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Abstract – Natural continuous natural fibres (hemp, flax, etc.) are gaining popularity in composite ma-
terials because they can advantageously replace glass fibers. It is found that intrinsic properties of uni-
directional (UD) composites are almost equivalent to those of unidirectional glass fiber composites. Un-
fortunately it is difficult to get repeatable results because of the inherent variability in the properties of
natural fibers compared to glass fibers. Their quality is largely affected by the weather conditions, the
extraction location along the plant and the techniques used to extract them (retting, bleaching, etc.). The
present paper proposes a strength reliability model for unidirectional composites with natural fibers in a
hexagonal array. The model assumes that, a central core of broken fibers flanked by unbroken fibers which
are subject to stress concentrations from the broken natural fibers. Thermal and hygroscopic residual
stresses are neglected because they haven’t more effect when the composite was subjected to tensile than
transverse loading. The approach of the model consists of using a modified shear lag model to calculate
the ineffective lengths and stress concentrations around the broken fibers. In this paper, we attempt to
incorporate in the proposed model the unidirectional composite property variation with temperature and
moisture in order to predict even composite strength degradation. Strength degradation is often seen as a
result of changes in ineffective lengths at natural fiber breaks and the corresponding stress concentrations
in intact neighboring fibers.

Key words: Unidirectional composite / fracture / stress concentrations / temperature / humidity / aging

1 Introduction

Natural fiber reinforced composites are actively un-
der investigation considering their potential to reduce or
eliminate some of the problems associated with the non-
degradable glass and carbon fibers in composites. Natural
fibers are fully biodegradable, they consume globally less
energy for their production, and they maintain accept-
able specific stiffness, strength and toughness compared
to glass fibers. They are already used as fiber mats or fab-
rics for the manufacturing of a few automotive interior
parts. Prototypes of a roof structure and I-beams have
also been developed successfully. These materials allow
sufficient stiffness and strength for nonstructural interior
panels but in the case of mats, the fiber volume content
that can be achieved is limited, especially when it is used
to mold parts with the resin infusion process (this limit
is currently imposed by the use of a vacuum bag in com-
bination with only the atmospheric pressure as the driv-
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ing pressure). In this case, the mechanical properties are
much more influenced (or driven) by the matrix than in
the case of unidirectional composites. On the other hand
mats are usually considered as high permeability rein-
forcements compared to unidirectional reinforcements or
fabrics and are thus easier to impregnate. For the fabric
alternative (stitched or woven), it seems that the mini-
mum level of twist of the yarns required to allow proper
fabrication and the weave pattern obtained in these ar-
chitectures are such that the yarn permeability and the
tensile properties (mainly the modulus and strength along
the fiber direction) are highly reduced. For applications
requiring higher strengths and stiffnesses, it thus seems
logical to use natural fiber composites made of unidirec-
tional plies with well oriented fibers such as what is usu-
ally obtained with UD prepregs made of synthetic glass
or carbon fibers. Indeed and up to now, it seems that for
natural fibers the highest mechanical properties were ob-
tained along the fiber direction with the fibers laid down
as straight as possible.
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The composites give an additional liberty for a de-
signer to choose the material behaviour [1, 2] according
to the type of fibers and resin, the rate of the reinforce-
ment, the fiber orientations and the process of manufac-
turing. Moreover, the choose of the optimal material, al-
lowed by the use of the composites, is counterbalanced by
the greatest variability of certain mechanical parameters,
in particular the ultimate fracture strength.

