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A B S T R A C T

Crack formation under tensile forces is a major weakness of concrete. Cracks make concrete
vulnerable to extreme environment due to ingress of water and harmful compounds from
surrounding environment. Even though concrete is susceptible to cracking it has ability to
seal its cracks by itself to some extent due to autogenous self-healing. So far only few
studies have been done on autogenous healing of fiber reinforced concrete. So, this study
aims to evaluate the self-healing potential and water permeability of cellulose fiber
reinforced concrete (CeFRC). The two types of composites; control and cellulose fiber
reinforced concrete have been investigated. Compressive strength and flexural tests were
performed to measure the mechanical properties of the composites, water permeability
test was used to evaluate the coefficient of permeability and the self-healing performance
was investigated by using ultrasonic pulse velocity (UPV) and a patented self-healing test.
The results indicate that the water permeability coefficient decreased by 42 % whereas the
healing ratio increased at a higher rate for the initial days of healing when cellulose fibers
were added in the mix. CeFRC also results in a 7.8 % increase in the flexural strength and
demonstrate a higher self-healing ratio based on the UPV test.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Concrete is still one of the widely used materials in the construction industry. Traditional concrete has a drawback, it
tends to crack when subjected to tensile stresses. There are several methods used to decrease the cracking in concrete such as
providing enough steel reinforcement or fiber reinforcement. However, still some cracks are expected and they lead to an
increase in permeability, decrease in durability and strength of the concrete structure. Due to the increase in permeability,
the water easily passes through the concrete matrix and comes in the contact with the reinforcement leading to corrosion
initiation. Due to this, the strength of the concrete structure further decreases, necessitating monitor, control, and repair of
cracks. Repairing of concrete cracks is not always a realistic task as cracks are not always visible or easily accessible. It is
estimated that in Europe, cost related to repair works is half of the annual construction budget [1]. The US has average annual
maintenance cost for existing bridges through the year is estimated to $5.2 billion [2]. Additionally, indirect cost due to traffic
jams and inconvenience are also associated with the concrete crack repair works. Even though concrete may be vulnerable to
cracking, it has an inherent ability to healing the cracks by itself to some extent. This phenomenon is known as autogenous
gh), guptar@uvic.ca (R. Gupta).
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self-healing of concrete. Main mechanisms of autogenous self-healing are due to further hydration of unhydrated cement;
recrystallization of portandite leached from the bulk paste and formation of calcite [3]. Besides natural autogenous self-
healing in concrete, there are various approaches to improve the self-healing of concrete including the use of bacteria [4] or
chemical admixtures [5] in the concrete matrix.

The concept of using fibers to reinforce concrete has been used for hundreds of years. However, only a few studies have
been performed to investigate the self-healing efficiency of fiber reinforced concrete [6–8]. Commonly used fibers in
concrete are steel, glass, synthetic (polypropylene, polyethylene, nylon, and polyester) and naturals fibers (wood, fruit,
cellulose), etc. Steel fibers improve the ductility, flexural strength and fracture toughness of concrete due to higher modulus
of elasticity of steel. Kim et al. found in their study that steel fiber can help to completely recover the flexural performance of
concrete exposure to cryogenic temperature [9] and concrete with micro steel fibers exhibited higher resistance to
microcrack formation under cryogenic conditions [10]. However, they are subjected to corrosion when comes to contact with
water through cracks and their durability reduces. Li and Yang found in their study that engineered cement composites with
PVA fibers are able to reduce the crack width down to 50 mm [7], which can further help to improve the self-healing
properties of concrete. Although glass fiber enhances the tensile and impact strength of concrete, they became fragile with
time due to the alkalinity of concrete [11]. Natural fibers used in concrete are eco-friendly, recyclable and widely available
throughout the world at a much cheaper rate compared to other fiber types. Singh and Gupta used cellulose fiber as a carrier
for bacteria in self-healing mortar to improve the self-healing efficiency of bacterial mortar [12].

One phenomenon in cementitious matrices that promotes self-healing includes using materials that restrict the crack
width and improve the autogenous self-healing. Literature reports use of polyethylene (PE) fibers [13], poly vinyl alcohol
(PVA) fibers [8] and polypropylene (PP) fibers [14,15] etc. to improve the autogenous healing of concrete. However, limited
work has been reported where cellulose fibers have been used to improve the autogenous healing of concrete. In this study,
cellulose fibers are used as reinforcement and their impact on the autogenous self-healing of concrete is investigated.

