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Abstract: Kevlar and carbon fibres and fabrics have won a leading place in the structure market,
although such materials are not cheap, and are increasingly used for reinforcing and strengthening
structural elements in the civil engineering, automotive, aerospace and military industries, due to
their superior mechanical properties, especially in terms of strength. The mechanical characteristics of
such composite materials must be known in order to numerically simulate the mechanical behaviour
of such structures in terms of the distribution of stresses and strains. It has also become a necessity to
understand the effects of reinforcement with both types of fibres (carbon fibres and Kevlar fibres)
on the mechanical properties, especially on the impact properties of such composites. This review
aims to expose the main advantages and disadvantages of the hybridization of carbon and Kevlar
fibres. For this reason, an overview is presented concerning the main characteristics (tensile strength,
flexural strength, impact strength, coefficient of thermal expansion and so on) for carbon and Kevlar
fibres and also for hybrid Kevlar—carbon composite materials to aid in the design of such hybrid
composite materials. Finally, some civil construction rehabilitation and consolidation applications of
the composites reinforced with carbon fibre, Kevlar fibre or with hybrid Kevlar—carbon fabrics are
highlighted in the last part of the paper.

Keywords: hybrid composite; carbon fibre; Kevlar fibre; beams strengthened; mechanical properties

1. Introduction

Nowadays, hybrid composite materials are used in many engineering applications
due to their versatile properties such as low weight, strength to weight ratio, low cost, ease
of structural development and high strength. For example, the automobile industry utilizes
composites and hybrid composites in many interior and exterior applications [1].

The term “hybrid composite materials” refers to those composite materials which
contain either different layers (each layer being reinforced with other types of fibres) or
layers reinforced with hybrid fabrics made of two different types of fibres. Over the
past few years, there has been continuous improvement in the performance of hybrid
composite materials. Interest in hybridizing the materials in the composites into a common
matrix has been growing since 2000 [2,3]. The evolution of hybrid composites has changed
the way researchers look at composite materials, because those materials are capable of
forecasting the mechanical properties that are similar to the properties of other conventional
materials and sometimes more than that [4]. The research that has been carried out has
discovered that the behaviour of hybrid composite materials seems to simply be the sum of
the individual components’ properties, which are controlled by factors such as the nature of
the matrix, fibre length, chemical composition of the reinforcements, fibre-matrix interface
and hybrid design. In other words, through the careful selection of the reinforcement fibres
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and manufacturing technology, it is possible to meet various performance standards and
requirements of such composites, with economic benefits [2-10].

Composite materials reinforced with Kevlar—carbon hybrid fabrics are a good example
of high-performance properties in terms of strength-to-weight and stiffness-to-weight
ratios, making them more practical for load-bearing applications in all industries. These
lightweight hybrid composite materials may be exposed to low-velocity impact loadings
during manufacture, normal operation and so on [7,11].

Aramid fibres, which include Kevlar fibres, are synthetic and manufactured on an
industrial level because they require high-level technology, and are characterized by their
high modulus of elasticity. In this study, it is shown that certain types of Kevlar fibre
have a tensile strength comparable to carbon fibres. Compared to glass fibre and carbon
fibre, which are the two most common types of fibre used as reinforcement fibres for
composite materials, Kevlar fibre has a modulus of elasticity higher than that of glass
fibres, but lower than that corresponding to carbon fibre. It has also been shown that
the density of Kevlar fibre is lower than the densities corresponding to glass fibres and
carbon fibres. Characterized by high performance, composite materials reinforced with
Kevlar fibre are used in applications in different fields (aerospace, automotive, defence
industry, medical) where it is necessary to ensure lightweight materials with good impact
performance and also in applications where high strength, high stiffness and fatigue
strength are also important [12-14]. It is also necessary to mention the high sensitivity
of Kevlar fibres to humidity and ultraviolet (UV) rays, which leads to a decrease in the
mechanical characteristics [15,16].

The main characteristics of the carbon fibres are the following: high stiffness-to-weight
ratio, high strength-to-weight ratio, good corrosion resistance, electricity conduction and
high melting temperature. Due to their high performance, there are many applications
of composite materials reinforced with carbon fibre in different industries (aerospace,
automotive, civil engineering), for which the lightweight materials are required [17-24].

Both types of fibre are characterized by high mechanical performance, so combining
carbon fibre and Kevlar fibre in the same reinforcing material would lead to hybrid compos-
ite materials, which can be used in applications where structures with reduced thickness,
low weight and high strength are needed. Moreover, the hybridization of carbon fibre
and Kevlar fibre combines the advantages of the two types of fibre, and simultaneously
mitigates their less desirable disadvantages [25-27].

However, based upon recent studies, it was concluded that the hybridization of carbon
fibre with Kevlar fibre improves the mechanical behaviour of such hybrid composite
materials in impact loading and reduces the post-impact strength losses in comparison
with the carbon/epoxy composites [28-30].

The literature review shows that similar review papers published, with a similar
topic, usually focus on one of the following research areas: manufacturing properties and
applications of the carbon fibres and their composites [31-34]; properties and applications
of aramid fibres and their composites including Kevlar fibres [12,35]; mechanical properties
of hybrid composites [36]; strengthening of timber structural members with carbon- or
glass-reinforced polymers [37,38]; strengthening of concrete structures with fibre-reinforced
polymer composites [39-41]. Considering the papers published in the literature in recent
years, addressing the applications of composite materials for the strengthening of differ-
ent structural elements in building engineering (concrete and wooden beams, ballistic
protection panels), it can be observed that most of the research which has focused on
such applications use carbon fibres or Kevlar fibres or Kevlar-carbon hybrid fabrics. In
this context, compared to other similar reviews, this review paper presents the present
state-of-the-art beginning with the properties of carbon fibres and Kevlar fibres, continuing
with their hybrid fabric forms and properties of Kevlar—carbon composites and ending
with a review of the research in the field of civil structural elements (wood and concrete
beams) strengthened with such fibres and composite materials. In addition, the effects
of the hybridization of the carbon and Kevlar fibres in different hybrid Kevlar—carbon
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composite structures is also discussed by comparing their mechanical properties with ones
of similar composite structures reinforced either with carbon fibres or with Kevlar fibres.

Taking into account the large-scale application of carbon and Kevlar fibres in the
manufacturing of structural elements in civil engineering, researchers interested in this field
need to be familiar with the main properties, advantages and disadvantages of such types
of fibres and also the advantages of Kevlar—carbon hybrid composites for the perspective
of developing of new structural elements. For example, to safely reinforce the structural
elements, researchers and readers must know how sensitive Kevlar fibres are to the effects
of heating rates or water absorption.

