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ABSTRACT 

The improvement of in-situ polymerization (ISP) over laminate stacking (LS) was 

highlighted in a recent publication and studied in this work via 3D finite element model. It was 

assumed that the fibre/matrix interface was a cohesive layer and cohesive elements were 

adopted to model the interface. Elastic stiffness was determined by using an inverse method 

based on the experimental data. In addition to the interface, the effects of void ratio and 

misalignment were investigated and these influences were quantitatively integrated into the 

interfacial stiffness. Comparisons against experimental results revealed that the numerical 

model was capable of modelling the difference in the interface of the composites produced by 

the different manufacturing methods, e.g. the numerical prediction of the stiffness of the 

composites with 35% fibre volume fraction was ~8.5GPa while the experimental data was 

~9GPa. When the fibre volume fraction was 50%, the numerical prediction was ~20GPa 

compared with ~18GPa from experimental data. Moreover, the potential of the numerical 

model to detect failure is also discussed.  

 

1 INTRODUCTION 

Traditionally, load-bearing metal implants have been used in surgical procedures for bone 

fixation purposes. However, these implants are associated with ‘stress shielding’, which 

weakens the surrounding bone and increases re-fracture risk after device removal [1-4]. There 

has been a strong interest in developing fully bio-resorbable polymers as bone fracture fixation 

devices such as plates, screws, pins and rods. However, the limitation for these polymers is 

insufficient mechanical properties for weight bearing applications [5, 6]. The ideal replacement 

of traditional smetal bone fixation devices should have excellent biocompatibility, be fully bio-

resorbable, have sufficient initial mechanical properties to support bone healing during the 

initial stages, and then would gradually degrade in order to transfer stress to the healing bone 

[4, 7]. A lot of works have been made to introduce fully resorbable fibre as the reinforcement 

to enhance the bio-resorbable polymer. Possibility of natural fibres have also been excluded 

due to the dimensional instability and unavoidable variable properties caused by short fibre 

limitation [8, 9]. Phosphate glass fibre (PGF) has been regarded as the desirable reinforcement 

because it has high modulus, is easy to control the length and is fully bio-resorbable [10, 11].  

In the manufacturing of PGF reinforced composites, achieving satisfactory adhesion 

between the fibre and the matrix has been one of the challenges. The most frequently adopted 

manufacturing methods for this kind of composites are laminate stacking (LS) and hot press 

moulding [12-14]. However, due to the degradation of the interface, the rapid loss in mechanical 

properties of the composites manufactured by LS after immersion in aqueous environment has 
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been reported by several studies [15, 16]. The rapid hydrolysis of the interface results in failure 

of effective stress transfer between the fibre and the matrix [17]. An alternative manufacturing 

method referred to as in-situ polymerization (ISP) was adopted to overcome the shortcomings 

of LS process [7]. As suggested by the name of the method, the matrix is formed directly around 

the fibres in a mould by injecting in-situ polymerized reaction mixture. The advantage of ISP 

over LS is that ISP process facilitates better impregnation of the fibre, and thus provides 

significantly enhanced mechanical properties, which is believed to be due to the enhanced 

interface. The flexural modulus of the composites with 35% fibre volume fraction 

manufactured by ISP was ~15GPa, while it was ~9GPa for those produced by LS. In addition, 

composites produced by ISP showed improved resistance to aqueous environment than those 

by LS. After 28-day degradation test, the flexural modulus of composites with 35% fibre 

volume fraction by ISP and LS reduced to ~6GPa and ~0.7GPa, respectively [7]. 

The interface between the fibre and the matrix has been shown to have great influence on 

the composites mechanical properties. A number of studies have been reported investigating 

the interfacial properties of fibre reinforced composites [18, 19]. The most frequently used 

method is the single fibre pull-out test [20], which calculates the interfacial properties by 

establishing the load against extension. Recently, fibre fragmentation and photoelasticity were 

combined to evaluate the interfacial strength, which required single fibre crack from the fibre 

fragmentation test [21]. It was found that the normalized interfacial strength and the 

characteristic length, which is defined as the subtraction of the distance of the farthest point of 

the shear traction contour in the matrix and the fibre radius, have a linear relationship, therefore 

the interfacial strength could be determined once the characteristic length is found out by the 