Two of these properties are essential in the dimen-
sioning of composite structures, it is about the microme-
chanical and macromechanical characterization scale of
the elastic modulus and the mechanical resistance. A
synthesis of these properties can be found in work of
Christensen [3]. This work is based on the micromechan-
ical homogenization models using a representative ele-
mentary volume. Many researches have been conducted,
the models of Zweben and Rosen [4, 5] which considered
among the oldest models for the prediction of the poly-
meric composite resistance. The two authors studied the
damage of a structured fiber arrangement and where they
determinated the effective length to estimate the tensile
strength, while basing on the fiber shearing analysis ori-
ented in unidirectional direction. However their models do
not take in account the effects of the stress concentrations
in the adjacent fibers to those of broken fibers. Phoenixes
et al. [6] have determinated the stress and the statistical
lifetime failure of the unidirectional carbon fiber. Their
model consists of seven parallel carbon fibers forming an
hexagonal arrangement in an epoxy matrix. In the same
context, Landis et al. [7] investigate the problem of how
to choose the effective dimensions of long fibers compos-
ite by mean of a finite element method. Their model also
takes in account the direct interactions of broken fibers
with the intact most nearest fibers. Thereafter, the Landis
model [7] was improved by Landis and Mc Meeking [8]
by taking into account the effects of the axial slip to
the fiber/matrix interface and the locating of the intact
fibers on the stiffness by evaluating the stress concentra-
tion around the broken fiber. Case et al. [9] proposed a
technique of general analysis completely different from
the preceding models, for the study of the unidirectional
composite material behaviour containing broken fibers.
The model is based on the fiber spacing and that to have
a near representation to the reality of neighbour intact
fibers. The succession of the failure fibers was modelled by
the fiber actualization method. Case and Reifsnider [10]
also studied the problem of a central crack in several con-
centric cylinders. The problem was solved by applying the
assumptions of standard elasticity, with a suitable choice
of the stress functions for each component. This solution
was applied to the problem of fibers failure in the unidi-
rectional composite material by making geometrical as-
sumptions. Foster [11] proposed a direct numerical simu-
lation and an analytical model to predict the resistance of
the composites in tensile traction and flexion. By using a
regular square arrangement of intact fiber, he determined
the resistance of a Ti matrix 6Al- 4V reinforced by SiC
fibers. He also demonstrate that the fibers failure occurs
in a random way when the load reaches the composite

limit strength. Consequently, the statistical accumulation
of this failure can lead to the total damage of the compos-
ite. Gao and Reifsnider [12] proposed an analysis of the
distribution load using the Batdorf probabilistic model to
predict the tensile strength. By using the assumptions of
the delayed shearing action “shear-lag”, they studied the
failure caused by the shearing at the fiber/matrix inter-
face by defining a shearing parameter used to describe
the complete elastic behaviour of the fiber/matrix with a
perfectly plastic matrix debonding.

During the last years, the use of natural composites
fibers involved a great interest, particularly in the area
of organic composites matrix [13]. Because of a great in-
creasing demand of ecological materials and increasingly
high cost of the synthetic fibers (carbon or glass), new ma-
terials containing natural fiber were developed. They have
the advantage of being lighter while having interesting
mechanical properties [13]. Moreover, the natural fibers
have a much less cost than the synthetic and they are re-
cyclable. The recent advances in the use of natural fibers
(flax, cellulose, bamboo, hemp, sisal. . . ) in the compos-
ites were studied by several authors [14–16], they reported
that the conventional fibers can be produced with repro-
ducible characteristics, contrary to the vegetable fibers
which are depended on their diameter, of their structure,
of their degree of polymerization or of their origin in the
plant (peripheral part or intern in the stem). The chemi-
cal composition of natural fibers also depends on the sea-
son when they were sown, collected, or of the type of the
ground.

The comparative study of the life cycle of automo-
tive part or other made in epoxy matrix reinforced by
hemp fibers, and a part manufactured from polystyrene-
butadiene acrylonitrile (ABS) according to various meth-
ods, revealed that the part reinforced with hemp fibers
present an advantage from the environment view point
during the phase of manufacturing [17, 18]. Finally, the
use of natural hemp fibers as reinforcement can allow to
reach interesting mechanical properties, while reducing
the composite costs.

An analysis of the process of longitudinal failure in-
cluding the micromechanical interactions between natural
fibers and the matrix is carried out by taking in account
the effect of the environmental conditions on the degrada-
tion of the composite components. This model is based on
Gao and Reifsnider [12] which allow to predict the resis-
tance and the durability of the unidirectional composite
by using micromechanical techniques. The main purpose
of the present study is to exploit the hemp natural fibers
due to the increase demand and a low cost than the syn-
thetic fibers while having the interesting mechanical prop-
erties. The modified Gao and Reifsnider model was used
to predict the tensile behaviour of hemp fiber/epoxy com-
posite subjected to moisture and temperature aging.