This paper presents a review on the main characteristics (mechanical properties in
tensile, bending and impact tests; thermal properties; water absorption) of carbon fibres,
Kevlar fibres, and also of Kevlar—carbon hybrid composites, in order to provide the refer-
ences required for the research areas connected with such materials. The main purpose is
to show the potential of carbon composites, Kevlar composites and Kevlar—carbon hybrid
composite materials in order to use them for structural applications in civil engineering,
based on their advantages concerning their high strength, stiffness and impact properties.
For this purpose, this review intends to provide a summary of the main properties of the car-
bon and Kevlar fibres and of their composite materials, which make them recommendable
for improvements in the strength and stiffness of structural elements.

The study of the state-of-the-art in the field of structural applications as strengthen-
ing elements for beams in civil engineering intends to provide the scientific background
required for a future perspective regarding the development of new structural elements.

2. Properties of Kevlar Fibres
2.1. Mechanical Properties of Kevlar Fibres

After a review of the literature in the field of Kevlar, in Table 1, the tensile properties of
the most common types of Kevlar fibres are summarized, which can be found on the market.

Table 1. Tensile properties for different Kevlar fibres.

Young's Tensile Extension

Fibre Modulus P01ss'o.n S Strength to Break Density
Name E Coefficient ot . P , References
(GPa) v (GPa) (%) (g/em’)
Kevlar29 70 0.37 29 4.0 1.44
Kevlar49 135 0.36 29 2.8 1.45
Kevlar100 60 - 29 3.9 1.44
Kevlar119 55 - 3.1 44 1.44 [42-44]
Kevlar129 99 - 34 3.3 1.45
Kevlar149 143 0.30 2.3 1.5 147
KevlarKM2 85 0.24 3.8 45 1.44

Analysing the data shown in Table 1, it can be noted that the density and the tensile
strength vary within narrow ranges of values for all analysed Kevlar fibres while there are
significant differences between the values of Young’s modulus.

2.2. Thermal Properties of Kevlar Fibres

In their paper, Li et al. [45] analysed the thermal degradation of Kevlar fibres in air
and nitrogen by high-resolution thermo-gravimetric (TG) analysis. The technique, based
on the principle that the maximum weight loss rate is determined for the minimum heating
rate, provided thermal degradation results which were in excellent agreement with the
values determined by traditional TG experiments. Kunugi et al. [46], from the experiments
performed in their study, also concluded that the thermal degradation of Kevlar fibres
begins at about 450 °C. In Table 2, the reported values in the literature are shown for the
characteristics regarding the thermal degradation of Kevlar fibres.
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Table 2. Characteristics of thermal degradation of Kevlar fibres.
Heatin Degradation Rate Temperatu.re: of W(.elght Reductl.o-n
Fibre g (%/min) Decomposition (Until Decomposition)
Name Rate. Q) (%) Reference
(°C/min) : - - . . -
Air Nitrogen Air Nitrogen Air Nitrogen
Kevlar variable 8.2 35 521.0 546.0 8 6 [45]
Kevlar29 20 26.0 21.0 449.1 480.0 9 8 [47]
Kevlar49 20 27.0 22.0 451.0 474.7 9 8 [47]
Kevlar49 10 - - 482.0 538.0 9 8 [16]
Kevlar129 20 28.0 23.0 437.1 464.2 8 7 [47]

Kevlar fibres subjected to high temperatures demonstrate a different behaviour in
the axial and transverse directions, showing a very small negative coefficient of thermal
expansion (CTE) in the longitudinal direction of the fibres and a positive CTE in the
transverse plane. Rojstaczer et al. [48] have also demonstrated that the values obtained
for CTE of Kevlar49 fibres are positive in the transverse direction and negative in the axial
direction. These values of CTE are provided in Table 3 along with the values of CTE from
the one other reference [16].

Table 3. Coefficient of thermal expansion for Kevlar fibres.
Temperature Coefficient of "l:l;e:‘mﬂ Expansion
Fibre Name Range (x107°°C™1) Reference
€0 Longitudinal Transverse

Kevlar29 25-150 —4.0 - [16]

Kevlar49 25-150 —4.0 - [16]

Kevlar49 20-80 —5.7 66.3 [48]

2.3. Impact Properties of Kevlar Fibres

Kevlar fibres are known as materials with very good impact strength. Kevlar fibres
absorb a large amount of strain energy on impact and, as a result, are used for the manufac-
turing of ballistic protection panels and military protective equipment (bullet-proof vests,
helmets, tactical gloves).

Friction between the filaments is considered one of the most important parameters for
characterizing the ballistic performance of Kevlar fabrics. Friction between yarns (yarn-to-
yarn friction) is generally evaluated by yarn pull-out force and is associated with impact
strength. In their study, Dixit et al. [49] showed that the impact energy absorption of Kevlar
fabric is approximately 103 J while the yarn pull-out force is about 20 N.

2.4. Influence of Water Absorption on Kevlar Fibres

Table 4 shows the effects of water absorption on both Young’s modulus and the tensile

strength for three types of Kevlar fibres (Kevlar29, Kevlar49 and Kevlar149).
Table 4. The influence of water absorption on the mechanical properties of Kevlar fibres.
Mechanical Properties for Mechanical Properties Water Absorption
Dried Fibres at Saturation at Saturation
Fibre Young’s Tensile Young’s Tensile Reference
Name Modulus Strength Modulus Strength (%)
E ot E ot °
(GPa) (GPa) (GPa) (GPa)

Kevlar29 70 29 64.0 248 53
Kevlar49 135 29 69.8 1.81 43 [15]
Kevlar149 143 2.3 100.2 1.69 2.1
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It can be seen that water absorption leads to a decrease of 14.5-37.6% in tensile strength
compared to the value obtained for specimens tested before immersion in water. After
saturation, the Young’s modulus is 8.6% smaller than the one obtained for the dried
specimen for Kevlar29, while the water absorption at saturation was the highest. On
the other hand, for Kevlar49 and Kevlar149 fibres, it is found that after saturation with
water, the Young’s modulus is 48.3% and 29.9% lower than the value recorded for the
dry specimens.

For Kevlar29 fibres, the decrease in both the fibre strength and Young’s modulus is
smaller, although these absorbed more water.

2.5. Effects of Ultraviolet (UIV) Light on Kevlar Fibres

It is well known from the literature [16,42,50], that, like other polymeric materials,
Kevlar fibres are sensitive to UV light. Upon exposure, the yellow or gold Kevlar fibres
turn firstly orange and then brown because of their degradation. The degradation of Kevlar
fibres occurs only in the presence of oxygen and is not affected by other atmospheric
contaminants. In his research, Mustafa [50] showed that if the Kevlar fabric is thicker, it is
more protected, as the outer fibres form a protective barrier covering the inner fibres in a
filament or fabric bundle. Another solution for UV protection is the dense packing of the
fibre itself, with or without a matrix.

