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ABSTRACT 

A multiscale modeling framework that integrates nanoscale-informed constitutive models is 
employed to predict the interlaminar and intralaminar enhancement in composite laminates with 
radially-grown carbon nanotube (CNT) architecture. The nanoscale-informed constitutive models 
are implemented using the high-fidelity generalized method of cells (HFGMC) technique 
accounting for the material constituents and imperfect interfaces at the microscale. The 
micromechanical model is then coupled with the finite element model of a composite laminate 
specimen at the macroscale. The developed computational modeling framework is exercised to 
predict the initiation and steady-state toughness of mode I fracture composite samples. The results 
obtained from the simulations are correlated to the available experimental data collected from the 
literature. Conclusions are presented comparing the model response of traditional fiber reinforced 
polymer (FRP) composite laminates and composites with radially-grown CNT architecture.  

1. INTRODUCTION 

Due to their exceptional multifunctional properties, the use of carbon nanotubes (CNTs) as nanoscale 
reinforcements has been widely explored to improve the mechanical properties of low weight 
structures with potential applications in aerospace and civil technologies [1-3]. A common use for 
CNTs is a reinforcement of traditional fiber reinforced polymer (FRP) composites [4,5]. In traditional 
FRP, the interface between the plies is well known to be a ‘weak link’ in laminated composites, which 
requires significant reinforcement along the out-of-plane direction. Several approaches for CNT 
reinforcement are explored to strengthen both the interlaminar and intralaminar regions, with much 
of the work involving CNTs dispersed into the polymer matrix region [6-9]. However, due to 
substantial issues in processing and controlling CNT alignments, only marginal improvements in 
properties are observed.  

Grafting or growing CNTs on the surface of fibers (fuzzy fibers) offers some advantages over other 
approaches [10,11]. The introduction of CNTs in this manner provides a higher level of control over 
CNT length and orientation [12]. Radially-grown CNT fuzzy fibers show high potential for 
mechanical reinforcement and offer improved load transfer between the fibers/matrix interface and 
increased interfacial shear strength (IFSS) [13,14]. Therefore, the use of fuzzy fiber architecture offers 
enhanced interlaminar and intralaminar properties over other approaches [15,16,17].  
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The improvement in properties is mainly attributed to the presence of radially-grown CNTs creating 
an additional layer of stiffness around the fiber and spanning interply matrix regions [11,18]. For 
adequate assessment of these performance gains, one would require detailed modeling on the behavior 
of CNT reinforced fiber/matrix interphase, matrix, and interlaminar region. Several models have been 
proposed by various authors to determine the mechanical properties of fuzzy fiber reinforced 
composite using effective properties approaches and multiscale modeling techniques [19-22]. The 
effect of CNT bridging in the interlaminar region was also modeled using a closed-form analytical 
solution to predict the magnitude of toughness enhancement due to the fuzzy fiber reinforcement [23]. 
However, these methods are often not adequate as they fail to capture the complex interactions 
between constituent interface/interphases across multiple length scales.  

In this work, a multiscale modeling framework that integrates the nanoscale model of the various 
constituent material phases is presented, to investigate the enhancement in out-of-plane properties in 
traditional FRP composite with fuzzy fiber architecture. The CNT enhanced fiber/matrix interface at 
the sub-microscale is modeled using nanoscale properties and physical damage evolution law that 
uses the fundamental bond breakage information from molecular dynamics simulations. A high-
fidelity generalized method of cells approach is employed to model the fuzzy fiber composite 
microstructure. The micromechanical model is integrated within a finite element model of a mode I 
composite laminate specimen, and the composite fabric plies properties derived from a two-step 
homogenization procedure. A traction-separation law based on the atomistic bond dissociation 
information is presented to model the epoxy adhesive layer in the interlaminar region. The multiscale 
framework is then employed to predict load-displacement response and fracture toughness from the 
mode I virtual simulations. The predicted values are correlated to available experiment results from 
the literature. 

