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Sec-1. Mechanical properties of glass fiber-epoxy lamina 
Lamina's elastic constants for different of unidirectional fiber GFRP calculations can be 
calculated analytically by using the Equations S1 to S11 according to its Vf  ratios [1,2].  
 

Density (Vf * f + Vm * m         gm/cm3     (S1) 

 𝐸ଵଵ = 𝑉௙𝐸௙ +  𝑉௠𝐸௠ +  ସ∗௏೑௏೘(ణ೑ିణ೘)మೇ೑಼೘ା భಸ೘ାೇ೘಼೑       (S2) 

𝐾௙ =  ா೑ଶ(ଵିଶణ೑)(ଵାణ೑).        (S3) 

 𝐾௠ =  ா೘ଶ(ଵିଶణ೘)(ଵାణ೘).                                                          (S4) 

 𝐸ଶଶ = 𝐸ଷଷ = 2(1 + 𝜗ଶଷ)𝐺ଶଷ        (S5) 

 𝐺ଵଶ =  𝐺ଵଷ = 𝐺௠ ீ೑൫ଵା௏೑൯ାீ೘௏೘)ீ೑௏೑ାீ೘(ଵା௏೑)        (S6) 

 

G23 is calculated with the solving of the Eq.S7 (A, B and C are Equations defined in ref. 
[4]). 𝐴(ீమయீ೘ )ଶ + 2𝐵 ቀீమయீ೘ ቁ + 𝐶 = 0        (S7) 



𝜗ଵଶ = 𝜗ଵଷ = 𝑉௙𝜗௙ + 𝑉௠𝜗௠ + ௏೑௏೘(ణ೑ିణ೘)( భ಼೘ି భ಼೑)ೇ೑಼೘ା భಸ೘ାೇ೘಼೑      (S8) 

𝜗ଶଷ = ௄ି௠ீమయ௄ା௠ீమయ          (S9) 

𝑚 = 1 + 4𝐾 ణభమమாభభ        (S10) 

𝐾 =  ௄೘൫௄೑ାீ೘൯௏೘ା௄೑(௄೘ାீ೘)௏೑൫௄೑ାீ೘൯௏೘ା(௄೘ାீ೘)௏೑       (S11) 

 
Sec-2. Hashin Model Constants 
Hashin's damage model strength data can be calculated analytically by using the Equations 
S12 to S16 according to its Vf .ratios [1,2]. SL is set to 65 MPa for all the specimens, as the 
average value for all Vf ratios of unidirectional Fiber Reinforcement Plastic based on 
experiments [3].Note that the transverse shear strength (ST) is half of 𝑌஼ values [4]. 

 𝑋் = 𝜎௙𝑉௙ + 𝜎௠ᇱ  (1 − 𝑉௙)        (S12) 

 𝑌் = ఙ೘௄഑           (S13) 

𝑋஼ =  උா೑௏೑ାா೘൫ଵି௏೑൯ඏ൭ଵି௏೑భయ൱∈೘ೠ೎
ణ೑௏೑ାణ೘൫ଵି௏೑൯        (S14) 

 𝑌஼ =  𝐸ଶଶ[ ௗ௦  ∗  ா೘ாమమ  + ቀ1 − ௗ௦ቁ]𝜖௠௨௖        (S15) 

 
Sec-3. Hashin Damage Criteria  
The initiation damage mechanisms considered in Hashin’s damage model are tension 
and compression failure of the fiber and matrix. Equations S16 to S21 describe the 
general forms controlling these mechanisms. 

Fiber damage mechanisms;  
If (𝜎ොଵଵ ≥ 0 , 𝑡𝑒𝑛𝑠𝑖𝑜𝑛)  𝐹௙௧ = (ఙෝభభ௑೅ )ଶ + 𝛼(ఛොభమௌಽ )ଶ    (S16) 

If (𝜎ොଵଵ < 0 , 𝑐𝑜𝑚𝑝𝑒𝑟𝑠𝑠𝑖𝑜𝑛)  𝐹௙௖ = (ఙෝభభ௑಴ )ଶ     (S17) 
Matrix damage mechanisms;  

If (𝜎ොଶଶ ≥ 0 , 𝑡𝑒𝑛𝑠𝑖𝑜𝑛)  𝐹௠௧ = (ఙෝమమ௒೅ )ଶ + 𝛼(ఛොభమௌಽ )ଶ   (S18) 



If (𝜎ොଶଶ < 0 , 𝑐𝑜𝑚𝑝𝑒𝑟𝑠𝑠𝑖𝑜𝑛)  𝐹௠௖ = (ఙෝమమଶௌ೅)ଶ + [ቀ ௒೎ଶௌ೅)ଶ + 1ቃ ఙෝమమ௒಴ + (ఛොభమௌಽ )ଶ (S19) 

ඍ𝜎ොଵଵ𝜎ොଶଶ𝜏̂ଵଶඑ =  ⎣⎢⎢
⎢⎡ ଵଵିௗ೑ 0 00 ଵଵିௗ೘ 00 0 ଵଵିௗೞ⎦⎥⎥

⎥⎤ ൥𝜎ଵଵ𝜎ଶଶ𝜏ଵଶ൩       (S20) 

 
ds= 1 − (1 − 𝑑௙௧)(1 − 𝑑௙௖)(1 − 𝑑௠௧ )(1 − 𝑑௠௖ )    (S21) 

 
The initial values of df, dm,, and ds are set to zero (since the effective stresses are equal to 
the true stresses of the material) and are increased with the loading progress until 
reaching one. Through the increase of the load, the effective strength of the elements is 
reduced according to Eq. S20. The elements that have a damage variable equal toone 
areexcluded, as these elements do not endure this type of stress any longer. Throughout 
the present work, α is set to zero, which means that the contributionof the shear stress 
in the fiber initiation damage is neglected. 

Where;  𝜎ොଵଵ, 𝜎ොଶଶ 𝑎𝑛𝑑  𝜏̂ଵଶ Effective stresses in X direction (fiber direction) , Y direction and 
X–Y plan respectively.  

XT   Longitudinal tensile strength (MPa). 
XC Longitudinal compressive strength (MPa). 
YT Transverse tensile strength (MPa).    
YC Transverse compressive strength (MPa).  
SL Longitudinal shear strength (MPa).  
ST     Transverse shear strength (MPa). 
α Coefficient of shear stress contribution in the fiber initiation 

damag  𝑑௙௧   Tension fiber damage variable. 𝑑௙௖  Compression fiber damage variable.  𝑑௠                      ௧   Tension matrix damage variable. 𝑑௠                      ௖   Compression matrix damage variable. 
ds Shear damage variable. 
ρ Density (gm/cm3). 
Vf Fiber volume fraction (%). 
V Volume fraction. 
d Fiber diameter. 
E11, E22 and E33 Young’s modulus in X direction (fiber direction) , Y direction 

and Z direction respectively. 



G12 and G13 Shear modulus in X–Y plan and X–Z plan respectively. 𝜗ଵଶ , 𝜗ଶଷand 𝜗ଵଷ Poisson’s ratio in X–Y plan, Y–Z plan and X–Z plan respectively. 
f Mean fiber. 
m Mean matrix. 
s Distance between fiber 𝜖௠௨  Fracture tension strain of matrix.   . 𝜖௠௨௖  Fracture compression strain for matrix.  
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