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Abstract

An extension of the spring element model to take into account the dynamic effects in fibre failure is

presented. The dynamic problem is formulated and the model is implemented in a parallel environment

to allow a better performance. The presented model is used to identify the changes in the stress fields

around a broken fibre due to considering fibre failure as a dynamic phenomenon. In light of these

changes in the stress fields, the cluster formation and failure development is analysed and the results

are compared with the static spring element model.

1. Introduction

Longitudinal tensile failure of composite materials is to a great extent a fibre dominated failure. It

has been shown that fibre failure and the formation and propagation of clusters of broken fibres is the

mechanisms leading to the failure of the material [1–5]. Currently there are several models available in

the literature to predict longitudinal tensile failure of composite materials [3, 6? –17]. Although being5

able to predict the tensile stress-strain behaviour of these materials, there are still some gaps between

the mechanisms that occur in the failure of process composite materials [? ] and the phenomena

predicted by the models [12, 14, 18]. The state of the art models consider static equilibrium to

redistribute the stress of the broken fibre into the surrounding intact ones. However, fibre failure

is a dynamic process where the internal energy of the fibre is converted into kinetic energy. Fibre10

failure causes a stress wave propagates along the broken fibre, as well as in the surrounding intact ones

[8, 19? , 20]. This dynamic phenomenon causes a transient increase in the stress concentration of the

fibres that surround a broken one, thus increasing the probability of failure of these fibres. According

to several authors [12, 14], the inclusion of the dynamic phenomenon in the models to predict the

longitudinal tensile failure of composites can help to bridge the gap between the experimental and15

numerical results. Hedgepeth [8] first pointed out the importance of dynamic stress concentration
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and found that for a 2D array of parallel fibres the maximum dynamic Stress Concentration Factor

(SCF) is higher than the static. This model, based on shear lag assumptions, was later extended for

out of plane SCFs by Ji et al. [19], which confirmed that the highest SCF occurs in the fracture

plane. Recently, Ganesh et al. [20] presented a 2D FEM that lead to similar results to Hedgepeth’s20

formulation [8]. The authors also showed that the models that consider shear lag assumptions tend

to over predict the maximum SCF. In the literature, there is currently a lack of data on the dynamic

effects on fibre failure and, to the best of the authors knowledge, there is no 3D model that takes this

phenomenon into account.

In this work a geometrically 3D spring element model [11? ], with a random distribution of fibres25

[14], is extended to incorporate dynamic effects and is used to study how considering fibre fracture a

dynamic problem affects the tensile behaviour and cluster formation in the longitudinal failure of fibre

reinforced composites.

2. Micro-structure generation and finite element discretization

To obtain the geometric model necessary to represent the composite’s micro-structure, a periodic 3D30

Representative Volume Element (RVE) is generated with a random fibre distribution. The same RVE

and mesh generation strategy as in the previously presented static SEM [14] is used. The generated

RVE is constituted by transverse shear spring elements that connect the fibres that extend in the

longitudinal direction, divided in elements of length lz. Figure 1 shows an example of the 2D random

fibre arrangement used to generate the 3D RVE.35

2.1. Stiffness matrices

The stiffness matrices used here, of both fibre and matrix elements, are equal to the ones used

in the quasi-static version of the presented model [14]. Considering the shape functions of the fibre

elements as:

N f (z) =
[
N1(z) N2(z)

]
=
[
1− z

lz
z
lz

]
, (1)

the derivatives of the shape functions can be written as

Bf =
dN f

dz
=
[
−1/lz 1/lz

]
. (2)

Considering that the cross section area and the Young’s modulus (Ee
f ) of the fibre do not change

along the spring element it is possible to compute the stiffness matrix of the fibre elements:

Ke
f = Ae

f

∫ lz

0

Bf
TEe

fBfdz =
Ae

fE
e
f

lz

 1 −1

−1 1

 , (3)
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Figure 1: 2D mesh for a periodic RVE with a random fibre distribution.

where the superscript e refers to element properties or parameters, which can be different for the

different fibres involved.40

Consider two fibres (1 and 2) with different radii (R1 and R2) that are connected to, respectively,

n1 and n2 fibres, and are separated by a distance d. A schematic representation of the fibres and the

matrix shear element, which connects both fibres, is shown in Figure 2.

