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Preface

As part of the scientific events which took place within the M’hamed Bougara
University of Boumerdes, the Research Unit: Materials, Processes and Environment
of the Faculty of Technology, organizes, from 12 to 14 November 2019, the 4th
International Symposium on Materials and Sustainable Development
(ISMSD2019).

This scientific, technological and environmental gathering will strive to improve
by trying:

1. To deepen the subject relating to nanomaterials and their incorporation in other
materials.

2. To take an interest in sustainable development by focusing on renewable
energies, recycling and recovery of materials, the quality of which will con-
tribute to improving environmental protection.

3. To deepen the university–industry complementarity by multiplying the contacts
between them in order to possibly bring solutions to the problems hampering the
technological processes.

4. To energize the partnership, collaboration and development of relations between
our university and certain foreign universities by working on joint projects to
allow, among other things, our doctoral students to benefit from joint supervi-
sion and to facilitate exchanges between our students and foreign students.

5. To foster links between national researchers who will take note of the work
presented by dissecting it to draw inspiration from it, as far as possible.

6. To choose the best work by rewarding the winners.

To this end, this symposium will focus on:

Theme 1: Nanomaterials, Nanotechnology and Emerging Intelligent Materials
Theme 2: Cementitious Materials and Material Properties
Theme 3: Renewable Energies, Sustainable Development, Recycling and

Environment
Theme 4: Materials, Processes and Transformations
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We would like to express our gratitude and appreciation for all of the reviewers
who helped us maintain the high quality of manuscripts included in the proceedings
published by Springer Nature. We would also like to extend our thanks to the
members of the organizing team for their hard work. It is hoped that this volume
will be of help to many researchers working in diverse topics present in the
ISMSD2019.

It is a great privilege for us to present the proceedings of ISMSD2019 to the
authors and delegates of the event. We hope that you will find it useful, exciting and
inspiring.

Brahim Safi
Abdelhakim Daoui
Hamza Mechakra
Youcef Ghernouti
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Objectives of the 4th International Symposium
on Materials and Sustainable Development

This book presents the proceedings of the 4th International Symposium on
Materials and Sustainable Development ISMSD2019 (CIMDD2019) that was held
during 3-day (12–14 November) and organized by the Research Unit: Materials,
Processes and Environment and M’hamed Bougara University of Boumerdes
(Algeria) in partnership with University of Reims - Champagne-Ardenne (France).
This symposium follows the success of CIMDD 2013-2015-2017 and continues the
traditions of the highly successful series of international conferences on the
materials, processes and environment. The symposium will provide a unique topical
forum to share the latest results of the materials and sustainable development
research in Algeria and worldwide.

Organization

Research Unit: Materials, Processes and Environment and M’hamed Bougara
University of Boumerdes in partnership with and University of Reims
Champagne-Ardenne
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Physicochemical and Foaming Properties
of Crude Acid Whey Treated by Ultrafiltration

K. Acem1(B), C. Fersi2, and A. Yahia2

1 Laboratory of Plant Physiology Applied to Soilless Crops,
Faculty of Nature Sciences and Life, University of Tiaret, BP 78, 14000 Tiaret, Algeria

kamel_acem@yahoo.fr
2 Laboratory of Materials, Treatment and Analysis, INRAP, Biotechpole Sidi-Thabet,

2032 Ariana, Tunisia

Abstract. The crude acid whey is a cheese rejection derived from the manu-
facture of soft cheeses and fresh dough, by its fermentable biomolecules; it rep-
resents a real factor of biological pollution of freshwater ecosystems (Wadi of
Mina, Relizane, Algeria). Our study aims to analyze the effect of membrane treat-
ment (ultrafiltration) on the physicochemical parameters (COD, turbidity, Brix,
pH, salinity and electrical conductivity) and foaming properties (foaming capacity
and diameter of air bubbles) of crude acid whey by applying physical, chemical
and interfacial analysis methods. The results have shown that a variability has
been noted for the physicochemical parameters COD(CAW: 1159 mg/l, PCAW:
525 mg/l and CCAW: 1355 mg/l), turbidity(CAW: 237.66NTU, PCAW: 0.86NTU
and CCAW: 72.1NTU), Brix(CAW: 7.45%, PCAW: 5.8% and CCAW: 10%),
pH(CAW: 4.6, PCAW: 4.6 and CCAW: 4.9), salinity(CAW: 3.58 g/l, PCAW:
3.95 g/l and CCAW: 3.77 g/l) and electrical conductivity(CAW: 5.8 mS/cm,
PCAW: 6.39 mS/cm and CCAW: 6.4 mS/cm) and interfacial properties (foam-
ing capacity and diameter of air bubbles) of crude acid whey and its fractions after
ultrafiltration (concentrate and permeate). It is concluded from this study that the
ultrafiltration of crude acid whey has changed its physicochemical and foaming
behavior in function to the operating conditions and to the composition of the
studied whey.

Keywords: Crude acid whey · Ultrafiltration · Pollution · Foam · Valorization

1 Introduction

The crude acid whey is a co-product and an effluent of soft cheeses and fresh dough.
According to Mollea et al. (2013) global whey production was estimated at 180–190
tons/year. In Algeria and in other countries of the world, this rejection accounts for about
85% of milk processed into cheese (FAO 1995; Gana and Touzi 2001). Rejected in the
environment without prior treatment (case of dairy and cheese industry SIDI SAADA,
YELLEL, RELIZANE, Algeria), the latter may be a favorable factor in the biological
pollution of freshwater ecosystems following its native biochemical composition (Acem

© Springer Nature Switzerland AG 2020
B. Safi et al. (Eds.): ISMSD 2019, Proceedings of the 4th International Symposium
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et al. 2016, 2017). Its valorization is an economic and ecological stake since one liter
of the whey has a Biological Demand in Oxygen (BDO) is between 30 and 45 g/l of
oxygen and therefore requires the oxygen of 4500 l of oxygen unpolluted water, making
it a pollutant that can no longer be released into the environment (Juillerat and Badoud
2010).

Whey proteins are widely used in the food industry because they possess, inter
alia, good functional properties (Bottomley et al. 1990; Acem and Choukri 2017). The
whey proteins have in particular the properties to retain water, to act as foaming and/or
emulsifying agent and to form aggregates (or gels) (Kinsella andWhitehead 1989; Acem
and Choukri 2017).

According to Cheftel et al. (1985), Acem and Choukri (2012a, b) the whey pro-
teins have functional properties which vary according to the preparation treatments they
have undergone (ultrafiltration, fixation on ion exchangers, precipitation by chemical or
thermal agents).

According to Gaucheron and Tanguy (2009), membranes technologies are now very
interesting for the purification of milk proteins or peptides, they allow to separate and
purify on a large scale the different molecules or particles present in the milk or liquid
according to their size.

Therefore, a pre-concentration of the milk proteins by ultrafiltration at the right
concentration factors is interesting for the transformer, because it reduces the time and
operating costs of energy-intensive processes such as evaporation (Rehman et al. 2003).
Few scientific studies have begun and published on the influence of membrane treatment
on the physicochemical and foaming behavior of crude acid whey, and for this purpose,
the present study aims to analyze the impact of ultrafiltration on the physicochemical
and foaming properties of crude acid whey.

2 Material and Methods

2.1 Crude Acid Whey

Crude acid whey is prepared at the laboratory level from skimmed milk powder (0%
Fat) made from cow’s milk by SOLAREC SA, route de St, Hubert, 756,800 RECOGNE
BELGIUM. Crude acid whey (CAW) is prepared by adjusting the pH of reconstituted
milk to 10% at the isoelectric pH of the insoluble proteins; after a rest period, the crude
acid whey is recovered after centrifugation fixed at 3500 rpm/5 min (ROTINA 380
centrifuge, Hettich ZENTRIFUGEN) and is stored at 4 °C.

2.2 Membrane Treatment

1000 ml of crude acid whey was treated by ultrafiltration (GE Osmonics assembly)
whose characteristics of the organic membrane used are (Trade name: GK Osmonics,
active surface: 140 cm2, composition: polyamide/polysulfone, type: plane, cut-off point:
2 kDa) under a transmembrane pressure fixed at 5 bar and an ambient temperature of
the laboratory (20 °C).
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2.3 Physicochemical Properties

The physicochemical parameters controlled for the three compartments (CAW, PCAW
and CCAW) are: the chemical oxygen demand (COD) and the turbidity measured by
multi-parameter photometer (WTW photoFlex), Brix degree (°Brix) by refractometry
(refractometer ABBE), pH by pHmeter (pH meter CG 822 GHS), salinity and electrical
conductivity by multi-parameter conductivity meter (ProLine).

2.4 Foaming Properties

For the formation of the foam, 20 ml of the whey is whipped by a Blinder (Bomann,
STABMIXER SM 354 CB-hand blender) at 18,000 rpm during 1 min. The estimation
of its foaming power was made by controlling the mean diameter of the air bubbles and
the foaming capacity (Martínez et al. 2011) whose average diameter of the air bubbles
is observed and determined under a photonic microscope (PHYWE, hund WETZLAR,
GERMANY) using an ocular micrometer graduated from 0 to 10 whose graduations are
distant from each other others of 0.1 μm.

The experimental data are analyzed statistically by R software.

3 Results and Discussion

3.1 Physicochemical Properties

The Fig. 1 shows some physicochemical parameters measured for crude acid whey
(CAW) and modified by ultrafiltration (permeat: PCAW and concentrate: CCAW).

Themodificationof the crude acidwheybyultrafiltration into two fractions (permeate
and concentrate) modulated their physicochemical parameters, namely °Brix (CAW:
7.45%, PCAW: 5.8% and CCAW: 10%, Fig. 1a), pH (CAW: 4.6, PCAW: 4.6 and CCAW:
4.9, Fig. 1a), salinity (CAW: 3.58 g/l, PCAW: 3.95 g/l and CCAW: 3.77 g/l, Fig. 1a),
electrical conductivity (CAW: 5.8 mS/cm, PCAW: 6.39 mS/cm and CCAW: 6.4 mS/cm,
Fig. 1a), COD (CAW: 1159 mg/l, PCAW: 525 mg/l and CCAW: 1355 mg/l, Fig. 1b) and
turbidity (CAW: 237.66NTU, PCAW: 0.86NTU and CCAW: 72.1NTU, Fig. 1b).

From the results, we have noted that the parameters (pH, EC and salinity) measured
for the three compartments (CAW,PCAWandCCAW)are characterized by stable values,
while a high concentration of dry matter represented by °Brix ( Brix degree) was noted
in the CCAW compared to those found in the CAW and PCAW (Fig. 1a). In parallel, we
have recorded a high chemical oxygen demand (COD) in the CCAW compared to those
in the CAW and PCAW, however a higher turbidity was marked in the CAW compared
to those measured in the CCAW and PCAW (Fig. 1b). These results can be explained
by the composition of the crude acid whey and the operating conditions used during the
ultrafiltration.

Ultrafiltration (UF) process is the most important membrane technology and has
the ability to concentrate any substance with molecular weight between 1 to 1000 kDa
especially for concentrating the whey protein (Atra et al. 2005). UF membranes are
performed by applying a specific pressure in order to separate the particles according
to their sizes and molecular weight (El-Gazzar and Marth 1991). In case of separation
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Fig. 1. Average values of physicochemical parameters of crude acid whey (CAW) and modified
by ultrafiltration (a and b) at 20 °C.

of whey components, by using UF process, the protein and fat can be recovered with
accumulating on the surface or the pores of membrane as the retentate while lactose,
minerals and water pass through the membrane pores as the permeate by using particular
driven pressure (El-Gazzar and Marth 1991).

Theperformance and selectivity of themembranefiltration systemwas clearly depen-
dent on the processing conditions, such as pH and temperature, the composition, such
as mineral content, and the protein interactions, such as electrostatic and hydrophobic
interactions in the feed (Chandrapala et al. 2016).

According to Iltchenco et al. (2018), the viability of the whey protein concentration
process by membranes depends, largely, of the conditions as the membrane properties,
flow type, membrane-solute affinity, solution temperature, pressure, among others.

Thewhey represents about 85 to 90% of the total volume ofmilk used for cheese pro-
duction, and contains approximately 55% of milk nutrients, including proteins, lactose,
soluble vitamins and minerals (Brandelli et al. 2015).

Ultrafiltration of crude acid whey is operated according the size of its composants.
According to Krissansen (2007), the β-lactoglobulin (β-LG) and α-lactalbumin (α-LA)
are the two biggest protein fractions in cheese whey. These fractions, together, account
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for 70 to 80% of total proteins in whey, but concentration of β-LG is twice that of α-
LA. Moreover, the molecular weight (MW) of α-LA is 14 kDa and MW of β-LG is
18.4 kDa, the rest of the whey proteins are serum albumin with MW of 66.5 kDa and
immuneglobulin (MW 150–1000 kDa), Glycomacropeptide (MW 6.8 kDa), Proteose-
peptone (MW 4–22 kDa), Lactoferrin (MW 78 kDa), Lactoperoxidase (MW 89 kDa).

The decrease in turbidity may be related with the presence of carbohydrate com-
pounds that might contribute to protein stabilization and so, fewer or smaller particles
formation, as the carbohydrate concentration increases. When a hydrophilic solute is
diluted in water it will establish hydrogen bonds with it creating an unfavorable envi-
ronment to protein denaturation due to lower water availability. It is well known that
the turbidity of aggregated proteins depends on the number and size of aggregates along
with the scatter factor of their particles; the large size and high scatter factor of particles
usually lead to the high turbidity of the solution (Kehoe and Foegeding 2011).

Chemical oxygen demand (COD) is generally used to indirectly determine the
amount of organic compounds in aquatic systems. High COD indicates presence of
all forms of organic matter, both biodegradable and nonbiodegradable and hence the
degree of pollution in waters, this makes COD useful as an indicator of organic pollu-
tion in surface waters. The estimation of COD along with BOD is helpful in indicating
toxic conditions and the presence of nonbiodegradable substances (Sawyer et al. 2003).

The results obtained are similar to those found by Baldasso et al. (2011), Belhamidi
et al. (2015) and Iltchenco et al. (2018).

According to Belhamidi et al. (2015), the physicochemical properties (electrical
conductivity, pH, salt content, lactose, proteins, lipids, chemical oxygen demand (COD)
and biological oxygen demand (BOD5) of crude acid whey modified by ultrafiltra-
tion(concentrate and permeate) vary with transmembrane pressure, temperature, and
volume reduction factor (VRF).

3.2 Foaming Properties

The Fig. 2 indicates the foaming capacity of crude acid whey and modified by
ultrafiltration (permeate and concentrate).

According to Fig. 2, at time t = 0 min, we found that the foaming capacity of the
CCAW (120%) is higher than that noted in the CAW (100%) and PCAW (0%).

The concentration of crude acidwhey by ultrafiltration increased its foaming capacity
for CCAW compared to that marked in CAW and PCAW, the latter did not manifest by
the formation of the foam from the time t = 0 min.

These results are strongly linked to the high concentration of dry matter (proteins)
noted in the CCAW than those recorded in the CAW and the PCAW.

The main proteins in whey are β-lactoglobulin (β-LG), α-lactalbumin (α-LA) and
bovine serum albumin (BSA) and they account for 70%of total whey proteins (Cayot and
Lorient 1997). These proteins are responsible for the functional properties of whey pro-
teins, such as solubility in water, viscosity, gelation, emulsification, foaming, colour, and
flavor and texture enhancement and offer numerous nutritional advantages to formulated
products (Krešic et al. 2008).

Protein foams are dependent on protein surface activity and film forming properties,
which are governed by protein structure (Phillips et al. 1990a). According to Firebaugh
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Fig. 2. Foaming capacity of CCAW, PCAW and CAW controlled at 20 °C.

and Daubert (2005), surface active functional performance of whey proteins is directly
linked to protein structure, which varies based on several environmental factors (pH,
ionic strength, and protein concentration).

Moreover, Patino and Pilosof (2011) have concluded that the foaming properties or
surface activities of proteins are closely related to the protein conformational properties,
such as structure, size, shape, and amino-acid composition.

Proteins due to their amphiphilic character can adsorb at fluid interfaces; the adsorp-
tion of proteins at interfaces and other dynamic surface properties such as film viscoelas-
ticity are known to play an important role in the formation and stability of food dispersed
systems as foams and emulsions (Dickinson 1992).

According to Zayas (1997), the foaming properties of proteins are influenced by
the source of the protein, methods and process parameters, including protein isolation,
temperature, pH, protein concentration, mixing time, method of foaming. Among many
factors influencing foaming capacity (FC) of proteins, the type of foaming equipment
and method of agitation are important.

The basic function of proteins in foams is to decrease interfacial tension, to increase
viscous and elastic properties of the liquid phase and to form strong films. Protein
foamability is correlated with its capacity to decrease surface tension at the air-liquid
interface. Proteins possess the ability to adsorb at the interface and reduce surface tension
(Zayas 1997). The foamability increased with the protein concentration (Cp), until a
plateau value was reached; upon increasing (Cp) above the plateau value, the foam
wetness kept increasing du to the decreasing size of the formed bubbles (Marinova et al.
2009).

Functional properties of whey proteins such as emulsification, foaming and gelation
are affected by their structure and mainly reflect the functionality of β-lactoglobulin as
the most abundant protein, which has the ability to adsorb at the water oil and air–water
interfaces (Nakai and Li-Chane 1993).

According to Damodaran (2005), factors impacting foam stability include disjoin-
ing pressure, surfactant film viscoelasticity, and interfacial tension, proteins like β-LG
behave like surfactants due to their amphiphilic nature which are also enhanced by mix-
ing with other surfactants. Factors that affect foaming properties of proteins include
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intrinsic factors, such as molecular flexibility (Engelhardt et al. 2013) and external envi-
ronment factors such as pH, ionic strength, and heating condition directly affect protein
structure and its interfacial properties, thus impact the foaming properties of whey pro-
tein (Phillips et al. 1989, 1990b, 2006; Clark et al. 1994; Zhu and Damodaran 1994;
Raikos et al. 2007).

The surface dilatational viscoelasticity of surfactant layers reflects the force work-
ing against the shrinkage of the bubbles (Dickinson 2006). Globular proteins, e.g., β-
lactoglobulin, irreversibly adsorb at the air–water interface and form highly viscoelastic
films, thus they are suitable to stabilise foams in long-term (Dickinson 2006).

The foaming properties of globular proteins are determined by their rate of diffusion
and rate of adsorption to the interface, the ability to unfold their globular molecular
structure and their aggregation at the interface (Borcherding et al. 2008).

However, whey protein fractions differ in their adsorption behaviour; the unfolding
of the molecular structure, respectively the tertiary structure, during adsorption of α-
lactalbumin is taking place more rapidly than for β-lactoglobulin (Cornec et al. 1999).

The changes in pH affect the conformation and the net charge of the adsorbed protein
layers at the interface (Phillips et al. 1994). Moreover, the pH of protein solution may
affect the solubility of proteins by changing the repulse among molecules (Peligrine and
Gasparetto 2005).

At pH 5.0, the net charge was minimized, and the aggregation of whey proteins
was the highest due to a reduction in electrostatic repulsion between proteins and rigid
protein films (Lam and Nickerson 2015).

Nastaj and Sołowiej (2020) have deducted that the overrun (OR) values of the foams
depend on the preparation type and pH. For all preparations, the highest ORs were
observed for the 10% protein concentration. For lower concentrations, it decreased pro-
portionally. Also the highest values of OR were observed at pH 5.0 and 9.0 and the
lowest values at pH 3.0, as the pH value increased from 9.0 to 11.0, a significant OR
decrease was found.

The behavior of whey proteins differs according to their native (crude) and indi-
vidual (isolate) environment; Davis and Foegeding (2004) recorded a superior foaming
of whey protein isolate (WPI) at pH 4.5, the moderate at pH 7.0 and the lowest at pH
3.0. An improved whey protein isolate (WPI) foaming at pH 5.0 is associated with the
α-lactalbumin transformation into an intermediate state at its isoelectric point; the iso-
electric point for α-lactalbumin is at pH between 4.1 and 4.8 and for β-lactoglobulin
at pH 5.2. Thus, these conditions promote the formation of foams with the maximum
overrun (Nastaj and Sołowiej 2020).

Figure 3 shows the microscopic aspect of the best foam prepared from concentrate
of crude acid whey (CCAW).
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Fig. 3. Microscopic aspect (×100) of the foam studied at time 0 min showing the influence of
ultrafiltration on the size of air bubbles: case foam of CCAW(average diameter of air bubbles =
1 μm).

4 Conclusion

The ultrafiltration application gave satisfactory results on the physicochemical and foam-
ing properties of whey fractions (concentrate and permeate); on the one hand, we noted a
remarkable reduction in the chemical oxygen demand (COD) compared to that observed
in crude acid whey (45.30% reduction for permeate) or the concentrate was character-
ized by an increase in COD (117%) due to the variability of the dry matter content in
the two compartments (concentrate: 10%, permeate: 5.8%), and on the other hand an
improvement in the foaming capacity of the concentrate compared to that recorded in
permeate and crude acid whey. In the future, in order to complete our study we will
analyze the foaming stability of concentrate crude acid whey over the time.

List of Abbreviations

CAW Crude acid whey
CCAW Concentrate of crude acid whey
PCAW Permeate of crude acid whey
COD Chemical oxygen demand
EC Electrical conductivity
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Abstract. The CoSoTIA (Concentrated Solar Technologies for Industrial Appli-
cations) project initiated by the CRTI center in collaboration with the URMPE
unit concerns the study and development of CSP solar concentrators for indus-
trial applications. In the present work, we present decision support tools for the
choice of a solar concentration technology for sites in Algeria. They will be used
for the comparison between different technologies of solar concentration e.g.:
cylindro-parabolic, parabolic, solar tower, etc. The models used include project
costs and site characteristics; they incorporate also engineering knowledge (eco-
nomic, social, technical and environmental). The information needed for decision-
making produced by these tools is: the total cost of the project, indicators with
economic, social, technical and environmental aspects. The case studies presented
were conducted under the SAM Advisor environment, which was developed to
evaluate the capacities to implement CSP project in order to produce expertise
for the different actors through an application on a given site (by the client). Four
case sites in Algeria and for two types of solar concentrator plant are studied and
presented. A comparative study was conducted and for each site the best CSP was
deduced and commented.

Keywords: Decision support ·Multicriteria analysis · Solar concentration ·
CSP · SAM advisor

1 Introduction

The environmental problems caused by greenhouse gas emissions during the exploitation
of fossil fuels and the increasing demand for electricity have spurred the search for
alternative energy resources. Concentration solar technologies offer the possibility of
satisfying the world’s demand for electricity (Goetzberger and Greubel 1977, Seitz et al.
2014, Imenes and Mills 2004) but are still conditioned by the weather conditions of the
sites, the high cost of kWh and the need for optimal storage capacity (Sylvain 2007) for
continuous operation, etc.
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Making a decision usually requires the simultaneous optimization of several often
contradictory objectives. Tools such as multi-criteria analysis are therefore very useful
for the decisionmaker (Mena 2000, Tsoukiàs 2007). Themulticriteria approachmakes it
possible, based on multiple criteria and decision maker preference conditions, to choose
the best type of CSP technology taking into account a maximum of criteria. In many
new thermal plants installation projects (Stoddard et al. 2006), decision-makers are faced
with complex problems of large size andmulti-purpose. To achieve these goals, effective
decisions must be made to avoid the following problems:

– The incompatibility of installation site with the type of CSP technology.
– Increased installation costs of the project.

The CoSoTIA (Concentrated Solar Technologies for Industrial Applications) project
initiated by CRTI center in collaboration with URMPE focuses on the study and devel-
opment of CSP solar concentrators for industrial applications, assisted with a decision
support system.

The decision support tools for the choice of a CSP technology were applied for some
sites in Algeria; and they are used in the current study by SAM Advisor for calculations
and the comparison. The applied models of SAM integrate several informations: project
costs, site characteristics and engineering knowledge.

So, four sites in Algeria and two types of solar concentration plant were chosen and
studied.

2 Decision Support

2.1 Concept and Definition

Decision support is a scientific approach to decision problems in all socio-economic
contexts. It is a discipline that targets a broad audience ranging from business executives
to the private individual, designers and other decision makers.

Decision support can intervene and provide solutions for decision-makers at each
stage of the decision-making process (Amarache 2012). It can be defined as a “model-
based” activity, offering some answers to the questions a stakeholder asks in a decision
process. It will provide the decision-maker with solutions that can meet the decision-
making objectives, in a complete or partial way.

2.2 Source of Decision-Making and Decision-Making Modes

• Decision-making is influenced by the individual’s personality and its values.
• Can also take its source from the function or status of the individual (for example: we
made the decision of an arbitrator).

• Experience, that is, someone who has to make decisions often will be less afraid than
the person who never takes them.

• Credible information (Documents/references/testimonials …), all the elements that
could enlighten us in our decision-making. Indeed, by the informations gathered we
will be able to make the most thoughtful decision.
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The main modes of decision-making within a group are cited as: Authoritarian,
majority, minority and unanimity. They are summarized by the schema of Fig. 1:

Majority: a large subgroup makes the 
decision (more than 50% of the members). 

Authoritarian: only one member makes 
decision for all.

Minority: a subgroup makes the 
decision

Unanimity: a vote to all the groups.

D
ec
is
io
n

Fig. 1. Main decision modes, deduced from Vodoz (2012) and wiki/Prise_de_décision (2019).

2.3 Decision Support Process

The concept of decision support is broader than theories of decision-making, themoment
that contains both theoretical and practical contributions to the conduction of what we
call the “decision support process”. This latter is shown schematically by the Fig. 2. Also
the evaluation and analysis of past decisions is complementary to decision-making.

Fig. 2. Decision process deduced from the theory of Cyert and March (2017)

3 Introducing the SAM Advisor Code Analysis Environment

This software is a multi-model application allowing the analysis of the technical and
economic data of a project in the field of renewable energies; it is a decision-making tool
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for the choice and the selection among several competing technologies. SAM (System
Advisor Model) includes several analysis models such as thermodynamic solar power
plants, photovoltaic power plants, wind turbines, geothermal energy as well as solar
water heaters. SAM is a technical performance and financial model to facilitate decision-
making for those involved in the renewable energy industry, such as:

• Project Managers and Engineers.
• Policy analysts.
• Technology developers.
• Researchers.

SAM makes predictions of performance and cost of energy estimates for projects.
These grid connected plant projects are based on the installation and operating costs and
system design parameters that you specify as inputs to the model. Projects can be either
the customer side of the electricity meter, the purchase and sale of electricity at retail
prices, or on the utility side of the device, the sale of electricity to a price negotiated
through a power purchase agreement.

For input variables, either use the default value or change its value. Some examples
of input variables are:

• Installation costs, including equipment purchases, labor, engineering and other project
costs, land costs, operations and maintenance costs.

• The number of modules and inverters, the type of monitoring, the factors of
decommissioning of photovoltaic installations for example.

• Collector and receiver type, multiple, storage capacity, solar power block capacity for
parabolic trough collector (PTC) sensor systems.

• Analysis period, actual discount rate, inflation rate, tax rates, target internal rate of
return, or purchase price for utility financing models.

• Building load and detail of usage time rates for commercial and residential financing
models.

• Taxes and cash incentive amounts and rates.

The multicriteria analysis based decision support system methodology follows three
main steps:

The first step consists of, after fixing all solar concentrator technologies CSPs (to be
studied and subject to choice) and the various sites to explore set by the customer or the
state; the most important criteria influencing the choice of decision are investigated and
determined.

Then, we determine the main input parameters (technical, socio-economic, …) for
the calculation of design and parametric estimation of CSPs according to the region,
which to be carried out under the SAM software.

In a second step, we proceed to the various calculations under this software and the
mathematical formulas of certain criteria. In the last step, we collect all the results to be
analyzed, then will be presented to decision-makers (client, …) with recommendations.
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4 Case Study in Algeria: Technico-Economic Evaluation of PTC
and Central Receiver Types Solar Power Plants

4.1 Evaluation of Radiometric Data

Our study is done for the following four sites in Algeria: Algiers, Batna, Bechar and
Tamanrasset. The radiometric data are summarised in the Table 1.

Table 1. Radiometric data of the studied sites

DATA Algiers Batna Bechar Tamanrasset

Time zone GTM+1 GTM+1 GTM+1 GTM+1

Elevation (m) 25 1052 772 1377

Latitude (°) 36.72 35.55 31. 62 22.78

Longitude (°) 3.25 6.18 2.33 5.51

Direct Normal (kWh/m2) 1446.4 1907.3 2568.9 2759.4

Global Horizontal (kWh/m2) 1683.0 1765.4 2114.6 2364.4

Dry-bulb T (°) 17.7 14.0 21.8 22.7

Wind speed (m/s) 3.0 4.5 4.4 3.6

4.2 Technical Characteristics of Solar Power Plants

4.2.1 The Characteristics of the Parabolic Trough Collector Power Plant

The Parabolic trough collector power plant is a 30 MWe (Megawatts electric) station,
with a storage capacity of 6 hours per day (6 h/d) and it uses a heat transfer fluid that
has the characteristics indicated by the Table 2. The parameters of the solar field and
the heat-carrying fluid in the plant are issued by SAM and shown in Fig. 3, and then the
electric power with some data are shown in Fig. 4a and 4b.

Table 2. Characteristics of the heat transfer fluid of the Parabolic trough collector power plant.

Name Type Min of the
Optimal
temperature (°C)

Max of the
optimal
temperature (°C)

Temperature
freezing point
(°C)

Therminol VP-1 Mixture of
biphenyl -
diphenyl oxide

12 400 12
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Fig. 3. The parameters of the solar field and heat transfer fluid in the Parabolic trough collector
power plant.

4.2.2 The Characteristics of the Solar Tower

The 30MWe solar tower power plant is design with 6 hours per day storage system. The
melting salt heat transfer fluid (HTF) characteristics are given in Table 3:

With all the data needed to size the tower, according to the software SAM Advisor,
the length of the tower must be 163.5 m, and about the powers of the tower see Fig. 5.

5 Results and Interpretation

5.1 LCOE (Levelized Cost of Energy)

LCOE is the total cost of installing and operating a project expressed in dollars per
kiloWatt-hour of electricity produced by the system over its lifetime.

By definition, the equivalent annual cost Cn of a project is the product of LCOE by
the amount of electricity Qn generated by the system this year (see Eq. 1):

Cn = Qn × LCOE (1)

The costs of the project Cn include installation, operation and maintenance, financial
charges and taxes, and also account for incentives and salvage value.

The SAM performance model calculates the annual energy Qn for n = 1. For n >

1, Qn decreases year by year, so year-to-year decrease in the value of production on the
setting page performance is greater than zero.
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Fig. 4. (a) The electric Power and some data of the Parabolic trough collector power plant. (b)
Some control data of the Parabolic trough collector power plant.

Table 3. Heat transfer fluid characteristics

Name Type Min of optimal
temperature (°C)

Max of optimal
temperature (°C)

Temperature
freezing point (°C)

Hitec solar salt Nitrate salt 238 593 238
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Fig. 5. The power of the solar tower plant

This Eq. (1) must be valid for all N years of the project life, and the total LCOE cost
is obtained as follow (2):

LCOE =

N∑

n=0

Cn
(1+d)n

N∑

n=0

Qn
(1+d)n

(2)

The results shown by Fig. 6 depict that the calculated LCOE for Algiers site is
the highest compared to the other sites. However, the value of this LCOE is doubled
compared to those of the southern regions (as Bechar and Tamanresset), this regardless
of the type of power plant. While, according to the type of CSP: with the tower plant
the cost LCOE is the most expensive than the Parabolic trough collector power plant,
regardless of the site.

For a better illustration of these comparative analysis results, the graphical represen-
tation of both plants through sites is (shown in Fig. 6).

5.2 Total Land Area

The total land area which is necessary for the power plants project with solar tower
trough collectors are estimated by SAM Advisor. According to the results obtained by
the calculation, we found that the surface of the tower plant is more than three times
higher than that of the parabolic trough collector power plant (Table 4 and 5), while the
total cost of the installation and the operation LCOE is close between these both projects
for the same site or region.
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Fig. 6. The total cost LCOE results through the sites and the types of plant

Table 4. The total project area of the parabolic trough collector plant.

Total land area
Algiers.epw

Total land area
Batna.epw

Total land area
Bechar.epw

Total land area
Tamanresset.epw

273.329 273.329 273.329 273.329

Table 5. The total project area of the tower plant

Total land area
Algiers.epw

Total land area
Batna.epw

Total land area
Bechar.epw

Total land area
Tamanresset.epw

1029.56 1029.56 1029.56 1029.56

5.3 Annual Water Consumption

The annual water consumption is calculated by the following Eq. (3), the results with
the four case studies are presented in Tables 6 and 7 for the parabolic trough collector
and central receiver technologies respectively.

Annual water consumption (m3) = Cooling water (m3)

+ Water used for washing mirrors (m3) (3)

According to the results obtained under SAM Advisor simulation environment, the
annual consumption of water of the parabolic trough collector power plant project is
slightly superior to that of the central tower of about 20 to 18% according to the north
or south zones. It is confirmed also by these calculations that for the same plant at the
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Table 6. The annual water consumption of the parabolic trough collector plant project (m3/year)

Annual water
usage|Algiers

Annual water
usage|Batna

Annual water
usage|Bechar

Annual water
usage|Tamanrasset

240463 290529 413512 457929

Table 7. The annual water consumption of the tower power plant project (m3/year)

Annual water
usage|Algiers

Annual water
usage|Batna

Annual water
usage|Bechar

Annual water
usage|Tamanresset

203526 254907 363680 381776

southern sites consume more water than those in the north; it is about less than double.
Of course, we should be aware of the scarcity and costs of water in the southern areas.

5.4 Annual Energy Production (AEP)

The Annual Energy Production AEP in kWh/year is calculated by the following Eq. (4),
the results according to the different sites studied are presented in Fig. 7, for the parabolic
trough collector (PTC) and solar tower power plants respectively.

Annual Energy (kWh/year) = Sumof hourly energy delivered

× Percentage of annual production (4)

The annual production of energy by the cylindro-parabolic power plant project is
slightly higher than the production of the tower power plant. The max values are about
7.4% and 6%, according in northern and southern region respectively, as seen in Fig. 7.

Fig. 7. The Annual energy production through the sites and the type of plant



22 M. Aissani et al.

6 Conclusions

The multicriteria analysis allows us to shift from a subjective decision to an objective
decision making based on several criteria.

According to the results obtained by calculations using the SAM Advisor software
and the evaluation of some main criteria, the parabolic trough collector (PTC) power
plant project performances are significantly better compared to the tower plant project,
regardless of the sites. Therefore it is highly recommended to decide to choose it.

