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ABSTRACT 

The rate sensitivities of mode-I and mode-II fracture toughness, in the form of GIc and 

GIIc of Toray T800S/3900 carbon unitape/epoxy, T700G/3900 Plain weave carbon fabric/epoxy,  

and Newport NB321/7781 fiberglass/epoxy materials were investigated experimentally. Static 

and dynamic tests, with stroke rates ranging from 8.33×10-4in/s to 100in/s, were conducted on 

double cantilever beam and end notch flexure specimens. Both [0°] N and [±45°] N laminates 

were studied in this investigation. The rate sensitivities were characterized in terms of the 

initiation fracture toughness and crack growth resistance. 

The average mode-I initiation fracture toughness, GIc of NB321/7781 [0°] laminate was 

observed to decrease with stroke rate from 6.5lbf-in/in2 to 4lbf-in/in2 and further increased to 

6lbf-in/in2 over a range of 5 decades of crack opening displacement rates. The resistance tended 

to be constant with crack length for the low rate tests. At higher rates, the resistance decreased 

gradually. The tests data indicated ductile stable and brittle unstable behavior with a transition 

stick-slip behavior. The average mode-II fracture toughness of the NB321/7781 [0°] laminate 

was observed to increase from 12lbf-in/in2 to 17lbf-in/in2 over the entire range of 5 decades of 

shear displacement rates. The fracture behavior was observed to be brittle stable at all rates. The 

NB321/7781 [±45°] laminate’s opening mode initiation toughness was observed to decrease 

from 9lbf-in/in2 to 3lbf-in/in2 and further increased to 4lbf-in/in2 over a range of 5 decades of 

crack opening displacement rates. The delamination resistance increased with crack length for 

the low rate tests. At higher rates, the resistance decreased gradually. The fracture behavior 

transitioned from ductile stable to brittle unstable.  

The opening mode initiation toughness of T700G/3900 [0°] laminate decreased from 

3.5lbf-in/in2 to 2lbf-in/in2 and further increased to 3.2lbf-in/in2 over a range of 5 decades of 
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crack opening displacement rates. The delamination resistance indicated constant pattern 

irrespective of the stroke rates. The fracture behavior at low rates indicated transition stick-slip 

behavior, whereas brittle unstable behavior was evident at higher rates. The mode-II fracture 

toughness tended to be constant at 4.5lbf-in/in2 over a range of 5 decades of shear displacement 

rates. Brittle stable fracture behavior was observed at all rates. The opening mode initiation 

toughness of T700G/3900 [±45°] laminate was observed to decrease from 2.75lbf-in/in2 to 

1.8lbf-in/in2 and further increased to 2.8lbf-in/in2 over a range of 5 decades of crack opening 

displacement rates. The delamination resistance tended to increase with crack length at lower 

rates, whereas it tended to decrease at higher rates. The fracture behavior indicated transition 

stick-slip behavior at lower rates, whereas brittle unstable behavior was evident at the highest 

rate tested.  

The T800S/3900 [0°] laminate’s opening mode initiation toughness was observed to steadily 

decrease from 5lbf-in/in2 to 2.5lbf-in/in2 over a range of 5 decades of crack opening 

displacement rates. The delamination resistance was observed to increase with crack length at 

lower rates, whereas it tended to decrease gradually at higher rates. Brittle stable fracture 

behavior was observed at all rates. Fiber bridging was prominent with an increase in test rates. 

The mode-II fracture toughness increased steadily from 9lbf-in/in2 to 20lbf-in/in2 over a range of 

5 decades of shear displacement rates. Brittle stable fracture behavior was observed at all rates. 
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CHAPTER 1 

INTRODUCTION 

Fiber-reinforced plastics (FRP) are excellent materials for engineering structural 

applications. The advantages they offer in comparison to conventional engineering materials, 

like steel and aluminum, include high specific strength, specific modulus, enhanced fatigue 

properties, good energy absorption and dissipation [1]. The inability to resist defect initiation and 

propagation is considered as a limitation of FRP due to their weak out-of-plane properties 

stemming from the lack of reinforcement in that direction [12]. This separation of layers in the 

material generally leads to its failure. This form of damage is termed as delamination. The most 

common modes of delamination occur in the form of opening mode-I and in plane sliding mode-

II as illustrated in Figure 1 below. Many researchers have studied these composites in order to 

understand these failure mechanisms and the factors affecting them [4-10]. 

