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Abstract 

A multi-scale computational analysis based on representative volume element (RVE) 

modeling and molecular dynamics (MD) simulations is developed to investigate the 

microscopic failure mechanisms of unidirectional (UD) carbon fiber reinforced 

polymer (CFRP) composites. The average properties of the 200-nm thickness 

interphase region between fiber and matrix are characterized through MD simulations 

and an analytical gradient model. The results demonstrate that the interphase region 

has higher Young’s modulus and strength, compared to the bulk matrix. This stiffened 

interphase region influences the composite response significantly. Specifically, the 

traditional two-phase model with zero-thickness interface fails to capture the 

stress-strain behavior compared to the experimental data. However, by adding the 

interphase region to a modified RVE model, the accuracy of simulation results will be 

improved significantly. Furthermore, a coupled experimental-computational 

micromechanics approach is adopted to calibrate and validate the cohesive parameters 

of the interface. By including the cohesive interface, our modified RVE model 

accurately captures the failure strength of the composites. Finally, different failure 

mechanisms for specimens are investigated using our multi-scale computational 

framework. The results show that the failure modes of UD CFRP composites are very 

complex and multiple failure mechanisms co-exist depending on the loading 

conditions, agreeing well with our experimental analyses. 

Keywords 

Carbon fiber-reinforced polymer composites, Multi-scale analysis, Representative 

volume element, Interphase, Molecular dynamics, Failure mechanism  
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1. Introduction 

Carbon fiber reinforced polymer (CFRP) composites have numerous applications 

for use in lightweight structures in the aerospace and automotive industry due to their 

excellent strength and stiffness [1]. The fast expanding demand for these composites 

requires efficient material characterization techniques to predict the mechanical 

properties of them, most notably their failure behavior under various loading 

conditions for safety reasons. However, designing CFRP composites based systems is 

challenging due to their complicated micro-structures, which include heterogeneous 

material phases and complex interphases among them. The complicated structures 

made from CFRP composites inevitably lead to complex mechanical behaviors and a 

wide variety of failure modes.  

Computational studies are advantageous in the systematic characterization of the 

effects of fiber and/or matrix properties and microstructures on the composites’ 

mechanical responses [2]. In addition, virtual experiments based on it could avoid the 

complexity and variability of conditions in real tests, when complicated loading cases 

such as bi-axial or tri-axial loading tests are involved. In terms of unidirectional (UD) 

CFRP composites, various analyses have reported in the prediction of the mechanical 

behavior, including the effect of microstructural factors (fiber shape [3, 4], interface 

properties [5, 6], fiber-matrix interface defects [7], thermal residual stress [2, 5], 

micro-voids [8, 9]) and environmental effects [10, 11] on the onset and progression of 

damage under different loading scenarios [12-14]. It has also been possible to predict 

the failure locus of UD CFRP composites subjected to multi-axial stress states [10, 

15-17]. All these efforts can lead in the future to the development of 

micromechanics-based failure criteria, e.g., Puck [18], Davila [19] and Catalanotti [20] 

models. 

However, there are few multi-scale computational analyses which bridge intricate 

details form nano- or micro-scale with continuum-level constitutive and damage laws. 

There are difficulties in both small-scale characterization techniques and bridging 

methods [21]. In addition, the key shortcoming of the aforementioned computational 
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studies is the common assumption of zero-thickness interface instead of an interphase 

region between the fiber and polymer matrix in the numerical models. This 

assumption over simplifies real composites where thickness of interphase region is 

non-negligible and leads to poor prediction of failure properties. In fact, the chemical 

and physical features within the interphase region are non-homogenous, and the 

interphase region is usually the precursor for damage initiation and evolution. Recent 

studies have indicated that the interphase region plays a critical role in the 

performance of CFRP composites [4, 22], especially when failure mechanisms are 

involved. Kari et al. [23] studied the effects of interphase volume fraction and the 

stiffness on the effective material properties of transversely randomly distributed fiber 

and spherical particle reinforced composites. When the interphase region is weak, the 

overall composite properties are significantly affected especially in the transverse 

direction. Kumar et al. [24] provided evidence that the interphase volume fraction and 

its properties have appreciable effect on the damping property of fiber-reinforced 

polymeric composites. Braginsky et al. [25] also demonstrated that variations in 

interphase thickness and strength relative to fiber and/or matrix can have a significant 

influence on the crack propagation/deflection mechanism of fiber-reinforced ceramic 

composites by the extended finite element method.  

Accurate modeling for the interphase region is extremely challenging due to the 

limitations of nanoscale experimental techniques. To overcome the hurdles 

encountered in nanoscopic experiments, efforts have been reported to characterize 

interphase region using analytical model [26] or molecular dynamics (MD) analysis 

[22, 27]. However, to the best of our knowledge, there have been few studies that both 

integrate the nanoscale interphase region with RVE modeling and address the effect 

of interphase region on the macroscopic composite response. Even fewer 

computational studies have aimed to address the failure mechanisms of CFRP 

composites under varying loading conditions using multi-scale computational analysis 

[28]. 

In the present paper, a multi-scale computational analysis is conducted based on 

RVE modeling and nanoscopic characterization of the interphase region. Our 
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approach incorporates both random fiber distribution and the unique interphase region 

of the UD CFRP composites. We aim to capture the failure mechanisms of the 

composites under the transverse tension, transverse compression, in-plane and 

out-of-plane shear loading conditions. In detail, firstly, the properties of the interphase 

region are determined by MD simulations and an analytical gradient model. Then, the 

average property of the interphase region will be incorporated into a modified RVE 

model, in which three phases: fiber, matrix, and the interphase are included. In the 

model, cohesive elements are also introduced at the interface between the fiber and 

the interphase region to capture the realistic interface decohesion. The cohesive 

parameters are calibrated and validated with experimental tests and a reverse 

engineering method to capture the failure strengths of the composites in different 

loading cases. Finally, the damage initiation and evolution processes of UD CFRP 

composites under different loading cases are discussed in detail with both 

computational and experimental efforts.  

