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Abstract: This paper presents a new approach to strengthen
reinforced concrete structures using natural fiber compo-
sites. Natural fibers are often used in civil engineering
for thermal or acoustic insulation, but rarely are they
employed to strengthen structures. Natural fiber compo-
sites are constituted of a matrix based on epoxy adhesive
and aligned continuous fiber reinforcements. In this study,
we investigate several fibers (carbon, hemp, fiberglass,
and linen) in tensile and bending tests. The bending
results show twice the magnification of the ultimate
bending load in a strengthened specimen. The study
also evaluates the stress distribution in the structure. In
the case of a beam strengthened by a bonded carbon
plate, the functioning of an assembly single lap and the
optimal anchor length was determined by analogy. The
analytical study describes the shear and peel stresses in
the adhesive, composite, and concrete joints, revealing
the optimum values of shear stress near the ends of the
adhesive joint. The same was observed in concrete. The
tests showed the influence of strengthening on the ulti-
mate load and stiffness as well as the concentration of
shear stresses at the ends of the adhesive joint.
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CFCP  carbon fiber composite plate

LVDT displacement captor

d distance between two supports

a distance between two loading points
b specimen width

E. elastic modulus of concrete

Ve Poisson’s ratio of concrete

c concrete thickness

e adhesive thickness

t thickness of composite plate
U displacement field

o normal stress

T shear stress

N normal strength

T shear strength

M bending moment

E, elastic modulus of adhesive

Va Poisson’s ratio of adhesive

E, elastic modulus of the composite plate

Vp Poisson’s ratio of the composite plate

Ga shear modulus

T maximum shear stress

F applied load

¢ lap length of composite plate according to *
e* lap length of composite plate for 7*

Ox distance from the edge of the composite plate in

which the stresses decrease rapidly to zero

1 Introduction

The use of composite carbon fiber plates, though recent
in civil engineering, has become a real alternative in the
rehabilitation of structures. The technique of strength-
ening concrete structures consists of bonding a composite
plate to the underside of the beam (bending reinforce-
ment [1-3]) or its side (shear reinforcement [3,4], or pre-
stressing reinforcement [5]). In recent years, intense
research has focused on studying the properties of

8 Open Access. © 2021 Jules Assih and Ivelina Ivanova, published by De Gruyter. This work is licensed under the Creative Commons Attribution

4.0 International License.

3


https://doi.org/10.1515/secm-2021-0024
mailto:jules.assih@univ-reims.fr
mailto:ivelina_ivanova82@hotmail.com

336 —

Jules Assih and Ivelina Ivanova

natural fibers. In this regard, research and development
on the use of composite materials reinforced with natural
plant fibers have been carried out. Tong et al. [6] demon-
strated that bamboo fiber composites have higher mechan-
ical properties than kenaf, jute, and sisal fiber-based
composites. Benzarti et al. [7] used flax/bio-based epoxy
composites to strengthen concrete slabs subjected to
various accelerated aging conditions. Puranik et al. [8]
studied the repair and rehabilitation of reinforced cement
concrete beams by strengthening them with cotton doubled
spun yarn. Sangthongtong [9] performed an experimental
study on the behavior of axially loaded concrete columns
strengthened with natural hemp and sisal fibers. These
natural fiber composites are judiciously placed to improve
tensile or compression strengths, as they have interesting
physical and mechanical properties. Of all the economic
sectors, the building sector represents 43% of French
energy consumption and produces 27% of greenhouse
gas emissions. The use of bio-based natural fibers for
structural reinforcement enables us to benefit not only
from the abovementioned properties but also from that
of strengthening. The reinforcement technique remarkably
increases the bending and shearing strengths of the struc-
tures and supports a new stress.

This technique makes structures safe and suitable
in the event of environmental changes and improves
their durability. This strengthening technique has several
advantages: a better distribution of stresses in the adhe-
sive layer compared to the tightening or brazing tech-
nique; easy and rapid handling; and the implementation
of the work during construction.