2. MULTISCALE MODELING FRAMEWORK 

As shown in Figure 1, a bottom-up multiscale modeling framework is proposed to take into 
consideration the complex mechanisms of deformation at various length scales for composites with 
carbon nanotube architecture. In the bottom level of the modeling approach, nanoscale simulations 
are used to capture the complex interactions between constituent phases in the composite. The 
nanoscale properties are used to develop sub-microscale continuum models to inform the 
properties of the constituents at the microscale. Computational homogenization of a Repeating 
Unit Cell (RUC) of the microstructure is used to predict the lamina’s properties from the properties 
of the constituents such as the polymer matrix, the fiber and the CNT reinforced interphase region. 
At the mesoscale, unit cells with plain weave geometry use the homogenized results of the 
micromechanical models as constitutive models for each lamina. At the macroscale level, the 
Mode I composite laminate virtual tests are carried out using three-dimensional elements whose 
constitutive properties are provided by the mesoscale model. The elastic properties of the laminate 
are readily obtained using the homogenization procedure while the onset of damage is provided 
by the constitutive material models at the sub-microscale.  



 

 

Figure 1. Nano-macro multiscale modeling scheme 

2.1 Nanoscale model 

In our previous studies, the nanoscale model of the neat epoxy matrix and radially-grown 
CNT/fiber (fuzzy fiber)/epoxy interphase region was investigated using molecular dynamics 
simulations. A difunctional resin, bisphenol-F epoxy resin was used in the neat polymer unit cell. 
The unit cell was cured based on a stochastic cutoff distance approach [24]. The effect of 
crosslinking degree in the epoxy matrix on the overall elastic properties such as Young’s modulus, 
bulk, and shear moduli are discussed in [25]. Similarly, the effect of the addition of radially-grown 
CNTs in the fiber/matrix interface was captured using the nanoscale interphase unit cell [26]. The 
interphase unit cell consists of radially-grown single wall CNTs, epoxy resin, carbon fiber surface 
and a polymeric functional coating on the fiber surface. Figure 1 illustrates a cured epoxy system 
and radially-grown CNT/fiber/epoxy interphase unit cell in the nanoscale column.  

At the nanoscale, the damage initiation phenomenon is primarily driven by the polymer mechanics 
arising from a fundamental level due to stretching and dissociation of covalent bonds in the system. 
The presence of CNTs, particularly in the fiber/matrix interface creates a complex stress state due 
to the non-bonded interactions with the surrounding polymer. The nanoscale models utilize a bond-
order based forcefield, also known as a reactive force field, to simulate the covalent bond 
elongation and breakage. Virtual deformation tests were performed to capture the elastic 
characteristics and the complex damage process. The variation of nanoscale bond energy between 
the deformed and undeformed state is used to quantify bond dissociation energy (BDE). The 
change of BDE as a function of applied strain is related to damage precursors at higher length 
scales. Consequently, the elastic properties and corresponding BDE variation with strain are used 
to define material constitutive behavior at the continuum level. Further details on the model setup 
and MD system and simulation methodology can be found in references: [26]. 



2.2 Micromechanical model 
2.2.1 Constitutive law 

The material properties for the fibers are modeled as transversely isotropic solids with linear elastic 
constitutive law. The epoxy matrix of the composite material is modeled as a linear elastic isotropic 
solid with elastic and nonlinear properties obtained using a previously developed constitutive 
model based on variation in the polymer crosslinking degree. This enables the unit cell to capture 
the damage behavior of the epoxy matrix which utilizes damage evolution equation developed to 
simulate the BDE response of the system at the nanoscale. The constitutive model was developed 
based on the continuum damage mechanics (CDM) approach, with damage evolution equations 
formulated as a functional form of nanoscale simulation results of the BDE variation under applied 
strain. The continuum equation for the damage evolution for varying crosslinking degree 
reproduces the complex nanoscale damage process and is given as  

𝐷̇𝐷 =
𝜆̇𝜆
2 �
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where 𝜆𝜆 is the viscoplastic multiplier, 𝜂𝜂 is the crosslinking degree, 𝑌𝑌 is the elastic energy and 𝑌𝑌0 
is the minimum energy required to initiate damage in the material. Further details on the continuum 
formulations and derivations can be found in references [27]. 

The fuzzy fiber interphase region is modeled as linear elastic orthotropic material with elastic 
properties obtained using tensile and shear virtual deformation simulations of the nanoscale 
interphase model. The CDM framework was used to develop the constitutive material model for 
radially-grown CNT fuzzy fiber interphase region. In our previous study, we focused on capturing 
the effect of CNT areal density (number of CNTs per 𝑛𝑛𝑛𝑛2) on the elastic and damage initiation 
characteristics of the critical interphase region. Despite the orthotropic nature of the interphase 
region, nanoscale investigations revealed that failure of the interphase under deformation 
transverse to the CNT growth was more pronounced and dominant compared to the direction along 
the CNT growth and along the fiber [26]. Therefore, the damage was modeled along the direction 
transverse to the CNT growth and the nanoscale BDE information was used to develop the 
equation for damage evolution for varying CNT areal density, as shown in Eq. (3a) and (3b). 

