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Abstract

Natural fiber reinforced concrete (NFRC) has been brought into the lime light again by
researchers to address the issues of sustainability, recyclability, and CO2 gas emission
that are associated with the manufacturing and usage of construction materials. As fibers
are one of the main ingredients of NFRC, understanding their effect on the mechanical
properties of the concrete requires much attention to provide users a confidence to use
more sustainable materials in construction.
In this study, processed virgin micro cellulose fibers extracted from pine trees were added
in 32 MPa concrete in two different volume fractions i.e. 0.25% and 0.5%. As
compressive strength and tensile strength are important design parameters that need to be
accounted for in structural design applications, these strengths were evaluated using
applicable ASTM standards after 28 days of wet curing. Owing to inherent difficulties in
testing concrete under direct tension, the flexural test was employed to determine the
tensile properties through inverse analysis of the concrete under consideration. An effort
was also made to test the equivalent strength mortar in direct tension and report the
difference in tensile properties generated from the indirect test (flexural) and the direct
uniaxial tension test. It was observed that the addition of 0.25% fiber Vf in concrete
caused the most increase in peak load which was followed by 0.5% fiber Vf. Decrease in
peak load capacity with an increase in fiber volume fraction was attributed to the poor
dense structure that resulted because of fiber mixing issues in concrete.
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1 Introduction
1.1

Background

As the worldwide demand of infrastructure development has gone up owing to an
increase in the worlds population, the construction industry nowadays is looking for more
sustainable ways to reduce reliance on traditional construction materials made by
extensive energy demand processes. Manufacturing of these materials also has a major
impact on greenhouse gas emission, so the construction industry is looking to cater to the
environmental effects of these materials by increasing the use of green materials in
construction.

World

Commission

on

Environment

Development

has

defined

sustainability as “meeting the needs of present without compromising the ability of future
generations to meet their own” [1]. To support the idea of sustainable construction and
usage of green materials, the use of renewable materials and industrial by products in
construction is the need of the hour.
Presently, the use of fibers in concrete is quite popular owing to their proven
performance. Since past few decades, extensive research has been carried out to study the
effect of fiber addition on concrete where it became evident that crucial properties of
concrete like tensile strength, impact resistance, toughness, and ductility etc. can be
remarkably improved by adding the right amount and type of fibers to it [2]. Keeping in
view the current research trends in the field of construction, this study is aimed at
evaluating the performance of micro cellulose fibers in concrete under flexure and
uniaxial tension loads.
1.2

Problem statement

Micro cellulose fibers present a class of natural fibers that fall under the category of
specialty fiber [2]. Although much of the experimental studies conducted by researchers
are regarding processed macro natural fibers in concrete, not much experimental data is
available for specialty fibers performance in concrete under flexure and tension.
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1.3

Objective

This study aims at understanding the effects of micro cellulose fiber addition in concrete
under flexure and tension loads by using different fiber volume fractions, thus identifying
the optimal fiber volume fraction that positively impacts the mechanical performance of
the concrete. Furthermore, attempt is made to correlate the back calculated tensile
properties, generated through flexural test, with the direct tension test tensile properties.
1.4

Approach

This report begins with the literature review on the fiber reinforced concrete regarding
natural fibers where the general properties of these fibers in listed and their effect on
mechanical properties of concrete is highlighted. This is followed by the description of
the experimental program employed in this study which highlights the mixture proportion
development, material information, and tests setup. Chapter 4 discusses the results and
analyzes the effects of fiber addition on concrete as per the objective of the study. Lastly,
recommendations are laid down in the conclusion section and future work is also
proposed.
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2 Fiber Reinforced Concrete
2.1

Introduction

According to the ACI 116R [3], fiber reinforced concrete (FRC) is defined as the
concrete containing randomly oriented dispersed fibers. These fibers provide
reinforcement to the brittle cement matrix and helps in improving ductility which is
especially noticeable in post peak response of the load-deflection curve. Moreover,
different types of fibers are added into the cementitious matrix that helps in improving
the low tensile strength, low strain ability at fracture, elastic modulus, fracture toughness,
fatigue, shrinkage, and durability. These fibers have been categorized into four major
categories as per ACI 544.1R [4] and include steel fiber, synthetic fibers, glass fibers, and
natural fibers.
Fibers from any of the four major categories are used in short and discrete form and are
randomly distributed throughout the matrix. Volume fraction of fibers directly impact the
post crack behavior as more percentage tends to increase the ductility but at the expense
of the workability. Fig-1 illustrates the concept of fiber addition in concrete;

Figure 1 - Effect of fibers addition on plain concrete [5]
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Moreover, the actual effect of these fiber additions depends on various factors that
include fibers type, geometry, size, distribution, and volume fraction.
Failure of FRCs starts from tensile cracking of the matrix on planes where normal tensile
strains surpasses the allowed values. If the fibers are sufficiently long, or high
performance, extensive cracking normally occurs in the matrix prior to complete failure
of composite. However, in the case of short and discrete fibers like steel, polypropylene,
glass, or natural fibers once the matrix is cracked the following type of failure may occur
[6];
a) After matrix cracking, composite fracture immediately may occur due to;
i. Inadequate fibers quantity at the critical section or
ii. Insufficient fiber Lc that could not transfer the tensile stress throughout the matrix
b) After matrix cracking, FRCs continue to carry the load but at decreasing rate, also
called strain softening. This results in increase in toughness but tensile strength remains
the same.
c) After matrix cracking, FRCs continues to carry the increasing load thus resulting in
peak stress and corresponding deformation greater than that of matrix alone.
By looking at the above failure modes, (c) is desirable as it leads to increase in both
tensile strength and toughness of the concrete. This failure mode is characteristic
behavior of high performance fiber reinforced concrete composites (HPFRCC).
Understanding of these failure modes is important as it gives the indication of the FRCs
limitation. Fig-2 illustrates the failure mode stated above;
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Figure 2 - Stress-strain behavior of different FRCs [7]

2.2
2.2.1

Natural Fiber reinforced concrete
Overview

Recently, much of the research is being conducted in the field of natural fiber reinforced
concrete (NFRC) to further understand the durability and mechanical aspects of natural
fiber addition in concrete. Many aspects of fiber addition are being considered by
researchers out of which one important aspect is to understand the use of micro scale
specialty fibers in concrete. Specialty fibers (also called speciality cellulose fibers) are
processed plant based natural fibers that are chemically treated to enhance alkali
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resistance and bond enhancement in concrete matrix. To better understand the effect of
micro cellulose fibers addition in concrete, the literature review section is divided into
two parts; the first part gives an insight into effects of natural fibers addition in concrete
whereas the second part sheds light on the effects on micro scale fibers on concrete.
Lastly, an experimental work carried out by Banthia et al. [16] is presented in which
micro cellulose fibers were used as a reinforcement.
2.2.2

