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Abstract

The composite materials industry evolves and grows continuously by introducing new
materials and technologies. As an alternative for mineral materials, materials of natu-
ral origin (especially vegetable) started to be used. Due to their desirable characteristics
such as low environmental impact, low cost, biodegradability, low density and good
mechanical properties, the vegetable fibers have been extensively used as reinforce-
ment in cement-based composite. Among the vegetable fibers family, date palm fibers
(DPF) generated from the annual crop taking of date palm trees represent a consider-
able amount of vegetable fibers which normally considered as a waste or it is used for
applications of daily life in low values of the total products. Date palm mesh fibers
(DPMF) is a type that belong to these fibers, it is a cross mat of single fibers surround-
ing the stem of the date palm tree. The valorization of the DPMF is a major step toward
the production of green lightweight cement-based materials and reducing the cost of

materials destined for construction sector.

The present thesis exposes an experimental investigation on the use of DPMF as re-
inforcement for cementitious materials. For this purpose, the influence of the DPMF’s
inclusion with multiple fractions on the fresh properties of a cement mortar was stud-
ied. Furthermore, the mechanical performance of cement mortar composites has been

examined through investigating the compressive, flexural and fracture behaviors.

The results obtained show that the fresh properties of the reinforced mortar com-
posites were not influenced after adopting such a mixing process in which the DPMF
were introduced in wet state. The selected physical and mechanical properties of the
cement-based mortar composites showed a decrease with the gradually increase of

tibers content. Nevertheless, the inclusion of DPMF improves the post-peak behavior,
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the ductility and delays the failure of cementitious composites compared with plain
mortar specimens. Also this study has shown an interesting fracture properties ob-
tained for low content of DPMF ( 2% by volume). Previous research works reported a

similar fracture toughness value.

Keywords: Cement-based mortar, Date palm mesh fibers (DPMF), Compressive

strength, Flexural strength, Fracture toughness, Modified two-parameter model.



Résumé

L'industrie des matériaux composites continue d’évoluer et de se développer en intro-
duisant de nouveaux matériaux et technologies. En guise d’alternative aux matériaux
minéraux, les matériaux d’origine naturelle (et notamment végétale) commencent a
étre utilisés. En raison de leurs caractéristiques souhaitables, telles que faible impact
environnemental, faible cofit, biodégradabilité, faible densité et bonnes propriétés mé-
caniques, les fibres végétales ont été largement utilisées comme renfort dans les com-
posites a base de ciment. Parmi les fibres végétales, les fibres de palmier dattier issues
de la récolte annuelle de palmiers dattiers représentent une quantité considérable de
tibres végétales normalement considérées comme des déchets ou utilisées pour des
applications de la vie quotidienne a des valeurs faibles de ces produits. Les fibres
a mailles de palmiers dattiers sont un type de fibres appartenant a ces fibres, c’est
un tapis corsé tissé entourant le tronc du palmier dattier. La valorisation du fibres a
mailles de palmiers dattiers constitue une étape majeure dans la production de matéri-
aux a base de ciment légers et écologiques et permet de réduire les cofits des matériaux

destinés au secteur de la construction.

La these actuele représente une recherche expérimentale sur 'utilisation de fibres a
mailles de palmiers dattiers comme renforcement pour les matériaux a base de ciment.
A cette fin, I'influence de l'inclusion de fibres a mailles de palmiers dattiers a fractions
multiples sur les propriétés fraiches d’un mortier de ciment a été étudiée. En outre,
les performances mécaniques des composites de mortier de ciment ont été étudiées en

étudiant les comportements de compression, de flexion et de rupture.

Les résultats obtenus montrent que les propriétés fraiches du mortier de ciment en

incluant des fibres de datte n’ont pas été influencées, par I’adoption d"un tel processus

viil
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de mélange dans lequel les fibres a mailles de palmiers dattiers était introduit a 1’état
humide. Les propriétés physiques et mécaniques choisies des composites de mortier
a base de ciment ont montré une diminution avec 'augmentation progressive du con-
tenu en fibres. Néanmoins, 1"inclusion de fibres a mailles de palmiers dattiers améliore
généralement le comportement post-pic, la ductilité et retarde la défaillance des com-
posites a base de ciment par rapport aux échantillons de mortier ordinaire. Cette étude
a également montré les propriétés de fracture croisées obtenues pour une faible teneur
en fibres a mailles de palmiers dattiers (ce qui correspond a 2% en volume), une valeur

similaire de ténacité a la rupture été rapportée dans la littérature.

Mots-clés: Mortier a base de ciment, Fibres a mailles de palmiers dattiers, Ré-
sistance a la compression, Résistance a la flexion, Ténacité, Modele modifié a deux

parametres
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CHAPTER 1

Introduction

1.1 Research Background

During the last years, problems related to the environmental issues led scientific re-
searchers to look for suitable ways to introduce the production wastes in manufac-
turing the materials of construction. In this context, synthetic fibers as steel, plastic,
carbon fibers and glass fibers were extensively used in various domains of industry
such as automotive, construction, aerospace and sport, these fibers have been utilized
regarding their low cost, simple methods of production, interesting mechanical per-
formances, moreover, the abundant biomass in nature created a serious environmental
problem due to disposing a large amount of bio-sourced wastes. Generally, the lat-
ter is neutralized through burning, consequently, it leads to raise the dioxide emission
rate. New social awareness has brought more attention toward valorizing these wastes
in order to eliminate their bad impact on the environment and improve its economic
value, which pushed many researchers to look for characterizing the physical and the
mechanical properties in order to study the feasibility of reinforcing such construction
materials.

Natural fibers (flax, jute, sisal, coir and bamboo fibers) have been proposed as a
convenient alternative for classical synthetic fibers due to their desirable characteristics
such as biodegradability, low cost, ability to be recycled, zero carbon footprint and low
density [1].

Since the cement-based materials have a low tensile and fracture properties, the ad-
dition of fibers is one of the effective ways in order to improve the strength and the
toughness of these materials, the latter behavior is directly related to the capability of
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material resistance against the crack propagation which is called the fracture tough-
ness. In fracture mechanics, concrete and metals need different approaches. For both
concrete and metallic materials, fracture mechanics is considered as nonlinear because
of the nearness of such a zone in front of stress-free crack tip, in which the material
exhibits a nonlinear behavior. Such a zone is known as the plastic zone in brittle and
ductile metals, it is for the most part described by either perfect yielding or hardening
plasticity of the materials, while such a zone is known as fracture process zone (FPZ)
in the concrete and it experiences a softening damage (tearing).

Concrete just as rocks and numerous different materials, are usually known under
the name of quasi-brittle materials. Generally, in ductile materials, the applied energy
is dispersed as plastic energy to shape plastic zones, in this case, the Nonlinear Elastic
Fracture Mechanics (NEFM) can be utilized for the determination of fracture behavior.
Whereas, in brittle materials, the applied energy is devoured as a surface energy to
shape new broken surfaces [2], with the surface energy being essentially more promi-
nent than the plastic energy, in this case, the Linear Elastic Fracture Mechanics (LEFM)
can be applied to investigate the crack propagation and the fracture process. Further-
more, in quasi-brittle materials, energy is responsible for the formation of the fracture
process zone [3].

Among vegetable fibers, those obtained from date palm (Phoenix Dactylifera, one
of the most cultivated palm around the world) have been proved to be a good alter-
native for reinforcement of cement-based composites. The date palm tree is composed
of: (a) a long trunk; (b) a mesh, surrounding the trunk; (c) leaves; (d) reproductive or-
gans; (e) fruit bunches. The mesh is characterized by a fibrous structure, which creates
a natural woven mat of crossed fibers of different diameters and is considered as a lig-
nocellulosic material. The date palm is commonly found in North Africa, Middle East,
India and USA. There are about 100 million date palm trees in the world, and each tree
can grow for more than 100 years [4].

In Algeria, there are more than 18.7 million trees, and the annual trimming oper-
ations produce enormous quantities of agricultural wastes, which are usually thrown
away, except small quantities used for traditional products. Such wastes can represent
an abundant source of low-cost raw material for industrial purposes. Therefore, the
development of cement-based composites reinforced with this agricultural material
represents an excellent solution for an efficient utilization of such wastes as a renew-
able resource [5].
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1.2 Objectives

The objective of the present thesis is to study the feasibility of using date palm mesh
tibers as reinforcement for cement based materials. In particular, the research aims are

to study:

* The effect of the DPMF on the fresh properties of the cement based-materials
by examining the workability and the consistency of cement mortar prepared by
multiple fractions of DPMF.

¢ The effect of the DPMF on the density and the compactness properties of the

cement-based materials.

* The affected mechanical behavior including tests of compressive and three-point
bending applied on a cement-based material prepared by multiple fractions of
DPME.

* The influence of the DPMF on the fracture properties of cement-based materials
by examining the fracture toughness of notched beam specimens prepared by
cement mortar reinforced by multiple fractions of DPMF.

¢ The effect of DPMF addition on the energy absorption capability of the cement-
based material by measuring the toughness index which is determined through
the analysis of the Load-CMOD curves.

1.3 Layout of the Thesis

In order to achieve the aforementioned objectives, the present thesis is structured as
follows:

* Chapter 1 presents a general introduction in which it states the area of the present
research study and the intended objectives to be achieved.

¢ Chapter 2 presents an overview of the previous studies on the utilization of Veg-
etable fibers (VF) in cementitious materials. In particular, the chemical, physi-
cal and mechanical characterization of vegetable fibers have been reviewed. The
fresh properties of cementitious materials reinforced by different varieties of veg-
etable fibers have been shown. Furthermore, the mechanical properties of cemen-
titious material reinforced with VF have been also presented. Finally, the research
gap in which it resumes the present work is exposed.
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¢ In Chapter 3, a theoretical background on the available fracture mechanics ap-
proaches is presented. The earlier linear elastic fracture mechanic (LEFM) ap-
plied for metallic material and its feasibility of application on cementitious ma-
terials has been shown. The most powerful nonlinear fracture mechanic models
for the fracture study of cementitious materials have been presented such as ficti-
tious crack model (FCM), Two parameter model (TPM) and the moditied version
(MTPM) which includes the possibility of the crack deflection.

¢ Chapter 4 is devoted to the characterization of the used materials in this study,
and the methods used in the experimental campaign. The chemical, physical and
mineralogical properties of the used matrix containing cement and sand are pre-
sented, the mechanical and physical characteristics of the used DPMF are also
presented. Moreover, the tests procedures according to the available recommen-
dations of the workability on the flow table, the compressive test and three-point
bending test on unnotched and notched specimens were demonstrated.

* The results obtained from the experimental program and their discussions are
reported in Chapter 5. Firstly, the fresh properties of cement based mortar com-
posites is presented and discussed. Then the hardened properties of the ce-
ment based mortar composites including the flexural behavior, the compressive
strength are mentioned. Moreover, the fracture properties results of the cement
based mortar are examined by the determination of the fracture toughness, the
toughness index related to the absorbed energy of different mortars are pre-
sented.

* A general conclusion is given at the end that summarizes the main results of the
present research study. Also the perspectives and future work outcomes from
this study are suggested.



CHAPTER 2

State of the art

2.1 Introduction

The use of vegetable fibers (VF) as a raw material returns to old civilizations vanished
centuries ago. For instance, 3000 years ago in Egypt, walls were built by reinforc-
ing clay with straw. Recently, a new social awareness has pushed the scientific com-
munity to look for suitable solutions for the environment and to reduce the deple-
tion of petroleum resources. Thus, since the second half of the twentieth century, VFs
have been extensively used as a suitable reinforcement in many fields of industry [6].
During the last few years, a significant effort has been made by scientists and engi-
neers to provide a technical database for the various types of VE. The reinforcement of
polymeric materials with VF as an alternative to conventional synthetic reinforcement
can thus become a reality, and contribute to the increase of the economic value of VF
wastes. Furthermore, the production of low cost and eco-friendly composite materials
that have some advantages for particular applications such as thermal and acoustic
insulation is a very possible concept [7]. The reinvention of natural fibers and their
combination with polymers has given rise to a new class of materials that can compete
with or replace synthetic materials for some structural, but mostly for nonstructural
and semi-structural applications.

The introduction of VFs in cementitious matrices started in the beginning of eight-
ies (1980s). More recently, housing construction has seen an increase in the application
of VF in various non-structural and some structural building elements in both exterior
and interior applications such as walls, floors, roofing, siding, external cladding, inter-
nal lining, building boards, bricks, bracing and fencing. VF composites are also found
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in the construction of decks, as well as in the building of roads and bridges [6].

The mechanical behavior of VF reinforced cementitious composites varies accord-
ing to the origin of the fibers and the type of cementitious matrix. Generally, the uti-
lization of VF in lightweight cementitious composites has shown interesting results
due to the compatibility between the fiber and the matrix. Lightweight cementitious
materials have mechanical properties close to that of VFs, meaning that they can stop
the matrix from breaking the fibers, guarantee a good adhesion and reduce the pullout
phenomena of fibers inside the matrix. Furthermore, VF could support the matrix by
exhibiting more tensile strength to the lightweight cementitious matrix, which is ba-
sically a brittle material, therefore improving the cracking resistance of cementitious

materials.

The chapter reviews the recent research papers which focused on the utilization
of VF in the reinforcement of cementitious materials. Firstly, it represents a general
overview on the availability of VFs and their properties. Thereafter, the selected me-

chanical behavior of various types of cementitious materials is summarized.

2.2 Short introduction on vegetable fibers

2.2.1 Overview

Natural fibers can be classified according to their origin into animal, mineral and veg-
etable fibers (VF). The latter one, which are also known as lignocellulosic fibers due
to their main components being cellulose, hemicellulose, and lignin [8] are classified
according to their chemical composition as wood and non-wood fibers. Wood fibers
have a higher amount of lignin when compared with non-wood fibers, and can be di-
vided into either softwood or hardwood fibers. Softwood fibers can be found in pines,
tirs, etc..., and hardwood fibers are found in birch, eucalyptus, beech, etc... Non-wood
tibers cover four major categories according to which part of the plant the fibers are
located (e.g., bast, seed, leaf, stalk and reed fibers) [1]. Figure 2.1 shows examples of
natural fibers and their classification based on [9].
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Figure 2.1: Classification of natural fibers [8, 9]

The actual trend of the waste generation process from abundant in nature agro-

based materials such as VF has found a wide application in multiple fields of industry,
as shown in Table 2.1 (based on [10]). The annual worldwide production of VF derived

from wood and non-wood fibers is presented in Figure 2.2, based on the studies of
[10, 11, 12].
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Figure 2.2: Annual production of VF [10, 11, 12].

Table 2.1: Fields of application and the market of natural fiber composites [10].

Application field Part in market
Construction and building 15%

Electrical and electronic 4%
Agriculture 3%

Functional 2%
Automotive and transports 16%

Textiles 18%
Consumer goods 18%
Packaging-flexible 9%

Packaging-rigid (incl. Food service-ware) 15%

Other 1%

The price of VF when compared with the price of synthetic fibers is very low, for ex-
ample, the price of glass fibers varies between 1200 and 1800 $/ton. Whereas, VF costs
between 200 and 1000 $/ton [1, 13]. Moreover, the price of VF varies depending on
the available amount and the market demands of these fibers. For instance, the yearly
product of date palm and hemp fibers is 4200000 tons and 214000 tons, respectively.
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This difference in the production ratio makes the date palm fibers 60 times cheaper
than hemp fibers, with a price value of about 20 $/ton [10]. More details concerning
the price of some VFs are shown in Figure 2.3. The structure of plant fiber is compa-
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Figure 2.3: Price of selected VF products.

rable to a stack of composite folds, whose structure is detailed in Figure 2.4 (based on
[14]).
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Figure 2.4: (a) Complete structure of hemp fiber in a bundle. (b) Fibrillar structure of hemp
fiber.

The fiber consists of a primary and a secondary wall, with the secondary wall con-
sisting of the 3 layers S1, S2, and S3. The S2 layer is the thickest one and sets the
behavior of the whole fiber. This multilayer structure imparts anisotropy to the ma-
terial. In a plant, the fibers are usually assembled in the form of a bundle, which in
turn forms their polygonal shapes. The primary and secondary walls contain a frame

formed of cellulose microfibrils that is surrounded by a matrix containing hemicellu-
lose and lignin.



CHAPTER 2. STATE OF THE ART 10

2.2.1.a The cellulose

Cellulose is a natural polymer and is the most available biopolymer on earth. It can
be found in many fields of industry, such as packaging, textiles and paper, as well as
being used as a food additive. Cellulose consists of long chains of glucose anhydride
unit molecules of up to 15000 molecules. The glucose anhydride particles are linked
together by beta bonds [B(1,4)]. The cellulose molecule has a linear formation due to
this bonding configuration (see Figure 2.5). The degree of polymerization (d.p) deter-
mined by scientists, which is based on counting the glucan residues, is about 10000 for
wood cellulose [11].

