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a b s t r a c t 

Failure maps of mechanical joints have been developed for traditional composites as CFRPs and GFRPs to predict 
failure modes as a function of joint geometry. Nevertheless, the results of these failure maps cannot be applied 
to biocomposites reinforced with natural fibres. 

This paper presents a novel study of the failure modes of biodegradable composite mechanical joints. The in- 
fluence of joint geometrical parameters, as sample width and the distance of the hole to the free edge, on peak 
loads and failure modes is analysed for different natural fibres reinforcements. Biodegradable composites were 
manufactured with PLA matrix reinforced with flax, jute and cotton fibres. A failure map for each material is 
obtained identifying the regions of typical failure modes of mechanically fastened joints. The comparison of dif- 
ferent natural fibres indicates that the fibre strength has a clear influence on the prevention of shear out failure 
mode but the influence on the net-tension failure is not so clear. 
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. Introduction

Carbon and glass fibres are often used as reinforcement in compos-
tes for structural applications due to their excellent mechanical prop-
rties and low density. A characteristic problem of these materials is
he difficulty in the process of elimination at the end of its useful life
1] . As an alternative, the use of composites based on natural fibres is
ncreasing because they are renewables and biodegradables [ 2 , 3 ]. Also,
hese fibres reduce the environmental impact of the manufacturing and
limination processes due to their recyclability. They also have a good
alance between mechanical properties and cost, thus they have been
sed in applications as diverse as interior panels of cars and aircraft,
oys, funeral articles, packaging, marine railings and cases for electronic
evices such as laptops and mobile phones [4-6] . However, natural fi-
res also have problems such as properties variability, high capacity to
bsorb moisture and ageing in humid environments [7] . Additionally,
here is a lack in the knowledge of the mechanical behaviour of these
aterials in certain loading conditions.
Mechanical joints are very often applied to joint structural elements.

his technique has advantages such as its ability to transfer high level
f loads, its low cost, its simplicity and the facility of disassembly for
epairs [ 8 , 9 ]. However, stress concentration can produce a premature
omponent failure [10] . For this reason, the analysis of joint failure is a
ery relevant topic [ 11 , 12 ]. 
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The macroscopic failure modes that appear in a mechanical joint are
ell known: net-tension, shear out and bearing. In addition to these pure
odes, combined modes can also appear [ 8 , 13-15 ]. 

 Net-tension failure, Fig. 1 a, is a catastrophic failure perpendicular to
the load direction produced by the shear and compressive stresses
that appear in the area close to the hole [16] . This failure appears for
low ratios between laminate width and hole diameter (W/D) [12] .
Net-tension failure is usually preceded by bearing. This failure ap-
pears frequently in joints with several bolts [14] . 

 Shear out, Fig. 1 b, occurs at the edges of the hole in the load direction
due to shear stresses. This mode appears when the distance between
the ratio between hole diameter and the free edge distance (E/D) is
small and also in highly orthotropic laminates [8] . 

 Bearing failure, Fig. 1 c, appears in the contact zone between bolt and
hole due to compression stresses [ 11 , 17 ]. This is the main failure
mode when W/D and E/D ratios are high [12] . Bearing is strongly
affected by laminate lay-up and temperature [ 8 , 18 ]. 

Net-tension and shear out may appear combined in a failure mode
alled cleavage. Both modes produce a catastrophic failure, on the other
and, bearing produces a progressive failure. For this reason, the design
f a joint has to assure that the failure is controlled by bearing. The
ailure of the joint depends on many factors such as material parame-
ers, temperature, friction and geometric parameters such as bolt-hole
learance, E/D and W/D ratios, etc. [ 8 , 19 ]. 
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article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.jcomc.2021.100159
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jcomc
mailto:csantius@ing.uc3m.es
https://doi.org/10.1016/j.jcomc.2021.100159
http://creativecommons.org/licenses/by-nc-nd/4.0/


R.G. Estrada, C. Santiuste and E. Barbero Composites Part C: Open Access 5 (2021) 100159 