Natural Fibers as reinforcement

As the term implies, concrete when reinforced with natural fibers is referred to as natural
fiber reinforced concrete (NFRC). Since the focus of academia and the industry is on
reducing greenhouse gas emissions associated with concrete, natural fibers have been a
center of focus because of their notable characteristics of being eco-friendly and
recyclable. Most of the natural fibers used in concrete are vegetable or wood fibers that
are widely available throughout the world at a much cheaper rate compared to other fiber
types. Table-1 highlights the cost advantage that natural fibers offer;

Synthetic

Natural

Fiber type

Price (USD/m3)

Steel

7110- 11850

Glass

3250 – 5000
Polypropylene

1620 – 2700

Polyethylene

1380 – 2300

Sisal

750

Banana

800

Coir

600

Table 1 - Comparison of prices (USD) for different types of fiber [8]

As natural fibers can be used in unprocessed and processed states, it’s imperative to
understand the composition and the source of its strength.
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Natural fibers have a specific composition and are regarded as cellular structures.
Usually, cellulose, hemicellulose, lignin, and pectin are the main constituents of natural
fibers structure. Fig-3 depicts a typical structure of natural fibers.

Figure 3 - Structural schematic of natural fibers [8]

Complete structure of natural fibers is composed of several layers that are made up of
cellulose fibrils in the matrices of proteins, lignin, and hemicellulose [9], [10].
Natural fiber strength and stability comes from cellulose which is a linear polymer unit
consisting of glucose chains. When exposed to an acidic environment, cellulose is easily
hydrolyzed into water soluble sugar, whereas it is resistant to strong alkalis. Compared to
cellulose, hemicellulose is a branched polymer and has little contribution in strength and
stiffness of fibers. Also, hemicellulose is hydrophilic in nature and offers no resistance to
acidic and alkali environments. The source of compressive strength and stiffness of
natural fibers is lignin, which is a heterogeneous mixture of phenyl propane monometers
and aromatic polymers [9].
To improve the durability aspect of natural fibers used in concrete, fibers are processed to
make them alkali resistant. If not treated for an alkali environment, lignin in natural fibers
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is decomposed and leads to significant degradation of mechanical properties of NFRC.
Processes employed to make them alkali resistant includes acidic, alkali, or pyrolysis
treatments. Tables 2 and 3 illustrate the composition of commonly used natural fibers and
their associated mechanical properties;
Cellulose

Hemicellulose

Lignin

Wax

(wt%)

(wt%)

(wt%)

(wt%)

Abaca

45.4

38.5

14.9

2

Bamboo

26 - 43

30

21 - 31

-

Coir

33.2 - 43

31.1

20.5

-

Cotton

85 - 90

5.7

-

0.6

Flax

64.1 - 71

16.7 – 20.6

2.0 – 2.2

1.5

Sisal

33.4 - 78

10 – 24

9.9 – 22.7

0.3 - 2

Fiber

Table 2 - Composition of different types of natural fibers [11]

Density

Elongation

Tensile Strength

Young’s modulus

(g/cm3)

(%)

(MPa)

(GPa)

Abaca

1.5

3 – 10

400

12

Bamboo

0.6 – 1.1

-

140 – 230

11 – 17

Coir

1.2

15 – 30

175 – 220

4–6

Cotton

1.5 – 1.6

3 - 10

287 – 597

5.5 – 12.6

Flax

1.4 – 1.5

1.2 – 3.2

345 – 1500

27.6 – 80

Sisal

1.33 – 1.5

2.0 – 2.5

400 – 700

9 - 22

Fiber

Table 3 - Mechanical and physical properties of different types of natural fibers [11]

It has been shown in various experimental studies that the addition of natural fibers
contributes to the enhancement of ductility, toughness, and impact resistance of the
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concrete [2], [4]. Furthermore, significant impact of moisture content on mechanical
properties of NFRC is also reported by researchers. In one of the study by Coutts et al.
[12] it was presented that hydrogen bonding between fibers, and between fiber and matrix
is significantly deteriorated by the increase in water absorption. In another study carried
out by El-Ashkar et al. [13], it was reported that the failure mode of NFRC specimens is
effected by the presence of moisture content. In this study, wet cured specimens showed
an overall increase in the toughness value as compared to over dried specimens where
increase in flexural strength was noted.
2.2.3

Micro fibers as reinforcement

Shah et al. [14] reported the effects of fiber size on mortar mechanical properties. Direct
tension tests were carried out on ten batches of PVA fiber reinforced mortar with fiber
volume fractions of 1%,2%, and 4%. It was noted that short fibers were more efficient in
increasing the magnitude of first peak stress. They were able to bridge the micro cracks
preventing them from transforming into macro cracks. Fig-4 depicts the general effect of
fiber size on concrete response. In another study carried out by Banthia et al. [15], fibers
synergy in high strength concrete matrices was evaluated. It was noted that micro fibers
when used in conjunction with macro fibers in optimal volume fractions led to an overall
improvement in toughness. This improvement is a result of the ability of micro fibers to
bridge micro cracks and stop them from merging into macro crack. Once macro crack is
formed, its propagation is hindered by macro fibers.
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Figure 4 - Effects of different sizes of fibers on crack bridging [14]

2.3

Micro cellulose fibres as reinforcement

Banthia et al. [16] studied the effects of hybrid fiber, including micro cellulose fiber,
addition in concrete under flexure and direct shear. The aim of the study was to find the
best hybrid mix from a given set of fibers to determine fiber synergy. Along with micro
cellulose fibers (C), two different types of steel fibers, hooked end (HE) and double
deformed (DD), were used in the study. Ten design mixes were cast that included plain
concrete, three design mixes with each type of fiber and the remaining six design mixes
used a combination of all three fiber types with varying volume fraction. Micro cellulose
fibers were used in 0.5% volume fraction, whereas other two fiber types were used in
0.3% and 0.5% volume fraction. It was observed that micro cellulose fiber addition had
little effect on compressive strength of concrete, whereas 0.5% cellulose fiber with 0.5%
hooked end steel fiber had a maximum effect on concrete strength, causing it to increase
from 56 MPa to 61 MPa. Other combinations of fibers in concrete had either nominal or
no effect on concrete compressive strength. Similarly, design mixes were subjected to
flexural tests where micro cellulose fibers had shown minimal/no effect on improving
post crack strength of concrete. Combination of 0.5% cellulose and 0.5% hooked end
steel fibers had caused the concrete to show a strain hardening response in post crack
region. Flexural graphs from this experimental study are presented in Fig 5 and 6.
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Figure 5 - Load vs Deflection response of hybrid HE & C fibers [15]

Figure 6 - Load vs Deflection response of hybrid DD & C fibers [15]