𝐷𝐷𝑠̇𝑠 =
𝜆̇𝜆
2 �

(1 + 𝛼𝛼) − 𝐷𝐷𝑠𝑠𝜌𝜌𝜂𝜂

𝜌𝜌𝜂𝜂 � 𝑌𝑌𝜉𝜉 [3a] 

 
𝜉𝜉 = 𝛼𝛼𝛼𝛼𝜂𝜂 [3b] 

where 𝜌𝜌 is the CNT areal density, 𝛼𝛼 is a phenomenological constant and 𝜂𝜂 is the rate of damage 
growth calibrated to reproduce nanoscale BDE response. Further details on the continuum 
formulations for fuzzy fiber interphase constitutive model can be found in [28]. 



2.2.2 Model set-up 

To capture the role of radially-grown CNT/fuzzy fiber interphase on the intralaminar mechanical 
behavior, the HFGMC based micromechanics theory is established. With HFGMC, the microscale 
unit cell is defined by a continuous long fiber inclusion in a polymer matrix. The unit cell is 
discretized into several subcells. The critical interphase region is modeled as interphase subcells 
of uniform thickness adjacent to the fiber subcells as illustrated in Figure 2(a). Additionally, the 
interphase subcells are modeled as cylindrically orthotropic, and the material properties are 
transformed with respect to the angle formed by the in-plane axis of the nanoscale unit cell along 
the CNT growth direction to the out-of-plane axis along the fiber direction. The material input 
parameters are summarized in Table 1 and Table 2. The orthotropic elastic properties obtained 
from nanoscale simulations are incorporated into the micromechanical model using the strain 
transformation matrix and is expressed as 

𝐶̅𝐶𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇𝜖𝜖𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝜖𝜖𝑇𝑇 [4] 

 

Table 1. Elastic material properties of the matrix, fiber and CNT reinforced interphase 
 

Material E1 (GPa) E2 (GPa) E3 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) 

Fiber 294 18.5 18.5 7.1 7.1 25 
Epoxy 1.8 1.8 1.8 0.64 0.63 0.64 

Interphase 17.32 15.39 27.61 2.35 4.58 3.16 
 

 

 

Table 2. Input material properties for damage model of matrix and CNT reinforced interphase 
 

Material Parameters 

Epoxy 𝑌𝑌0 = 0.12,  𝜂𝜂 = 0.19 

Interphase 𝛼𝛼 = 0.20,   𝜂𝜂 = 0.042 

The CNT volume fraction of the radially-grown architecture is given by a simple geometric 
relationship based on a unit cell with a single fiber, and CNT reinforced interphase region and is 
given as 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐(%) =
𝜌𝜌𝜌𝜌𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐2 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖

𝐷𝐷
𝑉𝑉𝑓𝑓 × 100 [5] 

where 𝐷𝐷 and 𝑉𝑉𝑓𝑓 are the diameter and volume fraction of the fiber, 𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐 is the diameter of radially-
grown CNTs, 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 characterizes the thickness of the interphase region, and 𝜌𝜌 is the CNT areal 
density at the sub-microscale. It is important to note that the interphase thickness is assumed to 



adequately capture the experimentally observed reinforcing effect and is primarily dictated by a 
sub-microscale scaling factor estimated from the nanoscale model in Ref. [26]. The scaling factor 
used in the present microscale model based on the nanoscale unit cell is estimated to be ~ 0.33.  

2.3 Mesoscale model 

A two-step homogenization procedure is utilized to predict the elastic material properties of plain 
weave fabric plies with radially-grown CNT fuzzy fiber. The first step fundamentally idealizes the 
microscale fiber/matrix system. The HFGMC based unit cell described in the previous section is 
used to obtain the stiffness matrix of the homogenized composite microstructure. The second step 
is employed to homogenize the plain weave geometry into a single ply with orthotropic elastic 
properties. Therefore, a secondary HFGMC mesh is generated, which, for an ideal case, represents 
the checkboard geometry of a composite plain weave ply.  

