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the use of this material.
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Measurement of dynamic interlaminar fracture toughness 

of FRP laminates using dynamic displacement 

measuring apparatus 
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and KIYOSHI TAKAHASHI 

Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka 816, Japan 

Abstract-Dynamic mode II and mixed-mode interlaminar fracture toughnesses of CFRP laminates 
were measured using an instrumented impact testing system at a low impact speed (0.9 m/s). The 

system consisted of an instrumented drop weight impact tester and dynamic displacement measuring 
apparatus constructed from an optical fiber, position sensing detector and laser light source. The 
results showed that if dynamic interlaminar fracture toughness is estimated on the basis of load data 
obtained from a strain gage signal measured on the falling dart, the dynamic toughness could be 
overestimated, resulting in an erroneous understanding of the experimental results. It was also shown 
that the dynamic toughness can be evaluated accurately on the basis of the displacement data measured 

by the dynamic displacement measuring apparatus. It is thus concluded that the displacement-based 
analysis is more accurate and reliable than the load-based analysis in the measurement of the dynamic 
interlaminar fracture toughness of FRP laminates. 

Keywords: Delamination; interlaminar fracture toughness; loading rate effect; impact testing; CFRP 
laminates. 

1. INTRODUCTION 

Fiber reinforced plastics (FRP) have been used as structural materials in a wide 

variety of engineering fields. It has been known that interlaminar fracture tends 

to be easily generated in FRP laminates that possess relatively low interlaminar 

strength compared to high strength in the fiber direction. Therefore, many attempts 
have been made to evaluate the interlaminar fracture toughness of FRP laminates 

quantitatively, and testing standards have been developed for static interlaminar 

fracture tests [1, 2]. It has also been known that significant delaminations may 
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be generated in FRP structures when they are subjected to dynamic loads. We, 

therefore, need to understand the effects of loading rate on the interlaminar 

fracture resistance of FRP laminates. However, reliable testing methods for the 

measurement of dynamic interlaminar fracture toughness have not been established 

yet, and the rate effects on the interlaminar fracture toughness are not well 

understood [3]. 
Few attempts have been made to estimate the dynamic mode II interlaminar 

fracture toughness of FRP laminates. In these studies, a hydraulic testing machine 

(loading rates of less than 0.1 m/s) [41, a drop weight testing system (1.25 to 

3 m/s) [5, 6], and the split Hopkinson pressure bar (SHPB) method (0.2 to 

20 m/s) [7-9] were utilized in dynamic mode II interlaminar fracture tests. In the 

instrumented drop weight testing system, it is usually difficult to evaluate the load 

applied to the specimen accurately because periodic oscillation due to inertial effect 

and the multiple-reflection of the stress wave is normally observed in the load-time 

history when the load is measured from strain gages attached to the loading 
dart [10]. Since loading-point displacement is usually evaluated from the load 

data by assuming the loading dart as a rigid body, the obtained load-displacement 
relation at the loading point and absorbed impact energy calculated from the relation 

may not be accurate enough. On the other hand, the SHPB method enables one to 

conduct dynamic tests at higher loading rates than the drop weight system with 

relatively accurate measurement of the load because there is no effect of stress 

wave reflection on the load data. However, displacement data may not be accurate 

enough because it is indirectly evaluated from strain gage signals measured on the 

input and output bars. To overcome such problems related to the displacement 
measurement in those dynamic testings, our research group has recently developed 
a dynamic displacement measuring apparatus, and applied it to the study of the 

dynamic behaviors of polymers and polymeric composites [ 11, 12]. 
In this study, the dynamic mode II and mixed-mode interlaminar fracture tough- 

ness of carbon fiber reinforced plastics (CFRP) were measured using an impact 

testing system consisting of an instrumented drop weight impact testing machine 

and the dynamic displacement measuring apparatus. Then, the validity of the dy- 
namic toughness evaluation on the basis of directly measured displacement was 

discussed. 

2. EXPERIMENTAL 

2. I . Specimen 

Two kinds of CFRP laminates, T800H/2500 and T800H / 3631, were investigated 
in this study. The 2500 is a 120°C cured epoxy resin, and 3631 a 180°C cured 

thermoplastic modified epoxy resin. Laminate configuration was [020] and Kapton 
film was inserted between the middle layers to introduce an artificial delamination. 

