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Abstract 

 

The usage of Glass Fiber Reinforced Plastic (GFRP) composites has drastically increased in today’s world starting from aerospace 

to sporting goods due to very high strength to weight ratio. GFRP composites have high significance in structural applications. 

This paper discuses about the material characterization of polymer based Glass Fiber Reinforced composite laminate using whole 

field non-contact Digital Image Correlation (DIC) technique. DIC is a unique exploring full field optical method used to measure 

accurate displacement, surface strains of the testing specimens by using speckle pattern on the free surface of material undergoing 

motion and deformation. It uses high speed, high resolution and accurate Charge-Coupled Device (CCD) cameras for measuring 

displacement components on the surface. Images and deformation data are captured at the time of testing at every stress cycle and 

these deformed patterns are correlated with subsets of the reference pattern across the selected Region of Interest (ROI). It was 

proved that subset size is a sensitive factor that has more effect on DIC because smaller the subset size greater the correlation with 

expense computational time. It also makes smoothing effect, eliminating noise from strain fields while maintaining the details of 

the data without altering their natural trend. However the increase in subset size significantly reduces the strain data due to 

discontinuity in correlation. Because of fast data acquisition this technique is well suited for characterization of material properties. 

The properties evaluated based on full field data are obtained from DIC measurements by performing series of tests as per American 

Society for Testing and Materials (ASTM) standards.    

Keywords: Glass Fiber Reinforced Plastic (GFRP), Digital Image Correlation (DIC), Charge-Coupled Device (CCD), 

Region of Interest (ROI), Subset size, Step size 

_______________________________________________________________________________________________________ 

I. INTRODUCTION 

Polymer and polymer based materials are now becoming increasingly popular and enormously used at a higher pace in many 

industries especially in aerospace and structural applications. The invention of composite materials has revolutionized the research 

and development in the material world. Almost all the applications where high strength and stiffness is required the composites 

are preferred. Composites have large applications in aerospace, marine, military, wind turbines, sports equipment and civil 

structures etc. A composite material can be described as a material consisting of two or more number of components with distinct 

features and boundaries [1]. The properties of the composite material mainly depend on the reinforcing fiber, matrix material as 

well as processing technique. The fact that these materials can be custom tailored to enhance their properties to make them suitable 

for a specific application, they necessitate a special consideration for determining their mechanical properties accurately [2]. The 

experimental evaluation of material properties essentially relies on accurate measurement of displacement or strain [3]. The 

accurate measurement of the material properties has always been an important topic of research in experimental mechanics which 

led to invention of many contact and non-contact measurement techniques. Optical full field measurement techniques such as 

reflection photo elasticity, moire interferometry, holographic and speckle interferometry, grid method and Digital Image 

Correlation (DIC) are found very promising for experimental stress-strain analysis for materials and also structures [4-8]. All 

interferometric techniques require stringent system’s stability and they are very sensitive to vibration [3]. However, Digital Image 

Correlation (DIC) is very easy to use, simple optics, fast, reliable, non-contact, accurate and insensitive to vibration. It doesn’t 

have heavy surface preparation and so it can be applied on any class of material. For all the above reasons it is now becoming very 

popular to measure surface strains and displacements in various fields.   
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William Ranson and Walter Peters III [1980] proposed a concept of digitized ultra-sound image capturing technique to test 

strained metallic specimens subjected to laser speckles and finally local displacements were estimated. The first experiment 

regarding this was done in 1985. Cheng and Sutton developed non-linear least squares approach using first order gradients to obtain 

local displacements fatly and accurately.  Luo, Chao and Sutton [1993] developed a simple stereo-vision system to verify local 

strain and deformation in cracked material. Digital image correlation technique was originally introduced by the researchers in 

1980s from the University of South Carolina. Many works were carried out on DIC [9] from 1980 to 2003 by USC’s Dr. Sutton, 