CH,OH H OH CH,OH H OH
0] 0
H
H
OH H OH H OH H
H H
OH H H H
o
H OH CH,OH CH,OH
- _in

Figure 2.5: Cellulose molecule.

The cell unit form of cellulose is known in literature by different names, such as
microfibrils, elementary fibrils, and protofibrils. Such a configuration of different cel-
lulose components is shown in Figure 2.6 (based on [10]).

2.2.1.b The hemicellulose

Hemicellulose is a natural polymer like cellulose, consisting of carbohydrate monomers.

However, hemicellulose consists of a variety of carbohydrate monomers, unlike ho-
mopolysaccharide cellulose. Thus, the monomers that hemicellulose consists of are
arabinose, mannose, galactose, glucose, and xylose. Since, hemicellulose has consid-
erable side-branch groups, its structure is more open and non-crystalline. Hemicellu-
lose is more hygroscopic than cellulose and attracts more water molecules due to its
open structure. The degree of polymerization of hemicellulose in wood is about 100
to 200, which is very low when compared to that of cellulose of 10000. The difference
between wood and non-wood fibers does not appear in the content of cellulose, how-
ever, it does appear in the contents of hemicellulose and lignin. Non-wood fibers such
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Figure 2.6: Organization of cellulose components in the cell wall of a typical plant fiber.

as grasses (wheat, corn and rice) contain up to 40% of the major hemicellulose found in
grasses, whereas wood fibers are composed of 25-35% of hemicellulose by dry weight.
Figure 2.7 illustrates a typical hemicellulose molecule found in a type of wood fiber

named Arabinoglucuronoxylan (xylan) [11].

OH 1 4 o 1
(0] HO B o’
o 0
4 3 og 1 4 \
OH |, o OH
HO o 1
H,CO B OH a
HO,C
cnon OH

Figure 2.7: Structure of hemicellulose (xylan) consisting of a xylopyranose backbone, with glu-
curonic acid (1—2) and arabinofuranose (1—3) side branches.
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2.2.1.c Thelignin

Lignin is an extremely heterogeneous macromolecule that represents about 30% of the
organic carbon in the biosphere. Lignin is totally amorphous, and unlike the other
carbohydrate-based cellulose and hemicellulose, it contributes to the protection of the
cell walls by working as the glue that holds the cells. Lignin has an aromatic structure
represented by three precursors: p-coumaryl, sinapyl, and coniferyl alcohol (see Fig-
ure 2.8 (based on [11])). The contents of lignin in a vegetable fiber vary from 2% to up
to 45% [10, 11].

HO HO HO

\ \ \

/0
H,C
HO HO /O H /0
H,C O H;C
p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Figure 2.8: Structure of lignin precursors.

2.2.2 Mechanical properties of vegetable fibers

Vegetable fibers (cotton, jute, hemp, flax, sisal, kenaf, coconut, abaca, wood, etc...) have
biological structures mainly composed of cellulose, hemicelluloses and lignin. Cellu-
lose is a polymer that, unlike the other components of fiber that have an amorphous
structure, it has a largely crystalline structure with a modulus of elasticity of about
136 GPa compared to that of 75 GPa for glass fibers. Vegetable fiber is comparable to
a composite material reinforced with fibrils of cellulose. The matrix is mainly com-
posed of hemicellulose and lignin. The cellulose fibrils are helically oriented at an
angle called the "microfibrillar angle". This angle is located in between the fibrils and
the axis of the fiber. The degree value of the microfibrillar angle is conditioning the
stiffness of the fiber. The properties of natural fibers are often subject to discussion
due to the fact of the techniques used to cultivate, extract or separate the fibers vary
significantly, which may modify their behavior. For instance, the factors that can affect
the properties of VF could be attributed to the variety, the conditions of cultivation
(soil, treatment, climate), maturity, degree of preparation (retting, scutching, combing
...), moisture content, crystalline structure (degree of crystallinity, degree of polymer-
ization, cellulose type ...), and morphology (cell diameter, microfibrillar angle, lumen
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size), etc. Usually, the amount of reinforcement and the orientation of fibers in a com-
posite material set the elastic and rupture characteristics. Similarly, in a plant fiber, the
physical properties of natural fibers are mainly determined by the chemical and physi-
cal composition, structure, the percentage of cellulose, the micro fibrillar angle, the as-
pectratio L/ d (length / diameter: which is an important parameter allowing the load
transfer between the fibers and matrix), the transversal section, and the degree of poly-
merization. To simplify, for a given percentage of cellulose, the microfibrillar angle will
be weak and the strength of the fiber will be higher; moreover, the microfibrillar angle
will be significant and the elongation at breakage will be important. The complexity
of physical, mechanical or thermal property measurements makes the characterization
of VF more delicate. These dispersions follow the structural differences observed in
the fibers. For example, the size of cells not only depends on the variety of the fiber to
which they belong, but also on their maturation stage, their "meteorological history"
and their location in the plant. The mechanical properties of different fibers from dif-
ferent origins of plants used for the reinforcement of common composite materials are
shown in Figure 2.9 (based on [12, 15]). By taking into account the natural behavior of
these fibers, some dispersions can be noticed.
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Tensile strength [MPa]
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Figure 2.9: The average mechanical properties of different types of VFE.
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2.2.3 Chemical properties of vegetable fibers

The main constituents of VF are cellulose, hemicelluloses and lignin. Other products
like proteins, pectin, starch, and inorganic salts are present in smaller amounts [16].
The chemical composition of VF depends on its origin, but in general, cellulose is al-
ways predominant with percentages by weight ranging from 22% for Sabai fibers to
85% for linters of cotton (see Figure 2.10 (based on [12, 17]). Lignin concentrations
vary from 7 to 24% by weight, and those of hemicelluloses from 12 to 27% by weight.
These compounds are heteropolymers, which exhibit a great variability in its chemical
composition according to their origin. The inorganic compounds, are characterized by
their ash content, also vary depending on the nature of the fiber. Thus, this content is
about 1% by weight for wood lignocellulosic fibers and of the order of 14% for fibers
from rice.

—8—Abaca —=—Sisal —se—Flax Kenaf —e—Jute

——Sugar —e—Bamboo—a—Corn —e—Hemp ——Coir
Cellulose

0

Hemicellulose

Figure 2.10: Chemical analysis of some VFs.
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2.2.4 Physical properties of vegetable fibers

2.2.4.a Hygroscopic properties of vegetable fibers

The dimensional instability with respect to moisture is the main property of wood,
which makes its use more delicate. When a tree is alive, it contains water that flows
through its cells. The wood material, therefore, contains a certain rate of humidity, de-
pending on the weather conditions. Water plays the role of plasticizer for the polymer
chains constituting the cell walls, which is the reason behind the fact that the moisture
content and diffusion phenomena govern all the characteristics of the wood. If not for
the constituent water, represented by the atoms of hydrogen and oxygen composing
the molecules of the polymer’s structure, water is found in two forms:

» Free water: it fills the cells and the vessels, is held by capillary forces and is not

involved in dimensional variations.

* Bound water: itis fixed on the polymers structure by physisorption or chemisorp-
tion. The forces involved are electrostatic or of the type of hydrogen bonds with
hydroxyl groups.

The dimensional variation of hygroscopic material is mainly due to the water con-
tent, with the amount of water (bound water and free water) contained in the wood
being characterized by a parameter called "moisture content of wood", which is de-
fined as the ratio:

M(%) = (WhW;WO) x 100 (2.1)
0

Where;

W,: the humid weight of specimen

Wo: the anhydrous weight of the specimen

During the wood drying process, it is the free water that evaporates first. The fiber
saturation point of the wood is reached when the moisture content is about M = 30%.
By continuing the drying process, it is the bound water which begins to evaporate. Dry
wood in the air has a moisture content of 13 to 17% according to the seasons. It can have
a drier state when artificially dried; in particular, it reaches an anhydrous state after a
dry cycle for several hours in an oven at a temperature of 100 to 105 °C. Therefore, it
is conceivable that there is a moisture content threshold for which the adsorption sites
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are saturated (cell walls have the maximum amount of bond water). When there is
no free water, the fiber saturation point (FSP) is reached. The moisture content at the
FSP is very variable depending on the species, but is between 25 and 35% of moisture
content for most types of fibers. Generally, it is more suitable to give a value of 30%,
which corresponds to the behavior of the majority of species.

The moisture content of some types of VF is significantly different, as shown in
Figure 2.11 (based on the studies of [18, 19]). This difference is related to the hydrogen
bonding of cellulose and the amount of hemicellulose.

Jute

Hemp Jute stick

Cotton Bamboo

Banana Date palm leaf

Bagasse Coir

Sisal

Hardwood

Figure 2.11: Moisture content of some selected VFs.

By submerging VF in water, the moisture content in this case, will be beyond the
ESP, including both the bond and the free water. In this context, as mentioned in the
research study of Benmansour et al [20], the properties of moisture depend on the
aspect ratio of fibers again. In this study, the authors evaluated the water absorption
of date palm fibers as a function of immersion duration. They found that the fibers
with a small surface absorb more water compared to those with a larger surface (see
Figure 2.12).
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Figure 2.12: Water absorption ratio of date palm fibers as a function of immersion time.

2.3 Effects of VF on the fresh properties of cement-based

materials

The incorporation of VF leads to a significant decrease in the workability. This is due to
the water absorbed by the VE. However, the mixture needs to have sufficient flowabil-
ity for the casting process. A mixture that is too dry could lead to a final product that
is insufficiently compacted, which would probably contain more voids. Conversely, a
mixture that is too wet will lead to a decrease in mechanical strength.

The other important aspect of workability is the formation of fiber pellets, which is
also known as the agglomeration of the fibers together during the mixing process. The
degree of agglomeration depends on the type and length of fibers used, the volume
fraction of fibers, and the size of aggregates in the cementitious composite [21]. Fiber
agglomeration should be avoided as it has a detrimental effect on mechanical strength.
Some arrangements can be made during mixing to minimize the agglomeration ef-
tect. Normally, the progressive addition of fibers at the end of the mixing operation,
when the other components are completely mixed, reduces this agglomeration effect.
The utilization of a water-reducing plasticizer likewise makes it conceivable to sig-
nificantly expand the workability without affecting the mechanical properties of the
composite [22]. Moreover, according to Aziz et al (Aziz, Paramasivam and Lee, 1981),
the reduction of the granular dosage also makes it possible to limit the formation of
pellets [23].

The flow ability of reinforced fresh mortar was negatively affected by the presence
of fibers in the study of Comak et al [24]. This reduction (see Figure 2.13) was attributed
to the increase of water absorption by the increase of the fiber content. Nevertheless,
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the length of fibers has no effect on the flowability of cementitious materials [24].

Another aspect has a significant influence on the workability of fresh mortar, namely,
the methodologies adopted to mix the VF homogeneously in the mortar matrix. In this
context, Chakraborty et al [25] tested three different processes of preparing the cement
mortar composite by including 5 different fractions of jute fibers (0.5, 1, 2, 3 and 4%).

The first mixing process, which is termed as PS1, was conducted as follows: the
slurry was made with 50% of the total quantity of cement and water, the fraction of
chopped jute fibers was then added continuously during 10 min of mixing time, the
remaining part of cement was mixed with the required quantity of sand separately for
5 min, the dry mix (sand and cement) was then added to the slurry (jute fibers, water,
and cement) and mixed for 5 min, and finally, the remaining quantity of water (50%)
was added into the slurry (Sand, cement and jute fibers).

The second type of mixing, which is termed as PS2, was similar to PS1. The differ-
ence in this process was in the phase which the fibers were incorporated, the jute fibers
were first submerged in 50% of the total quantity of water, then after 50% of the total
quantity of cement was added and the slurry was mixed for 10 min. The remaining
part of cement was dry mixed with sand and the dry mix was added to the slurry.
Finally, the remaining part of water was added to the slurry.

The third mixing process, which was termed as PS3, was performed as follows: the
chopped jute fibers were immersed in water for 24 h until reaching full saturation, the
saturated fibers were mixed with 50% of the total quantity of cement and water, and
then the required amount of sand and remaining quantities of cement and water were
added to the slurry.

The highlight of the results obtained (see Figure 2.13 (based on [24, 25])), showed
that the workability decreased by using process PS1 and PS2 in the preparation of mor-
tar due to the hydrophilic nature of the jute fiber. Nevertheless, the third type of mixing
process, PS3, showed flowability values similar to that of the control mortar specimen.
The reasons behind this difference can be explained by the fact that in preparation pro-
cesses PS1 and PS2, the jute fibers were added dry into either the cement slurry (PS1)
or into the water (PS2). In both cases, (PS1) and (PS2), the amount of water required
for hydration of the cement was reduced by the presence of the jute fibers, which, as
mentioned earlier, have a hydrophilic nature. Therefore, the significant reduction of
workability by using preparation processes PS1 and PS2 is due to the incomplete hy-
dration process of the cement mortar.
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In process PS3, however, the jute fibers were already saturated. The required amount
of water for cement hydration was not affected by the presence of fibers since they
are wet. Therefore, the workability of the mortar mixture prepared using process PS3
showed similar workability as that measured for the control mortar specimen.

The key factors that affect the reduction of the workability in cement mortars are
the aspect ratio and the volume fraction of the fibers. The reduction of the workability
could be remedied by the pre-treatment of fibers to reduce the chemical components
that absorb the water. The VF could be pre-wetted before inclusion in the mixture.
Otherwise, the absorption rate of fibers could be considered when preparing fiber re-
inforced mortar mixtures by adding a determined extra amount of water [26].
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(Comak, Bideci and Salli Bideci, 2018) (Chakraborty, Kundu, Roy, et al., 2013)

Figure 2.13: Workability of cement mortar reinforced with: (i). Jute fibers (0, 0.5, 1, 2, 3 and 4%)
using three different mixing process (PS1, PS2 and PS3), (ii). Hemp fibers (0, 1, 2 and 3%) with
different lengths (Ref:0mm, M6:6mm, M12:12mm and M18:18 mm).
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2.4 Effects of VF on the mechanical behaviors of cement-

based materials

The mechanical properties of VF reinforced cementitious materials, as with other fiber-
reinforced concrete (FRC), are affected by a large number of factors [27], mainly;

» Type of fibers: sisal, hemp, jute, coir, date palm, etc.

* Morphology of fibers: length, diameter, transversal section.

* Type of fiber’s inclusion: single fibers, bundle, strand.

e Fiber surface: smooth, rough, coating agent.

* Matrix properties: type of cement, size of aggregates, admixtures.

* Proportions of the different constituents: W/C ratio, fiber content, proportion of
aggregates.

* Mixing process: type of mixer, sequence of constituent’s addition, method of fiber
incorporation, period and speed of mixing.

* implementation method: vibration standard, extrusion.

¢ Curing condition: air, water.

In this section, the mechanical behavior of cementitious composites reinforced with
VF will be discussed based on the previous studies available in the literature. More
precisely, the mechanical behavior will be analyzed in terms of compressive and flex-
ural strength.



CHAPTER 2. STATE OF THE ART 21

2.4.1 Compressive strength

According to many researchers [28, 29, 30, 31, 32, 33, 34, 35]. The compressive strength
of cementitious materials is negatively affected by the inclusion of VFE. For instance,
Kriker et al [31] mentioned in their study that the compressive strength decreased by
increasing both the content of fibers and their length. The compressive strength of
the concrete specimen reinforced with 2% by volume of date palm fibers in which the
tiber length is 15 mm represents 90% of the compressive strength when compared to
the unreinforced concrete specimen. However, the specimen reinforced with 3% of
tibers of 60 mm length represents 55% of the compressive strength of plain concrete.
The authors attributed this decrease to the increase in the number of defects and the

non-uniformity of fiber distribution.

In a similar study, Tioua et al [28] investigated the compressive strength of a self-
compacting concrete reinforced with two volume fractions of date palm fibers (0.1 and
0.2% by volume) of two different lengths (1 and 2 cm). In this study, two different cur-
ing conditions were utilized (laboratory and hot-dry climate). The authors concluded
that specimens cured in a hot-dry climate had a higher strength when compared to
those cured in the laboratory after 1 day of being cured. This was due to the acceler-
ating effect of the temperature on the hydration rate. Moreover, the specimens cured
in the laboratory had a larger compressive strength after 7 and 28 days of being cured.
However, in both curing conditions, the specimens containing date palm fibers had a
lower compressive strength compared to the control specimen. The authors attributed
this decrease to the increase of the porosity introduced by the date palm fibers.

Other parameters, such as the saturation degree of the fibers, could influence the
compressive strength of cementitious composites reinforced with VF, which was indi-
cated by Hamzaoui et al [33] in a study on the mechanical behavior of modified mortar
using dry and wet hemp fibers. In this study, the compressive strength decreased in
both cases when using dry or wet hemp fibers. Moreover, the dry hemp fibers caused
a significant decrease when compared to wet hemp fibers.

