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Glass-polyester composites were formed by hand lay up (HLU) moulding, 
with nominal volume fraction of 40% and nominal thickness of 6 mm. The 
effect of glass reinforcement geometry on the Mode-I and Mode-II were 

studied to measure interlaminar fracture energies of composites which are measures 
of the resistance to crack growth under tensile and in-plane shear, respectively. The 
results showed that the interlaminar fracture energies of composites and fracture 
mechanism are a function of glass reinforcement geometry.  

Interlaminar fracture toughness; Glass composites; Hand lay-up moulding.
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Introduction

Fibre-composite materials are very attractive for 
a variety of applications, for example in automotive 
and construction fields. These materials have 
high strength, stiffness-to-weight ratios and low 
coefficient of thermal expansion. One limitation 
of many composites systems is their inability to 
resist crack initiation and propagation which can 
be very damaging to the performance of composite 
materials. This can lead to a loss of stiffness which 
can be an important design consideration. Initial 
defects in composites are often very small and can 
arise from voids formed during materials production, 
e.g. incomplete wetting of fibres by the matrix or 
from damaging during subsequent service, e.g. 
impact damage. However, when these materials are 
loaded, defects may propagate which consequently 
lead to delamination, and hence deterioration in 
the performance. Thus, a knowledge of the crack 
propagation is essential for material development 
and also life-prediction studies. A measure of the 
resistance of the material to crack growth is the 
interlaminar fracture energy of the material. A 
popular approach for characterising this parameter 
has been through the application of the linear elastic 
fracture mechanics (LEFM) which enable the 
critical energy release rate or fracture energy, Gc to 
be determined. One of the most popular specimen 
geometries for interlaminar crack growth tests has 
been the double cantilever beam (DCB) for pure 
Mode-I test and, end notched flexure (ENF) for 
pure Mode-II test [1-5]. The vast majority of studies 
of the interlaminar fracture behaviour of polymer 
composites under mode-I and mode-II have been 
conducted using carbon-fibre reinforced materials 
[5,6], particularly carbon/epoxy composites, with 

significantly fewer studies of the glass/polyester 
composites. 

This study investigates the interlaminar fracture 
behaviour of polyester- glass composites formed by 
hand lay-up (HLU) and the effects of reinforcement 
geometry on the interlaminar fracture energies, GIc 

and GIIc, were obtained using the test procedure and 
analysis detailed in the European Structural Integrity 
Society (ESIS) protocol [7].

Experimental

Polymer Matrix. The polymer matrix used 
for moulding composite laminates was based on 
a low-viscosity unsaturated polyester resin of 
the orthophthalic type (Boytek Ltd, Turkey). It is 
suitable for hand lay up technique due to its low 
viscosity which aids wetting of the reinforcement. 

Glass Fibre Reinforcements. Two types of 
glass fibre reinforcements were used to produce 
laminate composites. A woven roving mat (CNBM 
Ltd, China) with ends and picks 48 warp/40 weft 
per dm and a roving tex of 320 warp/320 weft, with 
a nominal areal weight of ≈ 300 g m-2 and nominal 
thickness of ≈ 0.38 mm, and a continuous random 
fibre mat (CNBM Ltd, China) swirled randomly in 
the plane of the mat and fixed with a high-solubility 
polyester binder. It had a nominal areal weight of ≈ 
600 g m-2 and thickness of ≈ 1.60 mm.    

Curing System. The curing agent used was a 
cobalt naphthenate accelerator/methyl-ethyl-ketone 
peroxide (MEKP) initiator system (Merck). 

Laminate Moulding. A hand lay-up (HLU) 
technique was used to mould laminates with nominal 
fibre volume fractions (Vf) of 0.40. Frame moulds of 
40 cm x 30 cm were used to produce laminates with a 
nominal thickness of 6 mm (Table 1). The weight of 
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glass pre-placed in the mould was calculated to give 
the nominal Vf of 0.40 for the composites moulded. 
The reinforcements were preplaced in the cavity 
which was then wetted with pre-mixed resin system, 
with a typical working time of tf ≈ 10 minutes. The 
moulding with required thickness was then left to 
cure with pressure (using appropriate weight) for 
several hours at room temperature. A single layer of 
thin film (13 µm) poly(ethylene terephthlate) was 
inserted across the width of the laminate at both 
ends between the two plies at the centre plane of the 
prepreg during the lay-up in order to produce a starter 
crack from which propagation would occur along 
the axis of the fibres during subsequent loading.

