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Abstract 9 

The current work aims at exploring the relationship between complex failure 10 

behaviours and the presence of defects for RTM6 epoxy resin as well as hyperbranched 11 

polyester (HBP)/RTM6 nanocomposite under compressive loading. Numerical simulations 12 

were performed in LS-DYNA by means of a statistical approach that exploits different failure 13 

strains among elements. It allows a phenomenological description of the effect of defects and 14 

different stress triaxialities on the failure modes of polymer/nanocomposite materials. 15 

Additionally, a parameter describing defects, named defect severity, was added to the model 16 

in order to quantify and explore the effect of defects on the mechanical behaviours during the 17 

damage process. Both the generalized incremental stress-state dependent damage model 18 

(GISSMO) and Monte Carlo methods were employed to simulate the effect of stress 19 

triaxiality and the spatial distribution of defects on the mechanical performances. The 20 

relationship between the defect severity and the failure modes (tensile-domain and shear-21 

domain) was also discussed. Numerical results of neat RTM6 showed that the presence of a 22 

large number of defects can lead to more brittle (tensile-domain) failure, while numerical 23 

results of HBP/RTM6 nanocomposite showed that the addition of nanoparticles can 24 

compensate the negative effect of the existing defects in polymer materials under uniaxial 25 

compression, which provides a novel insight for potential applications of nanomaterials. 26 
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1. Introduction29 

Despite the fact that polymer materials have been used in our daily life for a long30 

time, further understanding of the mechanical properties of their mechanical behaviour is still 31 

required. Recent works presented the potential applications of adding nanoparticles into 32 

polymer materials, such as multifunctional applications with respects to electrical (Esmaeili 33 

et al., 2020b) and thermal (Zotti et al., 2020) properties, as well as their improved mechanical 34 

properties (Esmaeili et al., 2020b, 2020a; Ma et al., 2021b; Zotti et al., 2019, 2020). In order 35 

to investigate the effect of adding nanoparticles and to replicate the 36 

mechanical/multifunctional response of nanocomposites, attention has been paid to the 37 

analysis of the mechanical behaviour and damage process of polymer materials (Ma et al., 38 

2020b) as well as the development of related numerical methods (Esmaeili et al., 2020a; 39 

Genckal and Seidel, 2020; Ma et al., 2020c; Wu et al., 2020). However, compared with 40 

tensile cases, the compressive case of both polymer materials and polymer-based 41 

nanocomposites is less studied due to the complex stress states of the materials while loading 42 

(Chevalier et al., 2019b). Therefore, it is of great interest to uncover the multi-state stresses of 43 

both polymer materials and polymer-based nanocomposites under compression with the 44 

development of a numerical framework. 45 

The compressive behaviours of polymer materials are quite complex according to the 46 

existing experimental activities (Chevalier et al., 2016, 2019b; Meijer and Govaert, 2005; 47 

Morelle et al., 2017), especially with respect to the failure morphologies. One of the key 48 

reasons is the complexity of the stress states with a mixture of tensile, shear and compressive 49 

states, that can be simultaneously presented on the sample during uniaxial compression 50 

(Narayan and Anand, 2021). Therefore, compared with other simple loading cases, the 51 

compressive behaviours of polymer materials are more like structural responses rather than 52 

material characterizations, posing challenges on numerical simulations. Generally, the stress-53 

strain curve from the uniaxial compressive tests of polymer materials can be divided into four 54 

zones (Chevalier et al., 2019a; Zotti et al., 2020), as shown in Figure 1. The linear 55 

relationship between the stress and strain is located in Zone I, indicating the elastic 56 

mechanical behaviour of the material. Then, the modulus degrades in Zone II, attributed to 57 

the plasticity. After reaching the strength, the material starts to soften and the stress decreases 58 

due to the damage of the material corresponding to Zone III. Finally in Zone IV, the stress 59 

increases again because a new structure with higher-density fragments forms after the 60 

collapse of the polymer materials (Meijer and Govaert, 2005). Such complex compressive 61 
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behaviours have been reported for RTM6 epoxy resin (Chevalier et al., 2016; Morelle et al., 62 

2017). The research objective of the present work is focused on Zone I to Zone III, while 63 

Zone IV was not considered here due to the collapsed structure of polymer materials. 64 