 

Figure 1: Mode-I and Mode-II delamination modes. 

Laminated composites have been widely used in airframes and automobile structures due 

to their aforementioned advantages. One of the requirements on the performance of these 

vehicles is their ability to protect the occupant during a survivable crash event by dissipating the 
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kinetic energy associated with the crash. Unlike metallic structures where the energy absorption 

is primarily due to plastic deformation, the energy absorption in structures made from composite 

materials often energy absorption (EA) devices is primarily due to the different failure 

mechanisms. Often energy absorption (EA) devices are designed to utilize this form of energy 

absorption during failure. Delamination or separation of layers is a common failure mode 

observed in laminated composites due to their poor transverse properties that are governed by the 

matrix. While not being a major contributor to the overall energy absorption, delamination 

influences other failure mechanisms that are crucial to energy absorption. For instance, the 

splaying failure mode (see Figure 2) observed in certain EA devices such as corrugated beams 

and tubes, is due to delamination at multiple ply interfaces. The individual layers in the splayed 

laminate undergo failure due to bending and tearing resulting in energy absorption.  

 

Figure 2: Illustration of splaying mode in composite [2] 

In a crash event, the composite structures/EA devices are subjected to dynamic rates of 

loading and their behavior could often differ from those observed at quasi-static rates. Under 

dynamic loading, the energy absorption will be governed by the rate sensitivities of individual 
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failure mechanisms and their interactions with other mechanisms. Since delamination is one of 

the key failure modes which could precipitate dissipative mechanisms required for energy 

absorption, its rate sensitivity should be well understood, consequently, a knowledge of the key 

requirements of energy absorption in crashworthy structures and fracture behavior of laminated 

composites is desirable [3]. 

The measurement of the fracture toughness of laminated materials may be accomplished 

by following well-established test standards available in the open literature [11]. ASTM-D5528 

[11] describes the standard test method to determine the mode-I interlaminar fracture toughness 

GIc of fiber-reinforced composite materials using a double cantilever beam (DCB) specimen. 

Russell and Street [18] proposed the end notch flexure (ENF) specimen for determining mode-II 

fracture toughness in composites. Subsequently other test procedures such as the four-point end 

notch flexure (4ENF), the stabilized end notch flexure (SENF) and the end load split (ELS) were 

developed. The comparison between results obtained from these four different test methods 

indicate that ENF specimens provide higher values of fracture toughness than the other three 

specimens [20]. Various studies have been conducted to examine the effects of loading rates on 

interlaminar fracture toughness of composites [12-16]. 

In the current study, the effects of loading rate on the opening and sliding mode fracture 

toughness of Toray T800S/3900 carbon unitape/epoxy, T700G/3900 Plain weave carbon 

fabric/epoxy and Newport NB321/7781 fiberglass/epoxy materials has been investigated 

experimentally. Tests were conducted for a large range of loading rates using the DCB and the 

ENF specimens [11]. The rate sensitivity of mode-I fracture toughness GIc was characterized as a 

function of crack tip opening displacement rate ( cty ) [12] and the mode-II toughness GIIc was 
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characterized as a function of shear displacement rate ( ctu ) [21]. The details of the experimental 

investigation, key results and observations are presented in this document. 

1.1 Literature Review 

Several studies have been carried out to determine the fracture properties of composite 

materials. Many standardized and non–standard experimental methods, analytical and finite 

element approaches have been used in the measurement, design and interpretation of the 

experimental results. Mode-I fracture occurs the most frequently, but mixed mode fracture being 

the combination of both mode-I and mode-II, are also common. 

1.1.1 Mode-I 

The double cantilever beam (DCB) specimen provides a direct approach to determine the 

mode-I interlaminar fracture toughness. Using this specimen stable crack growth is achieved for 

displacement-controlled loading, thus making it the most viable method for characterizing the 

normal stress induced during delamination growth [10].  The mode-I fracture toughness (GIc) 

depends on the crack speed and load/displacement rate.  ASTM D5528-01[11] provides the 

standard test method for characterizing the mode-I interlaminar fracture toughness of 

unidirectional fiber-reinforced polymer matrix composites. DCB specimens are fabricated as 

unidirectional rectangular beam of laminates of uniform thickness. A mid-plane delamination 

initiator is produced using a non-adhesive insert in the DCB specimen. Hinged end-blocks 

bonded across the full width of the specimen serve as the means to introduce loading forces. 