Similarly, micro cellulose fibers had not shown any effect on shear strength of concrete.
It was concluded in the study that the lone addition of cellulose fibers of micro scale had
little/no effect on concrete properties, where as hybrid mix of micro cellulose fibers and
hooked end steel fibers had shown a positive synergy in all instances.
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3 Experimental Program
3.1

Introduction

As outlined before, one of the objectives of this project was to correlate uniaxial tensile
properties of FRC with its flexural properties. However, owing to the unavailability of
the required testing equipment, uniaxial tension tests on concrete could not be performed,
but an attempt was made by selecting an appropriate equivalent concrete strength mortar
and testing it under uniaxial tension testing. In doing so, an assumption was made that
mortar under tension would behave the same way as concrete under tension. Hence, to
achieve the required objectives of the project, two types of materials were worked on i.e.
concrete under flexure and mortar under uniaxial tension.
Experimental work was initiated with the selection of strength class of concrete and
mortar. 32 MPa strength class was selected for the concrete. The subsequent step was to
select the appropriate volume fraction of specialty cellulose fibers that were to be used in
the project. Fiber volume fraction of 0%, 0.25%, and 0.5% were selected for a parametric
study for this project. This range of volume fraction was selected based on the literature
survey where researchers have used this range as the basis of their study [16], [17].
3.2

Materials Properties

The following sections detail the types and associated properties of constituent materials
of concrete and mortar
3.2.1

Cement and aggregates

Aggregates used in the project were obtained from the Sechelt pit in B.C. Coarse, and
fine aggregates had a relative dry density of 2.695 and 2.651 respectively, associated
absorption ratio of 0.69% and 0.79%. Nominal size of coarse aggregates was 12.5mm.
All this data is reflected in analysis reports provided by the supplier and attached in
appendices A-I, A-II, and A-III respectively. Type 10 general use Ordinary Portland
Cement (OPC), as per ASTM C150 [18] specifications, was used in the making of
concrete and mortar samples.
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3.2.2

Fibers

Fibers used in this study were obtained from Solomon Colors, INC. which manufactures
a special type of natural cellulose fiber called UltraFiber 500 made from Loblolly and
Slash pines in North America. As per manufacturer’s claim, UltraFiber 500 is an alkali
resistant cellulose based micro fibers used for secondary reinforcement of concrete. Close
view of fibers is shown in Fig-7.

Figure 7 - Micro cellulose fibers

Studies carried out with this specific type of fiber have shown to improve the impact
resistance, freeze/thaw resistance, and durability of concrete without having adverse
effects on finishability or appearance of concrete [19], [20], [21]. Use of these natural
cellulose fibers in concrete also supports the idea of sustainability as they come from
natural renewable sources, thus making them environmentally friendly. General
properties of the fibers are listed in table 4.
Fiber name

"Solomon UltraFiber 500"

Material type

Alkali-resistant, natural cellulose fibers

average length

2.1 mm (0.083 inch)

average denier

2.5 g/9,000m

average diameter

0.00063 inch

density

1.10 g/cm3

tensile strength

750 N/mm2

average elastic modulus

8,500 N/mm2

Table 4- General properties of UltraFiber 500 [22]
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3.3
3.3.1

Mixture proportion development
Concrete mix design

After selection of strength class and material types, the next step was to select the
optimum mix design ratio for concrete that would produce the required properties.
Cement/sand ratio and water/cement ratio were selected as 0.41 and 0.53 respectively.
Three types of concrete mix designs were formulated, as micro fibers were used in 3
different quantities. These mix designs were labelled as CCxx, 0.25%Cxx, and 0.5%Cxx,
where CC refers to control concrete i.e. 0% fibers, percentage fraction in remaining two
mix design indicate fiber volume fraction used in that mix design, C refers to concrete,
and xx refers to sample identification number e.g. 0.25% C01 indicates sample #1 for
0.25% concrete mix design. Mix proportion used for concrete is listed table 5.
Cement

340

Aggregate

1120

Sand

820

Water

181

Fiber (Vf)

0%, 0.25%, 0.5%

Kg/m3

Table 5- Mix proportion of concrete

Fiber dosage rates for 0.25% and 0.5% volume fractions were calculated to be 2.72 kg/m3
and 5.5 kg/m3 respectively.
3.3.2

Mortar mix design

To achieve equivalent concrete strength of mortar mix, cement/sand and water/cement
design ratios were selected as 0.33 and 0.50 respectively. Same as concrete design mix,
three types of mortar mix designs were formulated, as micro fibers were used in 3
different quantities. These mix designs were labelled as CMxx, 0.25%Mxx, and
0.5%Mxx, where CM refers to control mortar i.e. 0% fibers, percentage fraction in
remaining two mix design indicate fiber volume fraction used in that mix design, M
refers to mortar, and xx refers to sample identification number e.g. 0.25% M01 indicates
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sample #1 for 0.25% mortar mix design. Moreover, fibers dosage rate was same as
concrete as there was no change in fibers volume fraction. Mix proportion used for
mortar is listed table 6.

Cement

736

Aggregate

0

Sand

2207

Water

368

Fiber (Vf)

0%, 0.25%, 0.5%

Kg/m3

Table 6- Mix proportion of mortar

3.4
3.4.1

Mixing, Curing, & Setting Procedures
Concrete

ASTM C192 [23] has laid down the procedure for concrete mixing and curing. The first
step in the mixing procedure was to weigh and batch ingredients as per required volume
using a mix scale. For FRC, mixing procedure was started by first soaking fibers in ~20%
of total water and holding for 15mins. This was done to change dry fibers into a slurry
paste to promote uniform mixing with other ingredients. Once the slurry was formed, it
was dumped into the drum mixer along with coarse aggregates and mixing was started for
2 mins. This was done as per manufacturer recommendation owing to the problem of
conglomeration associated with micro cellulose fibers. Once the slurry was thoroughly
mixed with coarse aggregates, remaining ingredients were added to the mixer and mixed
for 3-mins followed by 3-mins rest time, and again a 2-min final mixing. For control
concrete, the standard procedure outlined in ASTM C192 was followed.
Once the uniform blend was obtained and slump test performed, concrete was placed into
molds. Molds were sprayed with WD40 chemical to provide ease in concrete removal
once it is cured. Consolidation and compaction of concrete were obtained by placing
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filled molds on a vibrating table for 30 secs; this was done to remove entrapped air from
the mixture and to avoid honey comb structure.
Compacted concrete molds were placed at a room temperature for next 24hrs for initial
curing and covered with a sheet of polyethylene to avoid water evaporation from the
unhardened concrete. After the specified time was elapsed, hardened concrete samples
were de-molded and placed in a water tub, which was maintained at 23.0 ± 2.0 oC for
next 27 days for final curing.