65 

Figure 1 Typical stress-strain curve from the compressive tests of RTM6 66 

An interesting phenomenon was reported by Morelle et al (Morelle et al., 2017) in 67 

which two main failure modes of RTM6 epoxy resin were presented, which shared similar 68 

four-zone constitutional curves of uniaxial compressive tests. One of failure modes formed 69 

crack surfaces along planes oriented at 45° of the loading direction. This failure mode was 70 

governed by shear stresses and can be regarded as a typical compressive failure mode of 71 

ductile materials; while the other failure mode was similar to the compressive failure mode of 72 

brittle materials, in which many cracks were found at the exterior surface of the sample along 73 

the initial loading direction and propagated radially and circularly, also known as peeling in 74 

some works (Chevalier et al., 2016). Besides the morphology of cracks, the material failed as 75 

the first mode experienced stable crack propagations which led to few fragments after the 76 

tests, while the material with the second failure mode showed sudden crack propagations and 77 

fragmented into many small pieces at the state of the final collapse.  78 

However, the reason why these two different types of failure modes occur 79 

simultaneously in the same material system and their relationship are still unclear (Morelle et 80 

al., 2017); one explanation could be the existence of defects inside the polymer materials (Ma 81 

et al., 2020a; Zhou et al., 2005). Known as (highly) cross-linked materials, polymer materials 82 

have complex molecular structures due to their long-chain molecules (Chang et al., 2015; 83 

Park and Cho, 2020; Shin et al., 2019), as a result of competing processes from different 84 

chemical reactions (Weidner et al., 2019). Due to these reactions, molecular structures are 85 

rarely identical, leading to imperfect chains at the molecular level (Zhang and Ray, 1997). 86 
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Additionally, defects at the macroscale level, such as impurities (Morcom et al., 2010), voids 87 

(Vidler et al., 2021) and scratches (Kurkcu et al., 2012), cannot be avoided during the 88 

manufacture process. Because of their significant effects on the mechanical properties, 89 

especially on deformation and fracture, both the molecular and macroscale levels of defects 90 

should not be neglected during the analysis of polymer materials (Kurkcu et al., 2012; Li et 91 

al., 2020; Ma et al., 2020a; Vidler et al., 2021). Through the fractographic analyses of tested 92 

RTM6 samples, Chevalier et al. (Chevalier et al., 2019b, 2018) identified the correlation 93 

between fracture surfaces and ambient defects. Considering the stochastic distribution of 94 

these defects inside polymer materials, homogeneous approaches, like finite element (FE) 95 

method, might be unsuitable to accurately describe the uncertainties of mechanical responses 96 

(Park and Cho, 2020). However, by applying the Monte Carlo method combined with the 97 

introduction of defect-related parameters and statistical distributions (Ma et al., 2021a; 98 

Ozturk et al., 2021; Wang et al., 2021), the mechanical response of the polymer materials can 99 

be reconstructed in a numerical environment. However, most of the existing works of defect-100 

related analysis focused on the tensile and fracture cases, while compressive cases have been 101 

considered less due to the complexity of the fracture behaviours and the failure criteria 102 

implemented in the numerical calculation. Therefore, it is meaningful to comprehensively 103 

investigate the mechanical response of polymer materials under uniaxial compression with 104 

the development of numerical methods, especially with a focus on their fracture 105 

performances while also considering defects. Furthermore, better understanding of the 106 

mechanism of adding nanoparticles and replicating the mechanical response of 107 

nanocomposites under compression is also required. 108 

In the current work, a numerical framework based on the finite element method and 109 

Monte Carlo simulations was built to mimic the compressive mechanical behaviours 110 

considering the distributions of defects and the damage accumulation process of the RTM6 111 

epoxy with a special focus on Zone III. Following the validation, the numerical model was 112 

also employed to investigate the effect of nanoparticles in the polymer materials considering 113 

the presence of defects, as analysed in our previous work (Ma et al., 2020a). We used 114 

hyperbranched polyester (HBP) as reinforced nanoparticles for the present study, which has a 115 

perfect interface with polymer materials (Boogh et al., 1999) to avoid the consideration of 116 

bonding strengths (Jensen et al., 2018). Considering that the weight fraction of HBP in the 117 

current work was quite low (0.1 wt.%), the effect of the agglomeration of particles and of the 118 

defects introduced by nanoparticles are reduced, which significantly increase in case of a 119 
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higher weight fraction (Esmaeili et al., 2020a). A numerical investigation, aiming to describe 120 