McNeil, Garcia, and Schreier with graduate students Cornille and Sands. It uses CCD cameras to record images of the testing 

specimen, stores in digital form and perform image analysis to extract full field shape, deformation and/or motion measurements 

with the help of many types of object-based patterns including lines, grids, dots and random array. It measures the displacement 

parallel to the surface.  The basic theme behind this is to infer the displacement of the testing material by tracking the deformation 

of a random speckle pattern applied to the surface of component in the form of digital images acquired during the loading condition 

[10].  DIC is based on pattern matching of two images of the specimen coated with speckle pattern in undeformed and deformed 

states. The basic principle of DIC is to search for maximum correlation between small squared zones within ROI over specimen 

surface in undeformed and deformed states. The small squared zone containing a set of pixels is called as subset and the distance 

between two subsets is called step. The subset size determines the area of image being traced. For 2D deformation measurements 

only one Charge-Coupled Device (CCD) camera is enough, but if we want to measure 3D deformation it needs two CCD cameras 

which are very fast and accurate in image acquisition. CCD’s are sensors used in digital and video cameras used to capture and 

record still and moving images. CCD captures light and converts into digital data that is recorded by camera. These cameras should 

not move relative to each other. All CCD camera resolutions have a 4:3 or 3:2 aspect ratio. Cameras available for different scale 

time scales are 1. Quasi - Static (10 -30 fps) 2. Medium Speed (500 fps) 3. High Speed (50,000 fps) 4. Ultra high speed (1,000,000 

fps), where fps indicates frames per second [11]. More details on DIC technique, displacement and strain field measurement 

algorithm were found in Refs [12-15] 

Even though DIC has found profound application in various domains accuracy is a major issue [16]. The error in DIC could 

arise due to many factors like illumination variations, quality of acquisition system, camera lens distortion, image noise etc., or it 

could be due to error associated with implementation of correlation algorithm like subset size, step size, strain window size, sub-

pixel optimisation algorithm, sub-pixel intensity interpolation etc. [16-18]. The effect of some of these parameters has been 

investigated by many researchers. They addressed the issue of unmatched subset shape function [19], intensity interpolation [20], 

sub-pixel registration algorithm [21], intensity pattern noise [22], subset size [17, 18, 19-22], step size [17,20,22], strain window 

size [17,22], speckle pattern [21], in-plane rotation and rigid body translation, out of plane rigid body translation [22] and errors 

that arise in the deviation of strain fields from displacement fields [23]. Most of the above said studies are for metallic samples. 

Now, the researchers started doing material characterisation of composites using DIC [8, 24-32] which are of homogeneous nature 

and offers non-uniform strain distribution. Finally the material properties estimated by whole field methods are very accurate rather 

than localised single point wise measurement offered by a normal conventional technique [24-27]. This paper discusses about the 

material characterisation of continuous GFRP composites using DIC. The entire work has been carried out at Indian Institute of 

Technology (IIT) Hyderabad.  

II. MATERIALS AND FABRICATION 

Unidirectional high strength E-glass SIKA wrap of 430 GSM (430 Grams per Square Meter) is used as a reinforcement material 

imported from SIKA fabric systems, USA [33-35] along with related Product Data Sheets (PDS). The technical data of SIKA E-

Glass fiber is listed below.  
Table – 1 

Material Properties of SIKA Unidirectional Glass fiber Fabric 

Fiber Type High strength E- Glass fibers 

Fiber orientation 00 deg 

Weight per square yard 440 g/m2 

Fiber Density 2.56 g/cm3 

Fiber Design thickness 0.3 mm 

Tensile strength of fibers 2,300 N/mm2 (nominal) 

Tensile E-modulus of fibers 76,000 N/mm2 (nominal) 

Strain at break of fibers 2.8 % (nominal) 

EPOFINE - 230 and FINEHARD – 951 is used for matrix phase. EPOFINE 230 is an electrical grade liquid epoxy casting resin 

and FINEHARD 951 is a polyamine hardener purchased from Fine Finish Organics Pvt. Ltd the properties of resin and hardener 

are enclosed in the product data sheet [36]. The mixing ratio of resin to hardener is 10:1 by weight. The advantage of using this 

resin hardener mixture is the low viscosity of resin. This property helps in infusion of resin smoothly.  