3.4.2

Mortar

The sequence of steps followed for mortar mix was the same as the concrete mix.
Ingredients were batched out as per required final volume of the mix using a weighing
scale. However, with the absence of coarse aggregates, homogeneous blend of fibers in
mortar mix was achieved by making fiber slurry and mixing it with sand for a minute in a
bench mixer. Afterward, required cement and water quantities were added to the paste
and blended for another two minutes. Once the uniform mix was achieved, the mortar
was taken out of the bowl and placed into cube and briquette molds. Fig-8 shows filled
cubes mold on left and filled briquette molds on right.

Figure 8 - Mortar mix in cube & briquette molds

To ensure maximum compaction and removal of entrapped air, poured mortar was
manually tapped using a tapping rod. The mortar was placed in two equal layers in
molds, and each layer was tapped 25 times. Once the molds were compacted, they were

26
covered and placed at room temperature for next 24hrs same as the concrete mix.
Demolding was carried after 24hrs and samples were placed in a water tub maintained at
23.0 ± 2.0 oC for next 27 days for final curing.

3.5

Concrete testing

For concrete mixes, cylinders and beams were cast to determine the required parameters.
The following testing procedures were employed for concrete testing.
3.5.1

Slump Test

Once uniform blend of the mix was obtained, slump test was carried out on all three
design mixes to determine the workability of the mixes as per ASTM C143 [24]. A slump
test is one of the test methods to indicate the workability of concrete, which is a measure
of concrete’s ability to be mixed, handled, placed, and consolidated with ease and
minimal air entrapment [28].

Figure 9- Slump test of concrete design mixes; (L) CCxx, (R) 0.25% Cxx

3.5.2

Compressive strength

ASTM C39 [25] defines the procedure to determine the compressive strength of a
concrete mix. 650K Lbs. Forney Test Pilot machine, shown in Fig 10-L, was used in this
study. Five cylinders, having 4” diameter and 8” height each, were cast from all three-
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concrete design mixes. To ensure smooth and flat surfaces of cylinders, they were first
ground using the automated grinding machine shown in Fig 10-R.

Figure 10- (L) Compression test machine, (R) Grinding machine

Once ground, the cylinders were placed inside the machine one by one, then axial load
was applied within the loading rate range prescribed by the standard until failure. As
outlined in the standard, compressive strength for each cylinder was computed by
dividing the peak load by the cross-section area of the cylinder. As five cylinders were
tested for each design mix the average value for each mix was computed using below
formula;
Compressive strength (MPa)= P/A
Where;
P = peak load (N)
A = cross section area (mm2)
3.5.3

Flexural Strength

ASTM C1609 [26] defines the procedure to determine the flexural strength of a concrete
beam. For this study, a closed loop testing system was employed using a servo controlled
250KN capacity MTS 810 testing machine. Beams were tested under four-point loading
configuration to get the required load vs. deflection curve. Characteristic properties i.e.
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flexural strength and toughness were computed using the data obtained from load vs.
deflection curve.
ASTM C1609 recommends specimen sizes of 4” x 4” x 14”, and 6” x 6” x 20” for
prismatic beams. Former dimensions were selected for prismatic beams in this study.
However, test results generated using this standard is size dependent, and this fact needs
to be accounted for when interpreting results of the same material with different
specimen sizes.
Fig-11 depicts the four-point testing configuration. The distance between each roller was
4”, and a total span length of the beam was 12”. To get mid span deflection from the
beam, a pair of Linear variable differential transformer (LVDT) was installed at the mid
span with the help of deflection jig.

Figure 11- Four-point loading configuration

Before testing, LVDTs were calibrated using a lathe machine. Once calibrated, LVDT
pair was attached to the jig and tests were conducted with a loading rate of 0.05mm/min
in a deflection control closed loop mode. The sampling rate was set at 25Hz to get the
maximum data points from each test. As specified in the standard, flexural performance
of FRC at the first cracking is calculated by the first peak strength as was calculated using
below formula;

29
Flexural Strength (MPa) = PL/bd2
P = Load (N)
L = span length (mm)
B = specimen width (mm)
D = specimen depth (mm)
Also, above formula can be used to compute the flexural strength at any deflection.
3.6

Mortar testing

For mortar mixes, cubes and briquettes were cast to determine the required parameters.
The following testing procedures were employed for mortar testing.
3.6.1

Compressive strength

ASTM C579 [27] states the method to determine the compressive strength of a mortar
mix when tested in a cube shape. Six samples for each design mix were cast, and each
had a dimension of 2” x 2” x 2”. Cubes were tested under a uniaxial compression testing
machine, and peak load was measured at for each sample at the point of failure. Fig-12
shows fractured cube specimens after testing.

2”

2”
2”

Figure 12 – Mortar cube specimens after compression testing

Loading rate was set within the standard’s specified range. As with compressive testing
of concrete, compressive strength for each mortar specimen was computed using a
formula;
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Compressive strength (MPa) = P/A
P = Peak load (N)
A = cross section area (mm2)
3.6.2

Tensile strength

ASTM C307 [28] defines the procedure to evaluate a mortar mix under uniaxial tension
testing in the form of a dog-bone shape (briquette) sample having dimensions of 1”
(depth) x 3” (length) x 1” (width at the center). Fig-13 shows the shape of briquette
samples that were cast for the testing.

1”

1”

3”

Figure 13 - Briquette samples

Six samples of each mortar design mix were tested using the test setup shown in Fig-14.
Each specimen was clamped in a pair of bronze alloy grips which was attached to a
testing frame having a load capacity of 7.1KN. Data was recorded at 25hz frequency, and
three different crosshead displacement rates i.e. 2mm/min, 1.05mm/min, and
0.48mm/min were used. Different crosshead displacement rates were chosen to identify
any potential post cracking strength response for each mortar design mix.
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Figure 14 - UTM setup

The following formula was used to compute the uniaxial tensile strength of specimens;
Tensile strength (MPa) = P/ (b x d)
Where;
P = applied load (N)
B = Width at the center of briquette specimen (mm)
D = Depth at the center of briquette specimen (mm)
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4 Results and Discussion
4.1

Concrete Results

The following section highlights the results obtained for concrete design mixes and
discusses the effects of fiber addition on concrete properties.
4.1.1

Slump test

Table 7 depicts the associated slump with each mix;

Mix Design

Slump value

% diff. from CCxx

CCxx

30 mm

0%

0.25%Cxx

5 mm

0.5%Cxx

n/a

-83.3%
n/a

Table 7 - Slump test result of concrete design mixes

The decrease of 89% was observed in 0.25%Cxx slump value when compared to CCxx.
This reduction in the slump is attributed to the loss of water in cement paste as cellulose
fibers are hydrophilic and they tend to soak up most of the water during mixing. As the
decrease in the slump value for 0.25%Cxx was considerable, slump test was not
performed for 0.5%Cxx design mix as it was expected to be zero. The logic was based on
the fact that fiber dosage rate in 0.5%Cxx mix was two times the 0.25%Cxx mix.
4.1.2

