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Abstract: Fasteners are a typical method for providing load t ransfer between different  parts.

The current  interest  by the industry is to use natural fibres, such as flax, in composite laminates.

The failure modes in flax fibre reinforced plast ic (FRP) composite joints are clearly less known.

This work studies the damage onset  of a fastener joint  using three-dimensional finite element

models. The damage onset  is analysed using the Hashin 3D and Puck’s failure criterion. In the

analysis, carbon and flax FRP joints are simulated. The analyses remark that  the Puck criterion’s

parameters have an influence on the damage onset  and specific parameters are needed for the

flax FRP in joints.
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1. Introduction

M echanical joints are a crit ical part in lightweight  composite structures. M echanical joints have

several advantages, which include applicability to inspections and disassembly. The challenge is

the st ress peaks caused by fasteners. For studying the load-carrying capability of these

mechanical joints, both analyt ical and numerical methods are used. These are mainly based on

st ress-based methodologies. The st ress field around the fastener in orthot ropic composite plies

is complex and requires a fit t ing failure criterion for taking into account different  st ress

components. Several different  st ress and st rain-based criteria have been developed [1].

In addit ion to st rength values, certain criterion includes parameters dependent on the laminate.

This is a challenge when new material combinat ions are taken into use. The current  t rend of

many industrial fields is sustainability, which evokes further interest  in natural engineering

materials, such as flax fibres. Current ly, there is no long-term experience about  the using of flax

laminates in the st ructural applications, including mechanical joints [2,3].

The target  of this work is to study the damage onset  in carbon fibre reinforced plast ic (CFRP)

and flax fibre reinforced plast ic (FFRP) laminate joints with fasteners. The study is performed

using finite element  (FE) analyses where Hashin 3D and Puck criteria are implemented. The work

compares the damage onset  and studies the influence of Puck criterion’s parameters. In

addit ion, the location of the damage and the influence of frict ion are covered.

2. M ethods

2.1 Finite element model

The three-dimensional FE model present ing a riveted joint  was created using Abaqus/ Standard

2021 (Fig. 1). The model consisted of three laminates and one rivet . All three laminates had the

same geometry (length 48 mm and width 24 mm). The rivet  diameter was 4 mm. The simplicity
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of the fastener was considered, e.g. countersinks were not modelled. The circular fastener ends

(heads) had 8 mm outside the hole region (1 mm in thickness). The ‘rivet  edge’ distance was 12

mm in the longitudinal direct ion and 12 mm in the width direct ion. Eight  ply laminates’ stacking

sequence was [0/ 45/ -45/ 90]SE. The thicknesses of CFRP and FFRP laminates were respectively

1.12 mm and 2.96 mm. The 0-direct ion was parallel to the loading direction. The ply propert ies

for CFRP and FFRP are presented in Table 1.

Table 1: M aterial propert ies used in this study. [4–6]

CFRP FFRP

Ply thickness [mm] 0.14 0.37𝐸1 [GPa] 140 24.98𝐸2, 𝐸3 [GPa] 10 4.51𝜈12, 𝜈13, 𝜈23 0.3 0.3𝐺12, 𝐺13, 𝐺23 [GPa] 5.17 5.21𝑋𝑇 [M Pa] 2080 260𝑋𝐶 [M Pa] 1560 260𝑌𝑇, 𝑍𝑇 [M Pa] 59 18.58𝑌𝐶 , 𝑍𝐶 [M Pa] 203 18.58𝑆 (𝑆12,𝑆13,𝑆23)  [M Pa] 93 33.51𝐸𝑓 [GPa] 230 58.9𝐸𝑚 [GPa] 3 2.9

The laminates were connected using a t itanium fastener. The fastener’s Young’s modulus was

110 GPa, and Poisson’s rat io was 0.3. The contacts between fastener and laminates and laminate

and laminate were modelled. These contacts were modelled as frict ionless and frict ional. The

effects of fastener t ightening were also covered in the numerical analyses. The t ightening effect

was modelled by pressure loading at the fastener socket  region.

The FE models were loaded by tensile loading simulat ing the mechanical load. The loading was

performed using the enforced displacement  at  the left  side edge of the middle laminate. The

(same) edge width and vert ical displacements were rest ricted. The value of enforced

displacement  was 0.1 mm in the CFRP joint  and 0.05 mm in the FFRP joint . The outside laminates

were rest ricted in all the three direct ions at  the laminate end edge, as shown in Figure 1. The FE

model laminates were modelled using fully integrated solid elements (C3D8) and the rivet  using

reduced integrated solid elements (C3D8R). The typical element  dimension was 1 mm, which

provided approximately 28,000 elements for the CFRP and FFRP models.
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Figure 1. The finite element models of the CFRP (top) and the FFRP (bot tom) joints.