The associated area on each fibre of the transverse spring element representing the matrix that

connects both fibres is, respectively:

A(1)
m =

2πR1

n1
lz and A(2)

m =
2πR2

n2
lz, (4)

and the stiffness matrix for the matrix shear element reads:

Km =
G
(
A

(2)
m −A(1)

m

)
d ln (A(2)

m /A(1)
m )

 1 −1

−1 1

 . (5)

The previous matrix equation gives a general expression for the stiffness of a matrix shear element,

which will be particularized in each case depending on the connected fibres.45

3



d

R1

R2

Am(r)
r

lz

Figure 2: Matrix shear element connecting 2 fibres.

2.2. Mass matrices

The mass matrices Me
f of longitudinal fibre elements is given by:

Me
f =

∫ lz

0

Ae
fN f

T ρefN fdz , (6)

where ρf is the density of the fibres. As Ae
f and ρef are constant, within each element, and considering

the shape functions given in Equation (1), the mass matrix for the fibre elements is given by:

Me
f = Ae

fρ
e
f l

z

1/3 1/6

1/6 1/3

 , (7)

the superscript e refers to each individual element, as the properties may vary for different fibre50

elements.

A similar procedure can be done for the matrix elements:

Me
m =

∫ d

0

Am (r)Nm
T ρmNmdr , (8)

where

Nm(r) =
[
N1(r) N2(r)

]
=
[
1− r

d
r
d

]
, (9)

and Am (r) is the area of the matrix element. The following mass matrix can then be computed:

Me
m = ρmd

1/12 (3A1 +A2) 1/12 (A1 +A2)

1/12 (A1 +A2) 1/12 (A1 + 3A2)

 , (10)

with A1 and A2 given by Eq. (4). To solve Equation (21), it is necessary to invert the mass matrix.

To improve the computational efficiency of the model, it is desirable to have a diagonal mass matrix.
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To do so, the row sum method is used. This method operates on the global mass matrix such as:

Mij =


∑
k

Mik i = j

0 i 6= j

, (11)

where Mij are the individual elements of the global mass matrix.

2.3. Damping matrix

To avoid dynamic instability of the system it is necessary to introduce damping in the model. Mass

and stiffness proportional damping, normally referred to as Rayleigh damping, is used in the present

work. Therefore, the damping matrix is assumed to be proportional to the mass and stiffness matrices

as follows:

C = αM + βK , (12)

where α and β are, respectively, the mass and stiffness-proportional damping coefficients. The damping

coefficients can be determined based on two natural frequencies of the system (ω1 and ω2) and two55

damping ratios (ζ1 and ζ2) associated with that frequency:

ξ1
ξ2

 =
1

2

 1
ω1

ω1

1
ω2

ω2

α
β

 . (13)

3. Failure modelling

For the fibre elements a failure criteria associated with the longitudinal failure mechanism is con-

sidered, which can be written in its general form as

σf
Xe

T

− 1 < 0 if σf > 0, (14)

where σf is the fibre stress and Xe
T is the tensile strength of the fibre element, generated according to

an appropriate statistical distribution, e.g., Weibull distribution [21]. For each fibre element a random

strength is generated, taking the element length as scaling length for the strength distribution.60

The matrix behaviour plays an important role in the tensile failure of composite materials, since

this is the constituent that allows stress redistribution to occur after a fibre breaks. This stress-

redistribution is affected by both matrix plasticity and damage, as well as fibre-matrix decohesion

[13, 22]. Two different behaviours of the matrix are considered,linear elastic and elastic perfectly

plastic. This latter behaviour was implemented in the model using sequentially linear analysis [23, 24].65
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4. Numerical implementation and parallelization

The major difference between the quasi-static and the transient dynamic solution of the single fibre

break within a composite lies in the consideration of the inertial term in the governing equation of

motion:

Mü + Cu̇ + Ku = f ext , (15)

where u, u̇ and ü are, respectively, the displacement, velocity and acceleration. M is the mass matrix,

C the damping matrix and K the stiffness matrix. f is the external force vector. As the system of

equations is now time dependent, it is necessary to implement a time integration scheme. In this work

an explicit integration scheme is used, based on the central difference method [25]. Let us consider

that the simulation is divided into equal time steps such that:

tn+1 = tn + ∆t (16)

where the subscripts indicate the time step, and ∆t is the time increment. The central difference

formula for the velocity is:

u̇t+∆t/2 ≈
ut+∆t − ut

∆t
. (17)