But, when it comes to implement a CSP power plant in north Africa, soiling effects
are important, one has to keep in mind water availability in the north, and water scarcity
in the southern part even if the solar irradiation potential is important.
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Abstract. Nowadays, the choice of composite materials to manufacture medical
orthopedic prostheses is largely accepted for its intrinsic resistance, ease of mold-
ing and machining, compatibility with human skin and also for economic aspects.
Because of population aging and the need to repair broken or damaged human
members, composite materials offer a very large variety of solutions to strongly
satisfy such demands in the form of prostheses. These materials consist mainly
of a consolidated resin reinforced with glass, carbon or natural fibers. Advanta-
geous properties made them the most requested materials in the manufacturing
of prosthetic devices for orthopedic use by people with movement disabilities.
The present work considers a composite material made with carbon fibers, perlon
(insulating layer) and an epoxy-based orthocyclic laminating resin. Both mechan-
ical and morphological properties are analyzed. It is found that the composite
made of carbon fibers/perlon/epoxy resin lower has lower mechanical resistance
compared to carbon fiber/epoxy resin composite, but its adherence and its contact
with human skin are ameliorated. For the fibrous reinforcements, carbon, glass or
perlon, the mechanical properties on the proposed composite material (PVA- (C-
4P-C) -PVA) are comparable to literature values. Based on uniaxial tensile tests,
the elastic modulus is 626MPa and the yield stress which is 57MPa. Finally, SEM
observations revealed that both composites exhibit similar damage mechanisms
with higher intensity when perlon is present. This is due to the nature of the perlon
in the composite material which exhibits more anisotropy. The main encountered
damage mechanism is laminate decohesion which takes places between carbon
plies and perlon. Such condition contributes to more interlaminar delamination
and more brittleness of the material when subjected to high loads.
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properties · Delamination · Anisotropy
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1 Introduction

Generally composites materials consist of proportionate mixtures of fibers and poly-
meric resins and can be ideal solutions to a variety of problems expressed by orthopedic
surgeons and physicians (Ambrosio 2017). In recent decades, rapid developments of
biomaterials have greatly improved both integrity and comfort of life of people suffer-
ing from mechanical functional problems. Biomaterials are non-living materials used
in medical devices which are intended to interact with any biological system. They can
be metallic, ceramic, polymeric, natural or composite (Berthelot (2012); Rajak et al.
(2019); Plummer et al. (2001)). As in many technological applications, composites have
found a wide basis for human health maintenance principally because of 3 advantages
when compared to metals: (i) lighter weight, (ii) higher strength and (iii) lesser chem-
ical reactivity with human body (Iftekhar 2004). The interest shown in composites in
this field lies in the desire to reduce the weight of the structure and to ensure good
mechanical strength while facing simple and inexpensive formability. Bone implants
prostheses of all kinds, screws and stems to repair a fractured bone and also to use in
instruments. Composites, which are often blends of fibers and polymer resins, offer even
more solutions to surgeons and medical doctors. They can replace metals and plastics,
or even offer new properties; however, these advances remain discreet as composite
quantities used in for medical and health applications remain smaller compared to those
consumed by aeronautic and automobile industries. Composites in health care sector
represent a minute percentage of the global composites market which averages 90 109

US$ (Composites Market, Global Forecast to 2020–2024).
Unfortunately, there is no single definition of a compositematerial. Alternatively, two

criteria are emphasized: (i) a composite is a heterogeneous material, formed of at least
two constituents with different phases or; (ii) these constituents are arranged according
to a geometric organization, which gives the composite properties that are superior to
those of the constituents taken separately (hybrid materials). The term “superior proper-
ties” encompasses two distinct concepts. In the first case, the composites are generally
designed so as to judiciously combine the best properties of their constituents; in the
second one, the geometric organization of composites (or the structure) can sometimes
bring out, at the global level, properties that their constituents do not have. This is the
case of some ductile ceramic-based composites, whereas the ceramics themselves are
brittle. This is due to the resulting spatial structure, which hinders the propagation of
cracks (Lionel Gendre 2019). Composite material consist mainly of (i) a matrix, thermo-
plastic resin (TP) or thermosetting resin (TD); and (ii) a reinforcing structure consisting
of fibers, usually glass, carbon, aramid or natural fibers (flax, hemp, sisal) (Berthelot
(2012); Rajak et al. (2019))

In the orthopedic prosthetic device manufacturing industry for people with disabil-
ities, fiberglass-reinforced acrylic resin composite materials remain the materials of
choice (Ambrosio 2017). They allow meeting all the requirements of shape and cadence
by successive layers to have laminates that must not have any defect, or undergo treat-
ment likely to hide the defects. Carbon fiber (CF) offers many unique physical, chemical
and biological characteristics that can be exploited for many diverse applications. CF
possesses high heat tolerance, high strength-to-weight ratio, resistance to corrosion and
to adequate conductivity. As in other industrial sectors, CF physical properties have led
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to many advances in medical implants, health devices and/or instruments. CF medi-
cal solicitations range from dental orthodontics to medical limb prosthetic fabrication;
literally from head to toe illustrative applications are found on the market (Ambrosio
2017; Iftekhar 2004; Hillock and Howard 2014; Research carbon fiber 2013). Despite
this increased use of composite materials, adopted as technological solutions in various
fields, it appears that problems related to manufacturing are rather the cause of a large
number of parts failures and structures based on reinforced polymers. Premature failures
may be due to certain defects introduced at the time of processing, factors not correctly
considered in the design or the misuse of manufactured parts Rajak et al. (2019).

The objective of this work is to establish amechanical characterization of a laminated
composite material for orthopedic use made of an epoxy matrix reinforced with layers
of perlon fabrics and carbon fibers.

2 Experimental Methods

2.1 Raw Materials

The raw materials of the composite used in this study are provided by the ONAAPH
(AlgerianNational Office ofAccessories andApparatuses for Disabled Persons), located
in Annaba, Algeria. The manufacturing of orthopedic prostheses is based on the combi-
nation of a generic resin, carbon fiber reinforcement and perlon which is an absorbent
material. An epoxy-based clear and orthocyclic laminating resin is used to obtain thin-
walled stable laminates. Such resin is characterized by satisfactory impregnation and
perfect binding to reinforcing fibers which allows manufacturing components with an
optimal quality and a higher structural rigidity.

The reinforcement is represented by the extremely fine carbon fiber diameter of the
order of 5 to 15 μm mainly derived from carbon atoms. Several carbon fibers wrap
together to form a wire of 80 to 100 carbon fibers layers. This is a form of graphite in
which the sheets, formed by carbon atoms bonded into hexagonal ring, are long and thin.

Perlon is a variety of synthetic polyamide fiber which is largely used in the tex-
tile industry under trade names of Nylon or Rilsan. Such fibers have a limited usage
in composite materials because of high sensitivity to humidity which may reduces its
mechanical resistance by ~20% as water absorption can reach 4 to 5% by weight in
normal conditions. The elongation at break is very significant as it could vary from 15
to 30%.

The association of perlon fibers (PF) with glass fibers is mainly due to (i) economic
reasons as it increases the reinforcement rate at a minimal cost and (ii) combination
of both perlon and glass fibers improves the composite strength and the adherence to
organic resins. This condition gives better resistance to delamination, reduces the weight
and protects the glass fabric. It is important to note the under tractionmode perlon tissues
are capable of showing a significant elongation before break. In orthopedic applications,
it is a good choice because of its softness and zero allergies for humans.

2.2 Elaboration of Composite Material

The production method adopted in this study is the same as that used by the ONAAPH to
manufacturing prostheses in the shop. Thewoodenmale part of themold is fixed on a vise
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and then is covered by an insulating PVA film in order to prevent the viscous resin from
sticking to the wood. The reinforcements are then stacked in a given order for a selected
time portion. The chosen stack configurations of this study are symmetrical: (i) (PVA-
(C-C-C)-PVA) and (ii) (PVA-(C-4P-C)-PVA). The products are test specimens made
of CF reinforced laminates, a perlon layer and an epoxy resin. Intentionally, perlon is
stacked on the surface for both aesthetic reasons and resistance to atmospheric moisture.
Reinforcements must be pulled and tightened in the direction of stacking. The set is then
covered by a plastic bag (ONAAPH 2018).

2.3 Preparation of Testing Specimens

The specimens are cut from molded plates using a hardened steel disc saw. On purpose,
a hole is drilled on the fat face of the specimen in order to evaluate the created damage
around such heterogeneity. With and without drilled holes, the specimens are prismatic
in shape, 225 mm long, 30 mmwide and 3 mm thick as shown in Fig. 1. The preparation
is in accordance with both ISO 527 parts 4 and 5 and ASTM D 5083 relative to tensile
tests specific to composite materials with fibrous reinforcements (ISO 527–4 (1997);
ASTM D5083 (2017)). The surface sides have been milled and then polished using a
special grinding machine to eliminate any cracking defects from causing detrimental
delamination between layers.

Fig. 1. Specimen preparation (a) woodenmold, (b) final composite product, (c) specimenwithout
hole, (d) specimen with hole

2.4 Test Devices

2.4.1 Uniaxial Traction

The tests are carried out under monotonic traction mode using a Zwick/Roell/Z050
traction machine. Its maximum capacity is 50 kN and it is equipped with an automatic
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load–displacement data acquisition system managed by the TestXpert software. The
moving crosshead speed is set at 1 mm/min. All tests are conducted to complete break
at laboratory temperature.

2.4.2 SEM Observations

SEM is used to analyze surface quality and to observe the events that occurred during
loading and final specimen failure. The aim is to understand the underlying failure
mechanisms that governed the ruin process the composite. A possible correlation with
measured mechanical properties is highly sought.

3 Results and Discussion

3.1 Stress–strain Curves

The stress–strain (σ-ε) behaviors of the 3 cases studied here are presented in Figs. 2, 3
and 4. Reproducibility is acceptable although thematerials are heterogeneous because of
the nature and the manufacturing process. However, the overall trend in all cases is quite
similar. Figure 2 illustrates the case of composite reinforced with CF. Figures 3 (a) and
(b) show the evolution of stress–strain curves for the CF/perlon/epoxy resin composite.
The architecture (PVA-(C-4P-C)-PVA) is the configuration chosen for this study. From
tensile tests, it is seen that stress–strain curves show a typical behavior. Mainly, an initial
linear elastic zone is followed by a nonlinear portion representing a zone enduring plastic
deformation and subsequently final abrupt failure. The inclination of the slopes of the
linear part of these curves denotes a slight variation of tensile modules; this could be
caused by geometrical and dimensional variations encountered during manufacturing
and cutting processes.

Fig. 2. Stress–strain curves for carbon/epoxy specimens

In addition, the occurrence of matrix cracks well before the final rupture is at the
origin of the fluctuations which appear on the σ-ε curves. The diffuse and progressive
damage that takes place within the structure before total failure is mainly caused by a
multi-cracking of the matrix, a mechanism of loosening and detachment of the fibers,
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Fig. 3. Stress–strain curves for carbon/perlon/epoxy specimens: (a) Plain (no hole), (b) With
central hole.

fiber-matrix decohesions (fiber pull out) which limit or prevent the stress continuity
between the broken fibers and the unbroken fibers as well as individual breaks in the
fibers that are estimated as minor in this case. The breakage is reached at the maximum
value of the load. Just after and quite abruptly the load drops indicating the saturation
of the phenomenon of multi-cracking and the rupture of the specimen (Berthelot and
Lecorre 2001; Fantozzi 1990).

The damaged part is relative to the rupture of both the matrix and the reinforcements.
Crack propagation is in the form of a composite tearing. Substantially, during the test, the
mechanism operates with frequent change in the direction of the tear. The orientation
of this tear probably follows the path of the fabric nodes as well as the matrix fiber
interface. The dominant mechanism of damage remains transverse cracking (Berthelot
2012; Rajak et al. 2019; Berthelot and Lecorre 2001; Fantozzi 1990).

Table 1 recapitulates several mechanical properties deduced from Figs. 2, 3 and 4.
Four important mechanical parameters are presented, namely, the elastic modulus, the
stress at flow, the stress at break and finally the strain at break on test pieces of different
sections. It is observed that the material composed solely of carbon reinforcement has
clearly superior mechanical properties. For instance, the elastic modulus is of the order
of 1365 MPa and the flow stress is around 248 MPa in the composite consisting solely
of carbon, while these two properties have decreased to 626 MPa and 57 MPa in the
composite made of a mixture of carbon and perlon respectively. These properties show
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that the carbon-reinforced composites aremore resistant. It is seen that the introduction of
perlon lowered the mechanical properties. The mechanical properties of test specimens
without holes are significantly better than those with a hole (1). We found an elastic
modulus E close to 680 MPa, the stress at the plastic flow threshold σy close to 55 MPa,
the tensile stress σf is close to 50 MPa and finally the deformation at break εf is 8%. The
introduction of the hole is supposed to simulate the case of setting screw to assemble
different pieces or give an idea about damage growth close or around such discontinuity.

Table 1. Mechanical properties of Carbon/Perlon/Epoxy composite.

Cases Test Nb E
(MPa)

σy
(MPa)

εf
(%)

σf
(MPa)

1:
CF

1 1233.32 198 11.1 198

2 1464.15 291 12.1 291

3 1397.68 257 11.0 257

Average 1365.05 248.67 11.4 248.67

Std. Dev 97.02 38.42 0.50 38.42

2:
CF/PF

1 680 59.91 8.31 59.81

2 570 - 8.26 49.74

3 700 57.95 7.57 57.95

4 610 53.17 8.28 53.17

Average 626.67 57.01 8.11 55.17

Std. Dev 52.44 2.83 0.31 3.96

3:
CF/PF (Central hole)

1 561 35.22 6.39 35.22

2 640 39.52 6.06 39.52

3 770 − 5.17 40.56

4 510 − 8.38 44.16

Average 620.25 39.52 6.50 39.87

Std. Dev 98.08 2.15 1.05 2.85

The obtained results are compared with literature experimental data from literature
with different matrix reinforcements intended for prosthetic sockets (Table 2), (Kahtan
et al. 2014; Walke and Pandure 2017; Abbas 2018; Achouri and Redjel 2014).

In Prosthetic Socket (basis: PMMA matrix/reinforcement).

https://doi.org/10.1007/978-3-030-43211-9_1
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Table 2. Properties comparison of some composite material used in prosthetic socket (basis:
PMMA matrix/reinforcement).

Reinforcement E (GPa) εf (%) σy (MPa) Ref

8 PF 1.5 1.833 12.39 Kahtan et al. (2014)

(3 PF + 2 CF + 3PF) 2.586 2.1 38.8

(3 PF + 2GF + 3PF) 2.5 2.375 20.82

(3 PF + 2 (CF + GF) +
3PF)

2.8125 2.763 62.7

(3PF + 2(CF + GF) +
3PF) +
3%(nano + micro)
SiO2 powder

1.6 5.04 42.94

CF − − 13.2 Walke and Pandure
(2017)Kevlar − − 15.00

GF − − 10.00

(3 PF + 1CF + 3PF) 2.5 − 89.1 Abbas (2018)

(3 PF + 1GF + 3PF) 2 − 42.5

(3PF + 1 n-GF + 3PF) 11.4 − 1.25

(3 PF + 2CF + 3PF) 117 − 1.9

(3 PF + 1GF + 3PF) 42 − 1.32

(3PF + 2 n-GF + 3PF) 43 − 1.13

4 PF 10.12 − 1.16

6 PF 33.6 − 0.8

8 PF 34.45 − 1.01

(2 PF + 2 GF + 2PF) 1.274 ± 16% − 25.5 ± 12% Achouri and Redjel
(2014)(1GF + 4PF + 1GF) 1.009 ± 10.5% − 22.5 ± 10.5%

(1PF + 1GF + 2PF +
1GF + 1PF)

1.307 ± 6.5% − 25.5 ± 8.5%

3.1.1 Fracture Surface Analysis

Electron microscopy allowed visualizing closely the various damage phenomena after
final specimen failure. Figures 4a, 4b, 4c, and 4d highlight the effects of traction on the
carbon/perlon/epoxy composite material. These events are manifested by documented
damage mechanisms, namely: (i) matrix cracking, (ii) interlaminar delamination, (iii)
decohesion and finally (iv) fiber breakage.

For matrix cracking, damage takes place first and propagates until the end of matrix
extension giving localized cracks, which over time form a front in a preferred direction
and the contribute to interlaminar delamination (Fig. 4a). On the other hand, interlaminar
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delamination consists of material cracking at interfaces (Fig. 4b). It usually contributes
to the degradation of the composite by creating voids (pockets) between the different
strata capable of storingmoisture that can leach the resin reducing the life of thematerial.

Also, during molding, the resin usually binds to the fibers more or less depending
on the nature of the sizing resin used on the fibers in manufacturing process. In tension,
the resin and the fibers do not stretch in the same way, which creates internal stresses
between the resin and the fibers. Such stresses contribute to the decohesion mechanism,
which weakens both the resin and the fibers and ultimately hands up by fiber failure
(Fig. 4c). Even though they are strong, fibers undergo breakage for high loads. This
is the critical part of damage as it appears just before composite material degradation
(Fig. 4d). Weakened by the cracking of the matrix, delamination and decohesion, the
fibers undergo the direct effects of traction and start to break in collapse, presaging the
end of the material’s life.

Fig. 4. SEM observations of the carbon/perlon/epoxy composite: (a) matrix failure (b) delami-
nation (c) decohesion (d) fiber failure

4 Conclusion

This experimental work on tensile fracture of carbon/perlon/epoxy reinforced orthope-
dic laminates allowed to measure some important mechanical properties and to identify
accompanying damage mechanisms at ultimate failure. As predicted, the fracture phe-
nomenon is influenced by the heterogeneous nature of the composite structure which
induces random damage phenomena and some dispersion of the mechanical properties.
Some specific conclusions can be drawn:
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1. The measured mechanical characteristics are characterized by some dispersion. This
is mostly true for stress components (E, σy and εf). This is mainly due to the hetero-
geneity of the material as well as the presence of defects within the volume of the
specimen because of manufacturing processes (production and cutting).

2. The addition of perlon layer lowered the mechanical properties; for instance, E
is decreased by 54%. The properties remain largely acceptable for an orthopedic
prosthesis.

3. The introduction of a physical discontinuity (i.e. a circular hole)within the composite
led to a slightly lower rigidity but the decreases in other properties is much impor-
tant. It indicates that the designer ought to define the less critical location for any
assembling perforation or creating a discontinuity in the whole prosthesis structure
to reduce stress concentration points and induced damage zones.

4. Electron microscopy allowed indentifying the various damage mechanisms which
may be encountered in such material. Indeed, at least 4 mechanisms have been
observed to occur during the loading until failure of a carbon/perlon/epoxy com-
posite material (matrix cracking, interlaminar delamination, decohesion and fiber
breakage).
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Nomenclature

CF: Carbon fiber
GF: Glass fiber
PF: Perlon fiber
TP: Themoplastic resin
TS: Thermosetting resin
ONAAPH: National Office of Accessories and Apparatuses for Disabled Persons
PVA: polyvinyl alcohol (film)
E: Elastic modulus (MPa)
σy: Yield stress (MPa)
σf: Failure stress (MPa)
εf: Failure strain (%)
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Abstract. The article aims to study the mechanical properties of the studied con-
cretes, namely sand concrete without lignocellulosicmaterials (SC), sand concrete
lightened by barley straw which content is 15 kg/m3 (BSC), sand concrete light-
ened by barley straw and wood shavings which content is 35 kg/m3 (BWSC) and
sand concrete lightened by wood shavings which content is 60 kg/m3 (WSC). The
objective is to target the best composition of the three lightweight sand concretes,
which constitutes the best compromise between the studied properties. The first
part was devoted to study the mechanical properties, namely the flexural strength,
compressive strength, elasticity modulus in flexion and elasticity modulus in com-
pression. However, the second part was reserved to study the cracking analysis of
studied concretes by video microscope in order to appreciate the lignocellulosic
materials effect on toughness and ductility.

The results show that as the content of lignocellulosic materials increases, the
mechanical properties decrease as was predictable. Another relation was found
between the porosity accessible to water and the compressive strength of the stud-
ied concretes. This relation was defined according to a polynomial equation whose
correlation coefficient approaches 1. The cracking analysis shows the advanta-
geous barley straw effect, separate and in combination for cracking propagation
compared to wood shavings alone. Nevertheless, the advantage is in favour of
concrete (BSC), from the point of view of improving the deformation capacity of
concrete, that is to say ductility and toughness, this is mainly due to the particular-
ity of barley straw in terms of tensile strength, straw flexibility, geometric shape
and surface appearance. This barley straw particularity is an advantage compared
to the wood shavings, it may contribute favourably to improve the ductility and
consequently to increase the propagation resistance of the crack.

Keywords: Lightweight sand concrete · Lignocellulosic materials ·Mechanical
properties · Cracking · Ductility

1 Introduction

In recent years, there has been renewed interest in the use of plant fibers as constituents
in composite materials based on polymer or mineral matrix, such as cement, plaster or
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lime Hamzaoui et al. (2014). However, Khazma et al. (2012) the lightweight concretes
formulation by local lignocellulosic materials is one way of contributing to sustain-
able development in the construction sector. Therefore, according Pacheco-Torgal et al.
(2011) to promote the use of cement-based building materials reinforced with plant
fibers could be a way to achieve a more sustainable construction, because according to
Claramunt et al. (2011), the plant fibers was obtained from renewable, biodegradable
sources and therefore respectful of the environment.

Merta et al. (2013), the concrete is resistant to compression, however, as a very
fragile material, has a low tensile strain capacity and therefore low toughness. Moreover,
Babafemi et al. (2015) the incorporation of the fibers into a cementitious matrix makes it
possible to improve the bending strength of the concrete or the mortar and to reduce its
fragility, that is say, the increase of the absorption capacity energy of the concrete that
is well known. The hypothese according to which the fibers make it possible to control
the mechanism of cracking by delaying the departure of the crack and by controlling it
once it appears Khenfer et al. (2000).

In this context, there is a number of studies (Reis 2012) and Merta et al. (2013), that
study the fracture energy of concretes reinforced with plant fibers, but there is a lack
in the analysis of cracking. Nevertheless, Hamzaoui et al. (2014) and Savastano et al.
(2005), for the microstructure analysis, there are several researches cementitious matrix
concretes reinforced by plant fibers.

In this study, the studied concretes compositions was inspired of previous work
Belhadj et al. (2014) and Belhadj et al. (2016), which are the sand concrete without
lignocellulosic materials (SC), the sand concrete lightened by 15 kg/m3 of barley straw
(BSC), the sand concrete lightened by35kg/m3 of lignocellulosicmaterials, i.e. 30 kg/m3

of wood shavings and 5 kg/m3 of barley straw (BWSC), and finally the sand concrete
lightened by 60 kg/m3 of wood shavings (WSC). The three lightweight sand concretes
have a workability are getting closer, the slump test with Abrams cone is from 5 cm to
6 cm. The objective is to have a lightweight sand concrete with plastic consistency of
the fresh concrete.

Indeed, this study focuses on the lignocellulosic materials effect on the physico-
mechanical properties of studied concretes, aswell as the cracking analysis on specimens
(4 × 4 × 16 cm3) subjected to the elasticity modulus tests in flexion. The objective is
to target the best composition, that constitutes the best compromise between the studied
properties.

2 Materials Used and Methods

2.1 Materials Used

The contribution of using two different sands (Dune sand (DS) and alluvial sand (AS))
falls under the option of the valorisation of local materials in construction, especially
the materials little or not exploited, such as dune sand. The sand used is a mixture of
two sands, a dune sand (DS) with a maximum grain diameter about 0.63 mm and an
alluvial sand (AS) with a maximum diameter 5 mm. The proportions of this mixture
was prepared according to a specific mass ratio by correcting the granulometric curve
of the alluvial sand, in its fine part, by adding dune sand. Bederina et al. (2005) studied
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the mixture of the same sands (alluvial sand and dune sand) and found that the optimum
compacity can be obtained with the report AS/DS = 1.7. Table 1 lists all the physical
characteristics of the sand used.

Table 1. Physical characteristics of the sand used

Apparent density (kg/m3) 1590

Specific density (kg/m3) 2485

Fineness modulus 2.81

Compactness (%) 0.66

Porosity (%) 0.34

Visual sand equivalent (%) 93.2

Piston sand equivalent (%) 80.3

The cement used is CPJ limestone Portland cement CEM/II AL 42.5 R. This type
of binder is a new class of cement, which provides a similar performance to that of
conventional Portland cement, but emits a decrease CO2 up to at 10%. The limestone
fillers used were obtained by sieving at 80 µm the waste from the aggregates produced
in the quarries locate in the Laghouat region. It is also part of the valorisation of waste.
In addition, for economic and technical reasons, mineral powders have been added by
substitution of cement. Belhadj (2016) studied the substitution of the same minerals
powders (limestone, natural pozzolana and hydraulic lime) and found that the optimum
combination can be obtained with 10% of mineral powders (1/3 limestone, 1/3 natural
pozzolana and 1/3 hydraulic lime), which are obtained by sieving at 80 µm.

In addition to these used materials, barley straw was introduced into sand concrete,
separated and in combination with wood shavings, to obtain lightweight sand concrete.
The barley straw lengths are 2 cm for molds (4 × 4 × 16 cm3). The straw diameter is
about between 1 and 4 mm. Belhadj et al. (2014) was determined an average percentage
of the barley straw used, which is 70% in the form tubular straws and 30% broken
straws in the form of fibers and straw blankets. This mixture is representative of the
natural mixture composition of the straw, as shown in Fig. 1 (a, b). Figure 1 (c) shows
that the outside shape of the barley straw is in corrugated form, as well as it is regular
narrowing, which facilitates the adhesion of the straw to the cement matrix. The inside
form of barley straw is in the form of longitudinal fibers crossed almost transversely by
microfibers (Fig. 1 (d)), which facilitates adhesion between the straw and the cement
matrix.

The wood shavings used are part of the reuse of carpentry waste. At the video
microscope magnification scale, the fibrous structure of wood shavings appears as an
irregular and rough structure (Fig. 2), which facilitates adhesion between wood shavings
and the cement matrix.

The superplasticizer used is the “SP MEDAPLAST 40” type, in accordance with
EN 934-2. It is a superplasticizer high-water reducer that allows to obtain high quality
concrete and mortar.
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a) Tubular straws    b) Broken straws  

 c) Outside straw (G = 100)   d) inside straw (G = 100) 

Fig. 1. General appearance of barley straw.

G = 100

Fig. 2. General appearance of wood shavings.

2.2 Methods

Table 2 groups together the differents studied concretes compositions, which was
inspired of previous work Belhadj et al. (2014) and Belhadj et al. (2016).

In order to best homogenize the mixture, to ensure a good quality of the concrete and
thus to control the various properties of the finished product, the mixing was carried out
by a mixer of the “Controls” type, according to the following procedure: a dry mix of the
cement and mineral powders for one minute at low speed, then the sand and limestone
fillers was added to a dry mix for another three minutes at low speed.

When the dry mixture is perfectly homogeneous, the lignocellulosic materials, sep-
arated and in combination was introduced in the saturated state, while continuing to mix
for three minutes at a low speed. Finally, the mixing water was added gradually to the
mixture without interruption, to ensure homogenization of the mixture for three minutes
at a low speed Bederina et al. (2016). After mixing, the material was introduced into
molds (4 × 4 × 16 cm3).
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Table 2. Compositions used for the studied concretes

Studied concrete SC BSC BWSC WSC

Sand (kg/m3) 1316 1245 1150 1030

Cement (kg/m3) 315 315 315 315

Mineral powders (kg/m3) 35 35 35 35

Limestone (kg/m3) 135 135 135 135

Water (l/m3) 210 229 252 281

SP* (%) 2 2 2 2

Barley straw (kg/m3) 0 15 5 0

Wood shavings (kg/m3) 0 0 30 60
* Mass percentage relative to the amount of cement.

The specimens was remolded after 24 h of their manufacture and the specimens are
kept until the day of the test, in the same room where the climatic conditions inside the
laboratory room is closer to the conditions actualweather conditions of local construction
sites, i.e. the temperature is 20 °C ± 5 °C, while the relative humidity is 50% ± 10%.

The elasticity modulus in flexion was determined by a Shimadzu type press (Fig. 3
(a, b)) at a ramp rate equal 50 N/s, according to the EN-196-1 standard and the NBN EN
1015-11 standard. The elasticitymodulus in compressionwas determined by a Shimadzu
type press (Fig. 3 (a, c)) at a ramp rate equal 500 N/s, in accordance with the standard
NBNEN1015-11. The equipment used is linked to a computer (Fig. 3 (a)) which consists

a) Shimadzu type press b) Flexion test

c) Compression test d) video microscope

Fig. 3. Shimadzu type press and video microscope.
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in observing all the results obtained for each test and the figures (Displacement according
to the flexion stress and compression stress), as well as the synthesis of the results by
type of concrete.

For example, when the maximum stress in flexion is reached the test stops and the
values of the elastic modulus as well as figure, are observed on the computer.

Crack analysis as well as general views of the matrix with lignocellulosic materials
was done by optical imaging. The equipment is linked to a computer, which consists of
observing with a video microscope type Controlab (Fig. 3 (d)), magnifications up to 300
with 25x–175x and 150x–300x, it is associated with a color screen containing 507–688
pixels, a low circular illumination and VIDEOMET software (Controlab). This software
makes it possible to measure the geometrical characteristics by a simple observation.

3 Results and Analysis

3.1 Flexural Strength and Compressive Strength

The results of the flexural strength and compressive strength of the studied concretes are
mentioned in Table 3. When the lignocellulosic material content increases, the flexural
strength and the compressive strength decrease as it is predictable, following polynomial
equations whose tendencies are negatives and having the correlation coefficients closer
to 1 as shown in Fig. 4 and Fig. 5. Another relation was found between the porosity
accessible to water and the compressive strength of the studied concretes, following
polynomial equation whose tendencie is negative and having correlation coefficient is
closer to 1 as shown in Fig. 6. The trend of this relationship is almost similar to the work
of some researchers Lian et al. (2011) and Chen el al. (2013).

Table 3. Flexural strength and compressive strength at 28 days

Studied concretes Flexural strength (MPa) Compressive strength (MPa)

SC 4.12 ± 0,39 19.44 ± 0.43

BSC 3.08 ± 0,30 10.50 ± 0.35

BWSC 2.53 ± 0,21 8.13 ± 0.22

WSC 1.93 ± 0,08 7.05 ± 0.24

3.2 Elasticity Modulus in Flexion and Compression

The results of the elasticity modulus in flexion (4× 4× 16 cm3) and compression (4x4
cm) on the two prisms was obtained by flexion of the studied concretes are mentione in
Table 4.

Figure 7 shows the existence of a very strong correlation between the maximum
stress in flexion and the elasticity modulus in flexion of the studied concretes, whose
correlation coefficient R2 = 0.99582.
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Fig. 4. Relationship between lignocellulosic material content and flexural strength.
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Fig. 5. Relationship between lignocellulosic material content and compressive strength.

The flexural strength values given in Table 4 represent the average of three tests
carried out on the test (4 × 4 × 16 cm3) specimen. On the other hand, the value of the
bending stress presented in Fig. 8 represents the result of a single test for composition
(BSC) which is given just as an example.

Figure 8 shows the results of the test of elasticity modulus in flexion, which shows
the maximum stress in flexion in the elastic part for the concrete (BSC). However, Fig. 9
shows the results of the test of elasticity modulus in compressive, which shows the
maximum stress in compression in the elastic part for the concrete (BSC).

Finally, from the values of the elasticity modulus in compression of the studied
concretes, it was found that the values are getting closer.
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Table 4. Elasticity modulus in flexion and compression of studied concretes

Studied concretes Elasticity modulus in
flexion (MPa)

Elasticity modulus in
compression (MPa)

Maximum stress in
flexion (MPa)

SC 1228.04 ± 34,44 419.73 ± 4,93 7.90 ± 0.49

BSC 846.27 ± 42,73 407.86 ± 6,18 4.29 ± 0.15

BWSC 870.51 ± 86,32 405.12 ± 4,71 3.60 ± 0.11

WSC 823.92 ± 15,74 402.26 ± 6,45 3.26 ± 0.18
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Fig. 7. Relationship between the maximum stress in flexion and elasticity modulus in flexion.
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Fig. 8. Displacement according to the flexion stress of the (BSC).

Fig. 9. Displacement according to the compressive stress of the (BSC).

The cross interpretation of the results was showed the existence of a strong linear
regression whose correlation coefficient approaches 1, between the elasticity modulus
in flexion and the elasticity modulus in compression as shown in Fig. 10.

3.3 Analysis of Cracking

After the tests of the elasticity modulus in flexion on (4 × 4 × 16 cm3) specimen, it
was found that cracks are illegible for concretes (BSC) and (BWSC) compared to the
concrete (WSC) that is legible (Fig. 11 (a, b, c)).

Hence the need for a study of cracking proves necessary by a video microscope to
appreciate the beneficial barley straw effect. It was also found that barley straw contribute
favourably to improve the ductility of the sand concrete lightened by barley straw and
the sand concrete lightened by wood shavings and barley straw, for example see Fig. 12
(a, b) for concrete (BWSC).
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Fig. 10. Relationship between elasticity modulus in flexural and elasticity modulus in compres-
sive.

a) Illegible crack after tests (BSC).

b) Illegible crack after tests (BWSC).

 c) Legible crack after tests (WSC).

Fig. 11. Crack After the tests of the elasticity modulus in flexion.

In general way, we can say that the results show that the ductility of the sand concrete
lightened by barley straw (BSC) is slightly best than the ductility of the sand concrete
lightened by wood shavings and barley straw(BWSC). This can be explained by the
following syntheses:
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a) Lower part (G = 25)  b) Upper part (G = 100)

Fig. 12. Concrete lightened by wood shavings and barley straw (BWSC).

a) G = 50             b) G = 150

Fig. 13. Effect of wood shavings fibers and barley straw on ductility.

– After several measurements of the opening of the crack which has been determined
a gap between the minimum and the maximum. In the lower part of the specimen
(BWSC), the crack is narrower and varies from 14 µm to 90 µm.

– Fig. 13 shows the adhesion and orientation of the barley straw relative to the matrix
in the lower part. On the other hand, Fig. 14 shows the effect of the grain of sand and
the fiber on the deflection of the crack.

– Barley straw has reinforced the role of wood shavings as fibers, knowing that the
effect of straw orientation is almost always horizontal (vibration effect) implies almost
perpendicular to the force.

a) G = 150 b) G = 150

Fig. 14. Effect of sand grain and fiber on deflection of crack.
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It should also be noted that the concrete containing 15 kg/m3 of barley straw (BSC)
has showed a different behavior from that of (BWSC). Indeed, it has been found by
video microscope the existence of three parts:

1) Low part: It represents almost 1/4 of the height of the test specimen. The opening
of the crack varies from 60 to 120 µm (Fig. 15 (a, b)).

2) Middle part: It represents almost half of the height of the specimen. The opening of
the crack varies from 30 to 70µm. The crackwas propagated through two directions,
one on the left and the other on the right. This is probably due to the effect of the
barley straw content as well as their orientation (Fig. 15 (c, d, e)).

3) Upper part: It represents almost 1/4 of the height of the test specimen. The
disappearance of the crack is complete (Fig. 15 (f)).

a) Lower part (G=200)                b) Lower part (G=200)

c) Middle part (G=200)      d) Right middle part (G=200)

e) Left middle part (G=200)        f) Upper part (G=200)

Fig. 15. Cracking of the concrete (BSC).

In general, the results show that the ductility of the concrete (BSC) is slightly best
than the ductility of the concrete (BWSC).
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Finally, it can be concluded that the behavior of the test specimen (4× 4× 16 cm3)
made with straw fibers having a length 2 cm is similar to the test specimen (7 × 7 ×
28 cm3)madewith straw fibers having a length 3.5 cmBelhadj et al. (2016), this explains
that the effect of barley straw length has a similar influence on the role of ductility, hence
thebeneficial effect of barley strawon improving the capacity of barley strawdeformation
of lightweight sand concrete from the point of view of ductility and toughness.

After separation of the two prisms, Fig. 16 shows views of the matrix with barley
straw and wood shavings which have been found to have good adhesion matrix versus
lignocellulosic materials and the presence of an interesting porosity at the level of the
cement matrix.

On the video microscope magnification scale, good adhesion between the barley
straw and the cement matrix has been found, and the holes in the straw are empty. This
adhesion can be explained by the outside shape of barley straw which is in corrugated or
corrugated form, as well as regular narrowing (see Fig. 1.c). As well as the inside shape
of the barley straw is in the form of longitudinal fibers crossed almost transversely by
microfibers, which are well bonded, which facilitates the adhesion between the straw
and the cement matrix (see Fig. 1). It has been found good adhesion between the wood
shavings and the cement matrix, as well as the high porosity in the cementitious matrix,
as shown in the images (Fig. 16).

The fibrous structure of thewood shavings appears as an irregular and rough structure
at the scale of the enlargement, which facilitates the adhesion between thewood shavings
and the cement matrix.

a) Concrete (BSC) b) Concrete (WBSC)

Fig. 16. Porosity at the level of the cement matrix.

4 Conclusions

This study shows, when the lignocellulosic material content increases, the mechanical
properties decreases as it is predictable of the sand concrete lightened by lignocellulosic
materials for the flexural strength, the compressive strength, the elasticity modulus in
flexion and the elasticity modulus in compression. The results advantage shows that the
studied concretes remains in the range of lightweight structural concretes, which are
intended for the outside walls construction in arid regions.

The crack analysis shows the beneficial barley straw effect, separated and in
combination for the propagation of cracking compared to wood shavings alone.

Nevertheless, the advantage is in favor of sand concrete lightened by barley straw
from the point of view of improving the deformation capacity of the concrete, that is to
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say the ductility and the tenacity, this is mainly due to the natural characteristics of the
barley straw.

Finally, in the study of the microstructure mounted a double porosity at the scale of
the matrix and at the scale of the lignocellulosic materials, which contributes favourably
to improve the thermophysical properties of the studied concretes. In addition, it has
been found good adhesion between the cement matrix and the lignocellulosic materials.
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Abstract. The global annual production of plastics rose sharply from 1.5 up to
359 million tons during the period between the years 1950 and 2018. A large
proportion of plastic products and goods, such as bottles of water and soda, food
packaging, etc., are thrown away right after their first use, causing the generation of
considerable amounts of post-consumer plasticwaste. Reusing solid plasticwastes
to produce other innovative materials, such as recycled plastic aggregate concrete,
is considered as one of the most economical and cost-effective alternatives. This
work is part of an ambitious sustainable development program. For this purpose,
PVC waste is used in the form of aggregates (sand 0/3 and coarse aggregate 3/8)
in the preparation of a number of concrete specimens. These plastic aggregates
were used as partial replacement of natural aggregates at the following substitution
rates: 25%, 50%and 75%.The experimental results obtained indicate that there is a
difference between the physical andmechanical properties of plastic wastes-based
concretes and those containing natural aggregates. The use of plastic aggregates
in concrete improves the thermal insulation of concrete which can be considered
as part of a construction solution, to improve a building’s thermal efficiency.