2 Model of longitudinal fracture

The hygrothermal behaviour of the laminated
hemp/epoxy composites is extensively determined by the
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Table 1. Temperature and humidity parameter varia-
tions [12].

T 0
g (◦C) Trm (◦C) g (◦c/c) a f
160 22 2000 0.5 0.04

matrix properties to the interfaces, on the other hand
the natural hemp fibers are relatively sensitive to the in-
crease in moisture and temperature. The effect of mois-
ture generates residual stresses, the plasticity of polymers
as well as degradation at the interfaces [19,20]. Moreover,
the plasticity can involve the reduction in glass transi-
tion temperature [21], which can affect the composite be-
haviour in high temperature environments. To introduce
the temperature effect and the variation of moisture con-
centration on the mechanical properties, Tsai [21] pro-
posed the non-dimensional temperature T ∗, which is the
principal parameter to evaluate the hygrothermal charac-
teristics of the composite.

T ∗ =
Tg − Topr

Tg − Trm
(1)

If Tg is the glass transition temperature of the matrix,
Topr is the operation temperature and Trm is the room
reference temperature. It is also supposed that the mois-
ture removes the glass transition temperature in a dry
environment T 0

g by a change of relative temperature for
unit absorbed moisture “g”,

Tg = T 0
g − gC (2)

We can use the non dimensional temperature T ∗ in an
empirical way to express the matrix and the fiber rigidities
(Em, Ef ) in the way:

Em = E0
m(T ∗)a (3)

Ef

E0
f

=
Gf

G0
f

= (T ∗)f (4)

The index “0” indicates the initial values of the matrix
and the fibers rigidities respectively, a and f represent the
hygrothermal characteristics parameters given in Table 1.

We used the model of Gao and Reifsnider [12] to
estimate the strength of unidirectional composite. This
model allows us to introduce the variation of the me-
chanical characteristics of the matrix and natural fibers
as function of the temperature and the moisture in or-
der to predict the unidirectional composite strength. This
strength varies generally in terms of changes of the inef-
fective length δ in the zone of the fiber failure and the
stress concentrations corresponding to the intact neigh-
bouring fibers. The ineffective length is generally defined
as the length taken between the fiber fracture zone un-
til the length for which the fiber renews its capacity to
bear the complete loading. This concept is illustrated in
Figure 1, where σf is the fiber stress. The changes of the
ineffective lengths can be as function of the temperature
and the moisture due to the change of the matrix and of

σf 
a

 
 

σf 

σf 

0 δ

Fibers
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s 

x 

Fig. 1. Broken fibers with the elongation of the ineffective
length.

the fibers properties. The model approach consists in em-
ploying the shear stress condition at the interface in order
to calculate the ineffective lengths and the stress concen-
tration around the broken natural fibers. Thermal and
hygroscopic residual stresses generally increase with the
increase of fiber volume and have more effect for trans-
verse loading than tensile loading. when starting the fiber
break usually the residual stresses can be neglected.

According to Gao and Reifsnider [12], the tensile fiber
reinforced composite properties, depend on the strength,
the elastic fiber modulus, the strength and the matrix
chemical stability and also of the adherence effectiveness
to the interface fiber/matrix during the load transfer. In
the case of the hemps fibers and even as carbon fibers
which we used in the preceding study, the elastic mod-
ulus and the fiber mechanical resistance remain almost
unchangeable with the variation in the temperature and
the moisture, contrary, the epoxy matrix receives changes
of the properties. These changes are used in this study;
however, because of the difficulty detected during the de-
termination of the properties at the interfaces. The ad-
herence resistance at the interfaces is considered as being
related to the matrix yield stress and the shear interface
τ0. The crack at the interface will take place when the
interface shear stress reached τ0.