This difference formula can be converted to an integration formula by rearranging the terms:

ut+∆t = ut + ∆tu̇t+∆t/2. (18)

Similarly, the acceleration is approximated by:

üt ≈
u̇t+∆t/2 − u̇t−∆t/2

∆t
, (19)

with the corresponding integration formula

u̇t+∆t/2 = u̇t−∆t/2 + ∆tüt . (20)

As it can be seen from the above, the velocities are defined at the midpoints of the time intervals,

or at half-steps. The time integration of the equations of motion, at time step t, is given by:

Müt = f ext
t − f int

t , (21)

where f ext and f int = Cu̇ + Ku are, respectively, the external and internal force vectors. It should be

noted that it is considered that the mass matrix does not depend on time.

The proposed model is implemented in Fortran and parallelized with Message Passing Interface70

(MPI). Due to the simplicity and periodicity of the model, the domain decomposition of the proposed

RVE is simple. The RVE is constituted by extruding the 2D geometry (Figure 1) in the fibre direction,
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being connected by fibre elements. This creates a 3D RVE that is a repetition of layers of matrix and

fibre elements. To minimize the communications between domains, the RVE is divided perpendicu-

larly to the fibre direction (see Figure 3). This division ensures that each domain communicates, at75

maximum, with two other.

Figure 3: RVE domain division.

In the proposed domain decomposition scheme, the mesh is partitioned by nodes. Each node belongs

to a subdomain while elements can belong to more than one subdomain, in this case a maximum of two

subdomains. The amount of subdomains is equal to the number of CPUs being used for the simulation.

This partition scheme requires the creation of ghost nodes that have their equivalent local nodes in80

the neighbour subdomain. With this domain decomposition scheme the amount of communications

between CPUs is optimized and only the nodal information of the local nodes need to be shared with

the ghost nodes from the neighbouring subdomain.

After the domain decomposition has been defined, ensuring a good load balancing between CPUs,

each CPU generates their respective nodal coordinates and nodal connections based on the predefined85

2D geometry and fibre element size. At this stage, a random strength is also assigned to each fibre

element, according to an appropriate statistical distribution. To ensure a correct definition of the

model, for the elements that are shared between domains, the strength is only generated by one of the
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domains and is later communicated to the other domain, ensuring that the same element has the same

strength in both domains.90

As prior to the failure of a fibre element the model is linear elastic, a first static step is performed

to reduce the computational time. The minimum strain that can be applied before fracturing a fibre

element is determined within each domain. The global minimum of the computed strains is determined

and applied to all subdomains to obtain the displacement and stress fields in the model. At this stage,

a linear velocity field is also applied, where the velocity is zero at the blocked end and maximum at95

the other end where the displacement is being applied. The accelerations are, at this stage, initialized

as zero.

After the static step, the dynamic explicit time integration is used. The algorithm for the integration

scheme is shown in Algorithm 1.

Algorithm 1 Flowchart for explicit time integration.

1: Time Update tn+1 = tn + ∆t

2: First Partial nodal velocity update u̇t+∆t/2 = u̇t + ∆t
2 üt

3: Enforce velocity boundary conditions

4: Update nodal displacements ut+∆t = u + ∆tu̇t+∆t/2

5: Compute internal and external forces

6: compute accelerations üt+∆t = M−1
(
f ext
t+∆t − f int

t+∆t

)
7: Communicate accelerations to ghost nodes

8: Second Partial nodal velocity update u̇t+∆t = u̇t+∆t/2 + ∆t
2 üt+∆t

9: Compute kinetic and internal energies

10: Output; if stop criterion not met, go to 1

This algorithm only requires the communication of the accelerations of the local nodes to the ghost100

nodes, therefore requiring a low number of communications per iteration.

Due to the 3D geometry of the RVE being constituted by a repetition of layers of fibre and matrix

elements, which have the same geometric properties, the computation and assembly of the global

stiffness matrix can be simplified to improve computational performance. To do so, the stiffness

matrix of one layer of matrix and fibre elements, which is repeated in space, is computed and saved105

in memory. A similar procedure is used for the damping matrices. These matrices are required

when computing the internal force vector. This vector is computed elementwise to avoid assembly a

large global stiffness matrix. To do so, the stiffness matrix is multiplied by the damage variable of each

element, which varies during the simulation, and is then multiplied by the element nodal displacements.

