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Abstract-The strength of two- and three-ply FRP composite with artificial damage under internal 

pressure was evaluated using the ring burst test developed by the authors [1, 2]. Ring specimens were 
fabricated by a filament winding (FW) machine. In this study, the simulated damage of the scratch 
and the combination of scratch and pre-existing interlaminar delamination, i.e. teflon sheet inserted 
between the outermost and the inner FRP layers, were introduced artificially into the FW-FRP spec- 
imen. The fracture behavior during the tests of damaged FRP was characterized by observation using 
an 8-mm video camera and a high magnification video scope, strain measurements and AE analysis. It 
was confirmed that AE analysis is exellent for monitoring the propagation of delamination in an FRP 

pressure vessel with damage. The pressure of a notched specimen showed the maximum when the 
delamination propagated to the half region of the specimen. The maximum pressure was larger than 
the predicted pressure based on the premise that the notched outermost ply could not sustain the load. 
As the teflon sheet was longer, the maximum pressure was gradually decreased due to the decrease in 
initial ligament. On the other hand, as the teflon sheet was longer, the burst pressure of specimen with 
a scratch in the outermost ply was enhanced due to the smooth propagation of interlaminar delamina- 
tion. Consequently, it was demonstrated by the observation of the fracture behavior and the fracture 
surface that the burst pressure was decreased due to the expansion of damage into the inner ply. 

Keywords: FRP composite; filament winding; interlaminar fracture behavior; delamination; ring burst 
test; AE analysis. 

1. INTRODUCTION 

FW-FRP pressure vessels have been developed and applied to the air containers 

used for breathing apparatus [3] and the fuel gas containers of compressed natural 

gas (CNG) vehicles [4] because of their high specific strength. It is generally known 

that interlaminar delamination, matrix cracking and fiber breakage are initiated 

when the FRP is subjected to an impact load [5]. Moreover, if the impact load 
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is applied at the sharp edge, a severe flaw such as a scratch will be introduced on 

the surface of the FRP layer in addition to this damage. Therefore, it is an important 

subject for the designer dealing with composite materials to characterize the fracture 

behavior of a damaged composite and to estimate the residual strength. 
In order to characterize the fracture behavior of damaged FRP and evaluate the 

fracture toughness, many studies on each fracture mode have been carried out [6-9]. 
However, since the stress states of those tests are quite different from the internal 

pressure test, the new testing technique simulating internal pressure, the ring burst 

test, has been developed and applied to the evaluation of the effects of fiber waviness 

on the burst strength [10]. It is important that the interlaminar fracture behavior in 

an FRP composite can be observed during the test by a high magnification video 

scope. 
In this study, for the investigation of the fracture behavior during the ring burst test 

of FRP composites with damage, a notch and a teflon sheet were introduced into the 

specimens, which simulated a scratch and a pre-existing interlaminar delamination, 

respectively. Moreover, this combination was introduced as an impact damage at 

the sharp edge. The fracture behavior was characterized by observations using an 

8-mm video camera and a high magnification video scope, strain measurements, 
and AE analysis. Consequently, the effects of damage on the fracture behavior and 

the strength of FW-FRP composite were evaluated. 

2. EXPERIMENTAL PROCEDURE 

2.1. Preparation of damaged ring ,specimens 

The two- or three-ply FRP ring specimens were made from E-glass fiber (diameter: 
16 pm, roving tensile strength: 1.9 GPa) and epoxy resin. The fiber roving with 

the epoxy resin was wound along the hoop direction on an aluminum tube (outer 
diameter: 100 mm, thickness: 3 mm) by a filament winding machine, where the 

tension in the fiber roving was controlled as constant. After curing in an oven, the 

FRP wound on aluminum tubes were cut into ring specimens of 10 mm in width. 

Table I summarizes the specimen types and the combinations of damage. In 

this study, the following two types of simulated damage were introduced into the 

FW-FRP specimens. In order to simulate the scratch, a notch was introduced by a 

0.7-mm width cutting wheel mechanically. The notch orientation was perpendicular 
to the fiber direction and the notch depth in each specimen was approximately 
0.4 mm, i.e. the thickness of the outermost ply. The combination of notch and pre- 

existing interlaminar delamination was introduced into the FW-FRP specimens as 

impact damage at the sharp edge. The pre-existing interlaminar delamination was 

introduced by inserting a teflon sheet (thickness: 0.05 mm) between the outermost 
and the inner FRP layers during fabrication. In the specimens with combined 

damage, the notch was introduced at the center of both pre-existing delamination 

tips and the notch root was located on the surface of the delamination. In order 
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to investigate the effect of pre-existing interlaminar delamination length, i.e. initial 

ligament length, on the strength in FRP composite with a scratch, several lengths of 

teflon sheet were used as shown in Table 1. 