Initial crack was introduced using a fresh razor blade prior to the testing. End 
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Figure 1. Interlaminar fracture test specimens. For ENF specimen, ao = 25, L = 50, 2h = 2.7 and 
the width B = 12 (mm). For MMF specimen, ao = 30 (25 for dynamic test), L = 60 (50 for dynamic 
test), 2h = 2.7, h j = h2 and the width B = 12 (mm). 

notched flexure (ENF) specimen for mode II test and mixed-mode flexure (MMF) 

specimen for mixed-mode (mode I + mode II) test are shown in Fig. 1. Both ENF 

and MMF testings were performed under three-point bending loading condition. 

The ratio of mode I to mode II in MMF specimen can be varied by changing the 

ratio h,/h2 (see Fig. 1 b) [ 1 3 - 15]. 

2.2. Static interlaminar fracture test 

Static mode II and mixed-mode interlaminar fracture tests were performed using a 

servohydraulic testing machine at a quasi-static loading rate of 0.5 mm/min. Three- 

point bending tests were conducted and load-displacement curves were recorded. 

2.3. Dynamic interlaminar fracture test 

Dynamic interlaminar fracture tests were performed at a low impact speed of 

0.9 m/s using the dynamic testing system consisting of a drop weight testing 
machine and dynamic displacement measuring apparatus. The dynamic testing 

system is shown in Fig. 2. Load data is obtained from the output of strain gages 
attached to the loading dart, and load calibration is done statically by changing the 

weight of the dart. In a standard drop weight testing, periodic oscillation is generally 
observed on the load data. This kind of dynamic effect can be reduced by placing a 

viscoelastic sheet on the loading-point of the specimen [16]. In this study, a rubber 

sheet of 1.5 mm thick was used to reduce the dynamic effect. 

The dynamic displacement measuring apparatus newly developed consists of 

an optical fiber, He-Ne laser, position sensing detector (PSD) sensor and an 
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Figure 2. Dynamic testing system consisting of drop weight impact tester and dynamic displacement 
measuring apparatus. 

Figure 3. Relation between PSD sensor output and displacement. 

amplifier [ 1 2]. An end of the optical fiber is attached to the specimen surface just 
underneath the loading point, and laser light is introduced into the optical fiber from 

the other end. The laser light coming from the edge of the optical fiber placed on the 

specimen surface is concentrated through an optical lens and received by the PSD. 

The output of the PSD is sent to a personal computer through the amplifier and wave 

memory. The position of the PSD can be changed by micrometer, and displacement 
calibration is conducted by moving the PSD in the direction of deflection. The linear 

relation between the PSD output and displacement is shown in Fig. 3. 

In standard instrumented drop weight testing systems, deflection at the loading- 

point of the specimen is generally evaluated indirectly on the basis of the change 
of acceleration of the loading dart [17]. Acceleration A, velocity V, distance of the 

movement D of the dart at time t after collision between the dart and specimen are 

given by 
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Figure 4. Loading-point displacements for an ENF specimen of T800H/2500 obtained from dynamic 
displacement measuring apparatus and strain gage signal from loading dart. 

where P is the load, m the weight of the dart, g the gravitational acceleration 

and to the starting time of the collision. The velocity Vo of the dart at the 

collision is given by lfi> = 2gh, where h is the drop height of the dart. As 

an example of ENF test results, displacement data obtained from the dynamic 

displacement measuring apparatus and the analytical method described above are 

shown in Fig. 4. It should be noted that the displacement directly measured 

exhibits slow increase at initiation, which is considered to be an effect of the rubber 

sheet, and sudden increase caused by the reduction of stiffness due to interlaminar 

crack growth. It thus appears that it is possible to evaluate displacement more 

accurately using the dynamic displacement measuring apparatus than the analytical 
method. 

Strain on the surface of the specimens close to the initial crack tip was measured 

to detect the initiation of crack growth. Based upon the finite element analysis, 
Kusaka et al. revealed that the strain on the specimen surface shows a dramatic 

change due to the initiation of crack growth [ 18]. It thus appears that a crack 

initiation can be detected from the change of strain observed in the measured 

strain-time curve. For ENF specimens, the strain gage was attached to a point 
close to the crack tip on the bottom surface, where tensile strain was generated. On 

the other hand, for MMF specimens, the strain gage was attached to the top surface, 
where compressive strain was generated. 

The sampling interval was I its for all measured data including load, displacement 
and strain on the specimen surface. 
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3. EVALUATION OF MODE II INTERLAMINAR FRACTURE TOUGHNESS 

3. l. Static interlaminar fracture toughness 

Mode II interlaminar fracture toughness Cue at a crack initiation can be expressed 
as [1]: 

where Pc is the critical load, C, the compliance at Pc, B the width of the specimen, 
and L the span length; a j is an estimated crack length at Pc and given by: 

where Co and ao are the initial compliance and the crack length of the specimen, 

respectively. 
Mixed-mode interlaminar fracture toughness Gc is given by [14]: 

Using classical beam theory, for the MMF specimen used in this study, the mode I 
and mode II contributions to the Gc? can be expressed as f 191: 

Using equation (7), the mode I contribution in the present MMF testing can be 

estimated approximately as 57%. 

