indicate that breaks in glycosidic bonds in cellulose also occur from 200 °C. With regard to
lignins, there remains a disagreement regarding their decomposition temperature which could be
explained by the complexity of their chemical structure. [26] defined a very wide temperature range
from 160 to 900 °C where the lignin degrades. The obtained results show a loss of 32.988% at 451 °C,
before a total degradation of fibers at 568.21 °C.

Table 3. Fibers” weight loss and energy released during the thermogravimetry test.

Temperature Energy Released Weight Loss (%)
66.57 1.55] 6.859%
312.40 38.64 ] 53.195%
451 35.18] 32.988%
568.21 6.29] 2.404%

3.2. Plaster Biocomposites Reinforced with Retama Monosperma Fibers

Use of natural fibers as a reinforcement in a cement matrix has also been practiced for making
low-cost building materials such as panels, claddings, roofing sheets and tiles, slabs and beams [27,28].
Sisal and coir are two of the most studied fibers, but bamboo, jute, hemp, reeds and grasses have also
been studied for making sheeting materials [29]. Many studies focused on natural fiber composite
reinforcement concluded that the tensile strength and modulus of the rupture of composites increased
up to a certain fiber length and volume fraction; further increase in fiber length or volume fraction
induce a considerable decrease in the composite strength. In this study, two parameters were taken into
account—the fibers’ lengths and their proportion in the plaster brick. Table 4 shows the obtained results.

Table 4. Mechanical properties of Retama monosperma fiber reinforced plaster composites.

Length (cm) Test Flexural Strength (MPa) Compressive Strength (MPa)
0 control 0.7 7.51
0.5 1.33 8.75
10 1 1.02 7.88
15 1.04 791
0.5 1.09 10.49
15 1 1.12 11.68
15 1.01 9.21
0.5 0.51 6.54
20 1 0.66 6.37
15 0.47 5.98

Mechanical tests carried out on plaster samples reinforced with Retama monosperma fibers reveal
that the fibers with a length of 15 cm and fraction of 1% gave the best performance in terms of the
flexural strength, with an average of 1.12 MPa, as well as the compressive strength which was 11.68 MPa.
According to these results, it is clearly noted that the flexural strength increases considerably with
dosage and length of fibers. A clear improvement for different lengths was seen for a dosage of 1%
fibers of 15 cm length, after which a loss of the flexural strength was recorded, owing to excess fibers and
a bad distribution of the fibers in the matrix, which increased the porosity of the material and reduced
the flexural strength. The plaster composite with a small amount of 0.5% Retama monosperma fiber has
shown an improvement in the mechanical properties of the composite, this is in agreement with the
results of [30] where it is reported that, even in small quantities, the behavior of the plaster changes.
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Other studies have been conducted on different fibers, such as coconut fibers—Djoudi et al. [31]
show that the best result is obtained with a volume fraction of 4% while Mathur [30] in a study on the
strengthening of plaster concrete with date palm fibers has found that a fraction of 1.5% gives the best
results in terms of tensile strength and bending. The length of the fibers and the optimal fraction in the
composite are two parameters that differ from one fiber to another depending on their morphology
and their chemical composition which are linked essentially to the organic fiber origin and of the plant
itself. In general, the properties of a composite material result from the combination of several factors:

(1) the length of the fibers;

(2) fiber architecture;
(3) the orientation of the fibers;
(4) the fiber-matrix interface.

4. Conclusions

One of the most widely used construction techniques is the use of fibers as a reinforcement in
building materials. In Algeria, imported oakum are currently used for the creation of false plaster
ceilings. Glass fibers and sisal are the most used reinforcements to date. Finding a replacement for the
imported oakum using natural resources and, in particular, the local flora is necessary. Using Retama
monosperma fibers as reinforcements for plaster is an objective which was demonstrated as being
possible in this study by the results obtained in terms of the mechanical properties of the composite
plaster/fiber. In order to guarantee the quality of the composite material produced, further research is
required to complete this pioneering study.
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Abstract: In structural engineering, strain and displacement are critical parameters, and measuring
these parameters outside of the laboratory is a challenge for concrete researchers. Recent advances
have enabled digital image correlation (DIC) to calculate the concrete surface displacements of chosen
targets in a series of images recorded during an experiment. This paper presents a comparison
between traditional and optical measurements to evaluate the efficiency of the DIC technique in
recording the deformations of reinforced concrete beams. Tests were perfomed on two small-scale
reinforced self-compacting concrete beams with small circular openings in 3-point bending.

Keywords: digital image correlation; self-compacting concrete; strain; displacement; beams with
openings

1. Introduction

Digital image correlation (DIC) is an optical high-resolution data acquisition method and a
viable alternative technique to mechanical laboratory measurements of reinforced concrete element
deformations. In the field of structural engineering, this technique is used for recording vertical and
horizontal displacements, evaluation of changes in strain and crack development. The DIC method
has the potential to become an efficient solution for field monitoring [1,2].

DIC uses mathematical correlation analysis to examine a digital image captured during a
mechanical test on a reinforced concrete element. The principle of the method is to compare an initial
reference image with a series of subsequent images of the element after deformation. With computer
software, the displacements of the points in the “deformed” images are calculated relative to the initial
“non-deformed” reference image [3]. Different areas, instead of just points, of the element can also be
addressed. As a result, an analysis of a full field deformation of the target area can be performed by
comparing the initial and final positions of its subareas [4,5]. Therefore, one of the main advantages of
using an image processing technique is the possibility to monitor the entire element and determine the
exact places where the destruction begins [6].

The provision of a small circular opening through a concrete beam changes the simple beam
behavior, producing discontinuity in the normal distribution of stresses, leading to early cracking
around the opening and reduction of the ultimate strength. In these types of beams, in some cases
the collapse is originated from shear stresses [7]. The ability to monitor strain development and crack
propagation near the opening can provide important information to prevent a sudden collapse.
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The main purpose of the study is to perform a comparison between traditional and optical
measurements in order to evaluate the efficiency of the DIC technique in recording the vertical
displacements, evaluation of changes in strain and crack development of reinforced concrete beams.

2. Materials and Methods

2.1. Materials

The materials used were: cement CEM 152.5 R, according to SR EN 197-1 [8]; fly ash originated
from Govora Power Station, Romania; limestone filler produced by Holcim Turda Grinding Plant,
Romania; natural aggregates with 16 mm maximum size; polyether carboxylates high range water
reducer (HRWR), Sika ViscoCrete 20 HE.

2.2. Mix Proportions

Two concrete compositions were designed. One concrete composition was designed with a high
volume of fly ash (SCC-CZ). The concrete class of the SCC-CZ composition was C50/60. The other
composition was designed with limestone filler addition (SCC-FC), developing a concrete class of
C55/67. The mix proportions are detailed in Table 1.

Table 1. Mix proportions of self-consolidating concrete compositions.

Material scc-cz!t SCC-FC 2
Cement CEM I52.5R (kg/m?) 350 410
Fly ash (kg/m?) 220 0
Limestone filler (kg/m?) 0 160
Water (I/m3) 220 150
HRWA (I/m®) 14 13
Total aggregates (kg/m®) 1550 1550
Sand 0/4 (kg/m>) 930 930
Gravel 4/8 (kg/m?) 310 310
Gravel 8/16 (kg/m3) 310 310
Cement replacement by mineral addition (%) 63 39

1 Self-consolidating concrete with fly ash addition; ? Self-consolidating concrete with limestone filler addition.

2.3. Test Specimens

The experimental program analyzed the flexural and shear behavior of two reinforced
self-compacting concrete beams with small circular openings with fly ash addition and limestone filler
addition, exposed to 100 freeze—thaw cycles. The beams were 1.20 m long with two 75 mm diameter
circular openings. The beams had the same cross-sections and reinforcement detailing (Figure 1).

Section a-a

1.20
30 60 30
24 12 48 12 24 12
- WP 206
| | e
N 7 _~o Stirrup $6/6
312

Figure 1. Reinforcement detailing of the beams.
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2.4. Experimental Methods

The beams were cured for 90 days in laboratory conditions (RH = 65 + 5% and T = 20 + 2 °C) and
then exposed to 100 freeze-thaw cycles (17 days). At the end of the exposure time, the beams were
subjected to a 3-point bending test. The beams were tested with a 300 ton hydraulic press and loaded
with one concentrated load. The load was gradually applied in 5 kN incremental steps until failure.
Cracks at each load increment were marked and mapped (Figure 2).

Figure 2. Marking and mapping cracks.

The concrete strain values at mid-span were measured using strain gauges with a 0.001 mm
accuracy (Figure 3a). To measure the mid-span deflection, we used an LVDT (Linear Variable Differential
Transformer) displacement transducer connected to a data acquisition system (Spider 8 basic device
with 4.8 kHz carrier-frequency technology). The sensor type used was WA 300 mm.

(b)

Figure 3. Equipment for beams. (a) The set-up of the mechanical gauges and displacement transducer.
(b) The equipment required to apply the optical method (DIC).

Half of each beam was analyzed with the DIC method. The equipment required to apply the
optical method (DIC) consisted of a high-resolution digital camera (NIKON D3100, 14.2-megapixel
DX format DSLR Nikon F-mount camera, AF-S DX NIKKOR 18-55mm {/3.5-5.6G VR lens, made in
Thailand), computer software for image analysis (GOM Correlate 2016, developed by GOM Metrology,
Braunschweig, Germany), white and black paint, and a light source (Figure 3b).

For the success of optical measurements, a good speckle pattern is essential (Figure 4). For this
purpose, a thin layer of white paint (washable paint) was applied on half of the beam surface. When the
white paint dried, we applied black matte spray paint (alkyd paint).
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Figure 4. Speckle pattern on the surface of the analyzed area.

The camera was fixed on a tripod with its axis normal to the area of interest. External lighting
was directed toward the region of interest to enhance the images. Before starting the test, a reference
picture was taken (non-deformed image). While the specimen was subjected to the test, consecutive
images were taken (deformed images) until the failure of the beam. The images were analyzed with
GOM Correlate 2016 software.

3. Results and Discussion

3.1. Load-Deflection Behavior

The moment-deflection curves of the fly ash beam (GR-3-CZ) and the limestone beam (GR-3-FC)
are presented in Figure 5. Interpretation of results consisted of comparing the moment-deflection
response of each beam according to the mechanical and optical method. In performing a comparison
between the two methods used to record the displacement measurements, we noticed some differences.
The mid-span deflection of the fly ash beam recorded with the DIC method was around 10% higher
than the deflection recorded with the mechanical method. For the limestone beam, the increase
was up to 25%. Joshi et al. (2018) performed a comparison between the load-deflection response of
steel-fiber-reinforced prestressed concrete beams using DIC analysis and a conventional linear variable
transducer. The authors concluded that the results from the DIC analysis showed a close agreement
with the mechanical measurements [9].

Moment (kNm)

0 2 4 6 8 10 12 14 16
Deflection (mm)
—— GR-3-CZ (Mechanical) GR-3-CZ (Optic)
----- GR-3-FC (Mechanical) ----- GR-3-FC (Optic)

Figure 5. Moment-deflection curves according to mechanical and optical method.
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A comparison was also performed in order to analyze the influence of using high-volume fly ash
addition on the behavior of reinforced concrete beams with web openings exposed to freeze-thaw
cycles. The fly ash beam (GR-3-CZ) exhibited a lower ductility and ultimate strength compared
with the limestone beam (GR-3-FC) because, as other researchers concluded, the increase in the
strength of concrete improves the general behavior of beams with small circular openings [10]. As well,
other studies confirmed that dosages higher than 35% of fly ash decrease the compressive and
mechanical strength of concrete [11,12].

The vertical displacements analyzed with GOM Correlate 2016 software are presented in Figures 6
and 7. The vertical displacement of Point 5 describes the mid-span deflection of the analyzed beams
using the DIC method.

32

olntl Point 5
¥ 1 48,182 mm 53
R !
b 4 Point 6
oY +5.476 mm

-!AIAI alignment ¢

| n_m'l 1 1 1 1 L 1 1 1 1 1 1 1 1 1
2 862 L4 & & 04 I Mds 20 2 20N N D

Figure 6. Vertical displacements of the fly ash beam (GR-3-CZ) analyzed with GOM Correlate.
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Figure 7. Vertical displacements of the limestone beam (GR-3-FC) analyzed with GOM Correlate.
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3.2. Strain Distribution

To investigate the flexural behavior of SCC beams we analyzed the experimental strain distribution
at mid-span section (Figures 8 and 9). For the fly ash beam (GR-3-CZ), the concrete strain at the top of
the beam at failure was less than the crushing strain of concrete (3.5%o), the prescript value according
to Eurocode 2 [13]. The limestone beam (GR-3-FC) recorded higher concrete strains at the top of the
beam at the time of failure, exceeding the crushing strain of concrete. Strains in the longitudinal bars
were higher than the yielding strain of 2.615%o. (experimentally measured), indicating that longitudinal
reinforcement yielded before the time of failure. Associating the ultimate strains in the longitudinal
bars and the post-peak behavior shown in the load-deflection curves, it could be observed the ductile
nature of the limestone beam. Similar results were obtained for beams containing pozzolanic fly ash,
showing a less ductile behavior when compared to other beams with different mineral additions [14].

Fly ash beam GR-3-CZ

train £ %o
A & o
60 55 50 -45 A0 A5 -30 5 15
E H
=~ Ultimate
F 2 strains
Bi e optical
g (optical)
X
=
= =0
£ Ultimate
g strains
-] (mechanical)
X -
Longitudinal reinforcement 20
k4

Figure 8. Experimental strains distribution at mid-span section according to mechanical and optical
methods for fly ash beam (GR-3-CZ).
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Figure 9. Experimental strains distribution at mid-span section according to mechanical and optical
methods for limestone beam (GR-3-FC).
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In the case of concrete strains at the top of the beam, the results obtained using the DIC
technique were comparable with the conventional extensometer. The ultimate strains in the longitudinal
reinforcement, measured with the DIC method, were around 70% lower, compared with the strains
measured with strain gauges. The differences between the values obtained from the two measurement
methods could be due to the imprecise location of the analyzed point at mid-span section. The 2D
camera used to capture the images can also bring errors in the correlation, like distortion of the lens,
as other researchers concluded [3,15]. On the other hand, Marcinczak et al. (2019) considered that the
DIC method is a good alternative to strain gauges, allowing to determine the most stressed places
of the element. Moreover, when using strain gauges, deformations of the element are difficult to
clearly analyze because the strain gauge is in a specific, limited place and tends to break at the place of
failure crack [6].

The strains measured with the DIC method and analyzed with GOM Correlate 2016 software are
presented in Figures 10 and 11.
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Figure 10. Experimental strains measured using the digital image correlation technique for fly ash
beam (GR-3-CZ).
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Figure 11. Experimental strains measured using the digital image correlation technique for limestone

beam (GR-3-FC).

3.3. Cracking Pattern

To provide a comparison between the automated crack mapping obtained with the DIC method
and the hand-drawn crack mapping, the longitudinal strain filed from the front face of the beam
(left half) and the hand-drawn cracks at ultimate load (right half) are presented in Figures 12 and 13.

GR-3-CZ

\\&\\

FATRNRNA

Figure 12. Cracking pattern at ultimate load for the fly ash beam (GR-3-CZ).
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S GR-3-FC

Figure 13. Cracking pattern at ultimate load for the limestone beam (GR-3-FC).

Both methods indicated that the first crack was a flexural crack and the fourth one was the first
shear crack for both tested beams. The beams underwent beam type shear failure, having a ductile
flexural behavior up to the ultimate load. As Tambusay et al. (2018) concluded, the longitudinal strain
fields obtained from the DIC system are shown to compare well with hand-drawn crack maps [16].

4. Conclusions

The current study presents a comparison between traditional and optical measurements to evaluate
the efficiency of the DIC technique in recording the vertical displacements, evaluation of changes in
strain and crack development of reinforced concrete beams. A comparison was also performed in
order to analyze the influence of using high-volume fly ash addition on the behavior of reinforced
concrete beams with web openings, exposed to freeze—thaw cycles.

Local materials were utilized to create a high-volume fly ash self-compacting concrete with a 63%
cement replacement, applicable for the precast industry. For comparison, a similar self-compacting
concrete was developed, but with the traditional limestone instead of fly ash.

Analyzing the general behavior of the tested beams, the fly ash beam exhibited a lower ductility
and ultimate strength compared with the limestone beam because the increase in the strength of
concrete improves the behavior of beams with small circular openings. Freezing and thawing dry
cycles without de-icing salts did not majorly affect the self-compacted reinforced concrete beams.

Performing a comparison between the two methods used to record the displacement measurements,
the mid-span deflection recorded with the DIC method was up to 25% higher than the deflection
recorded with the traditional method.

In the case of concrete strains at the top of the beam, the results obtained using the DIC technique
were comparable with the strain gauge measurements, but the ultimate strains in the longitudinal
reinforcement, measured with the DIC method, were 70% lower.

The cause of the different values obtained from the two measurement methods could be due to
the imprecise location of the analyzed point at mid-span section or the camera used to capture the
images, which can bring errors in the correlation, like distortion of the lens.

The authors presented and verified a practical technique for utilizing digital image correlation to
measure strain and displacement on a reinforced self-compacted concrete beam with circular openings.
The experimental study gives useful information to create a non-contact measurement system that can
provide information for field monitoring, but further studies are required to improve the correlation
between the traditional and digital measurements.
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Abstract: Current research and development policies in the field of building materials, in the context
of sustainable development, have the main objectives of increasing the safety and performance of the
built environment at the same time as reducing pollution and its negative impact. Today, the idea that
the sustainable city of the future should meet human needs and maintain a higher quality of life is
worldwide unanimously accepted. The aim of this paper is to present results regarding the production
of alkali-activated fly ash-based geopolymer concrete, a new, alternative material, produced using
local available raw materials from Romania.

Keywords: fly ash; alkali-activation; geopolymer materials; sustainable development;
advanced materials

1. Introduction

Both circular economy and sustainable development are concepts that focus on resource efficiency,
which implies a complex waste management process with a high degree of recycling and recovery.
Designing resilient, sustainable buildings, by using recycled materials that can replace some or all of the
cement, leads to the development of a sustainable, low-carbon economy. Production of large volumes
of cement/concrete is directly associated with environmental problems—cement production being
responsible for about 5-8% of the total carbon dioxide emissions [1,2], therefore, awareness towards
the possible production of alternative materials is rising. Demand for concrete, hence for cement,
is constantly growing, especially in highly developed countries [3,4], which means that alternative
binders are urgently needed to meet the needs of millions of people, without compromising the CO,
levels of the atmosphere.

With the best available technologies for the production of Portland cement, industry estimates
that currently, CO, emissions resulting from its production could decrease by a maximum of 17% (even
through the use of alternative fuels, optimizing the amount of cement in concrete, recycling, etc.) [5].
As the population needs for energy continue to increase, it will lead, at global level, to an increase in
the production of fly ash as by-product from the energy industry [4,6].

When partially used in the production of concrete, together with Portland cement, fly ash reacts
with calcium hydroxide during the moisturizing process, in the presence of water. The use of materials
derived from industrial by-products on a larger scale in the manufacture of concrete, has increased
with the development and the increasing demand of producing special concrete (i.e., self-compacting
concrete, high-strength concrete, high performance concrete, self-healing concrete) [7-10].
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Studies shown that the large amount of fly ash resulting from the energy industry in Romania can
create new opportunities to use this waste as a substitute for Portland cement in the production of new
materials [11]. The alkaline activation of the fly ash as raw material represents a procedure able to
generate its solidification when mixing it with a certain type of alkaline activator and creating a new
binding material. When incorporating aggregates, new building materials could be obtained, as an
alternative to traditional concrete and cement-based composites [12-14].

For a material used in the construction industry, mechanical behavior is a basic property,
which makes it optimal for a specific application. Since geopolymer materials are a novelty in this area,
and most of the studies are presented on a case-by-case situation, compressive strength is an important
factor. The mechanical behavior of geopolymers varies depending on the used materials and the
production methods they are subjected to [15]. In order to obtain a geopolymer material with a good
compressive strength, the type and the molar ratios of the oxides in the source material, the pH of the
alkaline solution, and the solubility of the source material in alkaline activator should be particularly
taken into account [3,6,11,16].

It has been shown that the compressive strength of the alkali-activated geopolymer materials
increases, in general, with the increase in the concentration of the specific alkaline activators [17-19].
A higher concentration of the NaOH solution may produce stronger Si-O-Si bonds and improve
the dissolution of source materials in the presence of the activators [17,19,20]. The optimal alkaline
concentration also varies by a large number of conditions and factors that must be taken into account
in the mix-design.

The properties of alkali-activated geopolymer materials depend mainly on the important factors
that could affect the development of this type of material and include: The characteristics of constituent
materials, alkaline activators, heat treatment regimes, etc. It is obvious that, due to the multitude of
factors that could influence the geopolymerization reaction, the specificity and conditions met for each
proposed mixture generate case-by-case characteristics. However, in most cases, studies have shown
that the properties of geopolymer materials were similar or even better than those of ordinary Portland
cement concrete, when similar tests underwent [4,11,21,22].

Based on preliminary results obtained on alkali-activated geopolymer paste by using Romanian
local raw materials [11,23], the aim of this paper is to present results regarding the production of
alkali-activated fly ash-based geopolymer concrete, a new, alternative material, produced by using
local available raw materials from Romania and to study the parameters that affect the mechanical
properties of the material.

2. Materials and Methods

Worldwide, research on alkali-activated geopolymer materials exists, but their production differs
greatly, due to factors that mainly influence this type of material. Alkali-activated geopolymer concrete
mixtures were developed based on studying the literature and starting from a rigorous selection of
source components that will be used to produce this type of material. By choosing relevant research
in the literature, the preliminary mixtures were produced based on the variation of the parameters
influencing them, from the point of view of the specific ratios, as well as their chemical composition.
The evolution of the geopolymer concrete mix design was developed based on the observations
collected in the experimental research and initial practical assessments, the fresh state appearance and
the performance of the materials at a certain time. By modifying the variables and ratios of materials
used in the production of geopolymer paste (alkaline liquid to fly ash ratio, molar concentration of the
NaOH solution, NaSiO3/NaOH ratio), several necessary data were obtained on the parameters that
influence this type of material [11,23].

2.1. Fly Ash as Raw Material

Fly ash (FA) is the by-product obtained by electrostatic or mechanical precipitation of the pulverized
particles resulting from the coal-fired combustion gases of the furnaces in power plants. As a fine
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powder, consisting mainly of spherical shaped glass particles [24], some certain characteristics show
significant differences when coming to their chemical composition. The high variation of the chemical
composition, leading to different performance when it is used as binding material for producing
alkali-activated fly ash-based materials and represents an essential aspect for the general development
of the concept [11,23,24].

In order to study the transition from alkali-activated geopolymer paste to geopolymer concrete,
low-calcium fly ash from a Romanian power plant was used in this study, focused on the development
and the comparative analyses of the mechanical properties of the material [11]. Its chemical properties
are presented in Table 1.

Table 1. Chemical composition of fly ash used in the production of alkali-activated geopolymer
materials, measured by X-ray fluorescence [wt.%].

Oxide Si02 A1203 F9203 CaO MgO 503 NaZO P205 Ti02 anO3 L.O.I
FA 54.32 22.04 9.02 5.85 2.48 0.20 0.54 0.16 0.86 0.06 3.05

It can be seen from Table 1 that the fly used in the current study has low L.O.I. values, which means
that it has low carbon content. As well, the Si/Al molar ratio of the fly ash batch is approximately
2, which makes it suitable for the production of alkali-activated geopolymer materials, due to the
Si-O-Al-Si bonds that could be developed further in the mixture [25].

2.2. Alkaline Activator

The alkaline activator used for this experimental study was a combination of sodium hydroxide
solution (NaOH) and sodium silicate solution (NaySiO3). The sodium silicate solution was purchased
from the local market with the following chemical composition: SiO; = 30%, Na,O = 14% and H,O
=5 6%. Two types of sodium hydroxide solutions were prepared by dissolving NaOH flakes (98%
purity-SH1) and NaOH pearls (99% purity-SH2) into water until the desired concentration of the
solution was achieved (8 M and 10 M).

2.3. Aggregates

Natural aggregates, granular class 0/4 mm (S) and 4/8 mm (CA), (sand and coarse aggregate) were
used for the production of the alkali-activated geopolymer concrete.

2.4. Preliminary Design of Alkali-Activated Fly Ash-Based Geopolymer Concrete

Geopolymer concrete mixtures were developed based on studying the literature and starting
from a rigorous selection of source materials that will be used to produce this type of material.
The preliminary mixtures were produced based on the variation of the parameters influencing them,
from the point of view of the specific ratios, as well as their chemical composition. The evolution of the
geopolymer concrete mix design (Table 2) was developed based on the observations collected in the
experimental research and initial practical assessments, the fresh state appearance and the performance
of the materials at a certain time [11]. The raw materials (fly ash and aggregates) were conditioned at
(20 % 2) °C, until constant mass was reached. The alkaline activator (Na;SiO3 and NaOH solutions)
was prepared 24 h prior mixing. The mixing technology for the production of the AAGC samples
included the following sequences (Figure 1): The sand (0/4 mm) and the coarse aggregates (4/8 mm)
were mixed homogenously for 30 s; the established amount of fly ash was then added and the raw
materials (fly ash + aggregates) were mixed together for another 30 s; the alkaline activator was added
during 90 s over the homogenous mixture; after adding the total alkaline activator quantity, the mixing
was continued at low speed for 3 min. During the entire mixing process, the workability of the mixture
has been observed. The samples were then placed in 40 mm X 40 mm X 160 mm molds and heat cured
at 70 °C for 24 h. A glass film was placed on top of every mold in order to prevent excessive water
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release from the mixtures; after demolding, the specimens were stored in the climatic chamber at the
temperature T (20 + 1) °C and relative humidity RH (60 + 5)%.

Table 2. Alkali-activated geopolymer concrete mix-design (wt.%).

AA/FA  Fly Ash  NaySiO3/NaOH  NaySiO3 NaOH NaOH Molarity S 0/4 mm CA 4/8 mm

1.0 0.25 0.25
15 0.30 0.20

1.0 1.0 20 033 017 8M 0.5 0.5
2.5 0.36 0.14
1.0 0.25 0.25
15 0.30 0.20

1.0 1.0 20 033 017 10M 0.5 0.5
2.5 0.36 0.14

(8 (h)

Figure 1. Alkali-activated fly ash-based geopolymer concrete: (a) Fly ash; (b) Coarse aggregate—granular
class 4/8 mm (CA); (c) Sand-granular class 0/4 mm (S); (d) Mixing of the aggregates; (e) Mixing of the
raw materials (FA + aggregates); (f) Final mixing sequence; (g) Casting of the mixtures; (h) Geopolymer
concrete samples after demolding.

2.5. Testing Methods

All the tests performed on the alkali-activated geopolymer samples were conducted at the age
of 7 days. The flexural and compressive strength testing of the alkali-activated geopolymer concrete
samples were performed using three prismatic specimens for each type of alkali-activated fly ash-based
geopolymer mixtures; the mean value of the results was considered relevant for the data interpretation.
The testing method was in accordance to EN 196-1 [26]. Early age testing at 7 days was considered
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relevant for the comparative evaluation, as previously experiments proved that generally, the fly
ash-based geopolymer binder reached most of its compressive potential by this age [11,23,24].

3. Results and Discussions

In order to study the physico-mechanical parameters, the grouping of the alkali-activated fly
ash-based geopolymer concrete mixtures was made according to the type of raw materials used and is
symbolized as follows: AAGC FA SHx yM SS, where AAGC-Alkali-Activated Geopolymer Concrete;
FA-fly ash-based; SHx—type of sodium hydroxide solution; yM-molarity of the sodium hydroxide
solution; SS—sodium silicate solution.

3.1. AAGC Fresh-State Properties

The general observation was that when the Na,5i03/NaOH solution ratio increased, the workability
of the mixtures also increased. Instead, the functionality of the mixtures with NaOH solution 10 M
was considerably lower than those using 8 M NaOH solution. The high content of NaOH solids
in the solution directly affects the workability of the mixes. This does not mean that NaOH is the
only parameter affecting the functionality of the fresh fly ash-based geopolymer material; however,
it is of great importance. Another important observation during the preparation of the samples
concerned their behavior during and after mixing. For the apparently dry mixtures, the ones with
high Na;SiO3/NaOH ratios, at the beginning of the mixing, the material was not homogenous and the
sample seemed to be an almost completely dry mixture. However, a significant aspect of these dry
mixtures was that, by vibrations induced by a jolting table for compacting the samples, the mixtures
formed a continuous and cohesive mixture.

3.2. AAGC Hardened-State Apparent Density

The apparent density of the derived AAGC mixtures was carried out in accordance with the
standard EN 12390-7 [27] at the age of 7 days. The results obtained are presented in Figure 2.

1800
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Z
g 1200 | SH18M
a [ A
gé 1000 | mSH2 8M
@ p
Ef- 800 SH1 10M
S 600 W SH2 10M
a00
200
0 L L -
1 15 2 25

Na,SiOs/NaOH
Figure 2. AAGC hardened-state apparent density.

Selection of the appropriate binder to aggregate ratio helps to ensure the proper workability
and the performance characteristics of the hardened geopolymer material. As presented in Figure 2,
the average values of geopolymer concrete apparent density are in the range between 1690 kg/m? and
1720 kg/m3 for all the Na,SiO3/NaOH ratios, for both NaOH solution concentrations and for both
NaOH types.
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3.3. AAGC Mechanical Properties

The flexural strength, respectively the compressive strength, of the derived AAGC mixtures was
carried out in accordance with the standard EN 196-1 [26]. The test age of the specimens was 7 days,
as it has been shown that, due to the heat treatment to which the mixtures are subjected, they reach
mechanical properties at young ages [11,23,24]. The results obtained are presented in Table 3.

Table 3. Alkali-activated geopolymer concrete mix-design (wt.%).

. . Flexural Strength Compressive Strength
Mixture Na;Si03/NaOH (MPa) (MPa)
1.0 29 15.8
15 30 17.7
AAGC FA SH1 8 M SS 20 37 189
25 42 20.3
1.0 3.0 16.9
1.5 3.2 18.9
AAGCFA SH1 10 M SS 20 39 21.8
25 44 24.3
1.0 2.8 16.2
15 3.1 17.9
AAGC FA SH28M SS 2.0 3.8 19.2
25 41 20.5
1.0 3.1 17.6
15 3.8 19.6
AAGC FA SH210 M SS 20 3.8 22,4
25 4.2 24.7

3.4. Influence of the Alkaline Activator on the Mechanical Properties

The alkaline activator plays a vital role in initiating the geopolymerisation process. Generally,
a strong alkaline environment is required to increase the surface hydrolysis of the aluminosilicate
particles present in the raw material, while the concentration of the chemical activator has a pronounced
effect on the mechanical properties of geopolymers [28]. Results regarding the influence of the alkaline
activator on the mechanical properties of the geopolymer concrete, in terms of NaOH solution type
and concentration, but also in terms of Na;SiO3/NaOH ratio, are presented in Figure 3.

AAGC FA SH1 S e
25 su:
g ;
g 2 20
8
g 157 uSH18M 15 uSH28M
; — mSH110M -  SH2 10M
& 10 10
&
s 4
K] 5
0 3 d 5 4 ___am____J A
1 15 2 25 1 15 2 25
Na,Si0y/NaOH Na,;Si0,/NaOH
(a) (b)

Figure 3. Influence of the alkaline activator on the compressive strength of the alkali-activated
geopolymer concrete: (a) AAGC FA SH1 SS mixtures; (b) AAGC FA SH2 SS mixtures.

From the results obtained and presented in Table 3 and Figure 3, it can be seen that the compressive
strength of the alkali-activated geopolymer concrete increased as the concentration of the NaOH
solution increased, from 8 M to 10 M. In the case of AAGC FA SH1 SS mixtures, the increase in the
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compressive strength of the samples, as the molar concentration of the NaOH solution increased
was between 7% (for mixtures with Na,SiO3/NaOH ratio of 1.0 and 1.5) and 20% (for mixtures with
Nay5i03/NaOH ratio of 2.5). For AAGC FA SH2 SS mixtures, the increase in the compressive strength
was between 9% (for mixtures with Na,SiO3/NaOH ratio of 1.0 and 1.5) and 21% (for mixtures with
Na,SiO3/NaOH ratio of 2.5).

Results also show that the type of sodium hydroxide (NaOH) did not have a major influence on
the final compressive strength of the alkali-activated geopolymer concrete mixtures. To the extent
that their purity is comparable, the results are similar, with less than 1.5% for all the Na,SiO3/NaOH
ratios, and they fall under the measurement uncertainty. One of the reasons users could choose a lower
purity of sodium hydroxide might be the economic ones, with a lower purity sodium hydroxide being
cheaper than a higher purity one.

As an influencing parameter of the mechanical properties of the alkali-activated geopolymer
materials, the Na;SiO3/NaOH ratio, the results show that, as the ratio increases, the compressive
strength of the AAGC mixtures increased. This is corroborated with the fact that, although the
workability of the mixtures was lower, their mechanical properties increased. The result regarding the
evaluation of the influence that this parameter has on the mechanical properties of the AAGC mixtures
is presented in Figure 4.

Compressive strength percentage increase Compressive strength percentage increase
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Figure 4. Na;S5iO3/NaOH ratio influence on the compressive strength of the alkali-activated geopolymer
concrete: (a) AAGC FA SH1 8 M SS mixtures; (b) AAGC FA SH2 8 M SS mixtures; (¢) AAGC FA SH1
10 M SS mixtures; (d) AAGC FA SH2 10 M SS mixtures.

For all AAGC analyzed mixtures it can be seen that, for a Na,SiO3/NaOH ratio of 2.5, the highest
compressive strength values are obtained with a percentage increase of 26-28% for AAGC FA 8 M SS
mixtures and 40-44% for AAGC FA 10 M SS mixtures. The increase of the compressive strength of the
samples can also be observed from the point of view of molar concentration of the NaOH solution.
Results show that the increase in the compressive strength behavior is identical for a similar molar
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concentration of the NaOH solution. This remark is corroborated with previous statements that have
shown that, since purity of the NaOH used to produce the solution is comparable, not only the increase
in the compressive strength is similar, but also the behavior in the increase of this parameter is similar.

4. Conclusions

The aim of the current experimental research was to analyze the development of alkali-activated
geopolymer materials produced by using raw materials from Romania and to study the parameters
influencing the mechanical properties of the material, namely, the compressive strength. By using the
same fly ash as raw material, by keeping the alkaline activator to fly ash mixing ratio constant and
varying the Na;SiO3; to NaOH solution ratio and also the NaOH solution concentration, the effect of
the two main parameters on the compressive strength of the alkali-activated fly ash-based geopolymer
binder could be studied.

The results obtained regarding the influence of the sodium silicate solution to sodium hydroxide
solution ratio (NapSiO3/NaOH) highlight the importance of this parameter regarding the final results
of the compressive strength of the alkali-activated fly ash-based geopolymer concrete. The evolution
of the compressive strength values for the analyzed mixtures, at the age of 7 days, is different and,
as this ratio increased, the values of the mechanical properties of the material also increased. For all
AAGC mixtures that were analyzed, it can be seen that, for a Na,SiO3/NaOH ratio of 2.5, the highest
values for the compressive strength were obtained.

Presented results also show that for the development of alkali-activated fly ash-based geopolymer
materials, the influence of the sodium hydroxide solution concentration is a very important
parameter, not only in the geopolymerization process, but also in the mechanical properties of
the material. The solubility of fly ash increased as the concentration of the NaOH solution increased,
therefore generating a denser material, with higher compressive strength results of the samples.

The workability of the mixtures was also assessed, considering the variation of the two studied
parameters that influence the AAGC samples. Thus, it can be seen a clear interdependence between
the variation of the workability and compressive strength of the mixtures. As the Na;SiO3/NaOH
solution ratio increased, the workability of the mixtures also increased. Instead, the functionality of
the mixtures with NaOH solution 10 M was considerably lower than those of 8 M NaOH solution,
which, in the case of the compressive strength values, can be considered inversely proportional (higher
ratio-lower workability-higher compressive strength).