A new green composite material containing a high amount of fly ash (fixed to ce-
ment at a rate of 1.6) and reinforced with three different volumes of bagasse fibers (3, 8,
and 12% by volume) was mechanically investigated by Tian et al [34]. By increasing the
content of bagasse fibers, a significant reduction of the compressive strength in early
age could be noticed. When, at the age of 7 days, the composite reinforced with 3% of
bagasse fibers showed a compressive strength value of 24.24 MPa. This value dropped
by 51.7% and by 43.52% for composites reinforced with 8% and 12% of bagasse fibers,
respectively. The authors indicated that this high reduction in early age is related to the
unsaturated hydration of cementitious composites, which is influenced by the uneven
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distribution of water due to the hydrophilic nature of bagasse fibers. Nevertheless,
the change in the compressive strength of the composites at the age of 28 days became
more stable.

Some studies mentioned that the addition of low quantities of VF could lead to
beneficial results in compressive strength [24, 30, 36].

Ozerkan et al [30] noticed in a study related to the mechanical performance of ce-
ment mortar reinforced with date palm fibers that inclusion of 0.5% of date palm fibers
has the desired effect on the compressive strength of cement mortar. This result was
found due to the high compaction between the mortar matrix and the fibers, which led
to a good homogeneity of this mix.

Andig¢-Cakir et al [36] tested cement mortar composites prepared with the use of
fine aggregates and coir fibers with an addition ratio of 0.4, 0.6 and 0.75% by weight
of the total mixtures. The authors indicated that the increase of coir fibers led to an
increase in compressive strength, and this increase varied between 3.64% and 14.25%
for the reinforced specimens with untreated coir fibers. Moreover, an increase vary-
ing between 9% and 17.94% was achieved for specimens containing alkali-treated coir
tibers.

A similar result was obtained in the experimental study performed by Comak et
al [24], in which the authors mentioned that VF could have a good effect on the com-
pressive strength of cementitious materials. In this study, cement-based mortar incor-
porating hemp fibers with a fiber content ratio of 1, 2, and 3% with different lengths
of 6, 12 and 18 mm was investigated. The authors recorded an increase in the com-
pressive strength of up to 30%. The authors considered that the long fibers’ orientation
to sample length was found to be better and contributed to a much bigger increase
in compressive strength. The results obtained from different studies concerning the
effect of VF reinforcement on the compressive strength of cementitious materials are

summarized in Table 2.2.
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Table 2.2: Various compressive strength results of different cementitious materials blended

with different VF reinforcements.

References Type  of Type of ce- Dosage Compressive Strength
fibers mentitious [%] [MPa]
matrix (Length of

fibers[cm])
Al-Rifaie etal Date palm Plaster 2, 4, 6, 8 A gradual decrease with
[29] and 10 the increase of fibers
Belakroum et Date palm Lime 20, 35 and A gradual decrease with
al [32] 50 the increase of fibers
Kriker et al Datepalm Concrete 0,2and 3( A gradual decrease with
[31] 15and 60) the increase of both dosage

and length of fibers
Ozerkan et al Date palm Cement 0, 0.5, 1 Appropriate with 0.5 % of
[30] mortar and 2 fibers, decreased after 0.5 %
of fibers
Tian et al [34] Bagasse greencom- 3,8and 12 A gradual decrease with
posite the increase of fibers

Tioua et al Datepalm SCC 0.1 and 0.2 A gradual decrease with
[28] (1 and 2 theincrease of fibers

cm)
Hamzaoui Dry and Cement 1.1,21and Reduced
[33] wet hemp  mortar 3.1
Comak et al Hemp Cement 1,2, and 3 improved
[24] mortar (6, 12 and

18)
Andi¢-Cakir  Coir Cement 04,0.6and A gradual improvement
et al [36] mortar 0.75 with the increase of fibers

2.4.2 Flexural strength

The studies carried out on the flexural behavior of the VF reinforced cementitious com-

posites were highlighted. The plain matrix of cementitious composite presented a brit-

tle linear behavior in flexural strength. On the other hand, The bio-composite samples

presented non-brittle behavior and continued to support a significant load after the

maximum load. Sedan [37] compared the mechanical properties of cement paste and

cement matrix incorporating hemp fibers (16% by volume). For this purpose, three-

point bending tests were carried out on these two materials after 28 days of being

cured in water.
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The author distinguishes that the bending behavior of the cementitious composite
has three phases(see Figure 2.14):

¢ Phase I: Quasi-linear behavior close to that of the cement paste specimen. In this
phase, the efforts are mainly supported by the matrix.

* Phase II: Appearance of the first crack in the matrix just before reaching the peak
load. Then, the forces are transformed to the fibers that support the load and in
turn limit the propagation of the crack by their bridging effect.

¢ Phase III: Beyond the peak load (post-peak phase), the load decreases in a con-
trolled manner, unlike the cement paste which breaks suddenly. The author as-
sociates this phase with a progressive rupture of the fiber/matrix interfaces, fol-
lowed by the fibers pull-out.
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Figure 2.14: Load-Deflection curve of cement paste specimen and cement composite specimen
reinforced with hemp fibers based on the study of [37]

The transition from a brittle matrix to a ductile composite material exhibiting con-
trolled post-peak behavior is noted by all authors. However, this behavior transforma-
tion is not always accompanied by an improvement in flexural strength [31].

By analyzing the research studies carried out on the flexural behavior of cemen-
titious materials reinforced with VF, it is noticed that the flexural behavior of these
composites is related to the nature and the dimensions (aspect ratio) of fibers, the type
of cementitious matrices, the dispersion of fibers in the matrix, and also to the prepara-
tion process that was adjusted to prepare the VF (raw, wet, treated). Some of the results
obtained by different researchers are shown in Figure 2.15 (based on [25, 38, 39]).
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Figure 2.15: Various flexural strength results of different VF-reinforced cementitious materials.

Chakraborty et al [25] studied the mechanical influence of jute fibers with 4 volume
fractions (0.5, 1, 2, 3 and 4%) by using three different processes (PS1, PS2 and PS3) of
preparing the fibers, which was described in section 2.3.

The authors concluded that using processes PS1 and PS3 contributed to an increase of
the flexural strength with a corresponding increase of the amounts of jute fiber up to
1%. However, using more than 1% leads to a gradual decrease in flexural strength (see
Figure 2.15).

Regarding process PS2, the flexural strength was gradually decreased with the increase
of fiber inclusion. The authors attributed this decrease to the agglomeration phenom-
ena of fibers when using this process in the preparation (PS2). Among all the processes
used, the PS3 process exhibited the best fiber dispersion. Therefore, the mortar spec-
imens prepared according to PS3 showed the highest value of flexural strength, in
which it was improved by 16% for 1% of jute fiber reinforcement when compared to
the control specimen.

In the recent study performed by Benaimeche et al [39], the mechanical behavior
of cement mortar reinforced with date palm mesh fibers as a raw material was inves-
tigated. The authors indicated that a reinforced mortar specimen with 10 % of DPMF
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leads to a decrease of about 50 % in flexural strength. Therefore, it can be concluded
that the addition of date palm fibers as a raw material does not have a beneficial effect
on flexural strength.

In the research studies performed by Coutts et al [38], flexural strength was found to
be improved when using up to 8% of fibers (see Figure 2.15). This may be explained by
the specific processes of the fiber’s preparation, such as the Kraft and pulping process,
as well as due to the casting process of the specimen by using a dewatering method to
remove the extra amount of water.

Although the fiber’s dosage had a significant influence on the flexural performance
of the cementitious composites, the length of the fibers was also a parameter of in-
fluence. Le Hoang [40] studied cement mortars reinforced with flax fibers (see Fig-
ure 2.16). The authors mentioned that the flexural performances of the composite are
directly related to the length of the flax fibers. Initially, the increase in fiber length
resulted in an increase in flexural strength. However, from a length value of 30 mm,
which is considered as a critical value, the strength no longer increases and instead be-
gins to decrease. Nonetheless, it is still higher than that of the control cement mortar.
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Figure 2.16: Influence of the fiber’s length on the flexural strength of cement mortars reinforced
with flax fibers [40].
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2.4.3 Fracture toughness

In fracture mechanic, the fracture toughness is considered as a material property, which
determines the cracking resistance and the energy absorption capacity of materials
[41]. It is generally associated with the stress intensity factor of materials. Therefore, it

is a vital property to be evaluated for design purposes.

In literature, there is a very limited number of research papers published on fracture
behavior of cementitious materials reinforced with vegetable fibers.

Zhou et al [42] conducted an experimental investigation on the fracture behavior
of jute fibers reinforced cementitious composite (JFRCC). This composite material was
based on concrete and reinforced with jute fibers, there were two types of binder used
for concrete matrix: Portland cement (PC) with ground granulated blast furnace slag
(GGBS), and PC with pulverized fly ash (PFA). The jute fiber reinforcement was at a
tiber ratio of 0.5% by volume. The fracture toughness was determined according to the
two parameter model and presented in Figure 2.17. The authors found that fracture
toughness was largely increased in JFRCC with GGBS at all curing ages 7, 14, and 28
days, compared to plain mortar, this increase was attributed to the fact of the increase
in the critical strain energy release rate. It was mentioned also that the combination of
GGBS and PC results in a very strong bond between cement matrix and fiber.
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Figure 2.17: Stress intensity factor for various concretes at various ages [42].

Razmi et al [43] investigated three different percentages of jute fibers (0.1%, 0.3%
and 0.5% by weight) in the reinforcement of concrete. The authors used the Cracked
semi-circular bend (SCB) to obtain fracture toughness under mixed mode I/II. The
authors found that the effects of the fiber percentages on the mixed mode fracture
toughness are very significant, it was found that adding jute fibers to concrete mix-



CHAPTER 2. STATE OF THE ART 28

ture improves the fracture toughness about 45% under mixed mode loading. For the
purpose of showing the effect of the fiber content and the mixed mode loading, the
fracture locus for the mixed mode fracture toughness of concrete composites is shown
in Figure 2.18, the area surrounded by the vertical and the horizontal axes, and each
curve presents a safe zone area. It can be observed that the safe zone area increases as
the fiber content increases.

—— (% Fiber — & - 0.1% Fiber

- A- 0.3% Fiber —O— (0.5% Fiber

K"( (1\1 Pa.m“'s)

0 01 02 03 04 05 06 07 08 09 1
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Figure 2.18: Fracture diagram for jute fiber-reinforced concrete at different fiber contents [43].

The variance in the species of the vegetable fibers has an effect on the fracture
toughness of the cementitious composites. For instance, Reis [44] investigated three
types of vegetable fibers (coconut, banana and sugar can bagasse) in the reinforcement
of polymer concrete prepared by mixing the sand with the epoxy resin, the fibers used
for this study were natural (without any chemical treatment) at a fiber ratio of 2% by
weight. Figure 2.19 presents the calculated fracture toughness results for each type of
tibers. As can be seen, Sugar can bagasse fiber-reinforced polymer concrete presents
the best performance in terms of fracture toughness with an increase rate of 17.8%
compared to plain polymer concrete. An increase of about 15.7% was noticed for co-
conut fibers-reinforced polymer concrete. While, a decrease of 22.2% was observed for
banana pseudo-stem fiber reinforcement.

In addition, the surface modification of vegetable fibers has a less significant effect
on fracture toughness of the cementitious materials, in a similar study, Reis [45] inves-
tigated the incorporation of sisal fibers in the polymer concrete matrix by modifying
the sisal fiber’s surface using different types of chemical treatment (5% of NaOH, 10%
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Figure 2.19: Stress intensity factor of different polymer concrete composites [44].

of NaOH and 20% of acetic acid). The chopped sisal fibers were used at a fiber ratio
of 1% by weight. Figure 2.20 shows the effect of the chemical treatment on the stress
intensity factor of the polymer concrete composites. It can be seen that untreated sisal
tibers contributes better than treated fibers to improve the fracture toughness of con-
crete polymers. Nevertheless, all reinforced specimens presented better performance
in terms of fracture toughness.
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Figure 2.20: Stress intensity factor of untreated and treated polymer concrete composites Reis
[45].
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2.5 Digital image correlation technique

The digital image correlation (DIC) is one of the optical techniques used for the mea-
surement of the displacement field [46]. The DIC has been one of the most versatile
methods due to the applicability advantage in which it can be used at any scale of
observation [47, 48, 49]. DIC measurement is based on using a distinctive pattern
on the surface of the image to inspect the displacement field between two or more
recorded images. The pattern can be the natural texture or consists of the application
of paint speckles. The measurement of the displacement field relies on the premise
of the conversation of gray level in the examined domain [50]. DIC now knows a
widespread use in academia and industry after its start origins as an academic tech-
nique [48, 51, 52, 53]. The DIC has been used during the application of the three
point bending test to determine the displacement fields of the cementitious compos-
ites prisms [54, 55, 56, 57, 58, 59, 60]. The DIC has proven to be a powerful optical-
numerical tool to measure the fundamental parameters used for the study of the frac-
ture behavior of the cement-based materials such as: Crack Tip Opening Displacement
(CTOD), Crack Mouth Opening Displacement (CMOD) and the crack extension (Aa),
the determination of these parameters through the theoretical models and the DIC
technique allows to have more accurate results.

Nunes and Reis [54] used the DIC technique in the evaluation of the fracture be-
havior of chopped glass fiber reinforced polymer mortars. The DIC was applied to the
determination of the CTOD and Aa instead of using the clip gage. Moreover, the H-
displacement fields for different load application were obtained (Figure 2.21). It was
noted that the crack length increases as the applied load increased.

The DIC technique found to be a good tool in the identification of the displacement
tields during different stages of load application. Das et al [56] used the DIC technique
for the evaluation of the displacement fields of mortars contain different additions of
limestone, fly ash and metakaolin. The crack visibility , the distinct displacement-
jump at the tip of the notch and the CTOD were estimated using the colored images
(Figure 2.22), based on treated DIC images inspected by a commercial software (Vic
2D).
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Figure 2.22: Horizontal displacement fields at: (a) pre-crack stage, (b) stable crack growth stage,
and (c) unstable crack-propagation stage [56].
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2.6 Conclusion

The first part of the literature review’s section has tackled the the properties of the
vegetable fibers. The latter one are renewable resources abundant in the nature and
available in the local region. Their production do not affect the environment compared
with the synthetic fiber’s production, which makes them sustainable reinforcement for
the choice of composite materials that are updated and being important to reduce the
ecological footprint of man on the environment. Moreover, the vegetable fibers demon-
strated such mechanical properties are close to some properties of synthetic fibers such
as glass fibers. However, it presented also some disadvantages such as a weak heat
resistance, a high sensitivity to water moisture and also a wide range of the physical
and mechanical properties.

Thereafter, the state of the art on the cementitious materials reinforced with such
vegetable fibers has been reviewed. The incorporation of the vegetable fibers in the ce-
mentitious materials was mentioned with the aim of delaying the first crack and con-
trolling the crack propagation for getting such a ductile material. A composite material
reinforced with fibers continues to support more load even after failure. Furthermore,
the vegetable fibers could improve such mechanical behavior such as flexural, fracture
and the fatigue. The improvement of such behavior is directly related to the volume
fractions, the nature and the mechanical behavior of fiber itself.

Taking this literature review into consideration, the vegetable fibers can be regarded
as a promising alternative for the traditional synthetic fibers. These fibers have multi-
ple beneficial advantages such as low cost, environmental impact and its incorporation
could improve the cost and satisfy the mid-range requirement for the flexural and frac-
ture behavior and also impact resistance.

On the highlights of what has been mentioned previously, for the suitable valoriza-
tion of the local materials, and for the best knowledge of authors, no studies related
to the fracture behavior of cement-based composites reinforced with DPMF are avail-
able in the literature. Consequently, an investigation on the utilization of date palm
tibers in cementitious materials is required. Therefore, the present work deals with the
mechanical and physical properties of a cement-based mortar reinforced with short
DPMFs including the fracture, flexural and compressive strength.
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Theoretical background

3.1 Introduction

The “Fracture” term defines the local separation of material attachment in a solid body.
It concerns a procedure that either partially distort the body which prompts the ad-
vancement of initial cracks or entirely devastates it. The actual fracture process appears
in the body by means of elementary failure mechanisms on the microscopic level of a
material which can be defined by the physical and micro-structural properties as it is
shown in Figure 3.1. The worldwide type of appearance of the fracture on a naturally
macroscopic level comprises in the development and spread of one or various cracks in
the body, whereby the material is totally splitting. On this dimension, the methods of
solid mechanics and mechanics of materials can effectively describes the fracture pro-
cess of the material. The fracture phenomena is well known in nature and engineering
by everyone. For instance, the fracture of stone and ice are very impressive cracks in
the nature, particularly in the appearance of the incredible geological formations such
as rock failures, crevasses and earthquakes, (see Figure 3.2 [61]).