A plain weave unit cell is assumed to consist of two forms of subcells that are repeated to form the 
checkboard geometry. One subcell represents unidirectional fuzzy fibers running in the primary 
direction, and the adjacent subcell represents fuzzy fibers running in the transverse direction. The 
homogenized elastic properties of the subcells constituting fibers in the primary direction are 
obtained from the first step HFGMC procedure. The obtained stiffness matrix is then rotated 90 
degrees to inform the properties of the subcells with fibers running in the transverse direction. 
Additionally, the homogenized plain weave unit cell also captures intralaminar damage and failure 
due to damage in the microscale unit cell. A schematic representation of the two-step 
homogenization procedure, and the relationship between microscale and weave fabric coordinate 
system is shown in Figure 2(b). 

 

 

Figure 2. Homogenization procedure for composite plain weave fuzzy fabric properties: (a) 
microscale RUC; (b) plain weave checkboard pattern unit cell; (c) FFRP composite laminate 



2.4 Macroscale model 
2.4.1 Model set-up 

At the macroscale, the fiber-reinforced composite laminates are considered with the dimensions 
of 152.4 mm x 20 mm and a total of 8 plies with a thickness of 1 mm for each ply. The Double 
Cantilever Beam (DCB) test is commonly used to estimate the mode I interlaminar fracture 
toughness in a composite laminate. Therefore, to facilitate DCB laminates, an initial delamination 
crack of 50 mm length and thickness t = 0.025 mm is placed between the middle plies on the last 
50 mm on one end of the composite laminate. An epoxy adhesive layer of the same thickness is 
placed on the remaining length of the laminate. The mode I composite laminate specimen is created 
in Abaqus/Explicit, as shown in Figure 3. The interlaminar properties between the plies with the 
adhesive layer are modeled using cohesive elements of finite thickness. The material properties 
for the laminates are informed using the mesoscale model. The cohesive behavior of the adhesive 
layer is modeled using the nano-informed traction-separation model, discussed in the next 
subsection. 

 

 

Figure 3. Schematic view of the macroscale finite element model showing, DCB specimen, and 
interlaminar cohesive interface 

The laminate geometry meshes with an edge size of 0.25 mm x 0.5 mm within the x-y plane. An 
enhanced viscous-based hourglass control is employed to suppress spurious energy modes, and 
mass scaling is used to achieve the critical stable time increment. The loading and boundary 
conditions applied to the macroscale composite model is illustrated in Figure 3. The right edges 
are constrained in all three directions. A reference point is introduced in the top and bottom of the 
left end and is kinematically tied to the nodes on the top and bottom edges using TIE constraints. 
A displacement load is applied to the reference points, and the resulting reaction forces are readily 
obtained. The developed modeling framework is used to predict load-displacement response for 
traditional fiber reinforced composites and composites with fuzzy fiber architecture, to investigate 
the role of radially-grown CNTs on the onset and propagation of delamination. 



2.4.2 Cohesive zone model 

The adhesive layer is substantially the resin region that exists between adjacent plies of the 
composite laminate. Consequently, the element based cohesive behavior is used to capture the 
interply delamination using the atomistically informed continuum model for the epoxy matrix. The 
cohesive zone model assumes that the degradation in load transfer between the two plies is a 
progressive event governed by a cohesive material law based on a quadratic stress criterion. The 
continuum formulations are utilized to model the traction-separation response of the epoxy matrix 
under different modes of loading. The continuum stresses for an isotropic material are given by  

𝜎𝜎𝑖𝑖 =
𝜖𝜖𝑖𝑖
𝜖𝜖𝒄𝒄𝑖𝑖

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚(1 −𝑫𝑫𝑖𝑖) [6] 

where 𝜖𝜖𝒊𝒊 is the strain along the loading direction, 𝜎𝜎𝑖𝑖 as the corresponding stress, 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 as the 
maximum stress or yield strength, and 𝜖𝜖𝒄𝒄𝑖𝑖 as the critical strain. The continuum damage variable 
𝐷𝐷𝑖𝑖 is computed using the atomistically-informed damage equation for varying crosslinking degree, 
shown in Eq. [1]. At the continuum level, if the adhesive material is represented by a very thin 
layer of finite thickness t, and assuming uniform strain along the thickness, the elastic stiffness K, 
displacement 𝛿𝛿  are expressed as  

{𝐾𝐾𝑛𝑛𝑛𝑛 𝐾𝐾𝑠𝑠𝑠𝑠 𝐾𝐾𝑡𝑡𝑡𝑡} =
1
𝑡𝑡
∙ {𝐸𝐸11 𝐺𝐺12 𝐺𝐺13} [7] 

{𝛿𝛿𝑛𝑛𝑛𝑛 𝛿𝛿𝑠𝑠𝑠𝑠 𝛿𝛿𝑡𝑡𝑡𝑡} = 𝑡𝑡 ∙ {𝜖𝜖11 𝜖𝜖12 𝜖𝜖13} [8] 

where nn, ss, tt corresponds to normal, first shear and second shear direction. The specific material 
properties for the cohesive law are shown in Table 3.  