Van Tittelboom and Belie [16] explained in their study that self-healing in concrete is more effective when the crack width
is restricted (Fig. 1A), water is available in the cracks (Fig. 1B), and crystallization of hydration products takes place (Fig. 1C).
Authors hypothesize that cellulose fiber can assist in improving all three mechanisms noted above (A, B, C). For A, cellulose
fibers can limit crack width in the plastic shrinkage phase [17] and can reduce the cracking by 85 % more than normal
concrete [18,19]. Cellulose fibers have a high-water absorption of 85 % [20], thus improving internal curing and assisting in
mechanism B. Finally since cellulose fibers have high alkali resistance [21] and can work as a water reservoir which leads to
the crystallization of cement hydration products due to continuous hydration. In addition, cellulose fibers in concrete
increase the freeze-thaw durability [22] and provide a nice finished surface [23]. Moreover, they are suitable for ready-mix
plants which makes them easy to use in the small to large scale concrete construction.

The purpose of this paper is to experimentally investigate the self-healing, durability and strength properties of cellulose
fiber-based and normal concrete composites. The self-healing performance of composites was evaluated by self-healing test
and ultrasonic pulse velocity test (UPV). Water permeability test was used to figure out the coefficient of permeability.
Compression and flexural tests were also performed to analyze the mechanical properties of concrete. This paper forms a
part of a larger project where self-healing and self-sealing techniques (such as crystalline waterproofing admixtures [5,24]
are being implemented in a parking structure undergoing repair in Victoria, Canada. This paper presents part of the work
being undertaken in the laboratory of this case study.

2. Experimental program

2.1. Material properties

2.1.1. Cement
General use Type GU Ordinary Portland Cement (OPC), which also meets the requirements of type-I and type-II cement as

per ASTM C150 [25] specifications, was used in the making of concrete samples.
Fig. 1. Conditions to improve self-healing (Concept adopted from Van Tittelboom and Belie [16]).



Fig. 2. Micro cellulose fibers. (Adopted from Singh and Gupta [46]).
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2.1.2. Aggregates
Aggregates used for the preparation of concrete 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, related absorption ratio of 0.69 % and 0.79 %.

2.1.3. Cellulose fiber
Fibers used in this study were obtained from Solomon colours, INC. These fibers are a special type of natural cellulose

fibers called UltraFiber 500 made from Slash pines and Loblolly in North America. As per the manufacturer’s declaration,
UltraFiber 500 is an alkali resistant cellulose based micro fibers used for secondary reinforcement, provide crack control and
have better hydration and bonding properties [26]. A close-up view of cellulose fibers is shown in Fig. 2.

Use of these fibers in concrete also supports the purpose of sustainabilityas they come from natural renewable resources. Apart
from this, high surface area and close spacing of cellulose fibers make them quite effective in the suppression and stabilization of
microcracks in the concrete matrix [27]. Physical and mechanical properties of cellulose fibers are presented in Table 1.

2.2. Concrete mix design

The cement/sand ratio and water/cement ratio used was 0.41 and 0.53 respectively in all types of concrete mixes, which
represents a mix with a target strength of 32 MPa, normally used in the field. In this study, 0.5 % volume fraction of cellulose
fibers was used to increase the dispersion of fibers throughout the matrix. Moreover, Banthia et al. also used the same
volume fraction of cellulose fibers in their study on fiber reinforced concrete for flexural and direct shear tests [29]. Two
types of mixes were formulated:
1 
Ta
Ge

N

M
A
A
A
C
D
S
T
A
W

Cxx: Control concrete.

2 
0.5Cxx: Cellulose fiber concrete with fiber volume fraction equal to 0.5 %.

Where C and xx refer to concrete and sample number respectively. The decimal fraction indicates the volume fraction of
cellulose fibers used in the concrete. Mix proportion used for concrete is presented in Table 2.

2.3. Mixing curing and setting procedure

For each mixture, in total twelve cylinders of size F100 � 200 mm, three beams of size 355 � 101 �101 mm and six
cylinders of size F150 � 175 mm for water permeability test were prepared as per the recommendations of ASTM C192 [30].
ble 1
neral Properties of UltraFiber 500 [28].

ame of Fiber UltraFiber 500

aterial Type High Alkali Resistant, natural cellulose fibers
verage Length 2.1 mm
verage Denier 2.5 g/9,000m
verage Diameter 0.00063 inch
ount, fiber/lb 720,000,000
ensity 1.10 g/cm3

urface Area 25,000 cm2/g
ensile Strength 750 N/mm2

verage Elastic Modulus 8500 N/mm2

ater Absorption Up to 85 % of fiber weight [20]



Table 2
Mix proportions for concrete.