2.2. Ring burst test 

In this study, the ring burst tests developed by the authors were applied to the 

evaluation of the strength and the observation of fracture behavior in FW-FRP 

pressure vessels subjected to internal pressure. A schematic drawing of the ring 
burst test equipment is shown in Fig. 1. The internal pressure was generated by 
means of inserting a tapered rod into twelve piece steel segments. The specimen 
was then pressurized through an urethane rubber ring located between the specimen 
and the twelve piece segments. It was confirmed by the finite element analysis 
and the strain measurements that the stress distribution could be considered as 

uniform [2]. Since the internal pressure applied to the specimen could not be 

measured directly in the ring burst test, preparatory experiments were carried out 

Table 1. 

Specimen types and combinations of damage 

Figure 1. Schematic drawing of ring burst test equipment. 
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and a linear relationship between the corresponding internal pressure and the axial 

load of the rod was obtained [10]. The ring burst test has the following advantages. 
(1) Conditions of internal pressure can be simulated by the twelve divided segments 
and a urethane rubber ring. (2) The in .situ observation of inter- and/or intralaminar 

fracture behavior is practicable. (3) Since the simple strength evaluation using the 

ring burst test can be carried out at low cost, a number of similar tests can be 

repeated easily. Recently, the authors have found, by a number of ring burst tests, 
that the burst pressure of multiply FW-FRP composite was strengthened by control 

of the tension in the fiber roving [ 10]. 

2.3. Characterization of fracture behavior 

In order to characterize the fracture behavior of damaged FW-FRP composite, ob- 

servation using an 8-mm video camera and a high magnification video scope, strain 

measurements and AE analysis were carried out. The positions of strain gages and 

AE sensors are shown in Fig. 2. Strain gages attached on the specimen surface were 

used to monitor the macroscopic delamination propagation at each gage position. 

Especially, the strain gages at the teflon tips were used to detect the onset of propa- 

gation from the tips of pre-existing interlaminar delamination. The characterization 

system diagram of delamination propagation is shown in Fig. 3, schematically. The 

Figure 2. Schematic drawing of configurations of strain gages and AE sensors on notched specimen. 

Figure 3. Characterization system of delamination propagation. 
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macroscopic propagation behavior of delamination was observed by an 8-mm video 

system. A high magnification video scope system was also used to observe the mi- 

croscopic fracture process in the vicinity of the notch root and the tip of pre-existing 
interlaminar delamination. 

In order to analyze the fracture behavior and to develop the technique for the 

inspection of pre-existing interlaminar delamination in FW-FRP pressure vessel, 
AE measurements were also carried out. The total gain was 60 dB (20 dB at the 

main amplifier and 40 dB at the pre-amplifier), and the threshold level was 45 dB 

(i.e. 177 pV at the input terminal of the pre-amplifier). Two channel sensors with 

resonant frequency of 500 kHz were attached on the specimen surface and the 

distance between the sensors was 60 mm. The AE signals were measured by an 

AE system, sent to a personal computer and analyzed in detail. 

3. EXPERIMENTAL RESULTS 

3.1. Fracture behavior of specimen during ring burst test 

Typical internal pressure and outermost ply hoop strain-time curves of type N-3, a 

notched three-ply specimen, are shown in Fig. 4a. In the figure, points A, B, C, and 

D indicate the strain decreasing points of strain gage No. 2 (and 3), No. 5, No. 1, 
and No. 4, respectively. Since the corresponding expansion of matrix crazing was 

observed by an 8-mm camera, it was understood that the decrease in each strain 

indicated the propagation of delamination tip at each strain gage position. The 

detailed fracture behavior is summarized below. 

(1) At 170 s, the initiation and the onset of propagation of delamination at the notch 

root was observed by a high magnification video scope. 

(2) At point A, it was observed that the tip of delamination reached at strain gage 
No. 2 and 3 by an 8-mm video camera. 

(3) At point B, the tip of delamination reached at strain gage No. 4. 

(4) At point C, the pressure and the strain of No. 1 gage attached on opposite 
sides of the notch were decreased at the maximum pressure, Pmax. when the 

delamination propagated to half region of specimen. 

(5) At point D, the delamination rapidly propagated and then all of the plies burst 

at the burst pressure, Pburst. 