Keywords: PVC wastes aggregate · Lightweight concrete · Waste valorization ·
Thermal insulation

1 Introduction

Plastics have been increasingly used, since their development in the 1930s and partic-
ularly between the years 1950 and 2018. The global annual production of plastics rose
sharply from 1.5 up to 359 million tons during that period (www.statista.com). Nowa-
days, a large proportion of plastic products and goods, such as bottles of water and soda,
food packaging, etc., are thrown away right after their first use, causing the generation
of considerable amounts of post-consumer plastic waste. The production of this type
of waste is still going to increase in the future. In fact, it has been estimated that the
annual production of plastic wastes doubles every 10 years (Iadav 2008). Althoughmany
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recycling opportunities are available today, reusing solid plastic wastes to produce other
innovative materials, such as recycled plastic aggregate concrete, is considered as one of
the most economical and cost-effective alternatives (Saikia and de Brito 2014). Several
researchers have addressed the technical viability of incorporating selected plasticwastes
into concrete; they also studied the effects of such incorporation on the mechanical and
durability properties of the new materials obtained. It can be seen from the literature
that plastic waste has also found application in the production of building composites
as a substitute for traditional aggregates and as reinforcing fibers in concretes and mor-
tars (Benosman et al. 2017). Aattache et al. (2013) reported that this waste can also be
used as a substitute for blended Portland cement. In general, adding plastic waste aggre-
gates decreases the unit weight of the composite. Moreover, the modulus of elasticity of
the composite decreases, and the formulated specimens show a more ductile behavior
as the amount of incorporated plastic aggregate increases. However, the inclusion of
plastic waste aggregates causes a reduction in the compressive strength, flexural tensile
strength, and splitting tensile strength of cement-based composites. In addition, water
absorption increases as the amount of plastic waste aggregates rises (Senhadji et al.
2015). The present study has to do with sustainable development. This work aims to
conduct an experimental investigation on the behavior of concrete specimens containing
PVCwaste aggregates, at different substitution percentages, i.e. 25, 50, 75%, by volume.

2 Material and Methods

2.1 Cement

The cement used in the preparation of concretes is of type.
CPJ CEM II 42.5 N, from the LAFARGE cement factory in Oggaz (north-western

Algeria).

2.2 Natural Aggregates

Two grades of crushed and calcareous coarse aggregates were used, i.e. the first one
is medium, 3–8 mm aggregate and the second is coarse, 8–15 mm aggregate. The fine
aggregate used is local natural sand. The physical properties of natural aggregates are
shown in Table 2.

2.3 Plastic Aggregates

Plastic wastes were used to replace a fraction (by volume) of natural sand and medium
aggregate in the mixtures, in order to achieve low-density concrete. The plastic wastes
used were PVC plastic aggregates, as shown in Fig. 1. The plastic wastes were ground
into small granules; they were then classified as fine or medium aggregates with size
ranges 0–3 and 3–8 mm, respectively. The physical properties of the plastic wastes are
shown in Table 2.
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Fig. 1. PVC aggregate

2.4 Superplasticizer

UNICUM PC6 is a polymer-based super-plasticizer of the latest generation. It is char-
acterized by a very high reduction performance of the W/C ratio; it also helps concretes
to develop very high initial and final strengths (Table 1).

Table 1. Physical and chemical characteristics of the superplasticizer

Designation Physical state Color Dosage

UNICUM PC
6

Liquid Yellow 0,4–1,1%

Table 2. Physical properties of the aggregates

Properties Natural sand Medium
aggregate

Coarse
aggregate

PVC sand PVC aggregate

Density
(g/cm3)

2.68 2.59 2.66 1.40 1.43

Grain size
(mm)

0–3 3–8 8–15 0–3 3–8

Shape Angular Angular Angular Angular Angular

3 Experimental procedures

Four formulations were prepared by partial volume replacement of natural aggregates by
PVC plastic wastes, with percentages 0%, 25%, 50% and 75%, respectively, as shown in
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Table 3. The superplasticizer was used to adjust the workability. For each formulation,
specimens of dimension 10 × 10 × 10 cm3 were prepared. After demolding, they were
cured in lime saturated water until the day of testing. The unit weights of fresh concrete
and dry concrete were measured at 28 days. The compressive strength of the concrete
specimens was tested and evaluated according to Standard EN 12 390–3 (2003), at 7
and 28 days.

Table 3. Concrete composition for a meter cube

Composites Weight Kg/m3

RC PCPVC

25% 50% 75%

Portland cement CEM II 350 350 350 350

Natural sand (0/3) 602 451.52 301 150.49

PVC sand (0/3) 0 79 157 236

Medium aggregate (3/8) 900 675 450 225

PVC aggregate (3/8) 0 124 248 373

Coarse aggregate (8/15) 270 270 270 270

Water (Kg) 168 168 168 168

Water/Cement ratio (%) 0.48 0.48 0.48 0.48

Superplasticizer( %) 0.6 1 0.80 0.60

Three specimens were prepared from each mixture in order to measure the compres-
sive strength at each age; the average of the three measurements was considered in this
study. The unit weight of concrete was also measured at 28 days. After the compression
test, a microstructural analysis was carried out on different samples using scanning elec-
tronmicroscopy (SEM) bymeans of aHirox SH-4000MScanning ElectronMicroscope.
The thermal conductivity was measured using the ISOMET 30 Quickline equipment.

4 Results and discussion

4.1 Fresh and Dry Densities of Concrete

The fresh and dry densities of the different mixtures are summarized in Table 4 and
Fig. 2. One can clearly note that the fresh and dry densities of concrete diminish as the PA
content goes up. The increase in the PVC content by 25, 50 and 75% results in a decrease
in the fresh density by 9.39, 17.31 and 27.75%, respectively; with respect to that of the
reference concrete (RC). However, when the PVC content rises by the same percentages
(25, 50 and 75%), the dry density decreases by 10, 19.35 and 29.56%, respectively, as
compared to that of the reference concrete. This decline in the density of concrete can
certainly be attributed to the lower density of plastic aggregates and also to the increase
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in porosity. These findings proved to be in good agreement with the conclusions of some
authors (Badache et al. 2018; Hannawi et al. 2010). According to ACI CT-13 (2013)
which identifies an upper limit for lightweight concretes (1920 kg/m3), PCPVC25 and
PCPVC50 can be considered as lightweight concretes.

Table 4. Fresh and hardened densities of concretes

Mixture name Fresh density (kg/m3) Dry density −28 days (kg/m3)

RC 2385 2439

PCPVC25 2161 2195

PCPCV50 1972 1967

PCPVC75 1723 1718

RC: Reference Concrete
PC25: Concrete contain 25% of plastic
PA: Plastic aggregate

Fig. 2. Fresh and hardened densities of concretes

4.2 Compressive Strength

The compressive strength values of the composites obtained were calculated in the labo-
ratory; they are summarized in Table 5. The results presented in Table 5 and Fig. 3 show
a systematic reduction in the compressive strength with the increase in plastic aggre-
gate content. Incorporating 25, 50 and 75% of recycled PVC aggregates into concrete
engendered a compressive strength decrease of 26, 42 and 63% for concretes mixtures
PCPVC25, PCPVC50 and PCPVC75, respectively, at 28 days. Reducing in the com-
pressive strength of concrete incorporating plastic aggregates (PA) can be attributed to
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the increase in matrix porosity which would cause the decrease in density and thus in
compressive strength (Benosman et al. 2017) or low compressive strength of lightweight
aggregates. These findings are consistent with those of Senhadji et al. (2015), Badache
et al. (2018), Hannawi et al. (2010), Latroch et al. (2018), (Herki and khatib, 2017),
and Akçaözoğlu et al. (2013), who demonstrated that poor contact between a plastic
LWA and the matrix leads to a drop in the compressive strength. Concretes PCPVC25,
PCPVC50 can be classified as structural lightweight concrete because their compressive
strengths presented in Fig. 3 were equivalent to or higher than 17 MPa; in accordance
with the specification of ASTM C330/C330M -17a (2017) definition which state that,
the compressive strength of a structural lightweight concrete at 28 d should be higher
than 17.24 MPa.

Table 5. Development of compressive strength of concretes

Mixture name Compressive strength (MPa)

7 days % of loss 28 days % of loss

RC 30.64 – 35.05 –

PCPVC25 23.60 23 25.96 26

PCPCV50 16.93 45 20.50 42

PCPVC75 11.18 64 12.79 63

Fig. 3. Evolution of the compressive strength of concretes

4.3 SEM Images

Some scanning electron microscope (SEM) images of samples of PCPVC75 composite
concrete and reference concrete (RC) were taken and are displayed in Figs. 4 and 5,
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respectively. The interfacial transition zone (ITZ) between the PVC aggregates and
cement paste turned out to be weaker than that between the cement matrix and natural
aggregates. The ITZ width is even wider PVC aggregate concrete. The quality of the
ITZ was not determined but it might have lower strength than that of natural aggregate
concrete depending on the hydrophobic structure of PVC. This last finding may also
help to explain the decreased compressive strength of composite concrete.

Fig. 4. SEM images of PCPP75 composite

Fig. 5. SEM images of RC reference concrete

4.4 Thermal Conductivity

Table 6 shows the thermal conductivity variation of concretes. We can clearly say that all
concretes containing PVC aggregates have experienced a decrease in thermal conductiv-
ity as compared to the reference concrete. It also indicates that the thermal conductivity
decreases as the percentage of PA increases. Incorporating 25, 50 and 75% of recycled
PVC aggregates into concrete caused the thermal conductivity to decrease by 32.2, 52.1
and 67.2% for concrete mixtures PCPVC25, PCPVC50 and, PCPVC75, respectively.
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The decrease in thermal conductivity can be explained by the low thermal conductivity
of PVC (≈0.081 W/m. K) (Latroch et al. 2018).

Table 6. Variation in the thermal conductivity of concrete

Mixture name Thermal conductivity (W/m.k) % of loss

RC 1.86 –

PCPVC25 1.26 32.2

PCPCV50 0.89 52.1

PCPVC75 0.61 67.2

5 Conclusions

The present experimental study allowed showing that there is a difference between
the evolution of the physical and mechanical performances of concretes containing
PVC wastes, and the evolution of the physical and mechanical performances of natural
aggregate concrete.

The following conclusions may be drawn:

– The density of composite concrete decreases significantly as the plastic aggregates
content rises,

– The compressive strength of composite concrete decreases significantly as the plastic
aggregates content goes up,

– The composite concrete has a wider ITZ as compared to that of reference concrete,
– The use of PVC aggregates leads to a decrease of a thermal conductivity to 67% for
the PCPVC75 compared to RC. It’s clear that the use of plastic aggregates in concrete
improves the thermal insulation of concrete which can be considered as part of a
construction solution, to improve a building’s thermal efficiency.
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Abstract. Algeria is the largest country in Africa by in terms of land area, which
makes it contain large quantities of agricultural residues. The aim of this study
is the valorisation of the huge amount of agricultural residue of date palm rachis
available inAlgeria to be used as reinforcement in bio-compositematerials for var-
ious industrial applications. The analysis of themorphology of the of the date palm
rachis cross-section allowed us to identify two main types of fibres according to
theirmicrostructure: vascular bundles and fibre strands. The chemical andmolecu-
lar structure analysis of the date palm rachis fibres was examined by Fourier trans-
form infrared spectroscopy (FTIR). The tensile properties of the fibre extracted
were investigated under tensile loading test. The experimental results obtained for
the tensile strength, Young’s modulus and strain at break of the fibres have been
analysed, because of their dispersion, using three-parameter and two-parameter
Weibull statistical laws. The tensile strength and Young’s modulus of the fibre
strand were found to be about than four times higher than for the vascular bundle
and their predicted model was determined. The tensile properties obtained for the
investigated fibre were compared with other lignocelluloses fibres, existing in the
literature, and it shows its great potential for use as reinforcement in bio-composite
materials.

Keywords: Statistical analysis · Tensile properties · Fibre strand · Vascular
bundle · Date palm rachis
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1 Introduction

In recent years, natural fibres have increasingly grown in popularity for use in industry
sectors as substitute for synthetic ones inmany various applications such as automobiles,
furniture, packaging, kayaks, prosthetics, aerospace, etc. (Amroune et al. 2015; Al-Oqla
et al. 2015; Mhatre et al. 2019; Saba et al. 2015). This is due to their many advantages,
such as their abundant availability in the form of fibres, biodegradability, renewability,
low cost, and low-density when compared to synthetic fibres (Amroune et al. 2015;
Bezazi et al. 2020; García del Pino et al. 2020; Maache et al. 2017).

Algeria is one of the countries with the highest potential for natural resources in
the world, because of its vast area; it is the largest country in Africa. Many plants
grow there such as date palms, Alfa, Juncus effuses L., Agave, Lygeum spartum L.,
Diss, Doum, etc. (Amroune et al. 2015; Belaadi et al. 2013; Belouadah et al. 2015;
Bezazi et al. 2014; Bezazi et al. 2015; Bezazi et al. 2020; Bourahli et al. 2018; Maache
et al. 2017). These various resources were investigated with the objective to be used
in different applications such as packing, furniture, automobiles, and construction. The
results obtained were very promising, which can give the local industry other sources of
rawmaterials. This enablesAlgeria to valorise these abandoned resources and create jobs
and maintain foreign exchange reserves by reducing importations, which contributes to
raising the national economy.

The date palm (Phoenix dactylifera L.) is considered as one of the most important
fruit crops in Algeria with more than 950 types of date palms classified according to
the external quality of the date fruit in three categories: the palm produces soft dates,
semi-soft dates and the dry ones (Biglari et al. 2008; Bouguedoura et al., 2015). Based on
the FAO statistics (FAOSTAT) it is the world’s fourth-largest producer of dates in 2018
with a total of more than 20 million date palms trees, which can produce about 720,000
tons of date palm petioles and leaves, and 210,000 tons of fruit bunches (Boumediri et al.
2017, 2019).

The date palm petioles and leaves are an abundant resource of lignocellulosic mate-
rials but are considered as a big waste. They mostly dumped into landfill and only small
quantities used as feed for animals and in a traditional craftsman (Agoudjil et al. 2011;
Boumediri et al. 2019). While this waste can be developed and valorised to be used as
reinforcement in composite materials, this has attracted the attention of researchers for
developing industry sectors throughout the last few years (Jawaid et al. 2011).

In this context, the main objective of this investigation is to promote local natural
Algerian resources in order to integrate them into the industrial sector. Therefore, the
purpose of the present work is an experimental characterization of the fibres extracted
from date palm leaves of a palm tree called Gears harvested from a Farm in El-Oued
located in southern Algeria. The morphology of the fibre was examined using optical
microscope and scanning electron microscopy (SEM). The chemical and molecular
structure analysis of the date palm rachis fibres was identified out by Fourier transform
infrared spectroscopy (FTIR), and its mechanical properties investigated using a tensile
machine with linear regression model to predict them. The obtained results have been
compared with those found in the literature for other natural fibres.
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2 Materials and Methods

2.1 Material

Algeria has many date palm varieties. The variety used in this research was date palm
tree called Gears taken from a local farm of El-Oued located in the south of Algeria,
collected from date palm leaves in October 2018. This rachis (Fig. 1) was obtained by
removing all the leaflets and cut into a length of about 10 inches using a cutter. The fibres
extraction from the rachis involves the degumming of fibrous straw in an autoclave in
boiling water at 120 °C for 1 h and 30 min.

Fig. 1. Date palm leaf details

The fibreswere extracted and separated from each other by hand peeling after cooling
the rachis. Once the fibres were extracted, they were thoroughly washed and cleaned
with water and then dried at room temperature for seven days. Broad dispersion was
observed in their diameter, which leads to classify them into two types, as shown in
Fig. 2 for further investigations.

Fig. 2. The extracted fibres from date palm rachis

2.2 Optical Microscopy

A Motic BA310 optical microscope was used to identify the shape and morphology of
the fibres and their dispersion in the base and tip of the rachis. The pictures were taken
under× 5magnification usingMotic image plus 2.0 software with amicroscopic camera
(Moticam 5.0 MP).
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2.3 Scanning Electron Microscopy

A Quanta 200-FEI environmental scanning electron microscope (ESEM) was used to
study the morphology of the date palm rachis fibres. A thin conductive gold layer coated
all the samples before recording the micrographs. The acceleration voltage was set at
10 kV and the working distance at about 10.5 mm.

2.4 Fourier Transform Infrared Spectrometry (FTIR)

FTIR spectra were recorded on an ATR-FTIR using a Thermo Scientific Nicolet iS10
FT-IR spectrometer equipped with a single reflection ATR accessory (Specac Golden
Gate). The FTIR spectral analysis was recorded in the range of 4000–500 cm−1 region
with an accumulation of 32 scans at a resolution of 1 cm−1.

2.5 Technical Fibre Tensile Tests

Tensile tests were carried out on a universal testing machine Zwick/Roell model Z2.5
according to ASTM D 3822–07 using a gauge length of 30 mm. The crosshead speed
was of 1 mm/min using a 200 N load cell attached to an automatic data acquisition
system. Testing was done using twenty samples that were analysed for each group at
room temperature of 23 °C and relative humidity of 45%.

The technical fibres are assumed to be cylindrical, and their diameter was determined
using a MOTIC optical microscope equipped with a Motic-BA310 Met digital camera
running withMotic image plus 2.0 software. Three measurements have been taken along
the effective fibre length in different points, and an average value has been calculated.
The obtained tensile results were analysed statistically by two parameters and three
parameters Weibull distribution model using the Minitab software.

3 Results and discussion

3.1 Morphological Analysis

The observation of the cross-section of date palm rachis presented in Fig. 3a and 3b
show a lot of fibres which occur randomly throughout the parenchymatous tissue with
intercellular spaces in the beginning and before 20 cm of the tip of rachis. The observed
fibres can be classified according to their microstructure into two types, one that contains
at least one large void called vascular bundle (VBs) and the other fibre strand (FSs) does
not contain any a large void.

As depicted in Fig. 4b and c, VBs are the thickest fibres and have at least one main
void in the middle responsible for the conduction of food, other organic material, and
water in the tree. Their microstructure showed that it was an almost circular elliptical
shape, the main void diameter being between 90 and 160 μm with a large number of
spherical microfibrils of smaller diameter in the range 5 and 25 μm, aligned and bound
together by lignin and other non-cellulosic materials. While, the FSs are the smallest
and do not contain any main voids, which contain many individual microfibrils with
a diameter between 4 to 12 μm, compactly arranged to form a technical fibre whose
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a)

b)

Fig. 3. Opticalmicroscope images of the cross-section of the date palm rachis: a) At the beginning
of the rachis, b) before 20 cm of the tip of rachis

Fig. 4. Distribution of the diameter normal plot for (VBs) and (FSs)

shape is approximately cylindrical and whose diameter is found in the range of 85 to
120 microns.

A diameter analysis of extracted fibres performed using normal method distribution
shows a low standard deviation for the mean diameter about 14% (Fig. 5). However,
the average diameter for all the fibres (20 VBs + 20 FSs) shows a significant standard
deviation around 75%. These results show the importance of classification for each type
of fibre for proper use.

3.2 FTIR Analysis

The FTIR analysis performed forVBs and FSs fibres shows different chemical functional
groups and molecular structure (Fig. 6 and Table 1). It exhibits a small band at 900 cm−1
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b)

c) 

a)

Fig. 5. SEM micrographs of the cross-section before 30 cm of the tip of the rachis: a) Zoom
X100, b) Zoom X200, and c) FSs (zoom X2000)
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indicating the presence of C–O–C stretching of the β-glycosidic linkage between the
monosaccharides.

Fig. 6. FTIR spectra for (VBs) and (FSs)

Table 1. The chemical composition

Wavenumber
range (cm−1)

Vibration assignment Source

900 C–O–C stretching β -glycosidic linkage in Cellulose

1035 C–O stretching ring Cellulose,

1238 C=O Stretching Hemicellulose

1317 CH2 rocking vibration Cellulose

1373 C–H deformation vibration Cellulose

1423 CH2 bending Cellulose

1508 C=C of aromatic skeletal vibration Lignin

1596 C=O stretching of carboxylic acid and
ester

Lignin

1733 C=O stretching vibration of the acetyl Hemicellulose

2856 CH2 symmetric stretching Cellulose, Hemicellulose

2925 CH2 asymmetrical stretching Cellulose, Hemicellulose

3359 O–H stretching Hydroxyl groups

The peak that appears at 1035 cm−1 corresponds to the presence of C–O stretching
ring, which belongs to polysaccharide in cellulose (Maache et al. 2017). The wave
number at 1238 cm−1 corresponds to the C = O stretching groups of hemicellulose.
The peaks at 1317 cm−1, 1373 cm−1, and 1423 cm−1 are attributed to the CH2 rocking
vibration, C–Hdeformation vibration andCH2bending, respectively, groups of cellulose
(Amroune et al. 2015). Following two peaks are characteristic of lignin at 1508 cm−1

and 1596 cm−1 indicate the presence of C = C of aromatic skeletal vibration and C =
O stretching of carboxylic acid and ester, respectively (Saaidia et al. 2017).

The peak localized at 1733 cm−1 is attributed to the C=O stretching vibration of the
ester group in hemicellulose. The two peaks observed at 2856 cm−1 and 2925 cm−1 are
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indicative of the presence of CH2 symmetric stretching andCH2 asymmetrical stretching
groups of cellulose and hemicellulose, respectively (Saaidia et al., 2015). The largest
absorbance peak at 3359 cm−1 corresponds to O–H stretching vibration and hydrogen
bond of the hydroxyl groups (Bezazi et al., 2014).

3.3 Technical Fibre Tensile Tests

Figure 7a shows the typical stress–strain curves for both VBs and FSs under tensile tests.
They exhibit quasi-linear and non-linear behaviour, respectively, until they reach their
ultimate stress where a sudden rupture is obtained.

Fig. 7. Typical stress–strain curve for VBs and FSs

From the experimental data, the strength, Young’s modulus and the strain at failure
were determined forVBsandFSs. Itwas found129.1±47.3MPaand530.5±115.2MPa
for the strength, 5.88 ± 1.84 GPa and 21.90 ± 3.96 GPa for the Young’s modulus and
2.67 ± 0.57% and of 3.60 ± 0.95 for the strain at failure, respectively. These results
were higher than those obtained from Juncus effusus L. fibres with a strength of 113
± 36 MPa, strain at break of 2.75 ± 0.68%, and Young’s modulus of 4.38 ± 1.37 GPa
(Maache et al. 2017). Also, the present results were bigger than were obtained from
date palm fruit branches technical fibres which reported 117 ± 35 MPa and 3.13 ±
0.70% (Amroune et al. 2015). The average diameter for VBs and FSs was 520 μm
with a standard deviation of 72 μm and 88 μm with a standard deviation of 12 μm,
respectively. Consequently, the VBs have a larger fibre diameter than FSs, but the later
has higher properties.

The analysis of the curves representing the variation of the tensile properties versus
diameter for VBs and FSs, are presented in Fig. 8, which show that the strength, Young’s
modulus and strain at failure decrease with increasing fibre diameter for both types of
fibres. The experimental results reveal that date palm rachis fibres have dispersions in
their tensile properties, so a statistical study taken them into account is necessary.

Figure 9 illustrates the 2 and 3 parametersWeibull distributions of the tensile proper-
ties obtained from the test data for all the 20 trials carried out for VBs and FSs. The plot
helps to estimate statistical parameters such as shape and scale factors of the distribution
and also confirms the integrity of the data acquired with the Weibull distribution (Fiore
2014; Maache et al. 2017).
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a)

b)

c)

Fig. 8. Effect of the fibre diameter on the tensile properties for VBs and FSs: a) tensile strength,
b) Young’s modulus, and c) strain at break
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a)

b)

c)

Fig. 9. Two-parameter and three-parameter Weibull distribution for VBs and FSs for: a) tensile
strength, b) Young’s modulus, and c) strain at break
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Table 2. Tensile properties

Fibre
type

Experimental results 2-P Weibull 3-P Weibull

� (MPa) E (GPa) 1(%) σ

(MPa)
E
(GPa)

1
(%)

σ

(MPa)
E
(GPa)

1
(%)

VBs 129.1 ± 47.3 5.88 ± 1.84 2.67 ± 0.57 125.08 6.01 2.65 126.10 6.18 2.65

FSs 530.5 ± 115.2 21.90 ± 3.96 3.60 ± 0.95 528.74 21.83 3.59 533.37 21.89 3.61

Also, this analysis allows studying the effect of the variation of fibre diameter on
the tensile properties. It can be observed that the experimental values are close to the
Weibull lines, the correlation factor varying from 0.911 to 0.981 in 2-parametersWeibull
distributions and from 0.971 to 0.993 in 3-parameters one which is closer to 1. This
indicates a good agreement between the linear regression of the fibre tensile properties
and the experimental results.

The 2-parameter Weibull distribution for VBs and FSs gives a tensile strength of
125.08 MPa and 528.74 MPa, Young’s modulus of 6.01 GPa and 21.83 GPa and strain
at failure of 2.65% and 3.59%, respectively. While, the 3-parameter one gives for VBs
and FSs a strength of 126.10 MPa and 533.37 MPa, Young’s modulus of 6.18 GPa and
21.89 GPa and strain at failure of 2.65% and 3.61%, respectively.

The regression coefficients for the 2-parameterWeibull model are slightly lower than
those for the 3-parameter one as shown in Table 2. This indicates that the latter one is
more suitable for analysing the tensile properties of VBs and FSs. The dispersion of the
experimental result obtained is due to the anisotropy of the diameter of the fibres, the
lack of their homogeneity, the existence of flaws and their distributions in the fibre or
on their surface, and also on the distribution to the number of main voids and their size.

A linear regression model was used to predict ultimate tensile strength and Young’s
modulus (Table 3) as a function of the diameter of the fibre with R2 predicted about 80%
(Fig. 10).

Regression Equation of σ (Mpa) = 597.3− 873.1 (Diameter of the fibre)
Regression Equation of E (Gpa) = 24.669− 34.61 (Diameter of the fibre)

Table 3. Model summary

R-squared R-sq(adjusted) R-sq(predicted)

σ

(MPa)
80.74% 80.24% 78.73%

E
(GPa)

84,37% 83,95% 82,72%
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Fig. 10. Experimental data vs. predicted data of: a) ultimate tensile strength, b) Young’s modulus,

4 Conclusions

The extraction and study of the date palm rachis fibres and the examination of their:
morphology, chemical and also tensile behaviour lead to themain following conclusions:

• The rachis fibres were extracted without damaging them and two main types of fibres
were identified, viz. VBs and FSs.

• The main chemical groups were highlighted by FTIR-ATR spectrum analysis and
compared with other lignocellulosic fibres reported in the literature.

• Optical microscopy and SEM observations show that the morphology of VBs consists
ofmicrofibrils containing at least onemain void between them,while FSs contain only
microfibrils aligned and bound together by lignin and other non-cellulosic materials.
Besides, the cross-section of the fibres shows their cellular structures.
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• The tensile strength and Young’s modulus for FSs were found to be at about four
times higher than for VBs, while this later has an average diameter almost six times
larger than the FSs one.

• The 3-parameter Weibull distribution analysis leads to better results compared to the
2-parameter ones in terms of estimation of the experimental data obtained.

• The linear regression model was used to predict the tensile strength and Young’s
modulus as a function of the diameter of the fibre with R2 predicted about 80%.

• The date palm rachis fibres have similar characteristics than those of several fibres
reported in the literature. The fibre studied shows excellent potential for use as rein-
forcement for the elaboration of biocomposites in diverse engineering applications
such as automobiles, construction and packing.
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Abstract. The reactive powder concretes (RPC) are new concretes with a particle
diameter of not more than 600 μm and very high compressive, tensile strengths
and an excellent durability. In this experimental investigation we study this new
generation of micro-concretes, in obtaining high initial and final mechanical per-
formances using localmaterials. ThePortland cement,materials rich in silica (slag,
silica fume and quartz) and new steel fibers’ aspect ratios has been reinforced the
concrete RPC. Specimens’ preparation, curing regimes and testing procedures to
evaluate the effect of heat treatment, steel fiber percentage compressive strength,
flexural strength, deformability and modulus of elasticity of RPCFs were dis-
cussed. A compressive strength of 134 MPa, indirect tensile strength of 2.7 MPa,
heting temperature of 90 °C, 2.5% steel fiber have been achieved for reinforced
RPC contains 945 kg/m3 cement content and silica fume content 30% of cement
weight. Also, the relationship between the relative value and the modulus of elas-
ticity developed for a fiber-reinforced reactive concrete is greater than that of the
unbound fiber. By eliminating the granular phase in the RPC and the abundance
of dune sand (southern Algeria) and granulated slag, the use of RPC in Algeria
with local materials meets economic and ecological requirements.

Keywords: Reactive powder concrete · Mechanical strength · Fibers ·
Deformability · Elasticity modulus

1 Introduction

The high-performancefibered concretesHPFCare very compact and high-strengthmate-
rials. Due to its excellent properties, UHPC has been widely used as an overlay to repair
existing concrete structures, improving itsmechanical and durability properties for lesser
maintenance work (Azmee and Shafiq 2018). UHPC are cementitious matrix materials
with compressive strengths greater than 150 MPa. These materials are supplemented
with metal fibers (UHPCF) in order to obtain a ductile behavior in tension. They are
also characterized by their strong binding and special selection, the aggregates of which
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are the subject from the point of view of their formulation Shin et al. (2017). Reactive
powder concrete (RPC) is a type of

UHPC is distinguished by its compressive strengths ranging between 200 MPA
and 800 MPA after pressure and heat treatment, depending on the mixture proportions
and the temperature Ye et al. (2018). Also, Ultra-High Performance Fiber Reinforced
Concretes (UHPFRC) are cementitious composites with outstanding material properties
they have very high strengths (compressive strength > 150 MPa, tensile strength >

8 MPa) Somasekharaiah et al. (2015). The fibers are added to the concretes to increase
the tensile strength and to give a ductile character to the fragile concretes by nature. In
general, metal, synthetic, glass or vegetable fibers can be incorporated into the concrete.
As far as the UHPC is concerned, they may be metallic or organic in nature. Some
organic fibers can also increase the fire resistance of UHPCs (Snigdha and Visweswara
2016). Inactive states, have been used in disposal of heavy

Nowadays, studies into concrete durability are no longer limited to a single environ-
ment but can be performed taking multiple factors into consideration. Curing plays an
important role on strength development and durability of concrete. (Yan and Cui 2015)
investigated the influence of a hot spring curing environment on the performance of con-
crete. This study revealed found that curing temperatures of above 50 °C significantly
stimulate the reactivity of cement, through the grinding of fine slag powder and cement,
fly ash, silicon ash composite, and gelled material. The Tang et al. (2016) research’s
demonstrates that the temperature of the environment affects the bond strength and pore
structure of concrete support assemblies during construction and early stages. When a
given performance is required, the influence of heat curing on the concrete properties
must be considered during the concrete design process, because heat can influence the
microstructural and durability properties of the concrete García et al. (2016).

Although the limited use of fiber reinforced concrete, there is still debate within the
industry as to the benefits they offer. Steel fibers are presently used to good effect in
many engineering applications however temperature changes the physical characteristics
of the fibers and the composite matrix of fibers and concrete. This paper examines the
relationship between fiber performance and curing temperature.

2 Research Significance

The purpose of this work is to study some mechanical resistances of reactive powder
concrete (RPCC) including compressive, tensile strength of plain reactive powder con-
crete and reactive powder concrete reinforced with 2.5% steel fiber (RPCF1), by using
local available material and curing in 20 °C and 90 °C. This research provides data
for the researchers concerning with the main properties of RPC manufacturing using
economical available materials.

3 Experimental Methods Procedure

3.1 Materials

In this study, Portland cement, Quartz powder, Silica fume, granulated Slag, fine sand
finely Metal fibers superplasticiser and water available around Biskra area (Algeria)
were used for the development of RRPC mix and for the entire tests.
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Cement (C): The cement used in this study was Portland cement CEM I 42.5N from
the cement plant Enfidha (Tunisia), in conformity with the standard NF EN 197-1. The
used cement type has an absolute density, consistency and fineness values of 3.02 g/cm3,
23% and 3714 cm2/g respectively.

Quartz powder (QB): In this sand type quartzes almost the sole component of sand.
Similar sandstones are called quartz arenites or orthoquartzites. It is maximum reactive
during heat treatment. Its particle size ranges from 10 to 15 μm is made up basically
of silicon dioxide (SiO2). It density and surface area were 2.63 g/cm3 and 5714 cm2/g
respectively.

Silica fume (SF): A highly reactive silica pozzolan is an essential component of
reactive powder concrete. Silica fume is a gray powder from Sika Algeria. The particle
size was 0.1 μm lower, the SiO2 content 94% and the bulk density 1560 kg/ m3.

Slag (GS): The granulated slag of the blast furnace come from metallurgical com-
plex (El-hajar) of Annaba (Algeria). Its density and surface area were 2.60 g/cm3 and
7277 cm2/g respectively. The chemical compositions of cement, silica fume, slag and
quartz powder are given in Table 1.

Table 1. Chemical Compositions of Cement, Silica Fume, Slag and Qquartz Powder (%)

(%) SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 Cl − Na2O Loss on ignition

C 20.62 4.31 4.94 63.24 2.01 1.1 1.85 0.003 0.27 1.86

SF 94 1 1 0.4 1 – 1.5 0.06 0.6 –

GS 35.88 8.38 0.56 30.96 4.54 0.62 1.55 0.01 0.41 2.79

QB 94.33 1.171 1.044 1.62 0.184 0.386 0.04 0.012 0.001

Sand (S): Sand should be of good hardness, readily available and low cost. The fine
aggregate used in the experimental program was the dune sand (River Djamaa region, El
Oued Province (Algeria). Its particle size ranges from 0.15 mm to 0.6 mm according to
the European standard (NF EN 933-1). Its apparent bulk, bulk density, finesses modulus
and sand equivalent were 1.57 g/cm3, 2.626 g/cm3, 1.98 and 74.90% respectively.

Metal fibers (MF): The steel fibers used in this investigation are crimped metal fibers
of 50 mm length with a diameter of 1.05 mm. Throughout the experimental program,
number of fiber is 2800 fiber/kg and tensile strength is 1000MPa/line of fiber were used.

Super plasticizer (SP): In this study a high performance super plasticizing admixture
based on acrylic copolymer (SIKA VISCOCRETE TEMPO 12) has been used. It can
be used with all types of Portland cement to achieve highest concrete durability and
performance according to the standars NF EN 934-2. The main properties are shown in
Table 2.

Water: Ordinary drinking (tap) water was used for concrete mixes.
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Table 2. Characteristics of superplasticizer

Aspect Density Ph Na2O content Extract dry

Light brown liquid 1,06 ± 0,01 6 ± 1 ≤ 1% 30,2 ± 1,3%

3.2 Test Preparation and Heat Treatment

The investigated mixes were prepared depended on the original mix of reactive powder
concreter coined by the inventors (Richard and Cheyrezy 1994), the mix proportions by
(kg/m3) are shown in Table 3.

Table 3. Mix proportions (kg/m3)

Mix C SF QB GS S SP/C W/C MF (% volume of concrete)

RPCC 955 219.65 219.65 143.25 1050.5 47.75 0.20 –

RPCF1 945 217.35 217.35 141.75 1039.5 17.01 0.21 2.5

RPCC: Reactive powder concrete without fibers;
RPCF1: Reactive powder concrete containing fibers.

The procedure of mixing can be summarized as follows:

1. Mixing of all dry materials;
2. Addition of about 75% of total water + 50% of superplasticizer;
3. About 5 min, mixing the components;
4. Addition of the remaining liquid quantity (25% of total water + 50% of super

plasticizer);
5. Addition of steel fibers;
6. Further mixing for about 5 min.

3.3 Mechanical Testing Method

Compression and Flexural Tensile Strengths: Prismatic test pieces with dimensions
40 mm × 40 mm × 160 mm were used for the 3 point bending tensile test and the
half-test pieces obtained after failure were tested in compression according to standard
NF EN 196-1. To determine the average compressive strength, three cubes of each con-
crete mix are tested after 7, 14 and 28 days, testing under compression testing machine
of 180 tones capacity.

– Curing: All samples were curing in two conditions:

1. Room temperature at 20 °C,
2. Steam curing: at 20 °C for 1 day,
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3. Then at 90 °C in oven 2 day finally at 20 °C up to 28 day.

– Deformability and modulus of elasticity: The deformability test was performed
on prismatic samples 100 mm× 100mm× 400mm at 28 days of age. Increasing
forces were applied on the concrete specimen, and the corresponding deforma-
tions were measured up to the value of the breaking load Pc, previously mea-
sured. The longitudinal and transversal deformations of the crushed sample were
measured using the nonstandard equipment following the method exposed by
Mezghiche (1996).