Considering that the UV stability of Kevlar fibres increases with their size (i.e., with
the number of deniers for a yarn, with the thickness of the fabric or the diameter of a rope),
Table 5 summarizes the data regarding the degradation of tensile strength for different
sizes of Kevlar fibres, related to the exposure time to UV light.

Table 5. Effect of UV (ultraviolet) light on tensile strength of Kevlar fibres.

Fibre Size UV Ray Exposure Tensile Strength Loss Reference
(Deniers) ! (h) (%)
1500 65
3000 450 45 [16]
4500 35

! Property unique to the fibre industries used to describe the fineness (and, conversely, the cross-sectional
area) of individual filaments, thread, yarn, etc. It is defined as the weight expressed in grams, for 9000 m of a
single filament.

2.6. Commercial Forms for Kevlar Fibres and Products

There are numerous commercial forms of products made of Kevlar fibres available
in the market of building materials, as illustrated in Figure 1. The main types of Kevlar
products include: short fibres or flock, continuous filament yarns, roving, woven fabrics.

In Figure la-c, three types of Kevlar short fibres (a brand for aramid fibres) are
represented. These fibres are mainly used to reinforce different composite materials,
typically dedicated for parts subjected to friction because it has been proven that the
addition of aramid fibres leads to an improvement in the friction coefficient [51]. Kevlar
short fibres are also recommended for ballistic applications such as armour made of high-
density polyethylene (HDPE) reinforced with Kevlar short fibres [52]. It was shown that
the additional reinforcement of the composite materials with Kevlar short fibres based on
HDPE reinforced with wood flour leads to a significant increase in impact strength [53].

Table 6 summarizes the main properties of Kevlar short fibres.

In Figure 1d—f, some products made of continuous filaments of Kevlar fibres are shown.

Kevlar spun yarns can be either knitted or woven into various products. Continuous
filaments of Kevlar fibres are the primary source for protective clothing in the ballistics
industry and these can be woven into plain fabric (Figure 1g), twill fabric (Figure 1h) and
satin weave fabric (Figure 1i).
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Plain weave fabric (Figure 1g) is the most common textile which can be found on the
market. In the plain weave fabric, each warp thread alternately passes over and under each
weft thread.

In a twill weave fabric (Figure 1h), one or more warp threads are alternately woven,
over and under two or more weft fibres in a regular and repeated sequence, forming a
pattern of distinct diagonal lines. The main advantage of twill weave fabric is that, due
to reduced wrinkling, the cloth has a flat surface and better mechanical properties than
plain fabric.

A Kevlar satin weave (Figure 1i) is a typical type of fabric, with a glossy top surface
and a dull back. It is not as durable as either plain or twill weave fabric.

(h)

KEVLARFIBRESAND
PRODUCTS FORMS

(e) ()

Figure 1. Kevlar fibre and product forms: (a) flock fibres; (b) short fibres; (c) pulp fibres; (d) spun
yarn; (e) braided tape; (f) filament fibres; (g) plain fabric; (h) twill fabric and (i) satin fabric.

Table 6. Properties of Kevlar short fibres.

Fibre Length Colour Den51;y Work Temp;erature Range
(mm) (g/cm?) (@)

0.5-1.0 yellow 1.45 —200/+350 [54]

Reference

3. Properties of Carbon Fibres
3.1. Mechanical Properties of Carbon Fibres

Compared with other synthetic fibres (glass, aramid, nylon fibres), carbon fibres have
numerous advantages, including high stiffness, high tensile strength, light weight, high
chemical resistance, high temperature stability and a low thermal expansion coefficient. Due
to these properties, carbon fibres are widely used in the aerospace industry, civil engineering
and for military and sports equipment. However, they are relatively expensive compared to
other fibres such as glass fibres or plastic fibres. Carbon fibres exhibit exceptional properties
such as high stiffness and specific strength, making them excellent reinforcements for
composite materials [55].

Table 7 presents a classification of carbon fibres according to their mechanical properties.
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Table 7. Example of a classification of carbon fibres.
Young's .
Modulus Tensile Strength
Fibre Type Main Characteristic E O max Reference
(GPa) (GPa)
UHM Ultra-high modulus 600-950 2.5-4
HM High modulus 350-600 >2.5
™M Intermediate-modulus 280-350 >3.5
HT High tensile strength 200-280 53.0 [32-34,56-60]
(or standard modulus)
LM Low modulus 40-200 1-3.5
SHT Super-high tensile strength - >4.5

Following the experimental measures carried out on different types of carbon fibres, it
was concluded that the values of the transverse contraction coefficient (Poisson’s ratio) are
in the range of 0.26-0.28 [61].

3.2. Thermal Properties of Carbon Fibres

Carbon fibres combine high tensile strength and high modulus of elasticity with low
weight. Furthermore, this high tensile strength is maintained up to extremely high tem-
peratures [62]. A decrease of 21.94% of the tensile strength (decreasing from 5.47 GPa
down to 4.27 GPa) was recorded by heating at temperatures above 400 °C [63]. Simultane-
ously, above this temperature, a reduction in the fibre diameter of approximately 37% was
recorded [64].

Carbon fibres withstand very high temperatures and their decomposition starts at
a temperature above 400 °C and ends at a temperature of approximately 850 °C. Table 8
shows the influence of temperature on the tensile strength of carbon fibres extracted with
examples from the literature. It can be seen that the carbon fibres denoted with ultra-high
modulus (UHM) in Table 8 are relatively stable when heated at temperatures in the range
of 350-450 °C. On the other hand, it is reported that the tensile strength decreases by 43.5%
on heating at a very high temperature (Table 8).

Table 8. Influence of high temperatures on the tensile strength of carbon fibres.

Temperature Exposure Tensile Strength

Carbon Fibre Type ©C) ot Reference
(GPa)
UHM ! room temperature 547
UHM ! 350 5.20 [63]
UHM ! 450 4.27
HT? room temperature 4.6 [65]
HT 2 2840 26

! UHM—Ultra-high modulus. > HT—High tensile strength.

Carbon fibres subjected to high temperatures exhibit a different behaviour in the axial
and transverse directions, showing a very small coefficient of thermal expansion in the longi-
tudinal direction of the fibres and a positive coefficient in the transverse plane [32,56,66,67].

Table 9 [66] summarizes the values of these coefficients for six different types of carbon
fibres. It can be seen that negative values of the coefficient of thermal expansion were
reported for carbon fibres in the longitudinal direction (Table 9). Conversely, the coefficients
of thermal expansion in the transverse direction of the carbon fibres were positive and
higher than those measured in the longitudinal direction (Table 9).
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Table 9. Coefficients of thermal expansion for carbon fibres.
Coefficient of Thermal Expansion
Fibre Name Precursor Tempera(tllge Range (10-5/K) Reference
Longitudinal Transverse
P 100 Pitch room temperature -0.1 7.0
PANEX 33 PAN! 350 1.0 5.0 [66]
HTA 5131 PAN'! 450 0.8 6.0
K-1100 Pitch ! room temperature —1.45 -
T 1000 PAN'! room temperature —0.55 - [32]
M40] PAN'! room temperature -0.83 -

1 PAN—Polyacrylonitrile.

3.3. Electrical Conductivity of Carbon Fibres

Carbon fibres are good electrical conductors and have a much longer service life than
the metal cables. The capability of carbon fibres for transmitting electrical power is closely
related to the graphitization process at different temperatures [18]. As the graphitization
temperature increases, the electrical conductivity increases. Table 10 shows the values of
electrical conductivity according to the graphitization temperatures [68].