2. Micromechanical RVE model 

The microstructure is generated by an algorithm previously developed by Melro et 

al. [29], in which the RVE is idealized as cylindrical fibers and randomly distributed 

in the matrix. In the conventional approaches, the RVE model only consists of two 

phases, namely the fibers and the matrix. The interface layer between them is 

considered with zero thickness, as shown in Fig. 1(a). In this paper, a modified RVE 

model is proposed, in which a finite thickness interphase region adjacent to the fibers 

is adopted, as shown in Fig. 1(b). Per previous investigations, we limit our RVE size 

to include around 50 fibers, and this size was reported to be sufficient to capture the 

essential micro-scale features with minimal computational costs [28]. 
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(a) (b) 

Figure 1. Comparison of microstructural RVE models between traditional RVE 

model (a) and modified RVE model (b) proposed herein. 

 

A Python script is developed to construct the RVE models and generate finite 

element (FE) meshes in ABAQUS [30]. An orphan mesh technique with 

predominantly first-order hexahedral elements under reduced integration (C3D8R) 

and tetrahedral elements (C3D6) are adopted for these three phases, while first-order 

cohesive elements (COH3D8) are used to represent the interface. To generate a 

well-structured, high-quality mesh, a seed density of about 2 elements in the thickness 

of interphase region is used, leading to an average element size for the interphase 

region of 0.1 um, while the element size of fiber and matrix are 0.35 um. 

Since application of the periodic boundary conditions (PBCs) in the RVE model 

increases the complexity of numerical simulations, especially when non-linearity is 

involved in the simulations, we apply uniform boundary conditions (displacement or 

traction) in this study. It has been shown that for sufficiently large RVE models, the 

results obtained from using PBCs are close to those from using uniform boundary 

conditions [31].  
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3. Constitutive and damage model of constituents 

3.1. Carbon fibers 

In the RVE model, carbon fibers are assumed to be a transversally isotropic and 

linearly elastic. The five independent material constants of AKSACA carbon fibers 

are listed in Table 1. The RVE has a fiber volume fraction of 51.4% with an average 

fiber diameter of 7 μm. 

Table 1. Carbon fiber material properties 

E11 (GPa) E22=E33 (GPa) G12=G13 (GPa) G23 (GPa) v12 

245 19.8 29.191 5.922 0.28 

 

3.2. Polymeric matrix 

3.2.1 Elasto-plastic damage model for the polymeric matrix 

The polymeric matrix made of epoxy is modeled isotropic elasto-plastic solid and it 

follows isotropic damage law proposed by Melro et al. [32]. Since such material 

exhibits a yield behavior that is sensitive to hydrostatic stress [33], the paraboloidal 

yield criterion [34] is more suitable for it. The non-isotropic tensile/compressive yield 

behavior with non-associative flow rule is 

𝑓(𝜎, 𝜎𝑌𝑐
, 𝜎𝑌𝑇

) = 6𝐽2 + 2(𝜎𝑐 − 𝜎𝑇)𝐼1 − 2𝜎𝑐𝜎𝑇 (1) 

where J2 is the second invariant of deviatoric stress tensor, I1 is the first invariant of 

the stress tensor. σT and σc denote the tensile and compressive yielding stress, 

respectively. 

The non-associative flow rule is introduced to correct the volumetric deformation 

in plasticity:  

g = 𝜎𝑣𝑚
2 + 𝛼𝑝2 (2) 

where  𝜎𝑣𝑚 = √3𝐽2  is the von Mises equivalent stress, 𝑃 = 1/3 𝐼1  is the 

hydrostatic pressure, and 𝛼  is the material parameter to correct the volumetric 

component of the plastic flow, which equals to 
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𝛼 =
9

2

1 − 2𝜐𝑝

1 + 𝜐𝑝
 (3) 

In order to mitigate the mesh dependency due to material softening, the damage 

evolution law is implemented with a characteristic element length derived from 

Bažant crack band theory [35]. A thermodynamically consistent isotropic damage 

model is adopted, in which the damage activation function is similar to the 

paraboloidal yield criterion but with the yield strengths replaced by the failure 

strengths and therefore 

3𝐽2̃

𝜎𝑓𝑐𝜎𝑓𝑡
+

𝐼1̃(𝜎𝑓𝑐 − 𝜎𝑓𝑡)

𝜎𝑓𝑡𝜎𝑓𝑐
− 1 = 0 (4) 

where 𝜎𝑓𝑐 and 𝜎𝑓𝑡 represent the compressive and tensile strengths of the matrix, 

while the invariants 𝐽2̃ and 𝐼1̃ are determined using the undamaged stiffness tensor.  

The exponential damage evolution law is given by: 

𝑑𝑚 = 1 −
𝑒

𝐴𝑚(3−√7+2𝑟𝑚
2 )

√7 + 2𝑟𝑚
2 − 2

 
(5) 

where 𝐴𝑚 is the parameter responsible for energy release rate, correlated with the 

characteristic element size, and 𝑟𝑚 is the damage internal variable. 