The required composite laminates are fabricated by Vacuum Bagging process. Test coupons from the fabricated laminate are 

accurately machined to required dimensions as per the recommendations of ASTM [37-40] standards using a milling machine with 

carbide coated end mills. Figure 1 shows the FRP material characterisation test specimen geometry. GFRP tabs with ±450 

sequences with required dimension are bonded over the test specimen ends using an AV138/HV998 bonding system. Before 

bonding the tabs, the bonding surfaces are roughened using 200 grit sand paper and then cleaned with isopropyl alcohol. 
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Fig. 1: Specimen geometry as per ASTM Standard 

(a) D3039-Tensile test coupon [00] (b) D3039-Tensile test coupon [900] 

(c) D3518- Shear test coupon [±450] (d) D3410- Compression test coupon 

(Note: All dimensions are in mm) 

III. SPECIMEN PREPARATION 

Three samples of each kind was manufactured. Prior to testing random speckle patterns over the surface was obtained by spraying 

acrylic paints (Golden Artist Colors Inc.) with an iwata CM-B air brush (Iwata-Medea, Inc.) having a nozzle of 0.5mm diameter. 

These speckle patterns are self-adhesive, pre-printed patterns usually made with air-brushes, spray cans or brushes. There are 

mainly four techniques available for creating this speckle pattern [41]: 

 For small speckles – White paint is sprayed and carbon particles are sprinkled. 

 For moderate speckles – Both white and black paint was sprayed with light pass. 

 For large speckles – White paint is sprayed and black paint is brushed over it. 

 For very high resolution – Fluorescent paint is to be used. The generated random speckle patterns are helpful in correlating 

the strains and deformations of the specimen.  

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

Fig. 2: Test coupons made as per ASTM Standards 

(a) Tensile test coupon [00] (b) Tensile test coupon [900] 

(c) Compression test coupon [00] (d) Shear test coupon [±450] 

IV. EXPERIMENTAL SETUP AND PROCEDURE 

The experimental setup comprising of 3D-DIC system (Correlated Solutions, Inc.) and a computer controlled MTS Landmark® 

servo-hydraulic machine of 100 KN capacity is shown in fig3. The 3D-DIC setup consists of two Grasshopper® CCD Cameras 

(POINTGREY-GRAS-50S5M-C) which have a spatial resolution of 2448 X 2048 Pixels2 coupled with Schneider Xenoplan lenses 
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of 35mm focal length. Both cameras are mounted on tripod having inbuilt spirit level to ensure horizontal level of cameras. Prior 

to the testing the specimen was coated with speckle pattern. Specimen is properly arranged and fixed in hydraulic wedge grips. An 

axial extensometer of 25mm gauge length is attached at the center of the specimen. Uniform illumination of specimen surface is 

ensurd by keeping two standard halogen cameras on both sides of the camera. Area of Interest is zeroed on and aperture is adjusted 

to achieve good field of view. Now the camera is calibrated for its position and orientation using an appropriate calibration grid 

plate. Cameras are connected to workstation laptop and 10 images/sec are grabbed using Vic-snap software (Correlated Solutions, 

Inc.) for material characterization. The post-processing software used is Vic-2D Correlated Solutions, Inc. for the grabbed images. 

Data Acquisition Card (DAC) is used as an interface between MTS controller and image grabbing system to store the load and 

displacement data for every image being grabbed. All the tests are performed in displacement controlled mode at room temperature 

and the testing rate is specified in accordance to ASTM standards described in Table 2. ROI is selected on initial image (under no 

load condition- Reference image) and appropriate subset and step size are specified for post processing. 