As geopolymer concrete materials start to become more desirable in comparison to traditional OPC
materials, both due to economic and ecological drivers and their demonstrated increased mechanical
performances, the initial and long-term properties of these materials must be well understood, so they
could be properly designed in order to obtain the effective mechanical properties. Results presented
in the current paper emphasize that the specific evaluated parameters which could influence the
compressive strength of the geopolymer materials, have an important effect on the behavior of
the material.

Further studies will be performed using different types of raw materials and alkaline activators,
in order to confirm the present conclusion. Furthermore, research regarding the viability of the material,
through the optimization of the mixtures, will be carried out, thus opening up new opportunities for
the development of this type of material in the future.
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Abstract: All industries produce wastes or byproducts, and if those are not properly managed,
they will cause adverse effects on the environment. As the need for steel increases globally, waste from
steel processing will also increase. Hazardous waste from steel processing is produced in the form
of a coarse, dense aggregate, called steel slag. The aim of this paper is to present the possibility
of using steel slag/blast furnace slag in the production of geopolymer concrete and to present the
relevant results regarding the influence of this industrial byproduct on the mechanical properties of
Geopolymer materials.

Keywords: geopolymer binders; industrial byproducts; sustainable development

1. Introduction

Industrial wastes generated by the various industries are a global problem with multiple social,
financial and environmental effects. The efficient recycling of wastes and industrial byproducts is
more than necessary in order to mitigate their negative effects, to reduce the consumption of other
raw materials and to minimize at much as possible greenhouse gas emissions. Construction and
demolition waste, fly ash, furnace/steel slag and mining waste can be recycled for reuse and to
produce new, innovative materials in the civil engineering industry. Cement production raises major
problems around the world through CO, pollution of the atmosphere. Cement production is considered
to have a global pollution share of 5-8% by total emissions of CO, released into the atmosphere.

To reduce the high amount of carbon dioxide emissions released into the atmosphere during
the production of Portland cement, alternative materials such as alkali-activated composites,
or geopolymers, could provide a sustainable and durable approach. The most used raw materials in
the production of alkali-activated geopolymer materials are fly ash and furnace/steel slag. Given the
fact that the industries that produce these types of wastes are constantly growing, using these materials
as raw materials offers the premises for producing alternative materials. As the need for steel increases
globally, the waste produced by the steel processing industry will also increase. Hazardous waste from
steel processing is produced in the form of a coarse, dense aggregate, called steel slag [1].

In 1999, Palomo proposed the possibility of activating puzzolanic materials such as furnace slag
and fly ash “using alkaline liquids, to form a binder and completely replace the use of Portland
cement in the production of concrete” [2]. Geopolymer concrete, known as alkali-activated cement [3],
inorganic polymer concrete [4] or geocement [5], has emerged as an innovative way of new engineering
materials, entirely replacing traditional Portland cement. In order to successfully produce geopolymer
materials, the raw materials used in their production have to be rich in silicon (Si) and aluminum (Al).

Proceedings 2020, 63, 30; doi:10.3390/proceedings2020063030 107 www.mdpi.com/journal/proceedings



Proceedings 2020, 63, 30

Due to the chemical composition of the raw materials, geopolymers incorporating significant amounts
of calcium-rich materials, such as slag, for example, may have different properties than those based
only on low-calcium fly ash.

The industrial use of waste in the production of geopolymer concrete will not only have economic
and environmental benefits but will also solve the problems associated with the removal of large
amounts of waste materials, such as coal-fired power plant ash and slag from the production
of metals, which otherwise could endanger the environment. Using different types of slag to produce
alkali-activated geopolymer biners is important not only for saving metal resources but also for
protecting the environment.

The aim of this paper is to present the relevant results from the literature on the influence of the
use of this industrial byproduct on the mechanical properties of geopolymer materials and also the
possibility of using steel slag/blast furnace slag in the production of geopolymer concrete, without the
use of Portland cement. Studying the mechanisms that affect the properties of geopolymer materials,
such as raw materials, mix-design ratio, testing procedures, etc., represents the current methodology of
this study.

2. Results and Discussions

Slag is a byproduct obtained during the manufacture of cast iron and steel. Various slags
are produced as byproducts in metallurgical processes or as residues in incineration processes [6].
Blast Furnace Slag (BFS) is a non-metallic (oxidic) byproduct, resulting from the process of obtaining cast
iron in furnaces, where the melting of iron mixed with coke and fondants (for example dolomite) takes
place [7]. In the furnace crucible, cast iron is obtained at the bottom and slag at the top. The emission of
steel slag makes up 13-20% of steel production [8]. Steel Slag (SS) results from the process of obtaining
steel by different processes: Martin furnace, converter, electric furnace. Ground Granulated Blast
Furnace Slag (GGBFS) is a fine granular material, resulting from the cooling of the blast furnace in a lot
of water. GBBS has a high hydraulic activity potential and can be easily used in the preparation of
geopolymer materials [9-11].

This industrial waste contains calcium, magnesium, manganese and aluminum silicates in various
combinations along with iron oxide. The major difference between blast furnace slag and steel slag
is the iron content [6-8]. For blast furnace slag, the FeO content is about 0.5%, while in the case of
steel slag, the total iron content varies from 16 to 23% [12]. Chemical composition is an important
parameter when producing alkali-activated materials. Depending on the raw materials used in the
metallurgical industry, slag composition could vary drastically. These differences in raw materials lead
to differences in how slag responds to alkaline activation [13,14].

In the case of slag blended systems, the geopolymerization reaction rate generally increases with
higher amounts of slag and at higher activator amounts [15-17]. Although the good properties of
alkali-activated slag-based geopolymer materials have been demonstrated, when using these types
of blended systems, several parameters, such as workability, including relatively rapid slump loss,
could become a major concern [8,15,16].

According to Shi Qian [18], the principle of alkali-activation of furnace slag has been known
since the 1940s, when Purdon published several studies regarding the use of this raw material in the
production of alkali-activated geopolymer [19]. However, it was only in the 1960s that systematic
exploratory studies on this topic were conducted, especially by Gluhovsky and Pakhovmov. Industrial
applications include 9-storey buildings (~1960), 20-storey buildings (~1987), sewer pipes (~1966),
irrigation canals (~1962), road sidewalk (~1984), railway sleepers (~1989) as well as fire doors
(~2000) [20].

Most of the research regarding the use of slag in the production of alkali-activated geopolymer
material refer to fly ash-blast furnace slag/steel slag blended systems in various mixtures, with or
without heat treatment [15-17]. Moreover, research includes most of the time results regarding
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compressive strength under conditions of chemical attack (sulfuric acid, sodium sulfate and sodium
chloride) [21-27].

Ng and Foster [28] reported that for the production of slag—fly ash-based geopolymer systems,
the mass ratio between them varies according to the reactivity of the fly ash and slag. These parameters
are important in order to obtain an optimum compressive strength of the material.

The properties of alkali-activated geopolymer materials depend mainly on the important factors
that could affect the development of this type of material and include the characteristics of constituent
materials. The mechanical properties of the geopolymer materials are directly affected by the way in
which the rich Al-Si materials dissolve in the alkaline activator and their microstructural reorganization
when the reaction occurs [29-31].

In practice, on a case-by-case basis, an analysis is required regarding the chemical composition
of the byproducts used as raw materials in the production of geopolymer material [6-8,29,30].
Studies conducted worldwide show that the chemical composition of the raw materials used in the
production of geopolymer materials has an important influence on the final mechanical properties of
the material.

Table 1 summarizes the chemical composition of fly ash and blast furnace slag/steel slag,
according to different authors, used for the production of these materials. It can be seen in the
table below that Fe;Oj3 is higher for fly ash. Moreover, it is noted that for steel slag, FeO has a very
high percentage, between 10-40%, compared to furnace slag 0.26-1.1%.

Table 1. Chemical composition of raw materials used in the production of alkali-activated
geopolymer materials, measured by X-ray fluorescence [wt%].

Oxide SiO, Al O3 Fe;03 CaO MgO SO3 LO.I.  Ref.
Fly Ash 21.94 8.46 6.05 454 6.06 0 6.65 [21]
Blast furnace slag 37.33 12.49 0.26 43.3 5.31 0 0
Fly Ash 65.81 2217 3.23 1.24 1.01 0.47 1.57 [22]
Slag 37.25 10.24 1.1 4217 3.82 2.13 0.81
Fly Ash 52.0 33.9 4.0 12 0.81 0.28 6.23 23]
Steel Slag 10-19 1-3 10-40 (FeO)  40-52 5-10 -
Fly Ash 61.81 19.54 7.01 1.77 2.56 0.31 2.20 [24]
Ground Granulated
36.7 5.20 0.98 32.61 10.12 0.99 2.88
Blast Furnace Slag
Fly ash 51.11 25.56 12.48 43 1.45 0.24 0.57 [25]
Slag 32.76 12.37 0.54 44.64 5.15 4.26 0.09
Fly Ash 63.53 27.40 3.67 1.26 0.35 0.01 - [26]
Slag 34.26 11.32 0.61 38.34 7.94 3.84 -
Fly Ash 483 283 11.8 3.97 151 0.22 1.74 [27]
Slag 329 14.3 0.47 412 5.42 2.40 0.36

When using slag-fly ash blended systems, an increased amount of fly ash delays the setting time,
reduces the compressive strength modulus of elasticity and Poisson’s ratio and results in high ductility
and toughness [16,32,33] but helps the geopolymer system to have an enhanced homogeneity and also
contributes to a limited microcracking phenomenon [33].

The summarized details presented in Table 1 of several raw materials used in the literature to
produce alkali-activated geopolymer materials show that due to their different chemical composition,
this parameter needs to be carefully taken into account as it could provide a guide line to evaluate later
possible reactions and outputs for the improvement of the mechanical properties of the final material.

To attain a similar or even higher compressive strength when compared to OPC concrete,
geopolymer materials require heat treatment. This type of curing process is beneficial for the
dissolution and geopolymerization process of the aluminosilicate gel and also results in early-age
strength gain of the material [34-36]. As shown in the literature, adopting the proper curing treatment
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for the production of alkali-activated geopolymer materials must be appropriate in order to provide an
ideal condition for the dissolution and precipitation of dissolved silica and alumina species [34].

2.1. Development of Geopolymer Materials without Heat Treatment

It is well known that typical fly ash-based geopolymer concrete requires high temperature
curing treatment in order to develop sufficient early mechanical strength properties, which can be
considered a severe limitation for on-site applications. However, in recent years, methods of producing
geopolymer concrete without using heat treatment have been exploited. In order to achieve this,
extensive experimental investigation on the mechanical and microstructural properties of geopolymer
concrete mixes prepared using a combination of fly ash and slag and cured under ambient temperature
to produce “user-friendly” geopolymer mixes have been researched.

Hyumjung et Yooteak (2012) [21] carried out tests regarding the mechanical properties of
alkali-activated geopolymer concrete, without heat treatment by using as binder, a combination
between fly ash and blast furnace slag, in different ratios. It can be seen in Table 2 that the compressive
strength increased with the increase in the percentage of furnace slag in the mix-design of the
geopolymer. The highest compressive strength was achieved for a geopolymer mortar produced only
by using blast furnace slag, without fly ash (44 MPa—at 28 days), almost double that of a geopolymer
mortar produced using blast furnace slag-fly ash with a 50:50 ratio.

Table 2. Geopolymer mortar compressive strength of, without heat treatment, depending on the fly
ash/blast furnace slag ratio [21].

Compressive Strength

Mixture  FA/BFS Ratio Binder/Water Ratio NaOH Molarity

[MPa]
I 100:0 2.81
I 50:50 23.51 100:40 2.78
I 0:100 4441

Luga et al. (2017) [24] also presented the compressive strength obtained for geopolymer materials
using a fly ash-ground granulated blast furnace slag binding system, without heat treatment. Results are
presented in Table 3.

Table 3. Geopolymer mortar compressive strength, without heat treatment, depending on the fly
ash/ground granulated blast furnace slag ratio [24].

Mixture FA/GGBFS Ratio Compressive Strength at 28 Days

[MPa]
1 100:0 3.1
11 80:20 8.4
1T 60:40 18.2
v 40:60 39.3
\' 20:80 57.6
VI 0:100 74.8

It can be also seen in Table 3 that the compressive strength increased with the increase in the
percentage of furnace slag in the mix-design of the geopolymer. The highest compressive strength was
achieved for a geopolymer mortar produced only by using blast furnace slag, which also confirms
previous studies in the field.

Other studies show that Steel Slag can be also used as addition to fly ash in order to produce
the alkali-activated geopolymer binder. Premalta (2017) [23] also presented the results obtained
regarding the compressive strength of a geopolymer concrete with steel slag addition between 2 + 3.5%,
at different ages. According to the data in the Table 4, it is observed that the compressive strength of
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geopolymer concrete increased to a percentage of 2.5% steel slag, after which it decreases, showing that
the behavior of the geopolymer binder should be analyzed on a case-by-case situation.

Table 4. Compressive strength at different ages and different percentages of steel slag addition [23].

Compressive Strength

Mixture Ste;}/?lag [MPa]
° 2 Days 7Days 14 Days 28 Days
I 2.0 3.5 8.5 13.3 21.3
I 2.5 48 9.3 14.7 23.9
1II 3.0 3.3 7.8 129 18.6
v 3.5 3.6 7.2 119 16.6

In another study, Nematollahi (2017) [25] presented the results regarding the compressive strength
obtained for a fly ash—blast furnace slag-based geopolymer material with a constant ratio FA:BFS of
75:25 and different activator ratios, cured at ambient temperature. As shown in Table 5, it is noted
that the compressive strength increases with the increase in the alkali-activator chemical properties,
which also demonstrates that the chemical composition of the raw material is only one of the important
parameters that affect the mechanical properties of the material. Careful selection of the alkali-activator
and the ratio of the component materials should be taken into account.

Table 5. Compressive strength of non-heat-treated FA-BFS Geopolymers [25].

Na,SiO3-Anhydrous Compressive Strength

Mixture FA:BFS Water W/GP Solid Ratio

Activator [MPa]
I 0.394 0.36 184
I 75:25 0.120 0.400 0.36 30.5
11T 0.300 0.27 37.3

2.2. Development of Geopolymer Materials with Heat Treatment

The effect of the curring temperature on the alkali-activated geopolymer materials has been
demonstrated by numerous studies which have shown that by using this type of treatment,
improvements were observed in the geopolymerization reaction and also increases in the mechanical
properties of the material, at very young ages [29,30,37].

Puertas et al. investigated the mechanical properties of alkali-activated fly ash/slag-based
geopolymers by using as alkaline activator a combination between Na;SiO3 solution and NaOH
solution with 2 and 10 M molarity and subjected to heat treatment at 25 and 65 °C. According to
the results, the ratios of fly ash/slag and of activator are the most important factors that influence the
mechanical performance of the material since the hardening temperature has less effects compared to
the two previous factors [38].

In another study, Ghosh and Ghosh (2018) [22] made different tests on geopolymers produced
using fly ash and ground granulated blast furnace slag (GGBFS) as raw materials in different ratios:
100:0, 90:10, 85:15, 70:30, 50:50, 40:60. Geopolymers were subjected to heat treatment for 48 h,
at a temperature of 85 °C. The samples were tested after 7 days.

As shown in Figure 1, the compressive strength of the mixtures increased with the addition
of slag content. There was an increase in the compressive strength of the 90:10 mixtures by 19.99%
over the 100:0 mixtures. Moreover, the compressive strength of the 85:15 mixture was 15.97% higher
compared to the 90:10 mixture. The 70:30 mixtures showed an increase in compressive strength of
14.75% over the 85:15 mixtures. The highest compressive strength was obtained for the 70:30 mixtures.
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Compressive strength for different FA:GGBFS ratios

Compressive strength [MPa]
[
=

100:0 90:10 85:15 70:30 30:50 40:60
FA:GGBFS ratio

Figure 1. Effect of slag ratio variation on the compressive strength of the geopolymer material [22].

Decreases of 3.43% and 6.33% in the compressive strength were also observed for the 50:50 and 40:60
mixtures when compared to the 70:30 mixtures and the 50:50 mixtures, respectively. This phenomenon
could be a sign of a low geopolymerization process; therefore, lower mechanical properties have
been achieved.

Luga et al. (2017) [24] presented the compressive strength of a geopolymer mortar based on fly
ash and granulated blast furnace slag (GGBFS), with a heat treatment of 72 h at a temperature of 100 °C.
Results presented in Table 6 regarding the compressive strength of the alkali-activated geopolymer
material are in accordance with the literature [22,39] showing that with the increase in the GGBF
content in the mixture, the compressive strength of the material increased.

Table 6. The effect of the variation of the compressive strength of some geopolymers mortars based on
fly ash and ground granulated blast furnace slag, with heat treatment (72 h/100 °C) [24].

Mixture ~ FA/GGBFS Ratio Compressive Strength [MPa]

I 100:0 15.4
1T 80:20 13.7
1T 60:40 12.1
v 40:60 46.6
\Y% 20:80 45.7
VI 0:100 42.7

Based on the results presented above, it can be said that the curring temperature is one of the
most important factors affecting the mechanical properties of alkali-activated geopolymer materials
when subjected to this type of treatment. For the heat curring regimes, there are a lot of possibilities
both for their duration and temperature in order to achieve the desired mechanical properties of the
geopolymer material.

2.3. Development of Geopolymer Materials with High Chemical Attack Properties

Kartik et al. (2017) [26] studied the resistance of geopolymers based on coal fly ash and blast
furnace slag after the test pieces were exposed to an acidic medium (5% sulfuric acid) for 7, 14, 28,
56 and 90 days, respectively, to a sodium sulphate attack and sodium chloride.

It can be seen in Figure 2a that the compressive strength decreases with the increase in the duration
of immersion in sulfuric acid. The decrease in compressive strength is not significant given the extreme
aggressive environment and the long immersion duration of 90 days. For the geopolymers GPC1,
GPC2 and GPC3 there was a decrease of only 3—4 MPa, about 10%. For GPCO there was a considerable
decrease in compressive strength, from 28 MPa to 18 MPa, almost 34%.
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Figure 2. Geopolymer materials compressive strength when exposed to chemical attack: (a) sulfuric
acid exposure; (b) sodium acid exposure; (c) sodium chloride exposure.

Moreover, Kartik et al. (2017) studied the behavior of geopolymers compression, after having
previously been subjected to an attack with sodium sulfate 5% (Figure 2b) and sodium chloride 5%
(Figure 2c), respectively.
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Afterlong-time exposure to a sodium sulphate attack, the compressive strength decreased over time
(Figure 2b). In comparison with the test pieces subjected to sulfuric acid immersion, those immersed
in sodium sulphate showed better results. For the geopolymer GPCO, the lowest resistances and
the greatest resistance decrease were obtained, as well as those immersed in sulfuric acid. If for the
Geopolymers GPC1, GPC2, GPC3 were obtained decreases of 3-4 MPa (approx. 10%) for samples
immersed in sulfuric acid, for those subjected to attack with sodium sulfate were obtained decreases of
approx. 1 MPa (approx. 2.5%). Specimens long exposed for 90 days to a 5% sodium chloride attack
suffered the least. They showed the lowest losses of compressive strength, i.e., approx. 1%.

3. Conclusions

Geopolymer technology is gaining quite a lot of ground due to the successful implementation of
this type of material in certain countries, in different areas. This aspect is mainly due to the need to
align with the principles of the circular economy by harnessing waste materials and byproducts and to
also prevent generating new ones. The possibility of producing geopolymer building materials using
slag as raw material was demonstrated, but only by compositional optimization due to the multitude
of influences affecting this type of material.

Geopolymers materials have shown better properties when subjected to heat treatments
to (accelerated) heat hardening, since geopolymerization and polycondensation reactions would
occur faster. Moreover, the addition of slag at an optimum level of 30% increased the mechanical
properties of heat-treated geopolymer composites, e.g., increasing compressive strength.

Studies have also shown that fly ash-slag based geopolymer materials have a very good resistance
to chemical attacks (sulfuric acid, sodium sulphate or sodium chloride) over a long period.

Therefore, producing geopolymer concrete based on blast furnace slag/steel slag and fly ash will
lead to long-term environmental protection, obtaining very good compressive strength from an early
age and is an alternative to traditional concrete based on Portland cement in the future.

The need to continue existing studies is identified due to the many unknowns in the field regarding
the geopolymerization process and the properties of the geopolymer concrete as well as the products
derived from this process when using different raw materials to produce the geopolymer binder.
Thus, the approach of this research direction falls within the current complex theme, aligned to
worldwide research on innovative ways of harnessing byproducts or wastes in the development of
new building materials.
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Abstract: The presence of TiO, nanoparticles in a cementitious matrix induces self-cleaning capacity in
the presence of UV radiation by combining two mechanisms: surface hydrophilicity and degradation
of the stain agent molecules. Experimental results indicate an increase in surface water absorption
and, indirectly, in the degree of hydrophilicity, with the increase in the concentration of TiO,
nanoparticles in the matrix. Degradation of organic molecules, rhodamine B, is dependent on the
duration of action and intensity of UV rays and the concentration of nanoparticles in the cementitious
matrix. An addition of 3-6% TiO; is effective and sufficient for a good self-cleaning capacity of
cementitious surfaces.

Keywords: self-cleaning; hydrophilicity; TiO, nanoparticles; photocatalytic activation; cementitious
composites

1. Introduction

One of the most common causes of structural degradation is the accumulation of polluting materials,
organic or inorganic, on the surface [1-4]. Nanotechnology could offer a solution by producing materials
with self-cleaning capacities. A cementitious composite containing TiO, nanoparticles, under the
influence of UV rays, has a specific behavior: a photocatalysis of redox reactions is manifested that
allow the oxidation and decomposition of organic particles on the cementitious surface (particles
that produce the staining effect) into smaller particles, molecules with a simpler structure, which can
either be more easily taken up by rainwater and removed (washing phenomenon).On the one
hand, the organic particles continue to decompose until the final reduction (Equation (1)) [5-14];
on the other hand, the hydrophilicity of the cement composite surface increases (Figure 1). The two
mechanisms together realize the self-cleaning capacity of cementitious composites containing TiO,
nanoparticles [1,15-22]. According to the literature [14], TiO, nanoparticles, alone, lose their property
of influencing hydrophilicity and oxidation of organic molecules as soon as the UV action ceases, but in
combination with SiO, in cement, this photoactivated capacity is prolonged even with more days of
darkness (total lack of UV radiation).

Organic compound + O; — TiO,, hv — CO, + HyO + Residual inorganic compound 1)
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Figure 1. Schematic representation of the self-cleaning capacity by combining the two mechanisms:
(a) photocatalytic oxidation process of organic substances; (b) removal of foreign substances with the
help of rainwater by increasing surface hydrophilicity.

The mechanism underlying this property of cementitious composite surfaces containing TiO,
nanoparticles, under conditions of exposure to the action of UV rays, can be explained by the increase
of hydroxyl groups (OH™), a phenomenon identified by X-ray photoemission spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR) or nuclear magnetic resonance (NMR), and shown
schematically in Figure 2 [15,23-26]. The transition of the surface, under the influence of UV radiation,
into a metastable thermodynamic state is the result of the coexistence of the forms of molecular water
and dissociated water. Under the action of UV rays, titanium dioxide is a semiconductor with a
band gap of about 3.0 eV that in the presence of UV light, through energy absorption, generates
electrons (e”) and holes (h*) (Equation (2)). Electrons tend to reduce the cation Ti(IV) to the ion Ti(III)
(Equation (3)), and voids oxidize O, anions (Equation (4)). This process will release oxygen and thus
form gaps on the surface of titanium dioxide, giving the possibility of binding water molecules with
the release of hydroxyl groups (OH™). The oxidation capacity of holes (h*) is higher than the electron
reduction capacity (e™); on the surface of the photocatalyst is a single layer of adsorbed H,O molecules,
and hydroxyl groups are formed (OH™). These hydroxyl groups are strongly oxidizing and react with
molecules of organic nature producing free radicals of peroxyl type, which will react with molecular
oxygen in a chain of reactions to the final products CO, and H,O. On the other hand, electrons (e™)
reduce oxygen to the free radical O,~ which will react with the peroxide molecules resulting during
the reaction between hydroxyl groups and organic molecules, ultimately leading to a chain of reactions
to the final products CO, and H,O [5-13]. Photogenerated holes (h*) increase the length of the links
within the TiO;, network (Figure 2), bringing the surface to a metastable state that allows the adsorption
of molecular water, simultaneously with the formation of new hydroxyl groups and the release of a
proton [15,27].

TO, + hv —»e” +h* 2
e + Ti*t+ T (3)
4h* + 40, - 20, 4)

118



Proceedings 2020, 63, 42

5
= 0 A
» 3 B - il 5 Eedaew
~4 eabded wrtacn
/] weom
. o = W . s T B ®a r
- ~a— -~ 4, ) e © _‘l,' w ‘;}
a 0, 1] 2
Yo \ - B Valnee
— o
m S@__®:
o @ W C -8 o
i ) e ) £/ s o

Figure 2. Schematic representation of the transition of the surface to a metastable state by photoactivation
in the presence of UV rays [13,15,26].

Regarding the hydrophilicity assessment, the literature indicates that, in principle, the two
methods of measurement—direct method of measuring the contact angle of the droplet of the liquid
to the surface [1,28,29] and the indirect method for the determination of the water absorption on the
surface [1,14,28] which states that there is a high potential of water absorption on the surface—are
indicated by a high level of wettability. To highlight the ability of self-cleaning, research in the
literature indicates several test methods, of which the method of staining with rhodamine B (RhB) is
the most common.

Photocatalized degradation of RhB in the presence of TiO; is a process that is based on the
formation of molecular ions RhB** and the formation of O,~*, highly reactive species that will cause
the degradation of the organic molecule [30-32]. The principle of this method is relatively simple:
the surface of the test specimen is smeared with an aqueous solution of rhodamine B, after which it is
exposed to the action of UV rays by combining or not with additional actions, for example, artificial
rain. Measurable indicators expressing the degree of staining/cleaning of the surface are then identified
and compared [30,33-36]. The UNI 11259 standard regulates this test by indicating the amount of
aqueous solution of rhodamine B applied to the surface 0.05 g/dm? and, as a measurable indicator,
the measurement of the degree of staining [36]. In the literature, there are reports that comply with this
standard, as well as reports of tests performed with deviations from UNI 11259, especially with regard
to the concentration of rhodamine B solution (0.5 g/L and 1 g/L, respectively) [36].

Using the standardized method or modified methods, the results of the conducted research
indicate discoloration by 20% after exposure for 1 min and by 75-95% after exposure for 4 h to the
action of UV rays [36]; the dependence of self-cleaning performance on characteristics of titanium
dioxide used-granule size, granulometric distribution, type, crystalline structure and ratio of the three
crystalline structures (rutile-tetragonal crystalline structure, anatase-tetragonal crystalline structure
and brookite-orthorhombic crystalline structure) [30,34,35]; and non-alteration of the photocatalytic
efficiency of TiO, nanoparticles following accelerated aging cycles performed on cementitious
composites [36]. After the exposure of samples to accelerated aging cycles simulating a period
of five years in climatic conditions typical of northern Denmark, good behavior and durability of this
property were observed [30,34]. Increased self-cleaning performance with increased TiO, nanoparticle
content in the range 0-3% was also observed [33]. Zhang et al. [37] indicated an increase of the
self-cleaning effect with the increase of the time of action of the UV rays and a long-term efficiency of
this performance for cement composites with the content of up to 6% TiO,; however, they recommended
maintaining the dosage of TiO; to a maximum of 2%. They also indicated a possible reduction in
performance with the increase of the irradiation duration, performances that are subsequently recovered
as soon as the specimen is subjected to the action of wet-dry cycles, artificial rain and therefore the
removal by the washing of reaction products from the surface [37].
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Until recently it was considered that these cementitious composites are intended exclusively
for outdoor use because of the need for solar radiation and the UV content to activate the TiO,
nanoparticles. Currently, research has shown that even in indoor conditions, minimum radiation of
1 uW/cm? from a fluorescent tube is sufficient to achieve the photocatalytic effect [15].

The aim of this research was to analyze the influence of the addition of TiO, nanoparticles in
the cementitious composite matrix on the surface hydrophilicity and photochemical degradation
capacity of the organic staining agent molecule, as well as to identify an optimal dosage for the
TiO, nanoparticles in the cementitious matrix, thus providing valuable information for obtaining the
self-cleaning capacity as best as possible.

2. Materials and Methods

2.1. Materials

In order to carry on the tests, prismatic specimens (plates) with an exposed surface of 0.085 m?
were produced using white Portland cement (CEM I 52.5R) and Degussa P25 TiO, nanoparticles in
different ratios: 1% (P2), 2% (P3), 3% (P4), 3.6% (P5), 4% (P6), 5% (P7), 6% (P8) and 10% (P8), percentage
relative to cement quantity. One mixture was prepared without the addition of TiO, nanoparticles,
which was considered the control sample (P1). For all cases, the ratio of water/dry powder material
of 0.5 was maintained constant, where dry powder material represented the sum of the amounts of
cement and TiO; nanoparticles in each mixture. After mixing the materials, the test samples were kept
for 28 days for aging, according to EN 196 conditions.

2.2. Hydrophilicity

The 28 days age test samples, dried until constant mass, were exposed with an inclination of 10°
from the vertical. From a constant distance of 30 cm, 5 mL of distilled water were sprayed every 2 min
until a cumulative volume of 50 mL was reached. After each test step (after each spray of 5 mL distilled
water), the samples were weighted, and the surface water absorption was calculated. After the test,
the specimens were dried until constant mass and exposed for 1 h to the action of UV rays with a
wavelength in the UVA field and luminous intensity of 405 lux, after which the test was repeated.
Subsequently, the samples were dried again until constant mass and exposed to UV for another 24 h,
and the test for determination of surface water absorption was repeated [38].

The surface water absorption was calculated as an indirect indicator of the degree of hydrophilicity
of the surface of the cementitious composite (Equation (5)):

Q: = (m¢ — mp)/A (kg/m?) ®)

where mi—test specimen mass at time t (2, 4, 6, 8, 10, 12, 14, 16, 18, 20 min) from the start of spraying,
which corresponds to sprayers with a volume of (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 mL) distilled water;
mo—the initial mass of the dry specimen at constant mass; A—the surface of the specimen exposed
to spraying.

For each instance of activation by UV exposure or without UV exposure, the efficiency indicator
of the addition of TiO, in the cementitious matrix was defined on the surface water absorption
property (EIN) representing the percentage variation (increase) of the total surface water absorption
(time 20 min, volume of water 50 mL) of the test piece of cementitious composite with the addition of
TiO; nanoparticles, total surface water (time 20 min, water volume 50 mL) from cementitious composite
without the addition of TiO; nanoparticles (Equation (6)):

EIN = (QszUV _ QtZOmerI sample XUV) /oncontrol sample UV | 100 (%) (6)

where Qy*UV—surface water absorption of the cementitious composite specimen with TiO,

nanoparticles addition at time 20 min after the start of the test (50 mL water); Qpeontrol sample XUV _gyypface
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water absorption of the control specimen (without TiO, nanoparticles addition) at time 20 min after the
start of the test (50 mL water); x—number of UV exposure hours (O h, 1hor 1 + 24 h).

Thus, indirectly, it can be said that the higher the efficiency index of nanoparticles, the more
hydrophilicity increased, the cementitious mixture was more efficient, and the addition of nanoparticles
was more effective in improving the performance of the composite.

2.3. Self-Cleaning Capacity

The principle of the method consisted of controlled staining, exposure to conditions of activation
of the self-cleaning property and determination of the degree of whiteness of the stained surface
(GA) as an indirect indicator of the self-cleaning capacity of cementitious composites containing TiO,
nanoparticles. Thus, the test samples were stained by dripping, using as stain agent an aqueous
solution of rhodamine B (1 g/L), applied in equal amounts on the surface of the samples. Subsequently,
the samples were subjected to a cycle of action of UV rays, water through artificial rain and drying,
according to the test diagram presented in Figure 3. After each step of the test diagram, the degree of
whiteness (GA) was measured, and at predetermined intervals, the stained surface of the specimen
(AM) was analyzed microscopically.

16h 16h
1h | drying sh | drying| 1h
UV | UV | UV | UV | UV | UV | artificial 90% UV | artificial 90% d:fvmg uv
Staining | 0.5h | 1h 2h 3h 4h | 24h rain EH 24h rain REH 1052C 247;_
GA GA | GA | GA | GA | GA | GA GA GA GA GA GA
AM AM AM [ AM AM AM AM AM

Figure 3. Self-cleaning capacity test diagram. GA: the degree of whiteness; AM: the stained surface of
the specimen (*RH - relative humidity).

Photoactivation of the surface was performed using a UV light source with emission in the
spectrum 315-400 nm, corresponding to the UVA band. To assess the influence of UV radiation
intensity on self-cleaning capacity, the irradiation source was placed at a distance of 10 cm and 20 cm
for the second phase, above the surface of the specimens, which resulted in a luminous flux intensity of
860 lux and 405 lux, respectively. Exposure to artificial rain and drying were carried out in the absence
of any light source.

The test equipment was composed of the following individual stations: UVA source exposure
enclosure; artificial rain exposure enclosure; visual analysis area; microscopic analysis area and
whiteness degree recording area The degree of whiteness was measured with a WSB-1 leukometer.

The efficiency of the addition of TiO, nanoparticles on the self-cleaning character of the cementitious
composite was analyzed visually and through two measurable parameters:

e Degree of the whiteness of the sample, determined in the stained area;

e Degree of the ability to recover the whiteness—represents, as a percentage, how much of the
whiteness degree of the stained sample was recovered in relation to the initial whiteness degree,
after going through one or more steps in the test diagram (Equation (7)):

CR = ((GA; — GAp)/GA)-100 (%) @)

where CR = ability to recover the degree of whiteness, GA; = the degree of whiteness of the
specimen in the stained area at test chart time t, GA( = the initial degree of whiteness of the stained
sample but not yet exposed to UV light activation or washing, and GA = the initial degree of
whiteness of the unstained sample.
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On the basis of these measurable indicators, it was thus assessed that the greater the whiteness
degree and the recovery capacity of the whiteness degree increase from one step of the test diagram to
another, the more pronounced the self-cleaning effect.

3. Results and Discussion

3.1. Hydrophilicity

The results obtained from the point of view of the measurable parameters identified for the
indirect measurement of the hydrophilicity of the surface of the cement compounds and with respect
to the kinetics of the process are shown in Figures 4 and 5.
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Figure 4. Surface water absorption: (a) non-UV specimens; (b) 1 h UV specimens; (c) 1 + 24 h UV specimens.
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Figure 5. Efficiency Index of Nanoparticles (EIN): non-UV test specimens (red), 1 h UV test specimens
(blue), 1 + 24 h UV test specimens (green).

Surface water absorption (Figure 4) increases continuously and steadily for all analyzed cases with
the increase in the amount of water sprayed. This increase can be expressed mathematically by a Grade
1 equation according to the amount of water sprayed, in the form of ax + b, for each case analyzed.
It is noted that the maximum water absorption is in the case of P8 composition with 6% TiO,, for all
situations of the amount of water sprayed, therefore it is appreciated that this composite matrix has the
highest hydrophilicity in conditions not exposed to UV, respectively exposure for 1 h to the action
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of UV rays. In the case of samples exposed 1 + 24 h to UV action, the maximum water absorption is
initially in the case of composition P5 (3.6% TiO,), followed very closely by P8 (6% TiO,), but with the
advance of the test (increasing the amount of water sprayed, there is an increase in water absorption
for all specimens in the range P2-P8 (1% TiO,—6% TiO;). Increasing the amount of TiO; over 6%
causes a reduction of water absorption on the surface, which indicates a reduction of hydrophilicity
(P9-10% TiO,). Sample P2 (1% TiO,) in the case of test specimens not exposed to UV action and samples
P2 (1% TiOy) and P3 (2% TiO,) in the case of test specimens exposed for 1 h to UV action indicate
rather small changes in hydrophilicity, compared to the control. It can thus be considered that the
addition of 1-2% TiO, in the cementitious matrix is insufficient. The slight flattening of the curve,
with the increase of the amount of water sprayed, can be considered as a measure of the tendency
of stabilization of the phenomenon to achieve a maximum of the amount of water absorbed on the
surface, after which the excess water has a chance to slip on the existing.