Table 1- Glass-polyester composites prepared by HLU.

Material code* Nominal thickness
2 h (mm)

Nominal glass 
volume fraction (vf) 

W640 6 40
C640 6 40

* Coding: W/C = woven roving mat/continuous random 
mat, 1st digit indicates the nominal thickness (mm) and 
the last two digits the nominal glass volume fraction 
(Vf).

Mode-I Interlaminar Fracture Tests. Double 
cantilever beam specimens (5 specimens) for Mode 
I (Figure 1) prepared by means of a diamond wheel 
cutting device, followed by polishing both edges to 
eliminate the edge delaminations. Mode I specimens 
had nominal dimensions 125 x 20 x 6 mm, and a 
precrack length of a0 = 50 mm. Specimens were 
conditioned in vacuum oven at 80 oC for 24 h and 
stored in a dessicator for up to one day before 
testing. For the Mode I, metallic end-blocks made 
of aluminium were bonded to the cracked end 
of all the specimens as a means of applying the 
load perpenticular to the interlaminar layers. The 
tests were performed using a Instron 6025 testing 

machine at a crosshead speed of 2 mm/min at room 
temperature (25 oC). To monitor the position of the 
crack front the side of the specimens were painted 
white and marked at 1 mm intervals. Load and 
displacement data were chard recorded while the 
crack length was measured visually with the help 
of a travelling microscope. The fracture energy was 
evaluated [7], via Equations (1) and (2).

         3FPδGIc =  -------------                                            (1)
       2BN (a+∆)

              nPδ                            GIc  =   ------                                                  (2)  
    2Ba 

where, P is the applied force (N), δ the beam 
displacement (m), B the beam width (m), and a is 
the crack length (m). The term ∆ is a correction 
factor for crack-tip rotation. The terms F and N are 
necessary if the ratio of crack opening displacement 
over crack length i.e. δ/a is greater than 0.4. The 
δ/a values obtained for both woven roving mat and 
random composites were less than 0.4, so F and N 
were not included in the calculation of GIc values.

 
        

P 

2h 

B 

End-blocks 

a0 = 50 mm 

Figure 1- Double Cantilever Beam (DCB) specimen 
used to determine interlaminar fracture toughness of 

composites in mode-I test. 

(1) Corrected beam theory [7]

In the mode-I DCB tests the correction factor, 
∆, in ٍٍEquation 1, was determined experimentally 
for each specimen from the relationship between 
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the measured compliance, C, and the crack length, 
a, given by; 

C = 8 (a+∆)3 / Bh3E                        (3)

hence;

(C)1/3 = (8 / Bh3E)1/3  (a+∆)                             (4) 

where, h is the thickness of one arm of the specimen 
and E is the axial modulus.  

Thus, using Equation 4, C1/3 was plotted versus 
the corresponding crack length, a, and the value 
of the correction factor, ∆, was deduced from the 
intercept on the negative x-axis. Thus, the correction 
factor, ∆, was included in the measurement of GIc 
using Equation (1). 

(2) The experimental compliance method [7]

An alternative approach is to plot compliance, 
C, versus crack length, a, on a log-log plot (using 
Equation 5). The slope of this plot, n, can then be 
used to calculate GIc values, using Equation (5); 

  C = Kan                                       (5)

Thus, from the load-displacement plot, crack 
length data and specimen dimensions it was possible 
to calculate three initiation values of fracture energy 
[7]. The first method requires that the initial slope of 
the force-displacement plot should be calculated to 
determine the initial compliance (point A in Figure 
2). The force and displacement at this point are used 
along with the corrected initial crack length (a+∆) to 
calculate a value of GIc at the point of non-linearity. 
Alternatively, a line corresponding to an increase in 
the initial compliance C0 (δ/P) of 5% is drawn whose 
intersection with the load-displacement plot (point 
B in Figure 2) gives the load and displacement to 
be used to calculate the 5% offset initiation value 
of GIc. Finally, visual initiation values correspond to 

the first point at which a crack is observed to grow 
from the insert. GIc values were also measured for 
each crack length during crack propagation which 
enabled an R-curve to be drawn for each woven 
roving and random composite specimen, i.e. GIc as a 
function of crack length, a.  