The model of Gao and Reifsnider [12] is distinguished
from the other models by the presence of the effect of
shearing and it takes in account the local damages in the
form of debonding at the interface and plasticity. In this
area, the matrix and the interface shear stress was con-
sidered as constant with a value ητ0. η is a shear param-
eter defining the shear stress in the inelastic area. When
η tends to zero, no transfer of shearing took place be-
tween the broken fibers and their neighbours in this area.
It would be the case in the area completely detached, or
from the cracked matrix. Contrary when η = 1, the shear
stress in the inelastic area is equal to τ0. For the applica-
tion of this model in this study, we used η = 1.
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A representative diagram of this problem is given in
Figure 2. This model supposes that exist a central cell of
i broken fibers which are surrounded by unbroken fibers
exposed to stress concentrations due to broken fibers [22].
The unbroken fibers are in their turn surrounded by an ef-
fective homogeneous material which deformed uniformly.

We suppose that the broken cell can be assimilated
to an homogeneous material with a transversal circular
cross section whose Young modulus can be obtained by
the rule of mixtures:

E =
iAfEf +

[
iAm − π

(
r2
0 − (r0 − d)2

)]
Em

π (r0 − d)2
(5)

where A corresponds to the area and E corresponds to
the equivalent Young modulus. The substituted proper-
ties with f refer to the fiber properties, while those sub-
stituted with m refer to the matrix properties. The pa-
rameters Af , Am, radius r0 and the diameter d are given
by the following equations:

Af = πr2
f (6)

Am = π(rf + d)2 − πr2
f (7)

r0 =
√

i(rf + d)2 (8)

d =
rf√
Vf

− rf (9)

Local damages are included in the model by introducing
of debonding area and local plasticity (Fig. 2). The matrix
shear stress and the interface are considered as constant
for the value ητ0, the equilibrium equations in this zone
(0 ≤ x ≤ a) are:

iAfEfβ
d2U0

dx2
− 2πr0ητ0 = 0 (10)

iAfEf
d2U1

dx2
+2π(r0+2d+2rf)

Gm

2d
(U2−U1)+2πr0ητ0 = 0

(11)
β was given as function of the fiber and the matrix geo-
metrical modulus respectively, a represents the half length
of the debonding area locally plasticized.

U0, U1 and U2 represent the stresses and the displace-
ments in the three zones (see Fig. 2).

The matrix shear modulus was given by:

Gm =
Em

2(1 + νm)
(12)

The solution of Equations (10) and (11) with the bound-
ary conditions was:

For x = 0, the stress σ in the broken core was equal to
0, thus dU0

dx = 0 while for x = 0, the displacement U1 = 0
(symmetry).

By considering that the neighboring fibers of the bro-
ken core are not affected by the broken core, (i.e U2 =
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Fig. 2. Unidirectional composite with transverse fiber fracture
and local damage of matrix and adjacent fibers.

σc

Ec
x, where c was the entire composite index), we can ob-

tain a solution for U0 and U1. After introducing the neces-
sary conditions, the Equations (10) and (11) are written
in the form:

U0(x) =
ητ0

r0E1
x2 + C0 (13)

U1(x) = C1
(
eλ1x − e−λ1x

)
+

2r0ητ0

(R2
2 − r2

0)E
1
λ2

1

(
1 − e−λ1x

)
+

σC

EC
x (14)

where C0 and C1 are the integration constants and, R2

was the geometrical coefficient given by:

R2 = r0 + 2rf + d and λ = λ1 =

√
(

1
R2

2 − r2
0

)
Gm

Ec

1
2d

E1 was the adjacent intact fiber modulus given by:

E1 =
EfAf + EmAm

Af + Am
(15)

Under the tensile load σc, the entire composite modulus
Ec was given by the rule of mixtures:

Ec = EfVf + (1 − Vf )Em (16)

Also for the zone a ≤ x ≤ ∞, where there is no yield at
the interface, the equilibrium equations are:

Eπ(r0 − d)2
d2U0

dx2
+ 2πr0

Gm

2d
(U1 − U0) = 0 (17)

niAfEf
d2U1

dx2
+ 2π(r0 + 2d + 2rf )

Gm

2d
(U2 − U1)

− 2πr0
Gm

2d
(U1 − U0) = 0 (18)

where ni represents the number of the adjacent broken
fibers. To satisfy the equations, the expression of the dis-
placements are given as below:

U0 = Ū0 e−γx

U1 = Ū1 e−γx

U2 = σC

EC
x

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(19)
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By substituting the Equation (19) in (17) and (18), we
obtain the differential equations:

U0(x) = C2e
−√

γ1x + C3e
−√

γ2x +
σc

Ec
x (20)

U1(x) = C2

(
1 − γ1

A

)
e−

√
γ1x + C3

(
1 − γ1

A

)
e−

√
γ2x

+
σc

Ec
x (21)

where: γ1, γ2, A, B and D are the algebraic equations:

γ1 =
(A + B + D) −

√
(−A − B − D)2 − 4AB

2

γ1 =
(A + B + D) +

√
(−A − B − D)2 − 4AB

2

A =
Gm

r0E1d
; B =

r0Gm

(R2
2 − r2

0)E2d
; D =

R2Gm

(R2
2 − r2

0)E2d

where: C2 and C3 are the integration constants calculated
at the continuity conditions for x = a:

dU0

dx (0≤x≤a)
=

dU0

dx (a≤x≤∞)

dU1

dx (0≤x≤a)
=

dU1

dx (a≤x≤∞)

The length a can be calculated by imposing the shear
stress continuity condition at x = a. We know that the
shear stress τ0 is considered as constant in the zone 0 ≤
x ≤ a (zone of plasticity), at the outside plasticized zone
a ≤ x ≤ ∞, the stress was given by:

τ(x) = (U0(x) − U1(x))
Gm

2d
(22)

The shear stress continuity is satisfied at x = a if:

τ0 = (U0(a) − U1(a))
Gm

2d
(23)

When the value of a is calculated, we can obtain the U0(x)
and U1(x) as function of the known quantities. It should
be noted that the solutions must be found for each pos-
sible number of adjacent fractures, and for each consid-
ered load step. The stress concentrations Ci for i brocken
fibers, are:

Ci =
dU1(x)

dx |x=0

σc/Ec
(24)

The ineffective lengths can be calculated by solving for the
distances along “x” taken for the stresses along the broken
fibers to reach the applied stress value (where Ci = 1). For
n progressive loading, the tensile stress σc was a fraction
of the fibers strength σ0. If j was the increase in load, we
can write:

σc =
σ0j

n
(25)

The ineffective length δ is a required parameter for the
different fracture models. The length δ was determinated

from some experimental measures for a crack configura-
tion by mean of spectroscopy [23]. However, the system-
atic renewal of measure for different types of composites
would be costly. For this reason, we used some estimable
models of δ [4, 24]. For an hexagonal arrangement, the
expression of δ is given by :

δ =
1
2

[
ln

(
π

6V f

)
EfAf

2πGm

] 1
2

2rf (26)

3 Model validation

First, we carried out many applications on plate of
graphite/epoxy laminate. The mechanical and the ge-
ometrical characteristics are given respectively in Ta-
ble 2 [15, 24, 25]. To appreciate the damage evolution at
the zones locally plasticized; we carried out a progressive
increase in the external load consequently an increase of
the applied tensile stress applied to the sample edges. The
increase in the load, has enabled us to quantify the elon-
gation of the zone locally plasticized and the ineffective
zone for which the fiber renewal with its capacity to bear
the complete loading and that according to the number
of broken fibers. Finally, we will determine the evolution
of longitudinal displacement of broken and intact fibers
according to the sample length.

The validation of our model was carried out by com-
parison with the Foster analysis method [11] for a square
arrangement of unidirectional broken fibers and that
for an hexagonal arrangement graphite/epoxy compos-
ite [18]. From Figure 3, the stress concentration increases
according to the number of broken fibers. The maxi-
mum difference between the Foster curves [11] and the
results [18] is lower than 5%. This difference is due to
the choice of the fiber arrangement which is hexagonal
for the hemp/epoxy composite [18] and square arrange-
ment in Foster models. On the other hand in model of
hemp/epoxy composite and that of graphite/epoxy, the
maximum difference was lower than 7% due to the fiber
arrangement and the fiber nature under the effect of the
environmental conditions. We can conclude that our re-
sults are in good agreement with those of Foster [11] and
the preceding results [18].