In all cases, as expected, the control sample (P1) shows a much-reduced evolution of the process
of water absorption on the surface, compared to the composite samples with nanoparticles content,
a sign that this surface is less hydrophilic, most of the amount of water remaining, probably, as drops
that fail to form a film and fall easily.

In general, it can be said that at the beginning of the process (small amounts of water sprayed),
the evolution of water absorption on the surface from one spray to the next is more strongly influenced
by the amount of TiO,. As the amount of water sprayed increases, the absorption process on the
surface stabilizes, the percentage of water added by each spray generally decreasing.

As seen in Figure 5, for samples tested without UV exposure and those tested with 1 h UV
exposure, respectively, sample P8 (6% TiO;) shows the highest efficiency in terms of the influence
of the addition of TiO, on surface hydrophilicity compared to the control sample, but sample P9
(10% TiO,) indicates a reduced efficiency of the addition of nanoparticles on surface hydrophilicity,
eventhough the quantity of nanoparticles in the matrix is the highest. In the case of test specimens
tested after 1 + 24 h exposure to UV rays, samples P6 (4% TiO,) and P5 (3.6% TiO;) have the highest
efficiency in terms of the influence of the addition of TiO, on the surface hydrophilicity, compared to
the control sample.

3.2. Self-Cleaning

Visually, evolution according to expectations was observed: discoloration of the stained area,
both for exposure to UVA with the intensity of 860 lux and for the intensity of 405 lux, as shown,
for example, for the control specimen made of the cementitious composite without TiO;, content and
for the specimen made of cementitious composite with 4% TiO; content in Figures 6 and 7, respectively.

The results obtained from the point of view of the measurable parameters identified for measuring
the self-cleaning capacity are shown in Figures 8 and 9.

@ (b)

Figure 6. Discoloration of test specimens following the test diagram, example P1—control specimen

(d)

made of the cementitious composite without TiO, content: before (a) and after (b) the test diagram, with
luminous intensity 860 lux; before (c) and after (d) the test diagram, with luminous intensity 405 lux.
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(@) (b) () (d)

Figure 7. Discoloration of test specimens following the test diagram, example P5—test specimen
made of the cementitious composite with 4% TiO, content: before (a) and after (b) the test diagram,
with luminous intensity 860 lux; before (c) and after (d) the test diagram, with luminous intensity 405 lux.

e sarvee
Whiterass degree R Whitesess degree .
oo R— " - stsiring O
LT
amuv e
i thi

~ A

e 248 0 ~2mn

248 LA+ Th rains 16h drying =28 LIVe L raine 16h drying

o = 38 LYo Th rame 160 drying 80 UV 55 ~=-24% Lve Lh rain+ 160 drying +248h LIV
S - ml:\;lnrm-mm»mw@ = =28 LIV 1h rain 16h drying 28 UV
rine 16h deyngs! [ — .
OF I0W A0 O KON JOON D Uvelh rane1Sh drvings 2k UVelh gu HEE SR W Ee aomw U T LIV 1 Tanes 16 g 24 LVABA
raine16h deyings Th, 108°C4 248 UV e L dryiege L, 108°Co e Y

(a) (b)

Figure 8. Whiteness degree: (a) test diagram with the luminous intensity 860 lux; (b) test diagram with
the luminous intensity 405 lux.
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Figure 9. Whiteness degree recovery capacity: (a) test diagram with light intensity 860 lux; (b) test
diagram with light intensity 405 lux.

Immediately after staining, the degree of whiteness of the specimens is significantly reduced,
as expected (Figure 8), thus obtaining a degree of staining, expressed as a percentage reduction
of the degree of whiteness, within the range (18.0-27.6%). By exposing stained specimens to the
photocatalytic action of UV, the degree of whiteness increases steadily (Figure 8) with each evaluation
after the preset exposure ranges (0.5h, 1h,2h, 3 h, 4 h, 24 h). Visually the discoloration of the spots is
observed, and the microscopic analysis showed that there is a discoloration especially of the surface in
the immediate vicinity of the micro-cracks that appeared during the ripening process. An exception
is the control specimen made without the addition of TiO, nanoparticles: in this case, only a slight
discoloration is observed, a phenomenon explained, on the one hand, due to the chemical degradation
of the staining agent under the influence of UV, and on the other hand, due to the existence, from the
manufacturing process, of a quantity of TiO,, even if not much. Analyzing the evolution of the degree
of whiteness of the test specimens throughout the course of the test diagram, a significant jump is
observed, in most cases, with the introduction of the washing agent, artificial rain, both in the case of
high-intensity and low-intensity UV radiation.

The evolution of the control specimen is the least satisfactory, remaining intently stained throughout
many stages of the test diagram, undergoing a cleaning process, probably more mechanical by the
action of water droplets, its discoloration being more evident after the last two steps of the test diagram.
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From the point of view of the mathematical modeling possibility of the evolution of the degree of
whiteness, depending on the amount of nanoparticles added in the cement matrices, one can identify
polynomial functions of degree 3 that provide a precision rate R minimum 0.8.

If analyzing, from the point of view of the ability to recover the degree of whiteness (Figure 9),
the behavior of cementitious matrices in the presence of UV radiation with the intensity of 860 lux,
but without the action of rain, one could say that content of TiO, nanoparticles, in relation to the
amount of cement, of around 6% is desirable. With the introduction of artificial rain/drying agents
into the test diagram, the behavior of the test specimens’ changes, suggesting a concentration of max.
4% TiO, nanoparticles in the cementitious matrix. The same cannot be said about test specimens
tested at an incident UV radiation of lower intensity (405 lux), where a higher concentration of TiO,
nanoparticles in the cementitious matrix would be desirable.

Tests carried out by the method of staining with rhodamine B provide evidence of the self-cleaning
ability of cementitious matrices enriched with TiO, nanoparticles by photoactivation under the
influence of UVA rays. However, the experimental results obtained cannot provide the basis for a
documented selection of the optimal nanoparticle content, so that the cost-benefit balance is the most
favorable. It is considered, therefore, that further research is needed, as well as a correlation between
the results obtained by experiments, on the one hand, with the other results reported in the literature
and, on the other hand, the results obtained by experiments on the evolution of the physical-mechanical
properties of the cementitious matrix based on the content of the nanoparticles, together with an
analysis from the point of view of whether or not the field is intended to be used.

4. Conclusions

The aim of this experimental study was to analyze the influence of the content of nanoparticles in
the cement matrix on the two mechanisms that together realize the property of self-cleaning.

After analyzing, as an indirect indicator of hydrophilicity, the surface water absorption of all
specimens, tested in all three conditions of exposure to the action of UV rays, it can be said that
regardless of the content of TiO, nanoparticles, in all cases, exposure to UV increases the hydrophilicity
of the surface, compared to the situation of a lack of this exposure and the increase. The satisfactory
behavior of P8 samples (6% TiO,) and the unsatisfactory behavior of P9 samples (10% TiO,), as well as
the behavior strongly dependent on the UV exposure conditions of cementitious matrices with a low
content of TiO, nanoparticles, can easily be observed.

From the point of view of the decomposition capacity of the organic molecule rhodamine B, it can
be said that the increase of the amount of TiO, introduced in the cementitious matrix increases the
degree of whiteness but also the self-cleaning capacity of the specimens. The self-cleaning capacity
is also influenced by the intensity of the incandescent UV light flux on the surface of the sample,
better results being recorded for a higher UVA intensity. In the absence of the action of rain (without
accumulating the effect of increasing the hydrophilicity of the surface), it can be said that in case of
a lower incident UV radiation a higher concentration of nanoparticles in the cementitious matrix is
desirable. This need, however, can be reduced either by increasing the intensity of UV radiation or by
combining with the action of washing water (the jump of the cleaning index being significant with the
first step of artificial rain in the test diagram). However, it can be assessed that, from a cost-benefit
point of view, a concentration of 10% TiO, nanoparticles is not justified because the improvement of
quantifiable parameters compared to those recorded for the 6% TiO, composition is not proportional
to the consumption of nanoparticles.
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Abstract: The influence of polymers upon building materials has been present since ancient times,
but it was neglected for a long period. The present research discusses the effect of natural organic
polymers (casein, rice, egg) in the formula of classical plastering according to the experimental research
aiming at finding out the water absorption coefficient and the softening coefficient. The main objective
of this work lies in identifying the most performance-related natural polymer which can determine
the most efficient impermeability that can lead to the best values for the plaster mortar formula.

Keywords: plaster mortar; water absorption; casein; rice; egg

1. Introduction

Our research has identified a large variety of additives to be found in historical buildings, such as
casein, beer, and master oils. Various additives have been applied to historical buildings, including
polysaccharides, used either as powder or glue, proteins originating in animal glues, and casein.
The research established that the use of such additives leads to the improvement of mechanical
properties and the increase of resistance to water [1].

Due to the capillary rise of water in the ground or from infiltration, there comes out the
issue of humidity in masonry leading to wall damaging and worse building materials properties.
The phenomenon manifests in the poor adherence of paint, and in worse cases in plaster detaching.
Humidity rise remains a constant issue in time which has a high impact on the costs for all of the
building’s life.

According to the findings of Dorin-Victor POPA in the book “Contributions to the theory and
practice of historical and social cultural buildings foundations and walls drainage” [2], there is a direct
infiltration when the foundation masonry is in direct contact with the underground water when the
material of the masonry is saturated with water which rises through capillarity phenomena in the
masonry weight.

When the surfaces of the foundations are not in direct contact with the underground water,
it however reaches the surfaces due to the capillary forces in the pores (the smaller the soil grains
and pores, the stronger such forces). In general, the liquid does not maintain the same level, but it
rises more with a smaller column section. This is the reason for which the water rise level is inversely
proportional to the pore diameter [3].

When the masonry is made with rocks that do not have the capacity of capillary absorption,
the humidity capillary rise will be diminished and the means of getting to the member surface lies only
in the mortar layers. This is the reason for which the Romans used, in masonry elevations, porous
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materials such as volcanic rock which has a high water absorption capacity and also a good thermal
insulation property, while for the foundations, they used solid and compact materials such as granite.
The thicker the masonry member, the higher the vertically transmitted humidity [4].

The research established that the use of natural polymers as additives in the plaster mortar
improves the mechanical properties and the property of resistance to water, as well as the differing
speeds of carbonation and textures. The natural polymers, in compatible traditional building materials,
are utilized in the restoration of the architectural heritage and modern architecture [5-8]. Starch alters
the air content, the density, the water retaining capacity, the setting time, and other properties.
The cactus extract increases plasticity, water absorption, and stabilizes resistance to salt. Using jaggery
in concrete mixtures improves workability and reduces segregation. Animal glue in mortars improves
mechanical strength. Olive oil ameliorates mortar imperviousness. Jelly rice paste, the gluey liquid
made from elm wood chips, other additions, the dark brown glue from the sugar stems and leaves,
oils, egg whites, liquid resins, cactus sticky liquid, latex from natural rubber are proteins and natural
polymers identified in mortars [9-13].

The softening coefficient is defined as the ratio between the resistance to compression of the
water-saturated material and of the dry material. It is the property of the materials of not destroying or
essentially modifying properties under long-term water saturation influence.

2. Materials and Methods

2.1. Materials

Our formulae contained grade CEM I 42.5 R cement, which is a pure cement used for not
affecting the properties at all and surveying only the influence of the polymer amount in the mixture.
The aggregates used in the formulae were taken from a gravel pit from the Somes riverbank and were
of size 04 mm. The water used in the tests was taken from the local water distribution network in
Cluj-Napoca. The polymers under question were casein, rice, and egg. Casein is a protein extracted
from milk, dried, and then milled. The rice grains were ground, for one formula being boiled and the
water strained after boiling was used. The egg used was uncooked and fresh [1]. For more details
regarding the materials used in the formulae, see the article “Influence of Natural Organic Polymers
upon Plaster Mortar Workability” [14].

2.2. Methods

The tests were carried out in the Building Materials Laboratory of the Faculty of Civil Engineering
in Cluj-Napoca. The research methodology required the elaboration of our own plaster mortar formulae,
to which natural polymers were added as additives and the determination of the water absorption
content and softening coefficient according to SR EN 1015-18:2004 [15].

2.2.1. Determination of the Water Absorption Coefficient

The water absorption coefficient caused by capillary action was measured in prismatic mortar
specimens, in well-defined conditions, at atmospheric pressure. After drying up to the constant weight.
A face of the specimen was immersed in 5-10 mm water, for a specified time interval. In this way,
the weight increase was determined.

For this determination, one requires a vessel with a minimum height of 20 mm and a plane surface
large enough to contain the immersed specimens. The vessel should be provided with a device to
maintain a constant water level. In order to put the specimen at an acceptable distance from the vessel
bottom, one needs four supports or similar elements for each specimen that allow only a minimum
contact surface with the specimen. For sealing purposes, paraffin or a reactive synthetic resin with a
melting point higher than 60 degrees Celsius can be used.

The preparation and drying of the specimens were done in accordance with SR EN 1015-11 [16].
The sealing material was applied to the four long faces of the specimen and then they were crushed into
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two pieces. They were dried until getting to a constant weight in a ventilated dry kiln, at a temperature
of 60 degrees Celsius +5 degrees Celsius. The constant weight is reached when, after two successive
measurements made in an interval of 24 h during drying, the amount of water loss is smaller than or
equal to 0.2% of the total weight.

The specimens are placed in the vessel with the fractured prism surface towards the bottom of
the vessel, fitted onto the four supports so that the vessel bottom is not touched and the depth of
immersion is 5-10 mm during testing. (See Figure 1). Air bubble formation under the specimens
should be avoided.

Figure 1. Immersed specimens.

After 10 min, the specimens were taken out of the vessel, quickly dried with a wet cloth, weighted,
and replaced in the vessel. The procedure was repeated 90 min later (Equation (1)). After 24 h, they were
weighted again, then specimens were broken along their length so that prisms of the approximate size
of 80 x 40 x 20 mm were obtained. The water penetration height at the specimen center was measured
parallel to the length of 80 mm, with a deviation of a maximum of 1 mm.

C = 0.1(Mgg — Myg) kg/(m? min®), (1)

The capillarity caused water absorption coefficient was by definition equal to the straight line
slope uniting the significant points of the measurements performed at 10 and 90 min, respectively
(Equation (2)). For repair mortars, the water absorption at 24 h was calculated as follows [15].

C = 0.625(Mpy — M) kg/m?, )

2.2.2. Determination of the Softening Coefficient

This coefficient reflects the property of the materials of not destroying or essentially modifying their
property under the effect of long-term water saturation. This property is estimated through the softening
coefficient (K), defined as the ratio between the resistance to compression of the water-saturated material
(Rs) and the resistance of the dry material (R,,) (Equation (3)).

7Rs

K=1%,
Rll

©)

For the purpose of this determination, it is necessary to use a minimum of three samples.
The determination was carried out on the halves of three broken specimens, after performing the
flexural tensile stress. Three prism halves were preserved by immersing them in a vessel with water,
in accordance with the conditions stipulated in the norm SR EN 1015, and the other three prism
halves were immersed in a vessel with water where water passed by 1 cm the prisms (See Figure 2).
The samples were left in water until they reached a constant weight. No protecting cover was applied
onto the surface of the samples.
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Figure 2. Fully water-soaked specimens.

After these wet samples reached a constant weight, they were tested for compression. The dry
samples were also tested for compression on the same day. The ratio between the resistance to
compression of the wet samples and the resistance to compression of the dry samples gives the
softening coefficient (K).

3. Results and Discussion

3.1. Determination of the Water Absorption Coefficient

In order to study the water absorption level, six specimens of size 160 x 40 X 40 mm were made
for each formula. They were tested to the flexural tensile stress and then the prism halves were tested
for water absorption.

Table 1 presents the average values for water absorption (g) in the case of the mortars under
investigation for the purpose of the present article.

Table 1. Average values for water absorption.

Evolution in Time of Water Absorption (g)

Formula N " "
at 10 min at 30 min at 90 min
CS1V 1.65 2.25 3.45
MPC 2% 1.1 1.35 1.9
MPC 10% 0.5 0.5 0.65
MPR 2% 1.35 1.9 32
MPR 10% 1.2 1.5 2.2
MPRW 24 3.25 4.7
MPE 10% 0.5 0.5 0.7
MPE 30% 0.3 0.3 0.3

The name of the formulae has the following meaning: CS [V—cement plaster mortar (no additives);
MPC 2%—CS IV mortar with 2% casein; MPC 10%—CS IV mortar with 10% casein; MPR 2%—CS IV
mortar with 2% rice; MPR 10%—CS IV mortar with 10% rice; MPRW 2%—CS IV product with rice
water; MPE 10%—CS IV mortar with 10% egg white; MPE 30%—CS IV mortar with 30% egg white.

Figure 3 shows that the conventional plaster mortar formula (CS IV) absorbs the highest amount
of water, immediately after the rice water formula (MPRW). In the rest of the formulae, it is also visible
that the polymer has a positive influence in so far as water absorption is concerned. Formula MPC
10% is thus one of the best formulae for water absorption, placed in the second position together with
MPE 10%. The formula MPE 30% lies in the first place. It is noticed that the polymer has an influence
through its low water absorption, which diminishes by adding polymers.
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Evolution in time of water absorption
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at 10 min at 30 min at 90 min

Evolution in time of water absorption (g)

Figure 3. Graphical representation of water absorption at 10, 30, and 90 min for the mortars included
in the experimental program.

Figure 4 presents water absorption at 10, 30, and 90 min for the formulae MPC 2%, MPC 10%,
MPR 2%, MPR 10%, MPRW. In Figure 4, one can notice that the rice effect is not so beneficial as
casein influence is, for water absorption. The values of the mortars containing rice increase with
time, while in the mortars with casein, these values come to a standstill or the rise is very small.
All the rice-based mortar formulae present higher values of water absorption than casein-based mortar
formulae. Formula MPRW exhibits the highest water absorption level. Probably as the rice water left
many capillary pores when evaporating. The higher the rice content in the mortar formulae, the lower
water absorption. Mortar formulae with casein exhibit the lowest level of water absorption. At 10 min,
formulae MPR 2%, MPR 10%, MPC 2% absorb approximately the same amount of water.

Water absorption

5
45
4
=35
- —o—MPC 2%
% 3o —=—MPC 10%
g 2 —4—MPR 2%
® 15 MPR 10%
0.; —s—MPRW
0

at 10 min at 30 min at 90 min

Evolution in time of water absorption (g)

Figure 4. Graphical representation of water absorption at 10, 30, and 90 min for the mortars MPC 2%,
MPC 10%, MPR 2%, MPR 10%, MPRW.

Figure 5 presents water absorption at 10, 30 and 90 min for formulae MPR 2%, MPR 10%, MPRW,
MPE 10%, MPE 30%. In Figure 5, one can notice that similar to the previous case, rice-based mortars
(MPR 2%, MPR 10%, MPRW) have higher values for water absorption as compared to egg white
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based mortars (MPE 10%, MPE 30%). The higher the egg white content in mortars, the smaller the
water absorption. The influence of the egg is obvious by comparison with that of the rice. The water
absorption values of the rice-containing mortars increase in time, while those containing eggs stagnate
or increase very poorly. Mortar MPE 10% has water absorption during the first 10 minutes, after 30 min
it stops absorbing water and after 90 min it absorbs water very little. Mortar MPE 30% absorbs water
during the first 10 min and then it stops absorbing water. In so far as water absorption is concerned,
the best formulae is MPE 30%, followed by both MPE 10% and MPC 10%. The presence of the egg
white in the mortar composition interrupts capillarity.

Water absorption

5
45
4
% 3'2 —o—MPR 2%
% 2.5 ~#—MPR 10%
s 2 —4—MPRW
w Pty
® 15
1 MPE 10%
0.5 ——MPE 30%
0

at 10 min at 30 min at 90 min
Evolution in time of water absorption (g)
Figure 5. Graphical representation of water absorption at 10, 30, and 90 min for the mortars MPR 2%,
MPR 10%, MPRW, MPE 10%, MPE 30%.
3.2. Determination of the Softening Coefficient

For the study of the softening coefficient, six specimens of size 160 x 40 x 40 mm were produced
for each formula. The specimens were used for the flexural tensile tests, the resulting half prisms being
tested for the softening coefficient.

Table 2 summarizes the average values of the softening coefficient (K) for the mortars under
research for the purpose of the present article.

Table 2. Average values of the softening coefficient.

Formula Softening Coefficient (K)
Cs1v 0.98

MPC 2% 1.00

MPC 10% 0.78

MPR 2% 0.98

MPR 10% 0.77
MPRW 0.98

MPE 10% 0.95

MPE 30% 0.87

Figure 6 includes all the mortars subjected to tests for the softening coefficient in our experiment.
One can notice that the higher the polymer content in the mortar, the more diminished the softening
coefficient. The best softening coefficient is in MPC 2%, followed by CS IV, MPR 2%, and MPRW.
Adding polymers (casein, rice, egg white) in small amounts, improves the softening coefficient of
the mortars.
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Figure 6. Average softening coefficient values at 28 days for the mortars investigated in the
research program.

4. Conclusions

This research established that natural polymers used as additives in plaster mortars contribute to
diminishing water absorption and even to impermeability.

The influence of the polymer (casein) is made evident as water absorption decreases as compared
to the normal plaster mortar. With an increase in the polymer amount, water absorption diminishes.

The formula with a 10% casein addition to the plaster mortar is one of the best performing
formulae for water absorption, ranked second with the 10% egg white addition mortar.

Rice does not have such a beneficial influence as casein. The values of water absorption in the
rice-based mortars increase in time, while those with casein and egg white standstill or increase
very little.

Following the experimental program, it was found that adding egg to the mortar formula leads
to a very low water absorption level. The formula with 30% egg absorbs the smallest amount of
water in the first 10 min and then it absorbs water in such small quantity that it can be said to become
almost impermeable.

As for the softening coefficient, it shows that the higher the polymer percentage in the mortar,
the stronger the softening effect is. The best softening coefficient concerns the mortar formula with
2% casein.

The objective of our paper was reached. Of the three polymers tested in the experimental program
(casein, rice, egg), the best behavior belongs to the mortar with egg white additions in so far as water
behavior is concerned: regarding the water absorption and the softening coefficient.
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Abstract: This article represents necessary research, adopting an interdisciplinary approach and a
combination of methodologies, in order to better describe the evolution of the physical and mechanical
characteristics of mortars. This was done employing modern methods and modern equipment, such as
the Bohme equipment for wear tests. Compression and bending test equipment were also used, as well
as methods for testing adhesion to the support layer. The purpose of this research is represented
by the need to optimize mortar recipes, based on cement and organic and/or synthetic polymers.
We focused on how they can be optimized in order to obtain recipes that best meet the needs of
today’s construction.

Keywords: polymers; casein powder; mechanical strength; mortar recipes; rubber powder; complex
applicability

1. Introduction

As expected, the knowledge about mortars is scarce, due to the fact that each company holds
on to its own recipe in order to capitalize its investment. Usually company recipes are patented.
Not knowing the composition of mortar recipes based on cement and polymers available on the market,
we set out to create new recipes. The Technical University of Cluj-Napoca, namely, the Construction
Materials Department, has been involved in this type of research for several years already, testing
different mortars with organic polymers and having obtained remarkable results in recent times.

2. Materials and Methods

With conventional methods we can describe only the physical-mechanical characteristics of
materials. Modern investigation methods, however, describe the various processes that occur inside the
structure of the materials, analyzing distribution and pore size. In our research for organic materials [1]
(pp. 456-462), the return to the traditional methods of obtaining construction materials was considered.

The polymers were introduced in the standard recipe of cement mortars: organic (casein) 2%
compared to the amount of cement. In the following, we will name each recipe with an abbreviation,
so that we can easily identify them in the text and graphs. The abbreviations are as follows: Standard
Mortar—MS; 2% Casein Mortar—MC 2%; 2%, 5%, and 10% Rubber Powder Mortar—MPC 2%, 5%,
and 10%; 2%, 5%, and 10% Rubber Powder Mortar and Casein 2%—MPC 2%, 5%, and 10% C2%.

The main objective of this article is to emphasize the contribution of polymers, in various forms,
in mortar recipes [2] (pp. 37-40). Obtaining a mortar with an organic polymer recipe and also with a
complex applicability is our goal. The research was performed using modern methods highlighting
the contribution of polymers in increasing the physical and mechanical performance of the studied
mortars. Along with our main objective, we also had these secondary objectives:
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e Analyzing the current situation regarding mortars and polymers used in construction.

e Making rubber mortar recipes with a concentration of 2%, 5%, and 10% by weight of cement and
testing them in order to determine their physical and mechanical characteristics.

e  Making rubber mortar recipes with a concentration of 2%, 5%, and 10% by weight of cement with
an additional casein concentration of 2% by weight of cement. Investigating them by traditional
methods and highlighting the contribution of casein.

e Determination of the physical and mechanical characteristics of the standard mortar and all mortar
recipes, maintaining the standards in force, and also testing the mortar recipes at 3, 7, and 28 days.

Studying the chemical properties of cement by testing the standard mortar recipe, but also the
organic and synthetic polymer mortar recipes at 3, 7, and 28 days, we can obtain results that will
further our research.

The steps for the standard mortar recipe and testing equipment are shown in Figures 1-3. We can
observe that every single component was carefully selected, measured, mixed, placed in proper sample
boxes, depending on which testing was to follow, and, eventually, tested.

@ (b) (c)

Figure 1. (a—c) Precise measuring of solid components.

() (b)

Figure 2. (a—c) Material preparation and Bohme equipment.

Step one is picking the right materials and precise measuring, as shown in Figure la—c. The higher
the quality of the materials, the more qualitative the result will be, but in the field of construction,
we must take into account another very important aspect—the cost.
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Figure 3. (a—c) Sample testing equipment.

The water concentration in the mortar recipe is very important because it dictates the consistency
of the final result, therefore, it is very important to measure it carefully and with maximum accuracy,
as shown in Figure 1b.

The next important step is mixing them together, as shown in Figure 2a, with the help of a mixer,
so we can obtain a homogeneous compound. The material is usually tested with a testing cone.

Figure 2b showcases the adhesion to the main substrate and in Figure 3c we can see the equipment
by which the compressive strength of the material sample is measured. Figure 3a highlights the
bending equipment. In both situations, the material sample will break when the load is too high,
thus establishing the maximum tolerability value. The pink abrasion sand is used for abrasion testing
with the Bohme equipment. The Bohme equipment, as shown in Figure 2c, is in accordance with EN
standards EN 1338, 1339, 1340, EN 13748-2, 13892-3, EN 14157. The machine is used to determine the
volume loss of a sample subjected to the abrasion test.

Three standard mortar samples were prepared, which were tested for bending and compression,
as we can see in Figure 3a—c, obtaining the results pointed out in Figure 4. The prepared samples for
the bending and the compression tests are placed in 4 X 4 X 16 cm molds.

MS Bending MS Compression
0.50 40.00
/i’“ ’ 79
0.40 : 2000 jop—ttTT
0.
0.30 0.00
3Days 7Days 28 Days 3 Days 7Days 28 Days
@ Bending R... e Compression R...
() (b)

Figure 4. Three, 7, and 28 day bending (a) and compression (b) tests for MS, 4 X 4 x 16 samples.

3. Results

The results presented in Figure 4 highlight the evolution over time at 3, 7, and 28 days in terms of
bending and compressive strength. One can easily observe the evolution of these values due to the
hydration processes of the cement.

Figure 5a-d shows images from the adhesion testing of the standard mortar to the support layer
(concrete element), which will represent future research directions.
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(b) () (d)
Figure 5. (a-d) Twenty-eight day adhesion test on the screed.

In order to improve the workability of a mortar, a natural polymer casein in a proportion of 2% by
weight of cement [3] was added. Studying the specialty literature and studying the articles on the
subject, it was found that the percentage of organic material used in researched recipes behaves best
at a percentage of 2% [4]. Thus, we will discuss and later compare the recipes with 2%, with the 5%
and 10% only used as examples. Therefore, the experimental program involved the study of three
samples of 4 X 4 X 16, in which casein was introduced in a percentage of 2% of the overall amount of
cement in the recipe of the initial standard mortar. Figure 6 calls attention to the results from the three
test samples of standard mortar with 2% casein, namely MC2%, using the equipment provided by the
Technical University of Cluj-Napoca; namely, the bending test device and the hydraulic press. We will
structure the abbreviations in Table 1, in order to have better readability.

MC 2% Bending MC 2% Compressions

0.50 15.00
0.40 55 =76
030 / 10.00 0 Gt

0.
0.20 <00
0.10
0.00 0.00

3 Days 7Days 28 Days 3 Days 7 Days 28 Days

e Bending R [kN/mm2] @ Compressions R [kN/mm2]

(a) (b)

Figure 6. Three, 7, and 28 day bending (a) and compression (b) tests for MC2%, 4 x 4 X 16 samples.

Table 1. Mortar sample abbreviations.

Abbreviation Percentage Detailing
MS 2-10% Standard Mortar
MCx% 2-10% Standard Mortar with x% Casein Polymer
MPCx% 2-10% Standard Mortar with x% Rubber Powder and x% Casein Polymer
MPCx%Cy% 2-10% Standard Mortar with x% Rubber Powder and y% Casein Polymer

In the following study, we analyzed another three samples of 4 X 4 X 16 in which casein and
rubber powder were introduced in a percentage of 2% to 10% of the amount of cement (rubber powder)
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and a constant percentage of 2% of casein polymer [4]. Figure 7 shows the results from the three test
samples of standard mortar with 2-10% rubber powder and 2% casein powder, namely, MP2-10% C2%.

MPC2-10% C2% Bending MPC2-10% C2%

0.20 Compression
/7 4.00

0.10 0. /-‘13

2.00 :
1.
0.00 0.00
3 Days 7 Days 28 Days 3Days 7Days 28 Days

@ Bending R [kN/mm2] e Compressions R [kN/mm?2]

(@) (b)
Figure 7. Three, 7, and 28 day bending (a) and compression (b) tests for MPC5-10% C2%, 4 x 4 X 16 samples.

The results presented in Figure 7 highlight the evolution over time at 3, 7, and 28 days of bending
strength and compressive strength for the rubber and casein powder mix recipe. Here we can see the
evolution of these values due to the hydration processes of the cement and also the use of polymers
increases the handling of the product [5].

4. Conclusions

The general conclusions of this paper, which summarizes all discussions on the methods of
investigation used, as well as personal input on the subject, represents all the knowledge learned
so far and all the tests done on the proposed mortar recipes, concerning the bending strength and
compressive strength, the resistance to permeability [6], all those test were made in the Technical
University of Cluj-Napoca labs [7,8].

As specific conclusions on the methods of investigation used [9], we can mention that as time
passes, the standard mortar samples at 28 days are usually much more resistant to compression than
3 days old samples; this can be seen in Figure 4, Figure 6, and Figure 7. This happens with all recipes,
as we can see in Figure 8. The comparison is made between the three types of recipes at the same
time of measurement at odds with the standard mortar. What is noticeable is the fact that both the
casein and the rubber powder and casein recipes are less resistant to compression and bending at
3 days, 7 days, and at 28 days, which is why the next stage of the research will involve recipes in which
both polymers will not be used, but only one of them. We also propose a microscopic investigation,
in order to study how the structure of the mortar evolves using these polymers. When comparing them,
one can observe a better compressive strength of the mixed recipe of 10% rubber powder and 2% casein,
also known as the abbreviation MPC10% C2%, compared to the benchmark—the standard mortar
MS; the compressive strengths are completely different. Even with lower strength results, one thing
stands out; namely, the fact that the handling was clearly superior through the use of polymers [10].
All research has been carried out in accordance with the relevant European standards [11-24].

We leave the discussions open, in terms of adhesion tests, as these will be performed on the
support layer alongside the abrasion tests in the near future in one of our next research papers.
The recipes with the related interpretations should not be neglected as they are very important towards
obtaining a material with the minimum necessary mechanical strength, but with a superior resistance
to permeability [6], which is of the utmost importance in terms of usage.
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Figure 8. Three, 7, and 28 day bending and compression tests for MS, MC2%, and MPC5-10% C2%,
4 x 4 x 16 samples.
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Abstract: The purpose of this study is to search for possibilities to capitalize on industrial waste,
which occupies huge storage spaces. This paper presents an experimental study on the possibility and
efficiency of this industrial waste in the composition of clay mixtures suitable for making unburned
clay bricks. Living in harmony with nature is part of sustainable development. For this purpose,
six compositions based on clay and industrial waste were made. The studied industrial wastes were:
ash from the Mintia thermal power plant, Romania, limestone sludge, gypsum sludge, and damped
waste from the processing of imported ore.

Keywords: adobe bricks; thermal power plant ash; dumped waste; limestone sludge; plaster sludge

1. Introduction

Itis known that the cement industry produces air pollution due to CO, emissions, which constitute
4-8% of total greenhouse gas emissions. Other non-negligible emissions that occur in the cement
industry are dust emissions and emissions of N,O, CHy, SOx, NOx, NH3, and CO [1]. All this results in
a depletion of the ozone layer and, therefore, global warming. Under these conditions, the elimination
or substantial reduction of cement consumption is desirable. By replacing classic building materials
with environmentally friendly materials wherever possible, a considerable contribution is made to
protecting the environment. The possibilities of recycling, reuse, reintegration in nature, environmental
protection, and efficient management of natural resources are essential indicators in the context of
sustainable development. Living in harmony with nature is part of sustainable development. Products
that successfully meet all these requirements are the elements of unburned clay masonry.

Another important quality of ecological materials is the fact that they offer a healthy and pleasant
climate to users. Clay-based building materials used in construction allow a natural and efficient
ventilation of the walls, permeability to water vapor, thermal constancy, and a constant humidity of
the indoor environment In addition, these walls made of clay-based bricks have no toxic emissions,
a factor that plays a very important role in reducing the risk of respiratory diseases, allergies, and more.
Studies are presented in the specialized literature that demonstrate the durability of constructions
made with local materials and local techniques in different geographical and climatic conditions [2—4].

Nine thousand years ago, construction techniques with clay bricks were used. Clay bricks were
discovered in Turkistan, dating from 8000-6000 BC. Clay was used as a building material in all ancient
cultures for religious buildings and houses; 5000-year-old foundations were discovered in Assyria [5].

Houses made of ecological materials have started to become more and more known and pleasant in
Romania, and more and more specialists are interested in this type of construction [6,7]. The specialized
literature presents the results of some research carried out in view of the possibility of realizing such
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constructions from clay. These results, in addition to the many benefits, also point out some drawbacks
due to the clay [1,8-10]. The main drawbacks are that, in order to obtain the minimum conditions
of mechanical and thermal resistance, a large wall thickness is required. There is also a high risk
of cracking during drying due to significant axial contractions. The ideal clay soil to be used in
construction must contain at least 15-16% clay because it has the right plasticity and workability to
obtain a quality finished product [9,10]. In order to obtain a workable mixture, a certain amount of
water is needed to induce the phenomenon of thinning of the clay sheets, but it must be dosed so as
not to reach significant axial contractions and the appearance of cracks during drying. Thus, a linear
contraction between 3% and 12% is accepted for bricks from soft mixtures or between 0.4% and 2% in
the case of drier mixtures [1,8,9,11].

In order to obtain a good thermal insulation, the specialized literature indicates an apparent
density of the material between 1600 and 2000 kg/m3 [1,8,11,12].