3.2.2 Matrix constitutive behavior validation 

The matrix adopted in this study is Epoxy XPR-0273-31 developed by the Dow 

Chemical company. Table 2 summarizes the basic epoxy properties obtained through 

experiments, where 𝐸𝑚 is Young’s modulus and 𝑣𝑚 is Poisson’s ratio, 𝑣𝑝 refers 

the plastic Poisson’s ratio;  𝐺𝐼𝐶  represents the Mode I fracture toughness. These 

properties serve as the basic parameters for the elasto-plastic damage model depicted 

in section 3.2.1, and an ABAQUS user subroutine (VUMAT) has been developed to 

implement the matrix model. 
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Table 2. Material properties of epoxy 

Linear 

elasticity 

𝐸𝑚 𝑣𝑚 𝑣𝑝 

3.73±0.30 GPa 0.38±0.01 0.3 

Damage 

model 

𝜎𝑓𝑡 𝜎𝑓𝑐 𝐺𝐼𝐶 

61.6±4.6 MPa 300±30.6 MPa 334.1±73 J/m2 

 

The matrix model has been calibrated and validated by computational analysis 

compared to experimental characterization under different loading modes: tension, 

compression and torsion, as shown in Fig. 2. For the tension case, using single 

element is sufficient to calibrate the tensile parameters, as shown in Fig. 2(a). The 

calculated elastic modulus and strength match very well with those from experiments 

as they are the basic inputs for the computational model. For the compression case, a 

symmetrical one-quarter model of the specimen is used to simulate the compressive 

behavior of epoxy since the single element cannot capture the microscopic behavior, 

as shown in Fig. 2(b). By using this one-quarter model, the elastic property and 

strength are captured perfectly, and the general elastic-yielding-strain hardening shape 

is well preserved too. Then, the matrix model is used to validate the shear modulus 

and post-elastic behavior of epoxy resin. The computational results match well with 

ones from torsion experiments (Fig. 2(c)), although the basic parameters in our matrix 

model are only calibrated from tension and compression tests, as illustrated in Table 2. 

Thus, the matrix model proposed is sufficient to describe the matrix constitutive 

behavior under different loading conditions. The calibrated and validated matrix 

model is then integrated into the RVE model to predict the material failure behaviors 

of UD CFRP composites. 
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(a) (b) 

 

(c) 

Figure 2. Comparison of epoxy results between computational analysis and 

experiment for (a) tension, (b) compression and (c) torsion. 

3.3. Interphase region 

There exists a submicron-thick interphase region around the carbon fibers due to 

the roughness of fibers’ surface, nanoconfinement effect on the matrix resins and the 

treatments applied during fiber manufacturing process. It has been demonstrated that 

the interphase property is closely related to the composite mechanical performance 

[36]. For CFRP composites specifically, the thickness of the interphase region was 

evaluated to be about 200 nm with an analysis from transmission electron microscopy 

(TEM) [37]. The interphase region is simplified here as a circular cylindrical shell 

with inner radius being the same as the fiber radius. As a result, the interphase region 

expands from radius 𝑟𝑓 to radius 𝑟𝑖, and 𝑟𝑖 − 𝑟𝑓 = 200 𝑛𝑚, as illustrated in Fig. 
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3(a). In the following text, sub-indices 𝑓, 𝑖 and 𝑚 denote fiber, interphase region 

and matrix, respectively. We note that it is difficult to quantitatively characterize the 

property variations in situ inside the interphase region, although progress is being 

made in this area with AFM based techniques [38, 39]. Since fiber surface treatments 

and chemical structure of epoxy resins are typically propriety information, it is also 

challenging to predict these properties using simulation techniques. Here, the average 

properties of the interphase region are calibrated based on the results obtained from 

the MD simulations on generic epoxy resins and an exponential gradient model. 

At the inner and outer boundaries, both physical and chemical properties of the 

interphase are required to comply with the adjacent phases, as also suggested in 

previous studies [40]. Thus, there exists sharp gradient from the fiber property to the 

matrix property within the interphase region. An exponential gradient model is 

adopted to describe the variation of interphase property due to its simplicity and 

completeness [41]. To formulate the boundary conditions for the interphase region, 

the materials inside the interphase region are assumed to be isotropic, which is 

consistent with the adjacent matrix phase. To accommodate the isotropic properties, 

the Young’s modulus on the left (fiber surface) boundary 𝑟 = 𝑟𝑓 is taken as the 

average moduli of the fiber in three dimensions 𝐸𝑖(𝑟 = 𝑟𝑓) =
𝐸𝑓11+𝐸𝑓22+𝐸𝑓33

3
=

95 𝐺𝑃𝑎. The Young’s modulus on the right boundary 𝑟 = 𝑟𝑖  of the interphase 

region is also taken as the modulus of the isotropic matrix 𝐸𝑖(𝑟 = 𝑟𝑖) = 𝐸𝑚 =

3.8 𝐺𝑃𝑎. For strength values, there is only tensile strength available for the carbon 

fiber, but the tensile strength is adequate to describe the failure strength given that the 

composites fail by tension even during compressive deformation. Thus, we formulate 

the strength boundaries according to the tensile strength of the fiber and the matrix. 

Specifically, the left bound value of the interphase region is taken as the tensile 

strength of the carbon fibers, which is 𝜎𝑖(𝑟 = 𝑟𝑓) = 𝜎𝑓 = 3 𝐺𝑃𝑎. The right bound 

strength value is taken as the tensile strength of the matrix, which is 𝜎𝑖(𝑟 = 𝑟𝑖) =

𝜎𝑚 = 68 𝑀𝑃𝑎. 
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Due to the incompatibility between the sizing and matrix resin chemistry, part of 

the materials in the interphase region near the matrix side achieve lower curing degree 

during the preforming process [40, 42]. Previous MD simulations have also 

corroborated the fact that the curing degree is lower at the heterogeneous interfaces 

(graphene-epoxy interface or free surface) due to less amount of reaction sites [43]. 

The failure initiation inside the interphase region was also observed in the 

experiments [44], which provide further evidence that part of the interphase region is 

relatively weak.  