The GIc values calculated using data reduction techniques such as, area method, beam 

analysis, and empirical analysis, were compared in order to determine the best data analysis 

scheme. For the linear analysis, the area under the loading/unloading curve serves as the means 

for calculating GIc values. The beam analysis throws light on the fact that DCB is in fact a half 
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crack cantilever beam based on Euler-Bernoulli beam theory.  As indicated by Devitt, Schapery 

and Bradley[8] this analysis cannot be applied for the non-linear behavior associated with large 

deflection. An empirical analysis, suggested by Berry [10], involves the generalization of the 

beam analysis approach using least squares fit of loading/unloading curves for determining the 

generalized constants. 

Smiley and Pipes [12] tested AS4/3501-6 (carbon fiber/epoxy) and APC-2 (carbon 

fiber/PEEK) system DCB specimens with hinges. Various characteristics such as crack growth 

behavior, fracture toughness, microscopic polymer behavior of composites were determined over 

large range of tests rates. GIc values decreased due to the decrease in the size of the composite 

plastic zone (rpc) with increase in the displacement rate. The rpc was found to decease with 

increase in the square of yield stress and the strain rate. Smiley et al. [12] concluded the plastic 

zone size was approximately the size of the fiber space, but decreased at the onset of the critical 

deformation rate and thereby directly influenced GIc. 

However, the reports of Aliyu and Daniel [13] indicated increasing response of mode-I 

fracture toughness as a function of loading rate with stable crack growth in AS4/3501-6 (carbon-

fiber/epoxy). Mall et al. [15] summarized increasing response of mode-I fracture toughness as a 

function of loading rate with unstable crack growth. Gillespie et al. [15] indicated crack growth 

stability depended on the size of the plastic zone around the crack tip. Research by Kusaka et al. 

[17] focused on the characterizing rate dependency of mode-I fracture behavior at both quasi-

static and impact displacement rates. DCB specimen with end blocks and wedge insert fracture 

tests with Split Hopkinson pressure bar system were used for quasi-static and impact fracture 

respectively. 
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Their results indicated two rate-insensitive regions during both unstable crack growth and 

stable crack growth with a distinctive rate sensitive transition region for increasing loading rates. 

Fractography revealed the unstable behavior due to damage as evidenced by the whitened region 

at low load rates Likewise; crack tip blunting and darker regions indicated stable crack growth at 

the larger load rates. 

Gledhill et al. [17] also reported lower yield stresses and larger crack tip blunting 

characterize unstable crack growth in epoxy resins. Beguelin et al. [18] investigated the mode-I 

fracture behavior of IM6/PEEK material. They reported a moderate reduction in the fracture 

toughness (GIc) with increasing strain rate over the range of 10-5 to 1s-1.   

Figure 3 contains a comparison of the stroke rates used by the researchers of this section 

in their attempt to characterize the mode-I fracture toughness of laminated composites. 
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Figure 3: Stroke rates used for mode-I fracture toughness characterizations by various 
researchers. 

 

1.1.2 Mode-II  

The ENF specimen was utilized in this investigation to measure the interlaminar fracture 

toughness in skew symmetric loading. This leads to pure mode-II fracture of the specimen. 

Proper design of the specimen sizing was necessary to minimize non-linear material behavior. 

Mode-II fracture may play a vital role in delamination along with mode-I (mixed modes-I/II). A 

paper presented by Russell and Street [19] contained experimental results that quantified the 

influence of shear deformation and friction between the crack surfaces on the mode-II strain 

energy release rate. The ENF specimens load with three-point flexure loads, such that shear-

sliding forces were present at the mid-plane crack region of the mid-length of the specimen, 

thereby simulating the pure mode-II fracture. The compliance and the strain energy release rate 

were influenced by the interlaminar shear deformation. Carlsson et al. [21] suggested using 
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smaller thickness-to-crack length ratio to control the influence of shear deformation. According 

to Carlsson et al., the error resulting from neglecting interlaminar shear deformation in the 

experimental calculations of the strain energy release rate in the experimental calculations of the 

strain energy release rate was less than ten percent. Friction forces between the cracked surfaces 

also resulted in energy absorption along with the energy dissipated during creation of new crack 

surfaces. Neglecting the effect of friction resulted in an additional 2% to 4% error. 