Compressive strength

The compressive strength of all three design mixes was measured at 28 days as per
ASTM C39 [25] after wet curing. The following table shows the average compressive
strength of each design mix after 28 days.
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28 Days compressive strength (MPa)
Mix Design
Strength (MPa)

Average ±
STDV

35.5
35.4
CCxx

34.5

35.4 ± 0.55

36.2
35.2
37.9
36.8
0.25%Cxx

36.5

37.6 ± 0.82

38.8
38.0
37.3
38.4
0.5%Cxx

37.4

37.8 ± 0.59

38.6
37.1
Table 8 - Compressive strength result of concrete design mixes

The above data was analyzed for % change in compressive strength in each design mix
with an addition of cellulose fibers and is shown in a Fig-15.
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Figure 15 - Effect of fiber addition on concrete compressive strength

It is observed that minimal change i.e. 6.2% and 6.8% increase is noticed in the
compressive strength of 0.25%Cxx and 0.5%Cxx design mixes, and this is in line with
the general understanding of the effect of fiber addition on compressive strength of
concrete.
Fiber presence mostly alters the failure mode of concrete by making them less brittle and
slightly increases or decrease the compressive strength as compared to concrete without
any fibers [29].
4.1.3

Flexural Strength

As it is shown in the literature review section, addition of fibers has a significant effect
on flexural and toughness properties of the concrete. To check the effects of addition of
cellulose fibers in concrete, the flexural test was carried out as described in the
experimental section.
Table 9 shows the 28 days flexural strength, along with corresponding net deflection at
the time of first cracking, of design mixes when tested in the form of prismatic beam
under 4-point loading configuration;
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28 Days Flexural strength - ASTM C1609
Mix
Design

Strength
(MPa)

Avg. strength
± STDV

6.08
CCxx

5.97

5.88 ± 0.21

0.032
0.038

6.96

0.056
6.78 ± 0.19
0.050

5.94

0.048

6.02

5.93 ± 0.07

0.037 ± 0.003

0.053 ± 0.003

6.59

5.84

Avg. deflection
± STDV

0.042

5.58

0.25%Cxx

0.5%Cxx

Deflection @
first crack (mm)

0.054

0.049 ± 0.004

0.044

Table 9 - Flexural strength data of concrete design mixes

Results for each design mix that deviated from more than 15% of mean value has been
removed from the table. The above results have been analyzed in the form of percentage
increase in flexural strength compared to control concrete and are shown Fig-16.
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Figure 16 - Fibers effect on flexural strength of concrete design mixes

It is evident that a 0.25% volume fraction of fibers has a significant effect on the flexural
properties of the concrete as compared to a 0.5% volume fraction of fibers in concrete.
Along with the flexural strength increase of 15.3% for 0.25%Cxx, a considerable increase
in its net deflection at first cracking is also noted. However, it is noted that fiber addition
had no effect on post cracking strength of concrete.
Usually the addition of fibers increases the flexural strength of concrete, however in this
study a significant drop in flexural strength of concrete is noted when fiber volume
fraction was increased from 0.25% to 0.5%. The decrease in strength is because fibers
fibrillation didn’t take place effectively in 0.5%Cxx design mix, which in turn is
attributed to hydrophilic nature of fibers and increase in surface areas of fibers that
resulted in a dry design mix. This dry design mix was the cause of inadequate compaction
of specimens and hence resulted in a significant drop in flexural strength of concrete
when the fiber volume fraction increased from 0.25% to 0.5%.
4.1.4

Back calculation of tensile properties from flexural properties

Mobasher, et al. has proposed an inverse analysis approach to measure the tensile
properties of FRC from flexural test result data [30] [31] [32]. As flexural tests are easy
to perform and routinely conducted on FRCs’ as a quality control measure, need to
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correlate flexural response to reliable tensile properties has gained much attention of
researchers. In this method, stress-strain models of FRCs are generated using
experimental load deflection data using closed form equations.

Figure 17 - Constitutive model for homogenized FRCs (L) compression model (R) Tension
model [28]

As indicated in the Fig-17, the linear portion of an elastic perfectly plastic compression
model terminates at Ɛcy and σcy, which marks the end of the yield point. Elastic modulus
for compression model is given by Ec. Stress level remains constant after reaching yield
point, and the compression response terminates at strain Ɛcu. Tension model, depicted in
Fig 17, is described by a trilinear response. The first stage of elastic response is
represented by E, second stage of post cracking behavior by Ecr, and third stage of
constant stress by σcst. The same model can be used to represent strain hardening or
strain softening response of FRC by changing Ecr value to either positive or negative.
Tensile response terminates at Ɛtu which is described as an ultimate tensile strain level.
Constitutive stress-strain relationship for both models are expressed as follow [30] [31]
[32];
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Where Ɛc, Ɛt, σc, and σt, represent compressive and tensile strains and stresses
respectively. To obtain non-dimensional form of closed form solutions for moment
curvature response, material parameters listed in Fig 1.1a & 1.1b are redefined in the
form of seven parameters normalized with respect to intrinsic materials parameters E and
Ɛcr.

As three parameter η, µ, and α are dependent on each other, these are only applicable to
the tensile model if a response of FRC is considered up to the transition point. Similarly,
normalized compressive strain, λ, at top fiber and normalized tensile strain, β, at bottom
fiber are defined as

Relationship between both λ and β is defined by the normalized neutral axis parameter, K
such as;

Which can be further simplified as;
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Now the constitutive stress-strain tension and compression models can be represented by
above derived normalized parameters;

4.1.4.1 Moment Curvature relationship in term of normalized parameters

By ignoring shear deformation and assuming linear strain distribution in a rectangular
cross section of beam having depth d and width b under flexural loading, stress-strain
relationships presented in Fig 17 can be used to compute stress distribution across the
cross section of beam at three stages of tensile strain i.e. 0 ≤ β ≤ 1, 1 < β ≤ α, and α < β ≤
βtu. For second and third stages, there are two possible scenarios i.e. λ can either be
elastic (0 < λ ≤ ω) or plastic (ω < λ < λcu).
For each stage, equilibrium of forces is used to compute the value of K (neutral axis
depth ratio), which is followed by the computation of moment capacity found out by
taking compression and tension forces around the neutral axis. Finally, corresponding
curvature associated with moment is computed by dividing Ɛctop by neutral axis depth.
Once the values of moment, M, and curvature, Ø, are obtained, they are normalized with
respect to cracking moment, Mcr, and cracking curvature Øcr and represented as M` and
Ø`.
The following equations along with equations listed in the table are used to compute
neutral axis value and moment curvature for all stages of applied strain [30] [31] [32];
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Stage Parameters

K

1

2.1

2.2

3.1

3.2

Table 10 - Expressions for normalized parameters K, M`, and Ø`[30] [31] [32]
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To generate a moment curvature diagram for a given set of parameters and beam
dimension, value of λ can be substituted incrementally from zero to failure that result into
either deflection hardening (µ < µcrit) or deflection softening (µ > µcrit) response of
moment curvature. Here µcrit is defined as