To characterize how an insufficient curing process weakens the mechanical 

properties of the resin in the interphase, MD simulations are applied here to study the 

intrinsic stress-strain behaviors of a generic epoxy resin commercially denoted as 

3501-6, which shares similar chemical features with the epoxy XPR-0273-31 used 

herein [45]. The effect of curing degree on the mechanical properties has been 

investigated, including Young’s modulus and intrinsic yield stress as well as 

maximum stress. To simulate the cross-linking process, the Polymatic Algorithm 

developed by Abbott et al. is adopted [46]. The Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS [47]) software is employed to carry out all 

the MD simulations. The force-field parameter set of ReaxFF (ReaxFF_Mattsson) is 

used to characterize the plane strain uniaxial tensile deformation up to failure. A 

typical elastic-yielding-hardening-failure curve is obtained for this generic epoxy 

resin independent of curing degree [45], similar to the behaviors observed in other 

studies [48]. The Young’s modulus is measured as the slope of the initial linear elastic 

part in the stress-strain curve. The strength is defined as the ultimate largest stress 

before the ultimate failure of the structure.  

Different epoxy resins with different curing degrees ranging from 65% to 95% with 

an interval of 5% are tested for the their intrinsic stress-strain relationships [45]. 

Increasing Young’s modulus and strength are observed with increasing curing degree, 

which indicates that insufficient crosslinking process leads to deteriorating 

mechanical properties, and similar trends have also been observed previously [49]. 

Our results show that the difference of the Young’s modulus between insufficiently 
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cured epoxy (~70% curing degree) and fully cured epoxy (95% curing degree) is 

around 20%, and the difference in the strength between them is up to 50%.  𝐸𝑚𝑠 and 

𝜎𝑚𝑠 are used to represent the lower bound values for the Young’s modulus and 

strength inside the interphase region. Thus, the results provide reasonable lower 

bounds of interphase mechanical properties due to insufficient curing, and the ratio 

between the lower bounds and matrix values are: 𝐸𝑚𝑠/𝐸𝑚 = 0.8, 𝜎𝑚𝑠/𝜎𝑚 = 0.5. 

We would like to note that our previous study also presented a scale-bridging 

approach that links atomistic deformation to macroscopic fracture properties and 

provided physical insight into the molecular mechanisms that govern the fracture 

characteristics [45]. 

The generalized gradient model proposed here includes two parts. In the first part, 

the Young’s modulus and strength decrease from the left bound values to the lowest 

values, i.e., 𝐸𝑚𝑠 or 𝜎𝑚𝑠. In the second part, the values gradually increase from the 

lowest to the values at the right bound of the matrix properties. The decreasing trend 

in the first part is due to the attenuation of the fiber confinement effect, and the 

increasing trend in the second part is because of the intrinsic epoxy resin stiffening 

through sufficient crosslinking. The position of the lowest values (𝑟𝑖𝑠) is assumed to 

be at three quarters (0.75) of the interphase width away from the fiber surface (𝑟𝑖𝑠 −

𝑟𝑓 = 0.75(𝑟𝑖 − 𝑟𝑓)), as illustrated in Fig. 3(b). The position is chosen near the matrix 

side, since the incompatibility between sizing and bulk matrix resin mainly induces 

the insufficient crosslinking. Then the variations of the properties of interphase region 

are assumed to follow the exponential functions as follows: 

𝐾𝑖 = {
 𝐾𝑚𝑠 + (𝐾𝑓 − 𝐾𝑚𝑠)𝑅(𝑟)               𝑟𝑓 < 𝑟 < 𝑟𝑖𝑠 

𝐾𝑚 + (𝐾𝑚𝑠 − 𝐾𝑚)𝑄(𝑟)                𝑟𝑖𝑠 < 𝑟 < 𝑟𝑖

 (6) 

where K can be either E (Young’s modulus) or σ (strength), and the functions 𝑅(𝑟) 

and 𝑄(𝑟) are constructed to match the boundary conditions: 

𝑅(𝑟) =
1 − (𝑟/𝑟𝑖𝑠)exp (1 − 𝑟/𝑟𝑖𝑠)

1 − (𝑟𝑓/𝑟𝑖𝑠)exp (1 − 𝑟𝑓/𝑟𝑖𝑠)
 

𝑄(𝑟) =
1 − (𝑟/𝑟𝑖)exp (1 − 𝑟/𝑟𝑖)

1 − (𝑟𝑖𝑠/𝑟𝑖)exp (1 − 𝑟𝑖𝑠/𝑟𝑖)
 

(7) 
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(a) (b) 

Fig. 3. (a) Schematic of cross-section including interphase region. (b) Variation of the 

Young’s modulus or strength inside the interphase region. 

 

The average Young’s modulus and strength can be obtained as: 

𝐾̅𝑖 = ∫ 𝐾𝑖(𝑟)𝑑𝑟
𝑟𝑖

𝑟𝑓

/(𝑟𝑖 − 𝑟𝑓) (8) 

Substituting the parameters of both Young’s modulus and strength values into 

above equation, we finally have: 

𝐸̅𝑖 = 22.5 𝐺𝑃𝑎 

𝜎𝑖 = 670 𝑀𝑃𝑎 
(9) 

We have also conducted sensitivity analysis of Eq. 9 to quantify how the choice of 

𝑟𝑖𝑠 influences the results. Varying 𝑟𝑖𝑠 between the middle point (𝑟𝑖𝑠 − 𝑟𝑓 = 0.5(𝑟𝑖 −

𝑟𝑓)) and further near the matrix phase (𝑟𝑖𝑠 − 𝑟𝑓 = 0.9(𝑟𝑖 − 𝑟𝑓)) leads to differences 

that are smaller than 20% of the predicted average values. As a result, the assumed 

position of the insufficient curing region has low influence on the average properties 

of the interphase region.  
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Compare with matrix modulus ( 𝐸𝑚 = 3.8 𝐺𝑃𝑎 ) and tensile strength (𝜎𝑓𝑡 =

68 𝑀𝑃𝑎), the average Young’s modulus and strength of the interphase region are 

increased by around 5 and 9 times, respectively. The interphase region shows an 

obviously stiffened response compared to the bulk matrix, although a portion of the 

interphase region is weaker due to insufficient crosslinking. A similar effect on the 

interphase region by the presence of an affinitive substrate has been proposed using 

MD simulations at the nanoscale level [50]. 