 
C0 C0 +5% 

A 
Force 

Displacement 

B 

Figure 2- Schematic diagram of the force versus 
displacement curve for determining the initial and 5% 

offset initiation values of GIc.  

Mode-II Interlaminar Fracture Tests. End-
notched flexure specimens (5 specimens) for mode-
II tests (Figure 3) were also cut from composites 
using a diamond wheel. Mode-II specimens had 
nominal dimensions of length 120 x 20 x 6 mm, 
and a precrack length of a0 = 25 mm. Specimens 
were conditioned in vacuum oven at 80 oC for 24 h 
and stored in a dessicator for up to one day before 
testing. Tests were performed at room temperature 
(25 oC) using a Instron 6025 testing machine at a 
cross-head speed of 0.5 mm min-1. To monitor the 
position of the crack front the side of the specimens 
were painted white and marked at 1 mm intervals. 
Load and displacement data were chart recorded 
whilst the crack length was measured visually with 
the aid of a travelling microscope. Values of fracture 
energy were calculated according to the ESIS 
protocol [7] using the direct beam theory (DBT), 
using Equation (6); 
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GIIc = 9a2Pδ / 2B(2L3+3a3)                (6) where L is the span half length. 

It may be necessary to correct the values of 
GIIc for large displacements if δ/L > 0.2. However, 
since δ/L values were less than 0.20 for each ENF 
specimen tested, the correction factors F and N were 
not included in the measurement of GIIC. Once again, 
from the load-displacement plot, the knowledge of 
the crack length and specimen dimensions it was 
possible to calculate fracture energy (GIIc) values for 
the composites [7]. 

Results and Discussion

Mode-I Tests. Typical force-displacement plots 
and typical variation of interlaminar fracture energy 
versus crack length plots for the woven fibre (W640) 
and random fibre (C640) composites are shown in 
Figure 4 and 5, respectively. Average interlaminar 
fracture energy results obtained for both composites 
in mode I are presented in Table 2 and Table 3, 
respectively. 

 

B 

          2h  

 

 P/2 

 P/2 

       P 

a0 = 25 mm 

             L             L 

Figure 3- End-notched flexure (ENF) specimen used to determine interlaminar 
fracture toughness of composites in mode-II. 
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Figure 4- Typical force-displacement curves for 
woven fibre (W640) and random fibre (C640) 

composites in Mode-I. 
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Figure 5- Typical fracture energy, GIC, versus 
crack length, a, for woven fibre (W640) and 
random fibre (C640) composites in Mode-I. 

The force-displacement curves (Figure 4) of the 
woven fibre and random fibre materials show three 

regions, a linear elastic region which occurs at the 
beginning of the trace at relatively low load 

Displacement (min)
Crack length (mm)
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followed by a non-linear elastic region, exhibiting a 
gradual decrease of load with crack opening, which 
results in crack initiation and stable crack growth 
prior to the load drop. In non-linear inelastic region, 
the subsequent crack growth was unstable, typically 
jumping 2-7 mm, for both the woven fibre and 
random fibre composites and there is clear evidence 
of repeated crack initiation and crack arrest over this 
region. Non-linear inelastic region is due to failure 
mechanism, i.e. fibre bridging and pull out behind 
the crack-tip, in which large amount of fibres linked 
across the mode-I crack from one half beam to the 
other, so forming a bridge (see schematic Figure 6) 
and therefore, results in crack growth propagating 
unstably. Similar behaviour is also reported by 
Powell et al [8] investigating the interlaminar 
fracture behaviour of SRIM composites. The average 
modulus obtained for W640 composite (≈ 15 Gpa) 
is significantly greater than that of C640 composite 
(≈ 8 Gpa). This is clearly shown by the higher initial 
slope of the curve for W640 in Figure 4, in which 
both types of composites show similar displacement 
behaviour.

 

Fibre 
fracture 

Crack 
bridging of 
fibres 

Secondary 
cracks 

Fibre 
reinforcement 

Polymer 
matrix 

Figure 6- Schematic diagram of the failure mechanisms for 
the woven fibre composites. Similar failure mechanisms 
were observed for the random fibre composites, but with 

less fibre bridging and secondary cracks formation.