Composite materials offer the designer an outstanding
combination of properties not available in other mate-
rials. Fiber materials such as glass, carbon, and aramid
can be introduced in a certain position, volume, and
direction in the matrices (e.g., epoxy) to obtain maximum
efficiency. Other advantages offered by fiber-reinforced
plastic plates are their lightness, corrosion resistance,
electromagnetic neutrality, and greater efficiency in con-
struction compared to more conventional materials. Fiber-
reinforced plastics have been used to confine new concrete
beams and columns, reinforce beams in seismic areas, and
strengthen concrete beams with unidirectional fiber compo-
site sheets bonded to their tension face via the use of epoxy
adhesives [10,11].

This paper briefly describes the results of tests carried
out on different beams strengthened with carbon fiber
composite plates by analyzing the mechanical behavior
of their assembly structures, the influence of natural
fibers (e.g., hemp, bamboo, spider silk) [12], and the
impact of adhesive thickness on the mechanical behavior
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of the strengthened concrete beam. Only the findings of
carbon fiber plates are presented in this paper. The stress
distribution in the reinforced structure is assessed, and
the optimal anchor length of the composite laps is inves-
tigated. The cracking mechanism was noted with dif-
ferent collapses.

2 Materials

Natural fiber-reinforced composites are attracting increasing
attention because of their low cost, low density, biodegrad-
ability and availability, ease of processing, high specific
modulus, and recycling capacity, among others. These
advantages are of interest for applications in various fields
such as the building sector and automotive industry, which
require light materials with high performances, opportu-
nities for retraining, minimum environmental impact, and
reduced costs. Natural fibers are hydrophilic because they
are composed of lignocellulose, which contains hydroxyl
groups. As a result, they are incompatible with hydrophobic
thermoplastics such as polyolefins and have a low resistance
to moisture. This weakness is improved in a polymer type
matrix. Their mechanical properties, which were obtained in
tensile by Do Thi [12], are highlighted in Table 1. Carbon,
hemp, glass, bamboo, flax, and floss (very expensive) fibers
have been tested, although only the results of carbon fibers
are presented in this paper.

One type of composite fiber plate was used during the
test: a unidirectional fiber plate in which the fibers were
only oriented in the longitudinal direction. This compo-
site plate consisted of carbon bonded with an epoxy
matrix. The experimental results obtained for the unidir-
ectional carbon composite are shown in Table 2. The
carbon composite material has linear elastic behavior
up to failure. The high elongation at failure was 0.8%

Table 1: Properties of the natural fibers [8]

Fiber Ultimate Modulus Strain (%) Density
stress (MPa) of (g/cm?)
elasticity
(GPa)
Spider silk 1,300-2,000 ~30 28-30 1.3
Linen 500-900 50-70 1.5-4.0 1.45
Hemp 350-800 30-60 1.6-4.0 1.48
Bamboo 500-740 30-50 ~2 1.4
Coconut fiber 150-180 4-6 20-40 1.2
Fiberglass 1,200-1,800 72 ~2.5 2.5
Carbon ~4,000 235 ~2 1.4




DE GRUYTER

Table 2: Properties of the materials used [10]

Material  Young’s Strength Poisson ratio
modulus (GPa) (MPa)

Concrete 35 40 0.25

Steel bar 210 620 0.30

Adhesive 7 21 0.41

CFcp? 86 1,035 0.45

#CFCP: carbon fiber composite plate.

for the unidirectional carbon fiber plate and 0.5% for the
bidirectional carbon fiber plate. Other properties of the
materials tested in tensile tests and discussed in this
paper are presented in Table 2 [10]. The elastic modulus
and ultimate strength are also given in Table 2. The
carbon fiber plate had a linear elastic behavior up to
failure. The carbon fibers were adhered to the lower
area of the reinforced concrete structures using an
epoxy resin. This increases the bending and shearing
stresses of the structures. This approach also contri-
butes to the durability of civil engineering structures
using a strengthening system and is more respectful of
the environment.