Fig. 1. Basic macroscopic failure modes in 
a mechanical joint. a) net-tension failure, b) 
shear out, and c) bearing. 
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The study of mechanical joints is a topic widely studied in glass or
arbon reinforced composites [ 11 , 17 , 20-28 ]. However, there are few
tudies about the response of mechanical joints made from natural com-
osites [ 10 , 12 , 29-32 ]. 
The material of the laminate is one of the parameters that can modify

he joint failure modes [ 14 , 15 ]; for this reason, the conclusions of the
tudies focused on glass or carbon reinforced material are not directly
pplicable to other fibres such as flax, kenaf, etc. 
A design methodology to predict the mode of failure of a joint is the

se of failure maps based on geometric parameters [8] . These diagrams
re a two-dimensional representation of the failure modes based on ge-
metry ratios width/hole diameter (W/D) and distance to free edge/hole
iameter (E/D). Using these diagrams, it is possible to define a geometry
hat ensures bearing failure. 
Fiore et al. [12] analyse laminates made from flax fibres to build

 failure map of pin-hole joints where bearing failure appears for ra-
ios of E/D and W/D higher than 3–3.75, while in glass-fibre reinforced
aminates E/D and W/D are 2 and 3 [8] . They conclude that in flax-
poxy composites the range of geometries where net-tension and shear
ut failure appear is greater than in glass-reinforced composites [33] .
n a later work on the same composite these authors found ratios E/D
nd W/D higher than 1.6 and 2.1 respectively to assure that the failure
s due to bearing. This discrepancy is justified due to the differences in
he stacking sequence. 
In other work, Fiore et al. [7] analyse hybrid glass-flax/epoxy com-

osites joints. Their conclusions show that bearing appears for geometric
atios intermediate to those of flax/epoxy and glass/epoxy, they found
/D and W/D ratios of 2.4 and 3.1 respectively. The use of failure maps
as been extended by Fiore et al. [34] to study the effect of the environ-
ent on pinned joints of flax/epoxy laminates. 
In order to compare joints made from different materials it is nec-

ssary to ensure that the tests are carried out with the same experi-
ental methodologies and specimen geometries. Moreover, all the pa-
ers that have been found about mechanical joints of composites re-
nforced with natural fibres use epoxy resin as matrix. As far as the
uthors know, no works of 100% biodegradable composites mechani-
al joints can be found in the literature, neither works where biocom-
osites reinforced with different natural fibres are compared have been
ound. 
In this work, the behaviour of mechanical joints of biocomposites re-

nforced with flax, cotton and jute fibres in a polylactic acid (PLA) ma-
rix was investigated. PLA is a thermoplastic polyester matrix obtained
rom renewable resources and the analysed biocomposites are 100%
2 
iodegradables. A failure map for each material was drawn, analysing
he geometry ratios (W/D and E/D) needed to guarantee bearing failure.
he results were compared with data from the literature for glass/epoxy
nd flax/epoxy laminate joints to analyse the influence of both fibre and
atrix on the failure modes. 

. Experimental procedure 

Biocomposite plates were manufactured using compression mould-
ng method. PLA based composites were reinforced with flax, cotton and
ute fabrics to be able to compare the behaviour of 100% biodegradable
omposite reinforced with different natural fibres. 
PLA thermoplastic resin (10361D) provided by Nature Works LLC in

ellets was used as matrix. The 10361D PLA is specifically aimed as a
inder for the manufacture of biocomposites, its density is 1.24 g/cm3
nd melting temperature is around 145–170 °C. Fabrics of flax, cotton
nd jute were cut into 300 mm x 300 mm samples for manufacturing. 
In the compression moulding method pressure and temperature are