Table 3. Input material properties for cohesive interface elements 
 

 𝑲𝑲𝒏𝒏𝒏𝒏 
(MPa/mm) 

𝑲𝑲𝒔𝒔𝒔𝒔,𝒕𝒕𝒕𝒕 
(MPa/mm) 

𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 
(MPa) 

𝜹𝜹𝒄𝒄𝒏𝒏𝒏𝒏 
(mm) 

𝜹𝜹𝒄𝒄𝒔𝒔𝒔𝒔,𝒕𝒕𝒕𝒕 
(mm) 

Cohesive 
Parameters 

72000 25600 63.45 0.00087 0.0025 

 

Equation (7) is then modified to obtain the traction-separation response of the cohesive adhesive 
layer as 

𝑇𝑇𝑖𝑖 =
𝛿𝛿𝑖𝑖
𝛿𝛿𝒄𝒄𝑖𝑖

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚(1 −𝑫𝑫𝑖𝑖) [9] 



Figure 4 shows the normalized traction-separation response of the cohesive adhesive layer of the 
epoxy matrix with a 20 % crosslinking degree. From the simulated traction-separation response, 
the corresponding damage variables for the respective displacements are directly implemented in 
ABAQUS using the tabular capability as a function of relative displacement.  

 
 

Figure 4. Normalized traction-separation relationship in the normal direction corresponding 
to the cohesive model material properties in Table 3. 

 

3. RESULTS AND DISCUSSION 

To validate the methodology developed in this paper, the results for Mode I DCB experiments 
presented in [11, 23] are used. In Ref. [11], fuzzy fiber reinforced polymer composite laminates 
were manufactured with CNTs radially-grown to a height of 6 𝜇𝜇𝜇𝜇 on microfiber surface of 
diameter D = 15 𝜇𝜇𝜇𝜇. The radially-grown CNTs were sufficiently long to span the interply matrix 
regions and thus formed a uniform growth pattern around the fiber. The baseline and FFRP 
laminates were manufactured 8 plies thick with the unmodified difunctional resin based marine 
epoxy. The microfiber volume fraction of composite laminates was 35-43 % for baseline (no 
CNTs) and 44-50 % for short radially-grown CNTs, with resulting CNT weight fraction in the 
laminate at 0.5 %, respectively. The multiscale model, generated with these properties, is 
integrated within the finite element model of Mode I DCB composite specimen.  

The radially-grown CNTs enhances the resin rich regions between plies combined with 
intralaminar reinforcement within each ply. Hence, the fracture process is different from that of a 
baseline composite.  However, in the present model, a single traction-separation model for the 
interlaminar region with neat resin is used for both models. Consequently, only the isolated effects 
of the intralaminar reinforcement on toughness enhancement are captured in the present model. It 
should also be noted that an areal density of ~200 CNTs per 𝜇𝜇𝜇𝜇2 and a fuzzy fiber interphase 



thickens of ~ 6 𝜇𝜇𝜇𝜇 is chosen to model ~ 0.5 % weight fraction of CNT. The effect of fuzzy fiber 
architecture is investigated by comparing the load-displacement response obtained from the Mode 
I DCB simulations for the baseline and FFRP model. The load-displacement curve is calculated 
by extracting the reaction forces and applied displacement load associated with the two reference 
points on the top and bottom end. The reference points emulate the function of load hinges in the 
Mode I DCB test. The FE computed load-displacement response is shown in Figure 5 in terms of 
reaction force P and the relative displacement 𝛿𝛿.  

 
 

Figure 5. Multiscale model predictions for the Mode I DCB load-displacement response of 
radially-grown CNT (0.5 % weight fraction) and baseline fiber reinforced composite 

The increased slope of the load-displacement curve in Figure 5 is attributed to the presence of 
radially-grown CNTs on fiber, which enhances the intralaminar region in the direction transverse 
to the plain weave fabric. Consequently, the multiscale model predicts a 59 % increase in the peak 
load. Mode I toughness is characterized by resistance curves (R-curves), which indicate the 
initiation and steady-state toughness during the delamination process in the composite laminate 
specimen. Under the assumption of mechanical and geometric linearity, the energy release rate for 
the Mode I composite specimen [29] is given by 

𝐺𝐺 =
𝑃𝑃2

2𝐵𝐵
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

, 𝐶𝐶 = 𝛿𝛿 ∕ 𝑃𝑃 [10] 

where P, is the reaction load, 𝛿𝛿 is the applied opening displacement, B is the laminate’s width, C 
is the compliance, and a is the delamination crack length. The Compliance Calibration (CC) 
method [30] is used, where the compliance obtained from the FE simulation is fitted using the least 
square methods.  