Such bridges are continuously formed and broken, 
which are more extensive in woven fibre composites 
than random fibre composites. Interlaminar crack 

growth also involved the formation of secondary 
cracks running under or over the front of the growing 
crack-tip. The formation of these secondary cracks 
were significantly higher for the woven fibre than 
random fibre composites (see schematic Figure 6), 
resulting in further fibre-bridging which did not 
extend over the entire specimen width, but stops at 
short distance from the edge. The energy to open 
these cracks may be too small and can be neglected 
in determining GIc values, as reported by Hashemi 
et al [9]. Typical interlaminar fracture energy versus 
crack length (R-curves) for both the woven fibre 
and random fibre composites show several GIc 
values corresponding to different crack lengths, 
with values lying between the lower and upper 
bounds, 750-940 J/m2 for W640 and 500-640 J/m2 
for C640 composites, as can be seen in Figure 5. The 
variation in GIc is indicated by the average values 
given in Table 2 and Table 3 for the woven fibre and 
random fibre composites, respectively. The woven 
fibre composite has significantly greater GIc value 
than random fibre composite due to extensive fibre-
bridging and that in woven fibre composites, 40 
percent of the fibres are at 90o to the stress direction 
in Mode-I, which may influence the interlaminar 
tensile stress. In woven fibre composite the crack 
propagation is longer than random composite, 
giving considerable interlaminar fibre-penetration 
which led to advancing cracks propagating through 
the mid-plane of the specimen beam, allowing 
more measurement of GIc values, in contrast to 
random composite in which some advancing cracks 
propagated to upper arm of the specimen beam, 
resulted in shorter crack opening displacement (see 
Table 2 and 3 for W640 and C640 composites). 

Mode-II Tests. Typical force-displacement plot 
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and typical variation of interlaminar fracture energy 
versus crack length plot for the woven fibre (W640) 
is shown in Figures 7 and 8, respectively. Average 
interlaminar fracture energy results obtained for both 
W640 and C640 composites in mode-II are presented 
in Table 4 and Table 5, respectively. As can be seen 
in Figure 7, the crack initiated before maximum load 
was attained and grew in a stable fashion through the 
specimen. The specimen response to the applied load 
is essentially linear, up to crack initiation, followed by 
reduction of load with increasing crack growth. The 
Mode-II interlaminar fracture energy values were 
calculated using direct beam theory, via Equation 
(6), for both types of composites. Figure 8, shows the 
GIIc value vs crack growth for W640 with the crack 
initiating from the crack-tip with an average value of 
interlaminar fracture energy, GIIc of 4.5 kJ/m2, lying 
between the lower and upper bounds. The overall 
increase in GIIc value may be due to friction between 
the crack surfaces which opposes sliding of the two 
halves of the specimen. In contrast to Mode-I tests, 
no fibre-bridging was observed in the Mode-II tests, 
but the bending cracks initiated at the bottom of the 
specimens grew parallel to the advancing crack, but 
at a slower rate. The average value of interlaminar 
fracture energy, GIIc for C640 composite is 0.590 kJ/
m2 which is significantly lower than that of W640 
composite. This is because the bending crack initiated 
at the bottom of the specimens grew rapidly through 
the specimen thickness at the maximum load as shown 
schematically in Figure 9. In contrast to the woven fibre 
composite, the main damage mechanism observed in 
random fibre composite was fibre fracture resulting 
from the bending stresses rather than delamination 
(so, no Figure of GIIc versus crack length is given for 
C640 composite). As a result, composite (W640) are 
determined to have significantly greater Gc values 

than random fibre composite (C640 ) in both Mode-I 
and Mode-II testes. 
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Figure 7- Typical force-displacement plot for woven 
fibre (W640) composite in Mode-II.
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Figure 8- Typical fracture energy, GIIC, versus crack 
length, a, for woven fibre (W640) composite in Mode-II. 

 

 

   A    B 

Figure 9- Typical damage development in a random fibre 
composite (C640) observed using optical microscopy; (A) 

Initial transverse matrix cracking and (B) final damage 
zone formed in Mode-II. 
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Table 4- Average Mode-II data (ENF test) for W640 
composite. B= 20.25 mm, 2 h = 6.53 mm.