Table 10. Electrical conductivity of PAN-based 1 carbon fibres.

Graphitization Temperature Electrical Conductivity
. Reference
(@) (S/cm)
1000 5.32
1800 51.01 [68]
2200 7591

! PAN—Polyacrylonitrile.

3.4. Carbon Fibres and Product Forms

There are numerous commercial forms for carbon fibres and products, as shown in
Figure 2.

Milled carbon fibres (Figure 2a) are short shapes of carbon fibres, typically about
100 um in length, with improved properties in terms of the electrical conductivity.

Short and chopped carbon fibres (Figure 2b) have the advantages of high tensile
strength, abrasion resistance, corrosion resistance, good conductivity and high temperature
resistance. Carbon fibre filaments (Figure 2c) have gained popularity due to their reliability,
heat resistance and stiffness. These are used worldwide for the 3D printing of parts and
tools across various industries. In Figure 2(d) and Figure 2(e), the most common product
types of carbon unidirectional fibres used in the manufacturing carbon-fibre-reinforced
plastics (CFRPs) are presented. These CFRPs find applications in various industries [69],
and are often used as laminates with titanium alloy in the aircraft industry (for fuselages
and wings) [70].

Plain weave carbon fabrics (Figure 2f) are recommended for manufacturing flat sheets,
tubes and three-dimensional curve surfaces, due to their high fabric stability.

Twill weave carbon fabrics (Figure 2g) consist of 2 x 2 or 4 x 4 patterns and are the
most common and widely sold fabrics due to the fact that these fabrics are pliable and can
form complex surfaces while maintaining a good stability. For example, Hadar et al. [22]
used twill 2 x 2 carbon fabric to reinforce epoxy vinyl ester resin of type 470-300 Derakane
Momentum to investigate the mechanical properties of the single ply and multi-ply CFRP
subjected to tensile and bending tests.

Composite materials reinforced with carbon satin fabrics (Figure 2h) are used to form
complex surfaces.



Polymers 2024, 16, 127

9 of 23

CARBON FIBRES
AND PRODUCTS
FORMS

(e) (d)

Figure 2. Carbon fibre and product forms: (a) milled fibres; (b) chopped fibres; (c) filament fi-
bres; (d) biaxial fibres; (e) unidirectional fibres; (f) plain fabric; (g) twill fabric; (h) satin fabric and
(i) unidirectional cloth.

4. Kevlar-Carbon Hybrid Fabrics
4.1. Plain Weave Hybrid Kevlar—Carbon Fabrics

The plain hybrid Kevlar—carbon fabric (Figure 3) combines the properties of the two
types of fibres, offering high levels of strength and stiffness, as well as high impact strength.
This type of fabric can be easily used for reinforcing composite materials in applications,
which require high mechanical performance, such as in the construction of canoes and

panels for rally cars.

‘ i

i

|

: |

|

] |

(b)

Figure 3. Plain hybrid Kevlar—carbon fabrics: (a) plain hybrid Kevlar-carbon fabric with a density of
188 g/ m? [71]; (b) plain hybrid Kevlar—carbon fabric with a density of 163 g/ m? [72].

4.2. Twill Weave Hybrid Kevlar-Carbon Fabrics

A twill fabric of type 3 x 1, made of carbon and Kevlar fibres, is shown in Figure 4,
which provides a high coverage capacity in manufacturing process. This type of Kevlar—
carbon hybrid fabric is utilized to improve the strength, stiffness and abrasion protection
of impactor or impacted elements made of composite laminates, in applications such as
canoes, kayaks, seats, panels and others.



Polymers 2024, 16, 127

10 of 23

,
Tyly!

I
S

-

1.1.1:1

i
£l

Figure 4. Twill hybrid Kevlar—carbon fabric with a density of 252 g/ m? [71].

4.3. Braided Hybrid Kevlar-Carbon Fabrics

The hybridization of the carbon and Kevlar fibres can be also achieved in the form of a
ring-shaped braided cover (Figure 5).

Figure 5. Braided hybrid Kevlar—carbon fabric [73].

5. Mechanical Characteristics of Kevlar-Carbon Hybrid Composite Materials

For applications requiring structures with a reduced thickness, low weight and high
strength, the use of Kevlar—carbon hybrid composite materials is an ideal solution combin-
ing the advantages of individual fibre types. In addition, the simultaneous mitigation of
their less desirable disadvantages is achieved using these two types of fibres as reinforce-
ment materials [25,26,74,75].

The current research position shows that there is experimental research which has
approached the mechanical testing of Kevlar—-carbon composite materials for two cases
of layer layup: the alternation of layers reinforced with a single type of reinforcing fibre;
reinforcing all layers with a Kevlar-carbon hybrid fabric. In Table 11 [76], the mechanical
characteristics for such Kevlar-carbon hybrid composite materials are illustrated.

Table 11. Mechanical characteristics of hybrid composite materials reinforced with carbon and Kevlar
fibres (adapted from [76]).

Young’s Tensile  Flexural Poisson’s Shearing
Composite Fibre . Modulus Strength Strength . . Modulus of
1 Matrix Coefficient .. Reference
Structure Content E ot op Elasticity G12
(GPa) (GPa)  (GPa) V12 (GPa)

2K/8C/2K 60.0 vol.%  epoxy resin - 1.25 1.150 - - [75]
3C/2K/2C/2K/3C 60.0vol.%  epoxy resin - - 0.954 - - [75]
8CK plain - epoxy resin 11.34 - - 0.090 1.49 [77]
8CK twill 45.0wt.%  epoxy resin 35.25 4.07 4.180 0.141 - [74]
CKCKC 37.2vol.%  epoxy resin - 2.00 0.430 - - [78]
KCKCK 20.2vol.%  epoxy resin - 2.40 0.500 - - [78]
KKCKK 38.4vol.%  epoxy resin - 2.60 0.600 - - [78]
CCKCC 42.0vol.%  epoxy resin - 2.70 0.460 - - [78]

1 C—carbon fibres; K—Kevlar fibres; CKCKC—hybrid composite material with 5 layers; 8CK plain—composite
material reinforced with 8 layers of Kevlar—carbon plain hybrid fabric; 8CK twill—composite material reinforced
with 8 layers of Kevlar-carbon twill hybrid fabric; 2K/8C/2K—composite hybrid material reinforced with 2 layers
of Kevlar49 fibres, 8 layers of carbon HT fibres and 2 layers of Kevlar49 fibres; 3C/2K/2C/2K/3C—composite
hybrid material reinforced with 3 layers of carbon HT fibres, 2 layers of Kevlar49 fibres, 2 layers of carbon HT
fibres, 2 layers of Kevlar49 fibres and 3 layers of carbon HT.