– The shrink swell test: The measurement of shrinkage was carried out on pris-
matic specimens of dimensions 40 mm × 40 mm × 160 mm, according to the
standard NF P-15-433. These specimens are provided with metal pads on each
end and placed vertically in the deformeter which allows monitoring the change
in the sample length. Shrinkage of concrete is measured, on a daily basis, after
unmolding.

4 Results and Discussion

4.1 Effect of Steel Fiber Percentage

The used steel fiber percentage is 0 and 2.5%. The effect of this parameter could be
observed by studying the hardened properties of mixes RPCC, and RPCF1. Figure 1
shows that the effect of steel fiber on the compressive strength at 7 days, 14 days and
28day age at the presence content. It can be observed that from both treatments envi-
ronment (with heat treatment 90 °C or at 20 °C) the increasing of steel fiber content
from 2.5% increased the compressive strength about 20% at early age 7 days. The aver-
age flexural strength of RPCF1with 2.5% steel fibers increase about 6.25, 9 and 18%
respectively, compared to mix RPCC without steel fiber (see Fig. 2). The presence of
steel fiber percentage from 2.5% caused to significant increase of mechanical strength
by 20%. On the other hand, the mechanical strength results of mix containing 2.5% steel
fiber comparing to mix without steel fiber were very slightly enhanced about 20%. Fig-
ures 1 and 2 demonstrates the effect of increasing the steel fiber content by total volume
of RPC on the consistency; it is clear that increasing steel fiber percentage’s increases the
mechanical strength. This is due to the increased density and cohesion of the mixture.
The density of RPC increased when the steel fiber content increases to 2.5%with heat
treatment at 90°Cand the pozzolanic reaction, well packing in between cement particles
and the densifying of the microstructure that provided by silica fume and slag, could
interpret this behavior.

These results correspond to results of Gamal et al. (2019), Benamara et al. (2019),
Belouadah et al. (2017).

4.2 Effect of Curing Condition

An adequate supply of moisture is necessary to ensure that hydration is sufficient to
reduce the porosity to a level such that the desired strength can be attained. The effect of
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Fig. 1. Evolution of the compressive strength of concretes as a function of heat treatment.
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Fig. 2. Evolution of the flexural tensile strength of concretes as a function of heat treatment

curing regime on compressive strength under various curing ages is shown in Figs. 1 and
2. The effect of curing condition could be observed by studying themechanical properties
of mixes RPCC and RPCF1, which correspond to two different curing conditions; were
normal water curing at 20 °C and hot curing at 90 °C for 2days, also both these mixes
containing on constant content of silica fume which were 23% SF.

It can be observed that from Fig. 1, the temperature of curing has significant effect
on compressive strength of tested specimens at different ages. The highest effect at age
7 days, where the compressive strength 7 days increased by 20%, and 21% when the
temperature of curing water was increased from ambient temperature to 20 °C, 90 °C
respectively.

At age 14 days, the corresponding percentages increasing where 4%, 19.89% when
the temperature of curing water was increased from ambient temperature to 20 °C and 90
°C respectively. Also, at age 28 days, the corresponding percentages increasing where
7.18% and 12.57%, when the temperature of curing water was increased from ambient
temperature to 20 °C and 90 °C, respectively.

The flexural strength results are shown in Fig. 2. It shows that the flexural strength
of concrete mix also increases with strength for mixes which curing in hot water 90 °C
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for one day which were increases by 32.7%, and 39.3%respectively in comparison with
mix curing in normal water 25 °C.

For comparison between the two curing systems, results indicated that RPCF1 sys-
tem, which included hot treatment curing at 90 °C, had more effect on strength devel-
opment at 7 days age than later ages. This might be as a result of temperature increase
which speeded up the reactions, and consequently the hydration products formation,
and led to increasing the early strength. Similar behavior was also found in the literature
(Hasan and Arel 2016). These results can be explained by:

• The presence of silica fume combined with granulated slag and water content share
the greatest effects on reaching compressive strength targets Tebbal et al. (2016). A
more effect of steel fibers can be noticed, as the steel fibers content increased from
2.5% and 23% silica fume with 15% of granulated slag content can be increased from
20% to 21% to keep the strength in the designed target range. The mix RPCC with
no steel fiber has high silica fume content of 23% and a less W/C ratio is used to
get a compressive strength of 128.32 MPa. The effect of silica fume combined with
slag and steel fibers on reactive powder properties were examined, and the gain of
cement additions can be noticed not only by its pozzolanic effects but by increasing
mix density and enhancing the bond strength between the fine materials and the steel
fibers Tebbal et al. (2016), Tang et al. (2016).

• Two curing methods were exercised, one with normal water curing at 20 °C, and other
at 90 °C system curing for 48 h. The compressive strength increased by 20% when
cured in oven as compared to normal curing. This indicates that curing temperature has
a significant effect on the early strength development of RPC. The increased strength is
due to the rapid hydration of cement at higher curing temperatures of 90 °C compared
to that of 20 °C. Moreover, the pozzolonic reactions are also accelerated by the higher
curing temperatures.

XRD patterns of the concretes RPCC are shown in Figs. 3 and 4. The results reveal
that the peak of C4AH13 was detected in all the samples and the intensity of its peak
sharply increases with the increasing of silica fume content. On the other side, the CSH
peaks are intensified with available increase indicating more dense structure and large
amounts of additional CSH in the presence of 25 wt% silica fume and 10% of slag.
CaCO3 peaks were detected in all the samples. In addition, quartz peaks were also
detected as a main constituent of silica fume.

4.3 Deformation Modulus and Elasticity Modulus

Figure 5 indicates that the deformationmodulus decreases as the relative stress increases.
The concrete deformation modulus, with the addition of 25 per cent SF, has a higher
deformation modulus compared with that of control concrete, and this is in accord with
Guettala and Mezghiche (2011); Adnan and Rodger (2013).

Figure 6 shows that the concrete RPCF1 has a modulus of elasticity higher than that
of RPCC concrete.
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Fig. 3. X-ray diffraction diagram of concrete RPCC of 20 °C heat treatment
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Fig. 4. X-ray diffraction diagram of concrete RPCC of 90 °C heat treatment

RPCC

Fig. 5. Strain modulus E of concrete as a function of relative stresses η for the series of prisms
RPCC and RPCF1
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Fig. 6. Elasticity modulus of concretes RPCC and RPCF1

4.4 The Shrink Swell Result

The Fig. 7 present influence of the nature of additions on concrete shrinkage as a function
of time. The results show that:

RPCF1

RPCC

Fig. 7. Shrinkage of concretes RPCC and RPCF1

In the first phase, a rapid shrinkage of 1,000 mm/m is observed, during the first three
days, for an RPC without metal fibers (RPCC). This shrinkage was 1,150 mm/m for
RPCF1 withW/C= 0.21. Note that shrinking decreases when the ratio W/C drops from
0.21 to 0.20. Therefore, concrete without fibers has lower shrinking compared with the
one containing fibers, at different ages. A rapid decrease in the volume is observed, for
all three samples.

– The second phase, between 3 and 20 days, is the swelling phase;
– The third phase, from 20 to 45 days, is the second phase of shrinking in the hardened
state;
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– Finally, the last phase, beyond 45 days, is represented by the stable part of the curve,
where the volume change of the sample continues in the hardened state. The defor-
mation magnitude in concretes with quartz is more important, and this is in accord
with Shamsad et al. (2014).

The analysis of the swelling curve (Fig. 8) shows that the swelling kinetics exhibits
a trend similar to that of shrinkage.

RPCC

RPCF1

Fig. 8. Swelling of concretes RPCC and RPCF1

5 Conclusions

The following conclusions based on the results and discussions presented in this study
are given below.

1/ The heat treatment and the presence of metal fibers are the major parameters
making it possible to obtain high mechanical performances, both in flexion and in
compression.

2/ Cement of class CPA42.5 with dune sand, silica-rich fine additions, very low
W/C ratio, metal fibers, and heat-treated at temperatures higher than 90 °C, can give
exceptional performance to concrete.

3/ Resistance in flexion but it contribute significantly to obtaining high compressive
strengths.

4/ The conservation conditions have great impact on the properties of concrete.
When it is not protected, it loses its water through evaporation and strength is signif-
icantly reduced. Therefore, the internal moisture of concrete varies with the environ-
mental conditions. However, total water retention would be required to have a relatively
impermeable concrete, i.e. 100% moisture content.

5/ It is possible tomanufactureRPCFswith compressive strength exceeding 140MPa
(at 28 days), with an adequate plasticity, despite the simplicity of means and materials,

6/ Incorporation of the metal fibers into the RPCF cause a good increase in bending
tensile strength.
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7/The elasticitymodulus of cured concrete depends on itsmechanical strength.More-
over, the factors affecting the modulus of elasticity are similar to those impacting the
strength of concrete. The concretes without fibers have smaller shrinkage deformations
comparedwith those containingfibers. Thekinetics of shrinkage and swelling is inversely
proportional to the amount of fibers added.
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Abstract. This article investigates the relationship between the initial matric suc-
tion and hydraulic conductivity (saturated and unsaturated) and thewater retention
curve were controlled during a laboratory test. Three materials were used during
this study: bentonite and two types of geomaterials (tuff and crushed sand) for use
as landfill liners. First, themixture of 10% bentonite - 20% crushed sand - 70% tuff
was selected on the basis of the minimum saturated hydraulic conductivity (ksat)
by oedometric and triaxial tests. The results showed that the effect of the initial
variation in suction from 0.4MPa to 1.5MPa does notmake a difference in the ksat
values; the values are between 10−8 m/s and 10−11 m/s. Then, the effect of the ini-
tial suction on thewater retention curvewas studied using suction controlmethods.
The water retention curves showed that the air entry value (AEV) increases with
decreasing initial water content and that an AEV for micropores is about 40 MPa
for all curves. The unsaturated hydraulic conductivity (Kw) study with different
initial suction was measured with an original vapor equilibrium technique (VET).
The results showed that the Kw varied between 3 × 10−17 m/s and 4 × 10−15

m/s in all cases of the initial suction over a 90-day period. In addition, the Van
Genuchten hydraulic conductivity model is compared to the experimental results.
Results measured showed a high affinity with the Van Genuchten model. This
allows a kw(s) function to be established over a large range of suction. Finally, the
effect of the initial suction on the saturated and unsaturated hydraulic conductivity
of this mixture is not apparent for the much lower (Sr > 80%, k = ksat) and very
high suction values, respectively.

Keywords: Water Retention Curve (WRC) · Tuff (T) · Bentonite (B) · Crushed
Sand (CS) · Hydraulic conductivity

© Springer Nature Switzerland AG 2020
B. Safi et al. (Eds.): ISMSD 2019, Proceedings of the 4th International Symposium
on Materials and Sustainable Development, pp. 83–92, 2020.
https://doi.org/10.1007/978-3-030-43211-9_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43211-9_8&domain=pdf
https://doi.org/10.1007/978-3-030-43211-9_8


84 A. Demdoum et al.

1 Introduction

Compacted bentonite-soil mixtures have been preferred as suitable hydraulic barrier
materials for landfill liners. At first, the unsaturated state at the time of application of
this lining undergoes a very strong suction, especially in geographical zones with arid
and semi-arid climatic conditions. Therefore, the suction of this mixture is a funda-
mental factor in influencing hydraulic properties. Thus, in order to fully understand the
behavior and ensure the reliability of the disposal system required for geoenvironmental
protection, the saturated and unsaturated hydraulic conductivity (kw)must be thoroughly
studied (Iravaniana 2015). As a general rule, the hydraulic conductivity of landfill liners
must be less than or equal to 10−9 m/s (Demdoum et al. 2018).

Laghouat geology area, located in southern Algeria, is composed of very thick of
the marl- calcareous rock complex at the base and tuff calcareous crust grouping at the
upside (from about 20 cm to around 2 m). Demdoum et al. (2017a, b) show that the
saturated hydraulic conductivity (ksat) of this tuff by the falling-head parameter is 3.04
× 10−8 m/s. This value is similar to one found by Abeele et al. (1981) for the tuff of Los
Alamo’s zone (New Mexico-États-Unis). The results of Abeele et al. (1981) indicated
that the unsaturated hydraulic conductivity (kw) of crushed Bandelier tuff under matric
potential of 195 kPa and a degree of saturation of 22.3%, gives a hydraulic conductivity
value of about 5.13 × 10−11 m/s. All the above advantages make these local materials
a good choice for use in soil liner engineering.

This paper presents experimental results of saturated hydraulic conductivity by
oedometer tests andWater Retention Curves (WRCs) of an optimal mixture of bentonite
(B)-crushed sand (CS)-tuff (T), by osmotic measurements under suction between (50–
800 kPa) and measurements in vapor equilibrium under strong suction (2.7–348 MPa)
with different initial water content (IWC). As the vapor equilibrium method has been
proven to be a reliable estimate of the unsaturated hydraulic conductivity (kw) (Gued-
douda et al. 2016), the unsaturated hydraulic conductivity (kw) was measured by this
method. The results of the unsaturated hydraulic conductivity (kw) tests were compared
with the Van Genuchten model to make them more meaningful. The objective of this
study is to valorization local Algerian materials for their use as soil linings in landfills.

2 Materials and Methods

Three primary materials were used in this study. The first material is Maghnia bentonite
(Telmcen, Western Algeria), which is extracted by the Algerian bentonite company -
Known as BANTAL. Table 1 summarizes the fundamental physico-chemical charac-
teristics of Maghnia bentonite. The second material is tuff, available in the Laghouat
region of southern Algeria (semi-arid area). The tuff was extracted from a Cretaceous
age deposit. It is often used in the construction of road platforms. According to USCS
classification, the tuff can be classified as silty sands (SM) (see Table 1). The third mate-
rial is crushed sand, a residue from limestone rock crushing stations located in the north
of the Laghouat region (see Table 1). According to USCS classification, the crushed
sand can be classified as well graduated clean sands (SW) (see Table 1).

Five mixtures were selected for experiments. For each mixture, the percentage of
bentonite is fixed at 10%. The mixtures are named B10CSXTY , where X and Y are the
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Table 1. The physico-chemical characteristics of the bentonite, crushed sand and tuff.

Parameter Maghnia bentonite Crushed sand (CS) Tuff (T) Standard used

� ≤80μm (%) 86.00 11.50 18.00 NF P94-056 and NF
P 94-057� ≤ 2 mm (%) 100.00 67.80 85.46

Cu / 18.80 6.57

Cc / 2.30 0.40

γdmax(g/cm3) 1.20 1.95 1.72 NF P 94-093

OWC (%) 32.50 8.75 13.85 NF P 94-093

SE (%) / 70 30 EN 933-8 + A1

S(m2/g) 462 7 17 NF P 94-068

LL(%) 141 17 33 NF P 94-051

PL (%) 48 – 25

PI (%) 93 / 8

pH 10.30 9.32 7.65 ASTM D4972

CaCO3 (%) 5 55 66 NF P 94-048

CaSO4, 2H2O (%) 0 0.52 0.46 NF EN 1744-1

Symbols of Table 1, Cu: uniformity coefficient, Cc: coefficient of curvature, γdmax: dry density,
OWC: optimum water content, PL: plastic limit, LL: liquid limit, PI: plasticity index, S: surface
area, SE: sand equivalent, CaSO4, 2H2O: gypsum.

percentages of crushed sand and tuff used complementary to 90%. The mixtures that
have been used during experiments are as follows: Mixture (1) (B10CS10T80); Mixture
(2): (B10CS20T70); Mixture (3): (B10CS30T60); Mixture (4): (B10CS45T45): Mixture (5)
(B10CS60T30).

The hydraulic conductivity (ksat) was obtained from both the coefficient of consoli-
dation CV (m2/s) evaluated by Taylor’s approach and the coefficient of volume change
mv (m2/kN) (Eq. (1)).

ksat = Cv × mv × γw (1)

To investigate the effect of initial water content on saturated hydraulic conductivity,
different initial states of the optimal mixture (which was chosen on minimal saturated
hydraulic conductivity basis) was prepared from OWC, OWC−2% and OWC + 2%.

The results are checked with the triaxial device. The tests were conducted in con-
formity with the law of Darcy. The test sample size was 38 mm in diameter and 78 mm
in height. The sample was constrained by end caps on the top and bottom and by a
rubber membrane on the side. Filters stones were placed between the sample and end
caps (With permeability of combined thickness of the two filters stone is 5.2 × 10−7

m/s). Two pressure control connected for controlled of pressure/volume changes. A test
sample compacted at the optimumwater content (OWC)was placed on the bottom cap of
the cell and then constrained by the porous stones, the top cap, and the rubber membrane.
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A vacuum pressure of 60 kPa was applied through the drainage line connected to
the top end cap to saturate the sample. Under a confining pressure (σ

′
3) of 100 kPa, back

pressure (Ue) from the inflow pressure of 40 kPa and outflow pressure of 0 kPa was
applied to the GDS, which leads to the bottom and top of the sample, respectively. It is
estimated that the sample is saturated when one gets a constant slope and the entering
and outgoing flow are equal. After confirming a good saturation (After more than 24 h),
permeability testing was started. The hydraulic gradient i of the test was 128.2 (�U =
100 kPa). The samples were consolidated according to an experimental program in order
to study the effect of effective stresses, which vary from 100 kPa to 800 kPa. Saturated
hydraulic conductivity of the mixtures is based on Darcy’s law.

Thefilter stones and the tubingmay provide some further resistance to the percolation
of the soil, and corrections are, therefore, required to the measured values of hydraulic
conductivity. Considering the triaxial sample as a sandwich with a filter stone at each
end, which is a three-layer system with flow perpendicular to the stratified layers, the
following expression may be derived from the hydraulic conductivity of the soil (Lade
2016) (Eq. (2)).

kcorr = H .km

H + 2t(1 − km
kf

)
(2)

In which H is the height of the soil sample, 2t is the combined thickness of the two
filters stones, km is the measured permeability, and kf is the permeability of the filter
stones. This may be determined separately by simply measuring across the two filter
stones in the setup with no sample between them.

TheWRC is determined at zero effective stress, and the volumechanges of soil sample
during the determination of WRC are ignored (Demdoum et al. 2020). Therefore, the
use of methods to impose matric suction is of great interest. In this regard, the osmotic
approach and vapor equilibrium method (VET ), which cover a relatively high suction
range, allow in a correct evaluation and control of the matric suction in the bentonite-
soil mixture. The initial suction of the samples is measured by the filter paper method
(according to the ASTM D 52980-094 standard).

To confirm the results obtained, the Van Genuchten (VG) model is used to compare
the measured and estimated results. According to Van Genuchten (1980), the function
of the WRC can be defined as (Eq. (3)):

θv = θr + θs − θr

(1 + |a.ψ |n)m (3)

where, θΨ , volumetric water content at capillary potential ψ (m3 m−3), θr, residual vol-
umetric water content which is usually fitted to measured data (m3 m−3), θ s, volumetric
water content at saturation which is usually not fitted but taken as the measured total
porosity (i.e. the volumetric water content at a matric potential of 0) (m3 m−3), a, n, and
m are parameters without physical meaning describing the shape of the function; m is
usually fixed as m = 1−(1/n).

VanGenuchten’s (1980) parametric formulation forWRC can be used in combination
with aMualem (Mualem 1976) equation to define the unsaturated hydraulic conductivity
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function (Eq. (4)), as follows:

kw = ksS
λ
e [1 − (1 − S

1
m
e )m]2 (4)

Unsaturated hydraulic conductivity (kw) by vapor equilibriummethod is represented
by the following relationship (Eq. (5)):

kw(θ) = D(θ)

∂ψw
∂θ

= D(θ)

� ψw
× VwT

VT
(5)

where, Vwt , the change in water volume at time t (mm3), VwT , the total change in water
volume (mm3),M is the slope of the straight line in t, Ln (VwT–Vw(t)) space, and ψw is
the capillary potential given by the relation ψw = s/γw(m).

3 Results

3.1 Saturated Hydraulic Conductivity (Ksat)

For all mixtures, saturated hydraulic conductivity (Ksat) decreases with the increase of
the applied vertical stress (Fig. 1).

Fig. 1. Saturated hydraulic conductivity (ksat) versus effective vertical stress for the B10CS%T%
mixtures.

The hydraulic conductivity values obtained for different mixtures are between 2.0
10−10 m/s and 2.0 10−8 m/s. For a minimum vertical stress of 10 kPa, B10CS20T70
mixture presents the minimum saturated hydraulic conductivity value. It is between 2.0
10−9 to 1.83 10−10 m/s, for the vertical stresses from 10 to 800 kPa. Generally, the effect
of vertical stresses on hydraulic conductivity is less significant, once the vertical stress
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exceeds 200 kPa (the effect of stress on the saturation state of the soil becomes weak)
(Alston et al. 1997).

After selecting theB10CS20T70 mixture as an optimalmixture,we place it in a triaxial
cell, and under a permanent hydraulic load. Figure 7 shows the similarity of the hydraulic
conductivity results obtained by this test with the oedometer test results. This makes it
less demanding to use the triaxial device for hydraulic conductivity estimate for this
material type (for ease of use) (Demdoum et al. 2016; Abdellah et al. 2020). Moreover,
the effective confining pressure increase does not affect the hydraulic conductivity of
this mixture. A similar trend was made by Gueddouda et al. (2016) for a 15% bentonite-
85% dune sand mixture. This is the opposite of the great influence of vertical pressure
in the odometer test. The hydraulic conductivity values range from 1.7 × 10−10 m/s to
4.2 × 10−10 m/s. These results are consistent with those found in sand-bentonite and
clay-sand mixtures (Gueddouda et al. 2016; Demdoum et al. a, b). This mixture satisfies
the principal condition of saturated hydraulic conductivity (ksat < 10−9 m/s).

1) Relationship between saturated hydraulic conductivity (ksat) and initial water
content (IWC)

To illustrate the variation of saturated hydraulic conductivity with vertical stresses
for samples with various compaction water contents, B10CS20T70 mixture samples were
used.

Figure 2 shows the evolution of hydraulic conductivity versus vertical stresses in
the tests performed for dry density samples of 16.86 kN/m3 with various initial water
contents. The hydraulic conductivity decreased from 7.0 × 10−11 m/s for the initial
water content of 12.35% to 4.4 × l0−11 m/s with an initial content of 16.35% under
a stress of 1.2 MPa. 50 kPa, hydraulic conductivity decreased from 1.0 × 10−9 m/s
for a compaction water content of 12.35% to 8.1 × l0−10 m/s for a compaction water
content of 16.35%. However, these results seem to be validated by the results of previous
studies, which found that the range of compaction water contents that gave low hydraulic
conductivity is betweenoptimumandover 2%ofOWCfor soil liners. The results indicate
that compactedmixture with OWC, OWC+ 2% andOWC-2% have very close saturated
hydraulic conductivity values. A similar trend was made by Haug and Wang (1992) for
an 8% bentonite - 92% sand mixture; they showed that water content did not affect the
saturated hydraulic conductivity. The compacted mixture at OWC-2% is characterized
by slightly higher hydraulic conductivity values than the other mixtures in the lower
applied stresses of 100 kPa. Above 100 kPa, its hydraulic conductivity decreases with
values close to the other mixtures’ hydraulic conductivity. The difference in ksat values
observed in the OWC, OWC −2% and OWC +2% for low stresses decrease for high
stresses to reach a factor of 100 for vertical stress of about 1.2 MPa. Finally, the effect
of water content on the saturated hydraulic conductivity of B10CS20T70 mixture is small
compared to vertical stress impact in the oedometer test.

3.2 Water Retention Curve (WRC)

Figure 3 present the WRCs in terms of degree of saturation from the average value of
the experimental data for the samples prepared at OWC, OWC + 2% and OWC-2%.
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Fig. 2. Saturated hydraulic conductivity of B10CS20T70 mixture versus effective vertical stress
with different initial water content.

Fig. 3. WRC of free drying test for the compacted B10CS20T70 mixture.

From the initial suction values measured by the filter paper method, the samples
follow a drying path for suction values higher than the initial suction values, and a
wetting path for values lower than the initial suction values. For suctions lower than
3 MPa (at low suctions), the sample compacted with OWC + 2% gives a saturation
degree more than those of the other mixtures: at more than suction of 3 MPa (at high
suctions), the difference between the WRCs measured is negligible. Generally, WRC
for optimum dry samples (OWC-2%), characterized by a drying path less than WRC at
optimum or optimumwet. The same contention has been used by Vanapalli et al. (1999).
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The WRCs obtained by this prediction model are illustrated in Fig. 4. They show
that the shape of the curves obtained θ (s) is in agreement with the suction points corre-
sponding to the measured results of theWRCs. In the desaturation zone (s ≥ 3 MPa), all
the curves of the VG model and the measured curves give more similar results.

Fig. 4. Comparison between the WRCs measured with those of Van Genuchten’s model.

3.3 Unsaturated Hydraulic Conductivity (Kw)

The evolution of the unsaturated hydraulic conductivity (kw) calculated with different
imposed suctions is presented in Fig. 5. It can be seen that the compact mixtures have kw
values, which are similar. Figure 4 shows that the minimum hydraulic conductivity kW
values for the degree of saturation levels below 15% in the compact mixture at OWC-2%
and in the degrees of saturation above 15% for the compact mixture at OWC. This can
be explained by the high initial suction from the dry side to the optimum (continuous air
phase and discontinuous water phase) compared to the wet side of the optimum. When
suction increased from 2.7MPa to 348MPa, the unsaturated hydraulic conductivity (kw)
decreased from 4.0 10−15 m/s to the order of 3.0 10−17 m/s. The unsaturated hydraulic
conductivity decreased significantly with the increasing suction. This observation also
is clearly indicated in the literature (Ye et al. 2014; Gueddouda et al. 2016; Demdoum
et al. 2019a, b).

For very low vertical stresses (σ ’v or s ~ 0.01 MPa), the hydraulic conductivity
(ksat) of the mixtures at the oedometer ksat(σ ’v) and the Van Genuchten model kw(s)
vary by a factor of about 0.5 (ksat(Oed)/kw(VG)) (ksat~ 2.08 10−9 - 2.88 10−9 m/s in the
oedometer and kw ~ 1.07 10−8- 2.83 10−9 m/s in the Van Genuchten model) (Fig. 6).
For high stresses (or suctions) (0.1 MPa ≤ σ ’v or s ≤ 1.2 MPa), the sample compacted
at the OWC has a high deviation ranging from 3 to 200. The other samples (OWC +
2% and OWC-2%) have low deviations (maximum 10) (Fig. 6), which reflects a good
convergence between the mathematical model and the experimental result.
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Fig. 5. Unsaturated hydraulic conductivity kw versus suction.

Fig. 6. Hydraulic conductivity curves calculated by the Van Genuchten method.

4 Conclusions

In the saturated state, the B10CS20T70 mixture is the optimal recommended mixture,
which satisfies the saturated hydraulic conductivity condition (ksat= 1.83 10−10 m/s <

10−9 m/s). In addition, the increase of more than 30% in the proportion of limestone
sand in the mixture has a negative effect on hydraulic conductivity.

In the unsaturated state,WRC depends on the initial water content if the suction is less
than 3MPa, beyond this suction (>3MPa), theWRC is almost identical.Water retention
capacity of the B10CS20T70 mixture is improved to an initial compact water content of
OWC + 2%. The comparison between the hydraulic conductivity k(σ ’v)measured with
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an oedometer and the hydraulic conductivity kw(s) deduced from theWRCs (using Van
Genuchten’s model), showed that identical increases in mechanical or suction stresses
produce almost the same variation in hydraulic conductivity as long as the soil remains
saturated, especially in samples compacted with OWC + 2%.
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Abstract. An empirical study on the chemical characteristics, swelling charac-
teristics, mineralogical characteristics, hydraulic conductivity, shear strength and
unconfined compressive strength of compacted tuff /sandy soil/bentonite mix-
tures used as landfill lining is presented in this paper. Landfill leachate was used
to determine the effect of pollution on the parameters of these mixtures for each
experiment. To carry out this study, three materials, including bentonite and two
types of soils, namely tuff and sandy wastes (crushed sand), were collected in the
Laghouat - South Algerian region. A study of the geotechnical properties of all
selected materials and mixtures was initially performed. X-ray diffraction (XRD)
results showed that the dissolution of minerals and montmorillonite content mod-
ified by landfill leachate decreased swelling characteristics and slightly increased
saturated hydraulic conductivity. The pH and electrical conductivity measure-
ments of leachate contaminated mixtures revealed a decrease in pH values and an
increase in electrical conductivity values. In terms of shear strength, it increased
with increased crushed sand content. The shear strength of the previously con-
taminated optimal mixture showed an increase in cohesion (Cuu) and a decrease
in the friction angle (ϕuu). The results of unconfined compressive strength at the
age of 90 days reached 1400 kPa for mixtures containing 70% and 80% tuff. This
strength develops with increased deposition of cementitious materials (CaCO3).
In addition, the unconfined compressive strength of the contaminated mixture was
increased. According to the results, the mixture of 10% bentonite/20% crushed
sand/70% tuff responds to the structural criteria for compacted soil liners.
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1 Introduction

The world produces 2.01 billion tons of municipal solid waste annually, of which an
extremely conservative estimate is that at least 33% is notmanaged in an environmentally
safe manner (Kaza et al. 2018). Worldwide, waste generated per person per day averages
0.74 kg/day, but varies widely from 0.11 to 4.54 kg/day. For example, Algeria generates
13 million tons of household and similar waste annually and the solid waste production
rate per person ranges from 0.8 kg/day to 1.2 kg/day (National Waste Agency 2019).
Waste generation in low-income countries is expected to triple by 2050.

Most of the world’s waste is currently disposed of in landfill sites. Approximately
37% of waste is disposed of in some form in a landfill, including 8% in sanitary landfills
with landfill gas collection systems (Kaza et al. 2018). Open dumps represent about 33%
of waste, 19% is recovered by recycling and composting and 11% is incinerated for final
disposal. Landfills and open dumps in Algeria are the first solutions for waste disposal.
In the future, even if sorting, recycling and composting processes are optimised as much
as possible, landfills will remain essential. A better knowledge of the behavior of the
sealing materials constituting the waterproof barriers (passive and active) is necessary
to ensure good protection of groundwater against leachate migration.

The geological quality and natural protection of groundwater resources is certainly
the main and best-known environmental criterion for the design of a new landfill. A key
criterion is the long-term availability of a large surface area and volume. Another point is
good local availability of cover materials for the construction work at the different stages
of the landfill. Controlled landfills require a large volume of these materials to cover the
waste. This can be achieved partly by using inert building materials (e.g. crushed sand),
but neighbouring quarries are also necessary to provide the necessarymaterials, because,
otherwise, transportation costs will be too expensive to be efficient. . These local quarries
can also be the basis for subsequent use as landfill.

The Laghouat geology region in southern Algeria (semi-arid region) is represented
by a very thick marl and crushed rock complex at the base and a tuff crust grouping
at the surface (from about 20 cm to about 2 m) (Demdoum et al. 2019). However, the
tuff crust has an estimated hydraulic conductivity of 3.04 × 10−8 m/s (Abeel 1986).
Several researchers have studied the mechanical behaviour to assess the cohesion of
tuff and crushed sand (crushed stone waste) under dry and wet conditions (Demdoum
2019) with the result, that the addition of sand to the tuff increases the cohesion of
the compacted backfill after full saturation (Ben Dhia 1983; Morsli et al. 2007). These
characteristics make tuff a good local material in addition to bentonite for use as a landfill
liner.

Therefore, sufficiently thick soil-bentonite mixture layers can act as barriers against
the migration of many hazardous pollutants. Typical requirements for the design of
landfill technical linings are saturated hydraulic conductivity (ksat ≤ 10−9 m/s), shear
strength (internal friction angle: ϕ’≥ 25°), compressive strength (σc > 200 kPa), chemi-
cal resistance (structural stability ofmineralogy), low compressibility and low shrinkage-
swelling effects (Abeel 1986; Daniel and Benson 1990; Koch 2002; Guney et al. 2005;
Ozcoban et al. 2013; Guney et al. Guney et al. 2014; Li et al. 2015; Demdoum et al.
2017a, b; Demdoum 2019; Abdellah et al. 2020).
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Municipal solid waste (MSW) landfill leachate may have an effect on the hydrome-
chanical properties of the soil-bentonite mixture. However, this is not an effect of chem-
ical solutions. Glatsteina and Francisca (2014) showed that the hydraulic behaviour of
a compacted 90% silt/10% bentonite mixture can be modified by stimulating microor-
ganisms in the pores of the mixture by injecting the nutrient. They observed a decrease
in hydraulic conductivity from 3 × 10−9 to 5 × 10−11 m/s due to the accumulation of
microbial biomass in the pores of the mixture. The authors concluded that biological
soil monitoring is useful when the impact of microorganisms is understood in terms of
increasing or decreasing the hydraulic conductivity of the silt-bentonite mixture.

MSW landfill leachate may change the compaction, density and strength properties
of the soil. However, soil strength varies depending on leachate characteristics and soil
texture (Demdoum 2019). Sunil et al. (2009) observed a slight increase in effective
cohesion C’ (from 18.46 to 20.22 kPa) and a reduction of ϕ’ (from 30.4° to 25.8°) in
contaminated lateritic soil (by adding 20% MSW landfill leachate). Harun et al. (2013)
conducted unconsolidated undrained triaxial tests (UU)on leachate-contaminated sandy-
clay soils. They found that undrained cohesion (Cu) was reduced from 156 to 55 kPa
with a 0 to 20% addition of MSW landfill leachate. Xue and Zhang (2014) evaluated
the impact of the concentration of MSW landfill leachate on the degradation behavior
of solidified clay liners. They found that the unconfined compressive strength of the
solidified clay decreased significantly with increasing amount of leachate.

The aim of this study is to examine the behavior of local materials (tuff cover crusts
and crushed sand) being used as landfill liners in interaction with landfill leachate. For
the determination of physico-chemical and hydromechanical parameters (pH, EC, XRD,
saturated hydraulic conductivity, shear strength and unconfined compressive strength),
two types of liquids were used: tap water and leachate collected from a landfill site
in Laghouat city. The results should lead to the proposal of a formulation meeting the
regulatory design criteria.

2 Materials and Methods

2.1 Soil Materials

The first material is Maghnia bentonite (Telmcen, Western Algeria), which is provided
byBANTAL company (Maghnia,WesternAlgeria).MioceneMaghnia bentonite is com-
mon in layers a few meters thick (between 0.5 and 9 meters). Its most important mineral
components are silica (55–65%) and alumina (12–19%) (Demdoum et al. 2018). The
liquid limit (LL) is 141%, the plastic limit (PL) is 48%, the particle density 2.75 g/cm3

and 60% of the particles are less than 2 μm, as shown in Table 1 The total value of the
specific surface area obtained by the blue methylene technique is 462 m2/g. Evaluating
the pH of the bentonite revealed the fundamental nature of this material. The typical pH
of a Ca-bentonite suspension varies from 7 to 8, unlike that of a Na-bentonite suspen-
sion whose pH varies from 9 to 10 (Kaufhold et al. 2008). Based on pH results (ASTM
D4972-01, 2007, Table 1), Maghnia bentonite can be classified as Na-bentonite.

The second material is tuff, available in the Laghouat region of southern Algeria.
It is often used in the construction of roads. The third material is crushed sand, which
is a residue from rock crushing stations located in the north of the Laghouat region
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Table 1. The basic physicochemical characteristics of Maghnia bentonite.

pH CaCO3 (%) γdmax (g/cm3) Specific
surfacearea
(S) (m2/g)

OWC
(%)

LL
(%)

PL
(%)

PI
(%)

Particle size
distribution
(%)

80 μm 2 μm

10.3 5 1.2 462 32.5 141 48 93 86 60

(southern Algeria) (Demdoum et al. 2020). Tuff particles have a maximum diameter
(Dmax) of 3 mm with a sand fraction (<2 mm) of about 85%, and more than 5% of
the particles have a diameter less than 0/2 μm (identified by laser diffraction - Malvern
Mastersizer 2000). According to the USCS classification, the tuff can be classified as
silty sand (SM) (see Table 2). The crushed sand has a fine particle content (<2 μm) of
about 3%. According to the USCS classification, the crushed sand is classified as well
graduated clean sand (SW) (see Table 2).

Table 2. Physicochemical characteristics of crushed sand and tuff.