Material Quantities Units

Cement 340 Kg/m3

Aggregates 1120
Sand 820
Water 181
Cellulose Fibers 0 % and 0.5 % 0 and 5.5

Table 3
Details of specimens used in different test methods.

Test method Number of specimen Type of specimen Curing Age Standard

Compressive Strength 3 Cylinder (F100 � 200 mm) 14 ASTM C39
Compressive Strength 3 Cylinder (F100 � 200 mm) 28 ASTM C39
Flexural Strength 3 Beam (355 � 101 �101 mm) 28 ASTM C293
Water Permeability 6 Cylinder (F150 � 175 mm) 28 DIN 1048
Self-healing 3 Cylinder (F100 � 200 mm) 2 (Dry Cured) Patented test [32]
UPV 3 Cylinder (F100 � 200 mm) 28 C597

4 H. Singh, R. Gupta / Case Studies in Construction Materials 12 (2020) e00324
Ingredients for both mixes were batched out as per the final volume of concrete required by using an electronic weighing
balance. For CeFRC, mixing procedure was started by first soaking cellulose fibers in 20 % of total mix water for 15 min. This
was done to prepare a slurry paste of cellulose fibers to improve the uniform mixing of fibers with other ingredients. After the
formation of a slurry, it was mixed with coarse aggregates for two minutes, once slurry was thoroughly mixed, remaining
ingredients were added to the drum mixer and mixed for three minutes followed by 2 min rest and a two minutes final
mixing. Once the uniform mix was achieved, a slump test was performed within 15 min as per ASTM C143 [31], afterward,
the concrete was placed into desired molds.

To ensure sufficient compaction, removal of entrapped air and to avoid honeycomb structure, filled molds were placed on
a vibrating table for 30 s. After compaction, molds were covered with a plastic sheet and placed at room temperature for the
next 24 h. Demolding was carried out after 24 h and samples were placed in a curing chamber maintained at 23 � 2�. Table 3
summarizes the specimens’ type and quantity as well as curing age used for different test methods.

2.4. Testing procedure

Three types of tests were conducted to investigate the self-healing and strength characteristics of all mixes. The UPV and
self-healing tests were performed to evaluate the self-healing efficiency of concrete. Compression and flexural tests were
used to determine the strength characteristics of the concrete mixes.

2.4.1. Compression test
After 14 and 28 days of curing, to determine the compressive strength of concrete, three cylinders from each mix were

tested as per the procedure defined in ASTM C39 [33]. Uniaxial compression testing machine was used to test the cylinders
Fig. 3. Center-point loading arrangement for the flexural test.
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and the peak load was recorded at the time of failure. The loading rate was used within the range specified by the standard.
14 and 28 day cured samples were used to investigate the change in compressive strength with curing time.

2.4.2. Flexural test
Prismatic beams of size 355 � 101 �101 mm were tested at 28 days by using center point loading test as per ASTM

C293-16 [34], to determine the flexural strength of both concrete mixes. A span of 304.8 mm (12”) was used over the
supports. The universal testing machine was used to test the beams for flexural and peak load was recorded at the point of
failure. Fig. 3 shows the arrangement for the flexural test of concrete using center point loading method. The modulus of
rupture was calculated using the formula below:
R ¼ 3PL

2bd2
ð1Þ
Where R = modulus of rupture (MPa), P = maximum applied load indicated by the testing machine (N), L = span length (mm),
b = average width of the specimen at the fracture (mm), d = average depth of specimen at the fracture (mm). By substituting
appropriate values, Eq. (1) reduces to R = 0.000435 P.

2.4.3. Water permeability test
Fig. 4 shows the testing arrangement used for the permeability test. The test was performed for all mixes using DIN-1048-

Part 5 standard [35]. Six specimens from each mix were subjected to 0.5 MPa water pressure for three days (72 h). Prior to
testing, the surface of the sample subjected to water pressure was roughened by wire brushing as recommended by the
standard. The specimens were mounted on the rubber gasket with a 100 mm diameter to avoid any leakage during testing.
After the testing was finished, the samples were split into two halves from the middle, perpendicular to the water injected
surface by using the compression testing machine. The water penetration depth was marked for broken samples and
measured immediately.