photoelastic analysis. In addition to the experimental tests, numerical methods, such as the finite 

element (FEM) analysis, have been adopted to investigate the fibre/matrix interface of fibre 

reinforced composites. The interface was modelled as a thin layer enclosing the short fibre, and 

the interfacial bond was represented by the mechanical properties of the cohesive layer, which 

was defined to be of thickness of 0.025𝑑 with 𝑑 be the diameter of the fibre [19]. The results 

showed that the tensile elastic moduli of the composites were influenced by the interfacial bond 

and the orientation of the fibres; the elastic moduli decreased with increasing fibres orientation 

angle, and increased with better interfacial bond [19]. More recently, Soni et al [22] studied the  

influence of the fibre/matrix interface on the global material response by developing a multi-

fibre multi-layer micromechanical finite element model. They found that higher values of 

interface stiffness and interface cohesive strength led to higher value of shear stress predictions, 

and the axial response of the composites was stiffer than the transverse response. In another FE 

analysis study, Maligno et al assumed the fibre/matrix interface to be a perfect bond to 

investigate the effect of residual stress due to the curing process on damage evolution in 

unidirectional (UD) fibre reinforced composites [23]. It was shown that due to the assumption 

of perfect bonding between the fibre and the matrix, the energy based failure criteria is 

particular sensitive to high triaxial stresses which arise at the fibre/matrix interface on uniaxial 

tensile loading. In above studies, the FE analysis has been shown to be capable of generating 

reasonable solutions in these simulations, though some simplified assumptions, e.g. uniform 

boundary conditions, isotropic materials, etc., were made in the models. 

In this study, FE analysis was adopted to carry out comprehensive investigations on the 

mechanical properties of fully bio-resorbable PGF reinforced composites considering the 

influence of the firbe/matrix interface. The interface was assumed to be a cohesive layer with 

finite thickness ( 0.0002d , where d is the diameter of the fibre) and was represented by 

cohesive elements with continuous response. The experimental data of composites 

manufactured by LS and ISP were employed to determine the interfacial properties by the 

inverse method, and numerical modelling was adopted to verify the calibration. The composites 

were modelled as the periodic representative volume elements (RVE), the use of which has 

been well established [23, 24]. The RVE used in this work was based on a 3D model with 

square array of the fibre as can be seen in Figure 1. Three different fibre volume fraction ( fV ) 

RVEs were investigated, and the dimension of the RVEs were determined based on the fibre 



diameter and
fV . Moreover, in order to fully understand the difference between the interface of 

the composites manufactured by LS and ISP, the void ratio of the samples was examined and 

integrated quantitatively into the definition of the interfacial stiffness.  

 

2 METHODOLOGY 

2.1 Finite element geometry 

FEM was adopted to model the performance of the composites on micro-mechanical level. 

In order to reduce computation cost, the composites were represented by a unit cell model due 

to its periodicity as shown in Fig. 1. The unit cell model was a representative of the mechanical 

behaviour of the whole specimen. In this FE model, the fibre and the matrix were assigned with 

different isotropic elastic properties and positioned concentrically. The interface between the 

fibre and the matrix was modelled as a cohesive zone and represented by a finite thick layer of 

cohesive elements. The model was treated as an axial symmetrical problem, which assumed 

that the fibre was a perfect cylinder of length 𝑙, and radius 𝑟 in the middle of a cube of matrix. 

The fibre employed in previous experimental work was about of 0.1mm in radius for various 

fibre volume fractions [7], therefore, the dimensions of the matrix cube were decided based on 

the fibre radius, i.e. 0.4mm, 0.35mm and 0.25mm for fibre volume fractions of 20%, 35% and 

50%, respectively. The commercial FE software ABAQUS was employed to build this FE 

model and carry out the numerical simulations. The fibre and the matrix were meshed with the 

3D linear wedge elements with full integration (C3D6) and the interface was meshed with the 

3D cohesive hexagonal elements with full integration (COH3D8). Two key aspects in this FE 

model were: the boundary conditions set up to load the model as it was in real mechanical 

situation; the interfacial properties set up to bond the fibre and the matrix properly. 