pplied by means of two thermo-heated plates in a universal testing ma-
hine. First, PLA pellets are kept in an oven at 95 °C for 30 min to remove
umidity. Then, PLA pellets are subjected to a pressure of 4 MPa and
 temperature of 185ºC to obtain PLA films. Next, a 2 min preheating
ithout pressure at 185 °C is applied to 5 PLA films alternately stacked
ith 4 woven plies. After the preheating, a pressure of 16 MPa is applied
or 3 min at 185ºC. Finally, the laminate is cooled at room temperature.
ll the parameters of the manufacturing process were optimized to im-
rove the biocomposite mechanical properties in a previous work [35] .
ensile tests were conducted on some specimens to obtain the tensile
trength of the three composites. 
A pin of 6Al4V titanium alloy with 4.8 mm diameter was used in the

in-bearing tests. Pin-bearing ASTM D5961M standard tests were con-
ucted on laminates using a universal test machine (Instron 8516). The
est specimen consists of a rectangular plate of length equal to 200 mm,
idth (W) between 9.8 mm and 41.9 mm, and distance to the free end
E) between 4.6 mm and 41.9 mm. The hole was located with a diame-
er of 5 mm. These parameters were selected to provide a wide range of
/D and E/ratios in order to complete the failure maps with all the pos-
ible failure modes. From the tests, bearing stress versus displacement
urves were drawn in order to determine the failure mode of each geom-
try configuration. In those specimens where the failure is net-tension,
he test was stopped after a sudden drop of the applied load appeared.
hen the failure is due to bearing, the test was stopped when a plateau
n the curve was achieved. 
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Fig. 2. Bearing stress versus displacement curves in flax/PLA specimens. Rep- 
resentative results for each failure mode. 
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To ensure quasi-static conditions all specimens were loaded at a
rosshead speed of 0.2 mm/min. A total of 96 pin-bearing tests were
arried out, 47 of them were tests on flax/PLA laminates, 27 on cot-
on/PLA laminates, and 22 on jute/PLA laminates. 

. Results and discussion 

The bearing stress versus displacement curves and the post-mortem
pecimen were analysed to determine the failure mode of each test.
able 2 shows examples of the typical failure modes for each material.
hen the hole is near to the free end, low E/D ratio, the failure of the
aminate is produced by shear stresses located between the hole and the
ree-end. When the specimen width is low, low W/D ratio, the failure
f the specimen is produced by tensile stresses located in a line perpen-
icular to the loading direction. Finally, if W/D and E/D ratios are high
nough the failure is produced by bearing stresses in the surrounding of
he hole. 
3 
.1. Flax/PLA laminates 

Fig. 2 shows the results of bearing stress as a function of displace-
ent for the five representative failure modes found in flax/PLA speci-
ens. Bearing failure mode is characterized by an increase in the bear-
ng stress until the maximum bearing stress is reached, then an almost
nlimited plateau appears. It should be noticed that the maximum bear-
ng stress (approx. 130 MPa) is higher than flax/PLA tensile strength.
he plateau corresponds to the progressive failure, for this reason bear-
ng is the desirable failure mode in composite joints, the failure can
e detected before a catastrophic damage is produced. When the fail-
re mode is net-tension the slope of the curve is similar to that found
n bearing but a sudden failure appears when the stress concentration
n the surroundings of the hole reach the tensile strength. For this rea-
on, the maximum stress is much lower than in bearing failure, around
0 MPa. Shear out failure is characterized by a low initial slope in the
urve and low bearing stress (approx. 40 MPa). In shear out failure, the
amage is located in the area between the hole and the free end leading
o a very low stiffness and strength of the joint. 
There are also two mixed modes: bearing & net-tension mix mode

s characterized by a similar curve to the bearing failure, but when the
lateau is reached and the damage is extended near the hole, this dam-
ge lead to the onset of a crack due to tensile stress, the net-tension mode
s produced and the load suddenly drops to zero; the bearing stress ver-
us displacement curve of bearing & shear out mix mode is also similar
o bearing failure curve but the maximum bearing stress is lower than
n bearing curves because when bearing damages appears the distance
etween hole and free end is reduced leading to the shear out failure
nd a sudden drop of the load. 
Fig. 3 shows the failure mode of the 47 tests of pinned-joints on