Assuming the flow of water through concrete pores is laminar and stationary, the coefficient of permeability can be
calculated using Darcy’s law [36] as follows:
dx
dt

¼ Kw
h
x
  ð2Þ
Where x is the depth of water penetration in meters, t is the time for the test in sec, h is the water pressure head and Kw is the
water permeability coefficient. The Kw can be figured out by integrating Eq. (2) to yield Eq. (3):
Kw ¼ x2t
2ht

ð3Þ
Where xt is the penetration depth at time t. Since the water flow is unsteady and associated with the sorptivity, it is more
reasonable to use average depth instead of maximum penetration depth to calculate Kw [5,36]. The xavg was calculated by
first measuring the wet area (Aw) and maximum width (Wmax) of the wetted region by using imageJ software as shown in
Fig. 5. The xavg was calculated as an average of Aw divided by wmax for each half of the tested sample.

2.4.4. Ultrasonic pulse velocity (UPV) test
The UPV test is a very sensitive indicator of the presence of damage (cracks/flaws) in concrete when performed under

laboratory conditions [37]. Ariffin et al. [38], Bahrin et al. [39] and Sarkar et al. [40] also used the UPV test to evaluate the self-
healing performance of mortars. UPV test was used to determine the internal healing of cracks. The UPV test was performed
on samples as per C597-16 [41]. The longitudinal stress wave is propagated through the concrete samples and time required
to travel the wave across the diameter of the cylinder was recorded. The travel time of the wave varies as a function of the
density of the material, allowing the estimation of the discontinuities in the samples.
Fig. 4. Permeability test arrangement.



Fig. 5. Method to calculate the average width (xavg) in the wetted region.

Fig. 6. Crack Inducing Mechanism.
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The specimens prepared to monitor self-healing using UPV were pre-cracked after 28 days of curing. Cracks were induced
in the cylinders by using a standard crack inducing jig (SCIJ) [32] shown in Fig. 6. This jig uses the V shaped cutting edges that
act as stress concentrators. The cylinder was assembled inside the jig and the compression machine was used to subject
compressive loading till visible cracks appeared on the surface of the cylinder. The pre-cracked specimens were allowed to
cure in water to allow any self-healing.

The UPV test was performed on the uncracked and pre-cracked samples at the age of 28 days, followed by 21 days of
healing. Figs. 7 and 8 shows the sequence and arrangement for the UPV test respectively. The device consists of two
transducers one to transmit the ultrasonic wave and the other to receive it. Both transducers were connected with the
surface of the cylinder and time required to travel the sound wave perpendicular to the crack direction (across the crack) as
shown in Fig. 7 was recorded with a precision of at least 0.1 ms. The coupling gel was applied on the surface to get a better
contact area, required for accurate results. The test was performed at a frequency of 150 kHz. The velocity of the ultrasonic
wave was calculated using the Eq. (4):

V = D/T (4)

D = diameter of the sample, 100 mm, T = Time required to travel the distance, D.

2.4.5. Self-healing test
The self-healing test was performed by using the innovative technique developed by Gupta et al. [32]. The cylinders of

F100 x 200 mm size were cracked using SCIJ [32]. Pejman et al. [5] also used the same method to evaluate the self-healing
efficiency of concrete cylinders. The cylinders were cured in ambient temperature prior to cracking. After cracking, surface
crack width of each cylinder was measured on top and bottom of the surfaces by using optical crack-detection-microscope at
six equal distance points along the crack: three along the top face and three along the bottom face. All readings were



Fig. 7. Sequence of UPV test to evaluate self-healing efficiency of concrete cylinders.

Fig. 8. UPV Test Arrangement.
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averaged to calculate the average width of the crack for a cylinder. The cracked cylinders were inserted into special
rubber sleeves and sealed using silicon sealant and epoxy resin to make sure water only passes through the crack during the
self-healing test. The one end of the cylinder with rubber sleeves was exposed to a constant water head of 1.7 m. The flow of
water through the crack of the cylinder was collected in a water container and measured at frequent intervals. Fig. 9 shows
the self-healing test arrangement for concrete cylinders.

3. Results and discussion

3.1. Slump and compressive strength

The slump values of 75 mm and 35 mm were observed for the Cxx and 0.5Cxx mix respectively. A 53.3 % decrease in the
slump was observed for 0.5Cxx when compared to Cxx. The decrease in the slump is due to fact that cellulose fibers are
hydrophilic and they tend to soak most of the water during mixing (about 85 % of their weight).