the mechanical responses of polymer materials under uniaxial compression with the 121 

consideration of defects and nanoparticles, was carried out based on our previous 122 

experimental research on HBP/RTM6 (Zotti et al., 2020) analysing fracture behaviours in 123 

uniaxial compressive tests of RTM6 (Morelle et al., 2017). 124 

2. Numerical modelling125 

2.1 Modelling process126 

In the current numerical framework, in order to better describe the mechanical127 

responses under compressive loading, a FE model, which contains the stress-state-dependent 128 

damage model governed by stress triaxiality, was built. Furthermore, Monte Carlo simulation 129 

was employed to investigate the existence of the defects and their distributions on the 130 

mechanical properties and damage process of polymer materials. The current numerical 131 

model was applied on both neat epoxy resin and nanocomposites, i.e. RTM6 and 132 

HBP/RTM6, and the simulated results were validated. Additionally, the relationship between 133 

the different failure modes and the presence of defects was studied on neat epoxy. And the 134 

effect of adding nanoparticles on compressive mechanical behaviours of nanocomposites, by 135 

taking into account the variation of the defects inside materials, was explored. 136 

2.2 FE model 137 

A numerical model was built to replicate the experimental setup according to (Morelle 138 

et al., 2017; Zotti et al., 2020), as presented in Figure 2. The geometry dimension of the 139 

sample in the model corresponds to the experimental specimen with a diameter of 8 mm and 140 

a height of 4 mm shaped as a cylinder. Considering the platens, Platen 1 on the top was the 141 

loading side to mimic the loading process under a constant velocity as in experiments, while 142 

Platen 2 was the supporter of the sample. Constant stress solid element (solid element type 1) 143 

was used to model the sample, while the platens were meshed by Belytschko-Tsay shell 144 

(shell element type 2) to reduce the calculation time. 145 

Automatic_surface_to surface contact was used to model the contact behaviours 146 

between platen 1/2 and the sample, where the contact force was regarded as the loads 147 

imposed to the sample. A small friction was assigned between the sample surface and the 148 

platens to simulate the friction in the experimental activities and the coefficient was set equal 149 

to 0.07 according to the compressive study from Chevalier et al. (Chevalier et al., 2016). The 150 

whole modelling process was conducted through LS-DYNA for the present study. 151 
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152 

Figure 2 Finite element model for the uniaxial compressive tests 153 

2.3 Material properties 154 

In Zone I, the linear elastic behaviour can be described by the basic mechanical 155 

parameters, including the density, Poisson ratio and elastic modulus, as listed in Table 1. 156 

Regarding Zone II, the Johnson-Cook model (a simplified one, MAT_098, without damage 157 

and failure criteria), was used to mimic the deformation of the sample in Zone II. The related 158 

parameters in the material model were fitted based on the experimental data (Zotti et al., 159 

2020) as plotted in Figure 3, and are listed in Table 1. With regards to the platens, a rigid 160 

body (MAT_020) was used since there was no deformation on the platens during the whole 161 

loading process. All freedoms of Platen 2 were fixed, and they were similar for Platen 1 162 

except that the translation along z-axial which was free. 163 

Table 1 Parameters used to describe the mechanical response of the sample in Zone I & II 164 

Variable Parameter Value 

Zone I 

Density ρ (g/cm3) 1.14 

Elastic modulus E (MPa) 3000 

Poisson ratio µ 0.3 

Zone II 
Parameters for Johnson-

Cook model 

A 86.23 

B 144.60 

n 0.31 

165 

Figure 3 Comparison between the fitted and experimental data in Zone II 166 
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2.4 Failure model 167 

Besides the material models, the failure criterion was independently implemented in 168 

the simulation to mimic the mechanical behaviours in Zone III. As discussed in the 169 

introduction, complex stress states might influence the mechanical property of polymer 170 

materials during uniaxial compressive loading. Therefore, a failure criterion considering the 171 

triaxiality can describe different failure processes as the stress state differs better. In LS-172 