Thus, the key material properties of the interphase region have been obtained. To 

remain consistent with the aforementioned material model, the constitutive behavior 

and damage model of the interphase are assumed to be similar to those of the matrix 

as in section 3.2. 

3.4. Cohesive elements for interface between the fiber and matrix/interphase 

region  

Interfacial debonding is considered in the RVE model by using cohesive elements 

at the interface between fiber and interphase region, with the constitutive response 

defined by a bilinear mixed-mode softening law. Damage onset is predicted by means 

of a quadratic interaction criterion that is a function of the interface strength for each 

of the damage modes. Once debonding is initiated, the cohesive tractions transferred 

through the interface decrease linearly to zero. This is based on the energy-based 

Benzeggath-Kenane (BK) damage propagation criterion that accounts for the 

dependence of the fracture energy dissipation on mixed-mode fracture [51]. 

4. Experimental results: transversely compressive, tensile and off-axis tensile tests 

Transverse compressive and tensile tests are conducted in accordance to ASTM 

Standards D6641 [52] and D3039 [53], respectively. AMTS Sintech test machine 

fitted with a 30000 lb. load cell is used to determine the transverse behavior of the UD 

CFRPs with a crosshead speed of 2 mm/min. Woven glass/epoxy tabs with tapered 

ends are bonded on either side of the specimens to reduce the gripping effects. The 

real-time strain evolution on the sample surface is investigated using the digital image 

correlation (DIC) techniques by comparing the gray intensity changes of the surface. 
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The Young’s modulus reported here is the secant Young’s modulus taken at strain 

levels of approximately 0.1% and 0.3%. The experimental results of transverse 

compressive and tensile curves are plotted in Fig. 4(a) and (b). The off-axis tensile 

test has been used for many years to determine the in-plane shear properties of 

advanced composite materials [54]. In the off-axis tensile test, a tabbed specimen with 

fibers oriented at 10° with respect to the applied load, is subjected to a tensile loading. 

The 10° off-axis tensile tests are conducted in an INSTRON 1125 universal testing 

machine, with a crosshead speed of 1 mm/min. The in-plane shear stress in the 

material coordinate system is directly calculated from the applied axial load. The 

corresponding shear strain is determined from the longitudinal and the transverse 

normal strain data collected by the strain gauges, as shown in Fig. 4(c). The specimen 

geometry for each loading case is listed in Fig. 4, respectively. 

  

(a) (b) 

 

(c) 

Figure 4. Experimental stress-strain curves and specimen geometry (unit: mm). (a) 

Transverse compression. (b) Transverse tension. (c) 10° off-axis tension. 



17 
 

 

The average Young’s modulus of the transverse compression and tension are 9.29 

GPa and 9.2 GPa, respectively. The average transverse compressive and tensile 

strengths are 185.9 MPa and 62.1 MPa, respectively. The in-plane shear stress-strain 

curves, up to 6% strain, are plotted in Fig. 4(c). The initial behavior is linear followed 

by a non-linear transition when the shear strain is in the range of 0.5-6%. The average 

in-plane shear modulus and strength are 4.95 GPa and 81.6 MPa, respectively. All the 

measured results are summarized in Table 3. 

 

Table 3. Summary of the experimental results 

 
Transverse compression Transverse tension 10° off-axis tension 

 

Strength 

(MPa) 

Strain 

(%) 

Chord E 

(GPa) 

Strength 

(MPa) 

Strain 

(%) 

Chord E 

(GPa) 

Strength 

(MPa) 

Strain 

(%) 

Chord E 

(GPa) 

1 160.5 1.74 9.36 62.1 0.69 9.4 82.6 5.64 4.73 

2 179.5 1.97 8.83 62.6 0.71 9.2 82.3 4.38 5.30 

3 194.1 2.65 8.27 61.5 0.70 9.0 80.1 4.97 4.80 

4 195.8 2.54 9.64 
      

5 192.4 2.48 10.41 
      

6 193.1 2.31 9.22 
      

Ave 185.9 2.28 9.29 62.1 0.70 9.2 81.6 5.00 4.95 

 

To observe the failure modes of UD CFRP composites under transverse tensile and 

compressive loading, several tests are interrupted before the final failure occurred to 

obtain the information about the initiation and the evolution of damage. Fracture 

surfaces are examined using the standard metallographic technique and observed 

under the optical microscopy of KEYENCE at 100-1000x magnification. As shown in 

Fig. 5, the angle of fracture surface under transverse compression is slightly larger 

than 45° and the value is about 56.15° with respect to the cross-area. For transverse 

tension, the matrix brittle failure is the dominant failure mechanism as the crack 

quickly propagates to both sides of the specimen. The final fracture surface is 

perpendicular to the loading axis, as shown in Fig. 6(a)-(b). 
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Figure 5. Optical microscopic across thickness view of the UD CFRP composites 

under transverse compressive loading. 

 

 

(a) 
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(b) 

Figure 6. Optical microscopic across thickness view of the composites failure under 

transverse tensile loading. (a) The crack propagates from the center to both sides of 

the specimen. (b) The final fracture surface is perpendicular to the loading direction. 