Smiley et al. [22] employed the graphite/PEEK (APC-2) and graphite/epoxy   

(AS4/3506-1) materials for mode-II tests. The ENF geometry was used to measure the 

interlaminar mode-II fracture toughness of the materials. A Kapton polyamide film was used to 

simulate the delamination in the mid-plane of the ENF specimens. The drawback of using a 

polyamide film, as pointed out by Carlsson et al. [23], is the creation of a resin-rich region near 

the crack tip that enhances crack blunting. To avoid this, a technique of pre-cracking was 

employed on the specimens. The procedure proposed by Russell [24] was utilized to estimate the 

mode-II fracture toughness of the material specimens tested at crosshead speeds ranging from 

1.65 × 10-4 to 3.62in/s. The results indicated that the APC-2 was tougher than the AS4/3501-6. 

This was likely the results of the tough thermoplastic resin material employed by the APC-2 

material, while the AS4/3501-6 material employed a brittle epoxy resin. The rate sensitivity 

curves indicated the negative dependence on the fracture toughness of the materials. The GIIc 

values for the APC-2 material decreased from an average of 10.84lbf-in/in2 to 2.28lbf-in/in2 and 

the GIIc value for the AS4/3501-6 material decreased from an average of 2.62lbf-in/in2 to 0.34lbf-

in/in2 for increase in shear displacement rates over a factor of 50×103. The investigators 

concluded that the decrease in values of GIIc for the APC-2 material was due to the plastic 

deformation in the material as confirmed by the fractographic analysis. The fractographic results 
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for the AS4/3501-6 indicated the presence of brittle fracture behavior. The fracture toughness 

values reduced to a plateau for higher shear displacement rates. The investigators recommended 

extensive fractographic analysis and additional higher rate tests for the AS4/3501-6 material. 

Cantwell [25] investigated the effects of loading rates on the mode-II interlaminar 

fracture toughness (GIIc) of unidirectional AS4 carbon fiber/PEEK, IM6 carbon fiber/PEEK and 

T300 woven carbon fiber/toughened epoxy materials. The testing was conducted using a screw- 

driven universal testing machine and an instrumented drop weight apparatus to achieve 

crosshead speed between 6.56×10-7in/s to 118.11in/s. Cantwell reported an increase in GIIc with 

crosshead speed before reaching a plateau at the higher load rates. A larger damage zone was 

observed near the crack tip in specimens tested at lower load rates. Considerable scatter in the 

measured data was observed for unidirectional IM6/PEEK material (diameter of fibers ~ 

1.96×10-4inches) compared to the unidirectional AS4/PEEK (diameter of fibers ~ 2.75×10-

4inches) due to the presence of fiber bridging. Offsetting the plies on both sides of mid-plane by 

5° on IM6/PEEK resulted in a 60% increase in GIIc values for over increase in two decades of 

crosshead rates. The woven fiber composites with the offset center plies exhibited pronounced 

dependency on loading rates than the unidirectional composite material.  

Fracasso et al. [26] studied the effect of interleaving on the interlaminar fracture behavior 

of unidirectional and woven-fabric fiber composites. GIc values decreased sharply with increase 

in the crack speed and reached a plateau. The GIIc values decreased gradually with increase in 

crack speed. The insertion of a resin rich layer between the laminae significantly increased the 

fracture resistance of composites without altering its dependence on crack speed. While the rate 

effects on fracture toughness of laminated composite are evident from an examination of the 

open literature, no common trend exists amongst the various material systems. Figure 4 contains 
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a comparison of the stroke rates used by the previous researchers seeking to characterize the 

mode-II fracture toughness of laminated composites. 