Several centuries earlier, Leonardo da Vinci conducted experiments which pro-
vided some keys to the root causes of fracture. After measuring the strength of iron
wires, da Vinci found that the strength related inversely with wire lengths, he con-
cluded that the flaws in materials controlled the strength, these results were in qual-
itative manner. Thereafter, it was reported in the paper was published by Griffith in
1920 [2] that the relation between the fracture stress and the flaw size was determined
in quantitative manner. Griffith applied the stress analysis model performed by Inglis

33
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Figure 3.2: Macro-crack (crevasse) in the Frundel glacier, Switzerland [61].

[62] in 1913 for an elliptical hole to the unstable propagation of a crack. The author
used the first law of thermodynamics to formulate the fracture theory which is based
on the energy balance. This theory describes the strain energy change that is produced
from the increase in crack growth is sufficient to overcome the surface energy of the
material. This model was correctly predicting the connection between strength and
flaw size in glass specimens only. Two decades after, the Griffith theory was extended
to metals by Dr. G.R. Irwin, who included the energy dissipated by local plastic [63].
In 1956, Irwin [64] developed the concept of the energy release rate, which is related to
the Griffith theory but is in a form that more useful for solving engineering problems.
Shortly afterward, Irwin [65] used the Westergaard approach [66] that was released in
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1938 which deals with the stress analysis in front of the sharp crack, the author ex-
plained the stresses and displacements near to the crack tip by a constant which is
related to the energy release rate, this parameter later started to be known as the stress
intensity factor [67].

3.2 Linear elastic fracture mechanics (LEFM)

The early theories of fracture mechanics that were found prior to 1960 are fitting only
with the mechanical behavior of materials that are governed by the Hooke’s law. De-
spite the modifications suggested in the early of 1948 which are dedicated for small
scale plasticity, the application of these suggestions were limited to structures which
have linear elastic global behavior. From 1960, after the development of the fracture
mechanics concepts, the extension of the Linear elastic fracture mechanics (LEFM)
were accounted for different types of nonlinear material behavior as well as dynamic
effects [67].

Supposing that an elastic material body includes a crack is loaded in the opening mode
(mode I), the full stress field in the vicinity of the crack tip is totally described if the
stress intensity factor Ky is known. Therefore, the Kj is the parameter which define the
intensity of the elastic stress field in front of the crack(see figure 3.3). When a material
is supplied by a sufficient energy, the intensity of the stresses close to the crack tip reach
critical values and the crack propagates in an unstable manner which leads the mate-
rial to a brittle fracture. In this stage, the stress intensity factor attributed to the fracture
toughness of the material K is being critical and it is denoted K;jc. Consequently K;c
is a material property used to define the toughness of the material. For instance, a

material with higher Kjc is tougher and can bear a longer crack. The analysis of the
y

Figure 3.3: Elastic stress field in the vicinity of a crack tip [68].

crack propagation is based on two primary approaches for predicting brittle fracture.
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The first one is based on the amplitude of the stress intensity factor K. K is assigned to
as Linear elastic fracture mechanics, which is still valid since the process zone which
has inelastic deformations, in front of the crack tip, stays small and neglected in com-
parison with the specimen dimensions. In the handbook of Tada and Paris 1985 [69],
equations to determine K; are mentioned for many different geometries of specimens.
For instance, if we consider an infinite plate containing a crack of length 2a The K;
explained by the following equations [70].

K; = o/ mta While for all other cases, Kj = po+/mta (3.1)

Where:

B is a constant related to the geometry of the specimen
o is the far-field stress
« is length of the crack

K; has dimensions of stress x length(1/?), usually it is MPa+/m

The second approach is based on the energy balance concept which is proposed by
Griffith. In this approach, The unstable crack growth propagation of a length « is
supposed to occur just if the energy release rate by the system is equal or greater than
the energy necessary for the crack to propagate. Thus, failure appears when [70]:

U oW

— = _ 7 2
Gic o o (3-2)

Where:

Gic is the critical strain energy release rate

R is the Crack growth resistance

U is the elastic energy release by the system

W is the energy required for a crack to propagate

In the application of LEFM, the correlation between the stress intensity factor, K; and
the strain energy release rate, Gj is expressed by

K? = E'G; and it is expressed at unstable propagation, by K3 = E'G;c  (3.3)

Where

E' = E for plane stress
E' = E/(1—v?) for plane strain
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3.3 Fracture mechanism in concrete

Concrete is considered neither as a brittle material like the glass and ceramic nor as
a ductile material like metals. However, the sub-critical damage in concrete results in
non-linear stress-strain response classified concrete as quasi-brittle material. Therefore,
The strength of material approach has demonstrated insufficient in performing con-
crete design because the fracture strength of concrete is related to the size effect. This
size effect is linked with the non-linear deformation which caused by the sub-critical
cracking instead of concrete plasticity. The first attempts to use fracture mechanics ap-
proach to designing concrete were based on Linear elastic fracture mechanics (LEFM).
These attempts were unsuccessful since the LEFM approach is not taking account the
process zones that occurs around the macroscopic cracks [67].

One of theses earlier attempts was the study of Kaplan [71]. When the author mea-
sured the critical strain energy release rate of notched concrete beams tested under
three-point bending and four-point bending. he found that concrete mix proportion,
type of loading, relative size of initial notch length, and specimen dimension are pa-
rameters influencing the critical strain energy release rate. It was indicated that the
slow crack growth prior to fast fracture could be used in the fracture analysis. How-
ever, this process which is based on Griffith concept of critical energy rate maybe appli-
cable to concrete after certain edition in the experimental and the analytical procedures.
Thereafter, in the 1960s, researchers used LEFM related to the experimental determi-
nation of critical stress intensity factor Kjc in metals to the cementitious materials.

Some of the earlier investigations on the fracture process of cementitious materials
and presented in the table 3.1, these studies are reviewed in the handbook of kumar
[72].
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Table 3.1: Selected studies related to fracture mechanics models for cementitious materials [72].

Reference

Case of the study

Results

Glucklich
(1963) [73]

Application of fracture me-
chanics approach on con-
crete

The increase of the micro-cracked
zone and the heterogeneity of the
composite materials contribute to
the relatively high value of the
strain energy release rate.

Naus and Lott
(1969) [74]

The effect of several con-

crete parameters : water-
cement ratio, air content,
sand-cement ratio, curing

age, and size and type of
aggregates on the fracture
toughness

A regular dependency of the ef-
fective fracture toughness was ob-
served with the variation of concrete
parameters.

Shah and Mc-
Garry (1971)
[75]

Study on notched specimens
of hardened cement paste,
mortar, and concrete.

Unlike mortar and concrete which
are less notch-sensitive material, the
cement paste are a notch-sensitive
material to The critical length for
mortar and concrete depends on the
volume, type, and size of aggre-
gates.

Walsh (1971)
[76]

Geometrically similar
notched concrete beams
tested under three-point
bending

The results did not follow the
straight line of the slope, which con-
cluded that the LEFM was not appli-
cable to concrete. The author sug-
gested to apply the LEFM depends
upon the size of the specimen

Brown (1972)
[77]

The effective fracture tough-
ness of cement pastes and
mortars were measured for
notched-beam and double-
cantilever beam

The crack growth is not influenced
by the fracture toughness of cement
whereas the toughness of mortar in-
creases with the crack propagation

Kesler et al.
(1972) [78]

The feasibility of LEFM in
the study of cracked speci-
mens of cement paste, mor-
tar, and concrete

The LEFM cannot be applied di-
rectly to cementitious materials hav-
ing sharp cracks

Brown  and
Pomeroy

(1973) [79]

The effect of size and aggre-
gates quality on the effective
fracture toughness was ex-
perimentally studied

The addition of aggregates caused
a progressive increase in toughness
with crack growth

Walsh (1976)
[80]

The effect of specimen size
on the fracture strength pa-
rameter

If the specimen is quite large, the
zone of stress disturbance which is
surrounded by an area is small, thus
the LEFM can be applied. Other-
wise, if the specimen is small com-
pared to the micro-cracking zone,
the LEFM cannot be applied.
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3.4 Nonlinear fracture mechanics for concrete

The non-linear zone in front of the crack tip which is composed of fracture process
zone and hardening plasticity. These zones define the main difference between the ap-
plication of fracture fundamentals in different kinds of materials (see figure 3.4. The
application of LEFM is possible in materials containing very small fracture zone (see
tigure 3.4a) and this is the first case. In the second case of ductile material which has
non-linear behavior, the hardening plasticity zone is large, while the fracture zone is
small (figure 3.4b). Figure 3.4c presents the third case which is devoted for cementi-
tious materials that have non-linear behavior in which the fracture zone is large and
hardening plasticity is small [72]. The non-linear fracture models can be classified in

! ! I

0 Y Y
(a) Linear elastic (b) Nonlinear plastic (¢) Nonlinear quassibrittle

Figure 3.4: Types of nonlinear zones in different types of materials, L denotes linear elastic, N
denotes the nonlinear material behavior due to plasticity, and F denotes the fracture process
zone [72].

two categories based on their basic approaches. The first approach uses the finite ele-
ment method or the boundary element method. The second approach uses the modi-
tied LEFM concept. For instance, the first category included the fictitious crack model

(FCM) and the crack band model (CBM). Whereas, the later category contained:

¢ Two-parameter model (TPM)
Size-effect model (SEM)

Effective crack model (ECM)
Double-K fracture model (DKFM)
Double-G fracture model (DGFM).

3.4.1 The fictitious crack model (FCM)

The fictitious crack model was first proposed by Hillerborg 1976 [81] which carried
out the numerical simulation of the softening damage of concrete structures. It was
the extended application of the cohesive crack model (CCM) proposed by Barenblatt
[82, 83]. The hypothesis of this model is that the process zone is cramped into a narrow
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band of line crack where the total fracture energy, G is consumed. Therefore, it can
be represented the process zone as an extension of the actual crack, the fictitious crack,
and is simulated as a tied crack which transmits the normal stress and this stress ¢ (x)
is also in a function of opening width w(see Figure 3.5)

fi

dcTOD £= w

Figure 3.5: Cohesive crack model for quasi-brittle materials [84].

Calculations are usually performed by means of numerical methods. Of course,
difficulties arise from performing stable uniaxial tension tests and non-linear stress
vs. displacement relationships complicate the computations. To avoid both problems,
Hillerborg proposed to measure the fracture energy, G, with a three-point bending test
using notched beam specimens and to assume a linear or bi-linear relationship for the
closing pressure(HTLLERBORG, 1983) [81]. A draft recommendation of the fracture
energy determination method has been made by the International Union of Testing
and Research Laboratories for Materials and Structures (RILEM, 1985) [85]. Hillerborg
(1980) [86] also extended his fictitious crack model to fiber reinforced concrete, and
proposed that the closing pressure is a function of fiber length, fiber diameter and
interfacial bond strength.

3.4.2 Two parameter model (TPM)

The model developed by Jenq and Shah [87] consists in an extension of the linear elastic
fracture mechanics (LEFM) theory to include non-linear effects in concrete fracture.
In fracture mechanics testing, the three-point bending test using notched-beams is a
common method to evaluate the fracture toughness, Kjc, of a material. When such
a test is used, LEFM applies only if the recorded load P vs. crack mouth opening
displacement (CMOD) relationship is linear up to the maximum load (Figure 3.6).In
such a case, Kjc is calculated using the peak load, Py, and the length of the notch, ao.
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>
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Figure 3.6: (a).Notched beam specimen under three-point bending and (b). Subcritical crack
growth in cement-based materials [87].

However, because of the process zone formation (or pre-critical crack growth), in a

notched beam, substantial nonlinearity prior to the maximum load is observed. As a
result, the effective length of the crack corresponding to the maximum load, referred
to as the critical crack length, is longer than ao.
Since in cement-based materials, there is no well defined crack tip but, most likely, a
combination of a tortuous and bridged main crack accompanied by a damaged zone of
considerable size, it is impossible to determine the exact length of the critical crack by
direct observations. To evaluate this parameter, Jenq and Shah (1985) [87] assumed that
after the precritical crack growth, the specimen behaves roughly as an elastic specimen
containing a traction free crack referred to as the elastically equivalent crack or effective
crack length. With this assumption, the available LEFM equations can be used. The
effective crack length is obtained from compliance measurements using the following
procedure (illustrated in Figure 3.7). For a notched beam specimen under three point
bending the compliance, The initial compliance, C; , is used to calculate the elastic
modulus, E (Tada et al. (1985) [69]):

65(10 V(lXo)
E=—175— 34
C;W?B (3.4)
where S, W and B are loading span, width and depth of the specimen, respectively, ag
is the notch length, C; is the linear elastic compliance. Further, the parameter V(«g) is

expressed as follows (Tada et al.1985) [69]:

0.66
with ap = 22 (3.5)

V(ao) = 0.76 — 2.28aq + 3.87a0” — 2.04a0° + 1 — wg? W
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Figure 3.7: Determination of the effective crack length using compliance measurements [87].

The graphical determination of the initial compliance of the specimen, C;, along
with the knowledge of the initial crack length (notch), ag, allows for the calculation of
the modulus of elasticity of the material, E, using Eq.(3.4). When performing the test,
the specimen is loaded and unloaded just before reaching the maximum load, (95% of
Pyiax). The compliance at the maximum load, C,, can therefore be calculated using the
maximum load and the elastic component of the CMOD, denoted CMOD,.

Using Eq. (3.4) and the values of E obtained previously, the length of the crack
which leads to a compliance C, is calculated and referred to as the effective crack
length, a. The stress intensity at the tip of the effective crack is calculated using Pyax
and a using Eq. (3.6) and is denoted K3, as following:

3PraxS
K S _ max .
IC wp Vv maf(«) (3.6)

Although, experimental results obtained from beams with different dimensions showed
that K3 was size independent, a appeared however to be dependent on the size of the
beams.

A crack shape was therefore assumed and, for a given effective crack length, the open-
ing displacement of the crack located at the tip of the initial notch was determined
(Fig 3.8). The resulting opening displacement is referred to as the critical crack tip
opening displacement and is denoted as CTOD,. According to the authors, the CTOD,
values appeared to be independent of the size of the specimen.



CHAPTER 3. THEORETICAL BACKGROUND 43

CTODc
\

CMOD{“'““ < S
I

do

-4 Lt

aeff

Figure 3.8: Determination of the crack tip opening displacement, CTOD.

The Two-Parameter Fracture Model consists, therefore, in fracture being defined by
the two parameters: Kj- and CTOD, which, given their size independence, are con-
sidered to be material properties (Figure 3.9). It was therefore concluded that if these
properties and the modulus of elasticity, E, are known for a given material, then one
can predict the maximum load for a structure of any size and/or geometry.

P

o Fracture

_.{8.
o

Kl  J K;‘
CTOD « CTOD,

Figure 3.9: Two Parameter Fracture Model [87].

The Two Parameter Fracture Model was tentatively recommended as a standard

testing method to determine the fracture properties of quasi-brittle materials by the
International Union of Testing and Research Laboratories for Materials and Structures.
As per the draft recommendation (RILEM, 1991) [88], the compliance corresponding to
the maximum load, C,, can be approximately calculated using the secant compliance
method i.e. by assuming that the unloading path returns to the origin. However, it is
pointed out that if such a method is used, the values of K3~ and CTOD, obtained are
about 10 to 25% higher than those calculated using the actual unloading compliance,
Therefore, ignoring permanent deformations leads to an overestimation of the tough-
ness of the material and, eventually, to an overestimation of the design load carrying
capacity of structures.
Finally, the authors of the model reported unique, constant values of K3 and CTOD,
using only notched beam specimens. However, years later, Ratanalert and wecharatana
[89] conducted a series of experiments using two types of specimen (notched beam and
compact tension) with different dimensions indicated that K3, and CTOD, values are
unique only to the notched beam specimen, the same two parameters were found to
be 10 times larger for the compact tension specimens.
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The Two-Parameter Fracture Model has also been extended to model fiber reinforced
concrete (JENQ and SHAH, 1986) [87]. Here the crack propagation in the matrix is de-
scribed by the same parameters described previously and requires the availability of
experimental load versus slip relationship obtained from pull-out tests on single fibers.

3.4.3 Modified Two parameter model (MTPM)

A modified procedure is hereafter proposed by [90] when crack propagates under
mixed mode loading (Mode I together with Mode II).