It can be seen that the flexural strength is the highest for the composite material re-
inforced with hybrid Kevlar-carbon woven fabric (8CK twill), approximately 27% higher
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than the results obtained for the multi-layered hybrid composite materials (2K/8C/2K).
In the case of hybrid Kevlar—carbon composite materials reinforced with Kevlar—carbon
hybrid woven fabric in the same layer, the high stiffness of the carbon fibres combined with
the high tenacity of Kevlar fibres leads to composite materials with very good mechani-
cal characteristics.

Over the last 20-30 years, the researchers have focused on studying the advantages
and disadvantages of hybridization of the carbon fibres and Kevlar fibres, in particular
regarding the performances of such hybrid composite materials in impact tests. Both
the carbon and Kevlar fibres have demonstrated high tensile strength. Additionally, the
carbon fibres provide high stiffness while the Kevlar fibres assure high impact strength.
Most researchers have focused on the comparative study of the behaviour of such hybrid
composite structures in impact tests by replacing layers reinforced with carbon fibres with
layers reinforced with Kevlar fibres. Table 12 [76] summarizes some of the values of the
strain energy absorbed in low velocity impact tests, both for multi-layered hybrid composite
materials and for composites reinforced either with carbon fibres or with Kevlar fibres. An
instrumented falling weight impact equipment was used in the illustrated research [79].

Table 12. Absorbed strain energy in low velocity impact tests for composite materials reinforced with
carbon fibres and/or with Kevlar fibres (adapted from [76]).

Composite Impact Speed Absorbed Strain

i 2
Structure 1 (m/s) Failure Mode Energy e:})lmpact Reference
K-K Penetrated 2.8
cC Penetrated 24
C-K 45 Penetrated 3.1 [79]
K-C Penetrated 3.1

1 #-#—two-layered composite material; C—carbon fabric; K—Kevlar fabric. All tested samples had the dimensions
of 100 mm x 100 mm and were clamped with an annular support having the inner diameter of 75 mm; ? values
given are approximated from the graphs published in [79].

The experimental results (Table 12) show that the hybridization of the carbon and
Kevlar fibres in the composite structure leads to a value of 3.1 J for the absorbed strain
energy, which is 29.17% or 10.71% higher than for the composites reinforced either with
just carbon fibres or just with Kevlar fibres, respectively.

To observe the advantages and disadvantages of hybridization of the carbon fibres
with those of Kevlar fibres in the layered composite structures, a series of impact tests
were carried out on different types of sandwich composite structures whose core was
made of paper honeycomb. For this purpose, a reference sandwich structure coded CF
was chosen, with the lower and upper face sheets comprising four layers of composite
material reinforced with plain carbon fabric. Then, one by one, the carbon-reinforced layers
were replaced just for the upper shell face of the structure, with Kevlar49 fibres and with
Kevlar—carbon hybrid fabric, in order to obtain the samples necessary for comparative
impact tests, as shown in Table 13 [80].

The experimental data (Table 13) showed an improvement in the performance of the
sandwich structure subjected to the impact tests after replacing some carbon-reinforced
layers of the upper sheet face, either with Kevlar49 reinforced layers or with Kevlar-carbon
hybrid fabric reinforced layers. At the same time, there was a decrease in the moduli of
elasticity E1 and E2 in the directions corresponding to the two yarns of the reinforcement
fabric (Table 13). It can also be seen that using either Kevlar fibres or hybrid Kevlar—carbon
fabrics in the structure led to the values of the strain energies absorbed in impact test
measuring up to 12.6% or 5.8% higher, respectively, when compared to the value of 31 ]
recorded for CF samples.
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Table 13. Experimental results obtained for similar sandwich composite structures subjected to

impact tests.

Code of
Sandwich
Structure

Description of the Upper Face
Sheet of the Sandwich Composite

Young’s Modulus
Eq
(GPa)

Young'’s Modulus
E»
(GPa)

Absorbed Strain
Energy at Impact
()

Reference

CF

1K

2K

3K

4K

1H

2H

3H

4H

4 layers of composite material
reinforced with plain carbon fabric
1 layer of composite material
reinforced with Kevlar49 fabric and
3 layers of composite material
reinforced with plain carbon fabric
2 layers of composite material
reinforced with Kevlar49 fabric and
2 layers of composite material
reinforced with plain carbon fabric
3 layers of composite material
reinforced with Kevlar49 fabric and
1 layer of composite material
reinforced with plain carbon fabric
4 layers of composite material
reinforced with Kevlar49 fabric
1 layer of composite material
reinforced with hybrid
Kevlar—carbon twill fabric and
3 layers of composite material
reinforced with plain carbon fabric
2 layers of composite material
reinforced with hybrid
Kevlar—carbon twill fabric and
2 layers of composite material
reinforced with plain carbon fabric
3 layers of composite material
reinforced with hybrid
Kevlar—carbon twill fabric and
1 layer of composite material
reinforced with plain carbon fabric
4 layers of composite material
reinforced with hybrid
Kevlar-carbon twill fabric

52.0

47.4

42.5

37.0

31.0

50.25

48.5

46.75

45.0

52.0

47.4

42.5

37.0

31.0

45.5

39.0

325

26.0

31.0

349

33.2

34.5

33.5

324

31.9

33.1

32.8

6. Structural Applications of Composite Materials Reinforced with Carbon and Kevlar
Fibres in Civil Engineering
6.1. Current Trends in the Design of the Load-Bearing Structural Beams Strengthened with

Composite Materials

Over the years, due to several advantages, composite materials have also begun have
an important role in civil engineering, particularly for the consolidation of load-bearing
structural elements made of different conventional materials (concrete, wood, bricks or
steel). The most common composite structures which are easily used for consolidating
and reinforcing both concrete and wood structural elements are pultruded fibre-reinforced
polymer (FRP) composites. FRPs have become an attractive alternative especially for steel
in civil engineering, owing to their high strength-to-weight ratio, stiffness-to-weight ratio
and superior fatigue and corrosion resistance. The advantages of FRP materials are that
they can be used either on the surface of the structural elements [81-83] or directly inserted
into the structural elements [84]. The most common FRPs used in civil engineering are
panels made of carbon fibre-reinforced polymer (CFRP). CFRP is a flat, hardened sheet,
manufactured by pulling carbon fibres through epoxy, then, it is thermally treated in factory
conditions. For concrete structural elements, CFRP bars has become a promising option for
replacing steel reinforcement bars. In recent years, laminated structures reinforced with
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glass, Kevlar, basalt or hybrid fibres (glass—carbon, Kevlar—carbon) have also gained in
popularity among civil engineers and have begun to be used as strengthening materials for
structural elements [81-83].