 

Figure 4: Stroke rates used for mode-II fracture toughness characterizations by various 
researchers. 
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1.2 Research Objectives 

The current research focused on the measurement of mode-I and mode-II interlaminar 

fracture toughness values of the NB321/7781, T700G/3900 and T800S/3900 materials for a 

range of loading rates. The loading rates were expressed in terms of crack tip opening 

displacement rate for mode-I loading and shear displacement rates for mode-II loading. The 

DCB specimen was used for mode-I testing and the ENF specimen for mode-II testing. The main 

objectives of this research were the following: 

i. Experimentally measure the mode-I and mode-II fracture toughness for the materials 

above at a range of displacement rates from 8.33×10-4 to a maximum of 100 in/s. 

ii. Characterize the rate sensitivity of the interlaminar fracture toughness of the materials 

in terms of the changes in the initiation fracture toughness, crack propagation 

behavior, nature of fracture toughness, as a function of the loading rates. 

iii. Develop methods for estimating crack lengths during dynamic testing. 
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CHAPTER 2 

EXPERIMENTATION 

2.1 Background 

Fracture toughness is a material property, which describes the ability of a material 

containing a crack to resist further fracture. If a material has a large value of fracture toughness it 

will probably undergo ductile failure. Brittle fracture is a characteristic of those materials with a 

low fracture toughness value [12]. Several techniques are available to determine the fracture 

toughness of materials for both modes-I and II fractures. ASTM and SACMA standards were 

utilized in this investigation. 

The fracture toughness of materials can be characterized by developing an R-curve 

(fracture resistance curve). Typical R-curves consist of fracture toughness values plotted against 

the increment of crack growth for a particular material. In this research, the rate sensitiveness of 

the material was characterized by observed variation in the fracture toughness as a function of 

crack tip opening displacement rate.  

 

2.2 Panel Fabrication 

This section focuses on the important aspects of the panel fabrication of the material systems 

used in this research work. The panel fabrication for both mode-I and mode-II tests included the 

selection of materials systems and insert, stack sequences, lay-up process, cure cycles and 

specimen fabrication and preparation.  

 

 

 

http://en.wikipedia.org/wiki/Fracture
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2.2.1 Material Selection and Cure Cycle 

The materials were selected based on the results of literature survey of materials currently of 

interest to the manufacturing industry. The material selected and their orientations are shown in 

Table 1. 

TABLE 1: MATERIAL FABRICATION DETAILS 

Material Manufacturer 
Stacking sequence 

mode-I fracture 
tests  

Stacking sequence 
mode-II fracture 

tests  

No. of 
panels 

T800S/3900-
2B[P2352W-19] 

BMS8-276 Rev-H-
Unitape 

Toray 
Composites 
(America), 

Inc.[27] 

[0]16 [0]16 4 

T700G-12K-50C/3900-2 
Plain Weave Carbon 

Fabric (PWCF) 
[0]10 & [±45]20 [0]10 4 

NB321/7781 Fiberglass 
(SWGF) 

Newport 
Adhesives and 
Composites, 

Inc.[28] 

[0]10 & [±45]20 [0]10 4 

 
 

A 8"×23" template was employed to cut the plies along the 0°, +45° and -45° orientation 

from the rolls of material prepregs. A 4"×25" sheet of Teflon [29] was inserted taking great care 

to avoid folding and crimping in the mid-plane of the laminate.  

2.2.2 Lay-up Process 

A hand lay-up was employed to prepare the material laminates. The lay-up process was 

done in a controlled environment to prevent impurities (such as dust from air or transferred from 

hands) from contaminating the laminate panel. An air-conditioned facility separated from the 

exterior environment was utilized during the lay-up process. The lay-up tools (such as the base 

plates, templates, utility knife, roller and the caul sheets) were cleansed with an acetone solvent 
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followed by cleansing before employing them for lay-up. The laminates were hand laid on the 

base plate with the plies being cut with reference to the template dimensions of 8"23". In order 

to simulate the crack in the specimen, a non-adhesive Teflon film of 0.0005" thickness was 

inserted in the mid-plane of the laminate during the layup process. This created the initial 

delamination in the specimen. For epoxy matrix composites cured at relatively lower 

temperatures, 177ºC (350ºF) or less, a thin film of Polytetrafluoroethylene (PTFE) as 

recommended by the ASTM D 5528 [12] was used. Great care was taken to ensure that the insert 

did not fold or crimp during the lay-up. It was laid so that it extended 3.5" into the 8" width of 

the panel as shown in the Figure 5 below.   