Similar mixed concrete was used for all the beams.
The cement:sand:gravel proportions in the concrete mix
were 1:1.7:2.9 by weight. The water/cement ratio was
0.5, and cement type II Portland was used. The maximum
size of the aggregate was 16 mm. Four 160 mm x 320 mm
concrete cylinders were cast and tested to determine
the mechanical proprieties of the concrete. The average
compression strength was 35 MPa, and the flexural ten-
sile strength was 4.5 MPa. The concrete had an average
elastic modulus of 30 GPa. A summary of the mechanical
properties of “Sikadur 31” adhesive is given as Young’s
Modulus of 7,000 MPa, tensile stress of 21 MPa, and shear
stress of 28 MPa.

b
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3 Experimental strengthening

The surface preparation is of primary importance. The
preparation of both the concrete surface and the compo-
site plate area must be carried out to remove all loose or
weak material, oil, grease, and so on. The concrete beam
was sand-blasted down to the level of the aggregate and
was cleaned using a water jet to ensure a good bond
between the epoxy glue and the concrete surface. The
composite plate was roughened by sand blasting and
cleaned with an air jet. The resin and hardener were
mixed and applied by hand to the concrete surface. To
bond the plate to the reinforced concrete beam, the com-
posite plate was clamped to squeeze out the excess glue
and hold the sheet in place until the glue hardened for
24 h. The adhesive thickness was 1 mm.

The extensometer technique based on electrical strain
gauges was used to study the local behavior. This tech-
nique contributed to measuring the strain of steel, carbon
fabrics, and concrete at a specified point of the structure.
The load versus strain along the lower area, mostly at the
end sections, was plotted.

The electrical gauges and displacement captor (LVDT)
instrumented the beams, which were all tested under
four-point load. For each test, the center deflection,
concrete strain distribution, composite plate strain, and
cracking state were noted. Figure 1 depicts the instru-
mentation of beams, discrepancy with 40 cm, and d =
30 cm (where a = 10cm, b = 10 cm) to understand the
mechanical phenomena of the cracks. Only a few strain
gauges were installed on the plate and steel bar at the
mid-span of the member.

The evolution of the neutral axis position was deter-
mined by the deformation of the strain gauges on the
central section of the beam. During the test, the load
strain and deflection were recorded by an automatic
data acquisition system.

d

H

Section

concrete
adhesive

\ composite plate

Figure 1: Setup of the strengthened concrete beam and flexural four-point test.
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4 Analytical study

An analytical approach was used to evaluate the stress
distribution in the adhesive joint and substrates. Knowing
the distribution of stresses, different modes of collapse of
the bonded structure can be predicted. This analytical
study of the apportionment of stresses or strains in the
structure is applied by analogy to the case of a single
overlap assembly to determine the optimum anchorage
length.

The bonding assemblies can be classified into four
broad categories: simple lap, double lap, step-by-step
joints, and beveled edge-to-edge joints. First, we resumed
the study of a single-recovery joint, even though it has
been the subject of much research. By analogy, the per-
formance of a reinforced or repaired concrete beam
with bonded composite plates is considered like a
single-lap joint. In the Cartesian coordinate system (O,
X, Y, z), the displacement field U admits the components
u, v, and w. The remaining displacements are in
the concrete, plate, and adhesive layers, respectively
(Figure 2):

We then reduce the three-dimensional problem to a
(two-dimensional) plane problem. We consider a plane
(reduced to the normal (0, x, y)) in which only strengths
and thus stresses are exerted.