The studies presented until now in the literature do not adequately show the influence of various
additives on the physical-mechanical characteristics of products made of clay (mechanical strength,
thermal resistance, water behavior and water vapor, etc.). Among the additives that could be used for
the clay matrix, but which have been insufficiently studied until now, is industrial waste. Every year,
after burning coal in order to obtain thermal energy, large quantities of power plant ash are produced.
The use of coal in the thermal energy production process in Romania has a share of over 38% of the
entire electricity production in the country [13,14].

The ash resulting from the burning of coal can be of two types: fly ash, which is evacuated with
the flue gases, and coarse ash, which is collected centrally and transported to specially arranged places
in dumps. Both types of ash have a major impact on pollution; flying ash pollutes the air, and coarse
ash occupies huge areas of land. In Romania, over 80% of industrial waste is stored in places arranged
in nature; this is the main method for so-called ash disposal. A single thermal power plant in Romania
produced almost 650,000 tons of ash, 50,000 tons of slag, and 50,000 tons of gypsum in 2017. Of the
total industrial waste produced at the national level, only 0.06% is currently recovered [13,15].

In addition, within the technological process of the processing of natural stones and marble
(limestone blocks), there are significant quantities of sludge—an average of 20 tons/day [13].
The resulting limestone sludge, which is partially dry, is stored in heaps in the form of cakes,
drying naturally.

Another category of industrial waste is gypsum sludge resulting from the processing of imported
ore. This plaster slime is stored in heaps, occupying large spaces as well. Therefore, studies and
research are needed for the possibility of recovering this waste. One way of recovery of industrial
waste can be by using is as an additive in clay mixtures intended for the manufacture of unburned
clay bricks. The aim of this study is to establish optimal clay-based mixtures for the manufacture of
unburned bricks, using four types of industrial waste as an addition to clay, as follows: power plant
ash and limestone sludge on the one hand, and scrap waste from the processing of imported ore and
gypsum sludge on the other.

The purpose of these experimental studies is to find sustainable ways to capitalize on
industrial waste.

2. Materials and Methods

The raw materials used to make the experimental mixtures were: clay that was extracted from
Valea Draganului, Cluj Napoca, Romania, ash from the Mintia thermal power plant, Romania, limestone
sludge from limestone processing, scrap waste from imported ore processing, and gypsum sludge.
These wastes were used simultaneously, two by two: ash with limestone sludge and scrap waste with
gypsum sludge.The sandy clay used was characterized by particle size distribution (Figure 1) and
oxide composition (Table 1) [16,17].
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Figure 1. Granulometry of sandy clay [16].

Table 1. Oxide composition of clay, determined according to romanian standard STAS 9163.

Oxides SiOZ A1203 Fe203 CaO MgO Kzo NaZO Ti02 PC
Content [%] 74.17 12.74 4.38 0.7 1.0 1.43 0.73 0.05 4.78

The power plant ash was characterized by the oxide composition presented in Table 2, the particle
size distribution of limestone is presented in Table 3, and the apparent density in Table 4 [18].

Table 2. The composition of the ash from the Mintia thermal power plant, determined by XRF (X-ray
fluorescence) analysis.

Oxides Si02 A1203 Fe203 CaO MgO SO3 Na20 Kzo P205 TiOg Cl‘203 Mn203
Content [%]  53.75 5375 26.02 791 2.54 1.54 0.35 0.59 2.57 0.12 0.05 0.09

The fineness of the ashes from the Minthia thermal power plant, determined on a sieve of 0.045 mm,
was 39.20%.

The limestone sludge used had the particle size composition shown in Table 3 and the apparent
density shown in Table 4 [18].

Table 3. Particle size distribution of limestone sludge.

Sieve Size (mm) 0.063 0.125 0.250 0.500 1
Through the sieve (%) 69 93 95 99 100

The apparent densities of all wastes used in this study, determined in the laboratory, are shown in
Table 4 [18].

Table 4. Apparent density of the filler materials used.

Type of Industrial ~ Ashes from the Mintia Landfilled Waste from Gypsum  Limestone
Waste Thermal Power Plant Imported Ore Processing Sludge Sludge
Apparent density
(Mg/m?) 1.67 1.26 1.26 178

Three compositions of clay, ash, and limestone sludge were made in different proportions, as well
as another three compositions of clay, scrap waste, and gypsum sludge in other three proportions.
The dumped waste and gypsum sludge came from the same working point for processing the imported
ore, and the ash and limestone sludge came from the same area. The compositions of the six mixtures
made, as well as that of a control sample (made of clay material without additives), are presented in
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Table 5. Prismatic specimens measuring 40 X 40 X 160 mm were made from each mixture and kept
until the equilibrium humidity was reached. The parameters that were examined on these specimens,
after a visual control of possible cracks appearing in the specimens that reached the equilibrium
humidity, were:

e  Axial contractions according to romanian standard STAS 2634;

e The apparent density in the hardened state when the equilibrium humidity is reached according
to european standard harmonized in Romania SR EN 1015-10;

e Mechanical strengths according to european standard harmonized in Romania SR EN 1015-11.

The equilibrium humidity is considered to be reached when the constant mass is reached.
From previous experiences, it has been found that it occurs about 40 days after making
clay-based specimens.

Table 5. Compositions of experimentally tested mixtures.

Materials Age Test Clay Mintia Thermal Power  Limestone Dumped Waste from Gypsum
Nr. of Test 8 (%) Plant Ash (%) Sludge (%)  Imported Ore Processing (%)  Sludge (%)
1 40 days 100 0 0 0 0
2 0days g 20 20 0 0
8 1 year
’ days 5 25 25 0 0
9 1 year
: 0days 4y 30 30 0 0
10 1 year
> 0days g 0 0 15 15
11 1 year
6 W0days g, 0 0 20 20
12 1 year
7 40 days 50 0 o 25 »s
13 1 year

These compositions were tested at 40 days and at one year in order to appreciate the variation of
the parameters over time. Samples 1 to 7 were tested at 40 days, and samples 8 to 13 were tested at
one year.

3. Results and Discussion

Analyzing the appearance of the specimens at 40 days and at one year, the lack of surface cracks
can be noticed, which is a very important aspect for clay-based mixtures, but it must be taken into
account that the dimensions of the specimens are small (Figure 2).

Figure 2. Appearance of the surface of the hardened specimen.

The results of the axial contractions recorded are represented in Figure 3.
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Figure 3. Axial contractions of dry mixtures at equilibrium humidity.

It was found that, from the point of view of the axial contractions, all the tested mixtures fell
within the limits indicated as being admissible in the specialized literature [1,7,13,18]. Although the
results obtained for drying shrinkage and crack evolution were satisfactory on these specimens, it can
be stated that for the manufacturing of bricks from these compositions, the dimensions of the elements
made must not exceed certain dimensions to avoid cracks. In order to be able to establish a correlation
between the maximum permissible dimensions of the elements made from these types of clay mixtures
with additions of industrial waste and the absence of cracks, a further study is needed.

Based on the results shown in the graph in Figure 3, it is observed that the additives used in the
mixture had a small influence on the axial contractions compared to the control specimen made only
of clay. The specimens were checked 40 days (mixtures 1 to 7) and one year (samples 8 to 13) after
manufacturing, as shown in Table 5. It was observed that the waste obtained from the processing of
the imported ore, as well as the dumped waste and the gypsum sludge added into the clay matrix,
induced a more accentuated decrease of the axial contractions compared to when the Mintia ash and
the limestone sludge were added in the same proportions.

The most accentuated decrease of the axial contractions was presented by the mixture with 50% clay,
25% dumped waste, and 25% gypsum sludge (sample no. 7), which was from 9.4 mm/100 mm of the
control specimen up to 8.6 mm/100 mm. Axial contractions after one year remained constant. There was
no significant decrease or increase in axial contractions from 40 days to one year after manufacturing.

The values of the apparent densities are presented in Figure 4.

According to the specialized literature, the materials whose apparent density is between 1600
and 1690 kg/m3, as shown in the graph, have the ability to store heat, which then yields when the
temperature drops [1,7,12,13,18]. According to the graph, all compositions fall within this limit.
Materials with densities between these values have a good thermal index, which causes a room to
have constant temperature. This is an important quality of natural materials.

The mixtures with the lowest values of apparent density at 40 days, 1650 kg/m3, were samples 2
and 5. Sample 2 contained 60% clay and 40% waste (20% ash and 20% limestone sludge), and sample 5
contained 70% clay and 30% waste (15% waste and 15% gypsum sludge).

The sample with the highest apparent density was sample 4, which contained the maximum
percentage of added waste (40% clay and 60% other additives). This composition probably had the
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highest density due to the addition of limestone sludge, which has the highest bulk density compared
to other raw materials.
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Figure 4. Apparent density of mixtures.

After one year, the sample with the highest apparent density was sample 10 which contained
40% clay and 60% waste (30% ash and 30% limestone sludge). In all mixtures, after one year, a small
increase of the values of bulk density could be observed, probably due to the reaction between Ca and
CO, from the air that formed the limestone.

The mechanical resistances determined on hardened prisms at the equilibrium humidity after

one year are presented in Figure 5. In Figure 6, the appearance of the specimen after breaking can
be observed.

O—=INWAUNAINOO
1

Mechanical strenght (N/mm?2)

1 23 45 6 7 8 9 1011 1213
Samples

B compressive strenght at 40 days
= Bending strenght at 40 days
= compressive strenght at 1 year

Figure 5. Mechanical resistance of samples.

A first observation is that all mixtures with added waste have increased mechanical strength
compared to the control sample, which was made only with clay. Another important observation
is that mechanical strength increases over time. All values of one-year resistance are higher than
40-day resistance.

In the case of the addition of ash and limestone sludge, samples 3 and 9 (25% ash, 25% limestone
sludge, and 50% clay) had the highest mechanical strength at 40 days and one year, with 8.2 N/mm?
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(sample 3) and 8.9 N/mm? (sample 9), respectively. With a greater or lesser addition of this type of
waste, the strengths are lower compared to that of this mixture. There is an increase in mechanical
strength by 47% compared to the control sample at 40 days and by 8% at one year, compared to the
same mixture tried at 40 days. For sample 2 (addition of 20% ash and 20% limestone sludge) as well as
at sample 4 (30% ash and 30% limestone sludge), there was a small decrease in resistance compared
to sample 3, but nevertheless, the mechanical strengths were higher than the strength of the clay
without addition.

Figure 6. Appearance of test specimens after breaking.

In the case of the addition of dumped waste and gypsum sludge, the sample with the best
mechanical resistance at 40 days was sample 6 with 20% dumped waste, 20% gypsum sludge, and 60%
clay. The value of the mechanical strength of sample 6 was with 40% higher than that of the control
sample. The same mixture tested at one year (sample 12) had a value of compressive strength 10%
higher than at 40 days. A higher proportion of piled waste and gypsum sludge reduced the mechanical
strength compared to sample 6 when tested 40 days after manufacture. The same mixture tested at one
year, sample 12, also had the highest mechanical strength among mixtures with this type of waste.
The samples with the addition of 30% and 50% mixtures of dumped waste and gypsum sludge had
mechanical strengths of approximately 6% lower than that of sample 6.

The best mixtures analyzed from the point of view of mechanical strength were the mixtures
marked with 3 or 9 (50% clay, 25% Mintia ash, and 25% limestone sludge) and samples 6 or 12 (20%
dumped waste, 20% plaster sludge, and 60% clay).

4. Conclusions

After this study, the following conclusions can be drawn.

All mixtures have a good workability, which allows a necessary homogenization.

Axial shrinkage is not negatively influenced by the addition of industrial waste, and no mixtures
showed cracks when drying. The largest length of a side of the specimens made was 160 mm, so it
can be stated that when making bricks with a side of 160 mm, no cracks appear, but for a brick with a
larger side, there is a probability of cracks; therefore, an additional study to establish the maximum
possible dimensions without cracks is necessary. Due to the results obtained at 40 days and at one year,
it can be stated that the axial contractions remain constant over time.

All the values obtained for the densities in the hardened state were within the interval of
1600-2000 kg/m>. According to the literature, this range is satisfactory in terms of thermal efficiency, so
the addition of industrial waste does not negatively influence the values of apparent densities in the
hardened state. The apparent density increases very slightly over time.

The mechanical strengths were positively influenced by the addition of waste. The composition
with the addition of 25% ash and 25% limestone sludge had the highest mechanical strength of all
mixtures. The mechanical strength of this mixture increased by 8% after one year.
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The mechanical strength of the sample with the addition of 20% bulk waste and 20% gypsum
sludge was also higher than the mechanical strength of the control sample. This mixture had the
highest resistance in the case of dumped waste and gypsum sludge.

The resistance value of this sample was 12% lower compared to the sample with 25% ash and
25% limestone sludge. In the test with the addition of 20% dumped waste and 20% plaster sludge,
the value of the resistance after one year increased by 10%.

All the conclusions confirm the fact that, in terms of physical-mechanical characteristics, industrial
waste can be successfully used as an addition in clay matrixes intended for the production of unburned
clay bricks, and it is very welcome to capitalize on industrial waste in this way, resulting in ecological
and healthy materials at the same time.

The bricks made according to the studied recipes can be successfully used to make constructions
that are environmentally friendly and energy efficient, and that provide a pleasant and healthy
climate for the inhabitants; at the same time, nature is protected from pollution by reducing cement
consumption. This also preserves the basic principles of traditional vernacular architecture that is
modeled according to current technological progress.
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Abstract: Concrete is the most used material in the construction industry, being prone to cracking.
Following the action of aggressive external agents, through cracks, access routes to the embedded
reinforcement are created. By enclosing in concrete various materials that can induce the self-healing
property, by taking actions when the cracks appear, the access of the external aggressive agents to the
reinforcement can be stopped, therefore creating more durable materials. The aim of the research is to
design a micro concrete with self-healing properties, based on Engineered Cementitious Composites
principles from the literature and using local raw materials.

Keywords: micro concrete; self-healing; innovative materials; sustainable development; waste
management

1. Introduction

Concrete is currently the most used material for in the civil engineering field. Depending on the
type of the element and the desired and designed strength, concrete can be used in three different forms:
simple concrete, reinforced concrete and reinforced/precompressed concrete. As a porous material,
prone to microcracking/cracking, the retrieve of tensile efforts by the concrete are most of the time
neglected, having very good properties in retrieving compression efforts, giving rigidity to the structure,
and protecting the reinforcement. The retrieve of tensile efforts from the concrete sections is carried
out by the reinforcement embedded in the concrete mass [1].

Cracking/microcracking of concrete does not implicitly lead to the failure of the infrastructure/
suprastructure of the buildings of which it belongs, but leads to the formation of pathways for aggressive
factors from the external environment, to the reinforcement embedded in the concrete, which in time
lead to the decrease in the capacity of the reinforcement to retrieve the tensile efforts of the concrete
sections, due to its possible corrosion [2]. Without blocking the access routes of external aggressive
factors, structural failure can occur by the loss of the bearing capacity of the elements.

Literature highlights several of the main parameters that can generate the self-healing mechanism
of concrete [3], namely:

e Subsequent hydration of un-activated cement in concrete mass;

e  Filling cracks due to the action of outside water by transporting particles inside the cracks;
e  Formation of calcium carbonate or calcium hydroxide;

e  Extension of the hydrated cement matrix into the crack.

The application of the embedded microcapsule approach as a self-healing agent has been carried out
and demonstrated by Withe et al. [4]. When the crack reaches and breaks the embedded microcapsules,
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the healing agent is released into the cracks through the phenomenon of capillary (Figures 1 and 2).
Then the self-healing agent comes into contact with the built-in catalyst, triggering the polymerization
reaction and as a result closing the cracks nearby.

Catalyst =

i) -
- m.lcmmpsn]a —o
crack
@ @ . O
ii)
~ he:]mg agent .o
-
na__ar. 2 O
i) " polvmerized
s healing agent -

Figure 1. Basic method of approaching microcapsules: (i) formed in the matrix; (ii) crack breaks the

microcapsules, releasing the healing agent into the plane of the fissure by capillary action; (iii) the healing
agent comes into contact with the catalyst, triggering polymerization thus ensuring the closure of the
close cracks [4].

Figure 2. Expansion agents and mineral mixtures—eSEM image showing a broken microcapsule [4].

In another study [5], a geo material with a SiO, content of 71.3% and an Al,O3 content of 15.4% was
added together with the expansive agent. Geopolymers were found to be formed by polymerization of
individual species of alumina and silicate, which were dissolved from their original sources at high
pH in the presence of alkaline metals. Detailed studies showed that the size of the geopolymeric
gel was less than 2 pm and that the interface phases of the cracks of the initial cracking area formed
several phases of hydrogarnet. It indicated that the phases of hydrogarnates or phases AFt, (Figure 3)
were formed of an expansive agent and therefore played an important role in the cracked materials.
The EDS analysis also showed that most of the modified geopolymeric gel was structured by dense
phases compared to the hydrogarnate phases. Chemical admixtures have also been studied in this
research series [5,6]. It was concluded that the addition of carbonates such as NaHCOj3, Na,CO3 and
Li,COj3 to normal concrete contributed to increased recrystallization of cementitious particles and
precipitated particles into concrete. In particular, when using the appropriate dosages of carbonates
and the expansive agent, the self-healing capacity of the cracks could be improved.
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Figure 3. Microscopic image of healing products—formation of hydrogarnet phases [6].

Microbial precipitation of calcium carbonate (CaCOj3) is determined by factors that include the
concentration of inorganic carbon dissolved, the concentration of calcium ions and the presence of
nucleic shales. The first three of these factors are veneered by the metabolism of bacteria while cell
walls of bacteria action as nuclear sites [7].

Since the cell wall of bacteria is negatively charged, bacteria are able to extract cations from the
environment, including positively charged calcium ions, which are deposited on the surface of the cell wall.
With this method that induces bacterial precipitation of CaCOj3 localized, cracked faces could be filled.
Scenario of the process of self-healing of cracks by bacteria immobilized in concrete is illustrated in Figure 4.

Figure 4. Schematic scenario of healing cracks by bacteria immobilized in concrete. Bacteria on the fresh
surface of the fissure become activated due to water ingestion, begin to multiply and precipitate minerals
such as calcite, seal the crack and protect the steel reinforcement from external chemical attack [8].

Self-healing concrete could solve the problem of concrete structures deteriorating well before the
end of their service life. The success of a knowledge-based society depends on the interaction with the
business environment and the sources available in order to generate new products and processes [9]
Besides the production of materials with self-healing properties, the use of materials derived from
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industrial by-products, is constantly increasing, therefore demand for special concrete is also increasing
(i.e., geopolymer concrete, self-healing concrete) [10,11].

The aim of this research is present preliminary results regarding the mix-design of a new,
innovative material, namely micro concrete, with self-healing properties, by using local sources
materials (fly-ash, limestone slurry, fibers and aggregates), some of them being considered wastes after
several industrial processes.

2. Materials and Methods

The design of the micro concrete with self-healing properties is based on the results obtained in
the literature on cementitious composite materials, namely on their self-healing property [12]. For the
first stage of the study, a micro concrete was designed, by replacing the type of sand used in the
production of cementitious composite materials. Two mixtures were studied in which the silica sand
with a maximum size of 0.3 mm used in previous studies [13] was replaced with CEN-Standard Sand
(Mixture T1) and with river sand (Mixture T2).

The design of the materials studied in this paper started from the design studied in the literature
about Engineered Cementitious Composites [11] and by using the following materials: Portland
cement: CEM 42.5 R, fly-ash, sand, polymeric PVA fibers (with a density of 1300 kg/m3 and 8 mm
length), slurry paste and a highly water-reducing superplasticizer. The ratios for the mixture T1 and
T2 and SS-L-PVA are presented in Tables 1 and 2. It can be seen that by changing the type of the sand,
an optimization of the water used in the mix took place. For both mixtures, with washed river sand
and with CEN-Standard Sand, the same quantity of water was used.

Table 1. Mixed design ratios of SS-L-PVA- FA/C used as a model from the literature [13].

Mixtures CEM? FA?® Sand  Water  PVA LS*  Superplasticizer
SS-L-PVA- FA/C 1.00 1.20 0.76 0.65 2.0% 0.18 0.02

values reported to cement quantity, > CEM—cement; > FA—fly-ash, * LS—limestone slurry.

Table 2. Mix-design ratios for T1 and T2.

Mixtures CEM2  FA?3 Sand  Water  PVA LS*  Superplasticizer
T1, T2 1.00 1.20 0.76 0.58 2.0% 0.22 0.02

values reported to cement quantity, > CEM—cement; > FA—fly-ash, * LS—limestone slurry.

Starting from the initial mixture of Engineered Cementitious Composite from the literature
(Table 1), because of the workability of the new mixtures where the type of sand was changed, silica
sand (maximum size of 0.3 mm) changed with washed river sand (maximum granule of 4 mm)
and CEN-standard Sand, an optimization of the quantity of water was made, and decreased from
0.65% (for SS-L-PVA-FA/C) to 0.58% (for T1 and T2). As well, the quantity of limestone slurry was
increased from 0.18% (for SS-L-PVA-FA/C) to 0.22% (for T1 and T2) in the mixtures.

The raw materials used in the production of the concrete were pre-conditioned in laboratory
conditions at (20 + 2) °C and (50 + 3)% relative humidity and the two types sand were also conditioned
until constant mass.

In order to obtain the desired self-healing properties, the ratios in which the materials were used,
was carefully monitored in terms of mix-design of the new material. In addition, in the design of the
micro concrete, the mixing sequences used for the preparation of the engineered cementitious composites
were based on relevant studies in the literature [14]. Two types of mixtures were tested: Mixture T1- with
CEN-Standard Sand and Mixture T2—with river sand with maximum size of 4 mm (Figure 5).

Tests regarding the mechanical properties of the material were performed at 28 days,
on 40 x 40 x 160 mm samples to obtain flexural and 1600 mm? samples for compressive strength (Figure 6).
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(b)
Figure 5. Sand used in the mixtures: (a) TI—CEN-standard Sand; (b) T2—River sand.

(b)

Figure 6. Mechanical parameters of the mixtures: (a) 3PB test; (b) compressive strength.

Three specimens were cut in halves and tested for the evaluation of the microcracks (Figure 7).
To evaluate the self-healing capacity of the micro-concrete, the specimens after being tested were
microscopically analyzed using a LEICA DMC 290 Microscope. The specimens after being tested [15]
at 28 days were microscopically evaluated with measuring the microcracks and were subjected to
28 cycles of wet/dry. The wet/dry cycles were 12 h immersed in water and 12 h in air in laboratory
conditions ((20 + 2) °C and (50 + 3)% RH) and after 28 days were microscopically reanalyzed.
The microcracks width was measured before and after the conditioning of the specimens in order to
evaluate the self-healing capacity.

|
e

=
Zh

Figure 7. 3PB section samples for self-healing preparation: (a) T1; (b) T2.
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Figure 8 represents microscopic images of the prismatic specimens made according to recipes T1
and T2.

Figure 8. 3PB section samples microscopical analysis at 28 days: (a) T1; (b) T2.

3. Results and Discussions

The mechanical properties of the samples and the initial cracking analyses were carried on at
28 days after being conditioned in water at (20 + 2) °C. Result obtained on the flexural and compressive
strength of Mixtures T1 (CEN-Standard Sand) and T2 (River sand) are presented in Table 3.

Table 3. Mechanical properties of the mixtures.

Mixture ID Compressive Strength (MPa) Flexural Strength (MPa)

T1 51.2 17.2
T2 51.3 18.1

Test results show that both the flexural strength and the compressive strength of the micro-concrete
mixtures are not significantly influenced by the type of the sand used in the production of the samples,
with less than 1% differences in the compressive strength.

The self-healing capacity of the samples was also tested by subjecting the samples presented in
Figure 7 to a 3PB test in order to generate cracks on the surface of the samples, after which the samples
were microscopically analyzed. After that, the samples were subjected to 28 wet/dry cycles (12 h immersed
in water/12 h in air) and resubjected to microscopical analysis (Figures 9 and 10). Consequently, for all the
samples, at each stage, the mean width of the microcracks (wy,eq) was measured as a parameter of the
self-healing capacity (Table 4).

Figure 9. T1 microcrack evaluation: (a) 28 days initial evaluation; (b) evaluation after 28 wet/dry cycles.
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(@

Figure 10. T2 microcrack evaluation: (a) 28 days initial evaluation; (b) evaluation after 28 wet/dry cycles.

Table 4. Evaluation of the microcracks for T1 and T2 at 28 days and after 28 wet/dry cycles.

Mirocracks Width (um)
Mixture ID Wmed Wmed : e (9
28 Days after 28 Cycles Microcracks Healing (%)
T1 48 6 80
T2 44 5 88

Results shown in Table 4 and Figures 9 and 10 show that the analyzed microcracks presented a
self-healing potential, after being subjected to 28 wet/dry cycles with potential closing of the crack
exceeding 80%, for the analyzed cases.

4. Conclusions

As fly-ash and limestone slurry are considered by-products form their specific industrial
processes and pollutants of the surrounding environment, using them in the production of new,
innovative materials could become an important step in the production of sustainable materials for the
construction industry.

Based on the above presented test results for compressive and flexural strength, the type of sand
used in the mixtures did not significantly influence the mechanical properties of the material.

When comparing the results regarding the self-healing phenomenon with the ones presented
in the literature, the microcracks self-healing potential exceeded 80% for the mixtures designed and
studied in this paper and 90% for the mixtures from the literature.

Current results regarding both the mechanical properties of the analyzed material and the possible
self-healing property opens new perspectives regarding the use of local raw materials in order to
develop these types of materials. Future studies focus on the optimization of the mixtures, by using
other types of fibers (mainly local), developing a mix-design by using larger size aggregates and by
using new types of admixtures in order to study the possibility of producing micro-concrete with
self-healing properties.
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Abstract: The aim of this paper is to present the way of reconstruction of historical monuments of
Romanesque architecture by reusing and highlighting the original component materials, related to
the subassemblies of the construction, respectively the recycling of those components that have lost
their historical value. The Romanesque buildings are part of Romanian national cultural heritage
and have been through controversial historical periods, and therefore have undergone important
modifications or structural losses. The reconstruction or rehabilitation of the Romanesque historical
buildings is a way of sustainable development by adapting the buildings to the new conditions of use.
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1. Introduction

Romanesque architectural style developed in the first period of Middle Ages and spread over the
whole Catholic Europe between 9th and 13th centuries. Romanesque style presents significant regional
variations because of the availability of materials, technologies and the aesthetic tastes. It became
the first international ecclesiastical architectural style; therefore, the greatest number of surviving
Romanesque buildings are churches. Romanesque style was introduced to Transylvania from Hungary
in the 12th and 13th century. The influence on architectural style was initially from Hungary and
Germany, and later from France and Italy. Romanian Romanesque churches are generally small
and modest churches, compared to the cathedrals from Europe or the following Gothic churches.
The construction material was brick or stone depending on the local availability. In Italy, Poland,
part of Germany and Netherlands, brick was used on a larger scale. In other areas, the churches were
made of stone in small, irregular pieces bedded in thick mortar. In Transylvania, the builders of the
period used preponderant quarry and river stones because of the local availability and numerous
stone quarries and Roman ruins. Brick was used in the northeast of Transylvania where stone was not
available. While a small number remain substantially intact, many churches were sympathetically
restored, being extended and altered in different styles. We will take into consideration some examples
of rehabilitation of these historical monuments.

If today’s buildings are built with a clear differentiation between their architecture and structure,
when talking about Romanesque historical monuments the relationship between the shape and
structure of a building appears in a mutual conditioning. The massive load-bearing structure of the
Romanesque building gives the stability of these building over decades. Therefore, this study will

Proceedings 2020, 63, 7; doi:10.3390/proceedings2020063007 163 www.mdpi.com/journal/proceedings



Proceedings 2020, 63, 7

include complex aspects related to the reconstruction and rehabilitation of the load-bearing structures of
the Romanesque buildings, at the interface between history, art, architecture and structural engineering.
Preliminary study on the structural problems of Romanesque churches will be carried out in order
to define adequate techniques of interventions following the preservation and restoration principles.
The use of traditional, modern and innovative materials and techniques is also discussed.

2. Structural Diagnosis

The reconstruction and rehabilitation of the load-bearing structures of Romanesque buildings
require the knowledge of conception, of technical details or the materials and traditional technologies
used. A deep understanding of the construction is mandatory when choosing the method of intervention
based on the minimal intervention concept of historical monuments.

This research is carried out in two stages:

e  structural diagnosis stage (identification of structural degradations);
e the stage of reconstruction and structural rehabilitation.

The structural diagnosis is based on the knowledge of each component of the load-bearing structure.
The architectural components with impact on the structural subassemblies are also important, such as:
door or window frames, details of floors or installations, the water-canal networks, the characteristics
of the foundation land and its mechanical properties, etc. This phase requires collaboration of
specialists in the field of architecture, engineering, topography, archeology or restoration. The common
concern is to identify the characteristics of the Romanesque structures and to propose the optimal
rehabilitation solutions.

The load bearing structure of a Romanesque church is composed by: thick walls made out of brick
or stone, foundations, columns/piers, floors, barrel or groin vaults and roof trusses. These structural
subassemblies are connected to each other in subunits with different spatial rigidities, which work
together and give the mechanical behavior of the entire structure. The empirical-intuitive conception of
the load-bearing structures, the quality of the interventions carried out during the utilization period, the
extensions or modifications made during the exploitation, the quality of the used materials, the depth of
the foundations and the geological conditions have an important influence on the mechanical behavior
of Romanesque structures.

The most common deficiencies of the Romanesque structures are: vulnerability to horizontal loads,
low anti-seismic conformation, lack of effective connections among the structural elements, presence
of horizontal structures (floors and roofs) with poor in-plane stiffness; lack of longitudinal bracing
subunit of the roof structure, lack of rigidity of the infrastructure compared to the need to embed the
superstructure; stiffness asymmetries and irregular morphology, due to continuous modifications,
stratifications and extensions occurring during the time; and low capacity for stretching and shear
efforts (Figure 1).

The presence of curved elements along with the massiveness of the walls and pillars/pilasters
generates gravitational actions, thrusts that produce significant bending stresses on the main
load-bearing system (walls, pilasters, columns). The main structural degradations of the Romanesque
ensembles are mostly due to these thrusts, being followed by the other causes like landslides,
earthquakes and fires. A part of the Romanesque churches from Transylvania have one or two towers
attached on the west end of the church. They produce distortions of seismic response that can lead
to the detachment of the church tower and then to the danger of a collision of the two oscillating
subunits: tower-nave. Examples can be found at the Evangelical churches from Roades and Rotbav
where the towers collapsed in 2016. At Rotbav, the collapse of the tower led to the collapse of a part of
the nave walls. Cracking or separation in the rigid bodies “tower-ship-altar” may also appear due to
the differentiated settlements of the foundation land. It was found that the consolidation of the joint
areas of these bodies with different rigidities and different pressures under the foundations would lead
to those degradations in their vicinity.
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Figure 1. Failure mechanisms in Romanesque churches: (a) overturning of the facade; (b) shear
mechanisms in the facade; (c) overturning of the apse; (d) transversal vibration of the nave; (e) vaults
of the nave; (f) vaults in the presbytery or the apse; (g) triumphal arch; (h) shear failure of the walls;
(i) bell tower.

3. Structural Consolidation

The structural consolidation on the Romanesque churches must be made with the main purpose of
safeguarding the original structure through the use of compatible materials and traditional techniques
that can be supplemented with scientifically grounded modern techniques. If the stability of a building
is affected or there is the need of a change in destination’s building, the structural modifications will be
implemented through reversible solutions with the condition that the new elements have the same
reliability with the original ones and they must be distinguishable.

3.1. Roof Structure

Preserved in a relatively small number, Romanesque roof structures are characterized by a
structural concept limited to the construction of trusses, without any longitudinal bracing systems.
On the longitudinal direction, the trusses are stabilized through the roofing support system.
The transmission of the loads carried by the trusses to the supporting subunits is made through the
simple wall-plates placed over the longitudinal walls [1].

Both Romanesque roof structures are in a good state of stability but there is need of rehabilitation
in order to maintain and increase their durability. There are some subsequent interventions on these
roof structures. For example, in the case of Vurpar church, temporary consolidations of the marginal
north-western area have been made. The biological degradations have made the rafter tie-beam
(nodurile caprior-coarda) nonfunctional; therefore, the decision was to place a metal band for carrying
the load resulted from the tie-beam between the rafter and the tie-beam. Also, several reinforced
concrete rings were placed below the wall plates (centura de beton armat sub cosoroaba). At Toarcla,
the observed intervention method on the roof structure is the integrations of bracings made out of a
single piece of wood in the rafters (Figure 2).
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Figure 2. Romanesque roof structures: (a) roof structure Lutheran church in Vurpar; (b) roof structure

Lutheran church in Toarcla.

3.2. Arches and Vaulting System

The early Romanesque builders developed the science of vaulting when they wanted to replace
the wooden ceilings with vaulting structures with better resistance for fire danger. The most common
vaults in Romanesque churches are the barrel (semicircular) vaults and the groin vaults-intersection of
two barrel vaults (Figure 3). In the later Romanesque period, the ribbed and pointed vaults were also
introduced. Vaults constructed of numerous blocks of material pressing against one another exert not
only the accumulated downward weight of the material and of any superimposed load, but also a
side thrust or tendency to spread. To avoid collapse, adequate resistance against this thrust must thus
be concentrated at the haunches (lower portions) of the vault. The resistance may take the form of
thickened walls at the haunches; of buttress placed at points of concentrated thrust as in Romanesque
and Gothic architecture; or of vaults so placed that their thrusts oppose and counteract. This necessity
has controlled the evolution of masonry vaulting and its use in buildings.

Figure 3. The thrusts of a barrel vault and a groin vault.

The structural deficiencies of Romanesque vaults occur mostly as a result of: subsequent faulty
interventions, lateral buckling/displacements of the vault’s supports, the lack of horizontal connecting
elements on the slabs level, the subsidence of the foundations and the decays of the masonry caused
by moisture [2].

The structural consolidation of the vaults and the supporting elements system is mostly done
through interventions that are meant to enhance the load-bearing capacity of the structure. This can be
done through the increase of the cross-section of the deteriorated elements (encasement). Additional
elements compatible with the original elements can be also introduced with the same purpose. Found
in Romanesque churches are metal tension bars meant to take over the abutment loads from arched
and vaulted structures. Metal tension bars/tie rods (tiranti) placed on the springing lines of the
triumphal arches that separate the altar from the nave can be found in many churches of Transylvania
(Herina, Avrig). In other cases, reinforced concrete ring-beams were placed on the slab’s level. Indirect
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consolidations with additional structures may be also carried out with the purpose to discharge the
weak original load-bearing structure of a part of the vertical loads.

The cross ribbed vault of brick at the Calvinist church in Sic was in bad condition due to the lack
of a roof structure for the choir for a long period, which led to maceration of bricks on a considerable
depth and cracks in the walls. Therefore, the intervention taken consisted of the replacement of
macerated bricks, bonding-wedging-grouting and protective plaster on the backs of arches reinforced
with geogrid [3].

3.3. System Walls-Piers-Columns

Historical load-bearing support structures such as load-bearing walls, columns and piers have a
deficiency in taking over the efforts of stretching and shearing in the console. The walls of Romanesque
churches are one of the most important components for the load-bearing structure. The thickness of
the walls allows to carry the weight of the vaults. Otherwise, the wall could become unstable if the
loads exceed the strength of the masonry, causing structural collapse.

Stone masonry walls have considerable vulnerability to horizontal seismic action, due to their
weak mechanical properties and extensive irregularities. In brick masonry, the problem of long-term
sustained loads (creep) acting on massive structures (towers, curtain walls, heavy pillars) may induce
sudden unexpected collapse [4].

The alternation of columns and piers together with the walls are a very important structural
feature of the Romanesque architecture, but sometimes they are used as decoration as well.