 

 

Figure 5: The geometry of the fabricated laminate used for the research. 

 

The vacuum bagging process was initiated by placing aluminum caul plates on top of the 

laminate stack.  A release film to prevent the spreading resin from clogging the breather was 

carefully laid beneath the caul plate by avoiding an entrapment of air. A layer of breather film 

was placed on top of the caul sheet to allow the uniform application of vacuum pressure over the 

laminate and the removal of entrapped air or volatiles during cure. A vacuum bag was applied 

on top the breather. Care was taken to prevent the perforation of the bag and it was sealed using 
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bag sealant tape. Vacuum valves and hoses were attached to the system. The vacuum bag was 

checked for any leakage after application of vacuum. The sealant tape was removed after 10 

minutes of vacuum containment. The vacuum bags along with the breather and the barrier film 

were disposed. The curing of the laminate panels took place in an autoclave at National Institute 

for Aviation Research [30]. The curing was based on the material vendor’s specifications.   

Table 2 lists the cure specifications of the material as provided by the vendors. 

 

TABLE 2: MATERIAL-CURING CYCLES 

Material 
Heat-up 

rate 
[F/min] 

Dwell 
temperature 

[F] 

Dwell 
Time 
[min] 

Cool-down 
rate 

[F/min] 

Pressure 
[psi] 

T800S/3900-2B[P2352W-19] 
BMS8-276 Rev-H-Unitape 1-5 355±10 130±10 -5 80-100 

T700G-12K-50C/3900-2 Plain 
Weave Carbon Fabric (PWCF) 1-5 355±10 130±10 -4 80-101 

NB321/7781 Fiberglass (SWGF) 1-5 275 90 -5 50 

 

The plots in Figures 6 and 7 provide a summary of the parameters during the cure cycles 

of test panels of the NB321/7781, T700G/3900 and T800S/3900 materials respectively. The 

vacuum pressure, temperature and the autoclave pressure on the laminate is monitored during the 

curing to ensure the quality of the resulting laminate. 
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Figure 6: The autoclave cure cycle of NB321/7781 material system. 

 

 

Figure 7: The autoclave cure cycle of T700G/3900 and T800S/3900 material systems. 
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2.3 Specimen Fabrication 

Identical specimens were used for the mode-I and mode-II testing. The specimen 

geometry shown in Figure 8 was utilized. The cured laminate panels were cut into rectangular 

blanks and the edges of the blanks were surface grinded to the required specimen dimensions.   

 

 

Figure 8: The specimen geometry used for mode-I and mode-II tests. 

 

The mode-I specimens required hinges on opposite sides of the specimen. The top surface 

of mode-I specimens were scrubbed with sand paper and wiped clean with acetone in preparation 

for bonding the hinges. Hysol EA 9394 adhesive [31] was employed to bond the hinges on the 

mode-I specimens. The part A and part B of adhesive was mixed by weight ratio of 100:17. The 

specimens and surrounding environment were kept dust free while applying the hinges. The 

hinges were sanded to ensure rust and pit free bonding surface [32]. It was later cleansed with 

acetone and then cleaned with alcohol to drive away the impurities. This surface preparation of 

the specimen and hinges were necessary to prevent de-bonding of the hinges during the 

experimentation. The hinges were bonded to the ends of the specimens as shown in Figure 9 

below and were cured at 165ºF for 4 hours under pressure of 20 psi.  

Strain gages were mounted on the mode I specimens. The specifications of the Vishay 

Micro-Measurements® [33] strain gages used in this study are shown in Table 3 below.  
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Figure 9: The geometry of the Double Cantilever Beam test specimen.   

 

TABLE 3: STRAIN GAGE DESCRIPTION 

Designation Description 

EA Constantan foil in combination with a tough, flexible, polyimide 
backing 

00 Self temperature compensator number matching the specimen material 

060 Active gage length (0.060") depending on the size of the specimen was 
selected 

CD Grid and tab geometry selected based on the strain gradients(normal in-
plane), space available for installation and available grid resistance 

350 High grid resistance (Ω) minimizing heat dissipation problems 

 

 

Figure 10: Strain gage location. 