U, ¥, 2) = Upe(X, ¥, 2)X + Vip(X, ¥, 2)Y O

-
+ WplX, ¥, 2) 2

Uy, ¥, 2) = Upe(X, Y, 2)X + VpyX, ¥, 2)Y o

N
+ WpX, Y, 2)Z

The only nonzero components of the stress tensor are
the following: the normal strength along x, marked as
N(x); the shear strength along y, noted as T(x); and the
bending moment following z, that is, M(x).

We assume that dx is an element of a bonded
assembly and write the equilibrium equations as follows
(Figures 3-5).

=
E Vp ::: (Yb
b
=
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<
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dx

Figure 2: Analytical model.
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dx
N — )
N Concrete My+dM
Nb+dN
Tdx lGhd

Figure 3: Stress distribution in the concrete.

OodX Ttdx T 4dT,
M T_' M 3dM,
Np Plate Np+dN,
Ty
g dx

Figure 4: Stress distribution in the composite material plate.

odx @’

TT adhesive
dx Lcsdx

[T+dT

Figure 5: Stress distribution in the adhesive layer.

— Stresses in the concrete

% -T(x) =0 3)
% -0x)=0 (4)
d;i{b +0o(x)=0 (5)

— Stresses in the composite plate

% 4700 = 0 (6)
% +0(x)=0 (7)
;ﬁ{p -0x)=0 (8)

— Stresses in the adhesive layer

The stress tensor in the adhesive layer is:
Z =X + oy 9)

where o is the peeling stress, and 7 is the shear stress. The
displacement field in the adhesive joint is noted by a
small letter (a):
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U, ¥, 2) = Ua(X, ¥, 2)X + Voy(X, ¥, 2)Y 10)

R
+ Weo(X, ¥, 2) Z

The classical elasticity law can be written as follows:

G,

T= f(up ~ Up) 1

E. V-V

Taw e 2

Here, o is due to the bending strength induced by the
non-axial strength applied at a distance A; and A, from the
middle axis of the concrete and plate. Using Hooke’s law,
we can write width b equal to unity:

dw 1N, _ 0 13)
dx Eb C Eb
% = l& _% (14)
dx Ept E,
on one hand and another:
L _ My 3)
dx? Xp
% — % (16)
dx? Xp
_ Eybc? _ Epbt?
where Xp = 12(1-v2) Xp = 21-v3)’

Determination of shear stress 7(x)
Based on equation (11), and considering equations
(12) and (13), we obtain:

{@ _ @Jg LEY

17
Ep Eb e dx ( )

After a second derivation and taking into account
equation (17), we have:

@ - WZT = O (18)
G 1 1
where w? = ?(E + E)

From equation (18), we obtained a differential equa-
tion of the second order without second member. The
general solution of the equation has the following form:

T(x) = Aexp(wx) + B exp(—wx) (19)

where A and B are constants.

In the case of a reinforced concrete beam with a com-
posite plate, the concrete is the weakest link because of
its low tensile strength. The most common hypothesis that
the material fails when E; e; is the smallest is thus not
satisfied.
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It is therefore interesting to consider the allowable
shear stress of concrete by setting the boundary condition.
Finally, taking the boundary conditions into account:

x=0, T10)=0
x=1/2, 1(1/2) = 1"

The result is provided in equation (21). It gives an
acceptable solution of stresses except around the free
edges where the stress is not canceled. The calculation
of the allowable shear stress is proposed by [6]:

. Jk

= ————0 (20)
(k + 132k + 1)

where o, = ko..

The transfer of the normal stresses to the interface
between the composite plate and the concrete is carried
out in the adhesive layer. The collapse mechanism due to
the interface stresses causes the shear failure of the concrete
layer between the plate and the steel bars. The materials
used for their adhesive behaviors are linear elastic. When
the shear stress achieved the allowable stress of the con-
crete, the continuity of the shear stresses is no longer
respected. The works of Kaiser [11] and other authors
have evaluated the maximum stress reached in concrete
between 8 and 12 MPa. As soon as the value of shear stress
noted 7* is attained, the failure occurs very rapidly. Kaiser
described the shear model in the nonlinear domain by a
nonlinear decreasing function. Yet according to our obser-
vations, an exponential-type function would better explain
the sudden collapse of the specimen once the value 1* is
reached.