As structural elements in a civil building, beams have the tendency to fail in two ways:
flexural failure and shear failure. Figure 6 presents various methods of bonding different
laminates (composite materials reinforced with fabrics or fibres) on the surface of the beam,
in order to increase their capacity, depending on the specific requirements.

(b) (c)

Strengthening of the
| (a) beams with (d) I:I Beam cross section
laminated composite

materials of the _ Laminated composite

beams, in transverse materials
direction

(h)

(8) (f)

Figure 6. Section view of strengthening types of beams with laminated composite materials based on
resins reinforced with fibres, located at different positions: (a) bottom; (b) top; (c) bottom and top
sides; (d) bottom and lateral sides; (e) bottom side including bottom corners; (f) bottom and top sides
including the corners; (g) bottom corners and (h) all corners.

For example, in order to increase the impact properties of the beam, laminated com-
posite materials can be applied, as described in Figure 6a—c. The shear strength capacity of
concrete beams can be improved by externally applying laminated composite structures
onto the beam surface, in the transversal direction to the concrete beam. To control the
structural cracks, decrease the deflection and improve the fatigue strength, the laminated
structures can also be applied in a longitudinal direction to the beam (Figure 6d,e). To
obtain higher flexural rigidity, stiffness and increase the energy absorption capacity of the
beams, laminate composite structures can be applied to the beam surface, as described in
Figure 6f-h [81-83,85-92].

Figure 7 presents 3D sketch views of different types of strengthening the surface beams
in longitudinal and transversal directions considering variations in length and width to
meet the different needs of civil engineers. For example, bonding laminates on the bottom
face continuously or partially (Figure 7a,b) increases the flexural strength of the beam.
Additionally, bonding laminates on the bottom and lateral faces of the beam (Figure 7c)
leads to an increase in both load-bearing capacity and flexural strength, while also limiting
surface cracks on the beam. The bonding type shown in Figure 7d, is commonly used
for consolidating concrete beams by applying laminates externally on the beam, in the
same position as steel reinforcement (steel bars, callipers) was placed in the interior of the
concrete beam, in order to increase the share strength and flexural strength capacity of
that beam.
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(a) (b)

(0) (d)

Figure 7. Lay-ups of the laminated composite materials on the longitudinal and transversal directions
of the beam: (a) applied on the entire length of the beam; (b) partially and continuously applied on
the beam length subjected to maximum bending moment; (c) applied on bottom and lateral beam
faces like a U-shape and (d) partially and discontinuously applied on the beam length, at the position
of the stirrups (just for concrete beams).

Bardak [84] demonstrated that strengthening an oak wooden beam by inserting layers
of carbon fibres, glued with polyurethane adhesive, into the median longitudinal surface of
the beam, leads to a decrease of approximately 50% in the deflection (vertical displacement)
of the middle of the beam, compared with the unreinforced oak wooden beam. Although
the rigidity of the reinforced wooden beam was improved, the carbon fibres do not have a
significant effect on the strength and the delay of the initiation of the cracks because the
normal stresses are equal to zero in the median surface. For this reason, it is recommended
that the strengthening of wooden beams with carbon fibres is performed through gluing
the fibres on the top and bottom faces of the beam.

6.2. Concrete Beams Strengthened with Carbon and Kevlar Composite Materials

Alagusundaramoorthy et al. [88] performed comparative four-point bending flexural
tests on concrete beams strengthened at their bottom face with CFRP sheets or carbon fibre
fabric to investigate the effectiveness of the externally bonded composite material concern-
ing the increase in the flexural strength of the concrete beams. All concrete beams tested
in that research [88] had cross-section dimensions of 230 x 380 mm?, a length of 4880 mm
and were reinforced with different diameters of steel bars as follows: 25 mm diameter steel
bars for tension in the longitudinal direction; 9 mm diameter steel bars for compression
in the transversal direction. For strengthening the concrete beams, two different types of
CFRP sheets were used: the first specimen of CFRP sheets were characterized by 1.40 mm
thickness and 76 mm width and the second specimen of CFRP sheets were characterized
by 4.78 mm thickness and 102 mm width. Both specimens of CFRP sheets had a 4270 mm
length. The characteristics of the carbon fibre fabric used for strengthening the bottom of
the concrete beams, in terms of dimensions, were 0.18 mm in thickness, 203 mm in width
and 4370 mm in length. The bonding procedure was similar for both type of materials;
firstly, the concrete surface was prepared via rubbing the beam surface with a sandpaper
and then, all dirt and debris were removed with an air blower to obtain a clean surface.
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Secondly, the CFRP sheets and carbon fibre fabric were cleaned with acetone. Thirdly,
an epoxy primer was applied on the concrete surface and left to dry for 30 min. Then, a
two-component epoxy system was applied over this primer and also on the CFRP sheets
and carbon fibre fabric. The CFRP sheets were glued onto the concrete surface and left
to dry for 30 min. For the carbon fibre fabric, a supplementary thick layer of epoxy was
applied over the fabric and after that, it was left to dry for 30 min. Before testing, all the
concrete beams were cured for seven days at room temperature. A summary of the results
from this research is presented in Table 14 [76].

Table 14. Experimental results for concrete beams subjected to four-point bending flexural tests
(adapted from [76]).

Size of CFRP
Sheet/Carbon Fibre Failure
Beam Structure * Fabric (Thickness Load Failure Modes Reference
and Width) (kN)
mm X mm
Concrete beam without CFRP/carbon fabric - 190 Concrete crushing

Concrete beam with bottom surface
strengthened with CFRP sheets (2 layers)

Concrete beam with bottom surface

strengthened with CFRP (

Concrete crushing and

140 x 76 263 delamination at the
CFRP-concrete interface
Concrete crushing and

Concrete beam with bottom surface

strengthened with carbon fabric (1 layer)

Concrete beam with bottom surface

strengthened with carbon fabric (2 layers)

3 layers) 140 x 76 287 delamination at the [88]
yers CFRP-concrete interface
0.18 x 203 223 Carbon fabric breaking
0.18 x 203 270 Carbon fabric breaking

* The dimensions of the cross-section were 230 x 380 mm? for all beams involved in that research.

It can be seen that there is an increase of up to 38.4% and 51.1% in the failure load in
bending tests for beams strengthened with two or three CFRP sheets, respectively, bonded
to the bottom surface of the concrete beams and subjected to tensile stresses. In comparison
with the beam without any strengthening, for the concrete beams strengthened with carbon
fibre fabrics, it can be observed there is an increase of up to 17.4% and up to 42.1% for one
or two layers of carbon fabrics, respectively, applied on the bottom face of the beams. It
was also shown that crack growth could be controlled.

