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Abstract: Matrix strain increase factors (MSIFs) for two types of fibers disposal in composite 

laminae subjected to transverse tensile loads have been computed. A computing method of 

hexagonal shape disposed fibers in unidirectional (UD) reinforced lamina has been developed. 

A comparison between the MSIF in case of square shape and hexagonal shape disposed fibers 

in UD glass/epoxy and HM-carbon/epoxy laminae is accomplished. A significantly difference 

between MSIFs at higher fibers volume fractions can be noted. 
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1. INTRODUCTION 

The basic element of a laminate composite structure is represented by an 
individual layer called lamina reinforced with continuous unidirectional fibers 

inserted into a resin system called matrix [1-4]. 

In a general case, the plane loading of a lamina is formed by three 
components (longitudinal, transverse and shear) that have been connected to 

the main directions in material. From a macroscopic point of view, a lamina 
can be imagined as a continuous anisotropic homogeneous element in which 

the infinitely long fibers are inserted into matrix [5-9]. 

On fibers subjected to transverse tensile loading act different influences 
affecting the lamina’s mechanical behavior, namely stresses due to the loading 

action, interference stresses, possible internal stresses as well as additional 
stresses that cause an increase in the matrix strain. Since an element from the 

composite laminate having parallel disposed fibers is deformed under a 

transverse tensile loading, the external measurable deformations should also 
take place within material. The matrix strain increase factor (MSIF) represents 

a ratio between the matrix transverse strain and the overall strain 

perpendicular to the fibers’ direction [10-13]. 
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2. MATRIX STRAIN INCREASE FACTOR’S COMPUTING METHOD 

To compute the MSIF in case of a parallel hexagonal shape disposed fibers in a 
unidirectional (UD) fibers-reinforced lamina, a scheme presented in Fig.1 has 

been developed. The maximum fibers volume fraction in this case can be 

computed using the scheme shown in Fig. 2. 

 
Figure 1: Parallel hexagonal shape disposed fibers in a lamina subjected to transverse loads 

 
Figure 2: Maximum fibers volume fraction in case of parallel hexagonal shape disposed fibers 
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where 𝜑 represents the fibers volume fraction.  

So, the maximum fibers volume fraction in case of parallel hexagonal shape 
disposed fibers in a UD fibers-reinforced lamina subjected to transverse tensile 

loads will be 
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𝜋𝑑2

2𝑙0
2 ∙ √3
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From equation (2), following important ratio can be determined: 
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Relation (3) gives the theoretical maximum fibers volume fraction in case of 

hexagonal shape disposed fibers in a UD fibers-reinforced lamina in which the 

ratio d/l0 = 1: 

 𝜑𝑚𝑎𝑥 =
𝜋

2√3
= 0.906 

(4) 

The ratio between the lengths of matrix and fibers can be computed using the 

relation below: 
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So, in this case, the MSIF of isotropic fibers, will be: 
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For instance, in case of HM-carbon fibers-reinforced epoxy resin lamina, due to 
strong anisotropy of these fibers, the MSIF for both hexagonal and square 

shape disposed fibers, will be: 
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3. RESULTS 

A comparison between the MSIF in case of square shape and hexagonal shape 
disposed fibers for a UD glass fibers-reinforced epoxy resin lamina subjected to 

transverse tensile loads is presented in Table 1 and shown in Fig. 3. Following 

input data for Young’s moduli are: EM = 3 GPa; EF = 73 GPa. 

Table 1. MSIF for two shapes of disposed fibers in a UD glass/epoxy lamina 

φ (%) 0 10 20 30 40 50 60 70 

fε hexagon 1 1.46 1.81 2.22 2.75 3.47 4.54 6.34 

fε square 1 1.52 1.93 2.45 3.16 4.25 6.17 10.55 

 

 

Figure 3: MSIF for hexagonal and square shape disposed fibers in a glass/epoxy lamina 

For HM-carbon fibers-reinforced epoxy resin lamina, following input data have 

been used to compute the MSIF for both hexagonal and square shape disposed 

fibers: EM = 3 GPa; 𝐸𝐹⊥= 25 GPa. 

A comparison between the MSIF in case of square shape and hexagonal shape 

disposed fibers for a UD-HM carbon fibers-reinforced epoxy resin lamina 
subjected to transverse tensile loads is presented in Table 2 and visualized in 

Fig. 4. The comparison of both MSIF in case of both types of fibers disposal are 

presented in Figs. 5-6. 