4 Hygrothermal analysis

The hygrothermal behavior of the laminated
hemp/epoxy composite is largely determined by the
matrix properties at the interfaces, on the other hand the
natural fibers are relatively sensitive to the increase in
moisture and temperature. Many authors [19,20] noticed
that the effect of moisture generates the sensitivity of the
composites to residual stresses, polymer plasticization
as well as the degradation at the interfaces. Moreover,
the plasticity can involve the decrease in glass transi-
tion temperature [21], which can affect the composite
behavior at high temperature environments.
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Table 2. Mechanical and geometrical characteristics of hemp/epoxy composite [15,24,25].

Fiber Young modulus Ef 27.6 GPa
Matrix Young Modulus Em 4.2 GPa
Fiber reference resistance σ0 3.10 GPa
Shear stress τ0 25.20 MPa
Matrix Poisson coefficient ν12m 0.43
Fiber volume fraction Vf 0.51
Shear parameter η 1.0
Specimen length L 200 mm
Specimen reference length L0 20 mm
Specimen width W 10 mm
Thickness specimen t 8 mm
Fiber radius rf 120 μm
Maximal number of broken fibers ni 40
Matrix thermal coefficient expansion αm 63 × 10−6 m/m/◦C
Matrix hygroscopic coefficient βm 0.33 m/m/kg/kg
Hemp fiber thermal coefficient expansion αf 5 × 10−6 m/m/◦C
Hemp fiber hygroscopic coefficient βf (%) 8
Hemp density (g/cm3) 1.48
Elongation at failure (%) 47

hemp/Epoxy

Fig. 3. Comparison of the stress concentrations for normal
environmental conditions, models validations [11,18].

4.1 Evolution of ineffective lengths

The ineffective length δ is defined as being the length
ranging between the fractured zone fibers until the length
for which the fiber renewal with its capacity to bear the
complete loading, therefore it must include the locally
plasticized zone a (δ ≥ a). According to the behavior laws
and starting from the fractured zone, the natural broken
fiber must pass by a locally plasticized zone a, then by
transitory zone before reaching the perfectly elastic zone
delimited by the length δ called ineffective under the effect
of moisture and temperature (see Fig. 4). For different
temperatures, the evolution of the ineffective length is
studied as function of the number of broken fibers with a
progressive variation of the moisture concentration from
0% to 100% for T = 20 ◦C, 90 ◦C and 140 ◦C, respectively.

For T = 20 ◦C, we obtain a superposition of all repre-
sentative curves of the ineffective length. We can deduce
that for low temperatures, the variation of moisture con-
centration have no effect on the ineffective length. With
the increase in the temperature from 90 ◦C to 140 ◦C,

the sensitivity of the ineffective length for a variation of
moisture concentration becomes increasingly important.
For T = 140 ◦C, the ineffective length for 40 broken
fibers which is 1.32 mm for C = 0% becomes 1.15 mm
for C = 100%. We can deduce that the temperature is an
important factor for the determination of the ineffective
length passing from the carbon to hemp fiber, because it
generates a degradation of the mechanical characteristics.

4.2 Evolution of the stress concentrations

The estimation of the length of locally plasticized
zone, the ineffective length and the longitudinal displace-
ment, allows the determination of the stress concentration
factor. This factor is of great importance because it offers
to us the ratio between the stress calculated at the fibers
fracture point and the external applied stress. It will en-
able us to determine the stress concentration in the zone
of the broken fibers, and to predict a probably fracture of
neighboring adjacent fibers under the effect of moisture
and temperature. It is well-known that the matrix is very
sensitive to the variation of the temperature, and the in-
terface adhesion between the hemp fibers and the matrix
becomes very weak; thus the debonding phenomenon ap-
pears, and leading to the fiber fracture. When it appears
a fiber fracture in the composite, an influence area was
generated around the extremities of the broken fiber in
which exists a stress concentration. In addition, the load
can be transferred to a broken fiber with a shear stress at
the fiber/matrix interface.

To illustrate the effect of the environmental conditions
on the degradation of the ineffective area surrounded by
the broken hemp fibers, in Figure 4, we present the evolu-
tion of the stress concentrations as function of the broken
fibers for different variations of moisture concentrations
and the humidity.
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Fig. 4. Evolution of the ineffective length under various mois-
ture concentrations for the temperatures T = 20 ◦C, 90 ◦C and
T = 140 ◦C (σ = 0.5σ0).