 

 

Figure 1 Illustration of the FE model of containing single fibre 

2.2 Governing equations and boundary conditions 

In general, the composites reinforced with parallel aligned continuous long fibres exhibit 

orthotropic material properties. The composites modelled in this paper were assumed to be 

transversely isotropic, which means the mechanical properties are symmetrical about the fibre 

direction. For transversely isotropic material, the elastic relation can be described by  
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where 𝝈, 𝜺, 𝜸 and C represent the stress, the normal strain, the shear strain and the stiffness 

tensor, respectively; the 1-direction is aligned with the fibre direction, 2- and 3-direction are 

the other two orthogonal directions. The over-bar indicates the average value calculated over 

the volume of the RVE. Once the entries of the stiffness tensor matrix are known, the elastic 

properties of the composites can be computed as follows: 
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where 𝐸, 𝜈  and 𝐺  stands for the elastic modulus, the Poisson ratio and the shear modulus, 

respectively. In order to compute the overall elastic stiffness matrix in Eq.(1), a series of 

boundary conditions are applied. One usual boundary condition is to apply uniform strain in 

normal direction of the RVE and constrain the displacement in other two directions [25-27]. 

Assumption made in the application of this kind of boundary condition is that the fibre and the 

matrix are in perfect bonding. It has been shown that the boundary condition of uniform strain 

is reasonable in numerical studies, whose focus is not the influence of the interface. Whereas 

the aim of this paper is to investigate the mechanism of the influence of the interface, a uniform 

stress was applied as boundary condition. Unlike the uniform strain which assumes perfect 

bonding, the uniform stress allows relative displacement of the fibre and the matrix such that 

the influence of the interface can be detected. The boundary conditions were applied as follows: 
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in which 𝑧 represents the axial direction, while 𝑥  and 𝑦 represent the other two orthogonal 

directions, the subscript 1, 2r r  and 3r  mean the rotation about the axis 1, 2, and 3; 𝑎 is the 

length of the RVE; 𝑇 is the uniform tensile stress applied on the boundary and equals 10𝑀𝑝𝑎 

if not specified. The application of the boundary condition results in complex stress and strain 

state inside the RVE. The calculation of the average stress and strain over the volume of the 

RVE involves the homogenization of the stress-strain relation of all the elements. Due to the 

assumption of the cohesive interface and that the cohesive elements do not provide any off-

thickness stress [28]; the direct contribution to the average stress and strain from the cohesive 

elements should be subtracted from the entire volume. Therefore, the modified homogenization 

algorithm is written as the following equations: 
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where 𝑉 is the total volume and the superscript 𝑐 stands for the cohesive element. The detection 

and subtraction of the contribution from cohesive elements are realized by the Python post 



processor. Once the average stress and strain are evaluated, the elastic stiffness tensor can be 

obtained through the equation below: 
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Theoretically, in ideal assumption, the elastic modulus of the composites can be determined 

by the Rule of Mixture (ROM) as follows: 

                                           (1 )c f f m fE E V E V                                                             (7) 

in which E stands for the elastic moduli, the subscripts ,c f and m stand for the composite, 

fibre and the matrix, respectively, 
fV stands for the fibre volume fraction. One key assumption 

of Eq. (7) is that the interface between the fibre and the matrix is perfect, which is against the 

assumption in this paper. However, the elastic modulus calculated by the ROM can be adopted 

as the upper limit reference for the numerical predictions. 

 

2.3 Model constants determination 

In this FE model, the fibre/matrix interface was represented by a cohesive zone between the 

fibre and the matrix, whose property is vital to the overall elastic modulus of the composites. 

In reality, the interfacial properties can be influenced by material types and manufacturing 

methods [18, 29]. The mechanical properties of the interface can be experimentally tested by 

the single fibre pull out test [30]; however, limited data are available for various material types 

of the fibre and the matrix, and for the different manufacturing methods. Therefore, an inverse 

method was applied to determine the interfacial stiffness. Across different material types and 

manufacturing methods, one common issue weakening the interface is the voids existing in the 

interface area [26, 31]. The properties of the interface used in the simulations in this paper were 

determined by taking into account the effect of void ratio.  