Elastic linear behavior

*

For 0 <x<¢'/2 1(x)= sinh(wx) Q1)

. wie
2 smh(T)
Nonlinear behavior

For ¢'/2<x<¢/2 1(X)= T*(l - M} (22)

exp((€ - ¢)/2)

Determining internal forces N and M in the concrete

and plate
Concrete
M) = [ 0odx )
2/2
Let 8 = W%
hp - h
NyGx) = T* COS B — cosh(wx) (24)

2w sinh
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And the moment M

My(x)
Mo
sinh(2a) + sin(2a)

[sinh a cos a — cosh a sin a] sinh(a’x)sin(a’x)
+ [cosh a sin a + sinh a cos a] cosh(a’x)cos(a’x)

m
_ Mo

(25)
Composite plate

In the same way, the internal forces N and M were
found:

T* cosh f — cosh(wx)

N,(x) = —
b() 2w sinh 8

(26)

My(x)
Myo
sinh(2a) + sin(2a)
[sinh a cos @ — cosh a sin a] sinh(a’x)sin(a’x)
+[cosh a sin a + sinh a cos a] cosh(a’x)cos(a’x)

m
_ My
¢

@7)

Determining ¢/, lap length for 7*
Let us begin with the strain in the composite plate:

d
=& (28)

The displacement in the plate is thus:

! !

X X

5(x) = f edx = [ Zax (29)
Ep
0 0
!
to, = %T(; - xj, % <x< % (30)

The ideal curve of the shear stress in the nonlinear
zone normally describes a straight line represented by
equation (31):

T:T*[l—

The stress in the composite plate is obtained by com-
bining equations (30) and (31):

L !
uj %sxs (31)

e-¢

_ 2
o, = T—*({" & x’j (32)
t(e — %) 2
This equation combined with equation (23) gives:
x' )
* — *x
5(x) = I T (‘5 & x’j & (33)
Ept(e — £%) 2
0
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After integration, we obtain:

T*
D)

T*

XrZ_
2"

)P +C

(34)
where C is an integration constant that can be determined
by the boundary conditions:

6(x’=0)=0 1in (33) gives C=0

6(x’ - %} 6 in (33) gives

35

5 = (T (35
24Ept

The anchorage length ¢* is calculated as:

. 2E 5"
=0 - -
T

Determining the peeling stress
By deriving equation (12), we obtained:

dZVb dzvp
e ) €

du Ja(v)dv +

0 _

(36)

1 - v,2 d2o(x)

E, dc o7

M, = - du

|-
;‘N\N

a(v)dv[x - gj (38)

N\&%x
O C—

Nes

From equations (15), (16), (24), (26), and (29), we
obtained:

u

X
2 ] Jdu Jo(v)dv
Eph?
¢2 0
22 u
1 14
+ —[x - —) _[du jo(v)dv + myg
14 2
-2 0
X u 39
_ L '[du Io(v)dv (39)
E,bt?
22 0
2/2 u
1 14
+ E[X - E) _[du jo(v)dv + myo
-2 0
1- sz d2o
=e -
E dx

After two derivations, a homogeneous differential
equation is obtained with constant coefficients:

d*o
— +a% =0

e (40)
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4 24E, 11
where a” = (1-v2)e \ Esbh?  Eybt?

The solution of equation (40) is in the form:
o(x) = A cosh(a’'x)cos(a’x) + B sinh(a’x)sin(a’x)
+ C cosh(a’x)sin(a’x) + D sinh(a’x)cos(a’x)

(41)

where a' = % and A, B, C, and D are the constants to be
determined.