Recent studies have focused on investigating the effects of Kevlar fibre-reinforced com-
posites on the strengthening of the structural elements. However, these are not considered
suitable for applications involving high compressive and bending stresses, as Kevlar fibres
are known to have a tendency to bend and ultimately fail under such test conditions [12,93].

Recently, there has been growing interest among researchers in investigations on the
method of strengthening concrete beams with Kevlar fibre laminates and their behaviour
under bending and compression tests. In Table 15 [76], the experimental results obtained by
Pandulu et al. [89] in flexural tests are summarized, in terms of the values of the breaking
forces and in terms of the number of cracks developed in both the concrete beam and the
beams strengthened with Kevlar layers. Comparative studies were conducted between
concrete beams without strengthening and concrete beams that were strengthened on the
bottom faces with Kevlar fabric. The dimensions of the cross section of the concrete beams
were 200 mm in height and 150 mm in width, with a length of 1000 mm. The concrete beams
were reinforced with 12 mm diameter steel bars in the longitudinal direction and with 8 mm
diameter stirrups in the transversal direction. Kevlar fabric was used for strengthening
the beams in one and two layers placed all over the bottom face and in a U shape (bottom
and two lateral faces of the beam). Before bonding Kevlar fabric onto the concrete surface,
the surface was cleaned with a wire brush to remove dust. Then, using an epoxy resin
hardened with an agent, mixed in the ratio of 1:1, Kevlar fabric was laminated on the cured
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beam along the longitudinal reinforcement of the beam. Before testing, the concrete beams
were cured for seven days at room temperature.

Table 15. Experimental results for concrete beams subjected to flexural tests (adapted from [76]).

Failure Force

Beam Structure * (N) Number of Cracks Failure Mode Reference
Concrete beam without Kevlar layers 70.50 6 Flexural failure
Concrete beam with 1 84.06 3 Flexural failure and
Kevlar-laminated layer at bottom ’ fabric rupture
Concrete beam with 2 97.07 5 Flexural failure and [89]
Kevlar-laminated layers at bottom ' fabric rupture
Concrete beam with 1 . Flexural failure and
Kevlar-laminated layer in U shape 119.26 No visible cracks fabric rupture
Concrete beam with 2 . Flexural failure and
Kevlar-laminated layers in a U shape 132.86 No visible cracks fabric rupture

* The dimensions of the cross-section were 150 x 200 mm? for all beams involved in that research.

Considering the data from Table 15, an increase can be seen of up to 37.7% in terms of
the failure load for the reinforced concrete beams strengthened with two layers of Kevlar
laminates at the bottom of the beam and an increase of up to 88.4% for the concrete beams
strengthened with two layers of Kevlar fabric in a U shape.

In another research study, Cakir et al. [90] showed that the load-bearing capacity of the
concrete beams strengthened with hybrid Kevlar-carbon composite materials was approxi-
mately 4% higher than the one obtained for the same concrete beam without strengthening.

Tang et al. [91] analysed the impact performance of the concrete beams strengthened
with carbon and Kevlar composite laminates at both top and bottom faces. In that research,
to observe the role of each type of reinforcement material in the performance of the concrete
beams, the impact tests were carried out on different types of beams: two reinforced
concrete beams strengthened at the top and bottom faces with Kevlar fibre-reinforced
composite material; two reinforced concrete beams strengthened at the top and bottom
faces with carbon fibre-reinforced composite. For both of the beam configurations, repetitive
impact tests were performed using a metal cylinder dropped from different heights onto
the top surface of the beam. The results of the impact tests showed that the composite
materials led to a significant increase in the impact strength capacity of the concrete beams.
Additionally, the laminates reduced deformations and crack sizes. Comparing the test
results obtained for beams strengthened with Kevlar fibres with the ones obtained for
beams strengthened with carbon fibres, it was concluded that the impact strength depends
on the type, thickness and properties of the composite materials used. In the case of those
reinforced concrete beams, which were not strengthened with composite materials, the
failure of the beam occurred after the appearance of cracks. In the case of those concrete
beams reinforced with composite materials, even if cracks appeared in impact tests, the
beams did not fail. This advantage is due to the use of Kevlar and carbon fibre laminates,
which limit the opening of the cracks and also increase the shear strength.

Huang et al. [94] investigated the effects on the flexural behaviour of concrete beams
of the following additional reinforcements to the internal steel rebar: (1) strengthening of
the concrete beam with a U-shape profile made of hybrid laminated carbon/glass fibre-
reinforced plastics (only the bottom face of the U shape is additionally reinforced with
carbon fibres); (2) inserting a tube having a box cross section made of glass fibre-reinforced
plastic (GFRP) inside the central part of the beam, subjected to compression stresses,
covering approximately one third of the length of the beam. The main conclusion was that
the U-shaped FRP mainly led to an increase in the load-bearing capacity (ultimate load) of
up to 102.9% compared to the ordinary concrete beam containing just steel reinforcements,
without any strengthening. It was reported that insertion of the GFRP tube in the concrete
beam strengthened with a hybrid U-shaped profile improved the strength at the compressed
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part of the beam and therefore, the concrete did not crush at failure and such beams failed
firstly by steel yielding, and secondly by CFRP breaking [94].

Regarding steel-reinforced concrete beams strengthened with Kevlar fibres, Mohana
Sundari et al. [95] investigated the effects of wrapping in a U-shaped configuration con-
taining one layer reinforced with one type of fibre (Kevlar, kenaf, basalt) on the flexural
strength of such beams. It was shown that the flexural strength was higher by 23.5% for
the beam strengthened with U-shaped wrapping with a Kevlar mat along its entire length
compared to the strength obtained for the beam without strengthening. Moreover, it was
shown that the flexural strength was greater by 5% for the beam strengthened with Kevlar
fibres than for the beam strengthened with kenaf fibres and less by 6.6% than for the beam
strengthened with basalt fibres [95].

6.3. Wooden Beams Strengthened with Carbon and Kevlar Composite Materials

Consolidation and rehabilitation of constructions containing wooden resistance ele-
ments have become a major concern for researchers worldwide. In recent years, more and
more attempts have been made to use composite materials reinforced with carbon fibres
to strengthen structural wood elements, to the detriment of steel due to their advantages
including: low weight, anticorrosive properties, high resistance, easy manufacturing and
easy assembly with other components.

Using the flexural tests with the four-points bending method, Li et al. [96] observed
that bonding 1-3 layers reinforced with carbon fibres to the lower face of the wooden beam
increased the bending strength by 39-61%, compared with the wooden beams which were
not strengthened at the bottom face.

Similar to reinforced concrete beams, the strengthening of the bottom face of wooden
beams may also be performed with sheets made of carbon fibre-reinforced plastics (CFRP).