At the Evangelical church of Herina, after the 1886 earthquake, the walls were presenting multiple
cracks. The adopted solution for consolidations was the insertion of reinforced concrete beams at the
upper level of the walls under the roof line and grouting of cracks with lime paste. The same solution
was adopted at the church of Strei. In the case of the Calvinist church in Sic, where the degradations in
walls occurred due to unprofessional subsequent interventions and improper treatment of fissures
(with cement mortar), the cracked walls needed rehabilitation on 80% of their surfaces. The adopted
solutions have focused on reassuring continuity by bonding-wedging-grouting plus reinforcing with
stainless helical bars [3].

3.4. Foundations

The subassemblies of foundations were made according to an empirical-intuitive conception
and have the role of transmitting to the foundation ground the loads of the load-bearing structures.
They were made mainly of stone or brick masonry, with lime mortar (up to M10) or clay mortars,
with no protection against underground agents. The geometry of the foundations follows the plan
design of the building and its construction was influenced by the nature of the foundation land or by
the geographical position of the building. In Romanesque buildings, rigid surface foundations and
continuous or isolated foundations were made. They were connected to each other by masonry arches
through bonding-wedging technique. A major technological aspect that leads to the degradation of a
Romanesque edifice is the deficient cooperation of the foundations made in different epochs that lead
to unequal settlements. Foundations are exposed to aggressive soil moisture conditions. The problems
that arise are related to the depth of foundation, which is often insufficient in relation to the depth
of frost of the site and the depth of wetting of the clay with high contractions and swellings and in
relation to the foundation ground. Thus, the foundations of the Romanesque structures do not ensure,
most of the time, a rigid level of embedding in Romania.

Degradations in foundations of the church in Sic were due to the soil conditions (uneven settling),
unprofessional previous interventions or insufficient foundations depth. For the consolidation,
the underpinning and micro-piles system was used [3].

Interventions like sub base grouting were carried out at many of the Romanesque churches due
to the degradations over time of the material or the insufficient depth. At Strei, the durations of this
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intervention had caused cracks in the masonry and movement of the vault with dislocation in the ribs

(Table 1).

4. Case Studies

Case Studies—Three Romanesque Churches from Transylvania and Interventions Applied

over Time.
Table 1. Summary of applied interventions.
Reformed Church . . .
Santamarie-Orlea, HD Orthodox Chuch of Strei, HD Evangelical Church of Herina, BN
Date 1270-1280 End of 13th century End of 12th century-beginning of 13th

century

Central Europe and Italy

Hungary: Akos, Lébény, Jak and Zsambék;

Model (cistercian style) Santamarie-Orlea, HD Transylvania: Acas and Capleni
sy (Benectidine basilica)
LMI Code HD-II-m-A-03445 HD-II-m-A-03452 BN-II-m-A-01661

Actual state

It is open to visit but not for
liturgical services

Liturgical services are not performed
(exception September 8)

It belongs to the Bistrita-Nasaud Museum
Complex

ey T T
i - .
l-j_ l - =
Plan R L |L-
-hall church-rectangular -hall church—rectangglar . -basilical plan with central nave and two
-rectangular nave with square -rectangular nave with square choir and bell lateral naves, semicircular apse and two
choir and bell tower tower towers at the west end
Rough stone and waist stone Rough stone masonry mixed with bricks Brick masonry
Material bound with thick mortar Cut facing stones for the exterior intersections  Pillars of shaped stone

Facing stones at the corners

of the nave walls

Foundation-stone

Load-bearing
structure

-load-bearing walls made out of
stone

-wooden roof timber

-pointed vault (choir)

-groin vault (tower)

-octagonal piers cu cubic capitals
-stone foundations

-load-bearing walls made out of stone
(thickness 85-99 cm) and bricks bound with
lime mortar for door areas

-wooden floor

-pointed vault (choir) with stone ribs

-groin vault (tower)

-rough stone foundations with lime mortar

-load-bearing brick walls (thickness
1.00-1.30 m)

-wooden roof timber (naves)

-cross vault (choir)

-barrel vault

-octagonal, circular, square, cross-shaped
pillars (shaped stone)

-stone foundations

Interventions
history

Early 20th century

-restoration works:

-the decorative elements carved
from stone and were replaced by
rigid and unsightly concrete
elements;

-the stone pyramid of the initial
covering of the tower was
replaced with a hybrid roof sieve
helmet on a wooden frame;
-raising the floor level; 1957-repair
project

1974-general restoration project to
restore the monument to its
original appearance and
iconographic restoration

Repairs:

-eaves repair

-gutters and downspouts
-restoration of the tower roof
-plastering the facades while
preserving the painted layer
-floor restoration

-repair of the enclosure wall
Consolidation:

-sub base grouting for the wall
church and for the enclosure wall
-concrete topping of the vaults
-bounding of the timber frame [4]

Restoration 1895

1969-1972 DMI—mural painting restoration;
restoration and consolidation for the
monument and for the protected area (prior
archeological research)

Maintenance/repair interventions:

-replacing the shingle roof with one with tiles
-rehabilitation of the stone floor at the original
level

-ditches for rainwater

-protection of the area: drainage ditches +
underground sewerage

-interior and exterior lighting (with provisions
for painting protection)

Consolidation works:

1966-1972:

-sub base grouting at the apse of the altar
(because of the long duration resulted: cracks
in the masonry + movement of the vault and
dislocation and damaged in the ribs);
-consolidation of the ribs of the altar vault
(through U-shaped steel bracelets, fixed in the
reinforced concrete used to consolidate the
vault)

-consolidation of walls by using concrete
bracings [5]

-execution of a new wooden ceiling with
moving his position to a upper level according
to the level of the old floor)

-injecting cracks with fluid mortar
-2000-archaeological research

1692/1748: the roofs of the naves were
replaced

1886: the church was closed—danger of
collapse

1887-1989:

-the elevation of the southern tower
-interventions for consolidation with metal
tie rods for the efforts that led to the
cracking of the building;

-metal tie rods were placed at the superior
part of the nave’s walls and the choir

But the cracks were not injected
-restoration of portals

1994-1999 DSMAI- consolidation-repair
interventions

-the cracks were injected with cement paste;
wedging the wall

-repair of metal tile roofing (tower) and roof
tile roofs (ship) + eaves (50 cm)

-gutters and downspouts

-redone of the plasters with lime mortar
Structural consolidation:

-reinforced concrete bracings at the top of
the walls of the central nave, anchored by
the walls of the towers through metal tie
rods

-metal tie rods on the east wall

-braces on the supporting beams of the
ships floors anchored in reinforced concrete
bracings and connected diagonally with
metal tie rods or wooden cabinets
(horizontal washer) [6]
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5. Conclusions

The restoration of historical monuments has become a very important issue in the preservation
of cities and communities. Well-preserved and maintained historical buildings improve the quality
of community life with which they coexist. The Historic Monuments List drafted by the Ministry
of Culture and National Heritage of Romania in 2015 lists 110 monuments built in the 12th-13th
centuries [7,8]. Most of these monuments were built initially in Romanesque style but they have
undergone additions or transformations in the following centuries; therefore, it is challenging to find
the monuments that have kept their originality. The reconstruction and rehabilitation of the evangelical
church of Herina was a necessity after the 1886 earthquake. The church of Sic was in an advanced state
of degradation due to unprofessional subsequent interventions [9]. Even if the solutions adopted are
questionable in correlation with today’s principles, nowadays these churches stand as some of the
most representative monuments for Romanesque architecture. Following these examples, we would
like to raise awareness about the need of conservation or reutilization of the abandoned medieval
churches. For example, in Cluj County, the actual state of the church of Nima (uncovered) affects the
valuable mural paintings that can be seen on the walls [10]. Even if the monument was cleared out of
the vegetation from inside and a roof over the altar was realized in 2006, a complex restoration of the
monument was not possible yet due to lack of financial resources.

We should also look into the importance of the reconstruction of the several fortresses built
between the 13th-15th centuries. A major reconstruction project for the Bologa Fortress was begun in
2016. The restorations of the stone churches of Santamarie Orlea and Strei have had an important impact
on increasing tourism in this area. An approach on the research of small village churches in Romania
may reveal the importance of including these almost abandoned churches on a so-called Romanesque
Route (following the example of Germany, Portugal, Spain, France) and later on, their insertion on
the TRANSROMANICA-The Romanesque Route of European Heritage, along with the St. Michael’s
Cathedral from Alba Iulia.

The reconstruction and the reutilization, along with some modern intervention techniques,
are raising divisive opinions but we must take into consideration that reconstruction is motivated by
an interest in value preservation and, in some cases, is imposed by functional needs.
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Abstract: The article presents an experimental study on concrete blocks prepared by using waste
types such as fly ash as a cement substitution, waste of plastic bottles and wood waste as replacements
for sand and polyester fibers waste as a dispersed reinforcement. The mechanical characteristics of
concrete with fly ash and polyester fibers were determined. The influence of the type and dosage of
waste on the mechanical strength is discussed. The concretes with fly ash and different dosages of
waste were used for manufacturing hollow blocks that were tested in compression, and the behavior
under load was analyzed. Failure in compression of hollow blocks was gradual and ductile.

Keywords: eco concrete; fly ash; waste

1. Introduction

Concrete is one of the most used materials in construction and engineers have worked to ensure
concrete responds to new requirements related to environment protection [1,2]. Production of cement,
an important component of concrete, is a cause of CO, emission (7%), and the huge quantities of natural
aggregates used in the concrete composition result in important changes in the natural environment.
Non-conventional concretes, with different types of materials in the mix, have emerged just for partially
eliminating the above ecological problems. The cement is replaced partially or totally by different
materials, such as fly ash, silica fume, slag, rice husk and banana leaves ash [3-8]. Aggregates have
been replaced by steel slag, chopped plastic bottles, polystyrene granules, recycled aggregates, chopped
sunflower, etc. [9-13]. Fibers of diverse types have also been added in the concrete mix: steel, polyester,
hemp, etc. [14-18]. The main objective of the article was to analyze the behavior of hollow blocks
manufactured with concrete prepared with a cement substitution with fly ash and waste types such
as chopped plastic bottles and wood waste as replacements for sort 0-4 mm and polyester fibers as
a dispersed reinforcement. The hollow blocks manufactured with non-conventional concretes will
be used to make a non-load-bearing masonry wall. In the next stage, this masonry wall will be built
and tested.

2. Experimental Program

2.1. Materials

In the research, a control mix of concrete (Cp) was used for preparing hollow blocks which had the
following components: cement type CEM 142.5 R [19] in a dosage of 360 kg/m?; and river aggregates
in three sorts, namely 0-4 mm, 4-8 mm and 8-16 mm, which were in the following dosages: 803 kg/m?
of sand, 384 kg/m3 of sort 4-8 mm and 559 kg/m? of sort 8-16 mm. We used water in a dosage of
172 L/m?3, and 10% of the cement dosage was replaced with fly ash, from CET Holboca Iasi. Fly ash
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was used before in other experimental tests and presented by the authors in [15,20]. Waste types PET
bottles and wood waste were chopped into sorts of 0—4 mm and used as replacements for 20% by
volume of the dosage of aggregate sort 0-4 mm in the case of PET and 40% by volume of the dosage of
the same aggregate sort in the case of wood. The chopped PET and wood waste had sizes between
0 and 4 mm. Waste from polyester fibers was used, which was cut into 30 mm-long filaments and
dispersed as a replacement reinforcement in the concrete, in a dosage of 0.25% of the concrete weight.
In the mixture, we used a superplasticizer (Master Glenium SKY 617 from BASF) in a dosage of 1% of
the cement volume.

2.2. Samples

The control mix of concrete (noted Cp) and the mixes with fly ash and chopped PET (noted
C;), fly ash and wood waste (noted C;) and fly ash and polyester fibers (noted C3) were prepared
by mixing all the components. The wood waste was moistened before being added to the mix.
The samples were poured: cubes of 150 mm in size for determining the compressive strength fc, and
prisms of 100 x 100 X 500 mm in dimension for determining the flexural strength f;; and split tensile
strength fig [21-23]. The hollow blocks, one of which is shown in Figure 1, labeled HBF1-HBF3 were
manufactured only for the concretes with waste (concretes C;—Cj3). After 24 h, the specimens were
removed from the formwork and kept in the laboratory at a temperature of 20 °C until testing.

2 E-o
-
. e e
A A2 LA W e e X,
5 ﬂ)\/ A
(a) Digital drawing of the hollow block (b) Hollow block

Figure 1. The experimental hollow blocks.
3. Testing Result and Discussion

3.1. Mechanical Strength of Concrete Mixes

The control mix and the concretes with waste were tested at 28 days for mechanical strength.
The values are given in Table 1.

Table 1. Mechanical characteristics of experimental concretes.

fe fei fra
Concrete Sample N/mm? N/mm? N/mm?
Control Cy 33.45 1.82 1.72
C 2527 1.74 1.82
Cy 13.63 1.30 1.24
Cs 29.80 2.01 1.94
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3.1.1. Compressive Strength

The value of f. for concretes with waste was influenced by the type of waste. All values of f. were
lower than that of the control mix. The replacement of sort 04 mm with chopped plastic in a dosage
of 20% had reduced £, with 24.5%, in comparison with the control mix. In the case of the replacement
of sand with 40% sawdust, f. was reduced, with 52%, and mix C3 (only with fly ash and polyester
fibers) presented a decrease in f.. of only 11% in comparison with the control mix. For £, the highest
value was obtained for concrete Cs.

3.1.2. Flexural Strength

The value of flexural strength was influenced by the type and dosage of waste. When the
aggregates of sort 0—4 mm were replaced, a decrease in flexural strength was obtained. The addition of
polyester fibers increased the flexural strength by 10% in comparison with the control mix. For f;;, the
highest value was obtained for concrete Cs.

3.1.3. Split Tensile Strength

The value of split tensile strength was influenced by the type and dosage of waste. The waste
type chopped PET as a replacement for sort 0-4 mm in a dosage of 20% resulted in an increase in the
strength. The waste type wood waste as a replacement for sort 0-4 mm in a dosage of 40% resulted
in a decrease in the strength. The dispersed polyester fibers increased the split tensile strength in
comparison with the control mix by 12.8%.

The mechanical strengths of concretes with different waste types as replacements for aggregates
were lower than those of the control mix. In the case of concrete with fly ash and polyester fibers, the
compressive strength was lower than that of the control mix, but the flexural strength and split tensile
strength were highest.

3.2. Hollow Blocks Experimental Test

The blocks of concrete were subjected to axial compression. The compression force was applied
along with the height of the block. The maximum value of the compression load was divided by the
gross contact area of the block, including holes, noted fy1, and by the net area, noted f.p,.

The indirect tension stress, according to [24], was computed with the following relation (1):

fy, = 2P/miLh, (@]

where P is the value of the maximum compression load, h is the height of the block (140 mm) and L is
the split length (82 mm) if the holes are neglected, or 240 mm if the total length is considered.
The results of the experimental tests are given in Table 2.

Table 2. Experimental results of the compression test on the hollow blocks.

No Block Sizes of Blocks Maximum fob1 febo fin1 fino

: mm Compression Force kN N/mm? N/mm? N/mm? N/mm?
Cy HBF1 240 x 290 x 140 815.00 11.71 14.29 4.53 1.54
Cy HBF2 240 x 290 x 140 390.42 5.71 6.85 2.17 0.74
Cs HBF3 240 x 290 x 140 925.21 13.3 16.21 5.13 1.75

The compressive strengths f, of the blocks had different values, depending on the type of concrete.
According to [24], the minimum compressive strength must be 7 N/mm? and the blocks with fly ash
and PET waste (HBF1) and those with fly ash and polyester fibers (HBF3) satisfy this condition for
their use in masonry also in seismic areas, as a self-weight masonry for realizing partitioning walls [24].
The block HBF2 can be used for self-weight masonry.
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The split tensile strength fy, of blocks also had good values which are in concordance with values
given by other authors [11].

The mechanical characteristics of hollow blocks recommend them to be used in construction for
realizing masonry walls.

3.3. Failure Mode

During the tests in compression, the blocks failed gradually, and vertical cracks developed
throughout the entire depth, especially near holes. The blocks had a ductile failure until the complete
damage, as shown in Figure 2.

(a) HBF1

(c) HBF3
Figure 2. Failure of hollow blocks HBF1, HBF2 and HBF3.

4. Patents

For manufacturing the blocks, the following types of waste were used for preparing concrete: fly
ash that replaced 10% of cement in all mixes with waste, chopped plastic bottles (PET) that replaced
aggregate sort 0-4 mm in a dosage of 20% by weight, waste of wood that replaced aggregate sort
0—4 mm in a dosage of 40% by weight and waste of polyester fibers that was added in the mix with
fly ash.

The compressive strength, tensile strength and split tensile of the concretes with waste were
determined. The type and dosage of waste influenced the mechanical properties. For all types of
concrete, the value of compressive strength was lower than that of the control mix without waste. In the
case of concrete with polyester fibers, the flexural strength and split tensile strength were higher than
those of all others mixes. For concretes with saw dust, the lowest values of all mechanical strengths
were obtained.

When tested in compression, the hollow blocks presented values of compressive strength and
tensile strength comparable with other types of blocks, which means we can recommend their use for
realizing walls.
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Abstract: The aim of this paper is to present preliminary results regarding Engineered Cementitious
Composites (ECC) and their behavior when experimentally assessing their fracture energy, by measuring
the flexural tensile strength (limit of proportionality, residual). As a characteristic of a ductile material,
fracture energy is an important parameter when assessing ECC post-cracking residual stresses.
With 2% fibers addition in the mixtures, the crack width can be controlled and the material’s ability to
bear a tensile strain-hardening capacity has been assessed. Ninety days flexural tensile strength tests
were performed in order to obtain preliminary results on ECC prismatic specimens.

Keywords: fracture energy; engineered cementitious composites; limit of proportionality; residual
strength; fly ash

1. Introduction

Using 2% of fibers well distributed, Engineered Cementitious Composites (ECC), with the ability to
undergo the tensile strain-hardening capacity with over 300 times that of normal concrete, allow cracks
to form and control the crack width [1]. Those materials with high ductility and damage tolerance
under tensile and shear loadings [1,2] have a distinguished design compared to Fiber Reinforced
Concrete (FRC) based on micromechanics of first crack initiation, fiber bridging and steady-state
flat-crack propagation mode [3].

Kanda and Li, in 1998 [4], established two conditions of Engineered Cementitious Composites in
order to achieve the strain-hardening behavior and to induce the multiple cracking behavior. The first
condition is defined by the first crack stress as a strength criterion and the second one is the steady-state
cracking defined as energy criterion. Responsible for initiating the micro cracks, the strength criterion
ensures the tensile load that allows the micro cracks to be less than the maximum capacity of the fiber
fringing. The energy criterion that prescribes switching the Griffith-type crack is the second condition.
As the crack length extends, the opening of the crack increases as for FRC to steady-state flat-crack
propagation mode in the case of tension-softening behavior [3].

The fracture energy is the amount of energy that is necessary to generate a crack of one unit
of area. For concrete, the fracture energy can be determined experimentally by applying flexural
tensile strength loading on a notched concrete specimen [5] and can be calculated as the area under the
load-deflection curve divided with the net cross section of the specimen situated above the notch. It is
shown that the method of determining the fracture energy by means of stable three-point bend tests
on notched beams seems suitable for concrete and similar materials [6]. In order to generate the area
under the load-deflection curve, the first step is to experimentally evaluate the flexural tensile strength
of the concrete by means of Limit of Proportionality (LOP) and residual strength.

The importance in studying fracture energy is to determine the formation of multiple cracks in
the material in order to achieve high tensile ductility similar to ductile materials.
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According to Mehta and Monteiro [5], the fracture energy increases when the aggregate size
increases, among other factors. Delivering dimensional stability and wear resistance, aggregates can
also affect negatively the tensile performances due to the increasing of the tortuosity of the fracture path,
which leads to a tough Engineered Cementitious Composites matrix [3]. The propagation of the cracks
after they occur leads dramatically to the damage of the steady-state flat-crack propagation process in
Engineered Cementitious Composites and the sacrifice of the multiple-cracking behavior [7]. Therefore,
in order to generate this effect, fine aggregates should be used in the mix-design, such as micro-silica
sand with maximum grain size of 250 um and a mean size of 110 um instead of coarse aggregates.

To reduce the environmental impact [8-11], fly ash considered pozzolans and by-product materials
and are added to concrete as a cement replacement for economic reasons and to improve the workability
of the material as well as prevent their waste disposal. Studies have shown that industrial by-products
can be successfully used as partially replacing OPC in concrete, but also as raw material by their
chemical activation in the production of new, innovative materials [12,13].

To obtain the residual strength curve, the relationship between the fracture strength and the crack
length are needed. The residual strength depends on the crack size. For the structures where the cracks
grow slow like monolithic and single load paths, the residual strength capability is simple. For build-up
structures, multiple load paths and fail-safe structures where the crack grow slow, due to the geometric
construction of the components, the residual strength analysis is complicated. The residual strength
for a given structure is a function of the service time.

The main objective of the current research is to explore the development of ECC materials and
analyze their mechanical properties, as well as to explore initial experimental methods and testing
procedures in order to assess the fracture energy (by means of flexural tensile strength) and the potential
approach regarding concrete delay of cracks growing when the material present defects under certain
loads, in accordance with fracture mechanics.

2. Experimental Program

Engineered Cementitious Composite mixtures presented in this study were developed based
on available literature [14] and starting from a rigorous selection of materials that will be used.
The initiation of fracture at pre-existing cracks is affected by the residual stresses in structural materials
and can modify the intensity of the crack tip stress field [15]. Depending on the crack opening or
crack closure, residual stress can promote or inhibit the initiation of fracture. Residual stress affects
the fracture initiation behavior of the materials and their resistance to subsequent crack growth [16].
These parameters can be affected by the raw materials and their specific mix-design ratio.

2.1. Raw Materials and Mix-Design Ratios

In order to produce the ECC samples, Portland cement CEM 142.5R, Class F fly ash from a local source,
silica-sand (maximum size of 0.3 mm) and river sand (maximum size 4 mm), polyvinyl alcohol fibers
(PVA), limestone slurry and a water reducing superplasticizer admixture were used. The characteristics
of the PVA fibers used have the length of 8 mm, are chemical resistant, have UV-stability, are hydrophilic
and previous studies have shown that they meet the requirements of strain-hardening performance
of the Engineered Cementitious Composites [14]. The limestone slurry paste was obtained from a
local source and, since water is an important parameter that influences the fresh and hardened state of
concrete, the water content was measured (19.7%).

Two types of sand were used in the production of the samples in order to study the influence of
this material. One mixture was produced using silica-sand (T1E) and one mixture was produced using
normal river sand (T2E).

The mix-design ratio was developed based on ECC developed mixtures used in the literature
(Table 1) [14] and are presented in Table 2.
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Table 1. Engineered Cementitious Composites (ECC) base mix-design [14].

Mixtures CEM 2 FA 3 Sand  Water PVA LS%  Admixture
SS-L-PVA- FA/C 1.00 1.20 0.76 0.65 0.05 0.18 0.02

values reported to cement quantity, > CEM—cement; > FA—fly-ash, * LS—limestone slurry.

Table 2. Engineered Cementitious Composites mixture proportions.

Ingredients (wt.%)
CEM 2 FA3 Sand Water PVA LS*  Admixture
TI1E Silica Sand 1.00 1.20 0.76 0.58 0.05 0.22 0.02
T2E Normal Sand 1.00 1.20 0.76 0.56 0.05 0.22 0.02

values reported to cement quantity, 2 CEM—cement; 3 FA—fly-ash, 4 LS—limestone slurry.

Mixture  Type of Sand

2.2. Testing Methods

The mechanical properties (flexural and compressive strength) of the ECC samples were
determined using 40 x 40 X 160 mm prismatic specimens for each of the proposed mixtures; the mean
value of the results was considered relevant for the data interpretation. The testing method was in
accordance to EN 196-1 [17] and the samples were tested at 28 and 90 days, under laboratory conditions
((20 = 2) °C and (50 + 3) % RH).

In order to investigate the 90 days flexural tensile strength (LOP and residual strength) of the
mixtures, 150 x 150 x 600 mm samples were produced in the same conditions. The tensile behavior of
the samples is evaluated in terms of the residual tensile strength values when subjected to bending,
determined by the load-displacement curve of the crack edge, obtained by applying a point load
centered on a notched prism. The loading scheme for the test is presented in Figure 1.

Testing machine arm

b= 150 mm

d=150 mm
| A 25 mm

N
Three point bending setup for fracture " Testing machine bed

600 mm

Figure 1. ECC flexural tensile strength loading scheme.

Tests to determine the stress displacement (CMOD) diagram, and to determine the values obtained
for the displacements of 0.5, 1.5, 2.5 and 3.5 mm, were carried out according to SR EN 14,651 + A1 [18].
The Limit of Proportionality (LOP) was determined according to Equation (1) and the residual strength
was determined according to Equation (2) [17].

ffet1. = (3FL1)/(2bhsp?) (N/mm?) )

where, ff. ] is the Limit of Proportionality; F is the corresponding stress; 1 is the length between the
rollers; b is the width of the sample and hs;, is the distance between the lower part of the notch and the
upper part of the sample.

frj = (3F1)/(2bhsp?) (N/mm?) 0)
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where, ij is the residual resistance, which corresponds to CMOD]- (G=1,2,3,4); Fis the corresponding
stress, which corresponds to CMOD; (=1,2,3,4); 1is the length between the rollers; b is the width
of the sample and hg;, is the distance between the lower part of the notch and the upper part of the
sample. In Figure 2, the specimens equipped, ready to be tested, are presented.

- __

() (b)

Figure 2. Flexural tensile strength: (a) loading scheme of the samples; (b) transducer used for the
displacement measurement.

3. Results and Discussions

3.1. Mechanical Properties

The flexural and compressive strength test results of Engineered Cementitious Composites
mixtures with different types of sand are presented in Figures 3 and 4.

Flexural strength (MPa)

2%
25

20
| l l
10
0
T1E T2E

Figure 3. Flexural strength of ECC mixtures at 90 days.

Tliterature

Compressive strength (MPa)

50
40
30
20
10
TiE T2E Tlit.

m Compressive strength (Mpa) 28 days ® Compressive strength (Mpa) 90 days

Figure 4. Compressive strength of ECC mixtures at 28 and 90 days.
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3.2. Flexural Tensile Strength (LOP and Residual Strength)

Three point bending tests (3PB) performed at 90 days on the 150 X 150 x 600 mm samples and
experimental results and curves concerning the nominal stress and Crack Mouth Opening Displacement
(CMOD) are depicted in Figures 5 and 6. Results regarding the LOP are presented in Table 3 and
results regarding the residual strength are presented in Table 4. The mean of the individual specimens’
curves is also depicted.

Based on the graph curves above, the residual strengths fg j (evaluated at four different CMOD
values), and the flexural tensile strength (LOP) ffd’L were presented for both of the ECC mixtures
proposed. It can be noticed that the post-cracking flexural behavior of samples is generally exhibiting
the desirable high residual strength and toughness performance. T2E samples show a much higher
post-cracking flexural behavior than T1E samples. A constant CMOD loading rate was maintained
until the end of the test. The end point of the test is at 3.5 mm and that is the point where the fracture
energy should be calculated.

To find the fracture energy of the specimens, the areas under the curves need to be calculated based
on mathematical formulas that are dependent on the geometrical characteristics of the samples [19].

——TIE-1
~=-TIE2

- average

2

CMOD (mm)

Figure 5. Flexural tensile strength (limit of proportionality, residual)—T1E (90 days).

——T2E-1
#—T2E-2

“—average

ominal stress
(MPa)

N

0 0.5 1 L5 2 25 3 35 4
CMOD (mm)

Figure 6. Flexural tensile strength (LOP, residual)—T2E (90 days).
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Table 3. ECC mixtures Limit of Proportionality.

Mix Fr 1 b hps fret,L ffct,Lmed
T1E-1 16844 5.4
TE ————— E— 49
T1E-2 14018 45
500 150 125
T2E-1 21832 7.0
TZ”E ————— e 6.4
T2E-2 18073 58

Table 4. ECC residual strength.

CMOD frj

Mixture ID (mm) (MPa)
05 52
15 38
T1E-1 25 16
35 1.0
TIE
05 36
15 22
T1E-2 25 0.8
35 0.4
05 6.1
15 36
T2E-1 25 21
35 18
T2E
05 46
15 17
T2E-2 25 1.0
35 0.8

4. Conclusions

In the present paper, an experimental study was presented aiming at evaluating the cracking
behavior in terms of flexural tensile strength of ECC samples produces using local raw materials.

Comparing the test results for compressive and flexural strength with the results obtained in the
literature, it was noticed that the mixtures from the literature have a higher compressive strength:
53 MPa at 28 days compared to 45 MPa for the mixtures from this paper, and for flexural strength,
24 MPa at 28 days compared to 18 MPa for the mixtures from this paper.

Post-cracking flexural behavior of the tested samples was generally exhibiting the desirable high
residual strength and toughness performance expected for the mix-design of ECC mixtures.

As the fracture energy is tightly bound with the obtained results regarding the flexural tensile
strength (LOP, residual) and it can be obtained based on mathematical formulas, further studies will be
carried on regarding the output of the presented results in terms of fracture energy and evaluating the
parameters that affect this characteristic.
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Abstract: Industry 4.0 implies sustainable production by providing green products created through
environmentally responsible processes. This paper aims to analyze the two main business processes
responsible for energy innovation in a telecommunications company: “develop property strategy
and long-term vision” and “evaluate environmental impact of products, services, and operations”.
The processes will be introduced using an initial set of key-performance indicators (KPIs) and
American Productivity & Quality Center (APQC) Process Classification Framework activities. Through
value stream analysis, the non-value-added activities will be eliminated. Ultimately, to provide
an overview for the stakeholders, a new set of KPIs will be proposed and the processes will be
modeled using Event-Driven Process Chain (EPC) and Suppliers-Inputs-Process-Outputs-Customers
(SIPOC) methods.
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1. Introduction

Sustainability, lean manufacturing, and Industry 4.0 are important concerns nowadays.

The concept of sustainability has been developed as a solution to the ecological crisis caused by
the intense exploitation of resources and the continuous degradation of the environment. Sustainable
development is defined as “development that meets the needs of the present without compromising
the ability of future generations to meet their own needs” [1].

Lean manufacturing implies reducing all activities that do not bring value for end customers. It is
an ongoing effort to eliminate or reduce all waste in design, manufacturing, and distribution, ensuring
quality improvement, reducing processing time and overall costs [2].

Industry 4.0 implies real-time connectivity between suppliers, departments, machines and
products, and it aims to revolutionize all industries in terms of technology, business processing and
digitalization [2].

Research shows that Industry 4.0 has made the public aware of the challenges present in the Triple
Bottom Line, which covers the three pillars of sustainability: economic, environmental and social [3].

Lean manufacturing will decrease energy consumption of non-renewable energies and industrial
waste and increase interest in renewable energy and the collaboration between environmentally
responsible companies [3].

Cyber-Physical Systems (CPS) introduced by Industry 4.0 will digitalize the relations between
suppliers, producers and consumers, creating a smart manufacturing process. This transformation
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will lead to an increase in productivity, reducing industrial costs (i.e., production, logistic,
quality management), providing better quality of products and reducing errors [3].

Industry 4.0 will lead to a decrease in energy consumption and waste reduction though optimization
of logistics and warehousing [3,4].

The Industry 4.0 technological framework consists of the Internet of Things (IoT) and Internet of
Services (I0S), which connect the industry through their supply chain network [5].

Research shows that the IoT might have a positive impact on the environment by increasing
collaboration with partners that follow good environmental practices and decreasing resource
consumption [2].

On the other hand, another research shows that the IoT might increase the demand for massive
data centers, which would lead to an increased energy flow. Automation and digitalization might have
a negative impact on the environment as it might lead to increased equipment demand, which would
increase raw material flow, energy flow and fuel flow in their manufacturing [5]. Digitization and
integration would lead to more raw materials and energy required, as well as the disposal or recycling
of outdated equipment [6].

The telecommunications industry (i.e., ITC) ensures the communication framework for Industry 4.0,
the network and the inter-connection between Internet of Things devices, and therefore their
sustainability practices and efforts to create sustainable business processes are objects of concern.

On the European market, the main telecommunications competitors, their revenue,
digital programs and climate change actions are explored by the European Telecommunications
Network Operation’s Association [7].

In this paper, sustainable development data will be used to measure business processes and
give examples of programs and initiatives developed by Vodafone (primarily, as their annual report
contains a data sheet with useful information), Telekom and Orange.

Previous research addressed sustainability in supply chain systems and proposed a decisional
model for evaluating suppliers, under the following criteria: environmental (green corporate social
image, environmental management system), social (work safety and labor health) and economic (cost,
quality, service) sustainability [8].

Another study extends the Business Process Management concept, focusing on optimizing costs,
quality, time and flexibility of the business process with the Green Business Process Management
(BPM) concept, which focuses on the environmental consequences of business processes. Green BPM
implies reducing greenhouse gas emissions and energy consumption as optimization objectives for
business processes [9].

Although there are a multitude of studies on business process in the literature, they cover either
other production industries, lean manufacturing, or are focused on certain types of business processes
(Green BPM). The processes that will be analyzed in this study are not addressed in the literature.

In the context of Industry 4.0, this study might be relevant to companies operating in the
ITC industry thanks to the provided values stream analysis, which may give valuable insights to
the implementation of sustainable development strategies and related processes key-performance
indicators (KPIs).

2. Research Methodology and Input Data

2.1. Categories of Business Processes

A first step is to identify the input data, meaning the business processes responsible for the
sustainable development strategy. The Process Classification Framework (PCF) from APQC in a
telecommunications company will be used as a methodology [10].

Developing sustainable, innovative products and solutions that help customers save energy
implies conducting business processes from the C2, C3 and C4 categories. A sustainable office uses
renewable energy, has intelligent lighting or heating systems, with business processes from the C9
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category being responsible from creating it. To drive energy innovation, environmental, health and
safety programs should be put in place, and the business processes responsible for creating them are
from the C10 category. A sustainable development strategy cannot be achieved without the support of
governments, non-governmental organizations and the mass media, and the responsible processes
reside in the C11 category. The C13 category is responsible for the adaptation of technology centers.

2.2. Groups of Business Processes

The next step is to identify programs implemented by the studied organizations that are directly
correlated with the APQC groups of business processes [10]. In Table 1, the following notation will be
used P(category_number).(process_number) Group of processes. The programs are extracted from the
Corporate Social Responsibility (CSR) reports of the targeted companies [11-13].

For each group of processes, the authors identified and extracted the data reported in the CSR
reports and date sheets [12-14].

Table 1. Groups of business processes.

Programs Claimed in APQC
CSR Reports APQC Process Process Data Category Number
Smart City Alba Iulia . Purchased goods and
(Orange), Smart City Piatra P2.2: aDrf;esleorii};:S)duCts services: 4.000.000 tonnes c2
Neamt (Telekom) CO; (Vodafone)
Supplier Performance
Management Program P4.8: Develop and manage B ca
(Vodafone), Supplier Code of supply chain
Conduct (Telekom)
Code of Ethical Purchasing . . Energy consumed (GWh):
(Vodafone), Certification in P9.1: Design ar'1d 5582 (Vodafone)
; . construct/acquire . C9
responsible purchasing non-productive assets Energy consumed (GWh):
(Orange) P 9928 (Orange)
P10.1: Determlpe health, 3% reduction (Vodafone)
safety, and environment o Lo
. 2% emission (Telekom)
impacts
Regular company audits JAC audits for suppliers: 79,
(PwC audits for Telekom, Vodafone audits for
JAC audits for Vodafone) P10.5: Ensure compliance suppliers: 6, Number of
with regulations stations evaluated using
employee questionnaires: 12
(Vodafone)
P10.2: Develop and execute c10
#RedLovesGreen, thrive health, safety,
(Vodafone) and environmental program
Certification OHSAS T
18001:2007, Employees P10.3: Train and educate 90% of employees completed
Forum, Plaza Hobbies employees the Code of Conduct
Community (Orange), HSE ~ P10.4: Monitor and manage training (Vodafone)
Management System health, safety,
(Telekom) and environmental
management program
. P10.6: Manage remediation Quarterly verification by
Regular company audits efforts JAC (Vodafone)
. P11.2: Manage government GRI Reports (Vodafone,
GRIG4 Reporting and industry relationships Orange)
Conflict Materials Report 90% of employees completed C11

(Vodafone), Ethical code
(Orange)

P11.4: Manage legal and
ethical issues

the Code of Conduct
training (Vodafone)
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The table above contains both measurable data, percentages of the impact or progress of the
company towards sustainable development objectives and data that cannot be measured. Also, not all
processes have substantial and direct action on the sustainable development strategy.