4.1.4.2 Computation of Load Deflection Response

The load deflection response of a beam can be derived using moment curvature response,
moment area method, and crack localization rules as described below [31];
1. For a given beam, moment curvature response is generated using moment
curvature equations described in the previous section where value of β is
incrementally imposed. For stage 2 and 3 against each value of β, λ (compressive
strain) condition is verified either as λ < ω or λ > ω.
2. The maximum allowed load on beam’s cross section is determined by the moment
curvature diagram, and applied load vectors P=2M/S is computed using discrete
moments along the diagram where S is the spacing between supports.
3. The beam is segmented into finite sections, and for a given load, static
equilibrium condition is employed to compute moment distribution along the
beam and crack localization rules along with moment curvature relationship to
identify curvature.
4. Mid-span deflection is computed by moment area method of curvatures between
mid-span and support. This procedure is employed at each step load until
complete load deflection response is computed.
The following equation is used to calculate the maximum deflection at mid-point at the
time of first cracking and during four-point bend test [30] [31] [32];
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Similarly, below equations are used to compute the post crack maximum deflection at
mid-span of the beam for four-point bend test

As discussed above that closed form equations can be used to generate a tensile response
of material from its flexural test data. In this section, the procedure used to generate a
tensile response of all three concrete mix designs for their experimental flexural test
results has been discussed. However, only one mix design i.e. 0.5%C01 is shown as an
example here while data for rest of the design mixes has been attached in the appendix
[DI – DIII].
The algorithm developed by Mobasher et al. [33] has been used to generate the response
by first generating a simulated load vs. deflection response of the material and matching
it with the experimental load vs. deflection data of the beam. To do so, the following
sequence of input data was used to generate the simulated load vs. deflection response;
1. Beam dimensions i.e. Length, width, and depth
2. Loading configuration i.e. 3-point or 4-point
3. Elastic modulus of concrete, E. This value was generated based on trial and error
such that elastic portion of simulated curve matched with elastic portion of
experimental curve
4. Ɛcr value also selected by trial and error to match the peak at cracking
5. Parameters α, µ, and η are dependent on each other such that one among them is
determined by other 2. Parameter α effects the horizontal location of a transition
point, parameter µ adjust the vertical position of a transition point, and parameter
η changes the post cracking slope. Values for all three parameters were selected
by trial and error method.
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Moment Curvature & Load Deflection Response of Concrete Design Mix –
0.5%C01
The following values of input parameters were used to generate the response;
E
Ɛcr
α
γ
η
µ
btu
ω
λcu
μcrit

30000
0.00015
1.4
0.9
-0.875
0.65
2.5
9.35
40
0.97367

Table 11 - Input parameters for back calculation

By using the equations stated in previous sections and analysis procedures mentioned
above, moment curvature response of 0.5%C01 mix was generated and is presented Fig18

Figure 18 - Moment curvature response
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Similarly, load vs. deflection response of the material was generated from moment
curvature response, moment areas method, and crack localization rules as mentioned in
the literature review section;

Figure 19 - Experimental and simulated load vs deflection response

Simulated load (modelled load) vs. deflection response matched very well with
experimental load vs. deflection response. Also, no post cracking strength was observed
as material broke in a brittle fashion.
Tensile and Compressive response of 0.5%C01
Tensile and compressive responses of the material at different stages were determined by
the normalized equations used to describe trilinear tension and bilinear compression
models of the materials as shown in the following Fig 20-21.
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Figure 20 - Back calculated tension model - 0.5%C 01

Figure 21 - Back calculated compression model - 0.5%C 01

Tensile and compressive normalized parameters deducted from above graphs are listed in
Table 12.
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Tension Model Parameters
Strain
Stress
Parameters
Units
Parameters
εcr

0.00015

εtrn

0.00021

σcr

4.5

σtrn

2.925

(mm/mm)

Units

(MPa)

εtrn

0.00021

σcst

2.925

εtu

0.000375

σtu

2.925

Table 12 - Back calculated parameters for tension and compression model
4.1.4.3 Tensile response of concrete design mixes

As described in the above section, the same procedure was followed for each concrete
design mix, and corresponding tensile and compressive models were generated. In all
three design mixes, no post cracking ductile behavior was observed, and all of them
failed in a brittle manner after the generation of the first crack. Average tensile strain
parameter for all three concrete design mixes is shown in Table 13.

Stress parameters (MPa)
Design Mix

Strain parameters (mm/mm)

σcr

σtrn

Average values
σtu
εcr

CCxx

3.88

2.58

2.58

0.25%Cxx

5.04

3.03

0.5%Cxx

4.25

2.89

εtrn

εtu

0.00009

0.00020

0.00036

3.03

0.00018

0.00037

0.00050

2.89

0.00013

0.00019

0.00040
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Table 13 - Average back calculated parameters for tension model of concrete design mixes

The above data was analyzed for % change in back calculated tensile strength in each
design mix with an addition of cellulose fibers and is shown in Fig -22.

Figure 22 - Effect of fibers addition on Back Calculated Tensile Strength of concrete

It is evident from the above graph that the 0.25% fiber volume fraction had the most
significant effect on tensile properties of concrete. The result presented here matches well
with the flexural strength of concrete design mixes where 0.25%Cxx had shown a
significant increase in flexural strength.
4.2

Mortar Results

This section elaborates the results obtained for mortar design mixes and discusses the
fiber addition effects on mortar mix design
4.2.1

Compressive strength

28 days compressive strength of all three design mixes, in the form of cube specimens,
was measured at as per ASTM C579 [27] after wet curing. The following table shows the
average compressive strength of each design mix after 28 days.
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Mix Design

28 Days compressive strength (MPa)
Individual

Average ± STDV

38.96
44.20
CMxx

47.23

43.87 ± 2.32

43.01
43.50
52.84
50.65
48.30
0.25%Mxx

48.76 ± 3.09
43.10
47.25
50.40
56.76
55.68
52.88

0.5%Mxx

52.68

53.55 ± 2.28

49.64
53.68
Table 14 - Compressive strength result of mortar design mixes

Results for each design mix that deviated from more than 15% of the mean value have
been removed from the table. The above data was analyzed for % change in compressive
strength in each design mix with an addition of cellulose fibers and is shown in Fig-23.
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Figure 23 - Effect of fiber addition on mortar compressive strength