2.2 Damage onset criterion

The damage onset for the joint  laminates was studied using the Hashin 3D and Puck st ress

criteria [7,8]. Both criteria were implemented to the analysis using the user-defined material

subrout ine (UM AT) in Abaqus [9]. The Hashin 3D and Puck criteria can be ext racted in the

following form:

Hashin 3D Fibre failure𝑓𝐹𝐹 =
𝜎11𝑋𝑇 2

+
𝜎12𝑆 2

+
𝜎13𝑆 2

 , when 𝜎11 > 0 (1)

𝑓𝐹𝐹 =
𝜎11𝑋𝐶 2

, when 𝜎11 < 0 (2)

Hashin 3D M atrix Failure𝑓𝐼𝐹𝐹 =
𝜎22+𝜎33𝑌𝑇 2

+
𝜎232 −𝜎22 ∙𝜎33𝑆2 +

𝜎122 +𝜎132𝑆2  , when 𝜎22 + 𝜎33 > 0 (3)

𝑓𝐼𝐹𝐹 =
1𝑌𝐶 𝑌𝐶2𝑆 2 − 1 (𝜎22 + 𝜎33) +

(𝜎22+𝜎33)24𝑆2 +
𝜎232 −𝜎22𝜎33𝑆2 +

𝜎122 +𝜎132𝑆2  , when (𝜎22 + 𝜎33 <

0) (4)

Puck Fibre failure𝑓𝐸𝐹𝐹 =
1𝑅∥𝑡,𝑐 𝜎11 − 𝜈⊥∥ − 𝜈⊥∥𝑓𝑚𝜎1 𝐸∥𝐸∥𝑓 (𝜎22 + 𝜎33) = 1 , when 𝜎11 > 0 (5)

𝑓𝐸𝐹𝐹 =
1−𝑅∥𝑡,𝑐 𝜎11 − 𝜈⊥∥ − 𝜈⊥∥𝑓𝑚𝜎1 𝐸∥𝐸∥𝑓 (𝜎22 + 𝜎33) = 1 , when 𝜎11 < 0 (6)

Puck M atrix failure

𝑓𝐸𝐼𝐹𝐹 =
1𝑅⊥𝐴𝑡 − 𝑝⊥𝜓𝑡𝑅⊥𝜓𝐴 𝜎𝑛(𝜃)

2
+

𝜏𝑛𝑡(𝜃)𝑅⊥⊥𝐴 2
+

𝜏𝑛1(𝜃)𝑅⊥∥𝐴 2
+

𝑝⊥𝜓𝑡𝑅⊥𝜓𝐴 𝜎𝑛(𝜃) , when 𝜎𝑛(𝜃) > 0 (7)
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𝑓𝐸𝐼𝐹𝐹 =
1𝑅⊥𝐴𝑡 − 𝑝⊥𝜓𝑡𝑅⊥𝜓𝐴 𝜎𝑛(𝜃)

2
+

𝜏𝑛𝑡(𝜃)𝑅⊥⊥𝐴 2 + 𝜏𝑛1(𝜃)𝑅⊥∥𝐴 2
+

𝑝⊥𝜓𝑡𝑅⊥𝜓𝐴 𝜎𝑛(𝜃) , when 𝜎𝑛(𝜃) > 0 (8)

with
𝑝⊥𝜓𝑡,𝑐𝑅⊥𝜓𝐴 =

𝑝⊥⊥𝑡,𝑐𝑅⊥⊥𝐴 cos2 𝜓 + 𝑝⊥∥𝑡,𝑐𝑅⊥∥𝐴 sin2𝜓. (9)

Puck criterion’s 𝑝⊥∥𝑡 , 𝑝⊥∥𝑐 , 𝑝⊥∥𝑡  and 𝑝⊥∥𝑐  were modified during the analyses. For the detailed

descript ion of the Puck and Hashin parameters, the work by Rodera Garcia [9] is referred.

3. Results

3.1 Stress distributions

The analyses were performed using the enforced displacement , and the corresponding reaction

forces were calculated at  laminate ends (Table 2). The bearing and by-pass st resses were

evaluated in the middle laminate, which had a higher loading than the outside (st rap) laminates.

The bearing st ress can be est imated based on the simplified analyt ical equat ion𝜎𝐵𝑅 = 𝑃 𝑑𝑡⁄          (10)

where 𝑃 is the force, 𝑑 is the fastener diameter, and 𝑡 is the adherend thickness. The by-pass

st resses were est imated using the area based on the laminate width excluding rivet  hole and

mult iplied by laminate thickness.

Table 2: Joint  react ion forces, average bearing, and by-pass st ress in this study.