Using the data from the previous table, the most relevant processes are identified as follows:

P1: Develop property strategy and long-term vision

P2: Evaluate environmental impact of products, services, and operations

P3: Develop IoT products in accordance with the sustainable development strategy

P4: Inform employees about the adoption of socially responsible behavior

P5: Manage relations with government, quasi-government bodies, trade or industry groups.

Based on previous authors’ experiences, the following processes has been selected to be analyzed
through value stream mapping and modelled, being considered the most relevant for any company
operating in the ITC industry and/or other socio-economic sectors:

P1: Develop property strategy and long-term vision

P2: Evaluate environmental impact of products, services, and operations.

3. Mapping the Initial State of Business Processes and Value Stream Analysis

To improve business processes, it is necessary to know the initial state of the performance
indicators. Different types of performance can be measured by key-performance indicators (KPIs),
for example: energy, raw materials, control, operation [15]. The reason for low performance is waste in
different forms, such as transport, inventory, movement, waiting, over processing, overproduction,
and defects [16]. Waste does not add value to the product as defined by the customer [17]. From a lean
perspective, each activity is classified as an activity that brings value (VA) or activity that brings no
value (NVA). However, there are some activities, called ENVA, that are perceived as NVA but may be

necessary to the process.
The activities within the processes have been taken from the PCF and divided by their value-added
and the justification for their categorization [10].
Table 2 presents the initial state of the P1 process: “develop property strategy and long-term
vision”. The responsible units are Procurement department and Financial department.

Table 2. P1 process-initial state.

No. Activity KPI Value Justification
Conflrm ahgnmer}t of pro perty Requirements list Prevents repetition of next
All requirements with business o VA L
completed 70% activities
strategy
AL2  Assess the external environment Exterr}al envu‘onmen{t) VA Necessary for the s'mooth
analysis completed 70% process execution
AL3 Analyze the budget for Financial analysis NVA Can be carried out along with
’ acquiring/renting properties completed 70% the decision-making activity
Ald Determine build or buy decision Decision documoent VA Decision to take
for properties completed 100%
Analyze requirements for Requirements list To learn how to create "an
Al5 Yy q d o ENVA  environmentally responsible
workspace assets completed 70% business”
usiness
AL6 ac iﬁ?ggﬁi‘gﬁu‘i’%‘iﬁ(ﬁor&m Financial analysis NVA Can be carried out along with
’ 9 asse t‘;; P document completed 70% the decision-making activity
ALY Determine build or buy decision Decision documoent VA Decision to take
for assets completed 100%
. . Lists analyzed and Alignment and prevents
ALS Analysis and evaluation completed 90% ENVA repetition of next activities
AL9 Improve the organization’s Sustainable development ENVA To include the property strategy

sustainable development strategy

strategy completed 90%
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Table 3 provides the initial state of the P2 process: “evaluate environmental impact of products,
services, and operations”. To exemplify, Vodafone reported a 3% emission reduction [11], whereas
Telekom reported a 2% emission reduction [13]. Each company can set their own KPIL. The responsible
unit for the process activities is the CSR department.

Table 3. P2 process-initial state.

No. Activity KPI Value Justification
Evaluate environmental . . -
A21  impact of products, services, Emission reduction by VA Prevents repﬂ;e‘h-tlon of next
. 3% activities
and operations
A22 Conduct. health and safgty Renewable Oenergy use  \wA Toi dentify the regulations
and environmental audits 15%
A23 Identify regulatory and Regulatory document NVA To avoid repetition of
’ stakeholder requirements completed 80% activities
Assess future risks and List of risks completed Necessary for the next
A24 r o VA .
opportunities 80% activity
A25 Create emergency response Emergency plan VA The result is the basis for the
’ program completed 80% CSR plan
A26 Create pollution prevention Prevention plan VA The result is the basis for the
’ program completed 80% CSR plan
Create health, safety, The result is the social
A27 and environmental (EHS) ~ EHS plan completed 80% VA responsibility program-the
program purpose of this process
A28 Implement EHS program Success rate 80% VA To implement the CSR
program
A29 Record ar;(‘:lle??:age EHS Database completed 80% VA To report CSR results
The data can be analyzed in
. . Analysis document relation to the cost and
A210  Analyze EHS information completed 90% NVA benefit of implementing the
program
A2.11 Perform cost-benefit analysis Favorabh.a cost-benefit VA To evaluate the progress
ratio 70%
A212 Monitor comp}lance with Compliance rate 90% VA To ensure comPllance with
regulations regulations
A2.13 Manage remediation efforts ~ Corrections applied 90% VA Activity requlred only l.f the
company is not compliant
Apqa Report social responsibility ~ Annual report delivered VA To evaluate the progress

performance

100%

from year to year

4. Mapping the Future State of the Business Processes

To project the future status of the processes, NVA activities will be removed and new KPI values
will be proposed. Each company can set their own KPIs. To exemplify, Telekom would like to achieve
100% renewable energy usage by 2021 [13], whereas Vodafone set the same goal for 2025 [11]. Vodafone
would like to reduce 50% of their emissions by 2025 [11], and Telekom reported the objective to reduce
by 25% from one year to another (2017 to 2018) [13].

Table 4 provides the future state of the P1 process: “develop property strategy and long-term vision”.
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Table 4. P1 process-future state.

KPI (Unit of

No. Activity KPI (Name) Measurement)
All anﬁrm ahgr'\ment (.)f property Requirements list completed 100%
requirements with business strategy
Al2 Assess the external environment External environment analysis 100%
document completed
Al3 Determine decision for properties ~ Decision document completed 100%
Al4 Analyze requirements for assets Requirements list completed 100%
Al5 Determine decision for assets Decision document completed 100%
Al.6 Analysis and evaluation Lists analyzed and completed 100%
AL7 Improve the organization’s Sustainable development 100%

sustainable development strategy strategy completed

Table 5 provides the future state of the P2 process: “evaluate environmental impact of products,
services, and operations”.

Table 5. P2 process-future state.

KPI (Unit of

No. Activity KPI (Name) Measurement)
A2.1 Evaluate env1r.onmenta1 1rnpa<':t of Emission reduction 50%
products, services, and operations
A22 Conduct. health and safgty and Renewable energy use 100%
environmental audits
Identify regulatory and stakeholder Regulatory document
A23 - 100%
requirements completed
A24 Assess future risks and opportunities List of risks completed 100%
A25 Create emergency response program Prevention plan completed 100%
A2.6 Create pollution prevention program Prevention plan completed 100%
A7 Create health, safety, and environmental EHS plan completed 100%
(EHS) program
A28 Implement EHS program Success rate 100%
A29 Record and manage EHS events Database completed 100%
A2.10 Perform cost-benefit analysis Cost-benefit ratio 100%
A2.11 Monitor compliance with regulations Compliance rate 100%
A2.12 Manage remediation efforts Corrections applied 100%
A2.13 Report social responsibility Annual report delivered 100%

performance

5. Modelling the Business Processes

To provide a view of the processes needed to be managed to achieve energy innovation,
Suppliers-Inputs-Process-Outputs-Customers (SIPOC) and Event-Driven Process Chain (EPC) methods
are used. SIPOC is a graphical process representation method outlining the entities that provide the
necessary data for the execution of the organizational process (Supplier), the data needed for process
execution (Input data), the sequence of activities (Process), the results of the process execution (Output),
and the entities that use the result (Customer) [18-20].

To provide a strategical view of organizational processes for stakeholders, the sequence of process
activities will be represented using the EPC method [21].

For the “develop property strategy and long-term vision” (P1) process, the input data are:

e The Corporate Social Responsibility (CSR) strategy or the sustainable development strategy,
available at management level and in CSR and Procurement departments.

e  External data, such as rental offices information and sustainable office tools (cooling/heating
devices, intelligent lighting, etc.), available through specialized agencies and market research.
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The process execution will generate a corporate social responsibility report, updated with the
property strategy and long-term vision, that will be used by Management, Procurement and in the
“manage relations with government, quasi-government bodies, trade or industry groups” (P5) process.
Figure 1 outlines the “develop property strategy and long-term vision” (P1) process.

| MANAGEMENT | m =

F.

» MANAGEMENT |

. CSR .
.| DEPARTMENT

T /| PROCUREMENT
/| PROCUREMENT " | pepaRTMENT /
\| DEPARTMENT / T

[ EXTERNAL
| ENVIRONMENT

EXTERNAL

DATA

CSR
STRATEGY > B

UPDATED

Figure 1. Future state for P1 process.

For the “Evaluate environmental impact of products, services, and operations” (P2) process,
the input data are:

e  External requirements—generated through market research and collaboration with specialized
agencies. For example, an agency knows how to report social responsibility performance,
the applicable rules and how the organization can create a favorable cost-benefit ratio by
implementing environmental, health and safety measures.

e  CSRimpact requirements—measured by the CSR department and known by management.

The process execution will generate the CSR program, the updated CSR database, the cost-benefit
report and the CSR report, which will be used by management and the CSR department, as well
as being made public in the external environment and the “manage relations with government,
quasi-government bodies, trade or industry groups” (P5) process. Figure 2 outlines the “evaluate
environmental impact of products, services, and operations” (P2) process.
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Figure 2. Future state for P2 process.
6. Conclusions

In the context of Industry 4.0, sustainable production implies environmentally responsible business
processes. This paper, through problematic, approach and results, models the implementation of a
sustainable development strategy through process mapping.

Despite numerous contributions to Industry 4.0, lean manufacturing and sustainability, there are
few studies on business process modeling, and the two processes analyzed in this study are not
addressed in the literature.

This paper addresses two business processes responsible for energy innovation, namely “develop
property strategy and long-term vision" and "evaluate environmental impact of products, services,
and operations”.

By mapping their initial state with an initial set of KPIs, the authors discovered that some activities
can be eliminated or executed along with another activity. To provide an overview for the stakeholders,
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a new set of KPIs for the processes has been proposed, and the processes have been modelled using
EPC and SIPOC methods.

To create a sustainable business, the management team should improve the two mapped business
processes. By developing a sustainable property strategy, the management team ensures that all their
properties (offices, plants, factories) are environmentally friendly. Collaboration with specialized
agencies and market research is needed to discover the latest trends in sustainability.

All companies should evaluate the environmental impact of their products, services and operational
processes to provide an overview for governmental agencies and ensure their progress towards creating
a sustainable business.

The study demonstrated that not only the CSR department is responsible for executing the
processes and using their outcomes, but also the procurement department and the whole management
team. Therefore, sustainability is a joint effort from the key departments in a company.

The study has some limitations. Firstly, the classification of the activities (value-added, non-value
added and essential non-value added) is based on the authors’ experience. Secondly, the business
model is not executed or tested, it is just a proposal. The next step for the study would be to test the
model to validate the feasibility of the proposed solution.

To further develop this research, the study can be further expanded by designing appropriate
business process control measures in order to provide a complete Six Sigma cycle.
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Abstract: Customer satisfaction as an indicator involves the entirety of employees of the company
with direct connection with customers. It motivates employees to reach the highest standards and
to constantly increase labor productivity. This paper proposes a new and innovative tool based
on: analysis of the evolution of customer satisfaction, determination of mechanisms for evaluating
customer satisfaction by applying our own new and innovative method (Spc—System of Evaluating
Employee Performance Depending on Customer Satisfaction) in correlation with economic indicators
(profit, productivity, cost), elaboration and proposal of solutions for growth and economic development
at company level by increasing customer satisfaction based on the results of this research.

Keywords: Spc indicator; ITA Method; SIM Program; sustainable manufacturing; optimization technique

1. Introduction

The philosophy of any company should be the customer first. This statement should be based on the
continuous improvement of both the products and the services offered on the market. From here, we can
deduce the importance of analysis and customer satisfaction. Research in recent years has deduced
several approaches that reflect the assessment of customer satisfaction from different perspectives.
Measuring customer satisfaction is one of the most important elements that retain the attention of
companies in all fields of the industry [1]. Customer satisfaction as an indicator involves the entirety of
employees of the company with direct connection with customers. It motivates employees to reach the
highest standards and to constantly increase labor productivity.

Nowadays, the optimization techniques need some improvement for services and products offered
by the manufacturing companies from a sustainable and efficient point of view.

The main purpose of this research was to systematize theoretical concepts of how various aspects
of increasing and assessing customer satisfaction in business activities, carried out at the level of society,
can be improved. The research objectives were thus:

e analysis of the evolution of customer satisfaction,

e  determining mechanisms for assessing customer satisfaction by applying our own methods in
correlation with economic indicators (profit, productivity, cost),

e developing and proposing solutions for growth and economic development at the level of society
by increasing customer satisfaction based on the results of this research.
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Based on these objectives, we have tried to bring a new system to the forefront in the form of an
indicator Spc (System of Evaluating Employee Performance Depending on Customer Satisfaction) that
includes both classic elements of customer satisfaction and economic elements measuring the activities.

This research is intended to be a relevant research in the field, as no such study has been carried
out in the area of customer satisfaction assessment. The main theoretical contribution is the design of a
new efficiency measurement indicator, i.e., the Spc. In practical terms, research has a major impact in
this area, namely the application of the SIM program (abbreviations from Spc and ITA) translated into
the context of a case study: the introduction of a new Spc indicator and a new, innovative ITA method
(training, testing of employees, application of knowledge), both components of the SIM program.

The application of these indicators and the method that the authors have ordered has led to
increased labor productivity, followed by an increase in the number of contacts taken over by employees,
an improvement in the company’s management process, which has been reflected in the increase in
the company’s economic and financial indicators, and an improvement in the relationship between
employees and customers, leading to an increase in their satisfaction, the reorganization of the
employees’ program, which means an increase in staff efficiency, and better control over the operating
parameters of each employee, of the entire sector of activity by introducing a SIM program.

These efforts have resulted in an economic indicator: Profit, which is crucial for any market
economy society. In the context where the customer is based on any successful economic activity,
the focus of the entire analysis of this work was on his satisfaction and how to increase this satisfaction [2].

In this work, after a theoretical deepening of some elements underlying the creation of the Spc
indicator and the ITA method, and a practical implementation of the SIM program, I have come to
the conclusion that many aspects of the six Sigma method [3] generally used in industry also applies
to the services sector. Setting goals, implementing a program, continuously educating employees,
along with maintaining a professional environment within the company can be successful elements at
the company level [4].

2. Theoretical Background

Our theoretical background for this paper was based on: analysis of the evolution of customer
satisfaction, determination of mechanisms for evaluating customer satisfaction by applying our own
new and innovative method (Spc) in correlation with economic indicators (profit, productivity, cost),
elaboration and proposal of solutions for growth and economic development at company level by
increasing customer satisfaction based on the results of this research.

The inductive method was used in this work, and observations made at the level of the commercial
service field could be extended to other areas. The analysis and synthesis method was carried out by
studying basic concepts that make up different indicators or which form the basis for the formulation of
methods and programs. Thus, we are talking about the creation of the Spc indicator based on economic
indicators of productivity and cost. It started from the company model that was based on the NRR
(Negative Response Rate) indicator and adapted the new indicator, which takes into account contact
resolution time, labor productivity, number of contacts resolved and, not least, customer satisfaction.
To improve this indicator, we have designed a new method, the ITA method, which refers to employee
training, testing and applying knowledge. The employee training process should be a continuous
process based on regular testing. The way in which it can apply the theoretical knowledge acquired is
diverse, but I have chosen the Mystery Shopper method for this operation. All these activities were
carried out under a program called the SIM program, the abbreviation from the Spc indicator, the ITA
method and the Mystery Shopper evaluation mechanism.

The ITA method involves training, testing and applying the knowledge accumulated by employees
as a result of the process. This method is based on the basic management functions. For the first
time in 1916, Henry Fayol [5] formulated functions as essential qualities of management: provision,
organization, command, coordination and control.
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Any producer will seek to obtain the lowest possible cost for his product, based on supply and
demand [6]. Even in the services sector, firms will try to reduce costs by making employees work more
efficiently. Given the activity of the firm in this study, the market demand for the services provided by
the firm is growing. The improvements needed for the work are aimed at the qualitative side of the
work, with supply being of a high standard as regards to the services provided [7].

3. Methodology

Key elements of the Six Sigma method have been applied to support the improvement of this
process: definition, measurement, analysis, improvement and control. Combining this method with
applying a new employee performance measurement indicator has achieved positive results. This new
indicator is Spc. The Spc indicator consists of several elements: average labor productivity (WmL),
weighted arithmetic mean of satisfaction (Maps), cost per hour/employee (Cha), average contact
resolution time—in minutes (t), total contact sum (}.c). The formula for calculating the indicator shall
be in the form:

Spe — WmL * Maps « &r M
Chaxt 1000

The Map (weighted arithmetic average of satisfaction) is a way of assessing customer satisfaction
after having contacted one of the company representatives. More specifically, the Map is presented in
the form of a short questionnaire in which the customer will award from 1 to 5 stars depending on the
satisfaction of the service received in connection with the problem resolution.

There has been much discussion on this customer satisfaction tool in the sense that these responses
may not fully reflect reality. It is indicated, for the highest performance of the employee’s work, that the
Map is as high as possible. This indicator also contributes to the output of the Spc.

Our research has two research hypotheses:

Hypothesis 1 (H1). The current customer satisfaction assessment systems adopted by some companies are not
always able to provide an optimal solution for economic growth and development.

Hypothesis 2 (H2). The current stage of evaluation systems and methods requires improvements and adaptations
by applying new, innovative methods that take into account other indicators/parametersfaspectsfetc.

The case study applied to 32 employees where the Spc indicator was introduced. For the firm,
a system of customer satisfaction assessment already exists, namely the NRR. This was a rather
subjective instrument because the other aspects of the work carried out were not analyzed.

If within 3 consecutive weeks, the NRR is above the 13% ceiling, the employee will receive a
warning, which will inform the employee of the situation and then be allocated a supervisor as a way to
help to improve their statistics. Together with the supervisor, they will look at more sensitive cases with
negative response so that they can determine the mistakes they made when handling specific cases.

Thus, when a representative receives negative feedback, in practice to restore the NRR to a positive
value, 10 positive responses are needed. Of course, getting a customer to respond to feedback can be a
problem, because the vast majority of customers do not attach too much importance to this assessment
service. By assessing employees, an attempt is made to improve the quality of the services provided by
the company. Of course, employees are in continuous personal development, with each employee
having 30 min a day for training, provided with training material.

We present, in Table 1, an example of the starting dates for calculating the Spc indicator, with the
business of employees within the company, and with the activity going on in practice on 2 levels:
chat and phone. We have the percentages of how much each of these elements represents in the
work done. The average productivity of a factor shall be the ratio of output obtained to the quantity
consumed in that production factor. In other words, productivity is determined as the ratio between
the results obtained and the efforts made to achieve them.
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Table 1. The situation of the employees based on the company’s data for December 2018.

Agent Department  Agent Manager Agent NRR Total % Chat % Phone
1502VCC CAN roberts 6.33% 481 74.03% 0.00%
1502VCC CAN angelrem 5.44% 339 8.40% 65.82%
1502VCC CAN costinm 11.78% 680 14.68%  66.24%
1502VCC CAN geaninat 7% 277 0.00%  100.00%
1502VCC CAN mateif 21.33% 650 23.93%  48.91%

1582VNAC CAN giurgiui 7.99% 122 88.13%  11.87%

Source: Data collected from the company.

The short-term analysis of the behavior of the producer in relation to one of the production factors
shows the variation in productivity of this factor and the relationship between production, average
productivity and marginal productivity. Work efficiency is usually identified with labor productivity [8].
The disutility attributed to work explains why—in line with the gradual increase in physical labor
productivity, resulting from technological innovation and a higher volume of capital—there has
generally been a reduction in working hours [9].

The Maps element has a direct influence on the Spc indicator and is directly proportional. It is
normal when a customer’s satisfaction increases and the positive result is also increasing. Another
important element of Spc calculation is cost.

Cost was described in the light of the company’s own indicator of NRR. 34% of the employees
were in the red zone, i.e. the NRR was more than 13%, which, in the company’s view, was outside
the target area. This is the starting point with the ITA method and the Spc indicator. In this case,
those employees who have not fulfilled their fair share are monitored by following, if the situation is
not remedied, to be dismissed.

4. Results

In December 2018, the implementation and testing of the SIM program, named after the initials of
the three elements—the Spc indicator, the ITA method and the Mystery Shopping evaluation site—was
started. The objective of this program is primarily to develop the company across all sectors. This will
aim to increase employee performance, increase labor productivity, increase company economic
indicators, increase customer satisfaction, etc. This was the decision that this program should be
applied to the entire company. This program was started from the idea that customer satisfaction is an
effective indicator, but not sufficient. This should take into account employee productivity, hourly cost
per employee, time to resolve a contact, i.e., the whole issue of resolution and satisfaction that is being
taken into account to increase the efficiency of the activity.

In this abovementioned respect, I believe that the Spc indicator is best placed to meet these
requirements. This indicator consists of all of these elements presented: It takes into account both
customer satisfaction and other indicators needed to achieve the efficiency required to perform an
economic activity. The application of the ITA method started by identifying the elements pursued in the
action. That is, it started with the training of personnel. To start the training work, a few questionnaires
were implemented from which some elements were derived. First, around 60% of the respondents
indicated that the satisfaction with monthly pay was low. In particular, these employees were disturbed
by the fact that the monthly fee was influenced by customer satisfaction. In this regard, some issues
were discussed in the training process about the customer’s perception of the company’s promises.
Some employees promised different services to customers without knowing whether they could
be performed, how long they were started or when they were implemented. Employees were also
informed about the company’s design, objectives, and how the company wants to be seen in the
customer’s eyes. The major problem on the part of employees was the degree of disagreement with
the customer satisfaction assessment model applied at the company level.
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This training has sought to educate employees to move from a fast-based system with a strong
focus on the intuitive side—often impulsive—to a reflective, contemplative system with a strong
emphasis on empathy—which really listened to the customer, to understand his needs, and ready for
continuous improvement.

Testing is the second element/step of the ITA method, which is an assessment method that involves
measuring and assessing the effects of training quantitatively following the performance over time.
This monitoring was carried out for 3 months. While in January, the percentage of employees who
had difficulties in doing business reached 31%, i.e., the Spc indicator fell below 0.10 points for them,
the percentage of employees with a score below 0.10 dropped to 9.38% in the following month (Table 2).

Table 2. Presentation of the Spc (System of Evaluating Employee Performance Depending on Customer
Satisfaction) indicator at firm level during the period January to March 2019.

January February March

Spc <0.10 31.25% 9.38% 12.50%
0.10 < Spc< 0.20 46.87% 37.50% 34.37%
0.20 < Spc < 0.30 9.38% 34.37% 34.37%
0.30 < Spc < 0.40 9.38% 15.62% 12.50%

Spc > 0.40 3.12% 3.13% 6.26%

Total ()) 100.00% 100.00% 100.00%

Source: Own calculations based on data collected from the company.

The third element of the ITA method was the application of knowledge. The application of the
knowledge was made by the “spy” (Mystery Shopper) method. This is also the last phase of the
completion of the SIM program.

Each agent in the MS assessment was tested across several sectors: First, the response time of the
contact retrieval was analyzed: the customer welcome, the weighted arithmetic mean of satisfaction,
the number of contacts resolved, and the average time taken to resolve the problem. It can be seen, in
Table 3, how the lowest Spc indicator has the most problems in the rest of the items analyzed.

Table 3. The status of employees as a result of the application of the MS (Mystery Shopper) method.
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1502VvCC  CAN roberts 11.9 satisfied 21 12 35/65 9 0.09

1502VCC CAN angelrem 4.1 good 47 28 75/25 4.1 0.23
1502VCC  CAN costinm 45  verygood 45 31  80/20 3.6 0.45
1502VCC CAN geaninat 39 excellent 4.7 27  80/20 3.9 0.34
1502VCC  CAN mateif 6.3 satisfied 3.8 23  30/70 3.9 0.19
1502VCC CAN mesarosv 59 good 35 29 70/30 3.6 0.16
1502VCC  CAN mirabela 5.8 satisfied 3.8 27 70/30 42 0.15
1502VCC  CAN petricar 48 verygood 39 36  80/20 41 0.22
1502VCC CAN samoilae 10.1  unsatisfied 1.7 15  55/45 6.1 0.02

Source: Own calculations based on data collected from the company.

For example, the giurgiui agent had the average reaction time at contact acquisition greater than
12.1 s. If we were to analyze against the Spc indicator, it can be seen that this agent has the lowest score
of 0.02 points (Figure 1).
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Figure 1. Status of the MS assessment of employees related to the best Spc obtained.

The same agent obtained, by applying the MS method, the average of how to welcome the
customer as unsatisfactory, and, in terms of productivity, he also has less than 20 contacts, which places
him in the weak area; this also because the average contact resolution time is 7.1 min per contact.
When the agent has an average high contact resolution time, the number of contact retrieval is reduced.

These correlations can be seen in Figure 2.
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5. Discussions

This research was done by analyzing the situations and ways in which response times are reduced
when dealing with contacts, especially those with high media. Why did some employees have the
average time to react to take such high contacts? It seems that, in the case of the company analyzed in
this work, there is an aversion to risk. This experiment revealed that only 3 out of the 32 employees
were willing to take the risk. It follows that a narrow framework would prevent the managers of firms
from achieving maximum efficiency, as employees do not take risks. Perhaps a solution to this problem

Figure 2. January benchmarking.
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would be if groups of 8 people were formed, with the Spc indicator being taken as the average of the 8
employees, without individuality.

This MS method applied within the company has managed to bring, to the forefront, all these
aspects which, in December, contributed to the reduction in the efficiency of the company’s staff.
These evaluations have resulted in several problems that have been addressed. If we were to look at
the changes that occurred over the 3 months individually, we can see, for example, the Spc for Roberts
increased from 0.09 points in January to 0.17 points in March. While the resolution time of a contact
was not reduced by keeping it to 10 min per contact, the other indicators have undergone various
changes, i.e., labor productivity has increased and customer satisfaction has increased.

At company level, as a whole, total employee productivity increased and the number of contacts
taken over since January 2019 increased (Table 4).

Table 4. Number of contacts taken over by employees between December 2018 and March 2019.

Month December 2018  January 2019  February 2019  March 2019
Total contacts 12,223 12,557 15,281 14,292

Source: Own calculations based on data collected from the company.

Thus, in January 2019, compared to December 2018, for example, the total number of contacts
taken over by employees increased by 2.73%; in February 2019, the number of contacts increased by
25% compared to December 2018.

As a result of the application of the SIM program within the company, economic efficiency has
undergone some changes. Between December 2018 and May 2019, the economic and financial situation
of the firm was presented in the following manner (Table 5).

Table 5. The economic situation of the firm in the period December 2018-May 2019.

Month December 2018  January 2019  February 2019 March 2019  April 2019  May 2019
Turnover 97,470 96,248 101,744 106,988 100,223 99,309
Profit 13,182 12,967 22,123 29,889 21,659 19,742
Total costs 84,288 83,281 79,621 77,099 78,564 79,567
Number of employees 39 39 41 41 44 44
Eerfp 1.16 1.16 1.28 1.39 1.28 1.25
Eecfp 0.86 0.87 0.78 0.72 0.78 0.80
Rate of return 15.64 15.57 27.79 38.77 27.57 24.81
Commercial rate 13.52 13.47 21.74 27.94 21.61 19.88

Source: Own calculations based on data collected from the company.

If we were to look at the economic situation of the firm, we can see that the turnover of the
company in December 2018 compared to January 2019 is down by —1.25%. Looking at the other
economic indicators in the same range, it can be seen that the profit is also down by —1.63%; also,
a positive thing is that we have a decrease in costs, but overall, the situation is not exactly positive.
For example, the commercial rate and the rate of return are decreasing.

6. Conclusions

With the start of the implementation of the SIM program within the firm, there have been some
visible changes both in the human resources sector and in the economic and financial sector. As regards
to the economic efficiency indicator of output factors, it is on the increase that aspect is good, the higher
the economic efficiency of the firm.

With regard to the rate of return indicator, which is the ratio between the profit achieved and total
costs, we can say that it is growing steadily, which strengthens the claim that the SIM program has
been really successful. The relative change in the rate of return is the most pronounced in February,
in which it increased from January by 12.22 percentage points. The same trend is also the rate of trade
which is also on the rise from one month to the next.
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As a conclusion of the case study, we can infer that there is risk aversion [10] on the part of
employees due primarily to their fears of failing or losing their jobs. A solution to improving business
at the firm level would be to apply the ITA method consistently, along with the Spc indicator, and also
to group the way employees are assessed. As a result, it has been noted that to reduce the risk of
employee aversion, a solution would be to set up groups of 8 employees so that the analysis results are
no longer individual but group.

The main objective of applying the six Sigma method is to improve and increase business activity
in companies by reducing defects and increasing productivity [11]. Many of the principles underlying
this method are also found in the SIM program used in this work. The very operating mechanism of
the Spc indicator is developed on the application model of the six Sigma method. The implementation
of this program aims at improving the results in terms of customer satisfaction, while at the same time,
improving the results of the indicators presented.

In the case of the study presented, economic and financial indicators can be seen as increasing,
which shows a positive aspect of the company’s economic situation. The increase in the number of
contacts taken at company level is clear to add productivity. From the point of view of the Spc indicator,
it can be said that customer satisfaction has been continuously increasing according to the analysis
carried out.
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Abstract: Even if Lean and Six Sigma tools are available for large audiences, many of the continuous
improvement projects fail due to the lack of a pathway that ensures appropriate results in a timely
manner. We would like to address this universal issue by generating, testing and validating an
algorithm that improves manufacturing processes in a controlled manner. With a selection of the
most valuable set of tools and concepts implemented in a specific order, a guideline for successful
project implementation is proposed. Decreasing the overall number of continuous improvement
project failures is the main scope of our algorithm and suggested methodology.
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1. Introduction

The continuous improvement of ongoing processes is a natural target for any company that aspires
to maintain a competitive advantage on the market. Lean Six Sigma is one of the main methodologies
preferred to be implemented with this scope and it maintains a continuous improvement culture and
proper results [1]. Even if the Lean and Six Sigma tools are available for the larger public, many of
the projects fail due to the lack of a pathway that ensures appropriate results in a timely manner [2,3].
We would like to address this universal issue by generating, testing and validating an algorithm that
improves manufacturing processes in a controlled manner. As per our knowledge, an algorithm which
addresses this general issue in such detail is not yet available. Decreasing the number of continuous
improvement projects failures is the main scope of our algorithm.

2. Theoretical Background

Lean Six Sigma is a continuous improvement culture applied all across the world in several
industries, with the deepest roots in automotive [4]. Even if the Lean principles have been available for
over 30 years [5], many of the continuous improvement projects using its tools fail by missing a proper
roadmap for applying them [1,2]. By starting to implement a project without the satisfaction of seeing its
results in a timely manner, the project leaders will lose hope and motivation and will abandon the journey.
Losing time and money without obtaining results is a no-go for any company. Lean Manufacturing
and Six Sigma tools fusion has been proven to have beneficial effects in several companies and
industrial fields [6-8]. Nevertheless, the missing link of a detailed implementation algorithm for the
manufacturing area does not exist according to our knowledge. With high achievements reported
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across the world [9-14], the rate of Lean Six Sigma projects abandoned or failed is kept behind the
curtains. Short-term goals and achievements are key aspects in change management and a successful
continuous improvement project implementation [15].

3. Materials and Methods

In order to generate the proposed algorithm, several studies have been conducted to reveal the
most used and efficient Lean Six Sigma tools across several global industries, and the obtained results
have been embedded in the suggested structure [16,17]. According to analysis made in various fields,
such as automotive, aeronautical, steel and pharmaceutical, a resemblance regarding the challenges
faced in manufacturing areas defines four generic issues marked in the algorithm as P1-P4, with the
assigned improvement projects: cycle time decrease (P1), changeover time reduction (P2), output increase
(P3), defective parts decrease (P4). A pilot project has been conducted in the pharmaceutical industry
in the original form of the algorithm to be able to adapt it to the needs and shop floor reality of the
manufacturing area [18]. The lessons learned, key take-aways, best order and timing for the LSS tools’
usage have been embedded in the final form of the algorithm [19-24].

The ultimate form of the generated algorithm, represented in Figure 1, has been implemented in
the pharmaceutical industry, at a manufacturing site. The designated manufacturing line for applying
the algorithm was the bottle packaging line for suspensions where the Overall Equipment Effectiveness
(OEE, internally treated as OAE—Overall Asset Effectiveness) needed to be increased as customer
demand has been forecasted to continue growing over time and capacity constraint has already
been reached. The algorithm, represented in Figure 1, has been validated by positively affecting the
OAE KPI (Key Performance Indicator) which includes several additional CTQs (Critical To Quality),
such as weekly unplanned stoppages time, weekly planned stoppage time and weekly/monthly output.
Under the umbrella of OAE, challenges regarding P1-P4 were proposed to be solved. An OAE increase
of 10% from a baseline of 25% to the new value of 35% would increase productivity by over 30%.
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Figure 1. The Lean Six Sigma algorithm.

The main methodology for implementing the algorithm is revealed in a separate paper and states
explicit examples of using the Lean Six Sigma tools and tips for applying them. The detailed results
for the OAE components, such as planned and unplanned stoppage time, decrease, weekly output
increases and waste (muda) removal results are presented in a related paper.
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4. Results

The Lean Six Sigma algorithm has been implemented for the presented project with a total
analyzed timeframe of 18 months, out of which the core implementation period for most of the actions
was six months. First, significant results could be noticed after a period of only two months from
starting to implement the initial actions and discipline into the process. All the results have been
obtained by following the algorithm.

With OAE being a complex KPI with several components, we tracked the daily, weekly and
monthly performance, along with one of its components, on a weekly basis: changeovers, packaging
line speed, unplanned stoppages, weekly output. As represented in Figure 2, OAE has been improved
by 9% from 25% to a new baseline of 34%.
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Figure 2. Overall Asset Effectiveness improvement.

The OAE Loss Tree presented in Figure 3 considers the losses from a time perspective, deliberately
ignoring good count and asset net running speed. Nevertheless, both factors were included in the
OAE calculation. We suggest targeting the OAE Loss Tree components as goals for smaller projects,
and approaching them as a whole, in a structured manner according to the suggested algorithm, for the
more complex ones.
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Figure 3. OAE Loss Tree.
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5. Discussion

The suggested Lean Six Sigma algorithm is structured on the standard DMAIC phases with
the specific Lean Manufacturing and Six Sigma tools and suggestions for guidance, organized in
the appropriate order for proper implementation. Following the Define, Measure, Analyze, Improve
and Control project phases, the actions have been implemented in the manufacturing area of one
pharmaceutical company. This current paper’s purpose is not to offer specific details regarding the
implementation of each tool used; those key aspects are covered in a separate material.