Fig. 9. Self-healing test arrangement for concrete cylinders.

Table 4
Compressive strength test results for concrete.

Mix Design 14 days Compressive Strength (f’c) (MPa) 28 days Compressive Strength (f’c) (MPa)

Individual Average � STDV Individual Average � STDV

Cxx 47.62 48.11 � 2.16 48.71 48.52 � 0.9
50.97 49.52
45.74 47.34

0.5Cxx 30.96 30.12 � 0.63 37.53 36.21 � 0.99
29.97 35.96
29.43 35.15
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Table 4 shows the average compressive strength (f’c) of each mix along with averages and standard deviation values for 14
and 28 days cured samples.

The data in Table 4 was analyzed for the % change in compressive strength of CeFRC from control concrete. The % change in
compressive strength for 14 and 28 days cured mixes is shown in Fig. 10. A decrease in compressive strength of 37.39 % and
25.59 % is noticed with addition of 0.5 % fibers after 14 and 28 days of curing respectively. The decrease in compressive
strength is possibly attributed to loss of workability of concrete when 0.5 % by volume cellulose fibers are added, which
causes lower compaction of concrete samples. However, a lower reduction in compressive strength is observed for 28 days
cured samples as compared to 14 days cured samples because at longer age cellulose fibers act as a water reservoir that helps
to improve the hydration of unreacted cement particles by means of internal curing. This internal curing in fiber concrete
somehow compensates for the loss of f’c.
Fig. 10. Effect of fiber addition on 14 and 28 days compressive strength.



Table 5
Flexural strength test results for concrete.

Mix Design 28 days Flexural Strength (MPa) 28 days Maximum Mid-Span Deflection (mm)

Individual Average � STDV Individual Average � STDV

Cxx 5.60 5.62 � 0.03 1.33 1.51 � 0.18
5.60 1.43
5.67 1.76

0.5Cxx 5.97 6.06 � 0.09 1.767 2.18 � 0.32
6.02 2.22
6.19 2.56
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3.2. Flexural strength

Table 5 shows the average flexural strength and corresponding maximum deflection for each mix along with averages and
standard deviation values for 28 days cured samples when tested in the form of beams under center point loading
configuration.

The data in Table 5 were analyzed for the % change in flexural strength of CeFRC from normal concrete. Even though the f’c
of this mix is lower the addition of cellulose fibers results in a 7.84 % increase in flexural strength of normal concrete. A
considerable increase in the maximum deflection at the time of failure is also observed, which indicates cellulose fiber has a
good bond strength with the concrete matrix and able to transfer load under tensile forces. Additionally, cellulose fiber has a
significantly higher tensile strength (750 MPa) as compared to normal concrete (5 MPa), which also leads to an increase in
flexural strength of concrete with the fiber addition.

3.3. Water permeability test

The permeability test was conducted on the samples based on DIN 1048. The penetration depth of samples that deviated
more than 20 % of the mean value of six samples were removed from the results. Figs. 11 and 12 shows the maximum and
average penetration depths respectively for both concrete mixes.

Hedegaard and Hansen [42] explained in their study that for all practical purposes concrete is considered as watertight
when the maximum penetration depth is less than 50 mm (2 inch). Both mixes indicated less than 50 mm maximum
penetration depths which ranges from 24.11 mm to 28.33 mm for control mix and 17.57 mm–21.54 mm for CeFRC. The
addition of fibers significantly reduced the maximum and average water penetration depth for concrete. Figs. 11 and 12
exhibits that addition of fiber results in a 24 % and 23.4 % reduction in maximum and average water penetration depth
respectively. Also, when results are compared for maximum and average values of penetration depths, it was observed that
standard deviation was lower for the average penetration depths, demonstrating average depth is more reliable than
maximum depth.

Coefficient of permeability was also calculated using Eq. (3) based on DIN 1048 test results. Figs. 13 and 14 shows the
permeability coefficient calculated based on maximum and average penetration depths respectively. Again, it can be
observed that the addition of fibers resulted in a decrease in permeability coefficient by 42 % and 41 % calculated based on
maximum and average penetration depths respectively. Considerable decrease in the penetration depths and coefficient of
permeability indicates the effectiveness of cellulose fibers for waterproofing purposes in concrete.
Fig. 11. Maximum water penetration depth based on DIN 1048 test results.



Fig. 12. Average water penetration depth based on DIN 1048 test results.