P (N) δ (mm) a (mm) δ/L GIIc (J/m2)
9a2Pδ / 2B(2L3+3a3)   

960 5.00 27 0.010 2522
1020 5.50 32 0.110 3674
700 6.00 45 0.120 3620
720 7.00 48 0.140 4446
660 7.25 50 0.145 4263
600 8.75 52 0.175 4707
540 10.00 54 0.200 4855

Table 5- Average Mode-II data (ENF test) for C640 
composite. B= 20.20 mm, 2 h = 6.10 mm.

 

P (N) δ (mm) a (mm) δ/L GIIc  (J/m2)
9a2Pδ / 2B(2L3+3a3)   

0.00 0.00 25 0.00 0.00
1000 1.25 26 0.025 590

Conclusions

Mode I interlaminar fracture energy, G1. Ic, measured 

P (N) δ (mm) a (mm) δ/a
GIc (J/m2)

3Pδ/2B (a+∆)
GIc (J/m2)
nPδ/2Ba

E*
f  (GPa)

8P(a+∆)3/Bh3δ
32 5 51 0.098 213 196 12.55
38 7 53 0.013 346 316 12.00
43 8.5 55 0.155 456 416 12.25
51 10 56 0.179 626 570 13.00
56 10.5 57 0.184 717 653 14.40
60 14 60 0.233 963 874 13.00
54 14 65 0.215 817 736 15.00
50 15.5 70 0.221 770 691 15.20
52 18 71 0.254 932 835 14.40
48 19 78 0.244 819 730 16.00
44 27 80 0.281 868 772 13.50
42 24 83 0.189 854 758 13.30
42 25 86 0.289 860 762 14.00
38 25.5 90 0.291 777 686 15.50
36 27.5 98 0.283 717 630 16.00
35 30 101 0.281 743 652 16.60

Table 2- Average Mode-I data (DCB test) for W640 composite 
∆ = 5 mm, n = 2.51, B= 20.11 mm, 2 h = 6.57 mm

* Ef is the flexural modulus of the sample which was determined using the 
prodecure in the ESIS Protocol

P (N) δ (mm) a (mm) δ/a
GIc (J/m2)

3Pδ/2B (a+∆)
GIc (J/m2)
nPδ/2Ba

E*
f  (GPa)

8P(a+∆)3/Bh3δ
26 6 52 0.115 218 263 7.81
28 7 54 0.129 264 318 8.00

31.2 8 55 0.145 330 398 8.30
33.6 8.5 56 0.151 371 447 8.70
35.6 9.5 57 0.166 432 520 8.80
33.2 10.5 59 0.178 430 518 8.30
32.4 11.5 60 0.192 452 544 7.75
33.6 13.5 62 0.218 533 541 7.50
30.8 15 64 0.223 526 632 6.83
29.6 17 65 0.261 564 678 6.06
29.6 20 67 0.229 644 774 5.63
26.8 20.5 70 0.293 573 688 5.66
26.4 21.5 74 0.290 560 672 6.30
26 23 80 0.287 546 655 7.30
22 23.5 85 0.276 445 533 7.20
35 30 101 0.281 743 652 16.60

Table 3- Average Mode-I data (DCB test) for C640 composite.
∆ = 1 mm, n = 3.55, B= 20.26 mm, 2 h = 6.39 mm

* Ef is the flexural modulus of the sample which was determined using the 
prodecure in the ESIS Protocol. 
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using the DCB specimens, is a function of 
reinforcement geometry. The woven fibre 
composite (W640) showed significantly higher 
value of toughness than random fibre composite 
(C640). The values obtained were between 750-
940 J/m2 and 500-640 J/m2 which lies between 
lower and upper bounds for W640 and C640 
composites, respectively. The higher value of 
toughness found for W640 was due to more fibre 
bridging observed during propagation.
The W640 composite showed twice the E2. f value 
of the C640 composite (15 GPa averaging all the 
results, compared with 8 GPa). This is thought 
to be due to the type of reinforcement used for 
W640 which showed more fibre bridging than 
C640 during delamination. 
Interlaminar fracture energy, G3. IIc, of 4.5 kJ/m2, 

measured for woven fibre composite (W640) also 
showed significantly higher value of toughness 
than that of random fibre composite (C640). The 
insignificant value of toughness (GIIc = 590 J/m2) 
performed by C640 was due to fibre fracture 
resulting from the bending stresses rather than 
delamination.     
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