Specimens geometry and experimental test procedure are equal to those presented in
the previous Section. The elastic modulus, E, is determined through Egs (3.4) and (3.5).
If the crack propagates under mixed mode loading, the effective critical crack length
is obtained by following the procedure hereafter described. Let us consider a body
loaded by both a loading force, P, and a pair of virtual forces, F, in equilibrium for any
distance, d (Figure 3.10). The Castigliano theorem states that the displacement of any
value of F (in its own direction) may be computed as follows [69]:

_ [aur
= (5F) >

where the total strain energy Ut can be obtained by adding the strain energy due to
the applied forces with no crack and that introducing the crack while holding constant
the applied forces:

uT = uNoCruck + /O ———dA (3-8)

7o

|ll P
\]

Figure 3.10: Body loaded by both a loading force P and a pair of virtual forces F, in equilibrium

for any distance d.
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constant loading force, P, the total energy rate, G, is equivalent to the rate of increase

of the total strain energy, that is:
our

C=3A

(3.9)
and the relative displacement of crack surfaces, A, given by the virtual forces can
be computed as follows:

Ap = (M)F +/( ) (3.10)
0

By considering a prismatic body specimen including a kinked crack exposed to both
three-point bending loading and a couple of virtual forces (applied in the lower part
of the beam) perpendicular to the crack faces (Figure 3.11). For this situation, the main
term on the right-hand side of Eq. (3.10) is equal to zero, since it relates to the displace-
ment produced by the pair of virtual forces (in their own direction) in an uncracked
beam, whereas the subsequent term is an element of the Stress-Intensity Factors (SIFs)
for each loading mode, which are due to both the loading force P and the virtual forces
F. For such a setup, the total energy rate G is given by:

K} K _

G=Gi+Gp=— Ly

1
T E T E [(KIP + Kip)* + (Kpp + KIF)Z} (3.11)

where Kjp and Kjjp are the Mode I and the Mode II SIFs due to the loading force,
respectively, whereas Kjr and Kjjr are the Mode I and the Mode II SIFs due to the
virtual forces, respectively. By substituting Eq. (3.11) in Eq. (3.10), we obtain:

ml»—\

A

/ [ 2K1pK1p+2K11pKHF)] dA
F=0

0

A
2 oK oK
:_/ [Klp( ’F) —|—K11p( ”F) ]dA (3.12)
EJ o 9F )iy

Each SIF term in Eq. (3.12) can be expressed as a function of the corresponding Mode I

SIF of a straight crack having length equal to the projected length of the actual kinked
crack, and the crack tip location is identified by the coordinate x shown in Figure 3.11
Since the SIF expressions of Kip, Kiip, Kir, and Kjjr depend on the x-coordinate, the
integral over the cracked area A (Eq. (3.12)) can be replaced by the following three
integrals along a vertical line:
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ap ap+aq cos 0
9K 9K 9K
[Kipo (%82), dx+ [ [Kiea (%), +Kuea (S2) . Jax
Ap = E ay+(a1+ay) cos @ 9K 9K
+ f [KIP,Z ( a?) + Ki1p2 (—5}”) } dx
ag~+ay cos F=0 F=0
(3.13)
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Figure 3.11: Geometrical and testing configuration of specimen according to the modified Two-
Parameter Model.

being 6 the crack kinking angle, and a1 + a5, the total length of the deflected crack, as
is detailed in Figure 3.11. All the SIF terms in Eq. (3.13) can be expressed as a function
of the Mode I SIFs at the crack tip of a straight crack under three-point bending (Kjp o)
and under a pair of virtual forces (Kjr o) [69]:

3PS

Kipo = W2V mxf(«)
(1 _ 2
with fa) = L L% a(1—a)(2.15 3.933/uzc+2.70a) and a=X (314a)
VT (1+2a)(1— «) w
2F
Kirpo = ﬁg(“)
4 . 84(1 — a)® +0.6602(1 — a)?
with g(zx)zo 6+ 3.06a +0.84(1 — a)” 4 0.66a~(1 — «) (3.14b)

(1—a)*?

The Mode I and Mode II SIFs at the crack tip of a kinked crack characterized by a short
branch, under three-point bending (Kjp1, Kijp1) and under a pair of virtual forces
(K1r1, Kiip1) can be evaluated following the approximated procedure proposed by
Cotterell and Rice for a deflected crack characterized by a short branch in a centrally
cracked infinite plate [91]:

0
Kip1 = KIP,OCOS3§ (3.15a)



CHAPTER 3. THEORETICAL BACKGROUND 47

0 0
Kiip1 = Kipo sin Ecoszi (3.15b)
30
Kipq = Kifpcos 5 (3.15¢)
0 0
Kiip1 = Kjppsin Ecoszi (3.15d)

The approximation is acceptable for a;/a9 < 0.3. The Mode I and Mode II SIFs at
the crack tip of a kinked crack characterized by a long branch (a;/49 < 0.3), under
three point bending (Kip, Kijp2) and under a pair of virtual forces (Kjr2, Kijr2) can
be evaluated following the approximated procedure proposed by Kitagawa et al. For a
deflected crack characterized by a long branch in a centrally cracked infinite plate [92]:

Kipo = Kipocos®/20 (3.16a)
Kiro = Kircos®/20 (3.16b)
Ki1p2 = Kipp sin Ocos'/20 (3.16¢)
Ki1r, = Kig o sin fcos'/ 20 (3.16d)

By substituting Egs. (3.14)-(3.16) in Eq. (3.13), we obtain:

(

ap
oK
f Klp 0 ( IF’()) dx
/ oF _

2
+ [(cos%) + (sin %coszgﬂ

[ ag+aq cosb

ap
dKirp 9K,
[ Kino(%5E2),_dx - S Kipo (=

) ondx]

2
K
5 2 ap+(a1+ap) cosd KIP,O ( all-flo ) F:de
+ [(COS3/29) + (sin fcos!/20) [ ag+ay cos
] - K 9Kirp d
0 f IP0\ —3F F—0 X
\ O =

(3.17)
It can be noticed that all integrals are formally equal, changing only the integral ex-
tremes. An empirical solution can be employed according to that proposed by Tada et
al. [69]:

z

2 aKH:O 6PSz
Z|K ’ - -

EO/ e ( oF )F:OdZ EW?B v ([X)

V() =076 — 2.28x + 3.87a% — 2.040” + -

— with a:% (3.18)

being z a generic integration variable. Therefore, once each integral of Eq. (3.17) is
empirically resolved and the unloading compliance C, (equal to Ar/P) is taken into
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account, we can explicit the elastic modulus from Eq. (3.17):

a0V (%) + [cos g +szgcos49} [(aOJralCOSQ)V(W) a0V lZWO
(ap + a1 cos 6 + ap cos0) V (”0+”1 cos by COSG

— (a0 + aj cos ) V (W)

65
- GV2B | 4+ [cos®0 + sin®0 cos 0]

(3.19)
Now a; can be obtained from Eq. (3.19) by employing an iterative procedure. There-
fore, the effective critical crack length is equal to a = ap + (a1 + ay) cos 6 with a; =
0.3ap. As it is shown in Figure 3.11, the kinked crack branch consists of the two seg-
ments, named a1 and a». If the value of ay obtained from Eq. (3.19) is negative, it means
that the effective crack length is a = ag + (a1, with a; < 0.3a9. Therefore, the expression
of Ar in such a case is given by:

ag+aq coso

ag
2 dKirp / dKir1 oK11r 1
= — 4 K s K s
Ar E O/KIP'O( °F )F:de + P1\ 5 o + Ki1pa T dx

0
(3.20)
and a; is determined from the following equation by employing an iterative procedure:

65 ao 60 20 40 ag + ay cosf ao
= CW7B {aOV (W> + [COS 5 + sin 5C0S" (ap+aycosf) V T aoV (W)
(3.21)
Finally, the critical stress-intensity factor under mixed mode, K? I+1ycr 18 computed

through Egs. (3.6) and (3.14a), by employing the above effective critical crack lengths.

3.5 Conclusion

The present chapter was devoted to the application of the fracture mechanics approaches
in the cementitious materials. In particular, this chapter started with a general applica-
tion of fracture mechanics and earlier approaches of the LEFM. Then, it reviewed the
applications of the LEFM in fracture study of cementitious materials. It was found that
LEFM is not sufficient for fracture study of concrete since the latter one is a quasi-brittle
material in which the fracture parameters of concrete are related to the size effect and
the fracture process zone. These parameters are linked to non-linear deformation of

concrete.

The non-linear fracture models based on the finite element method or the modi-
tied LEFM concept have been proved to be more effective in the determination of the
fracture parameters for the cementitious materials.
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The two parameter model TPM has proven that the stress intensity factor (SIF) and
the crack opening displacement (CMOD) are the only parameters controlling the frac-
ture properties for any geometry of the specimen.

The modified two parameter model MTPM was found to be more accurate in the
case of the large deflection of the crack propagation path.



CHAPTER 4

Characterization of materials and

Experimental Program

4.1 Introduction

The second chapter dealt with the influence of various constituents on the formulation
and the properties of different types of mortars and concretes. Furthermore, In this
work, the identification of different constituents that have been utilized in the formu-
lation of cement-based materials ( cement, aggregates, fibers) is essential. This chap-
ter presents the details about the experimental campaign conducted for characterizing
these materials, through their morphological, physic-chemical and mechanical prop-
erties. Moreover, this chapter describes the methods which were applied in preparing
and testing the cementitious composites.

4.2 Characterization of materials

421 Cement

Limestone Portland cement CEM II/A-LL 42.5 R, conforms to EN 197-1 [93] is used
in this study. This cement was provided by Buzzi Unicem S.p.A. The technical per-
formance of cement provided by the manufacture are the following: it contains from
80% to 94% of clinker and 6% to 20% of limestone, the Blaine specific surface of the ce-

50
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ment is ranged between 3100 to 4400 cm?/g, an initial setting time from 130 min, and a
minimum compressive strength at 28 days of 47 MPa [94]. A sample from this cement
powder was destined to the cement laboratory of Ain Kbira (Setif) for the purpose of
analyzing the chemical composition of this cement,the results obtained are listed in ta-
ble 4.1. The Physical properties of the cement were tested in the laboratory , the clinker
composition calculated using Bogue equations. These results are summarized in table
4.2

Table 4.1: Chemical composition of cement

Chemical composition CaO Si0; AlbO3 Fe,O3 MgO KO SOz Cl Lol Insoluble residual
Quantity (%) 61.345 19.635 4.26 2.17 2.555 0.83 2905 0.04 6.003 0.257

Table 4.2: Physical and mineralogical composition of cement

Physical properties
Blaine/BET specific surface area (cm?/g) 4085
Compressive strength MPa (28 days) 54.1
Specific density (g/cm?) 3.08
Bulk density (g/cm?) 0.98
Bogue composition (clinker) (%)
CsS 65.0
C,S 13.0
GA 8.0
C4AF 8.0

4.2.2 Aggregates

In this study, the silica sand with a grain size distribution of 0/2 mm was used. This
sand of gray color is in accordance with the standard NF P 18-545 [95], It is provided
by the company Bacchi S.P.A . It was extracted from the Po river from northern Italy
(see Figure 4.1)

4.2.2.a Particle size analysis

The particle size analysis was done to determine the size and the respective weight
percentages of different grain of the sand specimen. In order to prepare cement mortar
according to the European recommendation EN 196-1 [96], the particle size distribu-
tion of the sand was corrected to obtain such curve similar to that of standardized sand
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Figure 4.1: Sand 0/4 mm

conform to the standard EN 196-1 [96]. For this purpose, silica sand with two different

grain size distribution (classic sand 0.125/2 mm and fine sand 0/0.6mm ) was utilized

to obtain a reconstituted sand conform to EN 196-1 standard, The grain size distribu-

tion of the reconstituted sand is summarized in the table 4.3. The grain size distribution

curve fine sand , classic sand and the reconstituted sand are presented in Figure 4.2.
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Figure 4.2: Particle size curve of the sand

4.2.2.b Chemical composition

The chemical composition of the sand is available in the technical sheet provided by

the company Bacchi S.P.A. It is represented in table 4.4 [97].
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Table 4.3: Grain size distribution of the sand 0/2

Sieve diameter (mm) Particular quantity of remaining sand (%)

2-1.6 7
16-1 26
1-0.5 34
0.5-0.16 20
0.16 - 0.08 12
<0.08 1

Table 4.4: Chemical analysis of sand

Chemical composition Quantity (%)
Silicon dioxide (5iO3) 79.8

Iron oxide (Fe,O3) 242
Aluminum oxide (Al,O3) 3.28
Calcium oxide (CaO) 4.6

Magnesium oxide (MgO) 2.18
Sodium oxide (NayO) 2
Potassium oxide (K,O) 1.96
PH 7

4.2.2.c Density and water absorption

The bulk density was determined using an apparatus with a sieve funnel and tripod,
a unit weight measure of 1-liter capacity, a spatula, a straight edge, and an aluminum
scoop. The absolute density of the sand was determined according to EN 1097-6 [98].
This test allows to measure the absorption coefficient of the aggregates, the results of
the different physical characteristics of the sand are summarized in the table 4.5

Table 4.5: Physical characteristics of sand

Reconstituted sand

Nature siliceous
Size (mm) 0-2
Bulk density (g/cm?) 1.43
Specific density (g/cm?) 2.62

Water absorption coefficient (%) 0.25
Finesses modulus 2.2
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4.2.3 Admixtures

The high water reducer superplasticizer based on natural and synthetic polymers was
used in this study. It was added to the mortar mixtures with a content of 1% of ce-
ment weight for getting good workability in fresh state of mortar composites the used
superplasticizer is commercialized under the name of Concretan2001 and produced by
Ruredil [99].

4.2.4 Water

The utilized water in this study is a tap water, the quality of water is conformed to the
standard.

4.2.5 Date palm fibers

The date palm tree (Figure 4.3) is a member of date palm tree family (phoenix dactylif-
era). Itis found in the middle east, Northern Africa, the canary Islands, Pakistan, India,
and in the United states (California). There are more than 100 million date palm tree in
the world and each tree can grow for more than 100 years. In Algeria, there are more
than 18 million tree, this amount generates yearly 200 000 tones of wastes, the fibers
used in this study are a part of these wastes.

The DPMFs used in the present study are obtained from Deglet- Noor date palms
(Deglet-Noor date is one of the most appreciated variety in the world) from the oasis
of Tolga (Biskra, Algeria). The DPMFs are the fibers surrounded the stem of the date
palm tree.

Fruit bunches

Leaves

Mesh

Trunk

Figure 4.3: Components of the date palm tree.
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The preparation process of the DPMFs from the tree into single fibers is presented
in figure 4.4 and it summarized in the following points:

1. The extraction of the woven mat in form of a sheet of a length, width dimensions
about 300 mm, 500 mm respectively. It is covered by the petioles(the beginning
of the branches). Therefore, after cutting the petiole edges, it is easy to pull out
the rectangular sheet of the DPMFs.

2. The woven mat sheet consists of single fibers crossing each other, in order to
separate them into single fibbers, the Date palm sheet emerged in water, then the
Interlocking fibers were easy separated into single fibers that have a length of 20
to 50 mm. Then let them dry in laboratory oven at a temperature degree of 75 °C
until reaching a constant weight. The fibers reached a constant weight after two
days of being dried.

3. The single fibers then were cut into desired length of 7 to 10 mm by using a paper
cutter with metallic support to fix the Cutting distance of fibers.

Date palm tree

Sheet of fibres

Long single fibres

Short date palm
fibres

Figure 4.4: Extraction process of date palm fibers

4.2.5.a Chemical characteristics of DPMFs

As seen in chapter 2, the most dominant component in the chemical composition of
the Date palm fibers is the cellulose, there is two other components which found in a
significant amount, they are the hemicellulose and the lignin. The fractions of theses
three components varied in the literature according to many researchers. This varia-
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tion could be attributed to which part of tree these fibers come from and the origin
of the date palm tree. For instance, according to (AL-KHanbashi et al. 2005) [100],
the fractions of the cellulose, lignin, and hemicellulose are 46%, 20%, and 18%, respec-
tively. The cellulose particle found in higher fraction of 54% in the study of (Julkapli et
al. 2015) [101]. Whereas in the characterization study of (Bendahou et al. 2007) [102],
the cellulose component found in lower fractions of 33.5% in the leaves and 44% in the
spine. The chemical analysis of the date palm fibers according to multiple researchers

are listed in table 4.6
Table 4.6: Chemical composition of date palm fibers

Element(%) (Al- (Bendahou (Julkapli  (Sbiai et (Mohanty (Haddadou
Khanbashi et al. et al. al. 2011) et al. et al.
et al.  2007)[102] 2015) [17] 2014) 2015)
2005) [101] [103] [104]
[100]

Cellulose 46 44 54.71 35 54.75 47.31

Lignin 20 14 15.30 27 15.3 15.67

Hemicellulosel8 n.a 20 28 20 25.72

Water con- 5 n.a 6.5 n.a n.a n.a

tent

other 11 28 2.45 n.a n.a n.a

4.2.5.b Physical and mechanical properties of date palm fibers

The geometrical sizes and physical properties, listed in Table 4.7, are taken from the
literature [31], since the fibers used in the present research work come from the same
geographic area as those employed by (Kriker et al.2005) [31]. It can be observed that
the variability in diameter is significant (equal to 50.4%), which is typical of natural
tibers. The mechanical properties listed in Table 4.8 are also taken from [31].