 

Since most of test specimens have only been examined post mortem due to the 

sudden and catastrophic failure of UD CFRP composite, failure initiation and 

evolution characteristics cannot easily be inferred from the data obtained. This further 

motivates us to investigate the damage initiation and evolution processes as well as 

the microscopic failure mechanisms under different loading cases using our 

multi-scale analysis framework. 

5. Micromechanical simulation 

5.1. Microstructural simulation based on traditional RVE model 

Both traditional or the modified RVE models studied here adopt the geometry as 

shown in Fig. 7. The thickness and width are 2R and 15R, where R is the fiber radius. 

The length of micro-structural model for transverse compression is 60R in order better 

to obtain the angle of the shear band. 
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(a) (b) 

Figure 7. RVE model for composites failure analysis under transverse compression 

(a), and transverse tension, in-plane shear and out-of-plane shear (b). 

 

In the traditional RVE model, there is no interphase region, and the matrix and fiber 

properties are given in section 3.1-3.2. The stress-strain curves of transverse tension 

obtained from the traditional RVE analysis show earlier non-linearity and that the 

engineering stress is lower than the same condition the ones from experimental data, 

as shown in Fig. 8(a). The main reason is the special stress distribution of matrix 

around the fibers, i.e., interphase region, is not considered. Our analysis shows that 

the materials usually yield earlier in this region and it is cracks initiation site. Taking 

transverse tension for example, the S22 stress states of elements at different locations 

are plotted in Fig. 8(b). Element 1 is next to the crack initiation region, while Element 

2 and Element 3 are closed to Element 1, but farther away from the fiber. Element 4 is 

on the path of matrix crack propagation. It is obvious that S22 stress of Element 1 

increases earlier and faster than other three elements, as shown in Fig. 8(c). Thus, the 

matrix around the fibers will yield and fail at earlier stage, which affects the general 

failure behavior of the RVE. The results indicate that the traditional two-phase model 

that only consists of matrix and fiber cannot capture the realistic behavior of 

composites, especially in the nonlinear stage.  
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(a) 

 
 

(b) (c) 

Figure 8. (a) The comparison of S22 stress-strain state under transverse tension for 

different element at different locations between RVE and experiment. (b) Illustration 

of the picked elements at different locations. The white regions are the initiation and 

propagation of matrix cracks (c) S22 stress value of the different elements still the 

failure of Element 1.  

5.2. Micro-structural simulation based on modified RVE model with interphase 

region 

A modified RVE model incorporating the stiffened interphase region is then 

proposed to investigate the mechanical response of composites under the same 

loading cases. The interphase region is represented by a homogenous layer between 

fiber and matrix and the properties of the interphase region have been determined in 

section 3.3.  

Fig. 9 shows the stress-strain curves based on the modified and traditional RVE 

model for the transverse tension and compression simulation. It is obvious that 
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stress-strain curves from the modified RVE model fit much better with experiments. It 

is remarkable that by adding a 200 nm thickness interphase region, with stiffened 

properties compared to the bulk matrix, the RVE model’s accuracy improves 

dramatically. This result also corroborates the fact that the existence of finite 

thickness interphase around carbon fiber increases the loading bearing capability of 

the composites. 

 

  

(a) (b) 

Figure 9. Comparison between the modified RVE model including the interphase 

region and the traditional RVE model during transverse tension (a), and transverse 

compression (b). 

 

Although most parts of the modified RVE model are matched very well according 

to experimental results after adding the interphase region, the peak point of the 

stress-strain curves, i.e., strengths, are not well captured by current model. The reason 

is that the model has not taken interfacial debonding into account, which is dominant 

during failure of fiber-based composites. In the next section, the interfacial debonding 

will be considered by inserting cohesive elements at the interface between fiber and 

the interphase region. 

5.3. Calibrating and validating the cohesive element parameters 

The specific parameters for the inserted cohesive elements are to be obtained 

through reverse engineering method based on the experimental results of composite 
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strength. The cohesive elements used here are of possess typical bilinear behavior. 

Initial stiffness of the cohesive element is set to 108 MPa/mm to maintain continuity of 

the stress and strain fields between fiber and matrix [55, 56]. The tensile strength (τ1) 

of 50 MPa and shear strength (τ2) of 70 MPa are set as its initial guessed values 

according previous study [13], which are subject to further calibration in this section. 

Damage evolution at the interface is controlled by a linear softening law until 

complete failure of the cohesive element. The rate of damage progression is 

controlled by the fracture energy of the cohesive element under mode I, mode II or a 

combination of both. Also, since the interface has transversely isotropic properties, 

the mode II and mode III parameters are identical. The fracture energy initial values 

are set to GIC=0.002 N/mm and GIIC =0.006 N/mm [13, 55, 56]. It is anticipated that 

the mode I parameters (τ1 and GIC) mainly influence the transverse tension case, while 

mode II parameters play a more significant role in the transverse compression. 

5.3.1. Calibrating the mode II interfacial properties based on transverse 

compression tests 

The effects of mode I interfacial properties on transverse compressive behavior are 

shown in Fig. 10. It is clear that the mode I interfacial properties have little effect on 

transverse compressive response, which can be attribute to that the dominant 

mechanism of interface failure in transverse compression is interfacial shear 

debonding failure.  

 

  

(a) (b) 
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Figure 10. The effects of mode I interfacial properties on transverse compressive 

behavior by changing mode I interfacial fracture strengthτ1 (a), and mode I interfacial 

fracture energy GIC (b). 

 

Then, the values of the mode I interfacial fracture strength (τ1=50 MPa) and energy 

(GIC=0.001 N/mm) are fixed while tuning the mode II cohesive parameters are studied. 