CFRP FFRP

Reaction force [N] 1124 400

Bearing st ress [MPa] 251 34

By-pass stress [MPa] 50 7

3.2 Hashin failure criterion

First ly, the damage onset  was studied using the Hashin failure criterion. The values were

evaluated in three nodal lines (A, B and C) in the middle laminate, as shown in Figure 2. The

nodal (lines) locations had an angle (of 0, 54 and 90) over the loading direct ion. The failure

criterion’s values were studied in these locat ions for different  ply orientat ions.

Figure 2. Nodal lines in the middle laminate.
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The margin of safety (M oS) per ply provided by the Hashin’s criterion are shown in Figures 3 and

4 for CFRP and FFRP laminates, respectively. In both laminates, the nodal line A and the ply angle

0° are shown to be the most  crit ical. The minimum values in the CFRP and FFRP laminates are -

16 % and -51 %. This indicates that  the applied loading provides the damage onset for both

laminates based on the Hashin criterion. However, the loading is more crit ical to the FFRP

laminate.

Figure 3. The margin of safety provided by the Hashin criterion’s maximum value for the

four-ply angles and three nodal lines in the CFRP laminate.

Figure 4. The margin of safety provided by the Hashin criterion’s maximum value for the

four-ply angles and three nodal lines in the FFRP laminate.

3.3 Puck criterion

Secondly, the Puck stress criterion was used in the analysis. The Puck criterion-related analyses

for the CFRP and FFRP laminates are shown in Figures 5 and 6. The Puck criterion has parameters

in it , which were modified during the analyses. In the CFRP laminate (Figure 5), the parameters
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influence was around 5 % among the results gained. The comparison to the Hashin criterion

remarked a difference of 10 % when compared to the highest  value (of criterion) provided by

the Puck criterion.

Figure 5. The influence of the Puck criterion’s parameters on the M oS and its comparison

to the M oS by the Hashin criterion for the CFRP laminate.

The Puck parameters are typically provided for CFRP and glass FRP (i.e., GFRP) laminates. In the

FFRP laminate case of this study, both GFRP and CFRP parameters were used. The CFRP

parameter values (0.35/ 0.3/ 0.3/ 0.3) provided the values close to the Hashin’s criterion. The

GFRP parameter values (0.3/ 0.25/ 0.2/ 0.2) provided almost a 10 % difference (at  a maximum).

The GFRP values lead to more conservat ive predict ion of failure.

Figure 6. The influence of the Puck criterion’s parameters on the M oS and its comparison

to the M oS by the Hashin criterion for the FFRP laminate.

3.4 Friction and pressure

Finally, frict ion and rivet  pressure were analysed. These analyses were performed using the

Hashin criterion. The results for the CFRP and FFRP joints are shown in Figures 7 and 8. According

to the results, frict ion has an influence on the M oS of the laminate. The pure (emulated

t ightening) pressure did not provide significant change for the M oS of the laminate. For that

reason, only the combination of frict ion and pressure is provided in the results in Figures 7 and
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Error! Reference source not found.. This combinat ion improves the M oS value. Results clearly

indicate that  the frict ion dist ributes the loading over a large area, and the rivet  is less loaded.

Figure 7. The effect of joint  frict ion and rivet  pressure on the MoS of CFRP laminate.

Figure 8. The effect of joint  frict ion and rivet  pressure on the MoS of FFRP laminate.

4. Conclusion and discussion

In this work, the damage onset  in mechanical joints wit h composite laminates and fasteners was

studied. The damage onset  was based on two st ress-based criteria, Hashin 3D and Puck. The

criterion is using st ress components provided by the finite element  used. The st ress dist ribut ion

at  the edge of the fastener hole is highly concentrated. Based on the preliminary analyses, the

damage onset predict ion is highly dependent on the applied finite element  mesh. The joint

modelling requires modelling the fastener-to-laminate and laminate-to-laminate contacts

correct ly.
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The Hashin 3D criterion in the analysis showed that the loading direct ion in the fastener hole

was the most  crit ical parameter. This states that  the bearing st ress state would predict  the

damage onset. The most  crit ical ply angle was 0° in both laminates studied. The damage onset

was expected in all the plies. The FFRP laminate’s 0° and 90° angles were exceeding the damage

onset (predict ion) of that made for plies 45° and -45°. The damage onset was more even in the

CFRP plies compared to FFRP. The analysis using the Puck criterion resulted in higher values and

indicated the likeliness of the damage onset. The parameters (constants) in the Puck criterion

were studied in the FFRP plies where established values do not exist  and should be covered in

future studies. The frict ion facilitates a uniform st ress dist ribut ion around the fastener and

delays the damage initiat ion (onset) in the composites. This is a useful result  for a pract ical

analysis in that the ignorance of the bearing frict ion would yield more conservat ive designs of

joints.
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