ax/PLA laminates. To guarantee bearing failure the minimum E/D ra-
io must be 1.7 and the minimum W/D 3. If W/D ratio is lower than
 the failure mode is net-tension, and bearing & net-tension mix mode
s produced for W/D ratios between 2 and 3. Shear out failure is pro-
uced when E/D ratio is lower than 1.3, and for E/D ratios between 1.3
nd 1.7 the predominant failure mode is bearing & shear out mix mode.
herefore, this failure map can be used by design engineers to predict
he failure mode in composite mechanical joints of flax/PLA laminates.
Fig. 3. Failure map for flax/PLA specimens. 
Failure modes as a function of W/D and E/D 
ratios. 
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Fig. 4. Bearing stress versus displacement curves in jute/PLA specimens. Rep- 
resentative results for each failure mode. 
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Fig. 6. Bearing stress versus displacement curves in cotton/PLA specimens. 
Representative results for each failure mode. 
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.2. Jute/PLA laminates 

Fig. 4 shows the results of pinned joint tests on jute/PLA laminates
ncluding the curves of bearing stress as a function of displacement for
he five representative failure modes. Bearing failure curve is similar to
hat found in flax/PLA laminates, Fig. 2 , the bearing stress in the plateau
approx. 80 MPa) is also higher than tensile strength and the progres-
ive failure allows the detection before catastrophic damage. In the case
f net-tension failure both slope and maximum stress are much lower
han in bearing failure. Nevertheless, the shape of net-tension curve is
uite similar to that found in flax/PLA tests with a linear behaviour un-
il a sudden load drop. In jute/PLA shear out failure mode the slope of
he bearing stress versus displacement curve is similar to that found in
ax/PLA laminates, and the maximum stress (approx. 60 MPa) is in-
ermediate between those found in bearing and net-tension. Thus, in
4 
ax/PLA laminates the stiffness was reduced in shear out failure mode
ut not in net-tension failure, while in jute/PLA specimens the stiffness
as reduced in net-tension failure but not in shear out. 
There are also two mixed modes: bearing & net-tension mix mode

urve is similar to that found in flax/PLA tests, a plateau is reached like
n bearing failure, but a sudden load drop appears when crack is pro-
uced due to stress concentration in the bearing damage area; cleavage
ailure mode is a mix between the three pure failure modes (bearing,
hear out, and net-tension), the curve is characterized by low stiffness
nd low maximum stress, is similar to the net-tension failure curve but
he failure is more progressive. It should be noticed that in jute/PLA
ests the bearing & shear out mix mode was not found and cleavage was
ot found in flax/PLA tests. 
Fig. 5. Failure map for jute/PLA specimens. 
Failure modes as a function of W/D and E/D 
ratios. 
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Fig. 7. Failure map for cotton/PLA specimens. 
Failure modes as a function of W/D and E/D 
ratios. 

Fig. 8. Idealized failure maps for flax/PLA, jute/PLA and cotton/PLA laminates. 
Failure modes as a function of W/D and E/D ratios. 

Table 1 

Tensile strength of the manufactured composites [35] . 

Material Tensile strength (MPa) Thickness (mm) 

Flax/PLA 102.00 1.4 

Jute/PLA 64.43 1.2 

Cotton/PLA 59.93 1.5 

 