Parameter Crushed sand (CS) Tuff

� ≤80μm 11.5% 18%

� ≤ 2 mm 67.8% 85.46%

Cu 18.8 6.57

Cc 2.3 0.4

γdmax(g/cm3) 1.95 1.72

OWC (%) 8.75 13.85

SE 70% 30%

S(m2/g) 7 17

LL(%) 17 33

PL (%) – 25

PI (%) / 8

pH 9.32 7.65

Insoluble (%) 17.20 27.70

CaCO3 55 66

CaSO4, 2H2O 0.52 0.46

2.2 MSW Landfill Leachate

The leachate used in this study was collected from a Municipal Solid Waste (MSW)
landfill site in Laghouat City. Table 3 presents its physical and chemical properties. All
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experimental analyses were performed in accordance with the AFNOR standard. The
COD value (2160 mg O2/L) indicates a relatively high organic load reflecting a high
organic pollutant capacity (Table 3).

Table 3. Physicochemical characteristics of landfill leachate.

Parametre Resultats The limit values of reject direct

T (°C) 21.3 30

pH 8.04 5.5-8.5

Cond (us/cm) 5600 2000

ï(mPa.s) ≈1 /

COD (mg/l) 2160 120

MES (mg/l) 91.5 30

BDO5 (mg/l) 143 40

PO−3
4 (mg/l) 3.18 2

Pt (mg/l) 167 2

NH+
4 (mg/l) 128 40

Nt (mg/l) 142 40

N-NO2
− (mg/l) 0.25 40

N- NO3
−(mg/l) 16.9 40

Ca+2 (mg/l) 86.5 /

Mg2+ (mg/l) 228.4 /

Na+ (mg/l) 21201 /

Cu (mg/l) 2.2 0.5

Pb(mg/l) 2.364 0.5

Cd(mg/l) 8.044 0.2

Ni(mg/l) 7.948 0.5

BOD5/COD 0.066 /

2.3 Experimental Procedures

Practical experience shows that the addition of more than 10% bentonite leads to a less
pronounced effect on the ksat value of the mixture and its water retention capacity. This
is the critical ratio of the sandy soils/bentonite mixture (Boulanger 2015; Demdoum
2019).

From thesematerials, five different types ofmixtureswere prepared. For allmixtures,
the proportion of bentonite is set at 10%. Thematerials andmixtures used are symbolized
as follows: bentonite (B), tuff (T), crushed sand (CS), where X and Y are the proportion
of tuff and crashed sand. The mixtures use are:
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Mixture (1): 10%B-10%CS-80%T, (B10CS10T80); Mixture (2): 10%B-20%CS-
70%T, (B10CS20T70); Mixture (3): 10%B-30%CS-60%T, (B10CS30T60); Mix-
ture (4): 10%B-45%CS-45% T, (B10CS45T45): Mixture (5): 10%B-60%CS-30%T,
(B10CS60T30).

According to USCS classification, all mixtures can be classified as silty sands, as
illustrated in Table 4. According to the carbonate content (CaCO3 %), tuff was classified
as marl material (30% to 70%) (NF P 94-048 1996). Table 4 shows that the addition
of crushed sand improves the mix by increasing its maximum dry density (γ dmax) from
16.625 kN/m3 to 17.825 kN/m3; and reducing its Optimal Water Content (OWC) from
14.4% to 9%. The physical, mechanical and chemical properties of the mixtures are
given in Table 4.

Table 4. Chemical, physical and mechanical properties of all mixtures.

Parametre Mixtures

B10CS10T80 B10CS20T70 B10CS30T60 B10CS45T45 B10CS60T30

� ≤ 2 um 9.68 8.27 6.23 5.50 4.45

� ≤ 80 μm 26.28 22.46 20.28 17.60 15.26

Cc 0.24 0.32 0.34 0.46 0.63

Cu 7.83 8.80 12.36 13.80 15.44

GS 2.705 2.705 2.705 2.705 2.70

PL (%) 25.00 24.07 24.03 23.07 21.74

LL (%) 36.77 35.54 35.20 34.39 31.79

PI (%) 11.77 11.47 11.17 11.32 10.05

CaCO3 (%) 58 60 61 62 64

OWC (%) 14.20 14.35 13.75 12.00 9.25

γdmax (kN/m3) 16.625 16.86 17.10 17.38 17.82

1) Swelling test

The free swelling and swelling pressure tests were performed using the conventional
oedometer according to XP P94-091 (1995) standard.

The expected maximum swelling pressure (Pg) was determined from the constant
volume test (at 0 kPa matrix suction).

2) XRD Test

After completion of the free swelling and swelling pressure tests on the basematerials
(crushed sand, tuff and bentonite), the samples were dried in a furnace at a temperature of
105 °C for 24 h until themasswas constant, then ground to performX-ray diffraction tests
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(XRD) to better understand the results of the resulting swelling. TheX-ray diffractometer
used is the “XPERT PRO-Powder” with a cobalt source. The scanning of 28 is between
5° and 80° with a step of 0.0167°.

3) Hydraulic Conductivity (Falling-Head Test)

The cell used for hydraulic conductivity (Falling-Head test) is a rigid wall perme-
ameter. Liquid from a standpipe flows through the soil. The test is carried out according
to NF X 30-441 (2008) standard. Sample preparation of the B10CSXTY mixtures is
performed under the following conditions of Optimum Normal Proctor (ONP).

The device consists of a stainless-steel ringwith an internal diameter of 101.6mmand
a height of 116mm. This ring allows the mixture to be placed by direct static compaction
in the ring using a computer-controlled press with a constant speed of 1.27 mm/min. It
is located between a base and a cover with two porous stones of 101.5 mm diameter.
After compacting, the mold is immersed in two different cells; the first is filled with
water and the second with leachate. The immersion time is 72 h to allow the sample to
saturate. The test is carried out at variable hydraulic load at an initial pressure of 10 kPa.
The value of the vertical hydraulic conductivity kv is determined by Eq. (1):

kv = a.l

A.T
x ln(

h1
h2

) (1)

where, a: pipe cross Sect. (0.28 cm2); A: cross section of the sample (81.03 cm2); T: the
time interval between h1 and h2; l: height of the sample.

pH is an important factor for pore structure and hydraulic conductivity (Demdoum
2019), because soil charges affect its hydraulic conductivity and soils have pH-dependent
charges. For the pH measurements of contaminated and uncontaminated samples, a
HANNAModel (HI 2211 pH/ORPMeter) was used. The pH and electrical conductivity
(EC) measurements were performed according to the ASTM standard (ASTM D4972-
01 2007; ASTM D1125 2009). The pH measurement in the saturated paste aims to
reproduce the conditions of the natural environment as closely as possible (in the form
of a suspension).

4) Strength Property

The design regulations for a landfill require the backfill material to be sufficiently
firm towithstand a static load exerted by thewaste cover body. In this respect, the bearing
capacity of the landfill bottom liners must be determined.

To simulate the lining of a landfill site, a leachate-contaminatedmixturewas prepared
for each of the mechanical properties tests.: the lowest hydraulic conductivity mixture
obtained previously was mixed with 1.5 LL (1.5 x liquid limit) of landfill leachate and
left it for about 3 days stored at a temperature of 20 °C.After drying at 105 °C, the
mixture was compacted according to the required value. The process was performed to
simulate liner contamination during disposal and backfilling processes.
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a) Direct shear tests

As stated above, another important property for these insulation barriers is
their mechanical behavior. The shear strength for the different mixtures (10% ben-
tonite/crushed sand/tuff) was investigated. The direct shear test in the box was used
to determine the parameters of the shear strength, i.e. cohesion and the angle of internal
friction, according to NF P 94-071-1, (1994). Thus, the unconsolidated undrained (UU)
direct shear test was used. This test allows studying the short-term behavior of the soil
in place. The dimensions of the samples are 60x60x20 cm. The values of the apparent
friction angle and cohesion are obtained analytically from the Coulomb law (Eq. 2):

τ = Cuu + σ tgφuu (2)

where, τ: total shear strength (kPa); σ: normal stress (kPa); φuu: apparent friction angle
(°); Cuu: apparent cohesion (kPa).

The samples have been compacted by static compaction at a speed of 1.27 mm/min
according to optimumNormal Proctor conditions (OWC and γdmax) of eachmixture. For
each direct shear test, three normal constraints have been used (100, 200, and 300 kPa
with a speed of slow shear of 0.5 mm/min).

b) Unconfined compression (UCS) test

Crushing tests were carried out on partially saturated samples of mixtures subjected
to air drying.

The unconfined compressive strength (σc) was measured on cylindrical specimens
with a width of 5 cm and a height of 10 cm according to NF P94-420 (2000) standard.
The test is fast, simple, compact and inexpensive. Because this test should determine
the hardening phenomenon, called self-stabilizing, specimens of different mixtures were
compacted and the change of the compressive strength (σc) versus time was measured.
The specimens of the mixtures were statically compacted, extracted from the moulds
and stored on a free surface. Then, the specimens were tested after 7 days, 14 days, 28
days, 60 days, and 90 days of curing. The unconfined compression test was determined
at a loading rate of 1.27 mm/min. The average of the test results of three specimens was
used to determine the unconfined compressive strength (σc) value.

Generally, the strength (or cohesion) of the soil depends on suction and CaCO3
cementing (cemented bonds) (Schrefler and Delage 2001). It is therefore likely that
matric suction interferes with the results presented. In addition, this suction tends to
stiffen the soil and hinders rearrangements between grains, which increases soil cohesion
(Demdoum 2019). The filter paper method (ASTM D 52980-094 1995). was used on
the optimal mixture compacted with different water content from 3% to 22% to observe
the suction change effect.

3 Results and Discussion

3.1 Swelling Characteristics (Free Swelling and Swelling Pressure)

The results of the free swelling G(%) showed that 10% of the total free swelling of ben-
tonite (11825%) is an approach to swelling of all mixtures (see Table 5). This indicates
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the stability of the swelling mixture with the interaction of tap water. Concerning ben-
tonite, the ratio (ΔG) between the two free swellings is about 35%. The free swelling
of the leachate-bentonite interaction is due to the chemical composition of the land-
fill leachate. The theory of diffuse double-layer (DDL) montmorillonite predicts that
the thickness of the diffuse double layer decreases (by reducing the repulsive force)
with increasing chemical concentration of the pore-solution and, thus reduces bentonite
swelling (Stewart et al. 2003). For G(%) with leachate, a decrease in free swelling was
observed at a rate between 10% and 45% (Table 5).

Table 5. Maximum free swelling of B10CSxTy mixtures.

Materials and mixtures GWater (%) GLeachat (%) ΔG = (GWater−GLeachat)
GWater

(%)

100% CS 0.1 0.1 0

100% T 2,165 2.7625 −27.60

100% B 118.25 76.45 35.35

B10CS10T80 9.25 5.15 44.32

B10CS20T70 12.20 10.425 14.19

B10CS30T60 11.75 7.05 40.00

B10CS45T45 12.1 6.775 44.00

B10CS60T30 11.95 6.55 45.00

Table 5 also indicates that the B10CS20T70 mixture has the highest value of the
swelling pressure in cases of both cases, water and leachate. The swelling pressure of
bentonite is about 850 kPa and 637 kPa with water and leachate, respectively. In both
cases, water and leachate, the swelling pressure varies between 20 and 43 kPa (Fig. 2).
The swelling pressure of the B10CS20T70 mixture is relatively stable in the leachate
interaction. It was noted that a low inflation pressure was found for all mixtures. Mishar
et al. (2011) indicated that the hydraulic conductivity is inversely proportional to the
exchangeable sodium percentage (ESP) and the free swelling of bentonite. Therefore,
there is a possibility that the mixture with 20% CS, which has the highest free swelling
in the leachate (Fig. 1), may show a very low permeability value.

3.2 XRD Result

The X-ray diffraction patterns of bentonite immersed in landfill leachate and tap water
are shown in Fig. 3, noting that the peak of cristobalite and montmorillonite disappeared
with immersion. The position of themontmorillonite peaks did notmove to a larger value,
but the peaks were considerably reduced, which means that the montmorillonite content
became smaller. Some secondary minerals did not exist in the specimens after they
were immersed in landfill leachate. However, amorphous products are not determined
by X-ray diffraction.
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Fig. 2. Effect of leachate on the swelling pressure of B10CSxTy mixtures.

The montmorillonite content of the bentonite immersed in the landfill leachate is
significantly reduced. For montmorillonite hydrolysis, Mg2+, which is abundant in this
landfill leachate (Table 3), can replaceAl3+ in the octahedral layer (e.g.Montmorillonite,
Illite). These substitutions generate the exhaustion of positive charges and therefore an
excess of negative charges, which will be compensated by interlayer or external cations
(Kaufhold et al. 2008). Also, note that there is an increase in the silicate peaks.
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Fig. 3. X-ray diffraction patterns of bentonite immersed in landfill leachate (top) and tap water
(bottom).

In the tuff, the CaCO3 peak decreased in landfill leachate, unlike crushed sand,
whose peaks remained almost constant (Fig. 4). Active calcium carbonate is abundant,
particularly in the form of very fine particles (< 20 μm), its reactive surface is large
and induces particularly high reactivity (Parker et al. 1993). The calcium carbonate-
leachate reaction is very complex because the composition of the leachate is complex
(microorganisms, ions, cations, and heavy metals). For example, the presence of metal
ions (e.g. Ni2+, Zn2+ and Cu+2) prevents the crystallization of calcite (Usmany et al.
2016). This is the opposite of the presence of high concentrations of [Ca+2] [CO−2

3 ]
which increase the rate of crystallization (at laboratory room temperature). In addition,
the interaction of the leachate with these fine particles induces a series of complex
physico-chemical phenomena with highly variable kinetics that modify the properties
of the swelling. In addition, the leachate could lead to the formation of new swelling
compounds in the tuff (due to increased tuff swelling).

3.3 Hydraulic Conductivity (Falling-Head Method)

Figure 5 shows the results of the saturated hydraulic conductivity with the tuff addition.
Two cases of measuring saturated hydraulic conductivity were considered: by tap water
and by landfill leachate.

The tuff addition led to a decrease in hydraulic conductivity up to 70%
tuff/20%crushed sand (the B10CS20T70 mixture). In both cases, the hydraulic conduc-
tivity increased beyond this percentage. The decrease of hydraulic conductivity up to
70% tuff addition was significantly for all 4 specimens (for 30, 45, 60, 70% tuff) and
could be explained by the following reasons: (1) The arrangement of granules between
the tuff and sand after hydration can form a network of complex pores that impede
fluid percolation; (2) Some substances, which were generated by the chemical reaction
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Fig. 4. X-ray diffraction patterns of crashed sand (CS, top) and tuff (T, bottom) immersed in
landfill leachate and tap water.

between the compositions of leachate and B10CS20T70 mixture; (3) Stability of swelling
in this mixture is a significant factor in the stability of conductivity hydraulic.

Hydraulic conductivity varied between 10−9 and 10−8 m/s, for one period (24 h) in
the test with leachate and tap water. For the same mixture, the values of hydraulic con-
ductivity obtained in the case of water are slightly lower than that obtained by leachate.
The B10CS20T70 mixture presents the minimum value of the hydraulic conductivity:
kv20°=1.97× 10−9 m/s with water permeated, and kv20° = 2.91× 10−9 m/s with leachate
permeated. The increase in the hydraulic conductivity by leachate may be explained
mainly by the decrease of free swelling. This is due to an irreversible reduction of the
fixing of the spaces inter-layers, which leads to a stable aggregation and a significant
increase in the hydraulic conductivity (Pansu and Gautheyrou 2006; Ören and Akar
2016).
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The results of the hydraulic conductivity in relation to the pH in the solution (water
and leachate) is also shown in Fig. 5. In the case of water, the hydraulic conductivity of
the mixtures decreases with the decrease of the pH down to pH 9 corresponding to the
B10CS20T70 mixture; below (pH < 9), the hydraulic conductivity increases. The same
is true for the case of leachate. The hydraulic conductivity of the mixtures decreases
with the decrease of the pH down to 8.5 corresponding to the B10CS20T70 mixture;
below pH 8.5, the permeability increases. This pH remained constant for 24 h. The pH
of the contaminated samples is by 6% lower than the pH of the uncontaminated samples.
This is explained by an increase of Ca2+ in the samples due to the interaction of three
materials with landfill leachate. As explained before (free swelling), carbonates show
acidity in mixtures after interaction with leachate. The pH of bentonite suspensions is
known to be affected by carbonates (Parker et al. 1993). Furthermore, it is mentioned
in the literature that the pH of a clay suspension is a determining parameter of the
structural state of the suspension (Pusch 2015), so a change in pH will alter the structure
of the suspension and, consequently, of its rheological behavior (hydraulic properties
and compressibility). Nakayama et al. (2004) have confirmed an increase of porosity
and hydraulic conductivity of a compacted bentonite in contact with a highly alkaline
(NaOH, pH = 14) solution tank, due to montmorillonite dissolution. This observation
is consistent with the results of a Gaomiaozi (Gao-Miao-Zi GMZ01) bentonite reported
by Ye et al. (2014).

Table 6 shows that pH values increase with increasing proportion of crushed sand,
which is contrary to the electrical conductivity results (EC1:2).

Pansu and Gautheyrou (2006) and Kaufhold et al. (2008) show that the pH value can
be used to predict the dominant cations on soil cation exchangers, such as pH > 5.5:
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Table 6. pH and electrical conductivity (EC) Of contaminated and uncontaminated mixtures *
(with leachate)

Mixtures pH *pH EC1:2 (ms/cm) *EC1:2 (ms/cm)

B10CS10T80 8.73 8.35 1.538 1.74

B10CS 20T70 9.02 8.50 1.477 1.63

B10CS30T60 9.27 8.54 1.434 1.66

B10CS45T45 9.36 8.81 1.347 1.44

B10CS60T30 9.57 8.94 1.096 1.24

Hydroxide/polymer ions, pH7.6-9: CaCO3, pH> 9:Na2CO3. In addition, Ca2+ is known
to be more acidic than Na+, due to hydrolysis (Callot and Dupuis 1980). The pH results
confirmed the reaction of calcium carbonate. The degradation of minerals in reaction
with leachate can lead to the formation of organic and inorganic acids (e.g. H2CO3)
making mixtures less basic. The electrical conductivity (EC1:2) fluctuated around 1.5-
1.8 mS/cm at the end of the experiment for all mixtures. In the case of contaminated
mixtures, the (EC1:2) increased by more than 10% compared to mixtures saturated with
tap water.

3.4 Shear Strength

The determination of the mechanical parameters of B10CSxTy mixtures is obtained
by tracing the lines of Coulomb (intrinsic curves) on an orthonormal reference which
presents on the horizontal axis the vertical stress (σv) and ordered the constraints of
maximum shears (τmax), as shown in Fig. 6. Figure 6a shows that the friction angle ϕuu
decreases with increasing crushed sand present. These results are in accordance with
the available literature (Demdoum 2019) which indicates that the internal friction angle
increases with grain size. The tuff shows a friction angle of about 34.45°. Variations in
friction angles and cohesion show that the B10CS60T30 mixture has maximum (denser)
Cuu and ϕuu values. The results are presented in Table 7.

The friction angle of the B10CS20T70 mixture is close to the results found by
Kouloughli (2007) (ϕuu values between 25° and 30°) for the 90% sand + 10% bentonite
mixture. The short-term shear strength results for all the mixtures provide satisfactory
stability of the literature’s recommendations (friction angle of themixture relatively high
at 25°) for the compacted soil liners.

In the B10CS20T70 mixture, shear parameters were modified by leachate pollution
on a macroscopic scale. Figure 6b shows that the Cuu value of the B10CS20T70 mixture
increased when saturated at 1.5LL by leachate prior to sample preparation while ϕuu
decreased. Li et al. (2013) made a similar observation on contaminated clay. Sunil et al.
(2009) found that the C’ value increased slightly with increasing leachate concentration
in silty soil, while the ϕ’ value decreased. The authors evaluated this result by increasing
the clay content and specific surface area in the silt after interaction with the leachate.
Therefore, it is presumed that the dissolution of minerals such as montmorillonite causes
the increase in dry density of the sample and modifies the quality of the clay.



Hydromechanical Properties of a Leachate Contaminated 107

Fig. 6. Mohr-coulomb failure envelopes obtained from direct shear tests for: (a) all the mixtures
(B10CSxTy) and (b) contaminated B10CS20T70 mixture.

Also, it causes the slight increase of shear strength or residual stress. In addition,
leachate ions such as Mg+2, Ca+2 and Na+ (Table 3) and its living microorganisms can
also react rapidlywith thematerials’ minerals (Ye et al. 2014), resulting in the emergence
of new mineral compositions during saturation at 1.5LL. Therefore, this interaction can
result in an increase in the cementitious components of themixture leading to an increase
its cohesion. Similarly, Ayininuola et al. (2009) studied the shear strength of a clay satu-
rated with different concentrations of CaSO4. The authors found that due to the presence
of CaSO4 salt and Ca2+ provided by the formation of a strong bond between clay min-
erals, there was an initial increase in soil cohesion. In addition, after drying the contami-
nated samples, the organic matter becomes more soluble in compaction water, resulting
in increased viscosity in the pore spaces and a slight decrease in the angle of friction.
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Table 7. Shear properties (UU) of B10CSxTy mixtures and tuff.

Mixtures OWC (%) Cuu(kPa) φuu (degre)

100% Tuff 13.85 29.00 34.45

B10CS10T80 14.20 41.25 29.22

B10CS 20T70 14.35 35.25 29.7

B10CS30T60 13.75 48.83 29.23

B10CS45T45 12.00 38.76 33.11

B10CS60T30 9.25 52.28 33.44

3.5 Unconfined Compression (UCS)

Figure 7(a) presents the evolution of unconfined compressive strength (σc) as a function
of the curing time of all the mixtures. These results show that compressive strength (σc)
increases rapidly at a young age (<7 days), which is explained by the rapid decrease in
water content (Fig. 8(a)) due to the rapid drying of the surface areas and the increase
suctions of specimens during curing (example illustrated in Fig. 8(b)).

The B10CS30T60 mixture gave a maximum strength until day 14; after that, its
strength is reduced for B10CS30T60, B10CS45T45 and B10CS60T30 mixtures. For tuff,
B10CS10T80 mixture and B10CS20T70 mixture, the compressive strength develops up to
90 days. As an indication, it can be seen at 90 days that the B10CS10T80 and B10CS20T70
mixtures acquire a maximum compressive strength (σc) of about 1.4MPa corresponding
to a 20% gain compared to the raw tuff and B10CS30T60, B10CS45T45 mixtures.

The results found can be compared to the maximumwaste load over 1m2 of a landfill
site in Laghouat region (Ben Nacer Ben Chohra Centre) (Demdoum et al. 2016). The
tonnage of waste for 8 years of operation on this site is 177 870 tonnes and the maximum
volume is 153 600 m3 with a depth of 7 m. This results in a maximum waste pressure of
around 79.5 kPa/m2. If the cover is added, the load range is approximately 100 kPa/m2.
Obviously, the pressure value is lower compared to the compressive strength (σc) of all
the mixtures and raw tuff.

Figure 8(b) shows an increase in compressive strength (σc) due to leachate effects
on the composition of the B10CS20T70 mixture. This increase can be explained by the
increase in the apparent cohesion of the specimens as a function of curing time. This is
a justification that was explained in the shear test.

On the other hand, the strength limits are influenced by the CaCO3 level of the mate-
rial (Alloul 1981; Ben Dhia 1983). This CaCO3 content explains the deposition and
recrystallization of calcite. It is a function of the evaporation of the quantity of water
(change in water content) that was used for compaction (Ben Dhia 1983). Principally,
calcium carbonate has three crystalline phases, namely calcite, vaterite and aragonite.
The stability and formation of these phases are very temperature and concentration-
dependent (Usmany et al. 2016). Here calcite is particularly stable at laboratory tem-
perature, while aragonite can be formed at high T°. Moreover, vaterite occurs at the
higher levels of supersaturated solution (Flaten et al. 2009). There is also an amorphous
calcium carbonate (ACC) found as a scale deposit, which is thermodynamically unstable
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Fig. 7. Unconfined compressive strength (σc) of contaminatedB10CS20T70 mixture versus curing
time.

and could spontaneously crystallizewhen suspended in an aqueous solution at laboratory
temperature (Rodriguez et al. 2011). Further, the pure amorphous calcium carbonate will
transform into to calcite via vaterite immediately at low temperatures (<30 °C) and to
aragonite via vaterite at the higher temperatures (T≥ 40 °C) (Rodriguez et al. 2011). The
thermodynamically most stable phase is calcite and can be easily formed under normal
conditions. The formation of the different polymorphs of CaCO3 is strongly influenced
by precipitation conditions. It is assumed that the change in the binding strength of
Ca-CO3 as a function of pH plays an important role in the determination of the differ-
ent forms of ACC, which then develop into specific polymorphs of calcium carbonate.
However, changes in the pH of the solution (i.e., the compaction water) will affect the
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Fig. 8. (a) water content lost versus curing time of all the B10CSxTy mixtures (b) suction versus
water contents of the B10CS20T70 mixture

equilibrium concentration of the different carbon species (e.g., HCO3
− and CO3

2−).
This will affect the Ca/CO3 ratio in solution, making it difficult to separate the effects
of pH and stoichiometry of the solution.

The mixtures studied generally have a high carbonate content, indicating high
cementing. To do this, the calcium carbonate (CaCO3) level was measured by chem-
ical analysis after crushing the specimens of each mixture stored for one year. The
results obtained are given in Table 8 (by NF P 94-048, 1996 standard). It is notable that
the CaCO3 level changes according to the shelf life. In the presence of the leachate,
cations and ions may act to make the vaterite more stable (Usmany et al., 2016) and not
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turn into calcite. For this reason, we did not notice any increase in calcium carbonate
crystallization.

Table 8. CaCO3 content versus storage period for B10CSXTY mixtures and tuff.

% CaCO3 of mixtures Storage period (days)

7 14 28 60 90 1an

B10CS10T80 59 58 60 61 61 62

B10CS20T70 Contaminated 59 60 60 60 60 60

Uncontaminated 61 63 63 64 64 64

B10CS30T60 60 60 61 61 61 61

B10CS45T45 61 62 62 63 63 66

B10CS60T30 62 63 64 66 68 69

Tuff 67 67 68 70 70 71

4 Conclusions

This study was conducted to determine the effect of leachate contamination on the
hydromechanical (compressibility, hydraulic conductivity, shear strength, unconfined
compressive strength, unconfined tensile strength) and chemical characteristics of com-
pacted B10CSXTY mixtures. Several conclusions can be made as a result of this
study:

i. For some formulations, leachate caused a reduction in the free swelling of more
than 40% compared to water;

ii. The B10CS20T70 mixture is relatively stable against chemical attack from leachate
(Gwater = 12.20% and GLeach. = 10.425% after 12 days of saturation);

iii. Quartz mineral in with leachate contaminated bentonite increased while the
montmorillonite content decreased;

iv. Tuff reacts better with leachate (decrease in carbonate peaks) than crushed sand,
which showed high stability in mineralogy;

v. The leachate caused a slight increase in hydraulic conductivity obtained by the
Falling-Head tests;

vi. The optimalmixture that satisfies hydraulic conductivity criteria is theB10CS20T70
mixture in both cases of saturation with water (kv = 1.93x10−9 m/s) and with
leachate (kv = 2.84x10−9 m/s);

vii. Measurements of the pH and electrical conductivity of leachate-contaminatedmix-
tures revealed a decrease in pH values and an increase in electrical conductivity
values;
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viii. The shear strength parameters of the B10CS20T70 mixture are affected by leachate
contamination. For this mixture, the samples tested at Proctor density showed an
increase in cohesion (Cuu) (from 35 to 51 kPa) and a decrease in friction angle
(ϕuu°) (from 30° to 28.5°) due to leachate contamination;

ix. For unconfined compression tests on statically compacted B10CSXTY mixtures,
the strength was found to be in accordance with the recommended value in the
literature (> 200 kPa);

x. The effect of leachate on mechanical behavior is a positive effect of an increase in
mechanical strength (from 1.40 to 1.48 MPa, for compressive strength).

Finally, the adopted formulation of B10CS20T70 perfectly meets the requirements
of the regulations in force and is an economic product of local materials available in
abundance for the design of bottom barriers especially in arid and semi-arid areas.
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Abstract. The aim of this work is the isolation, identification, production, charac-
terization and properties of biosurfactant producing fungal strain. The fungal strain
FS11 was isolated from water oil field collected in southern Algeria and identi-
fied as Aspergillus sp. FS11. In an attempt to provide cost-effective carbon source
for biosurfactants production, crude olive mill wastewater (OMW) was used as
fermentative medium for 9 days under conditions of pH 5, temperature of 28 °C
and agitation of 150 rpm. After cultivation period, the emulsification index value
E24 reached 76% and ST reduction from 72 to 42 ± 0.20 mN/m. TLC and FTIR
analysis of the crude extract, showed that crude biosurfactant was partially charac-
terized as glycolipoprotein complex. The crude biosurfactant presented interesting
properties such us; significant reduction in surface tension, important emulsifying
activity and stability over a wide range of pH (2 to 12), temperature (4–100 °C)
and salinity (1–10%). More interestingly, the produced biosurfactant, have proved
great potential application in MEOR microbial enhanced oil recovery (removal
rate greater than 50%).

Keywords: Biosurfactants · Aspergillus sp. FS11 · Crude OMW · ST · E24

1 Introduction

Biosurfactants include a class of structurally diverse molecules synthesized by microor-
ganisms such as bacteria, yeasts and filamentous fungi, they can be excreted in culture
media (extracellular) or incorporated in the cell wall (intracellular), their molecular
weight is generally between 500 and 1500 Da (Santos et al. 2016). Biosurfactants are
amphiphilicmolecules consisting of a polar hydrophilic part and a nonpolar hydrophobic
part. The hydrophilic group is composed of mono- or polysaccharides, carboxylic acids,
amino acids or peptides, while the hydrophobic group is composed of saturated or unsat-
urated fatty acids, hydroxylated fatty acids or alcohols (Bahia et al. 2018), which gives
biosurfactants the ability to reduce interfacial tensions between two phases of different
polarities such as oil and water, air and water, or water and a solid, allowing these two
phases to mix and interact more easily (Pacwa-Plokiniczak et al. 2011). Biosurfactants
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have a wide range of biotechnological applications in various industries; petroleum,
food, cosmetic, pharmaceutics, detergents, textiles, paints, mines and nanotechnology.
Currently, the main market is the oil industry (Santos et al. 2016).

In addition, they show unique properties such us environmental compatibility,
biodegradability, low toxicity, resistance to extreme conditions of temperature, pH and
salinity. Therefore, the industry is increasingly interested in biosurfactants as potential
substitutes for synthetic surfactants (Banat et al. 2014).However, although biosurfactants
offer advantages over their synthetic counterparts, and have a promising use in various
industries, they are not yet widely used on an industrial scale because of their low yields
and high production costs (Banat et al. 2014). So, the success of the use of biosurfac-
tants requires a reduction in production costs. This reduction can be achieved through the
recovery of renewable and cheap wastes as substrates for biosurfactants production. The
utilization of raw materials led to the development of an effective cost reduction strat-
egy, associated with wastes management, by reducing the amount of wastes generated
by different companies (Banat et al. 2014). As a result, a growing number of studies have
investigated the production of biosurfactants using different low-cost substrates such as
whey, molasses, corn steep liquor CSL, olive mill wastewater and frying oil as alterna-
tive substrates and media for biosurfactants production. Mediterranean countries covers
95% of the world olive wealth, Algeria is among them. The olive industry produces
olive oil and two residues: one solid and the other liquid known as olive mill wastewater
(OMW) (Dermeche et al. 2013). OMW is a concentrated black color liquor, it contains
sugars (20–80 g/L), nitrogen compounds (12–24 g/L), organic acids (5–15 g/L), and
residual oil (0.3–5 g/L). However, OMW contain polyphenols, which usually represents
an environmental problem (Banat et al. 2014). Although the production of olive oil is a
seasonal activity, the quantity of OMW produced is considerably reduced compared to
other types of industrial wastes; the contribution of OMW to environmental pollution is
not negligible. OMW is considered as one of the most harmful effluents from agro-food
industries, because of their toxicity, in fact, 1 m3 of OMW is equivalent to 200 m3 of
domestic wastewater (Cardinali et al. 2010). Thus, the OMWdisposal is an environmen-
tal concern and a major challenge for Mediterranean countries. With that in mind, this
study focused on providing a low cost effective media for biosurfactants production by
fungal strain FS11 isolated from oil field water in Algeria. The kinetics of production,
characterization and properties of produced biosurfactant (emulsifying, surface activity
and stability studies) were evaluated. Assays on application of produced biosurfactants
in microbial-enhanced oil recovery (MEOR) were also investigated.

2 Materials and Methods

2.1 Isolation of the Fungal Strain

Fungal strain was isolated from oil field water from the Algerian Sahara, province of
Ouargla. 10 ml of water sample were aseptically introduced into Erlenmeyer flasks con-
taining 90ml of PDC potato dextrose broth supplemented by 0.1 g/L of chloramphenicol
to inhibit bacterial growth, then incubated in a shaker with agitation of 120 rpm at 25 °C
for 18 h. Isolation was made by the classical method of decimal dilutions. Distinguished
colonies were isolated on PDA (potato infusion 200 g, dextrose 2%, 2% agar, 0.1 g/L
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of chloramphenicol). Pure cultures of isolate were maintained at 4 °C in PDA chlo-
ramphenicol. Transfers were made to fresh agar plates each month to maintain viability
(Botton et al. 1990).

2.2 Screening for Biosurfactants Producing Strains

Screening for biosurfactants production was done using different techniques such as the
emulsification index test E24, the drop collapse technique, the test of spred oil and the
measurement of surface tension ST. Isolate was transferred to a 100 ml Erlenmeyer flask
containing 50 ml of PDB supplemented by crude oil (2%, w/v) for a week at 25 °C with
constant shaking of 150 rpm. The obtained cell free culture was subjected for emulsifica-
tion index E24, drop collapse, oil displacement and surface tension measurement using
a digital tensiometer (Gibertini, Italy) as described by (Bodour and Miller-Maier 1998;
Youssef et al. 2004; Pallas and Pethica 1983), respectively. All the screening experiments
were performed in triplicates and the mean values were used as results.

2.3 Identification of Fungal Strain

The macroscopic observation of colonies like the texture of the thallus (velvety, woolly,
powdery, granular ….), the color of the thallus (pigmentation of the mycelium, color of
the conidia), the color of the reverse side of the culture and the presence of a diffusible
pigment in the medium makes it possible to carry out a first characterization on special
media (MEA and PDA). As well as microscopic observations of conidiophores, conidia,
mode of implantation of conidiogenic cells, spores and their aspects (Botton et al. 1990).

2.4 Biosurfactants Production from OMW

OMW is an aqueous, reddish to black residual liquid with a strong olive odor and
cloudiness. OMW used in this study was kindly supplied from an olive oil mill located
in the north of Algeria, which uses a continuous three-phase centrifugation process for
olive oil extraction. It was stored at 4 °C until use. The crude OMW was used without
any treatment just diluted in order to adjust carbohydrates initial concentrations to 2%
(v/v). Then, the medium based on crude OMW was filtered and then sterilized at 120
°C for 20 min.

2.5 Culture in Batch

Batch cultures were carried out in Minifors Bioreactor (INFORS HT) 2,5 L using crude
OMW as substrate for low cost biosurfactants production. An initial spore concentration
of 106 spores/ml was prepared in sterile physiological water, and then transferred to
500 ml Erlenmeyer flasks, containing 100 ml of crude OMW medium, and incubated
for 72 h at 28 °C in shaker incubator (150 rpm).

Kinetics of growth and biosurfactant production were conducted for 9 days. The
inoculation was done from preculture. The temperature was set at 28 °C, orbital shaking
at 150 rpm and pH 5. At regular intervals, different parameters were monitored such as
biomass (g/L), pH, emulsification index E24 (%) and surface tension TS (mN/m). All
the experiments were performed in triplicate.
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2.6 Isolation of Crude Biosurfactant

The crude OMW culture broth was centrifuged at 10.000 rpm for 20 min at 4 °C. The
obtained supernatant was subjected to acid precipitation at 4 °C overnight (pH of the
filtered supernatant was adjusted to 2 using 6N HCl). The obtained supernatant was
extracted thrice with an equal volume of ethyl acetate and methanol (2/1, v/v). The
biosurfactant was concentrated using a rotary evaporator at 40 °C. Biosurfactant yield
was expressed in g/L (Derguine-Mecheri et al. 2018).

2.7 TLC Characterization

Biosurfactant was separated by TLC using different solvent systems; chloroform:
methanol: water (60/30/10) for sugars, Acetone: acetic acid: water (70/20/10) for amino
acids and chloroform: methanol: water (65/25/10) for lipids. Chemical revelation was
done with ninhydrin for peptides detection, Molisch reagent for detection of sugar com-
pounds. For lipids detection, plate was developed in a chamber saturated with iodine
fumes. Isolated fractions were subjected to macromolecules quantification. Carbohy-
drate, protein and lipids estimations were carried out by the methods described by
(Dubois et al. 1956; Bradford 1976; Goldsworthy et al. 1972), respectively.