DYNA, a generalized incremental stress-state dependent damage model (GISSMO) can be 173 

employed to identify the failure behaviour of materials considering different stress 174 

triaxialities (Manual and Ii, 2012). Particularly, a curve of the plastic failure strain with 175 

respects to different stress triaxialities can be assigned to each element; during the 176 

calculation, the stress state represented as the stress triaxiality can be checked at each step, 177 

and those elements whose strains reach the failure threshold at the current stress state are 178 

deleted immediately.  179 

The failure strain with respects to various stress triaxialities for RTM6 epoxy resin is 180 

presented in Figure 4. For uniaxial compressive tests, the local stress triaxiality ranges 181 

generally between -1/3 and 1/3 during loaded. Therefore, a varied failure strain with stress 182 

triaxialities ranging from -1/3 to 1/3 is used in the present numerical model to control the 183 

element deletion. The plastic failure strains at different stress triaxialities, see Figure 4, were 184 

extracted from related tests (Morelle et al., 2017). The plastic failure strain from pure 185 

compression was used when a stress triaxility equal to -1/3. As for the stress state of torsion 186 

with a stress triaxiality between -1/3 and 0, the plastic failure strain was obtained from the 187 

maximum value of the existing experimental data from torsion tests (Morelle et al., 2017). In 188 

addition, for all these failure strains, the maximum value in each stress state was employed 189 

instead of the mean value of all the available experimental data. This choice was made in 190 

order to introduce defects to the current work. 191 PREPRIN
T
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192 

Figure 4 Plastic failure strain with respects to the stress triaxiality 193 

2.5 Consideration of defects 194 

According to existing numerical models which consider defects of polymer materials 195 

(Ma et al., 2020a; Zhou et al., 2005), an earlier failure process was presented due to the 196 

presence of the relationship between the crack initiation and ambient defects as reported in 197 

(Chevalier et al., 2019b). Thus, the failure strain with respects to stress triaxiality may be 198 

lower because of defects. Elements with a different number of defects can have a different 199 

stress-state-dependent failure strain (see the curves representing different number of defects 200 

in Figure 5a). Elements with more defects have a lower failure strain for the same stress 201 

triaxiality.  In order to quantitatively investigate the effect of defects on the mechanical and 202 

failure behaviours of RTM6 epoxy resin, an evaluation of the defect severity was built as 203 

shown in Figure 5b. Here, the defect severity, Ω, presented in percentage, quantifies how 204 

significantly the presence of defects affects the failure strain at a local region of the material. 205 

If the sample contains local defects with a maximum defect severity, Ωmax, a normal 206 

distribution of the failure strain ratio, Rf, between 1 (the failure strain without the defects), 207 

and (100% - Ωmax) can be constructed. So given a certain Ωmax, a normal distribution with a 208 

failure strain ratio ranging from 1 to (100% - Ωmax) can be assigned to the model, based on 209 

which related parameters vary from element to element. Herein, the failure strain ratio Rf, 210 

which is the ratio of the failure strain with the defects to the failure strain without defects is 211 

also introduced in Figure 5b, correlated to Ωmax. Herein, it is assumed that elements with the 212 

defect severity Ω present the Rf equal to (100% - Ω). So, a higher Ω will relate to lower Rf and 213 

a lower failure strain compared with the non-defect case. 214 
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Taking into account the Ω - Rf relationship mentioned above, for a known Ωmax the 215 

distribution of Ω can be converted into the distribution of Rf. This conversion is based on 216 

stress triaxiality-failure strain curve assigned to the element in the current numerical model 217 

through stochastic settings, named as Define_Stochastic_Variation in LS-DYNA. A specific 218 

example of assigning the distribution and creating the relationships is presented in Figure 5c. 219 

Thus, coupled with GISSMO, a stochastic stress-state-dependent failure strain can be 220 

assigned to each element following a specific statistical distribution, as visible in Figure 5c. 221 

For the same statistical distribution of the defect severity, a non-deterministic random number 222 

generator (“LS-DYNA Keyword User’s Manual,” 2018) was used to mimic the spatial 223 

randomness of Ω among elements with the assistance of the Monte Carlo method as the 224 

examples presented in Figure 5d. An overall flowchart with the main features of the current 225 

numerical framework is presented in Figure 5. However, as noticed, the introduction of 226 

defects to the model highlights the importance of the mesh sensitivity. By studying the mesh 227 

size for models with a defect severity of Ωmax = 0, 60% and 70%, which were mainly used in 228 

the current work, the mesh size in the present models was set to 0.5 mm considering the 229 

balanced accuracy and efficiency. 230 
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231 

232 
233 

Figure 5 Main features of the current modelling strategy: different failure strains with respects to the stress 

triaxiality considering defects (a); the relationship between the distribution of the failure strain and the defect severity (b); an 

example of the assignment of the failure strain with respects to the distribution of defects (c); models for different spatia l 234 
distribution of defects with the same severity (d) 235 