The resulting vector is then assembled in the correct global nodal position. Similarly, the elemental110

damping matrix is multiplied by the element nodal velocities and assembled. However, the damping
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matrix does not change during the simulation. As the mass matrix is only required to compute the

accelerations (Equation 21) and a lumped global mass matrix is considered, the inverse of the mass

matrix is computed at the beginning of the simulation and saved as a vector to be used when required.

5. Model scalability115

Due to the parallel implementation of the model it is important to understand how increasing the

processing power affects the performance of the code. To understand this strong and weak scalability

analysis were performed. The analysis were performed in Curie supercomputer thin nodes, composed

of 8-cores SandyBridge CPUs at 2.7GHz. The baseline was considered to be one node of the computer

which is composed of two 8-core CPUs. A maximum of 600 nodes (9600 cores) was used. For each120

case the average of two runs was considered.

For the strong scalability tests a RVE with a total of 470 fibres with a length of 134 mm was used.

The considered fibre element length was 3.5 µm, leading to a total of 69.7 million elements. The results

for the strong scalability tests are shown in Figure 4.
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Figure 4: Strong scalability results: Time to solve 1000 increments as a function of the number of cores (left), along

with the respective speed up (middle) and efficiency (right).

The results show that the model scales very efficiently with increasing number of CPUs. This125

a result of the good parallelization scheme and domain subdivision. It is interesting to note that

for 2400 cores the efficiency is maximum, being reduced for higher number of cores. This reduction

comes due to the fact that for very high number of CPUs the ratio between boundary and internal

degrees of freedom increases and, therefore, the communications start playing a larger role on the

computational time. Nonetheless, for all analysed cases the model scalability is always better than the130

linear scalability curve based on a baseline of 16 processing cores.

For the weak scalability test a RVE with 470 fibres and a length of 0.42 mm was user for each core,

resulting in 217920 elements per core. This RVE is repeated for each core, being the lower number

of elements in this study equal to 3486720 for 16 cores and a maximum of 2092 million elements for
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9600 cores. The results for the week scaling tests are shown in Figure 5. In this figure it is seen that135

the model as a good weak scalability, being the minimum efficiency of the model around 80% for 4800

cores.

102 104
0

5

10

15

20

102 104
0

20

40

60

80

100

120

Figure 5: Weak scalability results: Time to solve 1000 increments as a function of the number of cores (left) and

respective efficiency (right).

6. Dynamic effects on a single fibre fracture

To understand the effect of the model parameters on the stress redistribution around a broken fibre

a full factorial design with 36 = 3222 cases was considered. For each case 10 simulations with different140

fibre arrangements were performed and a fibre strength of 2 GPa was considered in all cases. The factors

considered for this study were the fibre modulus (Ef ), the matrix shear modulus (Gm), the matrix

shear strength (τu) and the fibre volume fraction Vf . For the fibre modulus and matrix shear strength

three levels were considered, where for the remaining factors only two levels were considered. Table 1

shows the average results for each level of each factor, disregarding the effects of the other factors. The145

results are shown for the maximum dynamic stress concentration factor (SCFDin
max) and the maximum

static stress concentration factor (SCFStat
max ). The increase in SCF when considering a dynamic problem

is also shown. This increase is defined as SCFInc =
(
SCFDin

max − 1
)
/
(
SCFStat

max − 1
)
− 1. The results

for all the cases are shown in Appendix A. The main effects plot for the increase in SCF is shown in

Figure 6.150

From the analysed parameters it is possible to see that the fibre volume fraction, matrix shear

stiffness and the fibre modulus do not have a large effect on the SCF increase due to the dynamic
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Table 1: Average results obtained with the proposed factorial design.

Factor Level
SCFDin

max SCFStat
max SCFInc

Avg.
CoV

(%)
Avg.

CoV

(%)

Avg.

(%)

CoV

(%)

Ef (GPa)

70 1.206 12.75 1.123 6.61 52.47 55.19

230 1.257 11.48 1.155 6.22 58.36 31.66

480 1.289 10.41 1.177 5.69 58.83 27.85

Gm (MPa)
450 1.268 11.12 1.164 6.12 57.70 31.96

1050 1.232 12.11 1.140 6.49 55.40 44.65

τu (MPa)