On the other hand, for type N/T10-3 specimen with combined damage, the strain 

behaviors indicating the propagation of delamination are shown in Fig. 4b. In this 

specimen, the tips of pre-existing interlaminar delamination were located at the 

strain gages No. 2 and 3. The strain of No. 2 and 3 gages reached to the maximum 

(-'max.2 and -max.3, respectively) and decreased at 100 s. At the same time, the 

onset of the propagation of delamination from the tip of pre-existing interlaminar 

delamination along the fiber direction and the expansion of matrix crazing were 

observed. Although the maximum strains, smax,2 and are lower, other strain 

behaviors were similar to those of type N-3 specimen. 
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Figure 4. Results of strain measurement expressing delamination propagation. (a) Type N-3 specimen 
(3-ply, notch). (b) Type N/T10-3 specimen (3-ply, notch and teflon sheet 10 mm in length). 

3.2. AE analysis 

The AE source location was determined by measuring the differences in the wave 

arrival time between two channel AE sensors. In this study, the wave velocity in 

FRP composite material was calibrated by preparatory experiments using simulated 

AE sources. In unnotched specimens, AE locations were distributed widely through 
the specimen during ring burst tests. On the other hand, the AE locations of 

type N /T 10-2, notched two-ply specimen with teflon sheet in 10 mm length, are 

shown in Fig. 5 and the results of strain measurements of the identical specimen 
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Figure 5. AE locations and delamination tip determined from strain measurement in type N/T10-2. 

Figure 6. Result of strain measurements expressing delamination propagation of specimen in Fig. 5. 

are shown in Fig. 6. In the figures, points A, B, C, and D indicate that tips of 

delamination reach the strain gages No. 3, 2, 4, and 5, respectively. It can be 

seen from Fig. 5 that AE locations with higher energy concentrate at the notch 

root until 140 s, and then they are widened from not only the notch root but 

also the teflon tips as the interlaminar delamination propagates. Therefore, it 

is considered that the expansion of delamination and the debonding within the 

area of teflon sheet occur simultaneously by the circumference deformation of 

the notched outermost ply. Comparing the results of an AE analysis and strain 

measurements, it is understood that the AE locations with high energy show 

good agreement with the delamination propagations. It can be concluded by 
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consideration of the mechanical features of fracture behavior in damaged FRP 

that AE signals with higher energy are related to the interlaminar friction at 

delamination. 

From these results, it is understood that the AE technique is more powerful than 

strain measurements for the inspection of pre-existing interlaminar delamination 

and the monitoring of interlaminar delamination propagation in an FW-FRP 

pressure vessel with damage, because the detectable area of AE analysis is larger 
than the observable area of strain measurements. 

3.3. Strength of damaged ring specimen 

The maximum, Pax, and burst pressure, of two- and three-ply FRP ring 

specimens are shown in Fig. 7a and b, respectively. ROM is the ideal fracture 

pressure calculated from the rule of mixture by the following procedure. 

Figure 7. Strength of ring specimens with damage: (a) 2-ply specimens; (b) 3-ply specimens. 
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Assuming that the aluminum ring and each FRP layer are thin-walled cylinders 
and the fiber stress is larger enough than the matrix stress, the pressure of aluminum 

ring, Pf,AI, and each FRP layer, Pf,FRP, at the fracture of FRP layers are given by 

where af is the hoop stress at the tracture ot FRP layers; t is the thickness and r is 

the inner radius. The subscripts Al, fiber and FRP denote the aluminum ring, fiber 

roving, and FRP ply, respectively. For simplification, rFRp and tFRP were considered 

as constant for each FRP layer. Since the linear relationship between the hoop stress 

and strain holds until final fracture, the fracture strength of fiber roving, af,fibr, can 

be expressed as Fiber - Ef, using the Young's modulus of fiber, Efiber, and the fracture 

hoop strain of FRP ply, -f. Summing the Pf,Al and Pf,FRP, the ideal fracture pressure 
in an N-ply specimen, Pf,N, can be calculated using the following equation. 

In Fig. 7, the average of burst pressure in undamaged two-ply (Type ND-2) and 

three-ply specimens (Type ND-3) are close to each ROM value using the fracture 

strain of 2.5%, 6f, obtained from the tensile tests of rovings. On the other hand, 
in the notched two-ply specimen (Type N-2), the maximum and burst pressure are 

lower than the ROM (E = 2.5%) value of one-ply as well as the two-ply specimen. 
In notched three-ply specimens, the maximum and burst pressure also result in the 

same as two-ply specimens. 
If the strength of the inner ply of N-ply specimens (N = 2, 3) were maintained 

until the outermost ply was torn away, the burst pressure would be equivalent to the 

ideal burst pressure of (N - I)-ply specimens at 2.5% strain. However, the burst 

pressure could not maintain each ROM (8f = 2.5%) value. 