236 

Regarding modelling HBP/RTM6 nanocomposites, cracks tend to close under 237 

compression according to typical fracture mechanisms (Broek, 2012), and this closure 238 

weakens the reinforcement provided by nanoparticles (Esmaeili et al., 2020b). Thus, the 239 

effect of nanocomposites on defect severity should be stressed for compressive simulations. 240 

Therefore, in order to establish the relationship between the defect severity and the addition 241 

of nanoparticles, we varied the defect severity to mimic the mechanical behaviours of 242 

nanocomposites under compression until a specific defect severity with good agreement with 243 
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the experimental data of nanocomposites was obtained. Through this method, the effect of 244 

nanoparticles on the mechanical properties of polymer materials can be described by the 245 

defect severity in the current numerical framework. More details of nanocomposites can be 246 

found in the following section. 247 

3. Results and discussion248 

3.1 Effect of defects on constitutional curves 249 

Through changing the maximum defect severity from 0% to 90% in the numerical 250 

models, different stress-strain curves were obtained as plotted in Figure 6a. In each case of 251 

defect severity, 100-time Monte Carlo simulations were performed to consider the stochastic 252 

spatial distribution of the defects inside the polymer. The stress-strain relation in Zone I and 253 

II is almost identical with varying defect severities while obvious differences are visible in 254 

Zone III. As Zone III is dominated by the damage accumulation process, it is more sensitive 255 

to the defect severity inside the polymers compared with Zone I and II, determined by the 256 

elastic-plastic material models based on our experimental results (Zotti et al., 2020). Thus, 257 

the current analysis and discussions were focused on Zone III, the damage-related region of 258 

the constitutional curve.  259 

For the model without defect (see 0% in Figure 6a), a minimal damage can be found 260 

near the platens, accompanied by the typical plastic behaviour without any stress reduction as 261 

the strain increases. Regarding models with defects, the stress reduction becomes more 262 

pronounced as the defect severity increases, in line with the fact that the presence of more 263 

defects leads to quicker failure of the sample. The damage slope, Ed, which is the slope of the 264 

stress-strain curves in Zone III (Ed > 0, when defect severity is 0; Ed < 0, when defects 265 

severity is greater than 0), is summarized in Figure 6b with regards to different defect 266 

severity considering the variation from Monte Carlo simulations. The change of the damage 267 

slope was significant when the defect severity was close to 0 and 90%, while the trend was 268 

smooth within a medium percentage. As a limited defect severity was introduced to the 269 

model (value close to 0), obvious differences were produced on the stress: the strain varied 270 

from 0.1 to 0.2 as the damage process is accelerated with a lower failure initiation strain 271 

provided by defects. With considerable defects inside the model (value close to 90%), the 272 

crack density/failed elements could rapidly reach saturation followed by the collapse of the 273 

sample, indicating a significant decrease of the damage slope in Figure 6b near 100%. For a 274 

defect severity between 10% and 70%, the damage process is stable which shows a slowly 275 

PREPRIN
T



12 

dropping trend of Ed in Figure 6b. Additionally, there is also a small visible variation of the 276 

damage slope, which barely affects the overall trend of Ed, as presented by the error bar in 277 

Figure 6b, due to the spatial distribution of defects considered by Monte Carlo simulations in 278 

the current work. 279 

280 

 (a)    (b)  281 

Figure 6 Stress-strain curves with different defect severity (a); relationship between the slope in the damage zone 282 
of the stress-strain curve and the defect severity (b) 283 

284 

3.2 Effect of defects on failure modes 285 

For the neat RTM6 epoxy resin, the stress-strain curve from the numerical model with 286 

70% defects matches the curve from the experimental activities well (Zotti et al., 2020) with 287 

a special focus on Zone III, as shown in Figure 7a. Considering the good agreement between 288 

numerical and test data, tested samples employed in experimental activities corresponded to 289 

the numerical model with 70% defects. The damage slope, Ed, from 100-time Monte Carlo 290 

simulation is presented in Figure 7b, showing that the experimental damage slope is quite 291 

close to the average value from the numerical model with a variation of ± 8%, also as visible 292 

in Figure 6b. 293 

294 

 (a)   (b)  295 
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Figure 7 A good agreement between the numerical results with 70% defect severity and experimental data (a); comparison 

experimental damage modulus with numerical ones including Monte Carlo calculations and average value (b) 