First, we examine the influence of GIIC on the composite failure strength during 

transverse compression. τ2 is set as 70 MPa, and variations of GIIC from 0.002 N/mm 

to GIIC= 0.128 N/mm are tested in the RVE. The results show the total failure strain 

and failure strength of the composite increases with increasing GIIC. Overall failure 

strengths of the modified RVE model with the range of GIIC considered are illustrated 

in Fig. 10(b). By capturing the average of the experimental transverse compressive 

strength of UD CFRPs (185.9 MPa), we calibrate GIIC as 0.032 N/mm. Second, τ2 is 

further calibrated with GIIC equaling 0.032 N/mm. The stress-strain curves under 

transverse compression are plotted in Fig. 11(c) for τ2 varying from 20 MPa to 90 

MPa. Again τ2 significantly affects the failure strength of the composites similarly to 

the effect of GIIC. The failure strengths of modified RVE model vs. τ2 are shown in 

Fig. 11(d). τ2 is determined to be 80 MPa by keeping the transverse compressive 

failure strength the same. 

 

  

(a) (b) 
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(c) (d) 

Figure 11. (a) Comparison of the stress-strain curves under transverse compression by 

changing GIIC. (b) Failure strengths of modified RVE model vs. GIIC. (c) Comparison 

of the stress-strain curves under transverse compression by changing τ2. (d) Failure 

strengths of modified RVE model vs. τ2. 

5.3.2. Calibrating the mode I interfacial properties based on transverse tension 

tests 

Similarly, the influence of mode I interfacial properties on the transverse tension 

behavior is examined by considering different values of GIC ranging from 0.0008 

N/mm to 0.1 N/mm, as shown in Fig. 12(a), and τ1 values of between 20 MPa to 100 

MPa, as shown in Fig. 12(b). GIC and τ1 are finally determined as 0.002 N/mm and 70 

MPa, respectively. 

 

  

(a) (b) 

Figure 12. Comparison of the stress-strain curves under transverse compression by 
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changing GIC (a), and τ1 (b). 

 

Table 4. Interfacial properties 

Interface Properties Value 

Interfacial maximum 

strengths 

τ1 70 (MPa) 

τ2=τ3 80 (MPa) 

Interfacial fracture 

energy 

GIC 0.002 (N/mm) 

GIIC= GIIIC 0.032 (N/mm) 

5.3.3 Validating the interfacial properties based on in plane shear and out of 

plane shear 

To further validate these parameters listed in Table 4, the 10°off-axis tensile tests 

are carried out both computationally and experimentally. As shown in Fig. 13 (a), the 

result of our computational model with interfacial debonding included agrees well 

with the experimental data, indicating that the properties of the interface calibrated 

from transverse tension and compression are reliable. Fig. 13 (a) also shows that 

without considering the interface debonding between fiber and interphase region, the 

simulation significantly over predicts the failure strength. 

However, the out-of-plane shear strength  𝑆𝑇 is a material property that is difficult 

to measure experimentally. Carlos et.al [57] proposed an expression relating  𝑆𝑇 to 

the transverse compressive strength 𝑌𝐶 : 


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
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




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0

0
00

CT

tan2α

cosα
sinαcosαYS  (10) 

where 𝛼0 is the fracture angle of transverse compressive loading.  

The angle of the fracture plane and strength for UD CFRP composites under 

transverse compression is material parameter that can be obtained from experimental 

data, as listed in Table 3 and Fig. 5. For the angle of the fracture plane 𝛼0 =

56.15°and strength  𝑌𝐶 = 185.9 𝑀𝑃𝑎 , the out of plane shear strength 𝑆𝑇 is 



27 
 

62.34 MPa, which is very close to simulation one (60.67 MPa), as shown in Fig. 

13(b). 

 

  

(a) (b) 

Figure 13. (a) Comparison of 10°off-axis tensile test and in-plane shear simulation 

results. (b) Out-of-plane shear simulation result. 

 

6. Computational micromechanics for UD CFRP composites under various 

loading conditions 

6.1. Transverse tension 

The computational model has the advantage to clearly reveal the damage initiation 

and evolution process of UD CFRP composites. Under the transverse tension, 

interfacial debonding first occurs at the poles of the closely neighboring fibers where 

the stress concentration in fiber/interphase region are higher, which is more clear 

through a partial enlarged drawing of local cohesive element, as shown in Fig. 14(a). 

Subsequently, some bands of interfacial cracks perpendicular to the loading direction 

can be found. Within these bands of interfacial cracks, the matrix and interphase 

region are subject to plastic deformation, which further results in the coalescence of 

adjacent interfacial cracks, as shown in Figs. 14(b) and (c). Finally, interfacial cracks 

and interphase region failure at different locations are connected through matrix 

cracks and spread out the entire RVE, causing the ultimate fracture of the RVE 

perpendicular to the loading axis, as illustrated in Fig. 14(d).  
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(a) (b) 

  

(c) (d) 

Figure 14. Damage initiation and evolution under transverse tension. (a) Initial 

interface debonding, happens when ε=0.83%. (b) Plastic damage of interphase region 

and matrix happen at the vicinity of the interfacial cracks, ε=0.86%. (c) Interfacial 

debonding and interphase matrix damage at different locations are connected by 

matrix cracks throughout the RVE, ε=0.90%. (d) The ultimate fracture surface is 

perpendicular to the loading axis, ε=0.92%. 

6.2. Transverse compression 

As for the case of transverse compression, interfacial debonding initiates at the 

locations which are offset from the poles of the fibers, and then plastic deformation 

occurs in both interphase region and matrix near the locations where the interfacial 

debonding initiates. This phenomenon demonstrates that the failure always tends to 

initiate in the region near fiber surface, where stress is both localized and maximized 

in comparison with the one far away the fibers. Finally, matrix cracks at different 

locations are connected to form a main crack-the plastic shear band, which inclines at 
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57.12° with respect to the plane perpendicular to the loading axis, as shown in Fig. 15. 