a  

i  

m  

r  

p  

m  

l  

m  

l  

w  

t  

m  

fl

Fig. 9. Idealized failure maps for flax/PLA, glass/epoxy and flax/epoxy lami- 
nates. Failure modes as a function of W/D and E/D ratios. [7] . 
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The failure modes of the 22 pinned-joint tests on jute/PLA specimens
re shown in Fig. 5 . To assure bearing failure in jute/PLA joints the min-
mum E/D ratio is 1.9 and the minimum W/D ratio is 4. In flax/PLA the
inimum E/D and W/D ratios are 1.7 and 3, thus the jute/PLA joints
equire greater dimensions than flax/PLA joints. Net-tension failure ap-
ears for W/D ratios equal or lower than 2, and bearing & net-tension
ix mode is produced for W/D ratios between 2 and 4. If E/D ratio is
ower than 1.9 the failure mode is shear out, the bearing & shear out
ix mode was not found. If W/D ratio is lower than 4 and E/D ratio is
ower than 1.7 the failure mode is cleavage. In flax/PLA tests cleavage
as not found, even in the specimens with lowest E/D and W/D ratios
he failure mode was shear out. These results indicate that the failure
odes can be different for composite mechanical joints reinforced with
ax or jute fibres. 
5 
.3. Cotton/PLA laminates 

The bearing stress versus displacement curves obtained in the pinned
oint tests on cotton/PLA laminates are shown in Fig. 6 . There are six
urves corresponding to all the failure modes. Bearing failure is simi-
ar to the curves found in laminates reinforced with flax or jute fibres,
he plateau of the bearing stress (approx. 90 MPa) is also significantly
igher than tensile strength and bearing failure mode is progressive al-
owing early detection. Net-tension failure curve is similar to that found
n jute, showing a noteworthy reduction both in lower slope and max-
mum stress (approx. 40 MPa) with respect to bearing failure and with
n almost linear behaviour before a sudden load drop. The shear out
urve shows an intermediate behaviour between flax and jute curves,
he slope of shear out curve is lower than that of bearing curve but the
eduction is not as high as in flax tests. The maximum bearing stress in
hear out failure (approx. 50 MPa) is slightly higher than in net-tension.
The three mixed modes were found in cotton/PLA pinned joint tests:

he curve of bearing & net-tension mix mode is similar to those found
n laminates reinforced with flax and jute fibres, the initial behaviour
s parallel to the bearing failure curve but load drops suddenly when
et-tension failure appears; the curve of bearing & shear out mix mode
s similar to that found in flax/PLA tests because the bearing stress of
he plateau (approx. 80 MPa) is lower than in bearing failure; finally,
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Table 2 

Examples of failures modes in flax/PLA, jute/PLA and cotton/PLA specimens. Left: Bearing. Centre: shear out. Right: net-tension. 
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leavage curve is similar to that found in the jute/PLA tests, Fig. 4 , the
lope and maximum bearing stress is similar to the net-tension curve but
he failure is progressive. 
Fig. 7 shows the failure map created with the 27 pinned-joint tests

onducted on cotton/PLA specimens. For cotton/PLA specimens the
earing failure is guaranteed if E/D ratio is higher than 2 and W/D ratio
s equal or higher than 4. These values are slightly higher than in lam-
nates reinforced with jute fibres, thus cotton/PLA is the analysed lam-
nate that requires the greatest dimensions for mechanical joints. Net-
ension failure is predominant when W/D ratio is around 2 or lower,
nd for W/D ratios between 2 and 4 the failure mode is the bearing &
et-tension mix mode. If E/D ratio is between 1.5 and 2 the failure mode
s the bearing & shear out mix mode, and for E/D ratios lower than 1.5
he failure mode is shear out. Finally, cleavage is the failure mode when
/D is lower than 4 and E/D is lower than 1.4. 

.4. Comparisons 

The idealized failure maps for pinned joints of flax/PLA, jute/PLA
nd cotton/PLA laminates are shown in Fig. 8 . The most restrictive case
6 
s the cotton/PLA, while the material that requires lowest dimensions in
he mechanical joint is flax/PLA. In this idealized map the mixed failure
odes have been removed for simplification. The limits between shear
ut and bearing failure are ratios of W/D equal to 1.5, 1.75 and 2 for
ax/PLA, jute/PLA and cotton/PLA laminates respectively. The limits
etween net-tension and bearing failure are ratios of E/D equal to 2.5,
 and 3 for flax/PLA, jute/PLA and cotton/PLA laminates respectively. 
These results can be related to the mechanical properties of the lam-