 
                               (a)                                                                        (b)                              (c) 

Fig. 3: Experimental setup 

(a) 3D-DIC and MTS system (b) Extensometer, Region of Interest (ROI) on tensile test coupon (c) Speckle pattern 

V. RESULTS AND DISCUSSION 

 Experimental Characterization using DIC:  

The mechanical properties of GFRP composite laminate based on whole-field data obtained from DIC is discussed in this section. 

All the tests are performed in accordance with ASTM standards listed in Table 2. In general characterization of FRP composites 

include Longitudinal Modulus (E11), Transverse Modulus (E22), In-plane shear modulus (G12), In-plane Poison’s ratio (𝝂12), 

Longitudinal tensile strength (XT), Transverse tensile strength (YT), Longitudinal compression strength (XC), In-plane shear 

strength (S12). 
Table – 2 

Test matrix for material characterization 

Test type ASTM standard Lay-up Geometry Testing speed (mm/min) Properties 

Tensile 
D-3039 [00]s Fig. 1(a) 2 E11,𝝂12,XT 

D-3039 [900]s Fig. 1(b) 1 E22,𝝂12,YT 

Shear D-3518 [±450]s Fig. 1(c) 1 G12, S12 

Compression 
D-3410 [00]s Fig. 1(d) 1.125 XC 

D-3410 [900]s Fig. 1(d)* 1.125 YC 

The specimen region within the gauge length of extensometer is selected as ROI for correlation. The resolution of ROI is selected 

as 119X224 pixel2 which correspond to 10.5X19.5 mm2 on physical scale. The spatial resolution is 11.35 Pixel/mm. The average 

pixel size is 2.8 pixels. A subset size of 39X39 pixel2 with a step size of 7 pixels is chosen for performing the DIC post- processing. 

Once the strain computation is completed, average value of each strain component from every strain map corresponding to each 

image grabbed during the test is extracted to generate the complete stress-strain curve. Some of the post-processing images are 

shown in fig.4.  
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Fig. 4: Tensile test specimen with reference image and sample post-processing images from Vic-2D 

(Correlated solutions) 

 Properties of GFRP Composite Laminate:  

    
 

    
Fig. 5: Stress-strain curves obtained from longitudinal (00) tensile test specimens and Sample lateral (900) tensile test specimen 

The stress-strain curve for E11 and E22 estimations are shown in fig. 5. The figure shows that E11 curve closely matches to a straight 

line because the alignment of glass fiber was in the direction of load so that the maximum load was bearded by specimen.  Also, 

the stress-strain curve obtained from DIC and MTS is in close congnience with an error of 0.08% for E11. While the E22 the stress-

strain curves obtained from DIC for different GFRP test coupons are shown in fig. 5. In-plane young’s modulus in longitudinal 

(E11) and longitudinal direction (E22) is obtained from initial slope of specimens are acting vice versa. In-plane Poisson’s ratio 𝜈12 

is obtained from lateral to linear strain plot. The stress-strain curve obtained for E22 from DIC is shown in figure. 
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The tensile test on ±450 specimen represents a non-linear behavior because of its stacking sequence. Only linear region of stress-

strain curve is considered for estimating the shear modulus. The in-plane shear modulus G12 is obtained by initial slope of shear 

stress-strain curve and it is shown in fig.6 (b). It was observed that the points are scattered slightly from the assumed straight line 

due to random behavior of specimen under shear load. According to the precise observation breaking of fibers, debonding 

(separation of matrix and fiber), fiber pulling and debonding, micro matrix cracks and interply delamination’s are the major issues 

of random behavior of the material under shear loading. 

Shear strain is indirectly estimated from normal strain. Shear stress and shear strain are obtained based on the procedure given 

in Appendix A.1. Out-plane properties are obtained from procedure adopted in Ref. [42] and it is briefly outlined in Appendix A.2. 