A considerable increase in compressive strength of mortar is noticed with an increase in
fiber volume fraction from 0% to 0.5%. This increase in compressive strength is
attributed to the internal curing, which itself is reflected in the performance
characteristics of cellulose fibers provided by the manufacturer [22]. As the name
suggests, internal curing is a method of providing additional water for improved
hydration using pre-wetted pockets of fibers or aggregates that release water when
required for improved hydration. For both mortar and concrete mix designs, fibers were
pre-wetted by being soaked in the water before adding them to the mixer. Increase in
compressive strength for mortar is significant when compared to concrete mix designs,
and this can be understood in the light of mix design used for both concrete and mortar.
As mortar had more cement content (736Kg) available per m3 as compared to concrete
(where cement content was 340 Kg/m3), this could have led to an overall increase in the
hydration process in the mortar which was further improved by the internal curing.
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4.2.2

Uniaxial tensile testing

28 days uniaxial tensile strength of all three design mixes, in the form of briquette
specimens, was measured at as per ASTM C307 [28]. Also, to identify any post cracking
strength response of mortar mix designs, different values of machine crosshead
displacement rates were used. Table 15 shows the results of testing.
Ultimate Tensile Strength (MPa)
Mix Design

Average ±
STDV

Displacement rate
2mm/min 1.05mm/min 0.48mm/min

CMxx

CM 01

4.33

CM 02

4.39

CM 03

4.38

CM 04
CM 05

0.25%Mxx

4.32

-

3.95

0.25% M01

4.12

0.25% M03

4.49
-

0.25% M05

3.78

0.5% M02

3.15

0.5% M04
0.5% M05
0.5% M06

4.16 ± 0.42

4.05
3.82

0.5% M01
0.5% M03

4.36

0.25% M06

0.5%Mxx

4.2 ± 0.21

3.85

CM 06

0.25% M04

-

-

-

3.30
3.60
-

3.53 ± 0.23

3.71
3.67

Table 15 - Tensile strength result of mortar design mixes

Displacement rates mentioned above are not from the samples, rather they represent the
machine crosshead displacement rate. Ideally, a graph between tensile strength and
sample displacement (using LVDT) is generated in the above experiment, however owing
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to limitations it was assumed that if samples are held tightly in the grips without any
slippage, machine crosshead displacement rate can be regarded as a representative sample
displacement rate.
Graphical representation of above results has been attached in the appendix [B] which
shows no post crack strength. It is evident from the above results that displacement rate
had no significant effect on the ultimate tensile strength of mortar mix designs hence
average strength value for each mix design can be used as a reference value for data
analysis.

Figure 24 - Effect of fiber addition on ultimate tensile strength (UTS) of mortar mix designs

With an increase in fiber volume fraction from 0% to 0.5%, a significant decrease in UTS
of mortar mix design is observed. The decrease could have happened due to poor dense
structure which was due to the dry nature of mortar mix designs as fiber volume fraction
was increased. Also, as hand tapping was used to compact the samples, considerable
chances exist that variation in process and poor compaction led to the generation of pore
network inside samples, and this was compounded by the presence of un-fibrillated fiber
pockets as volume fraction was increased from 0.25% to 0.5%. This claim was supported
by the visual analysis of both mix designs fractured surfaces in which 0.5%Mxx showed
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the presence of un-fibrillated fibers pockets and a pore network as compared to
0.25%Mxx as seen in Fig-25.

1”
1”

1”
1”
1”

Figure 25 - Fractured surfaces close-up (L) 0.5% Mxx (R) 0.25% Mxx

4.3

Analysis of tensile strength from Uniaxial tension testing data and
Back calculation procedure

Tensile strength computed through indirect and direct method is shown Fig-26.

Figure 26 - Comparison of Tensile strengths computed by tension and flexural tests
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If underlying assumption was valid, tensile strength computed through both methods
should have been in close agreement. However, as mortar and concrete are two different
types of materials, both tend to have a different response when subjected to tensile
stresses. The difference in response is due to presence of coarse aggregates in concrete
that alter its behavior.
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5 Conclusion

Below are the main observations based on the experimental study employed in this
project;
1. Micro cellulose fibers are hydrophilic and caused a decrease in the workability of
concrete. This was noted during the experimental work, where slump value had
shown a major decrease of ~89% as soon as fibers were added to the design mix.
It is recommended to incorporate a relevant admixture in the mix design to
improve the workability of concrete.
2. Micro cellulose fibers addition didn’t show any significant effect on the
compressive strength of concrete. In fact, a maximum of 6.8% increase in
compressive strength was noted in the 0.5%Cxx mix design. This finding is in
line with the general understanding of fiber effects on concrete compressive
strength.
3. Micro cellulose fibers addition had shown no effect on post cracking strength of
concrete as specimens of all three mix designs fractured in a brittle manner after
reaching a maximum load. However, with the fibers addition concrete had shown
an increase in maximum load capacity hence effect on flexural strength was
noticeable especially in 0.25%Cxx where a ~15% increase in strength was noted.
With an increase in fiber volume fraction from 0.25% to 0.5%, flexural strength
was decreased to a level of control concrete. This decrease was linked to the
fibers inability to fibrillate thoroughly with an increase in volume fraction during
mixing. This highlights the importance of optimum fiber dosage rate concerning a
design mix.
4. The fiber dosage rates used in this study were 2.72 Kg/m3 and 5.5 Kg/m3.
However, the manufacturer recommended dosage rate is ~ 1 Kg/m3. A significant
drop in flexural strength in 0.5%Cxx is attributed to increased dosage rate that had
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rendered the fibers to fibrillate properly throughout the mixture ultimately causing
a detrimental effect on concrete’s properties regarding the fibers addition.
5. The compressive strength of mortar cubes had shown an increase in compressive
strength with increasing fiber volume fraction. This increase is linked to the
concept of internal curing, which is more prominent in mortar as compared to
concrete. Cement volume fraction in mortar is almost double than the concrete,
hence raising the possibility of an increase in the hydration process consequently
increasing in compressive strength of mortar mix designs.
6. Results of uniaxial tension testing of mortar support the conclusion mentioned
above regarding optimum fiber dosage rate. The overall decrease in ultimate
tensile strength was noted with an increase in the fiber volume fraction as mixes
became dry and fibers were unable to fibrillate thoroughly.
7. Ideally, ultimate tensile strength calculated from uniaxial tension test and back
calculated from the flexural test for a given design mix should be in close
agreement. However, this is not the case here.
a. The underlying assumption made for mortar design mix was that absence
of coarse aggregates has no/little effects on tensile properties when
subjected to uniaxial tension test. However, concrete and mortar are two
different materials, and the absence of coarse aggregates from mortar
significantly effects its tensile behavior.
8. Overall, it has been concluded that micro cellulose fiber addition in concrete has a
nominal effect on the mechanical properties of concrete, and these fibers don’t
contribute to residual load carrying capacity of the concrete hence causing it to
fail in a brittle manner once peak load is reached. Mostly, micro cellulose fibers
are used as a secondary reinforcement [19]. Also, this can also be understood
from the perspective of critical fiber length (Lc) which is required to continue
carrying the load once the matrix is cracked and the load is transferred to fibers. If
fibers fall short of a critical length, they will be unable to continue carrying the
load causing material failure [16].
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9. The above conclusion is also supported by the fact that micro fibers addition
mostly contributes to the durability aspect of concrete i.e. reducing plastic
shrinkage cracking, reducing concrete permeability and absorption, etc. These
fibers must be used in conjunction with appropriate macro fibers i.e. in a hybrid
mode if the increase in residual load carrying capacity is required [16].
5.1