3.2. Dynamic interlaminar,fracture toughne,ss 

In dynamic testings, specimens generally tend to oscillate periodically as a result 

of impact, and the deformation and stress states of the specimens are different 
from those under static loading conditions. Therefore, dynamic effects must be 
considered in the analysis of dynamic test results. In this study, it was reasonably 
assumed that dynamic effects were negligibly small so that quasi-static stress states 
were achieved, since the dynamic tests were performed at a low rate of 0.9 m/s, 
and a piece of rubber sheet was used for mechanical filtering. Thus, the equations 

developed for the static analyses were used for estimating the dynamic interlaminar 

fracture toughnesses. If it is assumed that any subcritical crack growth does not 

occur prior to the crack initiation, equation (4) becomes: 
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The compliance Co for an ENF specimen is given by [20]: 

where E and 2h are the bending modulus and the thickness of the specimen, 
respectively. Substitution of equation (9) into equation (8) yields: 

Using the relation Pc = 6c / Co with equation (9), equation (8) becomes 

where 6c is the critical deflection corresponding to the critical load Pc. In this study, 
equation (10) was used instead of equation (8), since it was difficult to measure the 

compliance Co accurately in the dynamic tests due to the oscillation that appeared 
in the measured data. By assuming that the modulus E at the low loading rate 

(0.9 m/s) is the same as that at static loading rates, the average of E values obtained 

from the static tests was used in the dynamic analysis. Equation (11) was also 

used for the comparison between the load-based analysis (equation (10)) and the 

deflection-based analysis (equation (11)). 

Dynamic mixed-mode interlaminar fracture toughness was estimated using the 

static equation (6). The compliance for MMF specimen is given by [14]: 

Substitution of equation (12) into equation (6) yields: 

Using the relation Pc = 6clCo with equation (12), equation (6) becomes: 

Dynamic mixed-mode interlaminar fracture toughness was estimated using equa- 
tion (13) or equation (14). The static value of E was used in the dynamic mixed- 

mode analysis. 

4. RESULTS AND DISCUSSION 

4.1. Static interlaminar fracture toughne.ss 

Examples of the load-displacement curves obtained from the static ENF and MMF 

tests are shown in Fig. 5. For the ENF tests, Pc, Co and C) were evaluated from 
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Figure 5. Load-displacement curves obtained from static interlaminar fracture tests: (a) ENF test; 
(b) MMF test. 

Table 1. 
Static and dynamic mode II interlaminar fracture toughnesses of CFRP laminates 

Table 2. 
Static and dynamic mixed-mode interlaminar fracture toughnesses of CFRP laminates 

the load-displacement curves on the basis of JIS K 7086 [1]. For the MMF tests, 
the maximum load was simply chosen as Pc. The static mode II and mixed- 

mode interlaminar fracture toughnesses evaluated using equations (4) and (6), 

respectively, are shown in Tables 1 and 2. 

4.2. Dynamic interlaminar fracture toughness 

Examples of the load and displacement-time curves obtained from the dynamic 
interlaminar fracture tests of T800H/2500 are shown in Fig. 6. The strain gage 

signal measured on the specimen surface close to the crack tip is also shown in each 

figure. For both the ENF and MMF tests, slight oscillations were observed on the 
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Figure 6. Load and displacement-time curves for T800H/2500 obtained from dynamic interlaminar 
fracture tests. Strain gage signals measured on the specimen surface close to the crack tip are also 
shown in the figures. The arrows indicate the critical points corresponding to crack initiation: (a) ENF 
test; (b) MMF test. 

load-time curves. Sudden decreases of the load and the strain gage signal were 

also seen just after they reached their maximums in the figures. It is considered 

that these decreases were caused by initiation of the crack. On the other hand, 
the displacement exhibited slight increase at the crack initiation as a result of the 

decreasing stiffness of the specimens. The inflection points corresponding to these 

changes occurred in the order of the strain gage signal, the displacement and the 

load. For the ENF test, for example, the inflection points on the displacement and 

load curves delayed about 70 and 100 ps, respectively, from the inflection point 
on the strain gage signal. Thus, the strain gage signal, which was measured at the 

closest point to the crack tip, indicated the fastest response to the crack initiation. 