50 1.129 4.92 1.089 2.86 39.55 37.45

100 1.192 5.71 1.130 3.93 46.88 10.66

∞ 1.430 4.12 1.235 3.04 83.23 7.35

Vf
0.4 1.291 11.61 1.176 6.40 58.83 30.34

0.6 1.210 10.74 1.127 5.53 54.27 46.08

effects, although the actual SCFs (static and dynamic) vary with these properties. The main factor

affecting the dynamic SCF and the increase in SFC compared with the static case is the matrix shear

strength. Nonetheless, depending on the chosen material parameters the SCFInc can vary from 11.8%155

for case 8 to 110.3% for case 12 (see Appendix A). Both these cases consider a fibre modulus of

70 GPA, a volume fraction of 0.6 and a matrix shear stiffness of 1050 MPa, however, case 8 considers

a matrix shear strength of 50 MPa while case 12 considers the matrix elastic (τu = ∞). If all cases

are considered, the average SCFInc is 56.55%. If only the cases where the matrix is elasto-plastic are

considered, the average SCFInc is 43.21%, while if only the elastic cases are considered it is 83.23%. In160

addition to the fact that in the static cases the SCF is higher when the matrix is considered elastic, the

increase in SCF due to dynamic effects is also higher in these cases, leading to very high SCFs, which

will change the cluster formation process in the material and, therefore, the material’s behaviour.

Figure 7 shows the interaction plot of the factors in study. It is interesting to note that the fibre

elastic modulus affects more the dynamic increase in SCF when the matrix shear strength is equal to165

50 MPa when compared to the other matrix shear strengths. Other than this interaction, there is no

other special interaction between the factors in study. Nevertheless, it is seen that the dynamic failure

of the fibres clearly increases the SCF on the surrounding intact fibre, which will affect the cluster

formation and macro behaviour of the material.
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Figure 6: Main effects plot for the dynamic increase in SCF.

To understand the effect of damping on mechanics of fibre fracture, the value of the damping ratio170

ξ was changed from 0 to 0.04. The results are shown in Table 2.

Table 2: Effect of the damping parameter on the maximum SCF.

ξ SCFDin
max

Error

(%)

0 1.395 -

0.01 1.385 0.69

0.02 1.376 1.35

0.04 1.359 2.59

It is possible to see that damping as a small effect on the maximum dynamic SCF, marginally

reducing it when increasing the damping ratio. However, for ξ = 0.01 there is only a 0.69% difference

between the maximum dynamic SCF in this case and when no damping is considered. The introduction

of damping is necessary to stabilize the numerical simulation. In addition, damping is introduced so175

that the stress waves are damped before reaching the boundary to avoid the bounce back of these

stress waves.

The stable time increment and, therefore, the number of increments required to run a simulation,

is directly related with the mass of the model. To improve the computational time sometimes mass

scaling is employed, virtually increase the mass of the elements and the stable time increment. It was180

seen that adding mass scale to the model does not affect the maximum SCF, changing only the time

at which the maximum SCF occurs. Nonetheless, the time frame of the transient dynamic effect is

much reduced compared to the time frame of the simulation, therefore, this strategy can be used to

speed up the simulations.

To better understand the stress redistribution, Figure 8 shows the dynamic fibre failure phenomenon185
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Figure 7: Interaction plot for the dynamic increase in SCF.

for a material with Ef = 230 GPa, Gm = 450 MPa, τu =∞ and Vf = 0.6. In subfigure 8 a) the local

fibre arrangement that surrounds the broken fibre (BF) is seen. Figure 8 b) shows the evolution of the

in-plane SCF on each intact fibre with time. It is possible to see that the SCF is significantly higher

for the two closest fibres to the broken one, Fibre 1 (blue) and Fibre 2 (orange). In addition, the SCF

varies with time, as the stress wave due to the fibre break progresses in the longitudinal direction,190

being that the maximum SCF, which is more likely to cause fibre failure, occurs during the first peak.

Figures 8 c), d) and e) show snapshots of the stresses in the fibres affected by the break, including the

broken one, at distinct time steps. In Figure 8 c), where the maximum SCF occurs, it is possible to

see that the stress is maximum in the break plane and decreases away from the break plane (increase

in Z/R). In addition, the stress in the broken fibre is lower than the remote stress (2000 MPa). In195

Figure 8 d), in the minimum of the SCF in Fibre 1, it is possible to see that while the in-plane SCF

is lower, there is a stress peak away from the fibre break plane. Additionally, it is seen that there is

an increase in stress of the broken fibre, which may cause additional fracture on this fibre, leading to

its fragmentation. Finally, Figure 8 e) shows the final part of the dynamic effect where most of the

stress waves have subsided and the static equilibrium is achieved. At this stage there are still some200

oscillations, that should be damped when damping is considered.
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Figure 8: Dynamic effects due to a fibre failure.