Theoretically, the elastic modulus of the composites increases with higher fibre volume 

fraction because the fibre is implemented as the reinforcement. However, practically, this is not 

always the case as the higher fibre volume fraction may result in dry bundles of fibres due to 

the manufacturing limitation as can be seen in Fig. 2. These dry bundles hardly have effective 

bonding among them and exert an adverse effect on the elastic modulus of the composites since 

these fibres would slip easily under loading. This issue can be reduced by improving the 

manufacturing method. In the following sections, the performance of the composites 

manufactured from two methods, LS and ISP, were compared. The significant differences in 

samples with 50% fibre volume fraction are discussed.  

 

 

Figure 2 Illustration of dry bundle of fibres occur in composites of 35% volume fraction 

manufactured by LS method   

 



3 RESULTS AND DISCUSSIONS  

3.1 Material constants determination 

3.1.1 Void ratio 

The samples were 40mm in the total length, and there were 8 locations with a uniform 

interval along the axial direction selected to take SEM at the cross-section. Once the SEM 

images were taken, the void ratio was obtained by the image processing technique. Fig. 3 shows 

the SEM images at one location of the composites by ISP with the fibre volume fraction of 20%. 

The voids, which are in black in Fig. 3(a), were marked in red in the processed SEM as shown 

in Fig. 3(b). The void ratio at this location was evaluated by calculating the percentage of the 

red pixels over the whole pixels. The overall void ratio of the composites was obtained by 

taking the average of the void ratios at all the locations.  

 

 

Figure 3 SEM of one cross section for Vf=20% (A) original SEM; (B) processed SEM 

 

The void ratios obtained through this method are listed in Table 1. Overall, the void ratio of 

the composites by LS was higher than those by ISP for each fibre volume fraction, which was 

consistent with the fact that ISP generates better impregnation and wet-out of fibre than LS. A 

clear decline of void ratio with increasing fibre volume fraction was observed for composites 

manufactured via the ISP process, which indicated that the composites elastic modulus 

increased steadily. However, the composites manufactured via LS process showed a descending 

trend for the volume fractions of 20% and 35%, whereas for the volume fraction of 50%, the 

void ratio was 2.527%. The increase for LS composites was suggested to be caused by the 

occurrence of dry bundle of fibres for high fibre volume fraction, which in return jeopardized 

the mechanical properties of the composites. Consequently, the difference between the elastic 

modulus of LS and ISP composites became more significant at high fibre volume fraction, 

which was consistent with the experimental data and the numerical predictions in the following 

sections. 

Volume fraction LS ISP 

20% 1.783% 0.255% 

35% 1.422% 0.214% 

50% 2.527% 0.181% 

 

Table 1 Void ratio of composites by two manufacturing methods with different fibre volume 

fractions 

 



3.1.2 Interfacial stiffness determination 

Having analysed the void ratio of the composites, the numerical simulation is conducted in this 

section. In order to verify the numerical model, the numerical predictions are compared with 

the experimental data and the theoretical values obtained by ROM. The material properties and 

the model parameters adopted are tabulated in Table.2.  It should be noted that the stiffness of 

the interface is essential to assure proper bonding between the fibre and the matrix. The 

interfacial stiffness in the FE model in this work is proposed to be determined by Eq. (10): 

                                                    
2
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where 𝑬𝒊 stands for the interfacial modulus, 𝑽𝒗𝒐𝒊𝒅 stands for the void ratio as shown in Table 

1, 𝑬𝒓𝒆𝒇  stands for the reference modulus. The value of 𝑬𝒓𝒆𝒇  was determined inversely by 

testing various values of 𝑬𝒓𝒆𝒇 to fit the numerical prediction with the experimental data of the 

composites, with 35% fibre volume fraction by LS. Herein the value of 𝑬𝒓𝒆𝒇 was set as 30GPa, 

unless specified. 

 Fibre Matrix Interface 

Young’s modulus  

42.4Gpa 

 

0.19Gpa 

 

Eref*(1-Vvoid)2 Gpa 

Poisson’s ratio 0.3 0.3 0.3 

Isotropic? Yes Yes Yes 

 

Material type 

 

Homogeneous solid 

 

Homogeneous 

solid 

Cohesive with 

continuous response 

Element type C3D6 C3D6 COH3D8 

Table 2 Material properties and parameters adopted in numerical modelling 

 

Fig. 4 illustrates the comparisons of the FE predictions and the experimental data of LS and 