Maximum load value has been generally accepted as a critical load corresponding 
to the crack initiation and this has been used for estimating the dynamic interlaminar 

fracture toughness of brittle FRPs. In this study, however, both critical load and 

critical displacement were used for evaluating the interlaminar fracture toughnesses. 
These critical values were determined by using the two different methods on the 
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basis of the inflection points appearing on the three curves, that is, the load, 

displacement and strain gage signal-time curves. The methods are as follows: 

(A) The critical load and displacement are estimated at the time of the maximum 

of the strain gage signal. The critical values are denoted by PA and 6A, 

respectively. 

(B) The critical load and displacement are obtained at the inflection points of the 

load and displacement- time curves, respectively. These values are denoted by 
PB and 8B, respectively. 

For both the ENF and MMF tests, the inflection points appearing on the displace- 
ment-time curves were determined by analyzing the velocity of the specimen 
at the loading-point which can be obtained by differentiating the loading-point 

displacement numerically with respect to time. The inflection points on the 

displacement-time curves can be found as the points at which the velocity indicates 

sudden increase, as shown in Fig. 7. 

Figure 7. Displacement and velocity-time curves for T800H/2500 obtained from dynamic interlam- 
inar fracture tests. The arrows indicate the critical points corresponding to crack initiation: (a) ENF 
test; (b) MMF test. 
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The dynamic mode 11 interlaminar fracture toughness evaluated using equa- 
tions (10) and (11) and dynamic mixed-mode interlaminar fracture toughness eval- 

uated using equations (13) and (14) are shown in Tables 1 and 2, respectively. 
From these tables, it can be seen that all the dynamic toughness values obtained 

on the basis of the A method were lower than the static ones. Thus, the interlam- 

inar fracture toughnesses tend to decrease as loading rate increases. On the other 

hand, among the dynamic toughness values evaluated on the basis of the B method, 

GI1C (PB), Gc (PB) and Gc (8B), of T800H/2500 and Gc (PB) of T800H/3631 

were higher than the static ones. This implies that the rate dependence on the in- 

terlaminar fracture toughness could be understood differently, depending upon how 

the critical values of load or displacement are estimated. This indicates that a def- 

inite tendency for the rate dependence on the interlaminar fracture toughness of 

FRP laminates has not been obtained yet. All the interlaminar fracture toughness 
values estimated on the basis of load were higher than those estimated on the ba- 

sis of displacement. It appears that this is because the critical load values were 

over-estimated due to the effect of oscillation on the load data. These results sug- 

gest that it is very important that the initiation point of crack growth is estimated 

accurately in the dynamic interlaminar fracture tests. It appears that the proposed 
method (the method A), in which the crack initiation point is determined from the 

strain gage signal measured on the specimen surface and then the interlaminar frac- 

ture toughness is evaluated on the basis of the loading-point displacement mea- 

sured using the dynamic displacement measuring apparatus, is a reasonable way 
to evaluate the dynamic interlaminar fracture toughness of FRP laminates accu- 

rately. 
In the present study, only static equations were used for estimating the dynamic 

interlaminar fracture toughnesses. However, dynamic effects must be included in 

the analysis of the dynamic interlaminar fracture testing results performed at higher 
rates of loading [21, 22]. On the other hand, it has been shown that it is possible to 

apply the static analyses to the dynamic testings even at relatively high rates if quasi- 
static stress states are achieved [7-9]. Application of the dynamic displacement 

measuring apparatus to such kinds of high speed testing will be considered in the 

near future. 

5. CONCLUSIONS 

Dynamic mode II and mixed-mode interlaminar fracture tests were performed 

using a newly developed dynamic testing system consisting of an instrumented 

drop weight testing machine and dynamic displacement measuring apparatus. 

Applicability of the new dynamic testing system was discussed, and the following 
conclusions were obtained. 

(1) It is possible to measure the loading-point displacement relatively easily 
and accurately using the newly developed dynamic displacement measuring 
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apparatus, and the dynamic interlaminar fracture toughness can be evaluated 

on the basis of the directly measured displacement. 

(2) If the dynamic interlaminar fracture toughness is evaluated on the basis of the 

load data measured by strain gages attached to the loading dart, overestimation 

of the toughness could happen due to the dynamic effects appearing on the load 

data. 

(3) The initiation of crack growth can be detected from the strain gage signal 
measured on the specimen surface close to the crack tip, and the dynamic 
interlaminar fracture toughness can be evaluated accurately on the basis of the 

critical displacement corresponding to the initiation. 
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