7. Dynamic effects on multiple fibre breaks

The previous section focused on the analysis of the dynamic effects on a single fibre fracture,

however, multiple fibre breaks and cluster formation are the mechanisms responsible for the failure of

composite materials under longitudinal tension. An analysis on the dynamics of multiple fibre breaks205

is performed in this section. This analysis is simplified to the consideration that the interacting breaks

occur in the same break plane, therefore, creating a fully planar cluster. Furthermore, it is considered

that all the fibre fractures occur in the same time instant, which might not occur in a real simulation.

Nevertheless, for this study the simultaneous failure assumption is considered. For each cluster size

five simulations were performed to minimize local geometrical effects. This simulations were performed210

considering a fibre elastic modulus of 230 GPa, a matrix shear stiffness of 450 MPa and a fibre volume

fraction of 0.6, as in the previous section. Similarly, the fibres were considered to break with a strength

of 2 GPa. Regarding the matrix shear strength, two cases values were considered: matrix elastic with

τu =∞ and elasto-plastic matrix with τu = 50 MPa.

The maximum SCF is seen to increase with cluster size for both the dynamic and static cases. It is215

possible to see that there is a large variation in the increase in SCF due to dynamic effects, for both,

elastic and plastic cases. Nevertheless, it is seen that, for the analysed cases, the increase in SCF due

to the dynamic effects is, usually, larger in the plastic cases than in the elastic one. However, the
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Figure 9: Evolution of the maximum SCF with the number of broken fibres in a cluster.

SCfs for an elastic matrix are higher than the ones with an elasto-plastic matrix, even when dynamic

effects are considered in the latter. The increased maximum SCF will lead to changes in the cluster220

formation, eventually leading to the formation of more co-planar clusters. Feature, that was seen to

be lacking in most of the models that do not take into account dynamic effects [12, 14].

8. Tensile behaviour and cluster formation

In the previous sections the dynamics effects were analysed at a local level, analysing its effects

on the stress redistribution around a single or multiple fibre breaks. The objective of capturing the225

local dynamic effects in fibre failure is to analyse how it affects the global stress-strain behaviour and

cluster formation on composite materials. In this section, a RVE with a size equal to 75×74×300 fibre

radius and a volume fraction of 55% is considered and is subjected to longitudinal tension. the model

as around 1800 fibres that are considered to be T700 carbon fibres with Rf = 3.5 µm, Ef = 238 GPa

and a standard Weibull distribution is considered, with σ0 = 5200, m = 10 at L0 = 10 mm [12]. The230
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simulations were performed with and without dynamic effects and the either with an elastic matrix

(τu =∞) or with an elasto-plastic matrix (τu = 50 MPa).

Table 3 shows some metrics obtained from the mentioned simulations. Both the strength (Xt)

and failure strain (εf ) are shown, as well as metrics from the fibre breakage: maximum cluster size,

percentage of planar clusters and fibre break density at peak stress. The respective stress-strain curves235

for these simulations are shown in Figure 10.

Table 3: Average results obtained with the proposed factorial design.

Xt εf Max. cluster Planar clusters Break dens.

Avg.

(MPa)

CV

(%)

Avg.

(%)

CV

(%)
Avg.

CV

(%)

Avg.

(%)

CV

(%)

Avg.

(/mm3)

CV

(%)

τu =

50 MPa

Static 2946 0.71 2.37 1.26 3.8 28.8 45 22.0 3430 11.0

Dynamic 2956 1.12 2.32 1.54 5.6 32.4 38 22.8 4362 21.7

τu∞
Static 3243 0.70 2.56 0.94 28.6 87.8 44 10.8 8873 15.3

Dynamic 2971 0.77 2.34 1.03 21.4 34.0 40 21.2 7806 15.8

Analysing the results from the simulations with an elastic matrix (τu =∞), the strength predicted

by the dynamic model is clearly lower than the static one, being reduced from 3243 to 2971 MPa.

This reduction is strength is also accompanied by a reduction in failure strain, from 2.56% to 2.34%.