Table 4.7: Geometrical sizes and physical properties of DPMF [31]

Property Min. Max.
Diameter [mm] 0.1 0.8
Bulk density [Kg/m?] 512 1089
Specific density [Kg/m?] 1300 1450
Natural moisture content [%] 9.5 10.5

Water absorption to saturation [%] 97 203
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Table 4.8: Mechanical properties of DPMF [31].

Property Length [mm]

100 60 20
Tensile strength [MPa] 170 £40 240+30 290+ 20
Elongation [%] 16 £3 1242 1142

Elastic Modulus [GPa] 4.74 +£2 5.004+2 525+2

4.3 Methods of characterization for mortar composites

4.3.1 Specimens preparation and curing conditions

The mixture proportions adopted for both plain and reinforced cement-based mortar
are cement:water:sand (by weight)=1: 0.55: 3. The ratio between water and cement
is fixed after performing a workability test with the flow table according to the Eu-
ropean standard EN 1015-3 [105]. In particular, the content of water in the mixture
shall be enough to produce a flow of about 110% by jolting the flow table 15 times in
approximately 15s. The above mortar mix design is prepared according to European
Recommendation EN 196-1 [96], and the mortar mixture composition is listed in Ta-
ble 4.9.

Table 4.9: Mortar mix composition.

Material Dosage [Kg/m3]
Cement 42.5 580
Water 320

Sand (0-2 mm) 1750
Superplasticizer 6

The mixing process is important in which it has a significant effect on the fresh
and hardened properties of the material. It is mandatory to be adapted to mixture
nature to obtain a good homogeneity. The mortar specimens with and without DPMF
were prepared according to European Standard EN 196-1:2005 . In the initial phase of
specimen preparation, the DPMFs are submerged in water at room temperature for 24
hours and then dried in air, before being added to the mixture(see Figure 4.5).

These operations are needed in order to avoid that fibers absorb an excessive amount
of mixing water during the casting. Subsequently, the DPMFs are added in the cement-
based mortar matrix, with a fiber content equal to 2, 4, 6, 8 and 10% by volume (Ta-
ble 4.10).
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Figure 4.5: Components of the date palm tree.

Table 4.10: DPMF percentage and weight in the reinforced mortar.

Mixture DPMF

Fiber amount [%] In weight [Kg/m3]

PM - -
RM; 2 28
RMy 4 56
RMgq 6 84
RMg 8 112
RM;jp 10 140

This procedure is performed slowly in order to avoid the possible clumping of
tibers. Then a superplasticizer (named Concretan200l and produced by Ruredil), with
a content of 1% of cement weight, is added to the mixture in order to achieve the
desired self-compacting properties. The fresh slurry is hence placed in molds on a con-
ventional vibrating table (the time of vibration is of 30s for each mold). Each mold
consists of a beam with prismatic shape, whose sizes depend on the test type being
performed. For instance, the 40 x 40 x 160mm specimens were used for the flexural
test. Whereas, the 15 x 30 x 160mm were used for the fracture tests (see Figure 4.6),
more details about these tests conduction is explained in sections 4.3.5 and 4.3.6.

Finally, the specimens are cured in laboratory for 24 hours under normal climatic
conditions (temperature equal to 21°C and relative humidity of 50%) and, after de-
molding, are submerged in water at an ambient temperature for 28 days (see Fig-
ure 4.7).
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Figure 4.7: Cementitious composites specimens: (a). Cured specimens submerged in water;
(b). Specimens after 28 days

The reinforced mortar specimens are referenced by the notation RM,, where n is
the fiber percentage being examined (i.e. n = 2,4,6,8 and 10). Moreover, the plain
cement-based mortar specimens are named with the notation PM in the following.
Accordingly, six different types of mixtures are formulated.

4.3.2 Workability of cementitious composites

The workability of the mortars was measured by the test with the flow vibrating ta-
ble according to EN 1015-3 [105]. This test measures the spreading diameter of mortar
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placed in a frustoconical mold subjected on the top of a shaking table. This table ap-
plies 15 shocks each corresponding to a fall of 10 mm (see Figure 4.8). In particular, the
content of water in the mixture shall be enough to produce a flow of about 110% by
shaking the flow table 15 times in approximately 15s.

Figure 4.8: Workability test

4.3.3 Density of mortar composites

For each specimen, density is determined after curing, according to EN 1015-10 [106].
Firstly, the weight of each water saturated specimen is recorded. Then, the specimen
is maintained at 105 °C in oven until one weight variation is further recorded. Finally,
density is computed according to the above UNI EN Recommendation , and the den-
sity mean values, p, measured on nine specimens for each of the six mortar mix types.

4.3.4 Compressive test

The compressive test has been done after performing the bending test. Thus, the bro-
ken (40 x 40 x 160 mm) specimens coming from the experimental campaign of bend-
ing test were cut into formal specimens of (40 x 40 x 40 mm). This test was conducted
with an electromechanical press machine with a load cell higher than 250KN and a load
speed of 2.4 KN.s~1, according to EN 196-1. The formal (40 x 40 x 40 mm) specimens
are placed in the center of the machine tray (Figure 4.9). The compressive strength is
calculated as the following equation:

F
RC — c,max (41)
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Where:

* R, is the compressive strength in [MPa]
® F.max is the peak load causing the failure in [N]
* B, W are the width and the depth of specimen respectively [B = W = 40 mm].

Figure 4.9: Compressive test on composite mortar specimen.

4.3.5 Three-point bending tests on unnotched beams: Flexural strength

The three-point bending tests on unnotched specimens are carried out according to
UNI EN 196-1:2005 European standard, which deals with the standard test method to
evaluate compressive and flexural properties of cement-based mortar. The tested spec-
imens are characterized by the following geometrical sizes: width (B) x depth (W) x
length (L)=40 x 40 x 160 mm, and support span (S)= 120 mm. The tests are performed
under load control with a rate equal to 44Ns1 according to the ASTM C348-14 Stan-
dard (see Figure 4.10). More precisely, the applied load is measured by means of a load
cell, whereas the deflection of the specimen is evaluated through the measurement of
the head displacement. As is shown in Figure 4.11, each specimen is monotonically
loaded up to failure.

The flexural strength Ry can be computed according to the following equation and
the experimental results in terms of peak load Py (see a typical load against deflection
curve in Figure 4.11):

15-P¢-S

Ry =~ (4.2)

where S and W are the support span and the specimen depth, respectively, both in

mm
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LOAD, P

DEFLECTION, d

Figure 4.11: Typical load against deflection curve for the tested unnotched mortar specimens

4.3.6 Three-point bending tests on notched beams: Fracture tough-

ness

The three-point bending tests on notched specimens are carried out according to the
TPM [87] and the RILEM recommendations [107, 108], which deal with the standard
test method to evaluate fracture parameters of mortar and concrete. The tested spec-
imens present a notch in the lower part of the middle cross-section, and are charac-
terized by the following geometrical sizes: specimen depth-width ratio = W/B = 2;
support span-specimen depth ratio= S/W = 4; notch length-specimen depth ratio=



CHAPTER 4. CHARACTERIZATION OF MATERIALS AND
EXPERIMENTAL PROGRAM 63

ao/W = 1/3, and notch width< 3.175mm. In more detail, each specimen consists of a
beam 15mm x 30mm x 160mm (B x W x L) and, consequently, S = 120mm and the
notch length 4y is equal to about 10mm (Figure 4.12).

Figure 4.12: Geometrical sizes and loading configuration for three point bending test on
notched specimens

The tests are performed under Crack Mouth Opening Displacement (CMOD) control,
employing a clip gauge at an average rate equal to 0.lmmh! (Figure 4.13). Moreover,
the applied load is measured by means of a load cell.

Figure 4.13: Loading configuration for three-point bending test on notched beam.

As is shown in Figure 4.14, each specimen is monotonically loaded. After the peak
load P4y is achieved, the post-peak stage follows and, when the load is equal to about
95% of Py, the specimen is fully unloaded (up to a load value equal to about zero) by
proceeding under load control. Finally, the specimen is reloaded up to failure under
CMOD control with the same initial average rate.

On the basis of the experimental results in terms of peak load Py, initial (C;) and

unloading (C,) linear elastic compliances (see a typical load against CMOD curve

S
(I+11

mixed mode SIF) are computed according to the equations related to the Modified
Two-Parameter Model (MTPM), reported in Refs. [90, 109, 110]. It should be high-
lighted that the modified version of the TPM is here employed instead of the original

in Figure 4.14), elastic modulus E, and fracture toughness K ) (i.e. the critical

one since cracks are experimentally observed to generally grow under mixed mode
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Figure 4.14: Typical load against Crack Mouth Opening Displacement (CMOD) curve for the

tested notched specimens.

(Mode I together with Mode II). As is shown in Figure 4.15 for one specimen of each
tested type, crack starting from the notch tip deflects (kinked crack) due to the inho-
mogeneities (i.e. aggregates and DPMFs) embedded in the mortar matrix. As a matter
of fact, fracture toughness would be overestimated by considering crack propagation
under pure Mode I loading (that is, by using the TPM).

Figure 4.15: Crack path for Composite mortar specimen.
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4.3.7 Calibration of Digital Image Correlation (DIC)

The two-dimensional (2D) displacement fields are directly detected from the digital
images of the surface of a specimen. Figure 4.16(a) shows an example of an experi-
mental setup for the 2D digital image correlation. The front surface of the specimen
is captured usually by a charge-coupled device (CCD) camera with an imaging lens.
Then, the images of the front surface of the specimen, before and after deformation,
are captured, and stored in a computer as digital images. The first image was taken
as a reference, then all the remaining images are compared to the first image by de-
tecting the displacement of a matched point from one image to another. To find the
matched point, an area with multiple pixels ( such as 19 x 19 pixels ) is used to per-
form the matching process. This area is called a subset, it has a unique light intensity
(gray scale) distribution inside the subset itself. It is considered that the light intensity
distribution does not change during the test application [111].

—
”
% ’ !: Aregmatched with the
7/ subset

/ b ¥ v
. ) Subset  « . ‘®
Light source - P - Dig)lacement
- |. |
Jsl.
» -
» . Positien of the subset
before déformation
"5 e
.
- CCD Camera Computer - Al S
Specimen Image before Image after
deformation deformation

(@) (b)

Figure 4.16: (a) Setup for displacement measurement using digital image correlation. (b)
Matching the subset before and after deformation. (c) Typical example of random pattern on
specimen surface.
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The setup used in the laboratory during the three-point bending test is presented

1>/

in Figure 4.17

|

" ra W I "

Figure 4.17: Setup for the DIC test.

Figure 4.16(b) shows a part of the region of interest (ROI) in the digital image before
and after deformation. The displacement of the subset can be found after deformation
by following the same gray pixels in the subset. Once its location is found, the dis-
placement of this subset can be determined. In order to reach this object, the surface
of the specimen must have a feature that allows the subset being matched between the
selected images. This feature on the front surface of the specimen can be applied artifi-
cially (Figure 4.16 (c) ), by using random pattern on the surface of specimen produced
by black and white spraying paints. This concept is common among other techniques
in digital image correlation [111].

On the highlight of the basic concept mentioned above, several functions exist to
match the subset between two successive images, the first one is the magnitude of gray
intensity value difference as:

R(x,y,x%,y*) =Y _|F(x,y) — G (x*,y")] (4.3)

And the other one is the normalized cross-correlation as:

C(x,y,x*,y*) — ZF(x’in(x*’y*) - (44)
VEF( )P EGH, y7)

where F (x,y) and G (x*,y*) represent the gray levels within the subset of the unde-
formed and the deformed images, (x,y) and (x*,y*) represent the coordinates of the
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pixels in the subset before and after deformation, respectively. The summation symbol

represents the sum of the values within the subset. There are several functions except

Equations (4.2) and (4.3), however, the normalized cross-correlation (Equation (4.2)) is

widely used in the digital image correlation analysis [111].

The utilization of the DIC technique was performed by VIC-2D software™ pro-
vided by correlated solution. The steps required for the analysis of each specimen are

summarized in the following points:

The first image is added as a reference image.

The remaining images are added as deformed images.

The measurement scale of the reference image is defined for getting the results in
metric unit instead of pixel.

The definition of the ROI, which represents the zone where the crack propagates
(Figure 4.18).

The definition of subset’s dimensions, this step is very important because smaller
or bigger subset will influence badly the matching for the displacement compu-
tation.

The start of analysis, and exportation of the results.

Figure 4.18: ROI for the tested specimen.
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4.4

Conclusion

The main characteristics of the materials used and the methods of preparing the ce-

mentitious composites could be summarized in the following points;

The sand used in this study was silica sand of grain distribution of 0/2 mm. its
chemical composition is mainly composed of silicion dioxide (SiO2).

The cement used in this study was a limestone Portland cement CEM II/A-LL
42.5 R contains more than 80% of clinker. It has a Blaine surface of 4085 cm2/g,
the mineralogical composition of cement is mainly composed of C3S (65%), C2S
(13%), C3A (8%)and C4AF (8%)

The date palm fibers used in this study are delivered from the oasis of Biskra
region, it was the mesh mat surrounding the trunk of the date palm tree. The
main chemical composition of these fibers provided by other studies for a similar
date palm fibers was the cellulose (35% to 54%) . The fibers diameter ranged from
0.1 to 0.8 mm and with a tensile strength of about 170 MPa.

To reach the objectives declared in chapter 1, cubic and prismatic specimens were
prepared after optimizing the W /C ratio for the cement composites. The flexural
and compressive tests were carried out according to the European recommenda-
tions using an Instron machine 8862. Whereas, the fracture tests were performed
according to the Two parameter model

A CCD camera was used to capture multiple images during the three-point bend-
ing test for the DIC analysis.



CHAPTER 5

Results and discussion

5.1 Introduction

After the identification of the materials employed and the description of the methods
used for preparing the mortar composites. This chapter presents the results of our
experimental program on mortar composites. Moreover, it is followed by results dis-
cussion and comparison between the recent previous research works were done on this

subject.

The fresh state properties of mortar composites were first presented , for the pur-
pose of determining the optimum water and superplasticizer content for the compos-
ites formulation, Thereafter, the prepared mortar composites with and without dif-
ferent amount of DPMF were investigated in terms of the mechanical properties in
dry state, in which, compressive strength , flexural strength and fracture properties of
cement mortar composites were discussed. Furthermore, the density of mortar com-
posites and their correlation with the mechanical behavior is presented.

5.2 Properties of fresh mortars modified with DPMF
5.2.1 Workability

The flow results of plain mortar and reinforced mortars with DPMF amounts of 0%,
2%, 4%, 6%, 8% and 10% are presented in Table 5.1 and illustrated in Figure 5.1. It

69
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can be remarked that the flow of the reinforced mortars decreased with the increase of
DPMF content. This decrease can be neglected at the scale of the rheological charac-
teristic of mortar. This result is in accordance with the EN 1015-3 [105] standard. As a
matter of fact, the utilization of the DPMF in the wet state was beneficial on the flow
property of the fresh reinforced mortar, as wet fibers are already saturated, then do
not influence the matrix ingredients, specially the water. A similar result was found in
literature [25], the authors found that the addition of vegetable fibers in wet state has
no negative effect on the flow of the composite mortar. The small decrease with the
DPMF volume fraction of 10% is attributed to the agglomeration phenomenon of the
tibers which is very hard to be avoided at a high reinforcement ratio, the presence of
small DPMF pellets in the mortar slurry makes the flowability of mortar to be lower
compared to the flow of plain mortar.

Table 5.1: Flow of Unreinforced and reinforced mortars with different amount of DPMF.

Fiber content [%[  Flow [%] Decrease [%] Flow required by EN
1015-3 [%]

0 110.92 —

2 110.5 0.42

4 109.85 1.07

6 109.50 1.42 11045

8 108.24 2.68

10 106.42 4.5

112

110

108

106

104

Flow [%]

102

100

2 - 6 8 10

Fiber content [%]

Figure 5.1: Flow of the unreinforced and reinforced mortars with different amount of DPMF.
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5.3 Properties of hardened mortars modified with DPMF

5.3.1 Mortar Density

The measured values of the mortar density, p, are listed in Table 5.2 and illustrated
in Figure 5.2. It can be observed that the density of the reinforced mortars gradually
decreases by increasing the dosage of DPMFE. Such a decrease with respect to plain
mortar ranges from 0.74% (RM;) to 9.8% (RMjy), and is due to (i) increase of porosity
by including fibers, and (ii) alveolar structure of fibers. Similar results were found by
Xiaoli et al [112], in which the bulk density decreased by up to 37.3% and 35.3% when
using a reinforcement of Rice fiber and Bamboo fibers, respectively. It can be observed
also that the standard deviation increases up to 70.65 kg per 1 m® by increasing the
DPMF content, this phenomenon could be attributed to the distribution of fibers in
mortar mix slurry during preparation of samples, which produces such a variance in

the weight of the specimens at 28 days of being cured in air.
Table 5.2: Density mean value measured on nine specimens for each mortar mix.