The main scope of the algorithm is decreasing the failure rate of the continuous improvement
projects in the manufacturing areas. We addressed this universal issue by generating, testing and
validating through results, an algorithm that improves the manufacturing processes in a controlled
manner. The algorithm has been applied, tested and validated in the manufacturing area of a
pharmaceutical company, yet conceived to enhance the improvement project’s results in multiple
batch manufacturing environments. Through improving the complex OAE KPI and its components,
we consider the algorithm as a successful pathway in decreasing the failure rate of Lean Six Sigma
continuous improvement projects. Through generating and testing a Lean Six Sigma algorithm for
process improvement, using specific tools and techniques, we dispatch a validated roadmap for a
general issue unaddressed in such detail until today.
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Abstract: In competitive environments, such as batch manufacturing, Lean and Six Sigma offer
the proper tools as a paramount advantage to the companies who choose to adopt their principles.
With the main purpose of decreasing the failure rate of continuous improvement projects due to
high abandon levels across the globe, a Lean Six Sigma algorithm has been generated, tested and
validated in the pharmaceutical industry. The present paper will reveal the core implementation steps
regarding the suggested algorithm, the critical tools used and results obtained through implementing
the proposed roadmap.

Keywords: Lean manufacturing; Six Sigma; pharma industry; algorithm; roadmap; project structure; failure

1. Introduction

Continuous improvement culture may be referred to as the pillar for enhanced results and superior
work ethics over time. Lean Manufacturing and Six Sigma reveal the proper tools to be used for starting
and sustaining a continuous improvement culture across an organization. While the Lean Six Sigma
tools are already available, a detailed roadmap for applying the most result-oriented ones in batch
manufacturing areas is missing, according to our knowledge [1,2]. An algorithm for implementing the
Lean Manufacturing and Six Sigma tools in a batch manufacturing environment has been suggested in
a separate paper.

The generated algorithm was tested and validated in the pharmaceutical industry at the bottle
packaging line of suspensions, a secondary packaging area. The purpose of the current paper is to
reveal the methodology used for the implementation and results obtained through the algorithm.
With validation taking place in the pharmaceutical industry, the main scope of the algorithm is to
decrease the failure rate of continuous improvement projects in several batch manufacturing industries
by offering a clear roadmap to solve universally faced issues in these fields. Having an algorithm
to follow, the missing dedicated time for projects, the lack of next steps to adhere to and continuous
roadblocks will affect a continuous improvement project until failure.

2. Theoretical Background

Lean Manufacturing (LM) and Six Sigma (SS) are continuous improvement methods that seek
process improvement in a structured manner, using specific tools to obtain results [3,4]. Many of the
continuous improvement projects using Lean Six Sigma tools fail due to a lack of a clear roadmap to
apply their tools [1,2]. Process standardization and waste (Muda) removal from the process in order to
enhance work efficiency are the main focus areas of Lean Manufacturing and Six Sigma [5,6]. Both LM
and SS pursue the same scope, the tools and methodologies for achieving the results being specific for
each of them, with a few exceptions such as Pareto charts, Control Charts, and 5Why [6]. Having the
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same scope of enhancing the status quo of processes through using different tools, the two methods
present a potent synergism when combined [7-12].

3. Materials and Methods

3.1. A Helicopter View

For the continuous improvement project and validation of its results, the proposed algorithm
was implemented in the pharmaceutical industry in the secondary packaging area of suspensions.
For obtaining the overall results of the project, the algorithm presented in a separate paper was entirely
followed, relying on the DMAIC (Define Measure Analyze Improve Control) structure and following
the suggested tools and techniques. Only the highlights of the key project parts are emphasized in the
present paper.

3.1.1. Process Mapping and Value-Added Activities

Following the Define phase, where the SMART (Specific Measurable Achievable Realistic
Time-Bound) project scope, objectives and benefits are set, the Analyze phase should include, in a
compulsory manner, the process of mapping and defining the value-added activities, as represented in
Figure 1. By being able to establish the process map, the likely constraints will arise and guide the root
cause investigation in the proper direction [13-18]. Process mapping is not as accurate or detailed as
Value Stream Mapping; nonetheless, it represents a key and straightforward step to identifying the quick
wins. Relying on the process map, the value-added activities were effortlessly identifiable, and we
could establish the steps that were not adding value to the process and could be tagged or treated as
Muda [19].

Figure 1. Process mapping (left) and Value-added activities (right). Legend: OK (OK, Good process
step); NOK (Not OK, Failed process step); FDF (Finished Dosage Form); EBR (Electronic Batch Record).

3.1.2. Changeover Standardization

In abatch manufacturing setup, the changeovers absorb a significant part of the planned production
time. Any improvement of the changeover times will directly translate into additional uptime for
the production asset. In the Analyze and Improvement phases, the changeover types had to be clearly
identified and separated for a leaner standardization and improvement process. The establishment
of a changeover ramp, such as the one represented in Figure 2, supported the proper understanding
of the process. By thoroughly understanding the overall process and its key aspects in the Analyze
phase, a detailed task list with target times for each process step (or category) could be defined in the
improvement phase, as exemplified in Figure 2. For assuring an optimal acceptance from the directly
productive personnel, quickly understandable visual representations were used, which incorporate
figures, schemes and target times in a colorful and approachable manner. Any scheme, graph or work
instruction should include color-coding in order to enhance the approachability for operators and
supervisors, leading to increased openness in adhering to a newly established workflow.
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Figure 2. Changeover scheme (left) and Changeover ramp (right). Legend: SKU (Stock Keeping Unit);
C/O (Changeover).

3.1.3. Visual Control

In the Improvement phase of the project, under the umbrella of Visual Management, a dispatch list
was generated, see Figure 3, which reflected the production plan for the entire week. The list was
displayed weekly in the production area and contained, for each batch, the critical information to
be identified: target and actual run and changeover times, upcoming changeover types and issues
faced for each batch. The list leveraged the responsibility among operators, traced the manufacturing
issues per batch, and displayed the production status on a shift basis. The target values were set by

the planner or project responsible and the actual values, shift issues and signatures were filled in
by operators.
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Figure 3. Dispatch list.

The OAE (Overall Asset Effectiveness) tracking sheet, represented in Figure 4 and displayed on
the shop floor, raised the awareness among operators and shift supervisors, color coded each shift’s
status and output, increased productive competition between teams and highlighted key issues faced in
every shift. For each molecule (A or B) a target OAE was established, which determined the color code
(red or green) for the manual input of the operators. For a visual process control purpose, every team
of operators manually calculated the OAE value on the shop floor tracking sheet. The weekly and
daily averages were discussed at shift handover to identify possible corrective actions.
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Figure 4. OAE tracking sheet. Legend: OAE (Overall Asset Effectiveness); FP (Finished Product).

3.1.4. Externalization Process

The SMED (Single Minute Exchange of Dies) technique enforces the use of externalization to
execute parallel process steps whenever possible, preferably while the machine is still running to
reduce processing time [20-24]. After determining, in a written form, the detailed process steps and
assigning standard execution times to each of them, the non-value-added steps have to be identified,
marked and removed, in addition to externalizing the non-critical ones. We managed to identify five
steps that could be externalized and one that has been removed. As seen in Figure 5, preparing the
packaging material near the manufacturing room for the next batch while the current batch is still
running is one example of applied step externalization contributing to the overall SMED process.

Figure 5. Externalization process [25].

3.1.5. 55 Basics

Basic 5S concepts rely on creating an ergonomic and clean workplace as steps toward
standardization and decreasing changeover times. Shadow boards are a common practice to create a
clean and organized workplace and improve setup times and tooling stock adherence. In Figure 6,
we exemplified some of the practices implemented at the suspension packaging line, where the
tooling locker (left) and standard toolbox (right) have been transformed with the use of shadow
board principles.
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Figure 6. Shadow board.
3.1.6. The Power of Brainstorming

Brainstorming sessions were used to generate improvement ideas for the current process.
Having material flow issues in the machine feeding system, which cause several small stoppages
during the process for one type of the packaging materials, one improvement idea suggested installing
a vibrating system on the feeder to mitigate the negative outcome of the packaging material quality
(as the supplier could not be changed). A vibrating system was identified in stock and adapted by
the technical department to fit the suggested purpose. The 2-sample T-test outcome represented
in Figure 7 confirms the process improvement by increased output and average machine running
speed (+3 packs/min, +15%) with a p-value of 0.002. Additionally, to improve packaging material
flow in the feeding system, an increased number of individual boxes could be loaded in the stacker
(almost double), decreasing the operator workload.

Vibrating Pack material load afer Pack material load 2-Sample t Test for C2 by Subscripts
wystem vibrating system bafore vibrating system ‘Summary Report
1 Y  —

Figure 7. Brainstorming session outcome.
3.1.7. Removing the Muda

By removing a non-value adding component (Muda) previously aligned with the customers
from the individual box of product A, which was causing false-positive rejects in the individual
box-weighing step, we obtained a 37% packaging time/batch improvement. By cutting the Muda,
additional reprocessing steps were removed and the process debottlenecked. The average run time/batch
improved by 1.49 h, see Figure 8. In order to validate the results, we used a 2-sample T-test and
compared the before and after performances. The p-value of 0.001 confirms the process improvement.
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Figure 8. Run time decrease after Muda removal.

4. Results

All the results presented below have been obtained by following the algorithm. A 9% difference in
OAE value, from 25% to 34%, comparing the pre- and post-performances of the process, were considered
a significant difference for validating the algorithm. We will focus below on the OAE components that
were improved by using the Lean Six Sigma algorithm.

The implementation of SMED and 5S techniques, involving the steps of externalization and shadow
board usage, according to the suggested algorithm, managed to decrease all in-scope changeover times.
In Figure 9, we represent one type of medium changeover that was decreased by 25%, along with the
overall standardization of the process.
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Figure 9. Medium changeover time improvement. Legend: I-MR (Individual-Moving Range),
Pp (Process performance), Ppk (Process performance value), Z. Bench (Benchmark value),
PPM (Parts Per Million), DPMO (Deffects Per Million Opportunities), LSL (Lower Specification
Limit), USL (Upper Specification Limit).

Weekly unscheduled stoppages also decreased from 33.6 h to 20.6 h. By decreasing the unscheduled
elements in a certain timeframe, additional volume may be absorbed. Process standardization and
awareness increase could be seen in the unscheduled breakdown results, represented in Figure 10, on a

weekly basis.
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Figure 10. Weekly unscheduled breakdowns decrease.

The manufactured output for the involved packaging line increased by a weekly average of 13%,
or 10.525 packs, see Figure 11, compared with the initial baseline. The output is the overall result of
affecting the previous OAE components, such as changeovers and unscheduled stoppages.

i

Figure 11. Weekly output improvement.

The results obtained and detailed in the above graphical representations by applying the suggested
algorithm are summarized in Table 1 for an optimal overview of the Lean Six Sigma implementation
influence regarding the packaging process. In order to be able to influence the final CTQ (Critical to
Quality), that is, the OAE, we targeted the KPI (Key Performance Indicator) components and

implemented the optimal tools in a strategic manner for reaching the best results in the shortest
amount of time possible.

Table 1. LSS (Lean Six Sigma) algorithm implementation results.

Key Performance Indicator Baseline Target Result
OAE 25% 35% 34% (1 9%)
Weekly output 79.968 packs - 90.493 (7 10.525 packs)
Minor changeover 86 min - 66 min. (| 20 min)
Medium changeover type 1 171 min - 128 min. (| 43 min)
Medium changeover type 2 240 min - 147 min. (] 93 min)
Medium changeover type 3 257 min - 198 min. (] 59 min)
Weekly unscheduled stoppages 33.6h - 20.6h (] 13 h)
Average run speed 18.3 packs/min - 19.9 (1 1.6 packs/min)
Savings - X$ (dollar)/year * Y$ (dollar)/year *

* The financial savings figures are non-disclosable.
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5. Discussion

Having the framework structured on a DMAIC principle and following the Define, Measure,
Analyze, Improve and Control project phases, each of the above actions were implemented in a batch
manufacturing area. The periodic Gemba walks, SMED technique implementation, along with the
tools and approaches detailed in the paper, are key aspects for the success of the project. We addressed
this universal issue by generating, testing and validating through results an algorithm that improves
the manufacturing processes in a controlled manner. The algorithm was applied, tested and validated
in the manufacturing area of a pharmaceutical company; nevertheless, it was conceived to enhance
improvement project results in multiple batch manufacturing environments. By improving the complex
OAE KPI and its components, such as unscheduled stoppages, run time, changeovers and production
output, we consider the algorithm to be successful in decreasing the failure rate of continuous
improvement projects. By guiding the implementation methodology of the generated algorithm,
and using specific tools and techniques, we have dispatched a validated pathway for a general issue
that has been unaddressed, until today, in such detail, according to our knowledge.
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Abstract: The development of quality control and risk management systems is a priority for any
industry and especially for the corporate insurance industry. Defective product and work incidents
represent 14% of the total number of insurance claims, serving as the main loss of liability for
businesses. According to a Allianz Global Corporate and Specialty press release, the cyber risks
and impact of new technologies will have an increasing influence on the landscape of corporate
losses in the coming years. Our results from this study conclude that the emerging business risks
for the next 3—4 years are as follows: cyber incidents, 48%; new technologies, 30%; and changes in
legislations/regulations, 28% (i.e., the present pandemic cause by COVID-19, the Brexit, trade wars,
and tariffs etc.).

Keywords: cyber risk; loss adjustments; corporate insurance industry; risk management; quality
control

1. Introduction

The development of quality control and risk management systems is a priority [1] for any industry
and especially for the corporate insurance industry. The Allianz Global Corporate and Specialty
(AGCS) report [2] highlights the ascension of defective products in 2018 compared to 2014 [3] (Table 1).
Defections rose from the ninth to the fifth largest loss incurred by companies worldwide. Defective
products and work incidents account for 14% of the aggregate value of claims paid out to businesses,
and are as such a root cause of liability losses. Risk management involves the assessment of risks facing
an organization. Some risks can be avoided, but what remains must be borne by the organization or
transferred through insurance [4].

The core causes of products being defective include, according to the Allianz Report 2018 [2]:
product recalls, costs of defect repairs in the car-making industry, revenue loss due to businesses shutting
down as a result of a significant percentage of defective products being delivered, food contamination,
allergens etc.

Trends such as globalization and industry consolidation are conducive to growing claims on
insurance policies covering multiple jurisdictions, according to the Allianz Report 2014 [3]. According to
European Insurance [5], the insurance sector is the single largest institutional investor in the EU with
more than EUR 10 bn in managed assets invested across the economy in 2017, which equals to 63% of
the EU’s GDP [5].
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Table 1. The top causes for business losses in 2018 (a) and 2014 (b).

Top Causes of Loss by Total Value of Claims (2013-2018) (a) Top Causes of Loss by Total Value (2009-2013) (b)
1 Fire/explosion 24% 1 Grounding
2 Aviation collision/crash 14% 2 Fire
3 Faulty workmanship/maintenance 8% 3 Aviation crash
4 Storm 7% 4 Earthquake
5 Defective products 6% 5 Storm
6 Damaged goods 5 6 Bodily injury
(including handlings/storage) ° (including fatalities)
7 Machinery breakdown 5% 7 Flood
(including engine failure)
Water damage 3% 8 Professional indemnity
9 Ship sinking/collision 2% 9 Product defects
10 Professional indemnity 2% 10 Machinery breakdown

(e.g., negligence/bad advice)

Further causes that result in big business losses in various industries include:

Business disruption as a result of natural disasters (flood, earthquake, fire etc.).

Business disruption because of terrorist acts. Products sold in the insurance industry also include
policies that cover losses caused by acts of terrorism.

Business disruption because of cyberattacks, as products sold in the insurance industry also
include policies that cover losses caused by cyberattacks.

Environmental liability insurance and losses from industrial accidents, which affect the
environment [6].

Third party liability insurance for nuclear, oil, and gas operations [6], with Romania yet to develop
this sector as its experience/expertise in the area is limited.

Other business sector insurance covers losses caused by [7] a loss of key personnel, risk management,
green business [8], terrorism, insurance against kidnapping of a company’s managing team or key
personnel, etc.

The latest business insurance packages included terrorism insurance [9].
According to a press release issued by AGCS, which from 2013 to 2018 covered 470,000 global

insurance claims from more than 200 countries, cyber risks and new technologies” impact will

increasingly affect the landscape of corporate losses over the coming years. However, fire and explosion
incidents cause the highest claims to insurers, according to recent AGCS research. Most corporate
insurance claims arise from technical or human factors rather than natural disasters, such as hurricanes,
that inflicted devastating losses over the past two years.

O NS WD

-
o

The top perils for companies in 2019 include the following hierarchy (in terms of criticality):

Business interruption (discontinuation of business because of various causes), 37% down from
2018 (42%)

Cyber incidents, 37% down from 2018 (40%)

Catastrophes attributable to natural causes, 28% down from 2018 (30%)

Changes in laws and regulations, 27% up from 2018 (21%)

Market development, 23% slightly up from 2018 (22%)

Fires and explosion, 19% very similar to 2018 (20%)

New technologies, 19% up from 2018 (15%)

Climate changes/increasing volatility of weather, 13% up from 2018 (10%)

Loss of reputation or brand value, 13% as high as in 2018

Lack of a skilled labor force, 9% highlighted by AGCS as a new risk cause in insurance in 2019 as
compared to previous years.

Technology creates new threats and business models. Traditional risks such as natural disasters still

occur, whereas other threats, such as cybercrimes, are on a par with business interruption and top the
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Allianz risk chart. For the first time, there have been daily rises in reputational risk, increasing exposure
to intangible assets, and volatility and consolidation in the corporate environment. Yet, looking at the
future, new technologies bring businesses benefits, risks, and liabilities. However, new technologies
also provide an opportunity to prevent and minimize losses and to improve the claim settlement
process for corporate customers. The analysis reveals that corporate insurance claims usually are
originated by technical or human factors—or non-natural catastrophic events—accounting for 87% of
the value of total claims.

2. International Trends in Occurrence of Catastrophic Risks—Statistics and Facts

In the opinion of the National Union of Insurance and Reinsurance Companies in Romania
(UNSAR) [6], the rate of penetration for catastrophe insurance in the EU differs across countries,
with legislation on natural disaster insurance and people’s education in risk awareness acting as major
causative factors. Due to the patchiness of the EU Member States, more thorough research is required
to comprehend the specific traits of each country in order to create suitable risk coverage, or coverage
layers better suited to the needs of each individual country.

The past 20 years have seen a significant rise in both frequency and impact of disaster type events,
which raised concerns in the world insurance industry. Significant (both material and human) losses
have been in the public eye and generated governmental efforts to have them covered up, particularly
when losses were not insured/insurable. Earthquakes, fires, landslides, or floods all resulted in a
financial, social, economic, and political impact in the affected areas [10].

An analysis of the economic losses and insured losses from 1950-2018 worldwide were conducted
by Radu and Naghi [11]. The analysis is presented in Table 2, which contains the statistical data
supporting this analysis.

Table 2. Analysis of 10-year periods of natural disaster impacts (USD billion in 2018).

1950-1959  1960-1969  1970-1979  1980-1989  1990-1999  2000-2009  2010-2018

Number of events 292 547 839 1653 2577 3861 2988
Economic losses 6058 18,445 17,181 53,845 746,015 892,312 1,354,014
Insured losses 0.033 0.066 0.113 0.239 98.8 479 739
Damage rate of economic losses 0.54 0.36 0.66 0.44 13.24 53.68 54.58
Average damage on the event 0.020747 0.0337203 0.0204779 0.0325741 0.28949 0.231109 0.453151

Average insured damage on the event 0.000113 0.0001207 0.0001347 0.0001446 0.038339 0.124061 0.247323
Source: [11].

A Munich Re research combined with the AON Report 2018 revealed that during 1988-1997,
the global economy incurred USD 700 bn as a result of catastrophic events in the region, while such
costs amounted to approximately USD 4000 bn over the last two decades (2000-2018), as opposed
to the numbers in 2018. The second half of the 20th century saw 250 large scale natural disasters.
As shown by the data in Table 1, the loss coverage rate provides a measure of how economic losses are
recovered due to insurance coverage. During the periods under review, this rate has seen a notable
rise (doubling in value), indicating that the insurance transfer method has seen steady rises; therefore,
this supports specialist companies’ acknowledgment of natural disaster events.

Because there are a visible number of increasing events and values for the variables in Table 1,
we used a statistical method (Student’s t-test) with SPSS statistical software the mean of values by
grouping: after/before 1990 and after/before 2000. The results from Tables 3 and 4 show that there are
statistically significant differences for these variables grouped from the years 1990 and 2000.
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Table 3. ANOVA for the group before/after 1990.

Sum of Mean .
Squares df Square F Sig:
Between Groups  9,141,660.964 1 9,141,660.964 23,971 0.004
Number of events Within Groups 1,906,814.750 5 381,362.950
Total 1.105 x 107 6
Between Groups  1.625 x 10'2 1 1.625 x 1012 40,080 0.001
Economic losses Within Groups 2.027 x 101 5 4.054 x 1010
Total 1.828 x 1012 6
Between Groups 330,108.865 1 330,108.865 7961 0.037
Insured losses Within Groups 207,336.051 5 41,467.210
Total 537,444.916 6
C P Between Groups 2742.857 1 2742.857 12,299 0.017
overage rlate or Within Groups 1115.117 5 223.023
economic losses Total 3857.974 6
Average damage Between Groups 0.152 1 0.152 28,498 0.003
B a® Within Groups 0.027 5 0.005
p Total 0.179 6
Average damage Between Groups 0.032 1 0.032 7230 0.043
msureg o evegnt Within Groups 0.022 5 0.004
p Total 0.054 6
Source: own calculations with SPSS program based on data from [10].
Table 4. ANOVA for the group before/after 2000.
Sum of Mean .
Squares df Square F Sig:
Between Groups ~ 7,186,572.014 1 7,186,572.014  9.304 0.028
Number of events Within Groups 3,861,903.700 5 772,380.740
Total 1.105 x 107 6
Between Groups ~ 1.302 x 1012 1 1.302x 1012 12.403 0.017
Economic losses Within Groups 5251 x 10" 5 1.050 x 10
Total 1.828 x 1012 6
Between Groups ~ 495,853.553 1 495,853.553  59.610 0.001
Insured losses Within Groups 41,591.363 5 8318.273
Total 537,444.916 6
C ‘ Between Groups 3727.672 1 3727.672 143.040 0.000
overage rf‘te °T Within Groups 130.301 5 26.060
economic 1osses Total 3857.974 6
Average damage Between Groups 0.099 1 0.099 6.165 0.056
g Within Groups 0.080 5 0.016
p Total 0.179 6
Average damage  Between Groups 0.045 1 0.045 25.798 0.004
e B Within Groups 0.009 5 0.002
p Total 0.054 6

Source: own calculations with SPSS program based on data from [10].

This trend in conjunction with the rising economic losses led us to conclude that, within the
70 years under review, the difference between the insured losses and uninsured losses decreased
steadily, which confirmed that insurance covered these economic losses.
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3. Particularities and Applications of the Corporate Insurance Industry: Total Quality
Management (TQM) and Quality Control Globally and in Romania

Total quality management (TQM) has a host of definitions [12] but it is basically a quality
management system that provides support for the continued improvement of products or services
with zero defects. The advantages and benefits of implementing TQM in the insurance industry
include [12] an increased market share, improved profitability, long-term cost-cutting [13], skilling and
retaining company employees [14], heightened productivity, an innovative work environment, and a
value-added difference.

The service and financial sector have been slow to implement the TQM principles for several
reasons [15]:

e Quality and productivity policies are less clear than in the production sector.

e Service and financial companies are often shielded against international competitors under
regulations, protection legislation, and cultural barriers.

e  Financial institutions, particularly insurance companies, make promises that often are made good
on only after a significant amount of time.

TQM is capable of defining, spotting, and prioritizing exceptional conditions that require a
management decision [15]. This is the most compelling reason why a company’s Actuarial Department
should be the most informed and active participants in any TQM effort [15].

Big damage reports amount to a successful approach to this issue, yet they come with the downside
of dealing only with cases that have already occurred. In this case, TOM’s imperative is to limit
management changes that may affect the claim settlement workflow to those changes that are required
and supported by proof or are simply inevitable. The Actuarial Department is faced with the challenge
of needing to interpret and use the monitoring data provided by the claim department to improve the
accuracy and dynamic reaction of the actuarial projections [15].

There are countries in the world, such as Palestine [16], which have conducted research on key
activities to ensure that the TQM concept is successfully implemented by insurance companies across
the country [16]. A second example is Oman [17], which put together a “manual guide for minimal
quality assurance standards for services provided to clients of brokers and insurance companies”,
which contains precise provisions for each individual aspect. It puts forth several quality standards
based on the type of service provided by the insurance firm [17]. Another specific example of how to
implement the TQM concept in the insurance industry is what has occurred in Indonesia [12], where an
emphasis is placed on the fact that the insurance industry increasingly uses new channels for new
technologies and tools. Authors have reviewed how TQM has been implemented in an insurance
company that offered the following services: worker compensation, defective machinery, all-risk
contractors, safe cash, cash-in-transit, and third-party liability.

Experience of insurance loss adjusters shows that insurance companies often use their QA
(Quality Assurance) audit mission aggressively to deter what auditors describe as “inflated payments”.
In other words, one of the things sought by a QA auditor is the amount of money paid by a loss adjuster
for a claim, irrespective of whether that amount is too small, fair, or too big [18].

Another insurance expert, Sandquist [19], focused on the implementation of Kaizen and TQM
in the insurance industry. Sandquist claimed that focus on product quality, when used in insurance
marketing, implies seeing beyond a product’s features to better understand customers’ insurance
needs. Telematics is a means used by leading insurers to achieve this.

Examples of top ISO-certified insurance companies that successfully implemented TQM should
include the US global Crawford and Company, which represents 70 countries, including Romania,
who periodically uses press releases to inform which of its branches or representative offices has
become ISO 9001:2000 certified (i.e., entities in the Netherlands [20] or Australia [21] for ISO 27001 for
information security management system (ISMS) in the wake of an audit work by Lloyd’s Register
Quality Assurance).
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As far as the concept of risk management is concerned, it is internationally recognized that, in
the insurance industry, wide principles that should be embedded into a risk management framework
are provided covering the strategy, organizational structure, policies, and procedures related to the
management of the implicit risks in such business [11]. To achieve this, the Monetary Authority of
Singapore [22] has proposed an entire process to address those risks generated by core insurance
activities, including product development, pricing, underwriting, claim handling, and reinsurance
management. Moreover, with regard to risk evaluation, the consulting firm KPMG offers the following
recommendations [23]: understanding the entity; a plan to engage in-house and third party experts;
internal audit; service providers and other auditors as required; evaluation of the relevant designs and
implementation of the relevant controls; arranging talks to evaluate and plan risks; identification of
audit strategy; and planning the required audit approach.

4. Conclusions

Over the last few years, natural catastrophic events have inflicted more losses upon economies
around the world. Global climate changes, whether or not as a result of human activities, and the
growing population density, mostly in the exposed areas, are the top causes responsible for the growing
volume of economic losses both in developed countries and in those with an emerging economy.
The more developed the economy of a region, the bigger the economic losses caused by catastrophes.

In terms of how a market can recover from such economic losses, a significant role is played by
insurance, reinsurance, and capital market. The insurance and reinsurance industry is therefore faced
with an enormous challenge: to identify solutions to manage issues posed by the growing impact
of natural disasters around the world. This is clarified by one of the proposals in the TQM—quality
control-risk management consolidation.

Thus, the seven conventional quality control tools can also be used in the corporate insurance
industry, i.e., Pareto charts, cause-and-effect diagrams (fishbone diagram), histograms, control diagrams,
scatter diagrams, inspection checklists, and the stratification method. Moreover, J. Chen and ].-H.
Chen proposed, in 2011 [24], a model for risk management (Figure 1), which can be also applied in the
insurance industry.

e [ Statistical |
information \ . / module )
module e
Quality Control M l \ e
ity : : Module for Quality
ianua}:t{c'\w. Quality | | and Risk generation of insgectér. |
SH 4=+  control ' Management re%om and H
e module | Database \ gures engineer
" Module for = Risk 1
e é'e“:" Internet management
> images from module module
inspection '

Figure 1. Model suggested by J. Chen and J.-H. Chen [24] for risk management.

An innovative solution contributed by UNSAR (The National Association of Insurance and
Reinsurance Companies in Romania) is parametric index-based weather insurance for risk management
caused by/originating from natural disasters [10]. Another risk management tool in the corporate
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insurance industry put forth by UNSAR is insurance pricing as a market incentive for promotion of
prevention and risk awareness and minimization [10].

Ongoing evaluation of the quality of services provided to customers to promote it, based on the
insured’s expectation and satisfaction, is one of the key methods in fostering a competitive environment
in the insurance market to ensure a better performance level, as well as a better capacity to cope with a
volatile market exposed to local and global economic changes [17].

Over the last few years, a growing trend of claims has arisen from quality control issues [25].
Several methods to mitigate this risk using corporate insurance should include:

1.  Implementation of the following elements for a company’s quality control policies, which guarantees
for professional liability and general liability: alpha and beta testing, formal client acceptance
procedure, prototype development, statistic quality control, supplier check process, TQM,
writing and documenting quality control program, and a client’s consent to each individual stage
of the project.

2. Meeting one or more widely accepted industry standards: UL/CSA, ISO 9000, CE MARK,
ANSI etc.

3. Performing pre-launch/pre-dissemination tests to protect clients against malicious codes and/or
other security vulnerabilities in the company’s services.

4. Availability of a plan to maintain documents/agreements for no less than 7 years.

5. Firms must create business continuity plans to manage this risk [26].

Lastly, we should mention several reasons to introduce TQM, quality control, and risk management
in the corporate insurance industry [27]: prevent E&O; follow the existing workflow/procedure;
allow for an effective workflow/procedure; monitor the workload; and maintain customer
service quality.
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Abstract: The purpose of this paper is to establish the specifications of an analysis and evaluation model
in the form of a reference framework for the design, development, implementation, periodic evaluation,
and continuous improvement of quality management systems based on the application of national
and international standards for sustainable development in healthcare facilities. It integrates the
existing legal requirements, standards, and quality assessment indicators from actual frameworks.
Its structure is based upon the Plan-Do-Check-Act quality cycle, on the three pillars of sustainable
development—social, economic, and environmental—incorporated in the seven basic topics of social
responsibility mentioned in ISO26000.

Keywords: healthcare facility; quality improvement; sustainable development; reference framework

1. Introduction

A lot of research has been performed on quality improvement methods over the last decade,
which developed a wide range of evaluation instruments, statistical tools, and methods of improvement.
There are a large number of clinical and non-clinical interventions that have the effect of improving
the quality of care. However, this reality is inconsistent with the continuous variations in quality
and safety, which are constantly reported by media and scientific literature. For quality professionals
that are responsible for planning, implementing, maintaining, and control of quality management in
healthcare facilities at the organizational level, the abundance of information on quality and safety
approaches is a complication.

The large number of quality improvement interventions is overwhelmingly high. The main
decision is: what to begin with, but also how to integrate a multitude of tools into a coherent approach?

The motivation of this research is to support the management of health units in the alignment and
use of these strategies and tools. Importance is accorded on cross-cutting matters such as supervision
and guidance, the construction of assistance systems for quality improvement, and the provision
of the adequate resources assuring high quality care. Healthcare specialists, quality professionals,
and general managers can use this approach to periodically assess and continually improve the quality
of their organization.

The general objective of the research is to establish the specifications of an analysis and evaluation
model in the form of a reference framework for the design, development, and implementation, periodic
evaluation, and continuous improvement of quality management systems based on the application of
national and international standards for sustainable development in healthcare facilities.
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2. Materials and Methods

The research methodology considers the study of the specialized literature, relevant for the
research topic, which allows the creation of an adequate framework for the development of the
empirical study.

The foundations of high quality healthcare systems must include: (a) a population and their
health needs and expectations,(b) the governance of the health sector, and (c) partnerships between
sectors, healthcare platforms, the number and skills of the workforce involved, as well as the tools and
resources used, from medicines to data. High quality healthcare systems should adopt four values:

(a) Be for people;
(b) Be fair;

(c) Resilient; and
(d) Efficient.

Sustainability can be considered an area of the quality of healthcare, extending the responsibility
of health services provided to patients from now to the future. A sustainable approach extends
the definition of the value of healthcare to measure healthcare outcomes in terms of social and
environmental impact, but also in terms of financial costs. Mortimer et al. [1] established a practical
framework for including these new dimensions in an already well-defined quality improvement model.
The current trend is to collaborate between actors involved in healthcare, called collaborative healthcare,
which has the capacity to address challenges such as improving the social sustainability of the system.
Maghsoudi et al. [2] developed a new model of medical organization in which collaboration between
medical networks plays a central role in improving social sustainability.

Improving quality can promote the association between health security and healthcare systems;
through integration of quality improvement approaches addresses global health security priorities
and has the effect of improving health results at in all structures of the healthcare system [3].
Marimuthu et al. [4] explores the scope of sustainability practices in healthcare by highlighting three
main conceptual aspects: the dimensions of sustainability practices in healthcare, the drivers of
sustainable health practices, and strategies for implementing sustainability effectively in healthcare.
Smith [5] highlights three levels of sustainability in which he describes the levels of healthcare with the
appropriate measurement of performance through audit techniques.

Pantzartzis et al. [6] highlight issues that can lead to small sustainable health institutions, such as
energy saving and efficiency, that could be used to assess the viability of healthcare facilities. In a study,
Glasgow [7] identified 539 potential articles on quality improvement methodologies and found that
the true impact of this approach is difficult to assess, given that the lack of a rigorous evaluation or
clearly supported improvements offers little evidence supporting widespread adoption. There is still a
need for future research to improve the evidence base to understand more.

Currently, health facilities face major challenges, as patients demand continuous improvement
in the quality of care, and health insurance companies demand the lowest possible prices. There are
quality improvement programs from the industry, such as lean manufacturing, which is an excellent
tool to meet current health challenges [8]. Some hospitals tend to adopt lean quality improvement
programs, which require a lean assessment from a much more critical perspective [9] and quantification
of sustainability effects [10]. A theoretical framework for sustainable health improvement developed
by Hovlid et al. [11] is based on four main themes: (a) the question, (b) the decision, (c) the relationship,
and (d) the interpretation.

In Romania, the national legislation on quality assurance in health has important references: Law no.
185/2017 on quality assurance in the healthcare system [12]; Standards, procedure, and methodology
for evaluation and accreditation of hospitals [13]; and Legislation on the functioning [13] and
working tools [14] used by the National Authority for Quality Management in Health. Hospital
accreditation standards [15] comprise threereferences: Strategic and organizational management;
Clinical management; Medical ethics and patient rights, which are supplemented by 64 checklists.
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3. Results

This research proposes the development of a SANitary Quality (SANQ) reference framework
containing a series of indicators addressed to health units that have implemented/are implementing
quality management systems in their organizations and want to continuously improve the effectiveness
of the quality management system by establishing quality indicators to monitor and promote their
sustainable development. The conceptual model of the SANQ reference framework is presented in
Figure 1, which integrates the existing legal requirements, standards, and quality assessment indicators
from actual frameworks.

LEGAL REQUIREMENTS - STANDARDS:

Mation. lation ~ in Romania; Law no, 1852017 on quality assurance

in the healtheare system
o 1SO26000 - Cuidelines on social responsibility

QUALITY INDICATORS: !

The standards, | | and hodology for the eval and

accreditation of hospitals
«  DUQuE indicators (European projeet)

REFERENCE FRAMEWORK SANC: '

Healtheare provision indicators
List of questions feed SAND practice set

Figure 1. SANQ framework conceptual model.

In terms of quality cycle references, and in order to simplify its relationship with the already
developed quality frameworks, the SANQ quality reference framework has to be structured based
upon the Plan-Do-Check-Act (PDCA) quality cycle: planning, implementing, evaluating, and review.
It should be developed also taking into consideration that the healthcare system can and should have
a key role in the promotion of social cohesion and should also pursue financial sustainability and
environmental responsibility.