This reduction in the failure strain leads to a reduction of the fibre break density at peak stress, as a240

lower amount of fibre elements have failed at that strain. The large differences seen in the simulations

with an elastic matrix due to dynamic effects are not present in the simulations with an elasto-plastic

matrix. It is seen that, in this case, both the strength and failure strain are very similar. However,

it is interesting to note the fibre break density at peak stress is higher for the dynamic case. This

might be explained by the fact that the dynamic stress wave propagates in the broken fibre as well245

as in the intact fibres which increases the probability of failure of these fibres, causing the multiple

fragmentation of the fibres and, therefore, increasing the fibre break density.

Figure 11 shows the evolution of the fibre break density as a function of the strain. It is possible to

see that, although there is a good agreement between the experimental results [1] and the numerical

results at lower strains, the fibre break density at failure is clearly overpredicted by the models, both250

dynamic and static.

To better understand the damage evolution, the formation and development of clusters of broken

fibres is shown in Figures 12 and 13, for elastic and elasto-plastic matrix, respectively. In this work

it is considered that two fibres belong in the same cluster if the radial distance between their centres
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Figure 10: Stress-strain curves for the dynamic and static cases with τu = 50 MPa and τu = ∞.

is lower than 4 times the fibre radius and the breaks occur in planes that are less than 10 times the255

fibre radius apart. In addition, a cluster is considered planer, if all the breaks in that cluster occur in

a longitudinal distance lower than twice the fibre radius. Analysing the results for cluster formation

shown in Table 3 it is possible to see that there is no clear change in the maximum cluster size or

the percentage of planar clusters in the dynamic model, however, there is a clear difference in the

maximum cluster size between an elastic and an elasto-plastic matrix.260

Figure 12 shows the evolution of cluster with different sizes (12,3...,¿6 fibre elements) as a function of

the strain, when τu =∞, and the experimental results from Ref. [1]. Comparing the cluster evolution

from the dynamic and static models, it is concluded that, the number of singular fibre breaks relates

well in both cases with the experimental results, which accounts for the majority of the fibre breaks,

specially at lower strains. However, the formation of clusters with multiple fibre breaks in delayed265

in the numerical results compared to the experimental. Nevertheless, it is seen that in the dynamic

model the larger clusters are created at lower strains, specially the clusters with more than 4 fibres.

This in turn leads to the failure of the material at lower strains, as shown in Table 3. Figure 13 shows
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Figure 11: Fibre break density for the dynamic and static cases with τu = 50 MPa and τu = ∞.

a similar analysis, but for an elasto-plastic matrix (τu = 50 MPa). In this case the differences seen

between the dynamic and static models are smaller and, therefore, there is no change in the material’s270

failure strain. Nevertheless, it is seen that larger clusters form at slightly lower strains. However, as

these clusters are smaller when compared with the elastic cases and do not lead to the earlier failure

of the material.

Although there is an increase in the SCFs when a fibre breaks due to the dynamic effects, as seen

in Section 6 and 7, there is still a large discrepancy between the numerical results in terms of fibre275

breaks and cluster formation, as the failure is predicted to occur at much larger fibre break densities

and the formation of large clusters of broken fibres occurs at higher strains. Nevertheless, it should

be noted that the available experimental data is still limited and more experimental data should shed

light on the shortcomings of the available models and help improve them. Nonetheless, the inclusion

of dynamic effects on the model is seen as an improvement over the previous modelling strategies and280

has been shown to lead to reduction of the strain at which larger clusters of broken fibres are formed.
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Figure 12: Cluster evolution for static and dynamic cases with τu = ∞.

9. Conclusion

In this work the spring element model is extended to a dynamic formulation to take study fibre

fracture as a dynamic process. When a fibre fractures, the strain energy previously stored is trans-

formed in kinetic energy. This causes a stress wave to propagate in the broken fibre and surrounding285

intact fibres, leading to a transient increase in the stress concentration and therefore increasing the

failure probability of the fibres. The proposed model is able to capture this transient effect. It was

seen that there is always an increase in the maximum SCF in the dynamic model over the static one.

However, this increase is highly dependent on the material parameters considered. It was seen that

there is a large discrepancy in results depending on the behaviour considered for the matrix, being290

the increase higher when an elastic matrix is considered. This increase in SCF due to dynamic effects

was also seen to be present when multiple fibre breaks are considered, which will affect the cluster

formation process.