The longitudinal and transverse tensile as well as compressive strength is estimated by dividing failure load upon cross-sectional 

area of the respective specimen. As all the work was carried out on an assumption that specimens are transversely isotropic only 

in-plane properties are assured. The modulus values and strength parameters of GFRP composites are listed in Table.3 
Table – 3 

Material properties of GFRP laminate using DIC technique 

GFRP Composite Laminate properties 
Values 

Min. Max. Average 

Longitudinal Modulus, E11 (GPa) 50.245 51.93 51.0875 

Transverse Modulus, E22 (GPa) 10.892 11.015 10.9535 

In-plane shear modulus, G12, (GPa) 4.135 4.6975 4.41625 

In-plane Poison’s ratio (𝝂12) 0.68684 0.63177 0.6593 

Longitudinal tensile strength, XT (MPa) 1012.3 1082.866 1047.58 

Transverse tensile strength, XT (MPa) 8.86 8.88 8.87 

Longitudinal compression strength, XC (MPa) 227.965 287.531 257.748 

In-plane shear strength, S12 (MPa) 35.29 36.15 35.72 

VI. CONCLUSIONS  

In the present work, a methodology using DIC technique is presented to evaluate the mechanical properties of unidirectional 

polymer matrix composites based on full field data obtained by performing a series of tests on standard specimens as per ASTM 

standards. It is found that sub set size and step size in Region of Interest played a prominent role in accuracy of results in DIC. 

APPENDIX 

 In-Plane Shear Modulus and Shear Strength Estimation 

In-plane shear modulus is obtained by initial slope of stress-strain curve. The procedure followed to find shear stress, shear strength 

and shear strain is as per ASTM D-3158 [43]. The in-plane shear strength is estimated from eq. (A.1.1). For finding out shear 

modulus, shear stress at each data point is evaluated from eq. (A.1.2) and shear strain at each data point is obtained from (A.1.3). 

Ƭ12
m = (Pm/2A)    (A.1.1) 

Ƭ12i = (Pi/2A)      (A.1.2) 

ϒ12i = ϵxi-ϵyi         (A.1.3) 
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Where Ƭ12
m and Pm are the maximum shear stress (shear strength) and maximum load at or below 5% shear strain respectively. 

The notations Pi, Ƭ12i and ϒ12i correspond to load, shear stress and shear strain respectively at ith data point and ϵxi, ϵyi are 

longitudinal and lateral strains at ith data point. 

 Out of Plane Properties Estimation [42] 

The orthotropic material is estimated by nine elastic constants namely E11, E22, E33, G12, G13, G23, 𝝂12, 𝝂13 and 𝝂23 respectively. The 

uni-directional fiber reinforced laminate contains fiber in 1-2 plane and therefore the elastic properties are equal in 2-3 plane i.e. 

E22 = E33, G12 = G13 and 𝝂12 = 𝝂13. However, shear modulus is expressed in in terms of E22 and 𝝂23 given by eq. (A.2.1). Hence 

five independent elastic constants are required to characterise the UD fiber composites and also can be treated as transversely 

isotropic material [42]. Poison’s ratio 𝝂21 is expressed in terms of 𝝂12 and is given by eq. (A.2.2). Christensen [44] has shown that 

𝝂23 can be related to 𝝂12 and 𝝂21 and is expressed in eq. (A.2.3). Thus UD fiber reinforced plastics can be characterised by four 

independent elastic constants. 

G23 = E22/2(1+ 𝝂23)             (A.2.1) 

𝝂12 = 𝝂21 (E22/ E11)              (A.2.2) 

Using eq. (A.2.2) 𝝂23 can be calculated by 

𝝂23 = 𝝂21 ((1- 𝝂21)/ (1- 𝝂12))   (A.2.3) 

Where E, G, 𝝂 are Young’s modulus, Shear modulus and Poison’s ratio respectively.  
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