nates, see Table 1 . The fibres with highest strength can prevent abrupt
ailures as shear out or net-tension with lower joint dimensions. This re-
ationship between the mechanical properties of the fibre and the dimen-
ions required to guarantee bearing failure can also be observed in Fig. 9 .
he differences between failure maps of flax/epoxy and glass/epoxy
aminates can be attributed to fibres because the matrix is the same.
he dimensions required to guarantee bearing failure are much higher
n flax/epoxy laminates because the mechanical properties of glass fi-
res are much better than flax fibres. The W/D ratio required to avoid
et-tension failure is 2 in glass/epoxy laminates and 4 in flax/epoxy,
hile the E/D needed to guarantee bearing failure instead of shear out
s 1.5 in glass/epoxy and 3 in flax/epoxy. 
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On the other hand, the comparison between flax/epoxy and flax/PLA
an reveal the influence of the matrix. According to the results shown
n Fig. 9 , The joint dimensions required to guarantee bearing failure in
ax/epoxy laminate are much higher than in flax/PLA laminate. The use
f PLA as matrix instead of epoxy can reduce the W/D ratio from 4 to
.5, and the E/D can be reduced from 3 to 1.5. Actually, the failure map
f flax/PLA laminates is quite similar to that of glass/epoxy composites.
his result indicates that the influence of the matrix in the failure modes
s as important as the influence of fibres. The increment of required
imensions produced if glass fibres are replaced by flax fibres can be
ompensated if PLA is used as matrix instead of epoxy. 

. Conclusions 

In this work the influence of geometrical parameters on the be-
aviour of composite mechanical joints is analysed comparing three
ypes of natural fibres as reinforcement. Composites were manufactured
ith a PLA matrix reinforced with flax, jute and cotton fibres. The basic
acroscopic failure modes (net-tension, shear out, and bearing) were
dentified for each material and geometrical configuration. Moreover,
ixed modes were observed for some configurations. Each failure mode
as characterized not only by the damage observed in the specimens,
ut also by the shape of the bearing stress versus displacement curves.
or each material the geometrical configuration that produces each fail-
re mode was identified. 
Bearing failure mode was also characterized by a bearing stress ver-

us displacement curve with two stages: first, bearing stress increases
ith displacement and, second, a plateau where bearing stress is almost
onstant. Net-tension failure mode is characterized by a sudden load
rop for very low values of bearing stress. When failure mode is shear
ut there are three stages in the curve: first, bearing stress increases with
isplacement; second, there is a plateau; and, finally, there is a smooth
ecrease of the load. 
Comparing the three materials, there is a relationship between ten-

ile strength and maximum bearing stress. Thus, maximum bearing
tress was found in flax/PLA composites. In all the materials the max-
mum value of bearing stress was found when failure mode was bear-
ng. In flax/PLA joints, bearing stress produced by net-tension failure
as higher than by shear out. However, in cotton/PLA and jute/PLA
pecimens, the stress produced by shear out failure was higher than by
et-tension. 
The influence of fibre strength on the value of E/D ratio required to

void shear out failure is clear: the higher the fibre strength the lower
he E/D ratio that guarantees bearing failure. Thus, in flax/PLA compos-
tes the minimum value to avoid shear out failure is 1.5, in jute/PLA is
.75, and in cotton/PLA is 2. However, influence of tensile strength on
he transition between net-tension and bearing is less clear, although a
imilar trend is found. The W/D ratio needed to avoid net-tension failure
n flax/PLA joints is 2.5, in jute/PLA is 3, and is cotton/PLA is 3. 
The influence of matrix on the failure mode has also been studied.

he PLA-matrix composites shown a transition to bearing failure mode
t lower geometry ratios than in epoxy-matrix composites. In fact, the
omplete failure map of flax/PLA composite is quite similar to the map
f glass/epoxy composite, even though the fibre strength is lower than
he glass fibre strength. This fact suggests that this material may be an
lternative to glass/epoxy materials in some applications as automotive
nd aircraft interior panels. 
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