
10th International Conference on Composite Science and Technology 

ICCST/10 

© IDMEC 2015 

 

EXPERIMENTAL CHARACTERIZATION OF GRE 

COMPOSITE FOR FAILURE ENVELOPE VALIDATION 

Karthikayen Raju, Long Bin Tan, Kwong Ming Tse, Heow Pueh Lee, Vincent Beng 

Chye Tan* 

Department of Mechanical Engineering, National University of Singapore                   

*e-mail: mpetanbc@nus.edu.sg 

Key words: Composites, Experimental validation, Glass fiber epoxy (GRE), Strain rate 

effect, Failure envelope 
 

1. ABSTRACT  
 

An experimental mechanical characterization of a filament wound glass fiber reinforced 

epoxy composite pipe (GRE) is carried out to develop a viable material model that can be 

used to simulate the pipe behavior under different loading scenarios.  Failure envelopes for 

the composite pipe are generated from an in-house code based on individual ply and stack-up 

information based on a layer-by-layer progressive damage model and a homogenization 

stress analysis method. The failure envelope is validated in uniaxial tension and uniaxial 

compression with the experimentally determined strengths.  
 

The uniaxial tensile mechanical properties of glass epoxy composite from a pipe are 

measured at constant loading rates of 1, 250 and 5000 mm/min at room temperature. The 

mean tensile strength increases with increasing loading rate at room temperature. The 

uniaxial compression properties were measured with an anti-buckling fixture at 1 mm/min 

and 250 mm/min at room temperature. The compressive strength is found to be about 2.5 

times the tensile strength. 

 
2. INTRODUCTION 

 

Composite materials have started substituting conventional materials in various 

applications due to the customizability of material properties. However due to their 

anisotropy and inhomogeneity, there is no standard material model that is readily available to 

simulate its response. It is essential to develop material models derived from experiments if 

we intend to simulate and predict material response. The GRE composite characterized in this 

work is used for underground piping.  
 

Glass fiber reinforced composites are particularly attractive for pipe applications due to 

their corrosion resistance, high strength-to-weight ratio and low thermal co-efficient of 

expansion in comparison to metal pipes. Glass fiber reinforced pipes are designed usually for 

about 50 years whereas metal pipes for about 10-15 years due to corrosion. The pipe behavior 

under various loading conditions such as road loads, earthquakes are carried out to simulate 

and understand worst case scenarios and failure. This characterization is aimed to simulate 

the behavior of underground GRE pipes under different loading scenarios [1].  
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3.   EXPERIMENTS 
 

The glass fiber reinforced epoxy (GRE) pipes were machined into specimens, as per the 

standards referred to, for performing the tests. The specimens were prepared from glass 

reinforced epoxy pipes of 200 mm and 400 mm diameter and with a winding angle of 55o.  

Specimens were prepared for uniaxial tensile tests as per ASTM standard 3039/D 3039M-95a 

with length of 150 mm (Figures 1 and 2) and a waisted-down feature in the gauge length 

region where failure was intended. The uniaxial compression test specimens were prepared as 

per ASTM standard D6641/D6641M – 09. 
  

SHIMADZU AG-25TB universal tester was used for uniaxial tensile and compression 

tests. The strain was measured with strain gauges adhered to the specimens before the tests 

and the strains were recorded through a data logger as well as a clip-on extensometer, both 

capable of measuring in the order of micro-strains. The strain gauges from TML, GFCA-3-50 

biaxial gauges or single element GFLA-3-50 gauges were employed for strain measurement. 

Extensometer was used in the tests wherever possible (limited by loading rates).  

3.1 Uniaxial tensile tests 
 

Tensile tests were conducted on the specimens machined along the axial direction of the 

pipe section to characterize the longitudinal mechanical properties of the composite pipe 

material.  

 

                                

 

 

 

 

 

 

 

 

 

 

 

 

        

    
The specimens were tested with a 50 kN load cell at room temperature at a loading rate of 

1.0 mm/min and 250 mm/min (6 specimens for each rate). One specimen was tested at a 

loading rate of 5000 mm/min. The dependence of the uniaxial tensile properties on strain rate 

is investigated by tensile testing at higher rates of loading (i.e. 250 mm/min & 5000 

mm/min). Figure 1 and 2 shows the specimens tested at room temperature with loading rates 

of 1 mm/min and 250 mm/min respectively. The specimens having failed within the gauge 

section verifies the validity of the tests conducted. 
 

The elasticity or Young’s modulus (E), which is the slope of the linear portion of the 

stress-strain curve, is obtained between 1000 and 3000 micro strain as recommended in the 

Fig.1. Specimen tested at 1 mm/min 

at room temperature 

 

Fig.2 Specimen tested at 250 mm/min 

at room temperature 
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ASTM standard D 3039/D 3039M-95a for measuring tensile properties of polymer 

composites. The elongation at fracture is measured as the elongation at the ultimate tensile 

strength. Ultimate tensile strengths (UTS), Young’s modulus and percentage elongations at 

fracture for the specimens tested are recorded in Table 1.   

 

 

Loading 

rate 

(mm/min) 

Specimen 

No. 