Fig. 13. Coefficient of permeability using maximum depth based on DIN 1048 test results.

Fig. 14. Coefficient of permeability using average depth based on DIN 1048 test resultsSelf-Healing Based on UPV Test.
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The self-healing potential of both concrete mixes was investigated by the UPV test. The UPV technique used to evaluate
self-healing is the same as used by Ariffin et al. [38], Bahrin et al. [39] and Sarkar et al. [40]. The UPV time was recorded for
uncracked, pre-cracked and 21 days healed concrete cylinders across the crack to study any interior healing of the cracks. It
should be noted that crack characteristics such as width and length can also be measured on the surface, but this may not
necessarily capture the tortuosity of cracks in the 3rd dimension (through the depth) of the specimen. For each sample, test
was performed at three locations of the cylinder; top, middle and bottom, and repeated at least three times for each location.
Data were presented as average � standard deviation. Table 6 shows the UPV results for all concrete mixes uncracked and



Table 6
UPV results for samples pre-cracked at 28 days.

Mix design Sample name UPV (Km/s) � STDV) Damaged degree,
D = 1-(Vp/V0)

Self healing ratio
SH = (V21-Vp)/Vp

28 days uncracked (V0) 28 days pre -cracked (Vp) 21 days healed

Cxx C1 Top 5.08 � 0 1.63 � 0.01 2.79 � 0.03 0.68 0.71
C1 Middle 5.13 � 0.02 1.51 � 0 2.66 � 0.02 0.71 0.77
C1 Bottom 5.18 � 0 1.87 � 0.16 2.91 � 0.01 0.64 0.55
C2 Top 5.14 � 0.04 2.13 � 0.12 3.67 � 0.02 0.59 0.72
C2 Middle 5.08 � 0.01 2.99 � 0.11 4.06 � 0.36 0.41 0.36
C2 Bottom 5.13 � 0.03 1.41 � 0.06 2.85 � 0 0.72 1.02
C3 Top 5.15 � 0 2.16 � 0.04 2.47 � 0 0.58 0.14
C3 Middle 5.13 � 0.02 1.27 � 0.07 2.39 � 0.03 0.75 0.89
C3 Bottom 5.13 � 0.03 2.15 � 0.02 2.85 � 0 0.58 0.32

0.5Cxx 0.5C1 Top 4.96 � 0.01 0.61 � 0.13 4.64 � 0.01 0.88 6.64
0.5C1 Middle 4.75 � 0.01 1.5 � 0.01 4.59 � 0.01 0.68 2.06
0.5C1 Bottom 4.91 � 0.01 1.19 � 0.05 4.57 � 0.01 0.76 2.84
0.5C2 Top 4.93 � 0 1.77 � 0.13 4.94 � 0.01 0.64 1.79
0.5C2 Middle 4.84 � 0.03 1.75 � 0.08 3.03 � 0.08 0.64 0.73
0.5C2 Bottom 4.85 � 0.02 1.46 � 0.07 2.5 � 0.02 0.70 0.72
0.5C3 Top 4.93 � 0.01 0.79 � 0 4.77 � 0.08 0.84 5.08
0.5C3 Middle 4.82 � 0.01 1.42 � 0 2.73 � 0.02 0.71 0.93
0.5C3 Bottom 4.83 � 0 1.11 � 0.01 4.41 � 0.02 0.77 2.96
0.5C4 Top 4.93 � 0.01 1.79 � 0.09 4.83 � 0 0.64 1.70
0.5C4 Middle 4.78 � 0.01 1.99 � 0.06 4.39 � 0.25 0.58 1.21
0.5C4 Bottom 4.83 � 0.02 1.83 � 0.02 3.79 � 0.09 0.62 1.07
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pre-cracked at 28 days. Same as done by Zhong and Yao [43], the microstructure changes in concrete are inferred from the
decrease of UPV by introducing a damaged degree defined as:
D ¼ 1 � Vp

V0
ð5Þ
Where D is the damage degree of the concrete, Vp is UPV of the pre-cracked sample, and V0 is the UPV of an uncracked sample.
A self-healing ratio of concrete, SH, that incorporates UPV after 21 days of self-healing and pre-cracked sample can be

introduced as:
SH ¼ ðV21 � VpÞ
Vp

ð6Þ
Where V21 is the UPV after 21 days of self-healing, and Vp is the UPV of pre-cracked sample.
Mixes were compared based on the damaged degree instead of crack widths because induced cracks have varying widths

and depths as explained earlier. Based on the availability and distribution of results, the data were averaged for damaged
degree between 0.6–0.7 only for both mixes. Fig. 15 shows the curing days vs UPV relation and SH for 28 days aged
pre-cracked samples for D between 0.6–0.7 for both mixes.