After validating the numerical model with 70% defects by the experimental stress-

strain curve, the failure modes are discussed here. As aforementioned in the introduction, two 

different failure modes under uniaxial compression were reported from existing experimental 

works, presented as crack surfaces along planes oriented 45° of the loading direction and 

straight cracks along the loading direction propagating radially and circularly, named as 

Mode-A and Mode-B. Given the same defect severity 70% in the modelling of 

nanocomposite, these failure morphologies were also obtained during Monte Carlo 

simulations, as seen in Figure 8. At the final failure stage, the sample collapses into several 

parts with a 45° crack for Mode-A, while lots of fragments are formed in the numerical 

results of Mode-B failure morphology with straight cracks presented along the loading 

direction. In order to clearly present the crack morphologies, we removed the deformation in 

the post analysis of the numerical results, which are shown in Figure 8. According to the 

experimental activities reported by Morelle et. al. (Morelle et al., 2017), crack morphologies 

provided by simulations are in a good agreement with the experimental data (with a white 

dashed line to mark the crack in the image captured from tests (Morelle et al., 2017)).  313 

314 

Figure 8 Two failure morphologies from numerical results compared with the experimental ones (Morelle et al., 315 2017) 

316 

The formation of both failure modes is related to the spatial distribution of the defects 317 

(see Figure 8) in the model for the same severity, which determines the stress triaxiality 318 

among the elements at the first step of the numerical-explicit analysis. The increase of the 319 

analysing steps leads to a continuous change of the stress triaxiality of each element due to 320 

the increase of the compressive load and local failure (element deletion). So theoretically, 321 

both defect severity and stress triaxiality determine the failure strain of an element and later 322 
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the failure modes of the model. However, the region with a similar defect severity for both 323 

Mode-A and Mode-B (see white rectangle in Figure 8) indicated the most probable direction 324 

of crack propagation.  325 

As reported in related experimental activities (Morelle et al., 2017), failure of pure 326 

Mode-A was observed in samples, while pure Mode-B was rarely present and Mode-B 327 

always coexisted with Mode-A in one sample during the loading. The same phenomena 328 

occurred also in our numerical results. Based on the numerical results with Mode-B, straight 329 

cracks initiated earlier than cracks with a 45°orientation. Straight cracks undergo tension-330 

domain failure and exhibit a lower failure strain than 45° cracks that that undergo shear-331 

domain failure. With regards to the propagation of cracks, straight cracks were quite unstable 332 

and easily affected by the defects on the propagated paths, leading to the branching of cracks 333 

and resulting in the presence of a mixture of straight and 45° cracks. Therefore, samples with 334 

the involvement of Mode-B failure can produce more fragments with smaller sizes compared 335 

with samples in pure Mode-A failure, which is in line with conclusions drawn in (Morelle et 336 

al., 2017). 337 

These two different failure modes with the proportion of both modes in all Monte 338 

Carlo simulations were quantified in Figure 9 with different defect severity. Due to the fact 339 

that Mode-B failure always occurs in combination with Mode-A, Mode_B is defined with 340 

straight cracks as their main failure mode. All the data used for the collection of proportions 341 

was obtained through 100-time calculations. As the defect severity increases, a linear increase 342 

of Mode-B failure cases can be found in the simulated results. Herein, we can regard the 343 

Mode-B, with straight cracks with tension-domain failure, as the brittle failure (Morelle et al., 344 

2017). As known, samples with more defects tend to fail as brittle materials (Ma et al., 345 

2020a).  346 

347 
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Figure 9 Proportion of two crack modes with respects to different  defect severity 348 

3.3 Effect of nanoparticles on compressive behaviours 349 

Here, RTM6 reinforced with 0.1 wt.% HBP nanoparticles under compression is 350 

further analysed based on the modelling of neat RTM6 with different defect severities. The 351 

basic idea was to model the mechanical properties of HBP/RTM6 nanocomposite by tuning 352 

the defect severity. A proper defect severity can then be found through comparing the 353 

modelled mechanical properties with the experimental data, which could help to establish a 354 

relationship between the addition of nanoparticles and the defect severity. As observed in 355 