Mortar mix Density, p [kg/m?®] SD, [kg/m3] COV, [%]

PM 2297.44 27.35 1.19
RM2 2280.43 30.61 1.34
RM4 2236.42 36.59 1.64
RM6 2172.46 39.95 1.84
RMS8 2136.16 58.24 2.73
RM10 2071.93 70.95 3.42
2400
2300 |
2200 }
£ 2100 |
of)
M, 2000 }
Q
2 1900
g 1800 |
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Figure 5.2: Density mean value measured on nine specimens for each mortar mix.
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5.3.2 Compressive strength

The cubic 40 x 40 x 40 of unreinforced and reinforced specimens with multiple frac-
tions of DPMF were tested under a compression load at the age of 28 days of being
cured in water. The compressive strength results of the mortar composites are sum-
marized in the Figure 5.3 , it can be seen that the compressive strength decreases by
up to 50% with the increase in the DPMF content (up to 10% of DPMF) , this decrease
was from about 49 MPa for the plain mortar to about 24 MPa for the composite mortar
reinforced by 10% of DPMFE.

The aforementioned results are in accordance with literature, in which Nora et al
[113] recorded a compressive strength loss of 15.8-51.9%. other researchers found loss
rate of lower than the mentioned results, Benmansour et al [20] recorded a loss rate
in the compressive strength of about 82% at fiber reinforcement ratio of 5%. This be-
havior is attributed to the fact that the increase of fibers content leads to the decrease
the density of the reinforced specimens. As a matter of fact, a high content of fibers
caused in the formation of fibers pellets which makes voids introduced into the mortar
composites. The best compressive strength result obtained for reinforced mortar spec-
imens was 36 MPa, at a fiber reinforcement ratio of 2%, which still lower than that of
plain mortar by 25.40%.

Generally, the incorporation of the date palm fibers into the cementitious matrices
would reduce the compressive strength of cementitious composite. The major factor
behind this decrease is the increased porosity in the composite materials, which is in
agreement with many researchers in literature [20, 30, 113]. The possible reasons of the
fall in the compressive strength can be summarized in the following points :

* The porous structure of the vegetable fibers which creates more voids in the com-
posite specimens.

* The capillarity of the vegetables fibers.
* The low density of the vegetables fibers compared with that of matrix [30, 113].

e The variance in the real amount of water between the reinforced mortar mixes,
as it has been mentioned in the previous chapter, the DPMF were used in wet
state, for the reasons of saving the water of hydration not absorbed by the fibers.
Though this mixing process has a good results on the flowability of the mortar
mixes, it has a negative effect on the compressive behavior of the composites.
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Figure 5.3: Compressive strength of the plain and the reinforced mortars with DPMF.

5.3.3 Compressive strength and density correlation [R. & D]

In order to show up the influence of the apparent density on the compressive strength
of composite mortar, a relationship trending curve is plotted in the Figure 54. In
particular, the following equation was obtained for the prediction of the compressive
strength from the measured density values related to each fiber reinforcement ratio.

R, = 0.0748¢%0%70;  R2 = 0.824 (5.1)

it is well indicated in the figure that the compressive strength decreases by the de-
crease rate of the density (increasing content of the fibers). Generally, the loss of density

by the utilization of natural fibers always be accompanied by a loss in the compressive
strength [20, 112, 113, 114]
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Figure 5.4: Relationship between the Compressive strength and the apparent density.
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5.3.4 Flexural strength

By examining the experimental load-deflection curves obtained from the experimental
campaign described in Sub-Section 4.3.5, it can be noticed that, by increasing the fiber
percentage, the value of the peak load decreases (as is shown in Figure 5.5 for plain
mortar specimens and mortar specimens reinforced with DPMF). Such a behavior may
be induced by the increase of porosity with the fiber dosage, this increase is due to the
inclusion of air during processing, limited wettability of fibers and low ability of fibers
to be more compact [115].

On the other hand, it can be observed that the use of DPMF improves the post-
peak behavior, and delays the failure of the reinforced specimens in comparison with
the plain mortar specimens. Such a behavior is mainly related to the fiber-bridging
mechanism, which consists in the transmission of additional tensile stresses caused by
the DPMF across the crack surfaces.

The obtained results are listed in Table 5.3 for each tested specimen. In more detail,
the measured values of peak load Pr and the results in terms of flexural strength (see
Figure 5.6) Ry determined according to Eq. (4.1) are reported.

Table 5.3: Flexural strength of different mortar composites.

Specimen type P¢[kN] R¢[MPa]

PM (3) 215  6.05
237  6.66
216  6.08
RM, (3) 217 611
198 556
190 535
RM; (3) 1.656  4.658
187 526
157 440
RM; (3) 1294  3.64
143  4.03
140  3.93
RM; (3) 122 344
113 3.17
124 349
RM;5 (3) 1.04 293
120 337

0.96 2.69
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Figure 5.5: Typical load-deflection curves for studied mortar composites (PM and RM)

It can be remarked that the best performance in terms of flexural strength is gen-

erally achieved for plain mortar specimens: the Ry value for PM specimens is, for

instance, about two times greater than the corresponding value for RM;( specimens,

that is, an increase of the DPMF content does not produce a beneficial effect on flex-

ural strength. As was observed by Boumhaout and co-workers [116], such a result

is mainly due to the addition of DPMF to the mortar matrix, which promote the cre-

ation of pores. Therefore, the porosity of the DPMF reinforced specimens increases

and, consequently, the compactness and the cohesion of the composite material are

significantly reduced. Moreover, the decrease in flexural strength is also related to a

poor bonding at the fiber-matrix interface [20]. Note that different chemical surface

treatments (such as alkali and acid treatments) can be adopted in order to improve the
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fiber-matrix interfacial bonding [117].

6 Ry = —0.6878n + 6.8992

Flexural strength, R[MPa]

0 2 4 6 8 10
Fibre volume content, [%]

Figure 5.6: Relation of flexural strength, Ry with fiber content, %

5.3.5 Fracture Toughness

By examining the experimental load-CMOD curves coming from the experimental
campaign described in Sub-Section 4.3.6, it can be observed that the use of DPMF gen-
erally improves the softening behavior in comparison with that related to PM speci-
mens. For instance, as far as the load-CMOD curves for both plain mortar and mortar
reinforced with 8% of DPMF are concerned (Figure 5.7), a significant load-bearing ca-
pability increase in the post-peak behavior can be noticed, even in the case of large
values of CMOD. By increasing the DPMF percentage, this trend is much more pro-
nounced due to the effectiveness of fibers.

From the visual inspection of the crack path in each tested specimen, it is observed
that the crack starting from the notch tip generally deflects, as is shown in Figure 5.8 for
one specimen of each tested amount of reinforcement. Such a deflection is the result of
inhomogeneities embedded in the cementitious matrix. In particular, inhomogeneities
can be represented by aggregates and DPMF for plain and reinforced mortar speci-
mens. Therefore, a Mixed Mode loading occurs at the tip of the crack.

The results deduced through the MTPM are listed in Table 5.4 for each tested spec-
imen. More specifically , the measured values of peak load Pmax and the results deter-

mined for elastic modulus E and critical mixed mode SIF K5

(1+11)C are reported in such
a Table(5.4).

In agreement with other studies available in the literature [38, 118, 119], the values
of both elastic modulus and fracture toughness decrease with an increase of the DPMF
content (Table 5.4). For instance, the effect of fiber content is evaluated in terms of
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Figure 5.7: Typical load-CMOD curves for plain mortar specimens and reinforced mortar spec-
imens with DPMFE.

elastic modulus E and critical mixed mode SIF K(SI o

experimental values of such parameters for the five different values of fiber content

¢ by interpolating the averaged

being examined (Figure 5.7).

Such a decrease in the critical mixed mode SIF K(SI o

ranges from 7% (RMy) to 66% (RMjp), and can be considered to be significant only for

c with respect to plain mortar

high fiber contents: from RMg (decrease equal to 32%) to RMj( (decrease equal to 58%).
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Figure 5.8: Crack path for one notched mortar specimen of each tested type: (a) PM; (b) RMy;
(c) RMy; (d) RMs; (e) RMs; (f) RMjp.
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Table 5.4: Peak load, Py, elastic modulus, E, and critical SIF, K

S
(I+11)C’

for each notched spec-

imen being considered. The number of tested specimens for each type is reported in round

brackets.
Specimen Type Prax [KN] E [MPa] K(SI e
[MPa(m)"]
0.249 22028.759 0.710
0.215 24761.043 0.565
0.240 21350.979 0.615
PM (6) 0.263 21539.808 0.676
0.227 20622.030 0.587
0.226 31261.008 0.878
0.230 12529.312 0.543
0.238 19499.225 0.621
RM; (5) 0.221 16133.067 0.544
0.259 19144.118 0.706
0.187 17732.783 0.575
0.191 17668.427 0.512
0.209 15106.863 0.578
0.196 11673.816 0.480
RMy (6) 0.222 17702.556 0.683
0.193 16260.402 0.650
0.166 11917.614 0.429
0.162 12725.507 0.439
0.087 12146.371 0.314
RMs (4) 0.153 9876.432 0.417
0.109 11715.699 0.363
0.085 5201.028 0.199
0.106 10756.276 0.364
0.073 4756.530 0.154
RMs (6) 0.133 6412.145 0.287
0.127 6897.511 0.327
0.139 9728.548 0.380
0.093 2170.236 0.193
RM; (3) 0.115 5876.341 0.276
0.076 3089.028 0.185
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In particular, the following expressions are obtained:
E = —1885.7n + 22474.4 (5.2)

K{ri e = —0.051 + 0.69 (5.3)

where 1 is the fiber percentage. Note that the single values related to E and K(SI HINC

are also reported in Figure 5.9.
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Elastic modulus, E[MPa]

A Averaged value
O Single value

Mixed mode critical SIF,
K411y [MPa (m)°3]

Fiber content, [%]

Figure 5.9: DPMF content effect on: (a) elastic modulus, E; (b) critical SIF under mixed mode

stress state, Kfl e

For DPMF content equal to 2% (RM; specimen type), the above equations estimate

an E decrease equal to about 17% and a K° decrease equal to about 14% with
q (I+11)C q

respect to the values related to PM specimens. This behaviour can be explained as

follows:

¢ Thelower elastic modulus of the vegetable fibers when compared with the matrix

elastic modulus;
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* The incorporation of air during the mixing phase, that increases with the amount
of DPMFE.

Note that the mortar specimens characterized by a low content of DPMFs present

fracture toughness values similar to those related to cement-based composites rein-

5
(I+11)

RM, specimen type (0.598 MPa -m'/?) is in agreement with that determined by Carpin-

forced with traditional fibers. For instance, the averaged value of K c related to
teri et al. [110] for concrete specimens reinforced with 2.5% of polypropylene fibers
(0.658 MPa -m!/2).

As a conclusion, although the increase of fiber content reduces the fracture prop-
erties of reinforced mortar with respect to those of plain mortar, the K(SI HINC values
obtained for low concentration of fibers (that is, DPMF content equal to 2% by vol-
ume) are good enough, and enable the use of these materials for non-structural and

low-cost civil constructions.

5.3.6 Toughness Index

The toughness index of cementitious materials is directly related to the area under
the load-deflection or the load-CMOD curves. In literature, the toughness index is
usually refers to the area under the load-deflection curve [120]. For instance, ASTM
C1018 [121] defines the toughness index of the unnotched beams as the ratio between
the area under the load deflection curve up to a prescribed deflection and the area
under the same curve up to the first crack deflection, where the prescribed deflections
are defined as multiples of the first crack deflection value. Other researchers use this
concept for the definition of toughness index for notched beams also [122]. It can be
noticed that the above indexes depend on the deflection value at the first crack load,
which is difficult to be defined from the load-deflection curves. In this case, it can
be determined graphically only by assuming the first crack load is equal to the load
where the curve starts to deviate from the linearity. In order to facilitate this process,
Bryans et al [123] have proposed recently a toughness index based on the area under
load-CMOD curve up to the first peak of notched specimen. This concept is simpler
and more objective way than that based on the first crack value and corresponds to the
end of the cementitious matrix dominant response [120].

The toughness index I} is herein measured by following a similar approach reported
in the works by Gopalaratnam et al [124] and Jamet et al [125]. It is defined as the
ratio between the area under load-CMOD curve up to a prescribed multiplier m of
CMOD 41 (which is the CMOD value at the peak load) and the area under the same
curve up to CMOD . (Figure 5.10) Now five different values of the multiplier m are
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250 R\ Area under load up to CMOD,
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Figure 5.10: Definition of the toughness index .I;.

examined (1, 3, 5, 10 and 15), and the toughness index is computed as the average of
the values related to six beams, for each of the six mortar mix types (PM, RM,, RMy,
RMgs, RMg, RMj). The results obtained are plotted in Figure 5.11, it can be remarked
that the toughness index increases with the increase of both the multiplier and the
tiber’s content. For instance, the plain mortar indicates a maximum toughness value
corresponds to a CMOD ., multiplier equal to 15 of 5.36, as, for reinforced mortar with
10% of DPMF, the toughness index reaches a maximum value of 19.08 corresponds
to the same multiplier. It can be also remarked that where the curves overlap with
each other up to a CMOD value equal to about 3 times CMOD ¢q. Such a behavior
denotes that inclusion of DPMF starts to significantly delay the growth of macroscopic
crack from CMOD = 3 x CMOD),,.This analysis suggests that the DPMF inclusion
produces an increase of the required energy for the beam collapse.

20
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Figure 5.11: Toughness index I; as a function of the multiplier m, for each mortar mix examined.
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5.3.7 DIC displacement fields (2D) of notched beams

The DIC measurement of the displacement field (2D) are herein presented in this sec-
tion. For each image, the rectangular region of interest was selected above the notch,
which is known also as the fracture process zone. The (2D) horizontal displacement are
presented for three different regions in the load application: (a). The pre-peak region
with a load application of 50% and 95% of the peak load, respectively; (b). The peak
load region; (c). The post-peak region which is represented by a CMOD value three
times greater than the CMOD value corresponding to the peak load region. These
region selections were chosen for the evaluation of the crack extension for different
amount of DPMF content. To make the discussion succinct, only one specimen is pre-
sented for each fibers content.

Figure 5.12 shows the horizontal displacement (2D) of the plain mortar specimen.
It can been seen that the horizontal displacement near the notch tip is almost imper-
ceptible for the pre-peak region and the peak load region, with values ranged between
4 x 1073mm and 8 x 10~3mm ,whereas for the post-peak region, it can be noticed that
the horizontal displacement reached a value of 16 x 10~2mm. Moreover, it can be re-
marked that the horizontal displacement around the notch tip was developed in an
unstable manner, in which there is a sudden jump in the displacement value after peak
load region.