2.8 Fourier Transform Infrared Spectroscopy (FTIR)

Samples were prepared by dispersing the solid uniformly in a matrix of potassium
bromide. IR absorption spectra were obtained using a built-in plotter. Infrared absorption
spectra of the sample were measured over the wave number range of 400–4000 cm−1

with a resolution of 4 cm−1.

2.9 Stability Studies

Stability studies regarding surface tension and emulsification activity were performed
using cell free broth from crude OMW medium. Effect of temperature was studied by
heating the cell free broth at high temperatures from (4 to 100 °C) for 1 h. Effect of pH
was studied over a range of pH (2 to 12). The effect of salinity concentrations (1–10%
NaCl) was also investigated.

2.10 Crude Biosurfactant in Microbial Enhanced Oil Recovery

20 g of sand impregnated with 2 g of crude oil were transferred to 250 ml Erlenmeyer
flasks, followed by the addition of 40 ml of the cell-free broth, 40 ml of distilled water
and 40 ml of SDS as negative and positive controls. The samples were incubated for 24 h
at 27 °C with constant shaking of 150 rpm, and then centrifuged at 10000 g for 15 min
to eliminate sand. The amount of oil in the sand after contact with the biosurfactant was
gravimetrically measured after extraction by hexane and solvent evaporation (Derguine-
Mecheri et al. 2018).
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2.11 Statistical Analysis

All the experiments were run in triplicates. The standard errors for mean (SEM) values,
at 95% confidence level, were calculated and represented as error bars in all the graphical
representations.

3 Results and Discussion

3.1 Screening for Biosurfactants Producing Fungal Strains

Fungal isolate coded FS11 was a potent biosurfactants producer, as it presented the
followings results: emulsification activity evaluated by calculation of E24 (E24 = 65.33
±0.47%), drop collapse (+++), spreadoil (+++, diameter of displacement zone=2.1 cm)
and reduction of surface tension of water from 72 to 42mN/m. The drop collapsemethod
is a sensitive and easy method for detecting the presence of biosurfactants; it can give
positive results with a very small amount of biosurfactant, by the appearance of a flat
drop in the 92 micro titter plate. In addition, oil displacement test is a quick and easy test
to perform, and requires no specialized equipment. In light of these results, the isolate
FS11 was selected for the rest of this study.

3.2 Isolate Identification

Isolate FS11 is green-brown, powdery, flat, and fluffy (Fig. 1a). The reverse of the
colony is brown (Fig. 1b). It belong to the genus of Aspergillus because it showed
the following criteria: A thallus with numerous upright conidiophores, unbranched,
terminally vesiculated, phialides formed directly on the vesicle (Fig. 1c). The whole
vesicle, metules, phialides and conidia constitute the Aspergillus head characteristic of
the genus of Aspergillus (Botton et al. 1990). As results isolate FS 11 was identified as
Aspergillus sp. FS11.

a b c 

Fig. 1. Micrographs of Aspergillus sp. FS11. Cultures were grown for 3 days at 25 °C on PDA (a:
fungal colony, b: reverse side of colony), (c) Micrographs of cells of Aspergillus sp. FS11. taken
with photonic microscope x40.
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3.3 Kinetics of Biosurfactants Production by Aspergillus sp. FS11 Using Crude
OMW

Figure 2 displays the kinetic of batch fermentation of Aspergillus sp. FS11 isolate on
crude OMW medium. The biomass reaches its maximum value after the 7th day of
fermentation (biomass equal to 8.77 ± 0.05 g/L) corresponding to the highest emulsi-
fication index value E24 (76 ± 0.28%) and also to the value of the lowest ST which is
equal to 42 ± 0,20 mN/m. The production of biosurfactants took place from the 1st day
of fermentation, to reach a maximum of production during the stationary phase with a
biosurfactant concentration of 11.15 ± 0.7 g/L. This production is directly related to
cell growth, when the biomass increases the ST decreases. The pH increased slightly
after the 8th day of fermentation, in parallel with this increase, a slight increase in ST
value and a slight decrease in the E24 index followed by the decrease in biomass, which
indicates the beginning of the decline phase.

Fig. 2. Biosurfactant production profile; biomass, pH, surface tension, and emulsification index
of Aspergillus sp. FS11 grown at 28 °C, pH 5 and agitation of 150 rpm on crude OMW medium
in 2L bioreactor.

Colak and Kahraman (2013), reported that Pseudomonas aeruginosa produced a
maximum of 400 mg/L of rhamnolipids using a 50% OMW as culture medium. In
addition, Gudiña et al. (2016) studied the production of rhamnolipids by Pseudomonas
aeruginosa # 112 using a medium containing 25% of OMW as culture medium, and
found that Pseudomonas aeruginosa # 112 produced 5.124± 0.125 g/L of rhamnolipids
after 168 h culture, with a reduction of the ST from 72 to 29.2 mN/m and E24 of 58.4%.
Mendes Souza et al. (2016), evaluated biosurfactant production by a fungal strainMucor
polymorphosphorus usingCSLas a substrate for cultivation, fermentationwasmonitored
for 96 h at 28 °C and 150 rpm. A reduction of the ST from 72 to 33.2 mN/m was
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obtained. Qazi et al. (2014), studied the production of biosurfactants by Fusarium sp.
BS-8 on PDB supplemented with vegetable oil, they noted that Fusarium sp. BS-8
produced biosurfactants with a concentration of 5.25 g/L, which was able to reduce
surface tension from 72 mN/m to 32 mN/m, with an E24 of 71%. Quantification of the
crude biosurfactant extracts revealed that Aspergillus sp. FS11 produced biosurfactants
with a concentration of 11.15 ± 0.7 g/L when grown on crude OMWmedium at 28 °C,
pH 5 and 150 rpm. Ustilago maydis FBD12 produced biosurfactants with a yield of
0.183 g/L and 0.096 g/L using fish oil and soybean oil as substrates, respectively, for 9
days of culture (Cortes-Sánchez et al. 2011).

3.4 Characterization of Biosurfactant

Figure 3 displays the CCM results of crude extract produced by Aspergillus sp. FS11,
it showed several spots in chromatograms after the TLC analysis: 1 spot in carbohy-
drate chromatogram, 4 spots in proteins chromatogram and 1 spot after lipid revela-
tion corresponding to the following Rf values: 0.25, 0.18, 0.59, 0.73, 0.80 and 0.74,
respectively.

The estimation of macromolecules revealed the following concentrations: 1.07 ±
0.04 g/L of lipids, 2.76 ± 0.11 g/L of carbohydrates and 0.80 ± 0.02 g/L of proteins.
According to the estimation and TLC analysis, the compound produced by Aspergillus
sp. FS11 was partially characterized as a glycolipoprotein complex.

Fig. 3. TLC Analysis of crude biosurfactants produced by Aspergillus sp. FS11. grown on OMW
medium after chemical revelation, A: Proteins, B Carbohydrates and C: Lipids.

The same results were reported by Kiran et al. (2009) for the strain Aspergillus ustus
MSF3 grown on Sabouraud broth medium. The same authors reported that the biosur-
factant from Aspergillus ustus MSF3 was partially characterized by TLC and macro-
molecules estimation as a glycolipoprotein mixture, with the following Rf values: 0.84
for lipids, 0.73 for carbohydrates and 0.80 for proteins, respectively with the following
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concentrations: 0.38 g/L of lipids, 1.87 g/L of carbohydrates and 0.92 g/L of proteins.
Recently, Pele et al. (2019) carried out a preliminarymacromolecule estimation for crude
biosurfactant extract produced by Rhizopus arrhizus UCP 1607. The authors reported
that the produced biosurfactant from CSL and glycerol-based medium is composed of
proteins (38%), carbohydrates (35.4%) and lipids (5.5%), suggesting that it is a glycol-
ipoprotein. In addition, Akintunde et al. (Akintunde et al. 2015), used CCM analysis for
preliminary characterization of crude biosurfactants produced by Aspergillus niger and
Aspergillus flavus. Thus, they noted that two spots were appeared after spraying with
the Molisch reagent with Rf values of 0.38 et 0.46, respectively for Aspergillus niger
and Aspergillus flavus, this allowed the authors to suggest a glycolipidic nature of crude
extracts.

3.5 FTIR Characterization of Produced Biosurfactant

The FTIR absorption spectrum of the extract produced by Aspergillus sp. FS11 given
in Fig. 4 showed the following bands: 3443 cm−1 (indicates the presence of a bound
OH bond), 2850 to 2960 cm−1 characterizing the presence of CH bonds, 1633 cm−1

which indicates the presence of C=O (ketone), 1403 cm−1 (C-N bond), 1451 cm−1 (O-H
bond of carboxylic acids), from 1266 to 1071 cm−1, indicates the presence of C−O and
C−O−C of alcohols of the sugars. Thus, IR spectroscopy revealed the presence of both
aliphatic (C-H bond), peptide (C-N bond) and sugar moieties.

Fig. 4. FTIR spectra of the biosurfactant produced by Aspergillus sp. FS11 grown on OMW
medium.

3.6 Stability Studies

The application of biosurfactants in several industries depend on their stability and their
resistance to extreme environmental factors, such as: pH, salinity and temperature.
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With this inmind, the effect of NaCl, temperature, and pHwas studied and illustrated
in Fig. 5a, b and c. For the influence of pH, crude biosurfactant produced by Aspergillus
sp.FS11was stable in apH range from2 to12,with optimumstability at acidic pH4, 6 and
also at alkaline pH 8. At pH 10 and 12. Similar results have been reported by Abouseoud
et al. (2008) for biosurfactants produced by Pseudomonas fluorescens. In addition, the
stability of the emulsions was studied at different temperatures from 4 to 100 °C. The
E24 values and ST reduction showed very high stability over a temperature range 4 to
80 °C. Khopade et al. (2012) showed that the biosurfactant produced by Nocardiopsis
sp. B4 was thermostable. Indeed, the heating of the biosurfactant at 100 °C did not
have a significant effect on its performance. The emulsifying activity was stable at the
temperatures tested. As for the effect of salinity, optimal stability of the biosurfactant
was observed at concentrations of 1 to 8% NaCl. Few changes were observed at 10%
(w/v). At the highest concentration of NaCl, produced biosurfactant retain 50% of their
emulsifying activity. Kebbouche-Gana et al. (2009) reported that biosurfactant produced
by a halophilic Achaea was stable at NaCl concentrations (up to 30%). In addition to
the emulsifying activity, the reduction of ST is a relevant parameter for evaluation of
an efficient production of biosurfactants. Results showed that ST remained stable under
extreme pH, temperature and salinity conditions (Fig. 5a, b and c). These results are
consistent with those reported by Kebbouche-Gana et al. (2009) and Kumar Gaur et al.
(2019) for halophilic Achaea and Candida spp, respectively.

Significant stability at extreme conditions of pH, temperature and salinity provide
to biosurfactants major importance in industrial food and environmental applications.
Some of their potential applications in pollution and environmental control are control
of oil spills, hydrocarbon degradation in contaminated soils, heavy metal removal from
contaminated soil and hydrocarbon in aquatic environment and in microbial enhanced
oil recovery MEOR as a tertiary method for recover remained oil using microorganisms
or their metabolites including biosurfactants where pressure and salinity are at their
extreme values (Pacwa-Płociniczak et al. 2011).

3.7 Microbial Enhanced Oil Recovery

The results showed that Aspergillus sp. FS11 have a potential in removal of crude oil
from contaminated sand simple with recovery rate of 55%, relative to negative and
positive controls, distilled water and synthetic surfactants SDS, Tween 80 with removal
rate of 10% and 35% respectively. Different biosurfactants have been successfully used
for the removal of petroleum products in contaminated soils. Batista et al. (2010) and
Gusmão et al. (2010), studied the application of biosurfactants produced by Candida
tropicalis and Candida glabrata UCP1002 in the remobilization of motor oil adsorbed
to sand samples, and they recorded recovery rates of 80% and 92.6%, respectively. In
addition, Luna et al. (2013), isolated a new biosurfactant, called Lunasan, produced by
Candida sphaerica UCP 0995. This biosurfactant removed 95% of motor oil adsorbed
to sand. Other surfactants produced by Pseudomonas species, rhamnolipids have been
used successfully in this area (Silva et al. 2014).
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Fig. 5. Effect of temperature (a), pH (b) and salt concentrations (c) on stability of crude bio-
surfactant produced by Aspergillus sp. FS11. Grown on crude OMW regarding surface tension
and emulsifying activity. Error bars illustrate experimental errors (standard deviations), calculated
from three independent experiments.
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4 Conclusions

The successful marketing of any biotechnology product depends largely on its economic
bioprocesses. Currently, the high production costs and low yields of biosurfactants make
them uncompetitive compared to their chemical counterparts. In order to obtain an eco-
nomic fermentation process, we focused on the utilization of inexpensive substrates
based on agro-industrial waste for the fermentation under known conditions. Therefore,
the study provide a low cost-effective medium for biosurfactants production by conver-
sion of hazardous OMW to a value-added biosurfactants by fungal strain FS11 newly
isolated from oil field water in Algeria. The produced biosurfactant by Aspergillus sp.
FS11 grown on crude OMWbasedmedium at 28 °C, pH 5 and agitation of 150 rpm in 2L
bioreactor exhibited excellent stability over temperature range (4 to 100 °C), pH range
(2 to 12) and also NaCl concentrations (1–10%), providing possibility of its applications
in sectors like bioremediation and microbial enhanced oil recovery. The effect of the
biosurfactants on the removal of crude oil from contaminated sand, showed a potential
for application in MEOR.
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Abstract. Fiber composite technology is based on taking advantage of the high
strength and high stiffness of fibers, which are combined with matrix materials of
similar/ dissimilar natures in various ways, creating inevitable interfaces. In fiber
composites, both the fiber and the matrix retain their original physical and chem-
ical identities, yet together they produce a combination of mechanical properties
that cannot be achieved with either of the constituents acting alone, due to the
presence of an interface between these two constituents. Fibre-matrix interface
is known to have contribution to the mechanical performance of fibre-reinforced
composite by its potential for load transfer between the fibre and the matrix. The
understanding of the interface (or interphase) in composites is the central point
of this interdisciplinary effort. In this work, we are interested in the qualitative
study of the interface by the means of’ a micromechanical test, which defined by
a behavior of a fiber embedded in a matrix block (test pull-out) to characterize the
fiber/matrix interfacial adhesion solicited in traction. Initially, a theoretical study
of the test is highlighted. Equations which give the evolution of the normal con-
straints to the level of the enchased filament and the sheath of matrix surrounding
it, as well as the shear stress on the level of the interface are presented. In second
place, we have to carry out a simulation of the mathematical equations under Mat-
lab by varying the various parameters which present an influencing on the value of
the interfacial shear stress, such as, the geometry of the model, embedded length
of the fiber, fiber diameter and loading conditions, including components (fiber,
matrix, interface). Curves are plotted and of interpretations are presented.

Keywords: Interface · Pull-out · Interfacial shear strength · Micromechanics ·
Damage

1 Introduction

The study of the mechanical behavior of composite materials often boils down to two
basic constituents, i.e. matrix, and reinforcement. If the literature is rich on the theme of
composites, it much more discreet about the influence of the interface or the interphase.
Since the 1970 and the last few years alone, less than 30% of published articles dealing
with interfaces while only 2% of the interphase. The notion of interface or interphase
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remains relatively vague, the interfacial zone does not exist in itself, it is created during
the implementation of the composite. Therefore, it appears very difficult to assign to him
the mechanical properties. However, this zone (interface/interphase) plays a leading role
as shows it Drzal (1986) and Piggott (2004) in its works. Indeed, the interface and/or
interphase ensure the transmission of the efforts between the relatively softmatrix and the
stiffer reinforcement. From then, the contribution of the reinforcement on themechanical
properties of the composite is directly related to the quality of the interfacial zone Kim
and Mai (1991). Kim et al. (1993), Kim and Mai (1995) show that the mastery of the
interfacial zone is considered one of the criteria for composite design.

The interface is the key region which determines, on a macroscopic scale, the prop-
erties of any systems heterogeneous, Baley et al. (2004). The latter plays a vital role in
the performance (In particular the holding in service) of composites by controlling the
propagation of the cracks (in particular their kinetics), its role is all themore fundamental
as a composite is a containing material of the defects, Muller and Sehlnauder (1993),
Wu and Davies (2005), Wang et al. (2013), Sun et al. (2015), and Tran et al. (2019).
The optimization of the interface appears as a condition necessary in order to be able to
fully draw party from the coupling fiber/matrix in the composites Orifici et al. (2008).
From an industrial point of view, this optimization should be realized regarding both the
respective performances of the fiber and matrix, but still with respect to the elaboration
process of the material (wettability, held in temperature…), to limit the potential defects
of implementation of the material. A solution to improve the mechanical performance of
the interface/interphase is coming treating the fiber for improving the chemical compat-
ibility between the inorganic fiber and the organic matrix Keusch and Haessler (1999),
Piggott (1997), and Bellini et al. (2019).

As mentioned earlier, the notion of the interface is not easy to understand and can
cover, even if it is limited to the case of unidirectional composites, different realities:
interphase fiber matrix but also the interfaces are many and varied in natures. We can
distinguish two important classes: the interfaces related to the structure itself of the
composite or interfaces generatedby the process of implementationof the composite. The
first result from the association of constituents’ matrix and reinforcement (fiber/matrix
interface). The seconds are one of the signatures of the implementation process, as
the inter-layer interface, defined by the superposition of layers and/or intra-layers or
inter-wick to the level of a layer Sun and Pan (2006), Mohammadi et al. (2015), and
Dhiman et al. (2015). As for their influence on the behavior of composites, it is also
difficult to model as to characterize. To study the behavior pull-out (push back) of a
fiber embedded in a matrix block to characterize the interfacial adhesion fiber/matrix an
analytical models has been proposed to measure the shear strength at the interface. The
parameters influencing these properties, geometry models, the embedding length of the
fiber, the fiber diameter and loading conditions, including the components (fiber, matrix,
interface), the manufacture and defects itinerary will be widely discussed.

2 Principle and Interest of the Drop Test

The drop test is different from that of heaving the particular configuration of the samples:
here, the fiber is embedded in a resin micro drop deposited on the monofilament before



130 F. Teklal et al.

cooking. During the tensile test, it is maintained by using two plates (Fig. 1. a). Can, by
this technique, reach lengths of very low entrenchment, up to 30 μm, which is rarely
possible pull-out. The only limiting factor is the test, in the case of a thermosetting
resin, the initial viscosity of the resin, if it is too high, prevents the deposition of small
drops. Finally, the drop test allows, from the pull-out, achieving relatively fast for a large
number of samples (the implementation of these do not require specific mounting) Drzal
(1986). Figure 1.b shows the curves obtained from tensile testing of gout. As in pull-out,
these curves to determine the strength of groundwood Fd. The whole problem is then
to relate this experimental scale to a specific parameter of the interface Piggott (2004),
Kim and Mai (1991), Kim et al. (1993), Kim and Mai (1995), and Baley et al. (2004).

Fig. 1. Model of the drop/Fiber (a); load- displacement curve (b); balance of forces on a section
(c), (d) and (e).

3 Geometry of the Drop and Put into Equation

3.1 Geometry of the Drop

The debonding test (pull-out) is amicromechanical characterization test of the interfacial
adhesion fiber/ matrix is considered to be the most advanced technology. It consists of
making a tensile test on a monofilament partially embedded in resin and measuring the
force required to extract this fiber of its sheath of the matrix. The test of debonding
was originally developed by Shiriajeva and Andreevskaya (1962), improved by Favre
and Perrin (1972), Piggott et al. (1985), Hampe 1988 and Hampe et al. 1989. Different
configurations of pull-out exist, the fiber may be embedded either in a microdroplet of
resin or in a resin button or still, more typically, in a block of resin. In all cases, the resin
is bonded to the lower part of the traction device.

Thus, it appears that the actual geometry of the test can be modeled as shown in
Fig. 1.a, a cylinder of length L represents gout, or L is the length of entrenchment, but
the length of the drop. Index, “m”, “f”, refers to the matrix and the fiber, τ means the
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shear stress at the interface that is to say ρ = r. We put in elastic, linear, with axial
symmetry (no twist). We assume that the axial stresses in the matrix σm, and in the fiber
σf, radial effects are negligible. These effects include swelling of the matrix and fiber
contraction due to the effects of Poisson’s ratio.

3.2 Setting Equation

Let us now apply the balance of forces on various parts of the system, Fiber + drop
(Fig. 1-a). The balance of forces operating on the fiber we get the whole Eq. (1).

F =
x=0∫

x=−L

(2πr)τi(x)dx (1)

dσf

dx
= 2τi(x)

r
(2)

τ ′′
i − α2τi = 0 (3)

The resolution of Eq. (3) gives the evolution of shear stresses at the fiber/matrix
interface τi (x), the normal stress at the fiber level σf and at the matrix level σm, are given
by the Eqs. (4), (5) and (6) respectively:

τi(x) = −αF

2π(ch(αL) − 1)
sh[α(x + L)] (4)

σf = F[ch(α(x + L)) − 1]

π2[ch(αL) − 1]
(5)

σm = −F[ch(α(x + 1)) − 1]

π(R2 − r2)[ch(αL) − 1]
(6)

For our simulation, we used a calculation software Matlab. The graphical represen-
tation of Eqs. (4), (5) and (6) depending on the length embedded in Fig. 2 and 3. We
chose for our simulation; thermosetting epoxy matrix (drop) in diameter, 2R = 30 μm
whose mechanical properties (Em = 4.5 GPa, Gm = 1.6 GPa) and two types of E-glass
filament (r = 4 μm, Ef = 73 GPa) and carbon-HT (r = 3.5 μm, Ef = 230 GPa).

3.3 Results of Drop Test

3.3.1 Interpretation of Test Results Drop

The evolution of profile of the stresses [σf , |σm|, |τi|] according to the length enchased
for the various values of the load applied are represented by Figs. 2 and 3.

From the plotted curves we find that evolutionary constraints [σf , |σm|, |τi|] is the
same for both types of fiber (carbon, glass).

The value of the stress σm of the matrix and shearing of the interface τi varies in
a decreasing way with the length of the enshrining until they become null; same for
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L=150*10-6 m

Fig. 2. Evolution constraints [σf , |σm|, |τi|] based on the embedded length for an applied force
of 0.05 N (drop test, epoxy/glass).

L=150*10-6 m

Fig. 3. Evolution constraints [σf , |σm|, |τi|] based on the embedded length for an applied force
of 0.05 N (drop test, couples epoxy/carbon).

the longitudinal stress fiber σf which decreases with the length embedded. Through the
results obtained for the test of drop, we could highlight:

The high values of τi obtained for the various couples (carbon/epoxy, glass/epoxy)
are not due to a bad evaluation of τi nor even to a numerical overvaluation of the force
applied.

It is for this reason that the rupture occurs at the interface rather than in the matrix
(for lengths of 45 μm to 125 μm entrenchment). Several explanations can be raised:
It appears that the shear stress decreases rapidly away from that of the fiber; this then
means that only the interfacial zone is subject to strong constraints, and this could pose
a greater resistance than the matrix. According to the results, we see three cases that
appear:

For the first case when τi > σm two cases may appear, strong adhesion of the material
tested, or due to modeling error. The characteristics of the interface are higher than those
of the matrix and what are the properties of the latter that restrict the behavior of the
composite. In this case, we cannot characterize the interface and this case is not real.

For the 2nd case τi ≈ σm values of the embedding length ranges from 135 μm
to 150 μm the two curves show the stress at the interface and the normal stress at the
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matrix are close to the two lines of evolution and superimposed. In this case, the interface
behavior follows that of the matrix.

For the 3rd case τi < σm lengths embedding 400μm to 175μmvariants of σm values
obtained for the matrix are larger than the interface; the characteristics of the interface
are lower than those of the matrix and thus constitute the weak point at the origin of the
rupture; This is the case we will consider in the tests because he represents the reality.

The profile of the stresses τi, σf and σm is represented by curves, for the drop test
simulated according to the length of 45 μm to 150 μm entrenched and 30 μm diameter
we find that it can have a grinding (detaching from its sheath fiber matrix). By cons for
values of embedding lengths ranging from 150 μm to 400 μm causing failure of the
fiber before you, get the heaving.

3.3.2 Presentation of the Maximum Interfacial Stresses According to the Length
Enchased for the Test of Drop

The true test ofmastery of the drop thus inevitablymeans a thoroughmechanical analysis,
associated with a good knowledge of the behavior of the tested material (plasticity?…).
This is not specific to this test but is very characteristic of all the techniques thatmicrome-
chanical, all, fish generally by the simplicity of the assumptions. However, the problem
of an absolute determination of interfacial characteristics remains unsolved.

It now appears that any interpretation of the drop test and any test micromechanical,
in terms interfacial characteristics absolute, must take into account the effect of the
radial stresses. This undoubtedly limits the possibilities of analytical resolution in favor
of numerical methods.

We have seen that the complete modeling (taking into account radial effects, residual
stresses), from a mechanical point of view, this test is a complex problem, unresolved.
Nevertheless, it appears that a simple approach, who evaluates only one mean stress of
shearing to the interface, appears acceptable and representative of quality of adhesion
fiber/matrix; we thus obtain a good relative evaluation of the interfacial properties.

The maximum stresses at the interface for a constant force of 0.075 N and 0.09 N
evolve linearly with the length embedded, such as the shear stress τi,max is high for
carbon/epoxy (Figs. 4.c and 4.d).We cannot claimwith the determination of the absolute
values of interfacial resistance, having high values of obtained: up to 173 MPa in test of
the drop, and up to 86MPa in test of indentation. These values are indeed greater than the
shear strength of epoxy (τ = 80 MPa); if they represented really interfacial resistance,
an interfacial failure could occur, matrix having sold well before. However, we can
wonder whether the value of τ, determined by a macroscopic mechanical test on pure
resin, really corresponds to resistance to local intrinsic rupture of material. In a massive
test-tube, the final rupture generally intervenes by the propagation of a fissure started
on a defect, however, in the vicinity of this defect, leading to the rupture of material, is
much higher than the measured nominal stress. The apparent discrepancy between our
estimate of the interfacial strength and matrix strength is probably less important than
it seems.
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c) Constant force F = 0.075 N
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Fig. 4. Evolution of maximum interfacial stresses as a function of embedded length for a constant
force F = 0.09 N for the drop test.

4 Conclusion

Micromechanical tests developed so far, have kept a share of simplicity and specific
characteristics; such as type of stress, the dimension and nature of specimens and the
boundary conditions. These tests allow a qualitative study of the interface. Based on
these tests, interface stand for values below the calculated interfacial resistance but the
reality is that the interfaces become damaged at values far below those ound numerically
for parameters not considered in the assumptions may intervene in the case of finished
products. While this study particularly interesting to validate the experimental results
of tests. In addition, it will optimize couples reinforcements/matrix and determine the
effect of surface treatment of the reinforcement.
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Abstract. This paper presents an experimental study of the effect of mesoscopic
buckles defect and shear deformation of the reinforcement, which result from
shaping, on the lowvelocity impact behavior of a composite laminate. Thematerial
studied is a glass/polyester composite with three layers of mat and one layer of
taffeta fabric. To assess the properties induced on the final composite, plates with
calibrated defects and deformationsweremanufactured. Results of the impact tests
and observations performed on the materials with calibrated defects identified a
negative effect of buckling on elastic parameters and revealed greater damage
relative to the healthy material. The reinforcement shear had a beneficial effect on
the impact properties of the laminate, which was attributed to the increase in local
fiber density.

Keywords: Defects · Impact · Induced properties · Laminates · Textiles

1 Introduction

Composite materials with organic matrix are increasingly used for structures in many
industrial fields such as shipbuilding, aeronautics and automotive. This attraction is
mainlymotivatedby their highperformance (strength/specificmass) and their anisotropy,
which can be adapted to themechanical loadings undergone. In addition, the rapid growth
of composite materials shaping techniques has contributed significantly to their global
growth. However, the characterization and mastering of the behaviors and damage pro-
cesses of these materials, taking into account the effect of the manufacturing processes,
remains a challenge when they are subjected to complex mechanical loadings.

The sensitivity of composite structures to low velocity impacts, which is a part of
these loadings, raises many concerns and relatively restricts their scope of application.
Indeed, a structure can be exposed to shocks from various strange bodies (of varying size,
shape and rigidity) during the production, maintenance or service phases. These shocks
generally cause internal damage, that ca is not visible on structures surfaces, often with
dramatic consequences on themechanical performance of structures in service (Cantwell
and Morton 1991; Abrate 2005; Zhang and Richardson 2007)
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However, to our knowledge, studies in this area do not take into account the effect
of shaping processes. In general, the composite materials tested are made under ideal
conditions (stratification of undeformed fabrics and resin injection) without taking into
account deformations and/or defects of the fibrous network. Indeed, the fabric ismechan-
ically loaded (tension, shear, bending, compaction …) during shaping which can lead
to residual deformations as well as the appearance of local defects on the reinforcement
(Lightfoot et al. 2013; Allaoui et al. 2014, 2015a), especially when the part is of complex
geometry.

Shaping defects can be divided in two types (Fig. 1): macroscopic defects (at the
fabric scale) and mesoscopic defects (at the yarn scale). Macroscopic defects (wrin-
kles) are widely studied in terms of phenomenology and effect on the final com-
posite behavior. On the phenomenological level, studies have shown that wrinkle
defect, which is an out-of-plane phenomenon, is highly dependent on the coupling of
shear/tension/bending/friction behaviors of the reinforcement (Allaoui et al. 2011, 2014;
Wilems et al. 2008). This defect, appearing at the reinforcement scale, generates a sig-
nificant over-thickness that affects the geometrical tolerances and aesthetics of the final
part. Furthermore, studies have shown that the mechanical performance induced on the
final composite drops drastically, reaching up to 40% loss of maximum breaking stress
(Potter et al. 2008; Bloom et al. 2013; Hallander et al. 2013).

Fig. 1. Shaping defects: Macroscopic (wrinkles) and Mesoscopic.

Mesoscopic defects, meanwhile, appear locally at the yarn scale. We can distinguish
yarn breakage, weave pattern heterogeneity, buckles, yarn waviness, etc. (Lightfoot
et al. 2013; Allaoui et al. 2014; Potter et al. 2008; Tephany et al. 2016). The composite’s
behaviors induced by these mesoscopic defects, is significant on the service life of the
composite (Piggott 1995; Allaoui et al. 2015b; Cruanes et al. 2018). However, only few
studies dealwith this aspectwhile thesemesoscopic defects are among themost recurrent
when shaping complex preforms (Allaoui et al. 2014, 2015a;Wilems et al. 2008; Capelle
et al. 2014). In addition, the inter-ply friction substantially increases their quantity and
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extent of appearance, when dealing with multilayer forming (Allaoui et al. 2015a; Cru-
anes et al. 2018), hence, the importance to understand the mechanisms involved and
characterizes criticality of these defects on the behavior of the final composite.

It is within this framework that this work is situated, which is interested in the effect
of the mesoscopic buckles defect and reinforcement shear on the composite impact
behavior. For this, calibrated defects and shear were generated on glass fabric, taking
care to reproduce the amplitudes observed during forming of complex composite part.
Glass/polyester composite plates w were manufactured by the contact molding process
and then tested. The results and observations were analyzed and compared with those
obtained on a healthy compositematerial in order to evaluate the effect of themesoscopic
buckles defect and reinforcement shear on the behavior and generated damage.

2 Material and Preparation of Calibrated Specimens

2.1 Material

The composite material used in this study is a GFRP from the company Iselman (Bejaïa,
Algeria, www.iselman.com). It is mainly intended for the manufacture of marine navi-
gation and fishing equipment. The same manufacturing process used by the company,
namely contact molding, was used to produce composite plates with andwithout defects.
The reinforcements used are of type E glass, in the form of mats and taffetas. An
unsaturated polyester thermosetting resin (with an appropriate hardener) was used to
impregnate the various stacks.

The final average thickness of the composite plates obtained is approximately 3.7
mm. The fold order of this laminate is shown in Fig. 2. The impact tests will be carried
out on the outside face of the laminate (Fig. 2), which is subject to this type of loading
during navigation.

Fig. 2. Order of the reference laminate layers.

2.2 Preparation of Calibrated Specimens

Plates with calibrated defects have been produced in accordance with the stacking
arrangement of the reference laminate. Defects are generated only on the taffeta fabric.
The defects were generated in such a way as to reproduce the amplitudes observed in
a feasibility study of a complex and undevelopable part for nautical application. Plies
were made with shear angles of 30±1° on each of the zones delimiting the buckle band
seen the amplitude of the defect is proportional to this shear (Fig. 3).

http://www.iselman.com
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Fig. 3. Protocol for making calibrated specimens.

3 Comparison Between Healthy Materials and Materials
with Calibrated Defect and Shear

3.1 Reference Material

The reference laminate was tested for low impact energies. Figure 4 highlights the
variation of the impact properties according to the three energies used 10J, 20J and 30J.
Good reproducibility of the results for the drop weight impact test was observed for the
same material.

It is interesting to see that loading and unloading regions are almost symmetrical
(Fig. 4a), suggesting that the contact duration is almost unchanged. The rising part of
the curves (Fig. 4b) corresponds to the loading phase of the material up to a maximum
value equivalent to the impact energy. It can also be seen that after about 14 ms the
energy stabilizes indicating that the impactor has lost contact with the sample. Some of
the energy has been restored in an elastic way. The residual energy then corresponds to
the energy dissipated by the damage of the laminate. We also observe that the absorbed
energy and damaged areas generated after impact evolve linearly with the impact energy
for this type of material.

3.2 Material with Calibrated Defects

Impact tests were conducted to characterize the properties induced by the calibrated
buckles defects (AB samples) as well as the shear deformation (AS samples) of the
reinforcement. This comparison will be made at impact conditions at 20J corresponding
to a speed of 1.68 m/s.

Despite almost symmetrical behavior, there is a variation in the maximum load
(Fig. 5a). Thus, the maximum load of the specimens with sheared reinforcement (AS) is
slightly higher than that measured for the reference laminate (A), which is attributed to
the increase in the stiffness of the laminate. This increase in stiffness is attributed to the
effect of reinforcement shear which induces an increase in fiber content (by 6.68% in this
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Fig. 4. Evolution of load vs. time (a), energy vs. time (b) for the three levels of impact energy.

case) associated with the contribution of transverse yarns to mechanical behavior in the
longitudinal direction of the material. The trend is reversed for specimens with buckles
defect (AB) where a maximum load reduction is measured (Fig. 4a). This indicates that
the effect of the buckles mesoscopic defect is not negligible on the mechanical impact
behavior of the composite as is also the case for fatigue behavior (Allaoui et al. 2015b;
Cruanes et al. 2018).
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Fig. 5. Comparison of healthy material behavior/with defect/with shear: load vs. time (a), energy
vs. time (b)

In addition, this drop in performance is associated, by the nature of the defect, with
a greater predisposition to damage leading to higher absorbed energy for the laminate
with defects than for the healthy material (Fig. 5b).

This fact has been verified with the help of the SEM observations, which have been
made in the thickness of the samples passing through the center of the buckles defect.
These observations showed the presence of significant damage, located on the opposite
side, with numerous fiber breakage, multiple cracks and fragmentations of the matrix,
combined with a fiber/matrix debonding (Fig. 6). These fractographies also highlighted
the presence of areas rich in resin or fibers. The SEMobservations highlighted significant
damage in out-of-plane mode for the specimens with calibrated defects relatively to the
reference material (Fig. 6).
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Fig. 6. SEM observation of specimens with buckles defect (AB), sheared (AS) and healthy
specimen (Reference A).
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4 Conclusion

The results of the impact tests showed that the buckles defect has a negative effect
on the elastic parameters of the material. This effect is the consequence of a local fiber
impoverishment caused and a disorganization of the fibrous network, with a reorientation
of the fibers following the out-of-plane buckling of the yarns, in the area where were
located the defects.

For the material with calibrated shear of the reinforcement, the significant contribu-
tion to stiffness of the transverse yarns and the increased local fiber rate due to the shear
deformations led to an increase in mechanical properties.

The SEM observations made on the impacted specimens highlighted significant
damage in out-of-planemode, both in the case of specimenswith buckles defect and those
with shear , relative to the healthy material where the in plane damages are predominant.
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Abstract. Plaster is a building material widely used in finishing buildings work,
known for its qualities, which allow it a growing demand in the construction
market; it is a favorable material to protection of the environment, very malleable,
low density, also its thermal and sound insulation, regulator of the hygrometry of
the enclosures and decorative, but the fragility of plaster poses a problem in design
of decorative pieces with a langue size dimension, which causes problems for the
users; in this study the plaster will be reinforced by fiber from waste plastic and
powder glass, by introducing ratio (1 and 2% for plastic fiber and 5 and 10% of
glass powder) of the introducing volume of reference specimens plaster studied.
The results shows the positive effect of the introducing the waste plastic fiber and
glass, that the results shows increasing the values of stress in flexion testing of
reinforcing plaster beams, and also improving of the fragile behavior, in the other
hand including waste glass has improving too the density various comparing in to
reference plaster beam.