Zhong and Yao [43] explained in their study that the UPV of concrete is a combined effect of the matrix, microcracks, and
macrocracks, which could be represented as:
Vc ¼ 1
i1
V1 þ i2

V2 þ i3
V3

ð7Þ
Fig. 15. UPV at different days of curing and SH for both mixes (D = 0.6 to 0.7) cracked at 28 days.
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Where Vc is the UPV of concrete, i1, i2, i3 and V1, V2, V3 are the volume fraction and UPV of the matrix, microcracks, and
macrocracks respectively. V1 is a function of elastic modulus, Poisson’s ratio, inner friction angle and material fraction
toughness of the matrix. V2 can be expressed as a function of microcracks parameters such as half length, shape ratio
and density of microcracks. Whereas, V3 for macrocracks is ultrasonic wave velocity in the air (340 m/s). Increase of elastic
modulus and material fracture toughness results in the increase of V1, while the increase of density of microcracks leads to
decrease of V2.

UPV is mostly influenced by V1 for uncracked samples and it is close to the intact concrete matrix due to less volume of
microcracks in the uncracked sample. Once the concrete is cracked, the uncracked matrix volume i1 decreases greatly, while
i2 and i3increase consistently. Cracking of concrete results in the rise of microcracks density that leads to a decrease of V2,
thus UPV of cracked concrete decreases greatly. Once the cracked samples are cured in water for self-healing, re-hydration
products of unreacted cement particles crystallized inside the cracks that result in a decrease of i2 and i3. The crystallization
also changes the inner microcracks and porous structure that results in an increase of V2, thus UPV of self-healed concrete is
expected to increase.

From Fig. 15, it appears that the presence of fibers decreases the UPV slightly for uncracked samples. This is expected as
UPV through cellulose is lower than concrete. Cracking decreases the UPV for both mixes which indicates the discontinuity
due to cracking. It can be observed that curing time results in an increase in UPV for both mixes which indicates the
autogenous healing process working well inside the cracks. CeFRC results in 48.7 % higher UPV than normal concrete after
21 days of healing that indicates an enhancement of autogenous self-healing due to the addition of fibers for D between
0.6–0.7.

It can also be observed that controlled and only fiber mortar samples showed a SH of 0.62 and 1.46 respectively. This can
be attributed due to continued hydration process of unhydrated cement particles and precipitation of calcium carbonate due
to carbonation of calcium hydroxide, one of the major hydration products of cement. Fiber concrete results in more SH as
compared to control concrete indicating that cellulose fiber are effective in improvement of autogenous healing of concrete
because they have the tendency to absorb water up to 85 % of their weight and act as a water reservoir inside the concrete
matrix for improved internal curing.

Fig. 16 represents the relation between damaged degree and self-healing ratio for samples pre-cracked at the age of 28
days. It appears that SH is nearly dependent on the damaged degree. It can be observed that SH is increased as D increases for
both mixes. CeFRC shows higher SH than normal mix for all damaged degrees, indicates the effectiveness of cellulose fiber
addition on the autogenous healing of concrete. However, a significantly larger SH at higher damaged degree was observed in
CeFRC than normal concrete. This is because higher D results in more availability of water through microcracks and
availability of cellulose fibers inside the crack improves the bridging of new hydration products across the cracks. However,
the new hydration products in normal concrete are not able to bridge the crack at higher damaged degree that results in
lower SH as compared to CeFRC.

3.4. Self-healing test results

The surface crack width, theoretical crack width, initial flow rate and healing ratio of three cylinders for both concrete
mixes are represented in Table 7. The effect of healing was calculated by introducing a healing ratio (HR) parameter as shown
below [5,44]:
Healing Ratio ¼ 1 � Final f low
Initial f low

¼ 1 � qF
q0

> 0 ð8Þ
Fig. 16. D and SH relations of samples pre-cracked at 28 days.



Table 7
Measured crack width, theoretical crack width, initial flow and healing ratio of concrete mixes.