I

Ifa = L

account, we finally obtain:

then taking the boundary conditions into

o(x)
B 2ma’?
B sinh(2a) + sin(2a)

[sinh a cos @ — cosh a sin a] cosh(a’x)cos(a’x)
+[cosh a sin @ + sinh a cos a] sinh(a’x)sin(a’x)
(42)

The main results are shown in Figures 6 and 7. This
analytical study allows us to obtain the anchoring length
¢*, and as shown in Figures 6 and 7, the stresses are
maximum at anchoring length ¢* before reducing to
zero. In fact, this points to the existence of a distance &,
from the edge of the composite plate in which the stresses
decrease rapidly towards zero in Figure 7.

This analytical study reveals a concentration of shear
stresses at the ends of the adhesive joint. The same
result was observed in concrete. Nevertheless, the sudden
increase in changes accentuates the state of stress and
leads to the development of breaking stresses. The allow-
able stress of the concrete is reached, which leads to a
rupture in the reinforced beam through a rupture in the
composite plate. However, increasing the shear strength
changes the state of the stresses and leads to the develop-
ment of peel stresses. The allowable stress of the concrete

Normal Stresses (MPa)

/ ” \

.80 40 -2 0 20 « &
Lap length (cm)

Figure 6: Variation of the normal stress along the bonded plate.
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4 1 Linear elastic behavior

Nonlinear behavior

Shear stress

-80 20 410 0 10 20 30

el
Lap-length (cm)

Figure 7: Variation of the shear stress along the overlap of the
composite plate.

is reached, but this causes a collapse in the reinforced
beam bonding the composite plate.

5 Discussion

The bending reinforcement of the concrete beams by bio-
sourced materials, namely natural hemp and flax fibers,
significantly increases the bearing capacity of the struc-
ture by 5-35% compared to an unreinforced reference
beam (Figure 8). Flexural strength and rigidity are improved
by the application of hemp and flax fibers. Three important
characteristic fields are identified: total elastic field, micro-
cracking and crack propagation, and unstable field. The
study shows that the results for flax and hemp fibers are
superior to those of glass fibers by 20%. The influence of the
different adhesives has little effect on the ultimate strength
of the tested samples.

Figure 9 illustrates the bending behavior of the con-
crete specimens reinforced and instrumented by an LVDT

1.2
0.8
0.6
0.4
0.2

0

Carbon

Fr/FO
-

Hemp Linen Fiber glas Hemp+cotton

Material

Figure 8: Influence of material type on ultimate load in the
flexion test.
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25
~#— Hemp fabric

—#— Mixed hemp-cotton fabric

20 ——Flax fabric
—— Fabric glass
——without strengthening

—@— Carbon fabric

15

Load (kN)

10

Displacement(mm)

Figure 9: Mechanical behavior of the strengthened concrete beams
according to the different types of composite fiber fabrics using the
LVDT sensor.

displacement sensor. This result shows that the mixed
linen and cotton materials provide remarkable resistance
compared to the materials made with hemp or flax fibers
alone.

6 Conclusion

This paper presents another way of using natural fiber
fabrics such as hemp, cotton, and linen for concrete
strengthening. The advantages are numerous in terms of
the environment, carbon impact, and their known phy-
sical, chemical, and thermal properties. However, this
mechanical approach is novel in the reinforcement of
concrete structures. This preliminary study provides inter-
esting results on the strengthening of concrete and rein-
forced concrete beams using natural fiber composites.
The results show an increase in the ultimate load from
5 to 35% compared to an unstrengthened concrete beam
in flexural strength. The analytical study allowed us to
describe the shearing and peeling stresses in the adhesive
joint, plate, and concrete. The study shows a concentration
of shear stresses at the ends of the adhesive joint. The
same phenomenon is observed in concrete. However, the
increase in shear strength changes the state of the stresses
and gives rise to the development of peeling stresses.
Thus, the allowable stress of the concrete will be reached,
which will cause the collapse of the strengthened concrete
beam bonded to the composite plate.
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