Keywords: Construction plaster · Plastic fiber · Glasses powder · Stresses of
rupture

1 Introduction

Plaster has been used as finishing material in construction for walls and ceilings for its
excellent performance favorable to the protection of the environment, easy application,
and low density, with notable functional properties as firebreak, thermal insulation,
hygrometry regulator speakers, decorative Iucolano et al. (2015).

In addition, the large availability, relative low cost, easy handling and mechanical
characteristics suitable for different uses, makes the gypsum a widely used construction
material Arikan et al. (2002). However, the fragility of plaster material is the subject of
much research works. In order to overcome these limitations, the mechanical properties
of all the binders can be enhanced with the addition of fibers to produce fiber-reinforced
composites Hamzaoui et al. (2014).

Recently, eco-friendly materials are playing an important role in the building mate-
rials market, most of all-natural fibers used to reinforce several typologies of composites
materials like plastics Sullins et al. (2017), but the use of natural fibers as reinforcement in
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building materials is the weak interaction between fiber and binder matrix. Accordingly,
a large number of studies focused on chemical (such as silane alkalization or mercer-
ization and acetylation treatments) or physical treatments of the fibers to enhance their
surface roughness improve the fiber-matrix adhesion and reduce the moisture absorption
Van de Weyenberg et al. (2006).

Concerning the reuse of recycled plastic in mortars and concrete, extensive studies
have been conducted on used tyre modified concrete and mortars Turatsinze (2007).

The use of PETwaste in cement-based compositeswill provide benefit in the disposal
of wastes and, in addition, will reduce the environmental damages due to the use of
natural mineral aggregates resources. The use of waste plastic as lightweight aggregate
in the production of concrete provides both the recycling of the plastic waste and the
production of a lightweight concrete in an economical way Frigione (2010).

Glass waste is representing urgent environmental problems all over the world. Du
et al. (2013), and the usability of fine glass powder as a value-added product as it could
replace a proportion of an expensive concrete constituent such as Portland cement was
possible. Du and Tan (2014), these materials occupy huge parts of the land fills spaces.
due to the non-biodegradable nature of glass, and causing serious environmental pollu-
tions (air, water and soil pollutions). Also, the lack of spaces for new landfills is a problem
facing the dense population cities in different countries. The reuse of glass wastes can be
an interesting to reduce the environmental impact. Recycling of these wastes will help to
conserve the earth’s natural resources, minimizes the landfills spaces and saves energy
andmoney Hogland (2002). Different studies have been done to investigate the optimum
percentage of waste glass that can be used as a partial replacement to cement to produce
concrete, investigated the use of (5–10 and 20%) of waste glass as a partial replacement
to cement. The glass waste powder used was slightly higher in particle size distribution
than that of Portland cement. Schwarz et al. (2008), but the introducing of waste glass in
plaster is not cited in studied, in the work we proposed the effect of similar introducing
of plastic fiber and powder glass in plaster beam, in physical and mechanical properties
of the composite plaster materiel.

2 Materials and Methods

The materials used in this work are: Plaster: KNAUF [FLEURIS], glass powder from
glass waste, having undergone a fine grinding, and plastic waste type PET polyester high
resistant with depth is 2 mm, recover as waste, that is used as packaging cord in industry,
as shown in Fig. 1.

2.1 Composite Formulation

The absence of a universal method for the formulation of plaster-based compositions
the compositions are formulated as according to the following steps:

At the beginning the normal consistency is determined and the ratio E/P = 0.60 is
fixed.

We will cut the plastic with a thickness of 2 mm and length of 14 to 15 cm, with
depth is 2 mm, the plastic fibers are placed horizontally to provide reinforcement of
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Fig. 1. a: Glass powder b: Plastic fiber (20 mm) c: Plastic fiber (2 mm).

the composite. The percentages (water. glass powder. plastic waste) are related to the
amount of plaster of the composition concerned.

The studied compositions are given in the Table 1:

Table 1. Summary of the compositions studied.

Compositions % Powder glass % Plastic fiber

Composition 1 0% 0%

Composition 2 0% 1%

0% 2%

Composition 3 5% 1%

10% 1%

Composition 4 5% 1%

Composition 5 5% 2%

Composition 6 10% 1%

Composition 7 10% 2%

2.2 Tensile Strength of Fibers

The tensile tests of the plastic strapping (PET), are doing in tensile machine, the
dimension of plastic specimen are (200 × 20 × 2) mm3, as shown in Fig. 2.

Fig. 2. Tensile test of plastic fiber

The Fig. 3 shows the strain-strain curves of tensile tests on plastic fibers.
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Fig. 3. Tensile curve test result of plastic fiber

2.3 Mechanical Characterization

2.3.1 Mechanical Resistances

The mechanic tests are realized in a hydraulic press. The beams dimension is (4 × 4 ×
16) cm3 with constant (W/P) ratio W/P = 0.6, the bending tests are carried out, with a
loading speed of 50 N/s± 10 N/s. The failing of each specimen in flexion is carried out
according to the device shown in Figure 4 below, the results are showed in the Table 2.

Fig. 4. Flexural strength test of plaster specimen.

Flexural breaking strength is given by the following formula:

Rf = x1.5× Ff × L

b3

L: Distance between the test rolls of the beam is
(40 × 40 × 160) mm3; (L = 100 mm);
Rf: Flexural strength in MPa;
Ff: Breaking force.
The following Figs. 5, 6, 7 and 8, represent the variation of the force as a function

of the displacement of all the specimens studied in this work.

2.3.2 Discussion and Interpretation of the Results

According to the results that the Figs. 6, 7 and 8 represent the curves of the flexural
tests, we observe the amelioration of mechanical resistance to flexural test for all the
compositions with addition of plastic fiber as shows the Figs. 5, 6, 7 and 8 with 1% and
2% of plastic fiber), and (5% and 10% of glass powder) which represented in Figs. 7
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Table 2. Summarize the composition of the variant specimens studied.

Compositions % Powder glass % Plastic fiber ρ (g/cm3) Fmax (N) σ bending stress
(MPa)

Composition 1 0% 0% 1.24 936.94 2.20

Composition 2 0% 1% 1.33 1965.73 4.61

0% 2% 1.37 1854.10 4.35

Composition 3 5% 1% 1.35 1792.38 3.86

10% 1% 1.37 1843.16 4.61

Composition 4 5% 1% 1.33 1282.09 3.00

Composition 5 5% 2% 1.31 1852.05 4.34

Composition 6 10% 1% 1.28 1921.53 4.39

Composition 7 10% 2% 1.36 1958.79 4.43

Fig. 5. Three point flexural curve test results (Compositions 1 and 2)

Fig. 6. Three point flexural curve test results (Compositions 3 and 4)

Fig. 7. Three point flexural curve test results (Compositions 5 and 6)

and 8, compared to the reference specimen, the results shows the increasing of flexural
straight, which exceeds 100% in the specimen of the compositions: composition 2:
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Fig. 8. Three point flexural curve test results (Composition 7)

(+2.41 MPa), composition 3: (+2.86 MPa), composition 4: (+0.8 MPa, composition 5:
(+2.14MPa, composition 6: (+2.19MPa, and the composition 7: (+2.23MPa) comparing
to the reference composition without plastic fiber addition (composition 1 (2.2 MPa), as
showed in the Table 2, this increasing is explained by the effect of plastic waste which
plays the role of reinforcement in the composite and there horizontal disposition in the
composite studied.

The flexural curves, shows a variation of the mechanical comportment under flexural
tests, the specimens without fiber (composition 1) indicate the fragile comportment,
but the others composition shows the amelioration of mechanical behavior, the corves
shows this modifications, explained by the presence of plastic fiber which contribute to
the strength of the composite, that the values of flexural strength has increasing with a
percentage that exceeds 100% in some varieties as showed in the Table 2.

The introduction of waste glass as a powder is benefic to the densification of com-
posite do to this finesse, that showed by the increasing of density of composite, which
increasing the mechanical properties of the specimens studied, with is explained by the
double impact of the plastic fiber and the powder glass.

3 Conclusion

The effect of plasticwaste fibers and glass powder on themechanical properties of plaster
composite was investigated in this paper. Furthermore, the effect of different rate addi-
tions of fibers and the consequent in flexural resistance was too improving by increasing
the flexural strength, in addition the powder glass participate to the densification of
composite.

Too, we investigated the possible uses of glass and plastic waste in the plaster mate-
rial, as reinforcement, the results of flexural testing of all beams with plastic fiber,
confirms the amelioration of mechanical behavior after reinforcement by the waste fiber
that we have improving the tensile resistance, the fiber with high tensile strength, which
contributed to the improvement of the mechanical flexural strength of the plaster.

In the light of the results, this work can offer a new construction material with an
improvement of the mechanical properties in bending of the plaster material.
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Abstract. Most of the old buildings in Algeria were built before the appearance
of the Algerian seismic regulation. They were designed to resist the vertical loads
without considering the impact of the earthquake. In this case, compliancewith the
RPA against the earthquake is necessary to ensure the safety of these structures.
The solution adopted in the present research is the reinforcement by the insertion
of reinforced concrete bracing shear walls in both directions of the structure. The
objective of this article is the study of the influence of reinforcement on the strength
of the resistance of the structure and the methodology of compliance with RPA
99 version 2003 of a building built before the appearance of the first Algerian
seismic code RPA 81. The results obtained after reinforcement, from a Pushover
analysis in terms of ductility demand µD, the elastic stiffness of the structure Ke,
The stiffness performance point Kp and the global degradation indicator Id show
an increase in capacity in terms of displacement and shear force.

Keywords: Rehabilitation · Reinforced concrete building · Pushover analysis ·
Compliance · Algerian seismic regulation

1 Introduction

The reinforcement of existing buildings is a recent concern of earthquake engineering.
Most of the old buildings in Algeria are built before the appearance of the Algerian seis-
mic code RPA. The first version RPA81, was developed after the El-Asnam earthquake
of 10 October 1980 (Ministère de l’Habitat et de la Construction 1981). It is followed by
the RPA 83 (Ministère de l’Habitat et de la Construction 1983). These two calculation
codes are based on the equivalent static method for the evaluation of seismic forces
applied to the structures. The spectral modal analysis method was introduced in RPA
88 (Ministère de l’Habitat et de la Construction 1988). Both methods are integrated in
the RPA 99 (Ministère de l’Habitat et de la Construction 2000) and the RPA 99 version
2003 (Ministère de l’Habitat et de la Construction 2003). Most of the old buildings
are designed to resist only to vertical loads without considering the action of horizontal
forces calculated from the seismic codes. In this case the conformity of the constructions
is necessary. In the case of an old building in good condition, Compliance requires the
reinforcement of the structure, in order to meet the requirements of the calculation code
such as displacements, the participation of the modal masses, ductility, etc. There are
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several methods of strengthening: addition of bracing shear walls, concrete jacketing of
columns and beams (Kim 2008), use of composite materials (Leng and Teng 2008), etc.
Therefore the use of shear walls is strongly recommended by the RPA.

2 Building Reinforcement

Anold building designed and built without seismic consideration, but located in a seismic
zone is subject to a seismic reinforcement regulatory obligation (Madi et al. 2011a,
b). Reinforcement is an operation that involves increasing the level of service of a
construction such as resistance, ductility or both simultaneously, to allow normal use in
conditions not originally intended or to provide him with sufficient protection against
demands that have not been taken into account in calculations such as the earthquake
(Madi et al. 2014). The reinforcement strategy is to find the optimal solution that takes
into account the cost, the construction period and inconvenience to the occupants. There
are two methods:

– reinforcement inside the existing structure;
– design a new structure, often outside the building, and which alone resists the total
action of the earthquake. This solution is often optimal. It consists in putting in each
horizontal direction two bracing walls based on a new foundation sole. The diagnosis
of the existing structure and its environment is necessary before beginning the study of
reinforcement (Madi et al. 2011a, b; Madi 2012). It gives a detailed statement on the
status of construction. This is an analysis of resistance to seismic action by searching
and examining: site data, the quality of materials, architectural and civil engineering
plans (formwork and reinforcement), the most suitable dynamic calculation and the
feasibility of different reinforcement solutions. It is a complete and expensive app-
roach that can be adapted and possibly simplified case by case, depending on the
complexity of the building. The general approach to follow is: study of the state of the
building to be reinforced, definition of objectives to be achieved: enhance the bearing
capacity or bearing capacity and ductility capacity or only ductility capacity, choice of
means and methods to use and detailed study of the operation. The different methods
of strengthening structures are mentioned in Fig. 1. Inserting new elements into an
existing structure significantly changes its dynamic behavior during an earthquake.
There will be a new redistribution of horizontal forces between the various bracing
elements. In this case, the concentration of forces in low resistance elements must be
avoided and/or low ductility and reduce the effects of twisting and irregularities.
The increase of the capacity of the structures against the earthquake can be done either
by a global reinforcement based on:

– The insertion of the shear walls bracing (Fig. 2): reinforcement by reinforced concrete
walls is undoubtedly the best method to increase the resistance capacity to the seismic
forces of a structure. These walls can be placed outside the building, on the periphery
or inside.

– reinforcing the structural elements (CGS 1992):

a. Beams: the jacketing can be made on one, three or four sides (Fig. 3).
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Fig. 1. Organizational methods of reinforcements
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b. Columns: in this case reinforced concrete or metal jacketing can be used. Metal
jacketing consists of enclosing the column in a metal cage. The reinforced concrete
jacketing depends on the free space around the column and it can be made on one, two,
three or four faces (Fig. 4).

c. Concrete Walls: the increase of the thickness of a wall by jacketing it with concrete
can be realized if its resistance is insufficient (Fig. 5).

d. Soles: the reinforcement of existing soles requires the increase of their dimensions
to increase the surface of contact with the ground (Fig. 6). It is easy to achieve a simple
reinforcement of the sole in the case where the column is itself reinforced by sheathing.
Belt surrounding the existing sole and directed at its base is of great importance for the
transmission of efforts inclined. For this it is necessary to achieve a fairly rigid belt.
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3 Pushover Analysis

Pushover analysis is a method of computation by nonlinear static analysis to study the
vulnerability of the existing structures against the earthquake. It allows tracing the flow
sequence, the ruin of the elements, the level of structural damage and the progress of
the overall structure curve. The safety levels according to ATC 40 (Fig. 7) are: Immedi-
ate occupation (IO), Life Safety (LS) and Collapse Prevention (CP). The other points:
collapse (C) and Ruin (D).

In this analysis, the beams and columns aremodeled by elements having linear elastic
properties. The nonlinear behavior is reflected by the introduction of the plastic hinges
defined by theATC 40 (Applied technology council 1996) and FEMA273 (FEMA1997)
integrated in SAP 2000 (SAP 2000 2014). For the calculation of plastic rotations, M3
is used for the beams and P-M2-M3 for the columns. The shear wall is modeled by an
equivalent column-beam element located on the axis of the wall. Two plastic hinges type
P-M-M are introduced at the base and at the top of the wall and a shear hinges type V2
or V3 in the middle (John 2008). The beams framing the wall are considered as rigid
zone. The ductility demand µD depending on the elastic displacement of the structure
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Fig. 7. Force-displacement relationship used in SAP2000

Dy and displacement to the point of performance Dp is given by:

µD = Dp

Dy
(1)

As the factor µD is large, the degree of penetration of the structure in the plastic field
is important. The initial stiffness (elastic) of the structure Ke according to the elastic
shear force Vy and the elastic displacement Dy is given by:

Ke = Vy

Dy
(2)

As the structure elements plasticize, the structure suffers damage which results in a
decrease of Ke. Stiffness at the point of performance Kp according to the shear force Vp

and the displacement Dp is given by:

Kp = Vp

Dp
(3)
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The global degradation indicator Id is given by:

Id = 1 − Kp

Ke
(4)

We study the structure in the y direction, which is the most vulnerable.

4 Study of an Existing Building Autostable Frames

According to the expertise of the construction (Fig. 8): This is a reinforced concrete
structure (ground floor + 5 floors), symmetrical in both directions, built in 1980 and
located in the city of Guelma in eastern Algeria. The floor of the various stages is hollow
body of 20 cm thick. The dimensions are (30 × 35) cm for the beams, (30 × 30) for
chaining and (30× 40) for columns. The floor height is 3,15 m. The structure is located
in a class IIa seismic zone. The foundation soil is of the loose type. The characteristics
of the materials are as follows:

Concrete: f c28 = 25 MPa, Ec = 32164 MPa. Steels: FeE400 for longitudinal rein-
forcement, Es = 2.105 MPa, f y = 400 MPa and FeE235 for transverse reinforcement,
Es = 2.105 MPa, f y = 235 MPa. Permanent loads G and overloads Q are as follows:
Gterrace = 0,57 tf/m2, Qterrace = 0,10 tf/m2, Gfloor = 0,50 tf/m2, Qfloor = 0,10 tf/m2.

5 Compliance of the Existing Structure with RPA 99 Version 2003

The RPA 99 version 2003, requires the presence of bracing shear walls in both directions
of the structure. The best disposition of the sails is that which are placed at the end of
the structure with perfect symmetry (Madi et al. 2017). Which requires the symmetrical
insertion of the walls with respect to the x and y directions. The thickness of the shear
walls is 15 cm (Fig. 9).
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6 Comparison of Results

6.1 Dynamic Study

The results of the dynamic analysis are shown in Table 1.

Table 1. Dynamic analysis results

N° Variant Fundamental period
(s)

Participation of the
masses

Displacement at the top
(cm)

X (%) Y (%) X (cm) Y (cm)

01 Frames 1,39 99 99 3,04 3,04

02 Frames + Shear
walls

0,57 91 91 0,94 0,98

6.2 Pushover Analysis

The results of the Pushover analysis are shown in Tables 2 and 3.
The analysis of the results shows an increase in the resistance, a decrease in displace-

ments and good penetration in the plastic field of the reinforced structure with respect
to the initial structure.

7 Reinforcement Detail

The joining details of the existing columns with the new reinforcing shear walls are
mentioned in the Figs. 10, 11, 12 and 13. The steps to follow for realization reinforcement
are as follows:
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Table 2. Pushover Analysis Results

Variant Sens y-y

Capacity curve Pushover analysis

Performance point

Vmax (tf) Dmax (m) Vy (tf) Dy (m) Vp (tf) Dp (m)

Frames 214,78 0,15 73,08 0,029 91,59 0,046

Frames + Shear walls 374,64 0,09 78,46 0,007 129, 390 0,020

Table 3. Parameters of Pushover Analysis Results

Variant Sens y-y

Parameters

µD Ke (tf/m) Kp (tf/m) Id (%)

Frames 1,59 2520 1991,10 0,22

Frames + Shear walls 2,85 11208,60 6469,50 0,42
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– proceed to the jacketing of the columns by removal of the coating layer;
– Drill 14 mm diameter holes in the columns and beams at the crossing point of the
horizontal and vertical reinforcement;

– seriously clean stitched surfaces with an air jet;
– apply a layer of Sika impregnation on quilted surfaces;
– the stuffing of the drilled holes is done by the sealing sika;
– set up of coffrage and reinforcement;
– setting up concrete with vibration.

8 Conclusions

The compliance of old buildings with the Algerian RPA seismic regulation is an essen-
tial requirement to preserve people and the environment. There are several methods
of reinforcing structures or repairing structural elements: metal or concrete sheathing,
containment and bandage by FRP, steel plating, etc. The addition of shear walls is an
effective measure for strengthening existing structures. It increases the resistance and
ductility capacity. We must place the shear walls in a way that allow us to avoid the
twisting effect. The junction detail is necessary to ensure a good connection between
the old and the new elements.

The results presented show the improvement of the ductility and strength of the
structure in case of reinforcement by shear walls: reduction of the period and displace-
ments and a good penetration in the plastic field. They are an example of compliance of
buildings built before the appearance of seismic codes and decision support government
in the rehabilitation of structures in medium and high seismicity areas.
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Abstract. The depletion of natural deposits of aggregates and the difficulties to
open new quarries make it necessary to look for new sources of supply. Recycling
and waste recovery are now considered as an alternative solution in the future.
Aggregates are considered essential components in the composition of ordinary
concrete or concrete for specific use. Such utilization of recycled aggregates is of
great importance from a technical and environmental point of view. The present
study concerns the use of aggregates from the crushing of concrete waste as a
replacement for natural aggregates with a sand of standardized particle size of
determined fractions. An experimental program for the characterization of a local
recycled concrete based on prepared sand was planned. Four types of concrete
were formulated including a control concrete mixture with crushed aggregates,
8/16 recycled concrete gravel fraction and prepared sand. The substitution amount
of the fine fraction of prepared sandwas 15% for slag and 10%pozzolan asmineral
additions. The principal objective of this researchwork is to study the effect of par-
tial substitution of recycled aggregates on the physical and mechanical character-
istics and on the resistance to aggressive environments of a local recycled concrete
based on prepared sand. The results obtained show the positive effect of using a
recycled local sand-based concrete on the mechanical properties of concrete while
keeping an acceptable workability for the studied concrete mixtures.

Keywords: Recycled concrete · Prepared sand · Aggressive environment · Slag ·
Pozzolan

1 Introduction

The concrete is one of the most used materials in the world, this composite material
resulting from carefully balanced mixture of a granular skeleton (aggregates) and a
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blending pasty matrix composed of cement, water and usually admixtures (Dreux and
Festa 2000; Aitcin 2001). The use of aggregates by huge amounts in the concrete manu-
facturing industry drives us to find an alternative solution such as the case of a concrete
based on recycled aggregates, which could be a solution to reduce the impact on the
environment and save natural aggregate resources. Previous studies on plain concrete
utilizing prepared sand found the advantageous effect of replacing the prepared sand
with additions slag on physical, mechanical properties and holding in aggressive envi-
ronments (durability) mortars and concretes. These concretes based on this sand showed
improved performances especially at an optimal percentage range of 10 to 15% replace-
ments. Bouglada et al. (2017), Noui et al. (2018). The partial or total substitution of
aggregates for the formulation of a recycled aggregate concrete (RAC) satisfying the
requirements of quality and durability; currently present a topic of great interest for
construction researchers and specialists in domain of concrete industry (Rao et al. 2007;
Belagraa 2015; Belagraa et al. 2017). This study uses recycled aggregate (RA) from
prepared from old concrete site to standardized particle sizes of fine (sand) as well as
coarse fractions in the presence of active mineral additives blast furnace slag(S), and
natural pozzolan (PZ) beside introducing additions replacement to substitute the fine
fractions of the novel prepared sand. The fine (0.08–0.16 mm) sieve fraction replace-
ment by the mineral additions, slag (S) and pozzolan (PZ) in this experimental program.
The objective of the present research is to study the physico-mechanical properties of
concrete with recycled aggregates, prepared sand and compared to an ordinary concrete
(control) with natural aggregates. Thus a possible future use of RAC in the engineer-
ing civil field and public works. The total substitution of 100% recycled aggregates
can generate a strength of fall, however, a partial replacement of natural aggregates by
recycled only with a defined percentage could be a solution for making commonly used
concrete within acceptable performances (Topcu and Sengel 2004; Marta and Gutierrez
2004; Falek 2017). The study will address the following investigation parts; firstly to
see the effect of the prepared sand on the physico-mechanical properties of recycled
concrete gravel base. In the second stage a comparison between the results obtained by
direct compressive strength testing for conventional concrete and RAC regarding the
aggressive environment sustainability. Thus, the durability could be assessed for studied
mixtures.

2 Experimental Program, Materials and Methods

This section presents the different materials used in this study, their characteristics, the
experimental methods and formulations of concrete mixtures.

2.1 Materials

See Figs. 1 and 2.

2.1.1 Crushed Gravel CG

The crushed gravel used in the testing program for concrete control mix is based on a
local quarry site from the region of Bordj BouArréeridj, (3/8), (8/16) fractions.
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Fig. 1. Preparation process of recycled aggregates

Fig. 2. Shape and constituents of recycled aggregates.

The characteristics are listed in Table 1. These, were studied in civil the engineering
laboratory at the University of Bordj BouArreridj.

2.1.2 Recycled Gravel RG

Crushing operations and preliminary screening of concrete waste are made on site,
then at the laboratory of civil engineering of the university we conduct a screening and
separation to obtain the desired fractions 3/8 and 8/16. The composition of the recycled
aggregate concrete is different from natural aggregates by their composition, indeed the
recycled aggregate concrete is a compositematerial, and the two components are: natural
aggregates crushed partially or paste of crushed hydrated cement, coating the natural
aggregates. De Juan and Gutiérrez (2009), Douara et al. (2009) indicate these features
are on the Table 1.

2.1.3 Prepared Sand SP

The sand used in our work is a dune sand from the desert region, Oued Souf locality,
prepared at a determined granularity fractions sizes: (0,08 to 0,16) = 11%, (0,16 to
0,315) = 16%, (0,315 to 0,63) = 29%, (0.63 to 1.25) = 19%, (1.25–2.5) = 15% and
(2.5 to 3.15) = 10%, their characteristics are cited in Table 1 (Fig. 3).

2.1.4 Cement (MATINE) C

The used cement CEM II/B 42.5 N is chosen to formulate the mixtures; it is delivered
from a local plant LafargeHolcimin the region of Hammam Dhalaa, M’sila; its chemical
compositions and physical characteristics are reported in Table 2.
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Fig. 3. Sieve analysis curve of prepared sand (PS).

Table 1. Characteristics of aggregates

Properties CG 3/8 CG 8/16 RG8/16 PS

Bulk density (g/cm3) 1,55 1,40 1,38 1,70

Specific density (g/cm3) 2,69 2,57 2,37 2,39

Porosity P (%) 42,21 45,49 41,91 –

Compacity C (%) 57,79 54,51 58,09 –

Voidtatio e 0,73 0,83 0,72 –

Sand equivalent – – – 100

Finesse modulus Mf – – – 2,41

Table 2. Chemical composition and physical properties of Cement, Slag and Pozzolan.

CEM II/B 42.5 N Slag Pozzolan

SiO2 17.35 35,40 74.48

Al2O3 4.51 10.58 12.83

Fe2O3 2.92 0.85 3.92

CaO 59.87 35.64 1.51

MgO 1.62 6.62 0.32

SO3 3.08 0.52 –

K2O 0.62 0.61 –

Cl 0.014 0.016 –

LOI 10,02 9.53 7.21

SSB (cm2/g) 4150 3627 3575

ρ (g/cm3) 3.02 2.87 2.73
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2.1.5 The Blast Furnace Slag(S)

Slag is a byproduct of the manufacture of cast iron in the blast furnaces of steel plants,
granulated slag was taken from a fresh production of the factory of El Hadjar (Annaba
east Algeria). The physico-chemical properties are provided in Table 2.

2.1.6 Natural Pozzolan (PZ)

Pozzolan of a volcanic origin extracted from Bou Hamidi deposit located 2.5 km from
Beni Saf (Algeria northwest) represented by a cone-shaped mountain called El Kalcoul
is used in the experimental program and their characteristics are listed in Table 2.

2.2 Experimental Methods

In our study the absolute volume method known as method SCRAMTAIEV has been
used in the formulation of our concrete, the principle of this method is: the sum of all
components of the concrete should be equal to 1000 L or 1m3 and the porosity P= 0 for a
compressed concrete (Naceri 2004; Belagraa 2011), the concrete composition, that is to
say the cost (amount) of: cement, water, sand and gravel is determined approximately by
calculation. Finally it is specified by experimental test, the mix concrete in Table 4 later.
Remember that the goal of ourwork is to see the effect of partially recycled aggregates on
themechanical behavior a concrete and given to aggressivemedia preparedwith different
types of sand. To reach the objectives, it has been adopted a testing methodology based
on the preparation of wasted four types of concrete according to Table 3 later.

Table 3. The different types of concrete mixtures used

Type concrete CG (%) RG (%) SP (%) Slag (%) PZ (%)

Control 1 concrete CC1 100 0 100 0 0

Control 2 concrete CC2 40 60 100 0 0

Concrete CS 40 60 85 15 0

Concrete CPZ 40 60 90 0 10

The molds used for making test specimens are steel cubes (10 × 10 × 10) cm3.
At fresh state, the slump test was utilized to assess the workability of concrete mix

according to the standard (NF EN 12350-2 2012).
In the hardened state, the density and the compressive strength were performed at

14 and 28 days according to the standard (EN 12390-3 2012).
The durability tests,were performed according to the standard (EN 197-1 2012) on

specimens of 10 × 10 × 10 cm3. Four types of concrete were made up, after 24 h they
were removed from the molds and stored in water up to 28 days. After 28 days of curing
in water, the specimens were weighted and cleaned after which they were immersed in
two separate aggressive media for 15 days: A solution of 5% HCl acid see Fig. 4, and a
solution of 3.5% H2SO4 Fig. 5.
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Table 4. Concrete formulation for 1 m3

Components CC1 CC2 CS CPZ

Water E (l) 200.00 200.00 217.00 214.00

CG 3/8 (kg) 482.30 482.30 482.30 482.30

CG 8/16 (kg) 723.45 / / /

RG 8/16 (kg) / 723.45 723.45 723.45

Cement C (kg) 336.00 336.00 336.00 336.00

PS 2.5/3.15 (kg) 51.63 51.63 51.63 51.63

PS 1.25/2.5 (kg) 77.44 77.44 77.44 77.44

PS 0.63/1.25 (kg) 98.09 98.09 98.09 98.09

PS 0.315/0.63 (kg) 149.72 149.72 149.72 149.72

PS0.16/0.315 (kg) 82,60 82,60 61.95 82,60

PS 0.08/0.16 (kg) 56.79 56.79 / 5.16

Slag (kg) / / 77.44 /

Pozzolan (kg) / / / 51.63

Spoil concrete (kg) 2258.02 2258.02 2275.05 2272.05

Fig. 4. Concrete test cubes submerged in solution: HCl

Fig. 5. Concrete test cubes submerged in solution: H2SO4
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Weight Loss: The degree of attack is evaluated by the following weight loss formula:

Weight loss (%) = [(M1−M2)/M1]× 100 (1)

With:M1: the weight of the specimens before immersion,M2:mass of the test pieces
after immersion for 15 days.

Strength Loss: a second parameter of the degree of chemical attack effect on the
resistance is evaluated by the following formula strength loss:

Strength loss (%) = [(R28− RCD)/R28]× 100 (2)

With; R28: The compressive strength at 28 days,
RCD: The compressive strength after immersion for 15 days.

3 Results and Discussion

3.1 Properties at Fresh State

From Fig. 6, the effect of substitution of recycled aggregates shows a decrease in the
density in the fresh state what correlates with previous work (Topcu and Guncan 1995;
Katz 2003), a rate of order of 04% is justified for the difference of the volumemass of the
aggregate, the introduction of the mineral additives in the prepared sands has not given
an increase in density of the concrete as compared to the control concrete aggregates
partially recycled (Table 5).

Table 5. Physical properties of concrete mixtures (fresh state).

Concrete type Density D (kg/m3) Slump Af (cm) W/C

CC1 2466 4.20 0.596

CC2 2368 4.20 0.596

CS 2325 4.00 0.647

CPZ 2357 4.00 0.657

The introduction of mineral additions prepared sand in concrete with partially recy-
cled aggregates leads to an amount of water increases to reach a constant workability
for all types of concrete or Af = 04 cm, the one speaker is the presence additions that
have an additional water absorption capacity which affects the ratio W/C Fig. 7. The
results found in this work show an increase of water cement ratio of around 9% Table 4,
whereas previous studies show that an amount of water added to the case of a concrete
based on recycled aggregate totally recycled is approximately 18% (Zemmit and Maafi
2013).
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-4 %

Fig. 6. The Density for the different concrete types.

+5 %

Fig. 7. The W/C Ratio for the different concrete types.

3.2 Properties at Hardened State

3.2.1 The Density

Figure 8 shows the density at hardened state of concrete as a function of the age at 7,
14 and 28 days. The concrete based on crushed gravel CC1 without replacement has a
higher density compared to control concrete CC2 with recycled gravel at 0% mineral
additions. However, the slag addition mixture CS and that with Pozolan, register a light
decrease in density compared to the former concrete types. This is due to the difference
in density of the nature of gravel which lighter as recycled one at 60% replacement is
with lower density. The substitution effect based on recycled aggregates and prepared
sand mixtures has a lower density at the hardened state about 2% (Zemmit and Maafi
2013).

3.2.2 The Compressive Strength

From the Fig. 9, a normal development of the resistance to compression (Rc) at [7, 14
and 28 days] for different types of concrete is observed. At 28 days the mechanical
response of the different type of concrete is greater than the desired value Rb= 30 MPa
by about 20% improvement, it is due to the use of a prepared sand of particle size with
active addition (slag and Pozzolan) that contributes for the enhancement of strength.
The formation of new hydrates in the cement matrix might be advantageous using the
prepared sand with mineral substitution.
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Fig. 8. The density for the different concrete types at hardened state.

Fig. 9. Compression strength of different concrete types at 7, 14 and 28 days.

It is noted, that the compressive strength at different ages of concretes based on
partially recycled aggregates with sand prepared without mineral additives CC2 at a
reduction of 8% compared to the strength of concrete based on aggregates crushed with
prepared sand CC1 those are similar to the finding of previous studies (Falek 2017;
Zemmit and Maafi 2013). So the partial substitution effect of recycled aggregates based
on standard sand of particle size does not influence on the compressive strength of
concrete. The addition of slag or pozzolanic in prepared sand tend to increase the W/C
ratio which has a negative influence on the compressive strength at different ages with a
reduction of about 10% relative to the two control concretes CC1 and CC2, respectively.

3.2.3 Durability Test

3.2.3.1 Mass Loss in Aggressive Media H2SO4 and HCl
According to the Figs. 10 and 11 later, it is noted that the loss of almost identical mass
loss for all the concrete mixtures after fifteen days exposure in aggressive environment,
this or aggregates or prepared sand, a loss rate of 6.5%H2SO4 in the middle and 2.5% in
HCl solution for the two types of concrete with recycled aggregate and that with partial
substitution by slag and pozzolan for prepared sand mixtures.

3.2.3.2 Compression Strength Loss in Aggressive Media H2SO4 and HCl
According to Figs. 12 and 13 the loss of compressive strength is around 57% in the
aggressive environment H2SO4 Also, it is observed o resistance loss in HCl medium of
about 33%. So, the influence of H2SO4counts almost twice compared to HCl aggressive
medium for all types of concrete studied.
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Fig. 10. The weight loss after 15 days exposure in H2SO4.

Fig. 11. The weight loss after 15 days exposure in HCl.

Fig. 12. Compressive strength loss in H2SO4.

Fig. 13. Compressive strength loss in HCl.
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4 Conclusions

Based on the results obtained in this study, the following conclusions could be drawn;
The partial substitution of aggregates by a recycled gravel of prepared sand mixtures

has no influence on the compressive strength of the concrete types so far, which is
comparable with a normal concrete their density shows a slight decrease of about 2%
(Falek 2017).

The introductionofmineral additions prepared sand in concretewith a partial replace-
ment of recycled gravel leads to an increase in the demand forwater for recycled concrete
mixtures.

At 28 days of age themechanical response of the different types of concrete is greater
than the desired value Rb= 30MPa, it is due to the use of a prepared sand and themineral
additive effect (slag and pozzolan), this improvement is about 20%.

The weight loss is considerable for all types of concrete regardless gravel or sand
prepared.

It is noted that the recycled concrete gravel and sand at a better resistance to H2SO4
and HCl medium compared to other concrete containing the mineral slag or pozzolanic
addition. And H2SO4 environment influences much more than HCl the concrete types
in terms of durability. Strength losses of around 57% in the middle H2SO4 and 33% for
HCL are noticed, respectively.

In general, it can be concluded that the formulation of concrete with prepared
sand for recycled concrete types up to 60% replacement is advantageous and improved
performance in regards to the mechanical compressive strength.
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Abstract. Concreting in hot regions (eg. southern regions of Algeria) suffers
from enormous difficulties in the conservation of materials, mixing, setting up,
setting and hardening concrete. The consequences pose major short- and long-
term problems, in terms of both fresh and hardened behavior, affecting the good
performance and long-term performance of concrete, as well as its durability espe-
cially in aggressive environments. Coal waste in the Bechar region are abundant
and a worrying waste. The incorporation of aggregates of waste is a recovery
method and a contribution to environmental protection. This study was carried
out to investigate the effects of temperature and coal waste (heap) addition on
concrete strength under simulated hot weather conditions. The study consists of
comparing the properties of a reference concrete with concretes incorporating
aggregate of coal waste (heap) at six levels of heap as content (1, 2, 3, 4, 5 and 6%
fine aggregate replacement) and two levels of temperature (25 and 50 °C). The
simulation of the hot climate in the laboratory is subjected to temperature 50 °C
with relative humidity of about 10%, wind speed at 10 km/h and E/C ratio con-
stant between all mixtures. The results revealed that coal waste (heap) inclusion
was more effective can be used for enhancement of properties of concrete. The
optimum heap as content varied between 1 to 4%. However, the strength at higher
temperatures was positively affected by inclusion of coal waste.