The angle of the fracture surface orientation is very close to experimental data 

(56.15°), as previously shown in Fig. 5. In addition, the typical orientation values are 

in the range of 53-57°, found in previous literatures [10, 28]. 

  

(a) (b) 

  

(c) (d) 

Figure 15. Damage initiation and evolution under transverse compression. (a) Initial 

interface debonding, happens when ε=2.65%. (b) Interphase region and matrix plastic 
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damage occur at the vicinity of the interfacial cracks, ε=2.91%, (c) ε=3.22%. (d) A 

shear band is formed by the coalescence of the matrix cracks, ε=3.45%. 

6.3. In-plane and out-of-plane shear 

Furthermore, when pure shear loading is applied to the RVE, different behaviors 

are observed depending on the shearing direction is either parallel or perpendicular to 

the fibers. In the case where shear is along the fiber direction (in-plane shear), the 

failure mechanism is dominated by interfacial and matrix plastic damage. Interfacial 

debonding observed at different positions on the front surface of the RVE, which can 

be observed more clearly by a partial enlarged drawing as an inset in Fig. 16(a). As 

the load increases, initial interphase region cracks are concentrated in the vicinities of 

interface damage, then the matrix damage is extended by the interfacial debonding 

and spread outward, as shown in Figs. 16 (a) and (b). Finally, matrix cracks are linked 

to form a complete fracture surface, as shown in Fig. 16(c). To get a better 

understanding of the failure mechanism, the matrix is broken up along the ultimate 

failure surface to show the details of the fracture surface, as shown in Fig. 16(d). The 

result shows that ultimate failure surface is not parallel to the fibers, but has certain 

angle of 45° with the fiber direction. 

  

(a) (b) 
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(c) (d) 

Figure 16. The composite failure mode under in-plane shear. (a) Initial interface 

debonding, happens when ε=3.59%. (b) Plastic damage of interphase region and 

matrix, occur when ε=4.84%. (c) Matrix cracks are linked to form a complete fracture 

surface, ε=5.78%. (d) The matrix is broken up along the ultimate failure surface to 

show the details of the fracture surface, ε=6.34%. 

 

The out-of-plane shear behavior is also studied with current RVE model. For the 

out-of-plane shear, interfacial debonding initiates between closely neighboring fibers, 

as shown in Fig. 17(a). As the load increases, initial interphase region cracks are 

concentrated in the vicinities of interface crack and propagate through the RVE to 

form a fracture path along a diagonal direction, as shown in Figs. 16(b) and (c). The 

final fracture path composes of a combination of matrix cracks together with a 

number of interfacial cracks. It is orientated along 45°with respect to the applied shear 

loading direction, as shown Fig. 17(d). 
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(a) (b) 

  

(c) (d) 

Figure 17. The composite failure mode under out-of-plane shear. (a) Initial interface 

debonding, happens when ε=2.90%. (b) Initial interphase region cracks are 

concentrated in the vicinities of interface crack, ε=3.09%. (c) Damage propagate 

through the RVE to form a fracture path along a diagonal direction, ε=3.28%. (d) The 

final fracture path is orientated along 45°with respect to the applied shear loading 

direction, ε=3.47%. 

 

7. Conclusions 

A multi-scale computational analysis has been developed here, and then used to 

investigate the failure mechanisms of UD CFRP composites under transverse tension, 

transverse compression, in-plane and out-of-plane shear loading conditions. In this 

multi-scale analysis, the average interphase properties are obtained from an analytical 

gradient model and MD simulations. The average Young’s modulus and strength of 

the interphase region increase by around 5 and 9 times, compared to bulk matrix 

Young’s modulus and tensile strength, respectively. The other main parameters of the 

constitutive equations of the micro-constituents, including the epoxy plastic behavior 

and interface cohesive constitutive relation are obtained by a coupled 

experimental-computational micromechanics approach. Then, RVE model is built by 

considering random fiber spatial distribution as well as three explicit phases (matrix, 

fiber and interphase region). Our analyses show that by adding the stiffened 
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interphase region, the accuracy of RVE is much enhanced compared to the traditional 

two-phase model without including the interphase region. The importance of the 

interphase region is thus manifested. 

Through this computational approach, more detailed deformation mechanism can 

be obtained, especially for the damage process. The results show that the failure 

modes of UD CFRP composites are very complex, and different failure mechanisms 

co-exist depending on the loading conditions. The transverse tensile strength of the 

UD CFRP composites is governed by matrix and interface debonding failure, which 

lead to the formation of a crack perpendicular to the tensile axis. However, the 

transverse compressive strength is dominated by the formation of a shear band of 

localized plastic deformation in the matrix. The shear behavior of composites exhibits 

different crack orientation, depending on shear loading direction along or 

perpendicular to the fibers. It is important to note that these failure mechanisms are 

linked to each other, and therefore, the maximum load-bearing capability of the UD 

CFRP composites under any stress state is dictated by a failure surface in the stress 

space.  

Our multi-scale computational analysis offers a novel approach to determine the 

failure mechanisms of UD CFRP composites. In addition, virtual experiments based 

on it could avoid the complexity and variability of conditions in real tests, when 

complicated loading cases such as bi-axial or tri-axial loading tests are involved. Thus, 

this approach provides full control of the constituent properties, spatial distribution 

and loading, eliminating many sources of experimental error, and it can be used to 

assess the validity of the failure criterion or to develop new ones. Meanwhile, the 

analysis of micro-mechanical UD RVE model can provide the necessary input data for 

fiber tow of woven fiber composites and chip of discontinuous fiber reinforced 

composites as well as hybrid composites at meso-mechanical level. Therefore, the 

multi-scale computational approach has the potential to significantly shorten the time 

from composite structure development to deployment. 
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