The stress concentrations become more important
with the increase of the number of broken fibers. There-
after, this stress concentration becomes relatively stable
if the number of fibers is very high. For the low temper-
atures, the effect of moisture concentration on the stress
concentration is almost negligible as shown in Figure 5
for T = 20 ◦C.

The effect of moisture concentration becomes increas-
ingly important with the increase of the temperature from
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Fig. 5. Evolution of the stress concentration as function of
broken fibers for a progressive variation of moisture concen-
tration for σ = 0.5σ0.

90 ◦C to 140 ◦C. For T = 140 ◦C, a clear distinction
appears between all the curves, for example; for 40 bro-
ken fibers, the stress concentration varies from 1065 for
C = 0% to 1074 for C = 100%. With the use of natural
hemp fibers according to the above results, we can deduce
that in the neighboring area of the intact fibers, the stress
concentration is very high. But, when the number of bro-
ken fibers is very important, the stress concentration to
the ineffective area is more important and the ineffective
length is large. The neighboring area becomes less stiff,
and the broken fibers react more easily and they can com-
municate together to cause a complete failure.
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Fig. 6. Longitudinal displacement for broken and intact fibers
surrounding the damaged zone for σ = 0.5σ0.

4.3 Evolution of longitudinal displacement
at the failure fibers point

According to the number of broken fibers, it is clear
that the curves are distinguished one from the other
(fibers failure point), then they have the same pace and
they become lineal. We note that the longitudinal dis-
placement for less than 5 broken fibers is less important
while comparing by those of 40 broken fibers. Figure 6,
presents the effect of the environmental conditions on the
evolutions of the longitudinal displacement in damaged
zone.

By the variation in the temperature from 20 ◦C to
140 ◦C and moisture concentration from 0% to 100%, the

sensitivity of the model and the displacement on the level
of damaged zone are less important, compared to the ob-
tained results for stress concentration in the broken fibers
zone. For example the longitudinal displacement for one
broken fiber was less important passing from 0.036 mm
for T = 20 ◦C and C = 0 to 0.043 mm for the extreme
conditions (T = 140 ◦C and C = 1), on the other hand
the displacement for 40 broken fibers becomes more im-
portant in the vicinity of the damaged zone which passes
from 0.1518 mm (T = 20 ◦C and C = 0) to 0.2182 mm
(T = 140 ◦C and C = 1), for an external applied stress
equal to 0.5.

The relation between the longitudinal displacement
and the length is lineal, if no fiber is broken. When the
breaks appear, the curves take an exponential pace in
the vicinity of the damaged zone, thereafter they become
lineal, which reflects the no linearity phenomena in the
damaged zone which is characterized by a local plasticity.

5 Conclusions

The purpose of the study was the analytical modeling
of the behavior of hemp/epoxy unidirectional composite
material under the effect of the environmental conditions.
This behavior depends primarily on the arrangement, the
orientation and the fiber fraction volume inside the ma-
trix. The stress transfer from one fiber to another passes
through the matrix in the presence of the shear stresses
at the interfaces. The determination of the stress concen-
tration factor makes it possible to have a clearer idea on
the evolution of the fibers failure and the probability of
damage of adjacent neighbor fibers. The vicinity of the
failure zone is characterized by a locally plasticized zone
which will become elastic while moving from it. Under
the effect of a simultaneous variation of the temperature
and the moisture concentration, the plastic zone and the
ineffective area become widely according to the number
of broken fibers and thereafter they become critical under
the extreme environmental conditions, in addition it in-
creases the longitudinal displacement in the plastic zone
which leads to fast passage of the damage from a broken
fiber to another, which permits us to be in the conformity
with the micromechanical laws.

In other hand, the fabric hemp composites have advan-
tages and disadvantages. Indeed, the hemp/epoxy com-
posite, presents a great flexion stiffness. They are more
resistant to the damage introduced by the flexion than
the carbon fiber composites. The obtained results also
showed that the fiber resistance and the Young modulus
are relatively insensitive to the concentration of tempera-
ture and moisture, but the epoxy matrix is very influenced
by the increase in the environmental conditions.
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