Figure 10, the experimental stress-strain curve is in good agreement with the numerical 356 

results when ~60% of the defect severity is used in the modelling. In fact, the difference 357 

between the models, with and without the HBP, on the stress-strain curves of Zone I and II is 358 

not obvious based on the results from (Zotti et al., 2020), but is mainly located in the damage 359 

process (Zone III). Therefore, the good agreement presented in Figure 10a, especially in Zone 360 

III, indicates that the mechanical behaviour of the nanocomposites with 0.1 wt.% HBP fits 361 

with the sample with less defects (~60%) well compared with the neat RTM6 (70% defects). 362 

Therefore, the addition of nanoparticles can somehow compensate the negative effect of 363 

defects on the compressive responses. As visible in Figure 10b, the mechanisms of 364 

reinforcement provided by nanoparticles are different under loading conditions with different 365 

stress triaxialities. Under tensile loading, the good bonding between the matrix and 366 

nanoparticles can induce a reinforcing mechanism known as bridging (Esmaeili et al., 2020a), 367 

which can prevent crack propagation and can lead to a high fracture toughness. As for the 368 

shear conditions, nanoparticles reinforce the fracture properties but not significantly (Li et al., 369 

2019). However, considering nanocomposites under compression, the effect of nanoparticle 370 

is less obvious because  cracks close during loading after the initiation (Broek, 2012). 371 

Therefore, the difference of the stress-strain curves with and without nanoparticles for the 372 

compression tests should be insignificant for Zone I and II, but the introduction of 373 

nanoparticles can somehow reduce the effect of existing defects on the mechanical properties 374 

of the polymer materials according to the current numerical investigations, which then leads 375 

to a decrease of the defect severity for 0.1 wt.% nanocomposite from 70% to 60% compared 376 

with the neat one. Even though the reinforcement of the compressive modulus and strength 377 

by nanoparticles on RTM6 is insignificant, the mechanism by which nanoparticles 378 

compensate the negative effect of defects and affect the damage process provides new 379 

insights into the potential application of nanomaterials. 380 
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381 

Figure 10 Comparison of the stress-strain curves from experiments with 0.1 wt.% and numerical model with 60% 382 
defects (a); Schematic about the mechanism with nanoparticles (b)  383 

4. Conclusion384 

A modelling strategy was proposed containing a FE method and Monte Carlo385 

simulations to study the relationship between defects and the damage process of RTM6 and 386 

HBP/RTM6 nanocomposites under uniaxial compression. In order to consider the presence of 387 

defects inside polymer materials and the complex stress states in uniaxial compressive 388 

loading of polymer materials, a stochastic numerical framework with defect severity and 389 

stress-state-dependent failure criterion was built. Monte Carlo simulations were conducted to 390 

investigate the effect of the spatial distribution of defects on the damage process. Regarding 391 

polymer materials with nanoparticles, a different defect severity was used to describe the 392 

mechanical behaviours of nanoparticle-reinforced polymers as the bridging mechanisms from 393 

nanoparticles is not significant due to the closure of cracks in materials under compression. 394 

The numerical methodology can, however, be used to investigate the effect of defects on the 395 

mechanical behaviours. 396 

In the present work, based on the stress-strain curves and failure modes from related 397 

experimental activities, the discussion of the effect of defects on the mechanical properties of 398 

polymer materials (RTM6) and the introduction of nanoparticles (HBP) on the mechanical 399 

behaviours and failure modes under uniaxial compression has been explored through the 400 

proposed modelling strategy. The main conclusions that can be drawn are the following: 401 

 The current numerical framework considering the defect severity and stress402 

state has been validated for polymer materials under uniaxial compressive403 

loading.404 
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 The existing defects in polymer materials mainly affect the damage part (Zone 405 

III) of the stress-strain curves under compressive loading. 406 

 Two different failure modes with shear-domain and tension-domain cracks are 407 

observed during 100-times Monte Carlo simulations due to the spatial 408 

distribution of defects, in line with experimental findings. 409 

 The introduction of defect severity in the current numerical work shows that 410 

the addition of nanoparticles into the polymer material can somehow 411 

compensate the negative effect of existing defects on compressive mechanical 412 

responses. 413 

Furthermore, specific for nanoparticle-reinforced polymer materials, even though the 414 

compensation of defects through the addition of nanoparticles difficult to validate in 415 

experimental works considering the defects from different scales, the current work on 416 

nanoparticles provides a new insight for the investigation of nanocomposites, especially 417 

under compression, of which the effect of nanoparticles is believed to be insignificant. 418 

 419 

 420 

 421 
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