The reason to adopt this conceptual model lies on the principles stated in ISO 26000, in regards
to the definition of sustainable development and social responsibility—sustainable development is
the “development that meets the needs of the present without compromising the ability of future
generations to meet their own needs” [16]. Social responsibility is “the responsibility of an organization
for the impacts of its decisions and activities on society and the environment, through transparent
and ethical behavior that: contributes to sustainable development, including health and the welfare of
society; takes into account the expectations of stakeholders; is in compliance with applicable law and
consistent with international norms of behavior; and is integrated throughout the organization and
practiced in its relationships” [17].

For this reason, the SANQ reference framework has to be structured on the threepillars of
sustainable development—social, economic, and environmental—incorporated in the seven basic topics
of social responsibility mentioned in ISO26000—Guidelines on social responsibility [17], adapted to
the context of healthcare provision: Organizational governance, Human rights, Labor practices,
Environment, Fair operating practices, Consumer issues, Community involvement and development,
as shown in Figure 2.

In this way, the SANQ quality reference framework will be structured in four main phases,
each of them corresponding to the four phases of the PDCA quality cycle, regarding healthcare:
design of healthcare services, provision of healthcare services, evaluation of healthcare services,
continuous improvement.

The extended applicability of the reference framework requires a correspondence between the
SANQ indicators and the Standards for the evaluation and accreditation of hospitals provided in Order
no. 446/2017 issued by the Ministry of Health [13].
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SUSTAINABLE HEALTHCARE
DELIVERY

Community involvment

and development

Figure 2. Pillars of sustainable development and ISO 26000 social responsibility core subjects.

The reference framework should consist of several matrix assessment tools that will be structured in
line with the DUQUE project results [18]: (1) Accreditation of healthcare services, (2) The effectiveness
of the organization’s management, (3) Continuing medical education, (4) Patient safety culture,
(5) Computerized support systems for clinical decisions, (6) Dissemination and implementation of
guidelines, (7) Actions to improve transfers, (8) Patient-centered care actions, (9) Six Sigma and Lean,
(10) Performance information, (11) Audit and feedback, (12) Reporting incidents to the hospital,
(13) Safety checklists, (14) Documentation internships etc.

SANQ evaluation indicators are of a qualitative and/or quantitative type—which are described
by formulas.

The SANQ quality reference framework will be accompanied by the Implementation Guide—The
self-assessment tool, which will have threeparts: (1) The SANQ reference framework, (2) The self-diagnosis
tool, (3) The implementation guide.

The self-diagnosis tool will consist of a system of questions derived from the SANQ reference
framework, whose assessment is made on the basis of a qualitative (poor to excellent) and/or quantitative
grid (0 to 3 points). It will facilitate easy use by quality professionals in healthcare facilities.

4. Conclusions

This research provided the specifications for a reference framework that aims to evaluate and
improve quality and safety in healthcare facilities. The elaboration of the indicators of the reference
framework requires state-of-the-art research, the use of the results of large-scale scientific studies,
systematic reviews, and specialized knowledge.

Such research does not cover all quality strategies, but rather provides a perspective to support managers
in reflecting on organization-wide approaches to ensure quality, safety, and sustainable development.

The widespread use of the assessment tool requires interactive links to specific assessment tools
from the literature as well as those generated in this research.
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Abstract: Image processing and the analysis of images in order to extract relevant data is an
ever-growing topic of research. Although there are numerous methods readily available, the task
of image preprocessing and feature extraction requires developing specific algorithms for specific
problems by combining different functions and tweaking their parameters. This paper proposes a
framework that allows the flexible construction of image processing algorithms. Its user interface
and architecture are designed to ease and speed up the process of algorithm creation and testing as
well as serve as an application for the use of these algorithms by end users. The framework was built
in Matlab and makes use of its integrated Image Processing toolbox.

Keywords: image processing; feature extraction; Matlab; framework; algorithm design

1. Introduction

Enhancing and extracting useful information from digital images plays an important role in
most scientific and engineering fields. There are numerous tools and software packages available for
pure image processing. However, feature extraction requires the development of specific algorithms
depending on image particularities and the type of data that needs to be retrieved from the images.
Matlab is the leading platform for technical computing and is one of the most widely used languages
for the creation of feature extraction algorithms. Its Image Processing toolbox [1] contains almost a
thousand of the most common functions related to this field [2-4], allowing for the preprocessing,
analysis, segmentation, registration, and postprocessing of digital images.

In addition to the core language and its plethora of toolboxes, Matlab also benefits from a very
large community of programmers and researchers constantly extending its rich bank of tools and assets.
They are all drawn by the versatility of the integrated computing environment, the volume of available
resources, and the multitude of possibilities to share the created content with both programmers
and end users, inside or outside the Matlab application. One of the methods for extending Matlab
core functionality is the creation of frameworks, some based on available toolboxes, which can be
used to program or solve problems in specific areas of interest, such as conducting behavioral and
neuroimaging experiments [5], processing of digital elevation data [6], or the implementation of genetic
algorithms for optimization problems [7].

Automatic characterization of materials and material structures is an essential tool for the speed
and accuracy of their quality assessment. Algorithms such as those built for analyzing the cupping
profiles of laminated wood products [8], the identification of fission gas bubbles [9], or for the extraction
of information from SEM micrographs of nanotube structures [10] fall into this category. Developing,
testing, tweaking, extending, and improving such algorithms is an iterative process that could be
greatly sped up and eased by using a dedicated framework for flexible algorithm design.
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The main drive behind building the framework proposed in this paper is the need for automatic
characterization of highly ordered titanium oxide nanostructures (nanotubes/nanopores) formed on
titanium-based surfaces as a result of an optimized electrochemical anodization process [11]. This technology
has applications in the production of solar energy harvesting cells [12] and, most importantly,
in medicine [13]. The formation of nanoscale tubes on the surfaces of dental or orthopedic implants [14] can
be used as a tool for releasing drugs at the tissue level [15] and can help osteogenesis at the bone-implant
interface for a better osseointegration of the implants [16]. The size, shape, and uniformity of nanotubes
are important factors that determine the nanolayer quality and its capacity to favor osseointegration; thus,
accurately extracting and interpreting these data from associated digital images is an essential process.

2. Materials and Methods

The framework for Image Processing Algorithm Design (IPADesign) was built with the nanotube
micrograph interpretation in mind such as to allow the development and inclusion of most processing
scenarios for this particular application. However, its structure was designed for maximum flexibility
and should be suitable for most other feature extraction algorithms. This section describes the
architecture of the framework and its underlying data while the next section deals with the graphical
user interface and the actual implementation in Matlab.

The framework consists of a graphical user interface, part of which is dynamically generated;
the engine running the algorithms; a base abstract class used to derive the classes encapsulating image
processing functionality; and a number of predefined such classes (IPAFunctions) implementing the
most common functions.

The general structure of the application and its associated files is schematized in Figure 1. The data
it uses is grouped into 3 categories: metadata, document data, and algorithm data.

IPADesign App | [ Associated files
Meta Data (UI data, settings) —
Saved Documents
Originallmages! } L
J\CﬁVEAlg I [
Algorithms(1,2,34) - Saved Algorithms
—.___..-"'-"-'_-_—_‘

IPAFunctions
repository / App
specific functions

l FreeCode

Figure 1. Application architecture and its associated files.

The metadata are the data used to keep track of the dynamic part of the user interface, the settings
of the application, and the list of folders containing files associated with the framework. Only part of
these data is saved and thus is persisted between sessions.
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The document data are the structure and all the data associated with a specific image processing
problem. They contain the original image or images requiring processing and a collection of up to
4 algorithm structures. These are each composed of an object containing algorithm data and a cell
array with processed images from all intermediate steps. In a typical scenario, only one image will
be processed with a single algorithm. However, it is possible to load more original images for batch
processing or to be used in functions requiring multiple image input. At the same time, a document
allows for working with more algorithms at once for comparison purposes or even have the same
algorithm cloned in order to assess in parallel the intermediate results obtained during its execution.
The data of a document can be saved as a workspace (.mat file) and later reloaded in the application for
editing. Alternatively, the workspace can be loaded in Matlab and analyzed or postprocessed outside
the application.

The algorithm data are all the information associated with a developed algorithm and can be
saved separately as a workspace (.mat file) or loaded in a document. They contain all data required
to build an image processing procedure but do not hold any information about the actual processed
images. An algorithm consists of a succession of steps, each representing a certain image processing
transformation or inquiry. A step has three properties that define how it will be treated by the algorithm
running engine:

e Tag: unique identifier of a step, typically the name of the function associated with this step,
followed by a numeric index accounting for possible multiple uses of the same function;

e  Active: a Boolean (true/false) value indicating if this step is to be considered or not when running
the algorithm (to allow maximum flexibility in testing algorithms);

e InParamlLinks: a list of strings linking this step function’s parameters to values returned by functions
in previous steps, wherever the case (not a typical situation, but implemented for flexibility).

The most important component of a step is the actual image processing function. This part of the
framework was implemented using the Object Oriented Programming paradigm. Each function is
encapsulated in a class inheriting from an abstract class (IPAFunctionBase) as shown on Figure 2.

@ IPAFunction_1
@ IPAFunction_2

@ IPAFunctionBase <7 (€ ) IPAFunction_n
BatchType =1 in_Param1
Nrlmgsln=1 in_Param2

ImglnMames = {|

[imgOut] — Process(imgln) out_Paraml
Showlufol) out_Param2
GetUserInpul()

[imgCut] = Process(imgln)
ShowlInfo()
GetUserInput()

Figure 2. Diagram of the abstract base image processing function class and its derived classes.

The abstract class has the role of a template, allowing the algorithm running engine to communicate
with the image processing functions using an agreed communication protocol. It consists of 3 properties:
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e  BatchType (ReadOnly): the default value (1) indicates the function will treat input images as a
batch, processing each of them separately. A value of 2 should be set in the derived classes for the
functions that aggregate all input functions and return a single output.

e NrImgsIn (ReadOnly): number of image inputs. The default value of 1 means the function
processes images resulted from only 1 of the previous steps (or the original images), while greater
values can be used in cases where input images originate from multiple previous steps.

e ImgInNames: a list of strings containing the tag(s) of the previous step(s) providing the input
images. It should have a number of elements equal to NrlmgsIn or be empty. If empty, the engine
assumes only 1 input image, the one provided by the previous step (most common scenario).

and 3 methods:

e Process: abstract method that needs to be overridden in the derived classes, implementing the
logic of the image processing function. It has only 1 argument, the input image(s), and 1 output,
the processed image(s). Possible additional arguments and results are implemented in the derived
classes as public properties.

e  Showlnfo: implemented in derived classes only in the case of functions returning information
other than images. It typically outputs feature extraction data in a visual form (GUI, graphs).
It can optionally be called by the Process method to show the information when the algorithm
runs; however, it is a separate method and can be accessed from the application GUI at any time.

e GetUserInput: used in the case of functions requiring the user to provide coordinates of points
from the original image(s). Useful for functions extracting scale data from images providing such
information and in some other fringe scenarios.

All classes implementing image processing or feature extraction functionality need to inherit from
the IPAFunctionBase abstract class. NrInlmage and BatchType have to be set in the constructor if
they have other values than the default (1 for both). Besides overriding the main method (Process)
and possibly the other 2 methods, the class can define additional parameters in the form of public
properties. By convention, these are grouped into 2 categories and should follow the following name
conventions:

e in_ParamName parameters: properties whose names begin with the “in_" particle are considered
input arguments for the image processing function. These can be set on the app GUI at algorithm
construction time.

e out_ParamName parameters: properties whose names begin with the “out_" particle are results
returned by the function other than images. They can be end results (feature extraction information)
or intermediate data used by the “in_" parameters of subsequent steps.

”

For maximum flexibility, the Step field of a given step can either be an instance of an image
processing class or, alternatively, it can simply contain Matlab code (FreeCode) that will be executed by
the engine. This can be a series of commands separated by semicolons (;) or the name of a script to
be called.

3. Results and Discussion

The framework is implemented in Matlab as an application that can be used directly as it is or
extended with more image processing functionality by complying to the framework’s structure and
tools. The abstract class along with the derived classes implementing core image processing functions
are stored in a subfolder of the application called IPAFunctions. Classes specific to certain problems
can be added and stored in different locations. The application keeps a list of paths where these classes
are located, similar to Matlab’s built-in search paths. When building an algorithm, the user can choose
from the list of all available image processing classes in the specified locations.

The graphical user interface (GUI) presented in Figure 3 consists of three main parts:
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e Tools area. Fixed interface area with menus and controls for all operations except algorithm
creation: saving and loading documents and algorithms, managing function paths, running
algorithms, and controlling and navigating the image display area.

e  Algorithm area. Dynamically generated and managed part of the interface, consisting of a list of
controls associated with algorithm steps. Each line contains a control for the selection of the step,
a checkbox associated with the Active field, a static text specifying the tag of the step (containing
the name of the associated class), and a button opening the parameters window. Steps can be
added, deleted, or reordered using the controls in the upper area.

e Image display area. Main panel for displaying the original and transformed images. It can show
a single image belonging to the active algorithm, four images from different steps of the active
algorithm, or four images from specified steps on each of the four algorithms in a document.

& IPA Drsign - ] *
Uocument Onginal images Algorihm Seltngs Help

Current Algorithm Start Visuakization Mode Actve Image  Image Controls
Displiy image | (Criginal) K BN 3

.
B . .l i S
] ] L] L) FRun All Zoom Window Zoom AR Zoom In Zoom Out

Agerithm stags contral

Imscale - + xtl
Algorihm Staps
~ IPACut 1 Params
| IPArgb2gray-1 Farams
¥ IFAmSiter:1 Params
| IPAImopen:1 Farams
¥ IFAmgracent 1 Params
@~ IPhimscaly 1 Params
FreeCode 1 Code

Figure 3. Main GUI of the application. Tools area—upper zone; algorithm area—left, image display—right.

For each step of the algorithm, the class parameters are specified in a dedicated window
(Figure 4), accessed via the respective buttons as depicted in Figure 3. The parameters window is
generated dynamically by the application. Depending on the NrImgsIn property of the respective
class, the window offers a number of drop-down controls listing all previous tags for choosing the
steps providing input images for this step. The chosen values are saved in the ImgInNames property
of the class. The default value (previous step) is for the most common case when the input image is
taken from the previous step, no matter which function that represents. In this case, ImgInNames is left
empty. Below the choice of input images, the window lists all “in_" parameters. The user can set static
values for the parameters, enter expressions to be evaluated at run time (by convention, the engine
treats the entered text as an expression if it starts with the equal sign “="), or choose from the “out_"
parameters of previous steps (this is recorded as an entry in the InParamLinks field of the Step object).
At the bottom of the window, two buttons allow the user to call the class methods to visually show the
results (only available after running the algorithm) and to obtain user input.
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[4] IPAFunctiond Parameters — bt
In Image 1: - |PAFunction1:1
| (previous step) v out_P1
out_P2
in_P1: IPAFunction2:1
[ =ones(5)25 | [ink ~ [PAFunction31
out_P1
in_P2:
| IPAFunction3:1.out_P1 | 7 Link
| Showlinfo | | Get User input |

Figure 4. Example of a “Parameters” window.

In addition to the main graphical interface and the parameters dialogs, each image processing
function has the option to output its specific results in a distinct window by overriding the ShowInfo
method of the base abstract class. This functionality can be accessed from the parameter window of a
step by clicking the respective button (shown in Figure 4).

An algorithm can be tested or used at any time by accessing the Run (current algorithm) or Run all
(all algorithms in document) buttons. This will trigger the main engine of the framework, which uses
all setup steps and parameter data, along with the associated files to output all intermediate and final
results—images and extracted information. The images are shown in the image display area and can
be navigated with the respective GUI buttons while the non-image data can be visualized or exported
using the ShowInfo method.

4. Conclusions and Further Research

The framework described in this paper can be a useful tool in the development of image processing
and feature extraction algorithms, offering a flexible environment for speeding up the design, testing,
and ultimate use of such algorithms. It was created to cover most scenarios involved in the automatic
characterization of nanotube layers, but the generality of its architecture makes it a suitable tool for
most other image processing applications.

Besides its core functionality, the framework’s versatility also depends on the number of available
classes. Each such class implements a specific image processing function, either from Matlab’s dedicated
toolbox or user-defined. The framework’s repository of classes can easily be extended by deriving from
the abstract base class. This establishes the template, ensuring compatibility between new content and
the algorithm running engine.

The user interface and application structure were designed to ensure maximum flexibility in the
addition of new components, the construction of algorithms, and their use by final users. However,
this power and flexibility comes with an overhead in execution time. The implication of running the
algorithms from a superior programming layer was not studied in this paper. Although the extra
computational effort introduced by the application itself should not have a significant weight compared
to the execution time of the computationally intensive image processing functions themselves, a further
study could establish the actual relative impact of the extra added layer.
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The main purpose for creating the framework is its use in the assessment of TiO, nanotube
structure quality by extracting statistical data regarding nanotube uniformity, shape, and size from SEM
micrographs. Future research will focus on the issue of developing, testing, tweaking, and improving
algorithms that can optimally achieve this task.
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Abstract: Recently, there have been done numerous investigations related to lean manufacturing
techniques. However, very little has been reported about the implementation and selection of lean
manufacturing in the Kosovo manufacturing industry. This article presents the application of lean
tools through Kosovo manufacturing industries and the selection of the most useful lean techniques
for developing a model for an innovative smart Kosovo enterprise which is our initiative in the
process of preparing Kosovo enterprises for the new age of industry—Industry 4.0. After several
visits through Kosovo enterprises, the literature review has noticed that there is no investigation in the
selection and implementation of lean techniques and tools in Kosovo enterprises. The purpose was
to understand how Kosovo manufacturing enterprises use lean techniques and which are the most
useful techniques. Analyses have been done based on interviews and questionnaires. Seven basic
lean techniques are selected based on the response from the questionnaire and representing basic lean
tools for developing a model of a production system regarding Industry 4.0.

Keywords: Industry 4.0; innovative smart enterprises; Kosovo manufacturing industry; lean
manufacturing techniques

1. Introduction

Origination in Japan, particularly at Toyota, a carmaker in the 1960s developed the principles of
lean production/manufacturing. The lean manufacturing approach is about the reducing or elimination
of waste or activities which add no value to the manufacturing process. Therefore, lean manufacturing
is a management philosophy based on the Toyota Production Systems (TPS) [1].

In this paper, the investigation is to continue the work of our initiatives for developing a model
for innovative smart enterprise in the Kosovo industry regarding Industry 4.0 [2,3]. Specifically, which
are the most useful lean techniques for innovative smart Kosovo enterprises is the main issue of this
investigation. The questionnaire is used to collect data from manufacturers on the use of lean methods
and implementation within Small and Medium Enterprises (SMEs) in the Kosovo manufacturing
industry. From questionnaires and interviews with experts in the industry, the aim is to understand
common challenges that companies face when implementing or have implemented lean manufacturing
techniques/practices in their facilities and select the most useful lean tools for Kosovo enterprises.

Proceedings 2020, 63, 62; doi:10.3390/proceedings2020063062 243 www.mdpi.com/journal/proceedings



Proceedings 2020, 63, 62

Many investigations have been done all around the world in the field of lean manufacturing and
many of the authors have given solutions, but in the Kosovo manufacturing industry, a gap exists in
this direction.

This study provides a brief description and explanation of which lean principles are used within
SMEs of the Kosovo manufacturing industry, provides approaches on how to select the best lean tools
for Kosovo enterprises, and identifies the most useful lean tool implications on systems by producing
exactly what the customer wants, at the minimum cost with minimum or zero defects. So, the main
reason of this study is to fulfil gaps in the developing model for smart enterprises in the aspect of
the organization. Each manufacturing company has a unique system of manufacturing and recently
some countries are in the process of developing their model for the new era of industry, such as
Industry 4.0 in Germany. In Kosovo, there are no initiatives in this direction and the selection of
lean manufacturing principles is too important for developing a model of the enterprise regarding
Industry 4.0. The developed model could be implemented and will be unique and original for Kosovo
enterprises, especially in SMEs.

Since the main objective of the investigation is to select the most useful lean techniques for
developing the model for innovative smart enterprises, the following questions are presented:

e For Kosovo SME manufacturers that are not using lean manufacturing techniques, do they plan to
use them?

e For Kosovo SME manufacturers that are not using them and do not plan to use LMTs, why not?

e  For Kosovo enterprises that are using lean manufacturing techniques, which ones do they use and
when did they start using them?

e  For Kosovo enterprises that are using lean manufacturing techniques, which of them are helping
the most?

2. Literature Review and Theoretical Background

To be successful in a competitive business environment, managers and staff need to know how
to organize as well as how to develop product and manufacturing. Lean product development is an
approach to organize product development according to a set of techniques/principles and existing
different lean manufacturing techniques that are reported by different authors. Studies on the most
used and helpful techniques can be found for different countries, but for the Kosovo manufacturing
industry, it is not reported. Very little has been reported about the implementation and use of lean
manufacturing in the Kosovo manufacturing industry; there are few papers specifically related to the
administrative processes.

2.1. Lean Manufacturing

The term lean manufacturing was first used by Womack et al. [4] as a “secret weapon’ responsible for
quality improvement and elimination of waste, so, the lean manufacturing contributes to cost reduction
within organizations. Lean manufacturing according to Detty and Yingling [5] is a comprehensive
philosophy for operating, structuring, managing, controlling, and continuously improving industrial
production systems. The aim of lean manufacturing is to reduce the waste in inventory, human effort,
time to market and manufacturing area to become responsible to demand of the customer while
producing products with the highest quality, most economically and efficiently [6].

Shah and Ward [7] supported the above statements while pronouncing that lean production is a
multi-dimensional technique that encompasses a wide diversity of management practices, involving
quality systems, just-in-time, cellular manufacturing, work teams, and supplier management.

The lean manufacturing goal is to produce just what is needed and when the product is needed.
The process of production is pulled according to the downstream processing workstation so that each
of the workstations have only produced what is required by the next workstation. Lean manufacturing
concentrates on defect-free lines of production [8]. It aims to avoid defects at the beginning and
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for inspection of quality to be performed by the labourers as part of the process in-line production.
Lean manufacturing requires attempting perfection by regularly removing layers of waste as they
are uncovered. This, on the other hand, requires high level involvement of a worker in the continual
improvement process.

According to Melton (2005) [9], the main improvements related to lean were time reduction
to customers, efficient usage of processes, less utilization of inventory, improvement of knowledge
management, cost savings, and rework reduction. Additional benefits of lean are improving the
financial position, achieving competitive advantage, improving services, process standardization, and
increasing quality. Some other positive factors are the increasing competence of employees, reducing
disappointments with increasing satisfaction of customers, financial benefits to the organization,
and faster work completion. In addition, lean manufacturing helps organizations in changing their
approach to problem-solving abilities and standardization [10,11]. Moreover, it enables organizations
to accomplish competitive advantage concerning high quality and encourages the empowerment of
employees, delivery reliability, and faster delivery time.

2.2. Lean Manufacturing Techniques

To transform a traditional organization [12] into a lean organization should be made
continually essential and take numerous efforts. Several elements have been discussed by researchers
and manufacturing organizations have adopted them in the process of production to increase
competitiveness in the market by reducing response time to customers, reducing product manufacturing
cost, and improving productivity and quality. The following presents key elements which have been
used in different research papers.

The 55 is a systematic philosophy (approach) aimed at organizing, standardizing, cleaning,
ordering, and continuously improving a workplace area. Furthermore, the 55 according to Johannson
is identified as part of the technique of green productivity [13].

Six Sigma is a program of management designed to decrease waste and increase productivity.
Six sigma, according to Chakravorty [14], has a strong focus on customer satisfaction and meeting
customer requirements.

TPM—the technique total productive maintenance (TPM) contributes to the basic preventative
maintenance of machines, the breakdown time of equipment and machines is reduced. It also increases
the efficiency of operation of the machine as a worker cleans, along with the inspection, lubrication,
tightening activity of his machine.

Kanban is a shop floor tool used as an indication to control the release of the materials in operation
and communicates customer requirements from downstream to the upstream worker. In such a manner,
organizations know to provide more materials from suppliers [15]. Once the product is taken from
finished parts against customer requests to recharge the moved quantity, it is replaced by coloured
cards or with electronic devices.

SMED/setup time reduction—lean manufacturing aims to reduce setup time and changes over
time because it spends critical working time and decreases the operator time and appropriate utilization
of the machine.

Kaizen is a method which means small improvement. To keep activities continuously improving
throughout the organization, the Kaizen method culture has to be created and preserved. Kaizen
commonly is done by the personnel who are directly in the process of production mainly by operators
for improvement in working circumstances, safety, productivity, quality, reduction of set up time, or
some other small change for improvement.

Value stream mapping is a technique that visually displays the stream of materials and information
along the production process. The main aim of value stream mapping is to put side by side activities
for both added-value activities and non-added-value activities.
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3. Methodology

This investigation project was designed as a questionnaire-survey and interviews with managers
to evaluate the most useful lean manufacturing techniques within SMEs in the Kosovo industry.
There were 186 questionnaires delivered to companies through email and by hand. Ninety-five
questionnaires were answered completely and in the right way and are accepted as the sample size.

So, of the 186 questionnaires sent out, 95 were received as regular or completely answered,
the response rate is 51.07%.

The questionnaire was divided into three parts: the general questions, background information
about the organization, the usage of lean, benefits, and barriers in the implementation of the LMT
(which LMT has helped the most, how important is for a company to use LMT, etc.). In Figure 1,
the size of the company is presented (according to the choices presented in the questionnaire).

100 Total, 95

90
80
70

60 Between 10 and

50 50, 47

40 Between 51 and
250, 28
30
20 More than 250,
Less than 10, 10 10
10
RN | N |

Figure 1. The size of the companies that are included in the survey.

According to the position in the company, the respondents who answered the questionnaires are
as below:

e 56.25% of them are top managers,
e 37.50% of them are middle managers, and
e 6.25% of them are employees that have worked on the project.

Whereas, the type of industries which are included in the survey are presented as follows: civil
industry (9 companies), food industry (11 companies), metal manufacturing industry (16 companies),
general machinery and appliances manufacturing (13 companies), electrical machinery and appliances
manufacturing (9 companies), transportation equipment manufacturing—other than automobiles
(6 companies), transportation equipment manufacturing—automobiles (2 companies), plastic products
and/or rubber products manufacturing (11 companies), construction (10 companies), lumber/wooden
products manufacturing (14 companies), other manufacturing industries (11 companies).

4. Results and Discussion

To summarize data, the descriptive and inferential statistical analyses are done. The basic features
of the data are described with descriptive and inferential statistics, spreadsheet and SPSS packet
program are used to analyze collected data. The main purpose of this investigation was to determine
which are the most used lean techniques and helpful for Kosovo SMEs, which lean tools (techniques)
are used by the companies or are still used and so on.

For the companies that are not using lean manufacturing techniques, do they plan to use them?
In Figure 2, the percentage of companies is presented that did not use LMTs but were planning to use or
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not to use in the future. The percentage of those who said they did not use LMTs but were planning to
was 63.49% (40 of 63 total), and companies that have not planned to use LMTs was 36.51% (23 of 63 total).

70.00% 63.49%
60.00%

50.00%

40.00% 36.51%
30.00%
20.00%
10.00%

0.00%

Companies that are planning to use Lean Companies that have not planned to use
Manufacturing Principles in the future =~ Lean Manufacturing Principles in the future

Figure 2. The percentage of companies that plan to use/not planned to use lean manufacturing
principles in the future.

For the companies that are not using LMT and do not have a plane to use them, why not? Here

are the “reason” percentages for the 23 companies that are both not using LMTs and are not planning
to use in the future, the responses are as below:

We are not informed much about lean manufacturing techniques: 43.48% (10 companies),

We understand lean manufacturing techniques but we are not informed how to use them: 39.13%
(9 companies),

We consider that adopting lean manufacturing techniques will not be beneficial: 17.39% (4).

Figure 3 below presents lean tools that companies currently are using or have used in their process

of manufacturing.

Other 8 6.25%

N 18.75%

Kaizen - Continues Improvement 5 —0 3. 75 %
(N 28.13%

Kanban system (just-in-time manufacturing) ~EEE—— 87.50%
- 25%
Heijunka S 9.38%
N 25.00%
Value -stream mapping I 34.38%

E— 15.63%

Reduction of set-up time (SMED) I 68.75%
— e ——— 78.13%

Total Productive Maintenance (TPM) ~ SE———_" 53.13%
A 56.25 %
55 N 21.88%

Figure 3. Lean tools that companies are using or have used.
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For companies that use LMTs, when did they start using them? Based on the responses of
32 companies that are using LMTs, the first question was: how long the companies have been using
LMTs. Below are given the choices of respondents on the questionnaire along with percentages:

e About six months ago: 3.13% (1 company),

e  Between six months and a year ago: 6.25% (2 companies),

e Between a year and one and a half year ago: 12.50% (4 companies),

e  Between one and a half year and two years ago: 9.38% (3 companies),
e  Between two and three years ago: 25% (8 companies),

e  Between three and five years ago: 21.80% (7 companies),

e More than five years ago: 21.80% (7 companies).

For companies that use them, which LMTs are helping them the most? The question was: “Which
lean manufacturing techniques have helped (or are helping) you the most?”

Figure 4 presents the average of all numbers about lean manufacturing techniques that have
helped the most companies in their process of production, such as money, time, number of workers,
inventory, etc.
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Figure 4. The average of all numbers about Lean Manufacturing Techniques (LMTs) that have helped
the most companies.

The most helpful LMTs based on respondents are: Kaizen, value stream mapping, Kanban system,
55, Six Sigma, standardized work, and so forth.

Selection of Basic Lean Tools for the Development of the Kosovo Model Regard to Industry 4.0

From a technological point of view, lean production can be regarded as a compliment to
automation, some of the lean tools have more importance in those processes. Zuehlke [16] suggested
that the complexity of the production system should be reduced by lean practices and stated that
relying too much on technology cannot always improve the performance but may make the system
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more complicated. Some research has been performed to emphasize the interaction between lean
manufacturing and Industry 4.0. Models have been proposed to integrate lean manufacturing
and Industry 4.0 concerning supplier, costumer, and process as well as human and control factors.
Veza et al. [17] carried out an analysis of global and local enterprises based on a literature review and
questionnaires to develop a Croatian model of the innovative smart enterprise (HR-ISE model). In that
study, a selection of six basic lean tools were made and foundations of the generic configuration of the
HR-ISE model were defined.

In general, to successfully implement any management practice should often rely on organizational
characteristics. Often, the most uncovered practices usually connected with lean production are: cellular
manufacturing, bottleneck removal (production smoothing), continuous improvement programs, competitive
benchmarking, cross-functional workforce, focused factory production, cycle time reductions, lot size
reductions, just-in-time/continuous flow production, new process equipment/technologies, preventive
maintenance, maintenance optimization, planning and scheduling strategies, pull system/Kanban, process
capability measurements, quick changeover techniques, quality management programs, safety improvement
programs, self-directed work teams, total quality management, re-engineered production process [7].

As mentioned earlier, the main reason for this investigation was to establish certain phases
and steps for process and structural reorganization of Kosovo enterprises based on lean principles.
Just-in-time, continuous improvement—Kaizen, flow orientation, standardized work, value stream
management, pull system are the six most important lean tools for Croatian enterprises based on a
synthesis of green application analysis and lean tools in Croatian enterprises [17] and application of
Lean tools in 30 global enterprises [18]. Similarly, which lean tools are most used and helpful in Kosovo
enterprises were investigated. From 95 enterprises, which have been analyzed, only 32 of them using
lean manufacturing techniques. As is seen from Figure 4, the most used and helpful lean tools based
on the response from the questionnaires are:

Kaizen—continuous improvement,
Kanban system—just-in-time,
Standardized work,

Six Sigma,

Total productive maintenance—TPM,
Value stream mapping,

Reduction of set-up time—SMED.

NS G e

These seven lean tools are the most helpful and used in Kosovo enterprises, and represent basic
tools for the Kosovo model of production system regard to Industry 4.0 and innovative smart enterprises.

5. Conclusions

As mentioned at the beginning, this investigation is the continuing process of our initiatives
in preparation of Kosovo enterprises for the new age of industry—Industry 4.0. For that, the main
purpose of this study was to select the most used and helpful lean tools. After analyses of data collected
from companies, some conclusions have been drawn:

e  The main reasons that companies do not use LMTS are: they are not much informed about lean
manufacturing techniques (43.48% of responses), they understand lean manufacturing techniques
but they are not informed how to use them (39.13% of responses), they consider that adopting
lean manufacturing techniques will not be beneficial (17.39% of responses).

e The most helpful LMTs based on the response of respondents are Kaizen, value stream mapping,
Kanban system, 55, Six Sigma, standardized work.

e None of the companies has completely implemented principles, but in partial and limited level.

These facts represent the main problem in the journey of Kosovo manufacturing industries toward
Industry 4.0. Industry 4.0 will not solve problems of mismanaged and weakly organized manufacturing
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systems. Its tools should have been applied to lean activities that are successfully performed before
automatizing. Kaizen—continuous improvement, Kanban system—just-in-time, standardized work,
Six Sigma, total productive maintenance—TPM, value stream mapping, and reduction of set-up
time—SMED are the most used and helpful lean principles in Kosovo enterprises based on the
respondents’ answers (Figures 3 and 4). These seven basic lean tools are approximately the same as lean
tools in Croatia [17]; according to research there are six lean tools: just-in-time, Kaizen, flow orientation,
standardized work, value stream management, and pull system.

Therefore, the selection of seven basic lean tools was made, and foundations of the generic
configuration of the Kosovo model regardingustry 4.0 (innovative smart enterprise) model are defined.
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Abstract: This document addresses the issue of awareness and involvement in Corporate Social
Responsibility (CSR) by students from all over Europe. The purpose of the document is to investigate
the involvement and the knowledge of students in Social Responsibility and to obtain results that can
confirm or invalidate the proposed hypotheses, presenting a real situation regarding their involvement.
Social responsibility has a major impact on communities, and awareness of this concept is needed for
involvement in CSR actions. The aim of the research is to study the knowledge and development of
Corporate Social Responsibility (CSR) in Europe.

Keywords: CSR; students; initiatives; knowledge; CSR benefits

1. Introduction

The concept of CSR has been debated in several contexts [1,2]. The following definitions are to
be retained:

e  (CSRis the concept through which organizations integrate social and environmental concerns
into their business operations and interact with stakeholders on a voluntary basis (European
Commission, 2001);

e (SR is “the process by which managers within an organization think about and discuss
relationships with stakeholders as well as their roles in relation to the common good, along with
their behavioral disposition with regard to the fulfillment and achievement of these roles and
relationships” [3].

Most studies in this field have identified a relationship between CSR activities and the
benefits to their organization [4,5]. Whether we are talking about reducing direct costs, increasing
labor productivity, applying risk management, image enhancement, or improving environmental
management [6], the importance and application of the concept of CSR in the strategy and activities of
any type of organization are indisputable.

The quest of this subject in Romania started shyly but in the course of time attracted some followers.
Lungu et al. (2009) [7] integrated the studies on social and environmental reporting in Europe and
worldwide and the financial reporting experience in this area, Sendroiu et al. referred to EMA principles
in Romanian entities, Crisan-Mitra analyzes the context in which companies in Romania should use
CSR practices [3]. There are also more concrete pieces of research regarding the involvement of CSR
in the profession of accountants [6], Kork M. studies whether the concept of CSR is transposed from
theory to practice [2,8] and even aspects related to public relations as a component of public [6].

The results of the Romanian research show that an integrated approach of corporate reports is
needed as the CSR trends are set by the big companies. In this context, we believe that in order to change
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things for the better, little initiatives, organizational awareness, insistence from the stakeholders are
needed. This study considers thatit was an awareness first and then an empirical analysis, its results have
a number of conclusions and recommendations about that society is becoming more involved in more
branches and fields. In 2007, a survey was carried out by the Forum for International Communications
through its CSR Romania program on a sample of 250 corporations active in the Romanian business
environment [7], followed by research in the field of CSR communication, [8] conducted a survey
between 