4. DISCUSSION 

In order to investigate the effect of length of teflon sheet on the strength, the 

relationship between the length of inserted teflon sheet and the strength in the three- 

ply specimen is shown in Fig. 8. In the figure, the initial ligament ratio, R, is defined 

by 

where and Lteflo" are length of circumference of FRP layer (= 2JtrFRp) and 

teflon sheet, respectively. When the outermost ply hoop strain of gage No. 1 was 
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Figure 8. Relationship between teflon sheet length and strength in 3-ply specimen. 

1.5% at the maximum pressure, Pax. half of the outermost ply was torn away 

(Fig. 4). Neglecting the contribution of the notched outermost ply to the strength, 
the maximum pressure can be estimated as the ROM value of two-ply assuming that 

the fracture strain, sf, is 1.5% instead of 2.5%. However, it can be seen in the figure 
that Pax is decreased and approaches the ROM value of two-ply (6f = 1.5%) as the 

teflon sheet, i.e. pre-existing interlaminar delamination, becomes longer. Although 
further quantitative studies are needed, it is inferred that the contribution of the 

ligament to the maximum pressure is not negligible. 
On the other hand, the burst pressure, Pb"rst, is increased as the pre-existing 

interlaminar delamination becomes longer. Especially, in the specimen with the 

longest teflon sheet, Pburst is close to that of the unnotched two-ply specimen as well 

as the ROM value of two-ply (6'f = 2.5%). If the inner ply was not damaged before 

all of the outermost ply was torn away, Pburst would maintain the burst pressure of 

the unnotched two-ply specimen. Consequently, it was suggested that the inner ply 
was damaged during the propagation of interlaminar delamination. 

In order to investigate the effect of fracture path on Pburst, the specimens' 

appearance after the ring burst test were observed. Photographs of specimen 

appearance of shorter (Type N/T80-3) and longer teflon sheet (Type N/T300-3) 
after the ring burst test are shown in Fig. 9a and b, respectively. It can be seen 

in Fig. 9a that the fracture path deflects into the inner ply and the broken inner 

plies remain on the inside of the outermost ply. On the other hand, in Fig. 9b, it 

is observed that the fracture surface of the specimen with longer teflon sheet is flat 

and the delamination propagates smoothly. Therefore, it is suggested that in the 

specimen with shorter teflon sheet, the fracture path was deflected and the damage 
was expanded into the inner ply. 
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Figure 9. Photographs of fractured specimen appearance. (a) Specimen with shorter teflon sheet 
(Type N/T80-3). (b) Specimen with longer teflon sheet (Type N/T300-3). 

Scanning electron micrographs of the inside surface of the outermost ply in 

the specimen with shorter and longer teflon sheet are shown in Fig. l0a and b, 

respectively. On the fracture surface of the shorter teflon sheet specimen, it is 
observed that the fiber roving is torn away from the outside of the inner ply and 
remained on the inside of the outermost ply. On the other hand, in the longer teflon 
sheet specimen, those fiber rovings on the fracture surface cannot be observed and 
the fracture surface is comparatively smooth. 

It was deduced from Fig. 10 that in the longer pre-existing interlaminar delami- 
nation specimen, the interlaminar delamination propagated smoothly and the inner 

ply was not damaged. On the other hand, for the shorter pre-existing interlaminar 
delamination specimen, it was suggested that the expansion of damage into the in- 

ner ply was caused by the strong interlayer. Consequently, it can be proposed that in 
a specimen with the scratch in the outermost ply, the burst pressure can be strength- 
ened by the control of interlaminar shear strength and the residual strength can be 
maintained by removing the damaged outermost ply appropriately. 
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Figure 10. Scanning electron micrographs of the inside of outermost ply fracture surface. (a) Fiber 

roving torn away from the outside of inner ply (indicated by arrow). (b) Smooth fracture surface. 

5. CONCLUSIONS 

In this study, the propagation of delamination were characterized using an AE 

analysis, strain measurements and observations by an 8-mm camera and a high 

magnification video scope. Moreover, in order to evaluate the effect of fracture 
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path during test on the burst pressure, the macroscopic and microscopic fracture 

surface was observed. 

From these results, the following conclusions were obtained: 

(1) AE analysis is extremely useful for monitoring the propagation of delamination 

in FRP pressure vessel with damage. 

(2) The maximum pressure is decreased as the pre-existing interlaminar delamina- 

tion becomes longer due to the decreased contribution of the ligament. 

(3) The burst pressure is decreased as the pre-existing interlaminar delamination 

becomes shorter because the fracture path is deflected and the damage is 

expanded into the inner ply. 
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