In addition to the study of the effects of dynamics in the local stress redistribution around a broken
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Figure 13: Cluster evolution for static and dynamic cases with τu = 50 MPa.

fibre, a study on the tensile behaviour of fibre reinforced materials was also performed. This analysis295

lead to the conclusion that the dynamics has a large effect on the tensile behaviour of the material

is the matrix is considered elastic, leading to a reduction in both strength and failure strain of the

material. However, this was not seen in the plastic results, where the results were very similar. As for

the analysis of cluster formation and damage development, it was seen that considering the dynamic

effects lead to an earlier formation of larger clusters that, for the elastic case, lead to the earlier material300

failure. It is interesting to note that the fibre break density at peak stress was higher in the dynamic

cases than in the static ones for an elasto-plastic matrix. This was considered to be due to the fact

that the stress waves that propagate around a broken fibre leads to the multiple fragmentation of these

fibres, therefore, leading to more fibre break density.
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Table A.4: Full results of the factorial design analysis.

Case
Ef

(GPa)

Gm

(MPa)

τu

(MPa)

Vf SCFDin
max SCFStat

max SCFInc

Avg.
CoV

(%)
Avg.

CoV

(%)

Avg.

(%)

CoV

(%)

1 70 450 50 0.4 1.119 1.53 1.087 0.79 36.77 27.72

2 70 450 50 0.6 1.073 0.67 1.056 0.59 29.40 40.22

3 70 450 100 0.4 1.194 3.43 1.125 1.60 54.78 28.18

4 70 450 100 0.6 1.121 1.68 1.084 0.85 43.26 35.54

5 70 450 ∞ 0.4 1.471 11.62 1.260 7.45 80.95 7.14

6 70 450 ∞ 0.6 1.363 2.26 1.194 1.38 87.40 4.20

7 70 1050 50 0.4 1.080 0.92 1.067 0.61 19.04 36.53

8 70 1050 50 0.6 1.046 0.66 1.041 0.40 11.78 80.88

9 70 1050 100 0.4 1.141 2.26 1.096 0.98 46.24 36.45

10 70 1050 100 0.6 1.086 1.38 1.063 0.70 36.24 31.88

11 70 1050 ∞ 0.4 1.442 11.09 1.240 6.89 83.58 7.71

12 70 1050 ∞ 0.6 1.336 1.62 1.168 1.10 100.25 6.21

13 230 450 50 0.4 1.195 3.44 1.122 1.46 59.22 31.79

14 230 450 50 0.6 1.117 1.70 1.084 0.83 38.42 38.01

15 230 450 100 0.4 1.263 4.17 1.178 3.24 49.23 34.37

16 230 450 100 0.6 1.179 1.94 1.122 0.78 46.19 29.22

17 230 450 ∞ 0.4 1.497 12.04 1.277 7.92 78.81 7.22

18 230 450 ∞ 0.6 1.395 2.66 1.217 1.70 81.90 3.86

19 230 1050 50 0.4 1.143 2.21 1.096 0.87 48.21 30.89

20 230 1050 50 0.6 1.087 1.13 1.064 0.69 35.05 29.08

21 230 1050 100 0.4 1.211 3.90 1.139 1.97 51.58 33.63

22 230 1050 100 0.6 1.136 1.78 1.094 0.80 44.84 33.74

23 230 1050 ∞ 0.4 1.480 11.76 1.266 7.62 80.21 7.22

24 230 1050 ∞ 0.6 1.376 2.28 1.202 1.48 86.63 3.91

25 480 450 50 0.4 1.232 4.25 1.152 2.23 52.48 44.27

26 480 450 50 0.6 1.155 1.57 1.105 0.81 47.66 30.63

27 480 450 100 0.4 1.326 5.61 1.218 4.61 51.99 21.93

28 480 450 100 0.6 1.219 1.70 1.154 0.47 42.35 22.39

29 480 450 ∞ 0.4 1.506 12.19 1.284 8.08 78.11 7.38

30 480 450 ∞ 0.6 1.407 2.91 1.226 1.85 79.66 3.67

31 480 1050 50 0.4 1.188 3.35 1.117 1.33 59.26 30.93

32 480 1050 50 0.6 1.112 1.69 1.081 0.82 37.28 39.31

33 480 1050 100 0.4 1.256 4.13 1.173 3.08 49.46 33.29

34 480 1050 100 0.6 1.174 1.97 1.119 0.81 46.37 32.30

35 480 1050 ∞ 0.4 1.495 12.02 1.276 7.89 79.01 7.20

36 480 1050 ∞ 0.6 1.393 2.65 1.216 1.68 82.25 3.98
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