Keywords: Hot weather concreting · Coal waste (heap) · Environment ·
Compressive and flexural strength · X ray diffraction

1 Introduction

Hot weather concreting is defined in ACI 305 as mixing concrete, placing it and curing
it with any factors that tend to impair concrete (ACI 1994). The requires prevention
curing of water loss from freshly placed concrete and the creation of high humidity in
the immediate vicinity of the concrete surface. The creation and maintenance of high
humidity depends not only on the type of curing used, but also on the surrounding envi-
ronment around the concrete. As for the latter, factors such as high air temperature, wind
speed and relative humidity and the intensity of solar radiation also have a significant
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influence contribute to the heating effect (Ibrahim et al. 2013; Al-Gahtani 2010; Ortiz
et al. 2009; Janos and Ahmad 1991; Alsayed and Amjad 1994; Austin et al. 1992). The
undesirable effects of hot weather on the properties of fresh concrete according to many
literatures include increasing, Water demand for required consistency; Rate of slump
loss; Velocity of setting and hardening; Plastic shrinkage….

Because of the detrimental effects of high concrete temperature, direct all operations
on hot weather should toward keeping the concrete as cool as possible. The most eco-
nomical way to decrease the temperature of the concrete is to decrease the temperature
of the mixing water (Neville 2000).

Curing in hot and dry weather compounds can reduce evaporation loss of from
concrete (Janos and Ahmad 1991; Faattuhi 1986), however, it is also recognised that
there are significant difficulties arising in evaluating the correct time to apply curing
membrane on freshly placed concrete surfaces for maximum efficiency. In addition, the
efficiency of curing compounds can be highly variable, can be significantly reduced with
increased temperature, and reduced relative humidity. There is a paucity of information
about the effectiveness of traditional curing systems in reducing evaporation loss from
the surface of fresh concrete placed in a hot, dry environment. Ambient temperature
conditions (≈ 50 °C and low relative humidity (≈15% are typical of inland areas of
southern regions of Algeria.

Recent developments in concrete technology take into account the inclusions of
bottom ash, coal waste, fuel ash, fly ash, etc.… in the preparation of concrete. The use
of this waste as a partial or total fine aggregate replacement is reported in the literature
(Andrade et al. 2007; Kula et al. 2002; Amir and Pooyan 2014; Ciarán et al. 2016;
Andrade et al. 2016; Saeid et al. 2016; Maamar 2017). So this totally wastes produced
by thermoelectric power plants have the ability to be used in concrete and mortar. At
present in America, coal waste is mainly used for the following applications: (Aggregate
for concrete, Road base and sub-base, Structural fill, Backfill, asphalt and masonry,
manufactured soil products…).

Environmental problems caused by the presence of coal waste near urban areas are
still making life difficult for thousands of people, which is a major source of greenhouse
gas emissions, this coal waste is destroying farms, threatening Biodiversity, refines its
lungs, pollutes the atmosphere of cities, and distorts the extracted landscape.

Coal waste (heap) can be beneficially utilized in a variety of manufacturing and
construction applications. At present, Coal waste (heap) is predominantly used for the
following applications: • Road base and sub-base • Structural fill • Backfill• Aggregate
for concrete, asphalt and masonry…

Hot weather conditions in many parts of the world are causing problems for cleanli-
ness of concrete in the fresh state and in the cured state. Reduced durability is considered
amajor problem for cast concrete in hot weather. Facedwith these problems encountered
by the industrialists on the site, it becomes essential to undertake much more in-depth
studies on the reduced durability in the face of chemical aggressions caused by sulphate
in soils and acids in sewerage networks on the other hand.

The objective of this study is to contribute to the use of coal waste in hydraulic
concrete. This makes it possible to eliminate these wastes by recycling, hence the pro-
tection of the environment. This helps to solve some problems related to the lack of
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Table 1. Chemical and physical properties of the materials used and Coal waste (heap).

Content (%) Cement Sand Coarse aggregates Coal waste (heap)

Chemical analysis

Silicon dioxide SiO2 17.50 41.15 03.46 35.42

Aluminum oxide Al2O3 4.87 02.11 00.71 19.57

Iron (III) oxide Fe2O3 2.88 25.76 42.87 29.88

Potassium K2O 0.61 00.45 00.06 02.52

Calcium oxide CaO 59.98 28.64 52.29 4.68

Titanium TiO2 - 00.17 00.03 00.52

Sulfur SO3 2.59 00.02 00.01 05.40

Sodium Na2O 0.12 00.08 00.07 00.84

Magnesium oxide MgO 1.76 01.58 00.46 01.07

CaO free 1.398 - - -

P2O5 - 00.04 00.04 -

Tricalcium Aluminate C3A 05 - - -

Tricalcium Silicate C3S 56 - - -

Physical tests

Blaine (cm2/g) 4130 - - -

Initial setting time (min) 145 - - -

Final setting time (min) 250 - - -

Specific gravity (g/cm3) 3.10 2.50 2.75 2.00

aggregates, and allows the study of the durability to evaluate the addition of coal waste
on the strength of concrete under hot weather conditions with low relative humidity and
as well wind. The results obtained in this investigation would be useful in determining
the performance of waste heap concrete structures in hot weather.

2 Experimental Work

2.1 Material and Mix Proportions

The cement used in this study was CEM II/B 42.5 (conforming to the Algerian standard
NA 442 (similar to type EN197-1/NF P15-301)). Crushed sand (0–3 mm) with specific
gravity of 2.50 and fineness modulus of 2.20 and two class aggregate (3–8 and 8–
15 mm) with specific gravity of 2.50 and 2.73 respectively. Table 1 shows the chemical
and physical characteristics of the materials used.

Coal waste (heap) used in current study has been collected from the settling of the
Kenadsa olden Coal mine, in Bechar, southern-west Algeria. The chemical and physical
characteristics are given in Table 1.
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The W/C ratio for all mixtures considered in this study was 0.51. The details of
mixing with and without coal (heap) are shown in Table 2.

2.2 Climatic Data of the Studied Areas

The region of Béchar is located in the south west of Algeria in the Saharan desert, the
climate is of continental desert type which is characterized by a very hot summer which
can reach (+43 °C in the shade), which can exceed 45 or 50 °C on the ground, and a
very cold winter (1 °C to 2 °C). Knowing that the hot period during the days of the year
is too long (8/12 months approximately).

2.3 Casting and Curing

To simulate a setting and curing in hot weather in the laboratory, a climatic room of
1800 × 1000 × 800 mm3 was used. This room is equipped with electric heaters, an
electric fan and a thermo-hygrometer to regulate and monitor the conditions inside. The
temperature was maintained at 50 °C for 24 h with relative humidity (RH) of about 10%
and wind speed at 10 km/h (Maamar 2017).

An extensive programof tests has beenprepared to study the effect of these concreting
conditions in hot weather on the behavior of the various concretes, the testimony of
ordinary concrete and concretes with coal waste. Specimens of 100 × 100 × 100 mm3

were made for the compression test and 70 × 70 × 280 mm3 for flexural.
All batches of concrete were cast inside the laboratory. Batch 0 was prepared using

the mix proportions shown in Table 2 and contained ordinary concrete without additions
of coal waste (heap); Batch 1 to 6 was prepared using the same mix proportions except
that used to substitute the volume of fine aggregates (sand) by the coal waste. Each
sample was cast in 3 layers in a steel mold, each layer being compacted by external
vibration.

All Batch was use to cast 03 concrete cubes that were tested for compressive strength
and 03 concrete prismatic specimens were tested for flexural strength, with the aim of
comparing the severe hot climate 50 °C use curing plastic sheet cover and without using
plastic cover, with the normal climate 25 °C. After demolding, the specimens were
subjected at 20 ± 2 °C under water to enable us to test the compressive strength at 2, 7
and 28 days, as well as test the flexural strength at 2, 7 and 28 days.

3 Results and Discussion

3.1 Compressive Strength

After 2 days, the compressive strength of the concrete poured in hot weather increases
slightly compared to that of the samepoured concrete in the laboratory.On the other hand,
at 28 days, it becomes weaker. The increase and decrease in the compressive strength
of cast concrete in hot weather is explained by the decrease in the amount of water
evaporation due to both the high temperature (50 °C) and the wind speed. This is justified
by the acceleration of hydration reactions by raising the temperature of the average
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Table 2. Chemical and physical properties of the materials used and Coal waste (heap).

Mix proportion (Kg/m3)

Concrete Cement 8–15 mm Coarse
aggregate

3–8 mm Coarse
aggregate

Sand Coal waste (heap) Water

C0% 350 940 164 743 0 180

C 1% 350 940 164 735.57 7.43 180

C 2% 350 940 164 728.14 14.86 180

C 3% 350 940 164 720.71 22.29 180

C 4% 350 940 164 713.28 29.72 180

C 5% 350 940 164 705.85 37.15 180

C 6% 350 940 164 698.42 44.58 180

environment, the concrete hydrates further, which contributes to the improvement of its
compactness and its strength to compression.

As a result, the physical, chemical, and mineralogical properties of fine sand or
aggregates can have a significant impact on water demand, affecting most of the proper-
ties of hardened concrete. The setting time and hydration faster. This leads to accelerated
hydration and lower strength in the long term (Muhammad et al. 2017; Abdullah 2001).

Concrete sand substitution rate by coal waste cast in hot climate gains between 44
and 46% of its strength in two days. It is also clear in hot weather, that concrete acquire
strength in 7 days compared to concrete poured in normal condition (in the laboratory),
this gain being between 3 and 8%. Therefore, the results obtained indicate that, in the
influence more of hardening in hot weather, the compressive strength of concrete cubes
of coal waste with 1%, 2%, 3% and 4% is higher than that concrete 0% coal waste.

Thus, there is not much difference in strength between 0 and 4% of sand substitution
rate by coal waste. In addition, the strength observed at 4% was higher than that of
other coal waste mixtures, but higher than that of the 0% concrete mix of coal waste
(reference concrete). Maximum concrete strength was achieved when replacing 4% sand
with coal waste, which can be considered an optimal mix. The compressive strength of
all coal waste mixtures increased with age. In 2 days, all the coal waste mixtures were
more resistant than the 0% coal waste mix, but at age increased to 365 days, they
achieved slightly higher strengths than the 0% concrete coal waste in the middle of
normal condition casting and hot weather condition as shown in Fig. 1.

In general, the results obtained in these studies show the important effect of the heat
of hydration of the cement and the high ambient temperature on the reduction of the
workability and the strength to the compression, still the formation of the microstructure
of the cement paste and concrete.

It has been observed that the difference in strength in the various mixtures from
the coal waste concrete mixture may be equal for various concrete mixtures without
coal waste (reference concrete), with an increase in age from 2 to 28 days. The reference
concretemix increased from2 to 7 days of 80.45%and from7 to 28days of 43.73%which
is a characteristic of normal concrete. Coal waste mixtures have reached a relatively
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Fig. 1. Effect of % age replacement of CW on compressive strength at curing temperatures of
25 °C and 50 °C

constant strength of 71 to 73% from 2 to 7 days and of 46 to 49% from 7 to 28 days, in
the normal condition (in the laboratory).

Nevertheless, in the conditionof hotweather the reference concretemixture increased
from 2 to 7 days of 4.66% and from 7 to 28 days of 43.30%. Coal waste mixtures have
reached a relatively constant strength of 1 to 7% from 2 to 7 days and from 25 to 43%
from 7 to 28 days.

In order to improve the mechanical strength of cast concrete under hot weather
conditions, the plastic film was used as a solution. The results of this mechanical test
study are presented in Fig. 2.

Fig. 2. Effect of % age replacement of CW on compressive strength at curing temperatures of
50 °C and 50 °C/Plastic Cover
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From Fig. 2 that the use of plastic film, applied to the surface of fresh concrete
poured in hot weather, significantly improves the compressive strength of all concretes
irrespective of the rate of substitution of sand by the coal waste.

Thus, early-age water releases, related to temperature, concrete’s humidity, wind
speed, and air temperature, do not allow to maintain in the concrete the moisture nec-
essary for the proper cooling process hydration (Balayssac et al. 1997; El-Dieb 2007).
Indeed the purpose of different protection (plastic film, burlap, curing product, ….) Is to
prevent the rapid departure of water inside the fresh concrete, to allow a good hydration
of the cement paste (Alsayed and Amjad 1994; Sharon and Ling 2006). As a conse-
quence of the best mechanical performances, and a good durability of the works against
the external attacks.

The compressive strength of cast concrete in hot weather increases slightly to 2 days
compared to that of the same cast concrete even condition (hot weather), but a plastic film
was used for protection. On the other hand, at 28 days it becomes weaker, same remark
from the previous explanation. The increase and decrease in the compressive strength
of cast concrete in hot weather is explained by the decrease in the amount of water
evaporation due to both the high temperature (50 °C) and the wind speed important
(12 Km/h). This is justified by the acceleration of hydration reactions by raising the
temperature of the average environment, the concrete hydrates further which contributes
to the improvement of its compactness and its compressive strength.

As soon as 2 days have elapsed, the compressive strength of the sand substitution rate
concrete by the hot-rolled coal waste gains between 21 and 34% of its strength in two
days. It is also clear in hot weather, that the concrete acquire strength in 7 days compared
to concrete poured in normal condition (laboratory), this gain being between 2 and 6%.
Therefore, the results obtained indicate that, in the influence more of hardening in hot
weather, the compressive strength of concrete cubes of coal waste with 1%, 2%, 3% and
4% is higher than that concrete 0% coal waste.

It was observed that the concrete of coal waste had risen differently from concrete
0% of coal waste at age increases to 365 days; except coal waste mixture of 5% and
6% which showed a larger decrease at all ages. Incomplete adhesion of coal waste to
cement paste is also responsible for this decrease in strength. On the other hand, the
values close to the strengths of control concretes and concretes of 1 to 4% coal waste
could be explained by a better adhesion of these aggregates to the matrix.

Thus, there is not much difference in strength between 0 and 4% of sand substitution
rate by coal waste. In addition, the strength observed at 4% was higher than that of other
coal waste mixtures, but higher than that of the 0% concrete mix of coal waste (reference
concrete). Maximum concrete strength was achieved when replacing 4% sand with coal
waste, which can be considered an optimal mix. The compressive strength of all coal
waste mixtures increased with age. In 2 days, all the coal waste mixtures were more
resistant than the 0% coal waste mix, but at age increased to 28 days, they achieved
slightly higher strengths than the concrete 0% coal waste in the middle of the casting
condition hot weather without/with plastic film as shown in Fig. 2.

It has been observed that the difference in strength in the various mixtures from
the coal waste concrete mixture may be equal for various concrete mixtures without
coal waste (reference concrete), with an increase in age from 2 to 28 days. The reference
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concretemix increased from2 to 7 days of 29.01%and from7 to 28days of 37.48%which
is a characteristic of normal concrete. Coal waste mixtures have reached a relatively
constant strength of 23 to 30% from 2 to 7 days and of 32 to 41% from 7 to 28 days, in
the condition of hot weather with protection by plastic film. Nevertheless in the condition
of hot weather without plastic film same previous explanation.

3.2 Flexural Strength

Figure 3 shows the flexural strength results of concrete beams tested at 2, 7 and 28 days.

Fig. 3. Effect of % age replacement of CW on flexural strength at curing temperatures of 25 °C
and 50 °C

The flexural strength of the concrete beams of the coal waste and the reference con-
crete tested in 2 days increased uniformly, for cast concrete in the hot weather condition,
the reference concrete was higher than that of the coal waste concretes correspondents.

On the other hand, the flexural strength of concrete beams of reference coal and
concrete wastes tested at 7 days showed a substantial increase in cast concrete under
normal conditions (in the laboratory) to compare those cast concrete in hot weather
condition. The beams hardened to cast in hot weather conditions are regressed by about
16 to 24%.

The flexural strength of the 28-day cast concrete beams in normal condition increases
compared to cast concrete under hot weather conditions, since the reference concrete is
always higher than that of the corresponding coal waste concretes. In fact, at high curing
temperatures, the flexural strength of these two concretes at 28 days was always lower
than the normal temperature.

The flexural strength of the tested coal waste concrete beams remained substantially
the same as the cure temperature and the test age. This finding indicates that the curing
temperature has little effect on the bending strength of a concrete of coal waste.

For all concretes cast at cure temperatures and test ages, the flexural strength of
the reference concrete beams tested was still higher than that of the corresponding coal
waste concretes. This finding indicates that cast coal concrete cured and cured at elevated
temperatures generally does not have a greater flexural strength than cured reference
concrete under similar conditions.

In addition, the results show that the method of hardening with the use of plastic
film makes it possible to reduce the transfer of concrete humidity to its environment
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and thus to retain the water inside the microstructure of the concrete, to guarantee the
hydration of the concrete and it gives an adequate mechanical strength. These results are
consistent with the work of Al-Amoudi, Al-Gahtani, Bouziadi and Ibrahim (Al-Amoudi
et al. 1995; Ibrahim et al. 2013).

In fact, the substitution of sand for coal waste. At the age of 2 days increased uni-
formly, for cast concrete in the hot weather condition without protection by the plastic
film, the reference concretewas higher than that of the coalwaste concretes test presented
in Fig. 4.

Fig. 4. Effect of % age replacement of CW on flexural strength at curing temperatures of 50 °C
and 50 °C/Plastic Cover

On the other hand, the flexural strength of the 7-day reference and coalwaste concrete
beams showed a substantial increase in cast concrete in hot weather condition with the
plastic film protection to compare those of cast concretes in hot weather conditions
without plastic film. Beams cast in hot weather conditions experienced a regression of
about 7 to 12%.

The flexural strength of cast concrete beams in hot weather condition with the plastic
film protection tested at 28 days increases compared to cast concrete under hot weather
conditions without plastic film, the reference concrete being always superior to that of
corresponding coal waste.

3.3 X-ray Diffraction

The X-ray diffraction technique was performed to analyze the components of the 0%
CWand 4%CWconcrete mixes cast under hot climatic conditions, the results are shown
in Figs. 5, 6. One of the main problems encountered in the qualitative and quantitative
analysis of cement is that there is a significant overlap of themajor diffraction peaks of all
the principal phases of cement components in the angular range of 2θ 30 to 35 allowing
the identification of individual components extremely difficult. In all mixtures, peaks
C2S, C3S and C3A are not visible indicating that they can be totally consumed or that
the unheated cement peaks overlap with those of SiO2 because all the mixtures analyzed
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are concrete samples with large number of aggregates containing quartz that resulted in
intensive SiO2 peaks. Thus, as indicated, the free silica indicating the SiO2 peak in the
reference mixture was observed at 10,000. The X-ray diffraction pattern observed in the
4% CW mixture was similar to the 0% CW mixture as the sand contained than 4% of
coal waste.

Fig. 5. X-ray Diffraction analysis for 0% CW concrete at curing temperatures of 50 °C

Fig. 6. X-ray Diffraction analysis for 4% CW concrete at curing temperatures of 50 °C

The X-ray diffraction analysis indicated a peak of dolomite is a calcium and mag-
nesium carbonate having a chemical composition of CaMg (CO3)2 and peaks of the
hydrated phase crystals of portlandite, hydrated calcium silicate and ettringite.

Concrete 4% coal waste cast in hot conditions, analysis indicated crystals of the
hydrated phase, portlandite, ettringite and a broad quartz that represented the sand and
coal waste used in the formulation of the mixture. Orthoclase is an aluminum silicate
potassiumhaving a chemical composition ofKAlSi3O8. The formation of this compound
was expected due to the presence ofK2O,Al2O3 andSiO2 contents in the coalwaste. This
mineral is responsible for improving the bond between cement slurries and aggregates
in concrete resulting in higher compressive strength of concrete containing coal waste
aggregates (Fig. 6).

4 Conclusions

The properties of fresh as well as hardened concrete are closely associated with the char-
acteristics and relevant proportioning of its constituent materials. The research reports
show that inclusion of coal waste (heap) as sand replacement in concrete influences
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the workability, setting times, loss of water through bleeding, bleeding rate and plastic
shrinkage of fresh concrete and density, strength, porosity, durability of hardened mass.

The addition of coal waste (heap) beyond 4% is ineffective, which can be deduced
from a sharp drop in performance of 5% and 6%. The optimal percentage of charcoal
waste was 4% based on the test results. This research has shown that the use of fine
aggregates from crushed coal waste can produce relatively strong structural concrete,
with a weight saving of up to 10%, compared to normal concrete.

The decrease in strength of concrete is mainly due to higher porosity and higher
water demand on use of coal waste (heap) in concrete. The compressive strength can
be improved by reducing the water demand by using super plasticizers, it is concluded
that:-

• coalwaste (heap) is the potential viablematerial to be used as fine aggregate to produce
durable concrete.

• Its use as fine aggregate in concrete will help in alleviating the potential problem of
dwindling natural resources.

• Its use will also help in protecting the environment.
• Furthermore, the concretes made in this study, based on coal waste aggregates, have
given satisfactory results, despite the mechanical failure of these (secondary) aggre-
gates; consequently, a grain strength defectmay not prevent the use of these aggregates
in structural concrete.
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Abstract. Modern technologies based on the exploitation of the typical thin film
properties (adhesion, thermal stability, lowporosity, desirable stoichiometry), have
strongly developed to become one of the most essential industrial interests dur-
ing recent years. TiN coatings, for example, usually used to edge retention and
corrosion resistance on machine tools besides, it discovered applications in the
nuclear industry as hard facing material mainly due to its high thermal stability.
This work aims to develop and characterize, titanium nitride thin films deposited
by the magnetron sputtering method on silicon and XC100 steel substrates, con-
taining 1% wt. of carbon, under (N2 and Ar) mixed atmosphere. The influence of
nitrogen concentration on the structural, mechanical and tribological properties of
the coatings was determined by EDS, DRX, AFM, MEB, Nano-indentation and
alternative tribometer test. By varying the nitrogen flow rate from 0 to 20 sccm,
it’s thus formed a titanium nitrides mixture (Ti2N and TiN). The study’s interest
in the mechanical behavior of titanium nitride films on this steel type, and in this
range of nitrogen percentage, is particularly because the obtained hardness, and
adhesion in this area are extremely important. Also, the deposited titanium thin
films on the XC100 steel show that the hardness achievement in the inter-critical
area is as important as that obtained in the uncoated XC100 due to the change in
the phase’s proportion.

Keywords: Ti-N · Magnetron sputtering · Structure · Hardness · Tribological
behavior

1 Introduction

Wear, corrosion, and oxidation, considered the principle cause for large losses in indus-
tries worldwide [1]. In machining operations, cutting tools are used to reshape materials
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workpieces in desired final forms, the process in which cutting tools are exposed to high
contact pressures, and temperatures, excessive cutting forces, and intensive chemical
attack in the cutting zone, so as a result, tools surface rapidly worn out [2, 3]. Transition
metal nitrides (TMN) are ceramic materials with remarkable properties. TMN coatings
are generally deposited on engine components and cutting tools to protect them toward
heat, erosion, scratch, abrasion, corrosion, wear and oxidation [2, 4]. Among them, Tita-
niumnitride (TiN)which is a rock-salt structure (NaCl structure) compound consisting of
titanium atoms contained in a face-centered cubic (fcc) based lattice, with all octahedral
sites filled with nitrogen atoms [5]. High hardness and chemical stability, good wear and
corrosion resistance, raised melting temperature, farther excellent chemical inertness,
unique and diverse characteristics, enabled the use of TiN coatings in a wide range not
only as hard coatings in industrial applications, but also decorative, and wear-resistant
coatings, diffusion barrier in microelectronics [6–9] and, biomedical instruments [10].

In the literature, many experimental studies demonstrated that the microstructural,
mechanical, and tribological proprieties of titanium nitride films have a substantial corre-
lationwith the deposition parameters such as substrate type, temperature, or bias voltage,
and nitrogen flow rates. In a previous research Sh. Valedbagi et al. [6] investigated the
physical properties of titanium nitride thin film under different substrate temperatures
(300°–500 °C) utilizing the reactive DC magnetron sputtering technique. At high sub-
strate temperature AFM images show the creation of nanostructured thin films with an
increase in the surface roughness. Moreover, D. Zhou et al., prepared TiN thin films on
Si (100) wafers, utilizing DC reactive magnetron sputtering using a pure Ti target in (N2
and Ar) mixed atmosphere at 350 °C, to clarify the influence of thickness on the propri-
eties of Ti-N thin films. It was found that the increase in the film thickness accompanied
by an improvement in grain sizes and enhancement in density, and an increase in the
surface roughness [11].

Besides, V. I. Shapovalov et al. [12] found that the titanium nitride films with the
highest hardness (up to 30 GPa) and Young’s modulus (up to 300 GPa) have the largest
grains, that obtained at a low nitrogen flow rate and high discharge current density.
Recently, E. Ajenifujaa et al. [13] sputtered TiNx films on LCS substrate using the
magnetron sputtering method to evaluate the chemical, and microstructural properties
dependent on film thickness. Scanning electron microscopy observation gave an indica-
tion of fine-grained microstructure that confirms the good hardness, and adhesion. The
purpose of this work is to study, develop and characterize the structural as well as, the
mechanical, and tribological properties of titanium-nitride thin films deposited by the
RF magnetron sputtering method on Si (100) and XC100 steel substrates, containing
1% wt. of carbon.

2 Experimental

Series of TiN films were deposited on Si (100) wafer and XC100 steel, containing
1% wt. of carbon, using a RF magnetron sputtering technique. The typical composition
of XC100 steel as follows: 0.95 to 1.05 wt-% C, 0.5 to 0.8 wt-% Mn, 0.05 wt-% S, 0.25
wt-% Si, 0.035 wt-% P and S, with Fe as the balance [3].

A Ti target (99.98% of purity) has set in vacuum chamber wall. The sputtering
chamber was evacuated to a pressure of 2× 10–5 Pa. The Si (100) (for structure detected)
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and polished steel (for mechanical detected) substrates were cleaned ultrasonically in
acetone and de-ionized water, then in the sputtering chamber for 15 min at 1 Pa (Ar)
pressure with the substrate bias voltage of − 700 V. The 120 min deposition time of
coating process carried out at a total 0.4 Pa pressure with various nitrogen and argon
(N2 + Ar) gas mixture at − 900 V.

In this study, the film thickness determined using scanning electron microscopy
(JeolJSM-6400FS), equipped with an energy dispersive X-ray spectrometer (EDS) to
determine the chemical composition.

The crystalline structure of the films was explored by X-ray diffraction (XRD) using
a Bruker D8 Advance diffractometer with Co cathode (Co–Kα radiation λ = 1.78 Å)
wavelength. An AFM 100, APE research was performed to observe the topographic
surface and the roughness of the TiN films.

The grain size (D) of the TiN films was calculated using the Scherrer’s formula [3].

D = 0.9λ

β cos θ
(1)

where 0.9 is a dimensionless shape factor, λ wavelength of the incidence, β is the
width at half-maximum of the diffraction peak and θ the Bragg’s angle of TiN phase.

The mechanical properties (hardness and Young’s modulus) of TiN films measured
using a Nanoindenter XP (MTS-XP) system in continuous stiffness mode having a
Berkovich diamond indenter tip, with a tip radius of 200 nm.

The friction coefficient performed using the pin-on-disk micro-tribometer with
a 100Cr6 steel ball. The tests were performed in the ambient atmosphere under a
temperature of 27 °C.

3 Results and Discussion

3.1 Microstructure Analysis

The evolution of deposition rate as a function of the nitrogen content is presented in
Fig. 1. The deposition rate of the films decreases gradually from (16.33 ± 0.15 nm/min)
to (10.16 ± 0.15 nm/min), with increasing nitrogen content from 0 to 53.7 at.%. This
decrease in the deposition rate corresponding to the poor sputtering capability of nitrogen
compared with pure argon [14].

The analysis shows that the oxygen level doesn’t exceed 3 at%, which is relatively
acceptable for a secondary vacuum produced. We note that the increase in the nitrogen
percentage accompanied by an increase in the nitrogen content of the TiN coating and a
decrease in the Ti content. Also we obtain a ratio of (0.49≈ 0.5) for 10 sccm of nitrogen
in the plasma corresponds the hexagonal phase of Ti2N and a stoichiometry equal to 1
(N/Ti = 0.98≈1) for 20 sccm of the TiN cubic phase. Lu et al. [15] found that the N/Ti
stoichiometry ratio increased from 0.69 to 0.98 with the N2 flow rate rise from 1 to 20
sccm that is in good argument with that we obtained at 20 sccm.

The information of phases and crystallinity of the Ti-N coatings obtained with XRD
indicate that the structure of Ti-N films depends on the nitrogen content in the sputtering
process. The films deposited at 10 sccm of N2 shows a strong Ti2N (1 1 0) orientation
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Fig. 1. Evolution of the deposition rate as a function as a nitrogen content of TiN films

Table 1. Compositions and coating thicknesses of Ti-N deposits as a function of the nitrogen
percentage in the plasma.

N2, Sccm Film thickness (μm) N %.at Ti at. % O at. % G.Size (nm)

0 1950 ± 15 0 97 3 –

10 1860 ± 15 29.3 69 1.7 36

15 1750 ± 15 41.3 57 1.7 30

20 1480 ± 15 49 49.8 1.2 24

25 1220 ± 15 53.7 45 1.3 28

(JCPDS card number 71-0299). At 20 sccm, the film contains mainly Ti2N phase with
(1 1 0) preferred orientations and TiN (1 1 1), (2 0 0) and (121) orientations (JCPDS card
number 71-0299). It was confirmed that a mixture of Ti2N and TiN compounds could
be formed via varying the N2 content in deposition process (Fig. 2). N. Arshi et al. [16]
found that FCC TiN phase with (111) preferred orientation appeared when the nitrogen
flow rate varied from 3 to 9 sccm.

The investigation of the SEM morphology shows a dense structure and appearance
columnar morphology with a rough surface (Ra = 15.6 nm) at10 sccm. The film surface
roughness decreases with increasing the nitrogen flow rate (Fig. 3 “a”) with an increasing
the N content. At 20 sccm (Fig. 3 “b”), a globular and columnar type structure observed
for the TiN film with a surface roughness of 7 nm. Compared to the film deposited at
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Fig. 2. XRD patterns of TiN films as a function as N2 flow rate

10 sccm, the topography shows small columns with regular tops average column size
around 100 nm. The TiN film grain size at 10 sccm was of the order of 36 nm. However,
at 20 sccm, the grain size was found to be 24 nm as shown in Table 1. The decrease in
both surface roughness and grain size are related to the dense structure and the smooth
surface. According to Zhou et al. [17] the nitrogen plays a significant role on the film
densification due to the presence of further nuclei.

Fig. 3. AFM and SEM images of the TiN films deposited at: “a” 10 sccm, “b” 20 sccm

Y. L. Jeyachandran et al. [18] found that the TiN films deposited at lowN2 concentra-
tion of 0.5% showed smooth and uniform morphology with densely packed crystallites.
However, at higher nitrogen concentration conditions, uniformity developed in the films
with increase in thickness. Moreover, N. White et al. [19] showed that the RMS rough-
ness decreases from 7.5 nm at 0 sccm to approximately 1 nmwith the oriented columnar
grain structure for higher flow rates (20 sccm and above) with the disappearance of the
columnar structure and a decrease in the calculated grain size.
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3.2 Mechanical Properties

The hardness for the pure Ti (6 GPa) increases gradually by increasing N2 content up to
a maximum of 27 GPa at 10 sccm of N2 (Fig. 4). Further, increasing the nitrogen content
reduces the hardness to a value of 16 GPa at 25 sccm of N2 due to the decrease in the
residual stress and the structure densification. As the columnar microstructure became
dense, the residual stress induced by sputtering could be released and consequently
decreased. Meanwhile, the decrease in the residual stress could be associated with an
absence in the significant number of defects produced during the film growth, and a
decrease in the energy of ions bombarding the substrate surface. The Young’s modulus
of all films reflects the same trend as the coatings’ hardness. According to S. Kataria
et al. [20] the increase of the nitrogen flow rate leads to an increase in the hardness value,
which is the result of the coatings microstructure refinement. The smaller crystallite size
can also lead to an increase in the film hardness.

Fig. 4. Hardness and Young’s modulus of TiN coatings obtained for different N2 flow rate

3.3 Tribological Properties

The friction coefficients of the TiN film obtained for different N2 flow rate plotted in
Fig. 5. The pure Ti films (0 sccm of N2) show a high friction coefficient against the
100Cr6 steel ball (0.59 ± 0.01). This cause the steel ball was harder than the Ti film.
Between 10 (0.5 ± 0.01) and 20 sccm of N2 (0.51 ± 0.01), a lower friction coefficient
was obtained. However, for the higher nitrogen content (25 sccm), the friction coefficient
increased slightly to (0.52 ± 0.01). The existence of the dense and smooth surface of
the film deposited at 20 sccm N2 may act as a relatively lower frictions coefficient in the
wear process.

The main reason for that is the crystals orientations of TiN thin coatings that have
a direct effect on the tribological properties [21], according to S. Zhang et al. [22]
TiN thin films deposited at ratio of 1:1 (Ar/N2) gave a suitable COF (0.12) and a best
wear resistance, which are the best coating TiN thin film condition; due to the dense
columnar structure and low surface roughness. In contrast, the presence of oxygen cause
changes in the friction and wear characteristics [23]. L. Aissani et al. [24] explained the
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Fig. 5. Friction coefficients of TiN coatings obtained for different N2 flow rate

relationship between the friction coefficient and the presence of oxidation in the films,
where she reported that the removal of the superficial oxidative layer (via annealing
at 700 °C) formed during the Cr–N film deposition, allow a significant increase in the
friction coefficient (from 0.53 to 0.62).

Thewear testmarks effected on the film’s surfacewas observed bySEMand analyzed
by EDS to check the state of degradation. In Fig. 6. “a”, we notice that the layer deposited
at 10 sccm (corresponding to the Ti2N hexagonal phase) exhibits total delamination of
the film inside, and in the edges of the friction traces, and we only detect the presence of
the relative iron ofXC100 substrate and oxygen at these areas of damage,which evidence
their oxidation. This is in direct connection with the surface condition of these layers
despite its good mechanical properties. The damage of the films deposited at 20 sccm,
corresponding to the nitrogen stoichiometry of the TiN cubic phase, that was less because
we detect only very local flaking in the corresponding traces of friction. According to
a previous study [22], the TiN films have a lower friction coefficient and a better wear
behavior than that of Ti2N. The increase in the wear volume is the consequence of the
difference between both Young’s modulus of coating and substrate leads to a higher
concentration of shear stresses in the interfacial zone (coating-substrate) [24].

Fig. 6. Analysis by EDS and WDS of the wear track obtained at the bottom of the made on the
TiN films deposited at: “a” 10 sccm, “b” 20 sccm on the XC100 steel substrate



194 F. Salhi et al.

4 Conclusions

TiNfilmswith different nitrogen contents were deposited usingRFmagnetron sputtering
to analyze the structural, mechanical and tribological properties.

– XRD diffraction patterns reveal the formation of mixed Ti2N and TiN phases, and the
SEM image showed a dense and a columnar-type structure.

– The TiN films showed a higher hardness value of around 27 GPa at 10 sccm of N2.
– The pure Ti film shows a high friction coefficient against the 100Cr6 steel ball. How-
ever, the friction coefficient decreases to lower values between 10 and 20 sccm of N2
flow rates, with good adhesion, then it increased to about 0.73 with a further increase
in nitrogen content.

References

1. Valdez, B., Schorr,M., Zlatev, R., Carrillo,M., Stoytcheva,M., Alvarez, L., Eliezer, A., Rosas,
N.: Corrosion control in industry. In: Environmental and Industrial Corrosion - Practical and
Theoretical Aspects (2012). https://doi.org/10.5772/51987

2. Sangiovanni, D.G.: Transition metal nitrides: alloy design and surface transport properties
using Ab-initio and classical computational methods. Linkoping Studies in Science and
Technology, dissertation no. 1513 (2013)

3. Aissani, L., Alhussein, A., Nouveau, C., Radjehi, L., Lakdhar, I., Zgheib, E.: Evolution of
microstructure, mechanical and tribological properties of vanadium carbonitride coatings
sputtered at different nitrogen partial pressures. Surf. Coat. Technol. (2019). https://doi.org/
10.1016/j.surfcoat.2019.06.034

4. Oyama, S.T.: The Chemistry of Transition Metal Carbides and Nitrides. Blackie Academic
& Professional, Glasgow (1996)
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