0.002  0.004 0.006 0.008 0.010 0.012 0.014
== — = g 7:_' —— = '—z 'i_‘

0.010 0.012 0.014

-0.011 -0.008 -0.004 -0.001 0.002 0.006 0.010 0.012 0.016

Figure 5.12: Horizontal displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c) Peak
load, and (d) Post-peak load, for plain mortar specimen.
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The horizontal displacement (2D) of the reinforced mortar specimen with 2% of
DPMF is presented in the Figure 5.13. It can be observed that when the load application
rate was 50% of the peak load, the 2D H-displacement near the tip notch was very low
(0.0018 mm). For the pre-peak and peak regions, the crack is visible as the distinct
displacement-jump at the tip of the notch. The h-displacement near the tip of the notch
was 6 x 1073mm and 8 x 10~3mm under a load application corresponding to 0.95 of
peak load, and the peak load, respectively. The last image is related to the post-peak
region in the load application, it can be seen that the extent of displacement-jump at
the tip of the notch is clearly visible, the crack propagates in an unstable manner, and
the h-displacement reached a higher value compared to the plain mortar specimen
(40 x 10~ 3mm)
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-0.004 0.001 0.007 0.012 0.018 0.023 0.029 0.034 0.040

Figure 5.13: Horizontal displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c) Peak
load, and (d) Post-peak load, for reinforced mortar specimen with 2% of DPMEF.
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Figure 5.14 shows the h-displacement of the reinforced mortar specimen with 4% of
DPME. By examining these images, it can be clearly seen as the same for the previous
tigure that, for load application equal to 50% of the peak load, there is no crack visible,
and the displacement-jump is almost imperceptible. When the load applied by 95%
of peak load , we noticed a h-displacement value of 6 x 10~2mm near the tip of the
notch. A significant increase in the h-displacement was observed which makes the
crack visible and the extent in the displacement-jump reaches 12 x 10~3mm at the tip.
Finally, in the post-peak region, it was noticed the same gradual increase in the distinct
displacement jump, it is reached with this amount of DPMF a value of 41 x 10~2mm
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Figure 5.14: Horizontal displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c) Peak
load, and (d) Post-peak load, for reinforced mortar specimen with 4% of DPMEF.
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Figure 5.15 shows the h-displacement corresponding to the reinforced mortar spec-
imen with 6% of DPMEF. For the first image, it can be noticed that, by applying 50%
of the peak load, a low distinct displacement-jump was observed on the right side
of the tip of notch (3.5 x 10~3mm). This trend was not observed in the previous fig-
ures for the same load rate applied related to small reinforcement ratio. For the sec-
ond and the third image, the displacement-jump near the tip of notch becomes critical
(14 x 10~3mm and 15 x 10~3mm for load applied by 95% peak load and peak load,
respectively), the crack can be visible according to the shape of the color map on the
images. For the last image, the h-displacement reaches a value of 50 x 10~3mm near
the tip of notch, which can be concluded that the high rate ratio of fibers reinforcement
contributed to the improvement of the post-peak behavior
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Figure 5.15: Horizontal displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c) Peak
load, and (d) Post-peak load, for reinforced mortar specimen with 6% of DPMEF.
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Regarding the high reinforcement ratio, the h-displacement of mortar specimen
reinforced with 8% of DPMF is presented in Figure 5.16. The first thing that can
be remarked is that, the scale of these images is far bigger than the previous im-
ages. Even for the lowest applied load (50% of peak load), the h-displacement is
almost 6 x 10~3mm near the tip of notch, By approaching to the peak region, the h-
displacement reaches a value of 24 x 10~3mm by applying 95% of peak load, and it
reaches 31 x 10~3mm under the peak load. In the post-peak region, the h-displacement
reaches the highest value (82 x 10~3mm), as a matter of fact, the high rate displacement
observed in the mortar specimen reinforced with high amount of fibers is mainly due
to the fiber bridging mechanism, which allows the two broken pieces of the specimen
to remain stuck to each other by the presence of the fibers.
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Figure 5.16: Horizontal displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c) Peak
load, and (d) Post-peak load, for reinforced mortar specimen with 8% of DPMEF.
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Figure 5.17 shows the h-displacement of the last reinforced specimen with 10% of
DPME. The displacement jump distinct can be observed from the first image corre-
sponding to the 50% of the load application, it can be recorded a h-displacement value
of 10 x 10~3mm near the tip of notch. For a load application of 95% of peak load,
and peak load, a similar trend can be noticed in the value of the h-displacement near
the tip of notch (23 x 10~3mm and 31 x 10~ 3mm for 95% of peak load and peak load,
respectively). In addition, it can be observed that another minor crack was created
on the left side of the main crack, that could be due to high fiber concentration in
the specimen which deliver more stiffness to the mortar matrix. For the last image
which corresponds to the post-peak region, the h-displacement reaches the highest
value (91 x 10~3mm) compared to all specimen, and this result suits the fibers content
used for this specimen.
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Figure 5.17: Horizontal displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c) Peak
load, and (d) Post-peak load, for reinforced mortar specimen with 10% of DPMEF.
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On the highlight of these results, the main points that can be summarized are the
following:

* The unreinforced mortar specimens showed no distinct h-displacement before
and while reaching the peak region.

¢ There is no crack visible before and by reaching the peak region of the reinforced

mortar specimens.

* The displacement jump after the total failure was small for the unreinforced mor-

tar specimens.

¢ The h-displacement distinct was increasing gradually with the increase of the
tiber ratio.

* The extent jump of the h-displacament near the tip of notch was higher for high

reinforcement ratio.

 For the high reinforcement ratio, The CMOD was found to be very large before
the total failure of the specimens.

The DPMF found to be an adequate reinforcement for improving the softening be-
havior of the reinforced mortar specimens. These results obtained by the DIC tech-
nique have been proved to be in accordance with the experimental results obtained
from the three-point bending test.

5.3.8 DIC displacement fields (3D) of notched beams

The colored map figures of the (2D) displacements fields could give a good overview
on the state of specimen during the load application, however, in order to provide a
better estimation on the crack length extension (Aa) and the crack tip opening displace-
ment (CTOD), the h-displacement field is herein plotted in 3D, based on the specimen’s
results presented in section 5.3.7, each figure consists of four images correspond to: (a).
Load application equal to 50% of peak load; (b). 95% of peak load; (c). Peak load; (d).
Post peak load corresponds to a CMOD value equal to three times of the CMOD criti-
cal.
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Figure 5.18 shows the 3D h-displacement plot for the plain mortar specimen. As
can be seen, the CTOD and Aa can be determined directly from the images using the
DIC technique. For the first image corresponds to load applied by 50% of peak load,
there is no CTOD visible, and there is no crack extension visible. The surface of the
h-displacement is slightly twisted which reflects the beginning of the specimen de-
formation. By reaching the peak load region, the CTOD and Aa recorded values of
7 x 10~3mm mm and 4mm, respectively, under a peak load. In the post-peak region, it
can be observed a sudden increase in the CTOD and Az of the plain mortar specimen (
CTOD and Aa: 27 x 10~3mm and 12mm, respectively).

(b)

CTOD =6 nm
Aa=35mm

(d)

'CTOD=7pm | 'CTOD =27 ym |
' Aa=4mm “ 'Aa=12 mm

Figure 5.18: 3D plot of the h-displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c)
Peak load, and (d) Post-peak load, for plain mortar specimen.
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For the reinforced mortar specimen with 2% of DPMEF, the 3D h-displacement plot
is shown in the Figure 5.19. Regarding the CTOD, it can be noticed that the CTOD
increases gradually with the load enhancement. For instance, it recorded 0.003 mm,
0.008 mm, 0.009 mm, and 0.046 mm under an applied load of 0.5 Peak load, 0.95 Peak
load, Peak load, and post-peak load, respectively. It can be concluded that for 2%
of DPMF reinforcement, the critical CTOD corresponds to the peak load application
increases by 27% compared to plain mortar specimen, while the CTOD before the final
tailure increases by 70% compared to plain mortar specimen. Regarding the crack
extension Aag, for the first stage of loading (50% of peak load), the crack extension Aa
does not appear in the 3D plot. While for the other stages, the Aa extents as the CTOD
increases, it reached 5 mm, 6 mm, 15.5 mm in the pre-peak, peak, and post-peak region,

respectively.
(a) (b)
CTOD =3 pum /CTOD =8 um
Aa=3mm 0.0 'Aa=5mm ‘ 0.0

(d)

CTOD =9 um CTOD =46 um
Aa=6mm 0.0g 'Aa=15mm 0.5

Figure 5.19: 3D plot of the h-displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c)
Peak load, and (d) Post-peak load, for reinforced mortar specimen with 2% of DPMEF.
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The 3D h-displacement plot of the reinforced specimen with 4% of DPMF is shown
in Figure 5.20. It can be seen that for the first stage, there is no CTOD, and Aa visi-
ble. For the pre-peak region close to the peak load (95% of peak load), a small crack
extent can be observed (CTOD, and Aa equal to 0.006 mm, and 4.5 mm, respectively).
By reaching the peak region, a distinct jump in the CTOD and Aa can be observed, (
CTOD, and Az equal to 0.013 mm, and 7 mm, respectively). Finally, for the last stage
corresponds to the post-peak region, the CTOD and Aa reached values equal to 0.048
mm, and 16 mm, respectively. The increase rate in the CTOD and Az is equal to 70%
and 33.34%, respectively. This result is in accordance with the increase rate in the fiber

(a)

/CTOD =0 pm
lAa=0mm

ratio.

(c) (d)

CTOD =13 pm 'CTOD =46 um |

Aa="7mm 'Aa=16 mm

Figure 5.20: 3D plot of the h-displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c)
Peak load, and (d) Post-peak load, for reinforced mortar specimen with 4% of DPMEF.
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For the reinforced mortar specimen with 6% of DPMF, te 3D h-displacement is
shown in Figure 5.21. In the first stage of load application (50% of peak load), a similar
trend was found for the previous specimens discussed. By getting close to the peak
region (95% of peak load and peak load), a significant opening in the CTOD and Aa
was noticed (CTOD and Aa equal to 0.015 mm and 6 mm, respectively for 95% peak
load, and 0.018 mm and 8 mm, respectively for peak load). In the post-peak region, the
CTOD and Aa have recorded values of 0.059 mm, and 16 mm, respectively.

(@) (b)

CTOD =2 um ' CTOD=15um |
| Aa=6 mm

/CTOD =18 im |
|Aa=8 mm

Figure 5.21: 3D plot of the h-displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c)
Peak load, and (d) Post-peak load, for reinforced mortar specimen with 6% of DPMEF.
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Figure 5.22 shows the 3D plot results of the h-displacement of the reinforced mortar
specimen with 8% of DPME. For the first image, the surface plot of the h-displacement
seems that it is peaked in many points, which is the result of many small deformations
began to be created. The CTOD and Aa found to be bigger than those corresponding to
the small reinforcement ratio. For instance, the CTOD and Aa for the Peak load region
are 0.034 mm, and 11 mm, respectively. For the post-peak region, they reached 0.090
mm, and 18 mm respectively.

@ (b)

CTOD =5 yum /CTOD =24 ym |

Aa=0mm 0.5 > | Aa=10 mm 0.0

| CTOD =90 um
| Aa=18 mm

Figure 5.22: 3D plot of the h-displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c)
Peak load, and (d) Post-peak load, for reinforced mortar specimen with 8% of DPMEF.
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The results correspond to the high reinforcement ratio of 10% of DPMF are shown

in Figure 5.23. The variance in the 3D plot h-displacement can be observed since the

tirst stage (50% of peak load). The CTOD and Aa are equal to 0.01 mm, and 6 mm,
respectively. As a matter of fact, the CTOD and Aa have recorded their maximum

values for this ratio of DPMF reinforcement, For instance, they are equal to 0.035 mm,
and 12 mm, respectively, for the peak load application. Moreover, they are equal to

(b)

CTOD =23 pym
Aa=9mm

0.096 mm, and 19 mm respectively, for the post-peak load application.

(a)

/CTOD =10 pm |
| Aa= 6 mm “

CTOD =96 mm
Aa=19 mm

CTOD =35 pm
Aa=12 mm

Figure 5.23: 3D plot of the h-displacement fields at: (a) 50% Peak load, (b) 95% Peak load, (c)
Peak load, and (d) Post-peak load, for reinforced mortar specimen with 10% of DPMEF.
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5.4 Conclusion

The results obtained from the experimental campaign can be expressed in the follow-
ing points :

* Since the fibers were added in wet state to mortar mixture, the workability of
reinforced mortar was not affected by the presence of the DPMF until a reinforce-
ment ratio of 10%.

* The flexural strength of mortar composites decreased gradually with the addition
of the DPMF.

* The post-peak behavior obtained from the load-deflection curves was signifi-
cantly improved by the presence of fibers (up to 10% of fibers reinforcement).

* The fracture toughness of fiber reinforced mortar was generally decreased with
high increase in fibers content. However, the use of 2% of DPMF showed a similar
values of that of concrete reinforced with 2% of synthetic fibers.

* The elastic modulus of composite mortar specimens was gradually decreased
by the presence of fibers and that was reported to lower elastic modulus of the
vegetable fibers compared with matrix elastic modulus.

* Despite the drop in the compressive and the density (decreased up to 50% com-
pared to the plain mortar) of composites mortar when 10% of DPMF used, this
reinforcement ratio (10% of DPMF) contributed to the best performances in terms
of ductility and energy absorption in which the complete failure is delayed. Fur-
thermore, it could be used as a thermal insulator as it was mentioned by many

researchers in literature.

* The toughness index demonstrated a significant improvement in the ductility of
composite mortars for a reinforcement ratio up to 10% of DPMF.

¢ The horizontal displacement fields obtained by the DIC technique demonstrated
high displacements rate around the tip notch of the specimens when the DPMF
used for high reinforcement ratios (up to 10% of fibers reinforcement).

* The DIC proved to be a powerful tool for the determination of CTOD and the da,
the high reinforcement ratio (10% of fibers reinforcement) showed the maximum
values of in the CTOD and the Aa, which concluded that the high reinforcement
ratio improved significantly the ductility of the reinforced mortars.



Conclusion and Perspectives

General Conclusion

The addition of date palm fibers in the cementitious materials has opened a promis-
ing path toward the production of new lightweight green material. It could improve
such properties of cement-based materials and this depends on the characteristics of
the fibers itself such as elastic modulus , the size of fibers, surface modification, vol-
ume fractions of fibers. These parameters influence directly the mechanical characteris-
tics of the cement-based composites (water absorption, compressive strength, flexural
strength, fracture toughness ). The conception of such green composite material passes
through the investigation of all of these parameters.

Within the first chapter of this thesis, the different methods on the characterization
of the vegetable fibers have been reviewed, The incorporation of the vegetable fibers
in the cementitious materials was for the aim of delaying the first crack and control-
ling the crack propagation for getting such a ductile material. A composite material
reinforced with fibers continues to support more load even after failure. Furthermore,
the vegetable fibers could improve such mechanical behavior such as flexural, frac-
ture and the fatigue. The improvement of these behaviors is directly related to the
volume fractions, the nature and the mechanical behavior of fiber itself. Regarding
to this literature review, the vegetable fibers could be a promising alternative to the
traditional synthetic fibers. These fibers have multiple beneficial advantages such as
low cost, environmental impact and its incorporation could improve the cost and sat-
isfy the mid-range requirement for the flexural and fracture behavior and also impact
resistance. On the highlights of the literature review and for the suitable valorization
of the local materials, an investigation on the utilization of date palm fibers in cemen-
titious materials is hence required. For the best knowledge of authors , no studies
related to the fracture behavior of cement-based composites reinforced with DPMF are
available in the literature. Therefore, the present work deals with the mechanical and
physical properties of a cement-based mortar reinforced with short DPMF including
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the fracture, flexural and compressive strength.

The next chapter was an overview on the available approaches of the fracture me-
chanics in the appplication of cementititous materials. In particular, a general applica-
tion of fracture mechanics and earlier approaches of the LEFM was presented. Then,
the applications of the LEFM in the fracture study of cementitous materials was re-
viewed. It was found that LEFM is not sufficient for fracture study of concrete since
the later one is a quasi-brittle material in which the fracture parameters of concrete are
related to the size effect and the fracture process zone. These parameters are linked to
non-linear deformation of concrete. The non-linear fracture models based on the finite
element method or the modified LEFM concept have been proved to be more effective
in the determination of the fracture parameters the cementitious materials. The two
parameter model TPM has proven that the stress intensity factor (SIF) and the crack
opening displacement (CMOD) are the only parameters controlling the fracture prop-
erties for any geometry of specimen. The Modified two parameter model MTPM was
found to be more accurate in case the large deflection of the crack propagation path.

The main characteristics of the materials used and the methods of preparing the ce-
mentitious composites were mentioned after in chapter 4. The sand used in this study
was silica sand of grain distribution of 0/2 mm. Its chemical composition is mainly
composed of silicion dioxide (SiO2). The cement used in this study was a limestone
Portland cement CEM II/A-LL 42.5 R contains more than 80% of clinker. It has a Blaine
surface of 4085 cm2/g. The date palm fibers used in this study are delivered from the
oasis of Biskra ( a city in Algeria), it was the mesh mat surrounding the trunk of the
date palm tree. To reach the objectives declared in chapter 1, cubic and prismatic spec-
imens were prepared after optimizing the W/C ratio for the cement composites. The
flexural and compressive tests were carried out according to the European recommen-
dations using an Instron machine 8862. Whereas, the fracture tests were performed
according to the Two parameter model.

The results obtained from the experimental campaign can be summarized in the
following points : Since the fibers were added in wet state to mortar mixture, the
workability of reinforced mortar was not affected by the presence of the DPMF. The
tlexural strength of mortar composites decreased gradually with the addition of the
DPME. The post-peak behavior obtained from the load-deflection curves was signifi-
cantly improved by the presence of fibers. The fracture toughness of fiber reinforced
mortar was generally decreased with high increase in fibers content. However, the
use of 2% of DPMF showed a similar values of that of concrete reinforced with 2% of
synthetic fibers. The elastic modulus of composite mortar specimens was gradually
decreased by the presence of fibers and that was reported to lower elastic modulus of
the vegetable fibers compared with matrix elastic modulus. The compressive strength
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and the density of mortar composites were decreased up to 50% by the addition of 10%
of DPMF , these results are in accordance with other studies in literature. These results
also indicate that the compressive strength of DPMF reinforced mortar is directly re-
lated to the density of the later one. The toughness index demonstrated a significant

improvement in the ductility of composite mortars.

Perspectives

On the highlights of the present thesis , multiple perspectives could be drawn for the
tuture work

* Adopt some fibers treatments methods such as pulp and kraft processes in order
to improve the fibers stiffness.

* Adopt a better preparation process for the composite materials in the casting by

removing the excess water from the specimens.

* Develop a numerical model in order to validate the experimental results on the
fracture toughness measurement by using the MTPM.

¢ Study the long terms mechanical behavior of composite materials.

¢ Study the fatigue behavior of the composite materials reinforced with date palm
tibers.
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