ISP composites, with different fibre volume fractions. It can be seen that the FE predictions for 

the composites with fibre volume fraction of 20% and 35% agree well with the experimental 

data, however, for the composites with the volume fraction of 50% the FE prediction is much 

higher than the LS data but close to the ISP data and the ROM evaluation. This is because the 

dry bundle of fibres generated from LS manufacturing process weakens the composites due to 

the poor interface among dry bundles, while the ISP method produced a better impregnation 

and wet-out of fibres thus the composites modulus was higher at 50%. In the FE models the 

fibres were positioned with uniform interface between each other, therefore, the FE prediction 

was close to the ISP data. The results in Fig. 4 displays the capability of the FE model to 

generate reasonable predictions comparing with the experimental data, though the LS data at 

50% volume fraction needs more conditions to define the manufacturing deficiency.  

 

3.2 Variation of interfacial stiffness  

The reference value of the interfacial stiffness has been set as 30GPa, though the effect of 

variation of interfacial stiffness is studied. As the interface was modelled as a cohesive layer, it 

is expected that with higher interfacial stiffness leads to stiffer elastic response. Fig. 5 shows 

the strain contour at the loading end of the FE model. It can be seen that the strain of the fibre 

and the matrix are different under the same load, which means that with the application of the 

boundary conditions and the assumption of cohesive interface, relative displacement between 

the fibre and the matrix can be detected. The strain of the fibre is uniform at rather insignificant 

level since the fibre is defined as a stiff material. In contrast, the strain of the matrix is more 

significant. The area of the matrix close to the interface experiences small normal deformation 



because the cohesive interface acts as resistance to prevent the matrix from extending. As it 

becomes distant away from the interface, the effect of the resistance declines, therefore, the 

strain increases gradually.  

 

 

 

Figure 4 Comparisons of axial elastic moduli of composites predicted by FE model, 

experimental data and theoretical prediction. 

 

The effect of the cohesive interface can be further observed from Fig. 6.  The stiffness of 

the composites with different fibre volume fractions are plotted against the interfacial stiffness. 

Overall, the composites stiffness increases with the growth of the interfacial stiffness, which 

means the composites displays stiffer elastic response with stronger interface. The predictions 

are in consistency with the expectation. The cohesive interface acts as the shear resistance 

between the fibre and matrix, therefore, higher resistance results in stiffer response of the 

composites as illustrated in Fig. 6. Another aspect of Fig. 6 is that there is an increasing 

difference in the composites modulus with different volume fraction but the same interfacial 

stiffness. For instance, for the interfacial stiffness of 15GPa, the gap between volume fraction 

of 35% and 50% is about 5GPa, while the gap increases to about 13GPa for the interfacial 

stiffness of 30GPa. This implies that for the same interfacial stiffness, the interfacial resistance 

is higher for composites of higher fibre volume fraction Fig. 6 conveys the significance that the 

cohesive interface plays a more important role in the composites with higher fibre volume 

fraction. This is because the total area of the cohesive interface is larger when the fibre volume 

fraction is bigger while other aspects are kept the same. 

 

 

Figure 5 Strain contour at loading end of the composites (35% fibre volume fraction) 



 

Figure 6 Axial moduli of composites with different fibre volume fraction against interfacial 

stiffness 

 

 

4 CONCLUSIONS  

The mechanical properties of the bio-compatible and fully bio-resorbable glass fibre 

reinforced composites were investigated by the FE model. The FE model assumed that the 

interface between the fibre and the matrix was represented by a layer of cohesive elements.  It 

was shown that this FE model was capable to model the performance of the composites with 

fibre volume fractions and interfacial stiffness.  

The void ratio of the composites was captured and evaluated by taking SEM images and 

processed by image analysis technique. The influence of the void ratio was integrated into the 

interfacial modulus. It was shown that the void ratio had negative influence on the mechanical 

properties of the composites. According to the FE results, the variation of the interfacial 

modulus influenced the performance of the composites significantly. It was also found that the 

elastic modulus of the composites increased steadily as the interfacial modulus increased.  

The FE model demonstrated the capability of modelling the performance of composites with 

various fibre volume fractions, particularly for high fibre volume fraction. For the mediate and 

low fibre volume fraction, the influence of the cohesive interface can still be observed, however, 

less significantly than high fibre volume fraction 
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