Using bending tests, Torang and Desharma [92] investigated the influence of the
bonding of the carbon fibre laminates to the lower surface of wooden beams on different
lengths of the beam span. The test results summarizing the maximum force recorded at
failure are presented in Table 16.

Table 16. Experimental results on wood beams subjected to flexural tests.

Beam Size Maximum
Beam Structure bxh Force Reference
(mm X mm) (N)
Wooden beam without CFRP strengthening 35,313.45
Wooden beam with CFRP strengthening 50 378.00

along the entire span
Wooden beam with CFRP strengthening 75 x 100 [92]
48,499.67
along % of the span
Wooden beam with CFRP strengthening

along % of the span 36,864.77

Analysing the results shown in Table 16, it can be seen that the maximum force value
for the wooden beam with CFRP strengthening along its entire span is 48.3% higher than
the value recorded for the regular wooden beam (without CFRP strengthening) having the
same dimensions.

In a recently published paper [97], impact tests were carried out by drop test with
a weight of 12 kg, from a height of 1.8 m, onto the top face of the wooden beams. Some
wooden beams were strengthened at the bottom face, while others were not strengthened,
according to the description shown in Table 17. During the impact tests, the beams were
also subjected to an axial compressive force of 4 kN to improve their impact resistance.
All wooden beams tested had the same length of 360 mm and the same rectangular cross
section, having the dimensions of 36 mm x 45 mm.
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Table 17. Experimental results on wooden beams having the same dimensions, subjected to im-

pact tests.
Impact Strain Energy
Beam Structure Absorbed Reference
g
Wooden beam without CFRP strengthening 48.67
Wooden beam strengthened with 1 layer of CFRP 71.33 [97]
Wooden beam strengthened with 2 layers of CFRP 137.33
Wooden beam strengthened with 11 layers of CFRP 98.80

Considering the experimental results (Table 17) obtained from impact tests, it may
observe that the strengthening of wooden beams with carbon fibre-reinforced composite
materials has a major influence on the impact strength. The strengthening with one, two
or with eleven CFRP layers of the bottom face of the wooden beams led to an impact
energy absorbed with a 46.56%, 182.17% or 103% higher value, respectively, than the value
obtained for the wooden beam without CFRP strengthening.

Although the scientific literature lacks articles that provide research related to the
strengthening of wooden beams with Kevlar fibres, Ou et al. [53] reported a good com-
patibility between grafted Kevlar29 fibres and wood flour (with grain of 425 um) in the
composite materials based on HDPE. It was shown that replacing with grafted Kevlar29
fibres of 3 wt.% of the total of 60 wt.% of reinforcement fibre content led to an increase up
to 60.4% and 76.5% of the flexural strength and flexural modulus, respectively, compared
to the composite reinforced just with wood flour (60 wt.%) [53]. The impact strength also
increased up to 52.3% for the wood composite materials containing 3 wt.% ungrafted
Kevlar29 fibres and 57 wt.% wood flour, compared to the impact strength obtained for
wood composites unreinforced with Kevlar fibres [53].

7. Conclusions and Outlook

This paper is a review of the principal mechanical properties of carbon and Kevlar fi-
bres and their composite materials, considering the results reported by different researchers
in the literature. The aim of this paper is to highlight the contribution (advantages and
disadvantages) of each type of reinforcement fibre, and to characterize the effects of the
hybridization of these two types of fibres, carbon and Kevlar fibres.

The state of the art presented in this paper leads to some main conclusions:

e  Kevlar—carbon hybrid composite materials combine the advantages of the individual
components and, as a result, the resultant composite materials are characterized by
high strength, high stiffness, good flexibility, high impact strength and a low coefficient
of thermal expansion.

e Engineers have to take into account the environmental conditions when designing
structural elements strengthened with Kevlar fibres because these are sensitive to the
effects of the thermal changes and water absorption. It was shown that the tensile
strength and Young’s modulus of Kevlar fibres at saturation with water can be usually
up to 37% and 48% lower, respectively, than the values corresponding to dry fibres.
On the other hand, Kevlar29 is less sensitive to water absorption.

e  Reinforcing external layers of composite materials with Kevlar fabric or Kevlar—carbon
fabric, which are hit by the impactor in impact tests, has led to an increase in absorbed
strain energy.

e  The results of the low velocity impact tests performed using composite materials
reinforced with carbon and/or with Kevlar fibres have shown that for multilayer
hybridization (carbon-reinforced layers alternating with Kevlar-reinforced layers), the
absorbed strain energy can be 29.17% or 10.71% higher than the values recorded for
composites reinforced either with only carbon fibres or with Kevlar fibres, respectively.

e Composite materials reinforced with carbon fibres, Kevlar fibres or hybrid Kevlar—
carbon fabrics are increasingly used to strengthen structural elements and these
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have begun to play an important role in the structural behaviour of concrete and
wooden beams.

e Increasing the number of layers of composite materials used to strengthen concrete
beams has a positive influence on the load-bearing capacity of the beam, on the impact
strain energy absorbed and last but not least, on modes of failure because the number
of cracks decrease.

e  Strengthening of wooden beams by bonding CFRP to the lower surface of the beam
led to an increase in maximum flexural force of up to 48.3% with respect to the beam
without strengthening. Absorbed strain energy also increased up to 182.2% due to
the strengthening of the wooden beam with two CFRP layers on the lower surface of
the beam.

The experimental results synthetically presented and comparatively analysed in this
review article represent a source of documentation for civil engineers who design and
build civil construction structures made of both concrete and wood. The data presented
in this review paper provide the scientific background for the researchers interested in
using carbon and Kevlar fibres and their composites to improve the load-bearing capacity
of concrete or wooden beams. Civil engineers can also use the elastic and mechanical
properties of materials, as presented in this article, for the numerical modelling of structures
containing beams reinforced with such composite materials reinforced with carbon and
Kevlar fibres.

The strengthening of the structural elements (wooden and concrete beams, panels)
with composite materials reinforced with carbon and Kevlar fibres will become a common
practice in the coming years due to both the versatility of the manufacturing technology,
provided by the easy gluing of the structural elements on the surfaces, and due to the
increase in the flexural strength and stiffness in bending loadings. Since the literature
lacks publications on the mechanical properties of beams strengthened by gluing Kevlar—
carbon hybrid fabric with polymeric adhesive, and subjected to bending loads or impact
tests, this could be a good direction for further research starting from the current state
analysis presented in this review article. The effects of water absorption on the mechanical
behaviour of such structural elements could be also investigated in the future.

Although Kevlar fibres ensure improvements in the impact strength through absorbing
a large amount of strain energy, the analysis of the data revised in this paper proves the
degradation of their mechanical properties caused by moisture absorption. As a result,
in further research, a solution for protecting the fibres against moisture absorption must
be identified.
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