Sample ID Surface crack width (mm) Theoretical crack width
from equation (10) (mm)

Real initial flow
q0 (lit/min)

Healing ratio
(HR)

Top Bottom Average

Control C5 0.7 0.2 0.45 0.578 0.35 0.34 0.765
C6 0.43 1.3 0.865 0.48 0.86 0.628
C7 0.33 0.51 0.42 0.36 0.36 0.806

CeFRC 0.5C5 0.43 0.34 0.385 0.703 0.21 0.07 0.857
0.5C6 1.25 0.54 0.895 0.52 1.11 0.459
0.5C7 0.73 0.93 0.83 0.46 0.75 0.76

Fig. 17. Healing ratio vs Time for both concrete mixes.
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Where q0 is the initial water flow (lit/min) and qF is the final water flow measured after a healing period of 28 days. Edvardsen
proposed a model to determine the relation between crack width and the water flow passing through the crack [45]. The
model is shown in Eq. (9).
q0
litres
hour

� �
¼ 740  � I � CW3

avg � Kt ð9Þ
Where q0 is the initial water leakage per meter visible crack length (lit/h); I is the hydraulic gradient, m of water head/m;
CWavg is the average crack width at the surface (mm); kt is factor comprising different water temperature (kt = 1 for water at
20 �C with viscosity of 1 mm2/s). This expression can be modified to the parameters of this study by changing the crack length
(considered 75 mm, as some part of crack covered with sealant) and other units and can be re-written as shown in Eq. (10).
q0
litres
min

� �
¼ 740  � 1:7

0:2
� CW3

avg � 1 � 0:075 � 1
60

¼ 7:863CW3
avg  CWavg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0=7:863

3
q

  ð10Þ
The theoretical surface crack width of all samples was calculated from Eq. (10) by using the initial flow rate of water.
Samples with almost similar actual and theoretical crack width in Table 7 were compared for healing ratio. Table 7 shows the
initial flow rate increases with the crack width and samples with smaller crack width exhibits the higher healing ratio as
compared to wider cracks for both mixes. The smaller crack width samples demonstrate a higher healing ratio because
hydration products have more tendency to bridge the crack with a smaller width as compared to wider cracks. Specimen C6
with actual surface crack width of 0.865 mm and theoretical crack width of 0.48 mm was compared with averaged actual and
theoretical crack width for 0.5C6 and 0.5C7, 0.8625 mm and 0.49 mm respectively. It can be observed that CeFRC exhibits a
slightly less average healing ratio of 0.609 as compared to 0.628 of normal concrete for crack width of 0.86 mm after 28 days
of the healing period.

Fig. 17 shows the relationship between healing ratio and time for both concrete mixes. It can be observed healing ratio
increased with time of healing for both mixtures. However, cellulose fiber concrete exhibits a higher rate of healing in the
initial 8 days, followed by a moderately higher healing rate from day 8–20 as compared to control concrete. After 20 days,
both mixes demonstrate almost similar healing rate.

Authors hypothesize that rapid healing rate of CeFRC in the initial healing period can be improved by using other self-
healing ingredients in concrete like crystallize admixtures, bacterial and capsule-based ingredients, etc.

4. Conclusions
1 
0.5 % volume fraction of cellulose fibers results in a decrease in compressive strength of control concrete due to
replacement of part of concrete matrix with cellulose fibers that leads to lower workability and compaction of concrete.
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2 
Cellulose fiber results in an increase in flexural strength of normal concrete by 7.84 % and a considerable increase in
maximum deflection are also observed. This indicates good fiber bond and their suitability for use as a reinforcement in
concrete.
3 
Concrete with cellulose fibers had a 24 % lower water penetration depth and 42 % lower coefficient of permeability
compared to control concrete, indicated the improvement in water tightness of concrete. Average water penetration
depths seemed to be a better option to calculate the coefficient of permeability as compared to maximum penetration
depths.
4 
Cellulose fiber act as a water reservoir and result in better internal curing of concrete. A higher SH and 48.7 % higher UPV
velocity were observed in CeFRC as compared to normal concrete after 21 days of self-healing with damaged degree
between 0.6 to 0.7, indicates improvement of autogenous healing of concrete due to the addition of cellulose fiber.
5 
Self-healing ratio of CeFRC increases significantly than normal concrete at higher damaged degree because fibers inside
the crack improve the bridging of new hydration products across the cracks at higher damaged degree, which is not
possible in normal concrete.
6 
CeFRC has a rapid healing rate in the initial days as compared to normal concrete and this property can be enhanced by
using with other self-healing concrete ingredients like crystalline admixtures, bacteria and capsule-based ingredients, etc.
to improve the self-healing efficiency of concrete.
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