Table 2. MSIF for two shapes of disposed fibers in a UD HM-carbon/epoxy lamina 

φ (%) 0 10 20 30 40 50 60 70 

fε hexagon 1 1.41 1.7 2.02 2.4 2.88 3.51 4.4 

fε square 1 1.45 1.79 2.19 2.68 3.35 4.33 5.9 
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Figure 4: MSIF for hexagonal and square shape disposed fibers in a HM-carbon/epoxy lamina 

 

Figure 5: MSIF in HM-carbon and glass/epoxy laminae for hexagonal shape disposed fibers 

 

Figure 6: MSIF in HM-carbon and glass/epoxy laminae for square shape disposed fibers 
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4. CONCLUSIONS 

With the increase of fibers volume fraction in a composite lamina, the MSIF 

increases also. In case of hexagonal shape disposed fibers, the MSIF presents 
lower values than the square shape disposed ones, which indicates that the 

hexagonal shape is more advantageous being closer to reality. Moreover, at 
fibers volume fractions over 40%, the difference between these two MSIFs is 

considerable. This fact is more significant in case of glass/epoxy than the HM-
carbon/epoxy, as well as in case of square shape disposed fibers than the 

hexagonal shape disposed ones. 

REFERENCES 

[1] Zhong-Li Liu, Ya-Dong Wei, Xiao-Dong Xu, Wei-Qi Li, Gang Lv, Jian-Qun Yang, Xing-Ji 

Li, Chinedu E. Ekuma, Investigating elastic constants across diverse strain-matrix sets, 

Computational Materials Science, Volume 230, 2023, 112521 

[2] T.M. Jobin, S.N. Khaderi, M. Ramji, Experimental evaluation of the strain intensity 

factor at the rigid line inclusion tip embedded in an epoxy matrix using digital image 

correlation, Theoretical and Applied Fracture Mechanics, Volume 106, 2020, 102425 

[3] A.R. Bunsell, Fibers for composite reinforcements: Properties and microstructure, 

Composite Reinforcements for Optimum Performance, Woodhead Publishing, 2020 

[4] S.V. Kanhere, V. Bermudez, A.A. Ogale, Carbon and glass fiber reinforced thermoplastic 

matrix composites, Fiber Reinforced Composites, Woodhead Publishing, 2021 

[5] Hong-Kyun Noh, Myeong-Seok Go, Jae Hyuk Lim, Yun-Hyuk Choi, Jong-Gu Kim, 

Numerical modeling and experimental validation of lamina fracture and progressive 

delamination in composite dovetail specimens under tensile loading, Composite 

Structures, Volume 325, 2023, 117578 

[6] Qinglin Gao, Haohui Xin, Youyou Zhang, Experimental investigation on transverse 

tension-tension fatigue behavior of pultruded glass-fiber reinforced polymer (GFRP) 

unidirectional lamina, Construction and Building Materials, Volume 399, 2023, 132527 

[7] Jiayun Chen, Lei Wan, Yaser Ismail, Pengfei Hou, Jianqiao Ye, Dongmin Yang, 

Micromechanical analysis of UD CFRP composite lamina under multiaxial loading with 

different loading paths, Composite Structures, Volume 269, 2021, 114024 

[8] M. Soltani, R. Abolghasemian, A.R. Ghasemi, M. Shafieirad, Z. Abbasi, A.H. Amiri-

Mehra, Laminated optimization of non-uniform I-shaped beams under transversely 

loading with clamped-free boundary conditions, Structures, Volume 47, 2023, pp 1524-

1530 

[9] A. Kappel, C. Mittelstedt, Interlaminar stress fields in circular cylindrical cross-ply 

laminated shells subjected to transverse loadings, International Journal of Solids and 

Structures, Volume 228, 2021, 111096 

[10] L. Távara, V. Mantič, E. Graciani, F. París, Modelling interfacial debonds in unidirectional 

fibre-reinforced composites under biaxial transverse loads, Composite Structures, 

Volume 136, 2016, pp 305-312 

[11] M. Romanowicz, A numerical approach for predicting the failure locus of fiber reinforced 

composites under combined transverse compression and axial tension, Computational 

Materials Science, Volume 51, Issue 1, 2012, pp 7-12 

[12] Fangchao Huang, Xiaofei Pang, Fulei Zhu, Shufeng Zhang, Zhengwei Fan, Xun Chen, 

Transverse mechanical properties of unidirectional FRP including resin-rich areas, 

Computational Materials Science, Volume 198, 2021, 110701 

[13] Rui Guo, Lingtao Mao, Zhenyang Xin, Leilei Ding, Experimental characterization and 

micro-modeling of transverse tension behavior for unidirectional glass fibre-reinforced 

composite, Composites Science and Technology, Volume 222, 2022, 109359 