Thickness 

(mm) 

Young's 

Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

at fracture  

(%) 

1  

P1-C1 5.17  10222.6 52.33  2.65 

P1-C2 5.23  8266.3 49.15  2.12 

P1-C3 5.33  10985.9 51.46  3.75 

P1-C4 5.18  12147.2 52.12  3.50 

P1-C5 5.15  9878.7 47.84  2.91 

P1-C6 5.28  * 53.10  5.54 

Average  5.22  10300.1 51.00  3.41 

Standard   

Deviation 
0.07 1005.22 2.05 1.20 

250 

P1-250-C1 5.30  7941.3 54.55 3.79 

P1-250-C2 5.06  3199.0 59.22 5.75 

P1-250-C3 5.09  5415.4 58.24 5.75 

P1-250-C4 5.11  5934.4 61.53 5.75 

P1-250-C5 5.44  5238.4 59.00 5.35 

P1-250-C6 4.94  * 59.39 5.75 

Average 5.15  5545.7 58.65 5.35 

Standard 

Deviation 
0.18 1696.2 2.29 0.78 

5000 P1-5000-C1 5.32 - 60.47 8.75 

 

3.2 Effect of tensile loading rate on uniaxial tensile response 

 

  The effect of loading rate on the uniaxial properties is summarized in the bar charts 

below (Figures 3 and 4).The increase in tensile strength observed with increasing loading rate 

(shown in Figure 3) suggests the presence of a rate hardening effect. This may be due to 

inertia of the defects which comprise of matrix inclusions, impurities, matrix fiber debonds. 

The variation of mean Young’s modulus against loading rates is shown in Figure 4. The 

Young’s modulus is observed to drop with increasing loading rate. The Young’s modulus at 

5000 mm/min loading rate could not be measured due to the limited sampling rate of the 

strain gauge data logger. 
 

The elongation at the peak load is taken as the elongation at failure. The elongation at 

failure increases with increasing strain rate. This seems to imply that some mechanism is at 

play which allows the GRE composite material to both increase in strength and tensile 

ductility. 

Table 1. Uniaxial tensile properties of GRE pipe section at room temperature 
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The mean values of the measured room temperature tensile properties are given in Table 2. 

 

 

Loading 

rate 

(mm/min) 

 

Sample 

size 

Thickness 

(mm) 

Young's 

Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

at fracture 

(%) 

1 6 5.24 10300.1 51.00 3.41 

250 6     5.15 
      5545.7                 

(-46%) 

  58.65 

 (+15%) 

     5.35 

     (+57%) 

5000 1     5.32 - 
  60.47 

 (+19%) 
- 

 

As the loading rate is increased from 1 mm/min to 250 mm/min, there is a 46% reduction in 

the Young’s modulus while the tensile strength increases by 15% and elongation at fracture 

increases by about 57%. As tensile rate increases from 1 mm/min to 5000 mm/min, tensile 

strength increases by 19%.  
 

3.3 Uniaxial Compression tests 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Uniaxial compression tests were performed on specimens obtained from the axial  

Fig.4. Tensile Young’s modulus at different 

loading rates 

 

Table 2. Mean tensile properties of the GRE pipe specimens at room temperature 

Fig.6. Stress-strain  response of compression specimens 

 

Fig.5. Compression test setup with 

CLC fixture 

Fig.3. Tensile strength at different loading rates 
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direction of the pipe at ambient conditions according to the ASTM standard D6641/D6641M-

09 with a Combined Loading Compression (CLC) Test Fixture as shown in Figure 5. The 

fixture prevents buckling of the specimen by limiting the gauge length region of the samples 

to a certain aspect ratio. Combined loading refers to the fact that the specimen is axially 

compressed through the shear loads. The compression tests were conducted at two loading 

rates namely 1 mm/min and 250 mm/min. The mean compressive properties measured are 

listed in Table 3 below. 
 

 

Strain rate 

(mm/min) 

Specimen Thickness Strength Compressive 

modulus 

Failure 

Strain 

  (mm) (MPa) (MPa) (%) 

1.3 

Average 6.18 126.94 15691.18 1.81 

Standard 

deviation 
0.10 5.99 3889.18 0.45  

250 

    Average 6.23 153.38 19014.63 1.81 

Standard 

deviation 
0.08 4.50 6332.61 0.41 

 

The axial buckling was measured by adhering strain gauges on opposite surfaces of the 

specimens and the percentage bending was found to be within acceptable limits. The stress-

strain response of GRE to compression tests are shown in Figure 6. The compressive 

modulus is calculated based on test data between 1000 and 3000 micro strains in accordance 

with the ASTM standard D6641/D6641M-09. 

 

The compressive strength and Young’s modulus both increases by 21% with an increase 

in the loading rate from 1 mm/min to 250 mm/min.  The ultimate strength shows that 

compressive strength increases with loading rate at a constant temperature, and this is similar 

to that of tensile tests. For compression loading, the failure strain does not appear to be 

affected by the loading rate as suggested by the low standard deviation. 

 

4. FAILURE ENVELOPE VALIDATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Uniaxial Compressive properties of GRE 

Fig.7. Experimentally determined properties plotted on the failure envelope [2]  
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A failure envelope at room temperature is generated from an in-house code based on 

individual ply and stack-up information based on a layer-by-layer progressive damage model 

and a homogenization stress analysis method [2]. The experimentally determined tensile and 

compressive properties at quasi-static loading rate of 1 mm/min at room temperature are 

plotted for comparison and validation of the envelope. The generated failure envelope is 

found to agree with the experimental results as shown in Figure 7.                             

5. CONCLUSION 

The uniaxial tensile and compression properties of the GRE pipe are determined. The 

strength is found to generally increase with loading rate at room temperature. The Young’s 

modulus and elongation at failure do not seem to exhibit any general trend. The compressive 

strength is found to be about 2.5 times the tensile strength. The failure envelope generated 

from individual ply properties in [2] are validated in uniaxial tension and compression. 
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