Future Work

This work can be further extended to include the following aspects;
1. The designing of a test fixture to test concrete in a tension mode as per
recommendations laid down in RILEM TC 187-SOC [34], and comparing
concrete’s back calculated tension properties with it.
2. Performing Flexural test on notched specimens and using crack mouth opening
displacement as a controlled mode.
3. Using micro cellulose fibers in conjunction with macro fibers to see the overall
improvement in concrete durability and mechanical properties.
4. Performing fiber dispersion analysis of the fractured surfaces of beams and
briquettes using SEM to better understand the ability of the micro cellulose fibers
to fibrillate in a chosen concrete and mortar design mix.
5. Performing fracture toughness tests on micro cellulose fiber reinforced concrete to
determine the ac, K1c, Gf, and CTOD as per RILEM test [35]. In this regard, study
carried out by Sarah et al. showed the effects of micro cellulose fiber addition on
critical crack length of RP concrete, it was noted that fibers addition didn’t have
any noticeable impact on the ac value i.e. it changed from 0.019 m to 0.02 m [36].
6. Using a recommended fiber dosage rate of micro cellulose fibers as mentioned by
the manufacturer.
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7 Appendices – A, B, C, & D
•

Appendix A – Analysis reports of fine and coarse aggregates

•

Appendix B – Concrete and mortar mix design calculations

•

Appendix C – Uniaxial tension testing graphs

•

Appendix D – Back calculation parameters, moment curvature response, tensile and
compressive responses of all three concrete mix design specimens
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Appendix: A-I (Aggregates sieve analysis report)
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Appendix: A-II (Coarse aggregates relative density and absorption)
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Appendix: A-III (Fine aggregates relative density and absorption)
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Appendix: B - Mix Design Calculations
Concrete
Volume of 1 beam = (L) 350mm x (D) 100mm x (H) 100mm = 3500000 mm3 = 0.0035
m3
Volume of 1 cylinder = π x r2 x h = 0.00157 m3
As each mix design had 5 cylinders for compression testing and 3 beams for flexural
testing, total required volume was calculated to be
Vt= (3 x 0.035) + (5 x 0.00157) = 0.018 m3
Final volume of batch after adding 15% extra for work losses = 0.018 m3x 1.15 = 0.021
m3
Following were the final weights of ingredients used for concrete mix designs;
Cement = 340 Kg/m3 x 0.021 m3 = 7.18 Kg
Aggregate = 1120 Kg/m3 x 0.021 m3 = 23.64 Kg
Sand = 820 Kg/m3 x 0.021 m3 = 17.31 Kg
Water = 181 Kg/m3 x 0.021 m3 = 3.82 Kg
0.25% fiber = 0.0025 x 0.021 m3 x 1100 kg/m3 = 0.058 Kg
0.5% fibers = 0.005 x 0.021 m3 x 1100 kg/m3 = 0.116 Kg
Mix Design Calculation for Mortar
Volume of 1 briquet = 65786.7 mm3 = 6.57867E-05 m3
Volume of 1 cube = 125000 m3 = 0.000125 m3
Total Volume for 6 briquets and 6 cubes = Vt= (6 x 0.000065) + (6 x 0.000125) =
0.00114 m3
Final volume of batch after adding 15% extra for work losses = 0.00114 m3 x 1.15 =
0.00132 m3
Following were the final weights of ingredients used for concrete mix designs;
Cement = 736 Kg/m3 x 0.00132 m3 = 0.97 Kg
Sand = 2207 Kg/m3 x 0.00132 m3 = 2.91 Kg
Water = 368 Kg/m3 x 0.00132 m3 = 0.48 Kg
0.25% fiber = 0.0025 x 0.00132 m3 x 1100 kg/m3 = 0.0036 Kg
0.5% fibers = 0.005 x 0.00132 m3 x 1100 kg/m3 = 0.0072 Kg
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Appendix: C – Uniaxial Tension Testing Data Graphs
Displacement rates: 2mm/min – CM01, CM02, & CM03, 1.05mm/min – CM04, CM05,
CM06

Displacement rates: 1.05mm/min – 0.25M01, 0.25M02, 0.25M03, & 0.48mm/min –
0.25M04, 0.25M05, 0.25M06

Displacement rates: 1.05mm/min – 0.25M01, 0.25M02, 0.25M03, & 0.48mm/min –
0.25M04, 0.25M05, 0.25M06

‘
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Appendix: D - I: Back Calculation Parameters, Moment Curvature graphs, Load
Deflection graphs, Tensile Stress Strain Models, & Compressive Stress Strain Models for
CCxx

Modelling Data for CCxx

Parameters

CC01

CC02

CC03

E

40000

45000

42000

Ɛcr

0.000095

0.00009

0.00009

α

2.2

2

2.5

γ

1.1

1.25

1.1

η

-0.20833333

-0.35

-0.26666667

µ

0.75

0.65

0.6

btu

3.5

4

4.4

ω

8.5

7

8.5

λcu

40

40

40

μcrit

1.023823037

1.05572809

1.023823037
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Graphs – CC01

z

68
Graphs – CC02

69

Graphs – CC03
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Appendix: D-II: Back Calculation Parameters, Moment Curvature graphs, Load
Deflection graphs, Tensile Stress Strain Models, & Compressive Stress Strain Models for
0.25%Cxx

Input Data for 0.25%Cxx

Parameters

C01

C03

E

26500

29000

Ɛcr

0.0002

0.000165

α

2

2

γ

1

1.25

η

-0.4

-0.4

µ

0.6

0.6

btu

2.5

3

ω

7.15

6.5

λcu

40

40

μcrit

1

1.05572809
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Graphs – 0.25%-C01

72
Graphs – 0.25%-C03

73

Appendix: D-III: Back Calculation Parameters, Moment Curvature graphs, Load
Deflection graphs, Tensile Stress Strain Models, & Compressive Stress Strain Models for
0.5%Cxx

Input Data for 0.5%Cxx

Parameters

C01

C02

C03

E

30000

37000

33000

Ɛcr

0.00015

0.000107

0.00013

α

1.4

2

1.2

γ

0.9

1.2

1

η

-0.875

-0.25

-1.75

µ

0.65

0.75

0.65

btu

2.5

4

3

ω

9.35

7.7

8.8

λcu

40

40

40

μcrit

0.97367

1.04555

1
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Graphs – 0.5%-C02

75
Graphs – 0.5%-C03