 
 

Figure 6. Model predictions for the Mode I resistance curve of radially-grown CNT and baseline 
fiber reinforced composite calculated using the CC method. 

Figure 6 shows the representative R-curves obtained from the simulation for baseline and FFRP 
composite laminates. A comparison of the predicted energy release rate at initiation shows that the 
initiation toughness for FFRP composite increases ~ 11.4 % above the baseline composite, and the 
steady-state toughness improves by 42.9 % compared to the baseline composite.  The fiber 
properties, volume fraction and the cohesive interface strength properties are adjusted for baseline 
composite model to get a close match with the experiments. Using the adjusted parameters, the 
model predictions for initiation fracture toughness in FFRP composites are well within the range 
obtained from experiments. However, the model predictions show only a 42.9 % in steady state 
toughness compared to the ~89 % improvement observed in the experimental results presented in 
[11]. A summary of the data from the multiscale model and obtained experimental data is presented 
in Table 4. 

Table 4. Comparison of Mode I fracture toughness between experiments and multiscale model 
 

Material Multiscale model Experimental data 

GIc, initiation 

(kJ/m2) 

GIc, steady-state 

(kJ/m2) 

GIc, initiation 

(kJ/m2) 

GIc, steady-state 

(kJ/m2) 

Baseline (no CNTs) 0.6 1.35 0.57 ± 0.26 1.19 ± 0.09 

FFRP (0.5 % wt.) 0.67   

{11 % ↑} 

1.93    

{42 % ↑} 

0.74 ± 0.33  

{33 % ↑} 

2.25 ± 0.19 

{89 % ↑} 
 

 



The mismatch in the steady-state toughness between model and experiments could be due to an 
underestimation around the peak load, which may be attributed to additional changes in the growth 
zone bridging from transient to a steady propagation in fuzzy fiber architecture. The authors 
hypothesize that this could be because of the effect of CNT bridging in the interlaminar region, 
which is not captured in the present traction-separation model. However, it is noteworthy to 
mention that the developed framework can predict enhancement in interlaminar Mode I toughness 
merely due to intralaminar reinforcement of the fiber/matrix interface at the nano and sub-
microscale. Further investigation on modeling the interlaminar region is needed to understand the 
underlying physical mechanisms fully and adequately capture the effect of CNT bridging in fuzzy 
fiber architecture. 

4. CONCLUSIONS 

This paper presents an atomistically-informed multiscale modeling framework, bridging nanoscale 
information to macroscale, which enables the prediction of interlaminar and intralaminar 
enhancements in fiber reinforced composite laminates with radially-grown carbon nanotube 
(CNT) architecture. The developed framework utilized material properties and damage models for 
the radially-grown CNT/fiber/matrix interphase and a neat polymer resin, modeled using 
molecular dynamics simulations. Previously determined nanoscale properties were used to model 
the effect of CNT enhanced fiber/matrix interphase region at the nanoscale. An existing nano-
informed damage model for the polymer was used to model the traction-separation response of the 
resin in the interlaminar region. The microscale fiber/matrix system was modeled using a high-
fidelity generalized method of cells micromechanics approach. The elastic properties of the plain 
weave fuzzy fiber plies were modeled using a two-step homogenization process of the microscale 
unit cell. The macroscale geometry of a Mode I composite laminate specimen was modeled using 
finite elements.  

The load-displacement response obtained from Mode I virtual simulations showed improved stiffness 
and peak load in case of fuzzy fiber composite architecture. The overall effect of radially-grown CNTs 
on the delamination resistance was further investigated by comparing the resistance curves (R-curves) 
with traditional FRP composites. The addition of radially-grown CNTs on fiber was shown to 
improve the initiation and steady-state Mode I fracture toughness of fiber reinforced laminated 
composites by 11 % and 48 %, respectively. However, the value of steady-state toughness for 
fuzzy fiber composite was underestimated compared to experiments in the literature. Future 
investigation will include explicit modeling of the effect of CNT bridging in the interlaminar 
region to improve the accuracy of the predicted results.  
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