 

The strain gage was mounted on the mode-I specimens as shown in the Figure 10. The 

utilization of strain data for crack length calculations will be discussed later in the section of 
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testing procedures. Vishay Micro-Measurements® model 2210 signal conditioning amplifier was 

employed to condition and amplify the electrical outputs associated with the strain signals. The 

gain [34] computed using equation (1) was used amplify the strain signals from both mode-I and 

mode-II tests. Table 4 shows the parameters used for calculation of the strain gage gain for the 

fracture tests. 

610
4

KV

V
Gain

ext

o  (1) 

 

TABLE 4: PARAMETERS FOR GAIN CALCULATION 

Parameters for gain calculation Values 

Excitation voltage (V) 2 

Maximum strain (µε) 20,000 

Gage factor (K) 2.05 

Amplifier output voltage (V) 10 
 

The mode-II specimens required no special preparation beyond cutting and surface grinding of 

the laminate panel to the required dimension of the specimen. 

2.4 Testing procedures 

 This section describes the procedure followed during the experiments. The mode-I and 

mode-II tests were carried out separately on a MTS 5,000lbs electromechanical static test frame 

and a MTS 5,000lbs high rate servo dynamic test system [35]. The mode-I specimens were tested 

at displacement rates of 8.33 × 10-4, 8.33 × 10-3, 8.33 × 10-2, 1, 10 and 50in/s. The mode-II 

specimens were tested at displacement rates of 8.33 × 10-4, 8.33 × 10-2, 0.25, 1, 10 and 100in/s. 

The test machines were operated in the displacement control mode. Load sensing devices 

with an accuracy of ±1% over the load ranges, were employed to record the load applied on the 
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specimens. A Honeywell Sensotec [36] model M31 strain gage based load cell of ±100lbs 

capacity was used for load measurement for low rate tests. PCB Piezotronics’ [37] (model 

208C02 SN 25336) piezoelectric force sensor of ±100lbs was utilized to acquire load data for 

mode-I high rate tests. PCB Piezotronics’ [37] (model 221B04 SN 674) piezoelectric force 

sensor of ±1000lbs was utilized to acquire load data for mode-II high rate tests. The crosshead 

displacement was considered the opening displacement in the case of the mode-I tests [11] and 

deflection in the case of the mode-II tests. 

2.4.1 Mode-I 

For mode-I high rate tests, the slack assembly was utilized in order to provide required stroke 

rate at the onset of loading of the specimens. The slack assembly shown in Figure 11 consisted of 

a slack tube and a slack rod. The hinge adapter was attached to the slack rod and the position of 

the slack tube mounted on the actuator of the servo dynamic test frame was varied for different 

stroke rates to facilitate acceleration up to the desired stroke rate. Dampers were placed beneath 

the slack rod to reduce vibrations after impact. The load cell was screwed to the hinge block and 

the fixed crosshead. 
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Figure 11: Schematic of the experimental setup used for static and dynamic mode-I fracture 
tests [3]. 

 
The double cantilever beam specimens with bonded hinges shown on Figure 9 were 

tested to determine the mode-I interlaminar fracture toughness, GIc. The dimensions of each 

specimen were measured using a caliper. The average values of the thickness and width of each 

specimen were recorded. The exact position and the distance from the edge of the specimen to 

the end of the insert were accurately measured using a microscope with 40× magnification. The 

initial delamination length, which is the distance between the loading line and the end of the 

insert, was measured. The hinge center being the loading line was considered as the starting 
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point. The distance to the edge of the specimen and the hinge center is measured. This value is 

subtracted from the initial delamination length measured using microscope.  

The hinges on the specimen were mounted in the grips of the testing machine. The 

specimen was carefully aligned and centered in the load frame. Testing parameters such as the 

crosshead rates, acquisition rates and number of data points for records were set prior to loading 

the specimens. Table 5 contains the values employed for the mode-I tests at various load rates. 

TABLE 5:  DATA ACQUISITION PARAMETERS FOR MODE-I TESTS 

Crosshead rates (in/s) Data acquisition rates (Hz) No. of data points 
8.33×10-4 10 ~1,000 
8.33×10-3 20 ~1,000 
8.33×10-2 50 ~1,000 

1 15,000 100,000 
10 100,000 100,000 
50 500,000 500,000 
100 1,000,000 1,000,000 

 

The filter of the strain gage-signal conditioner was set to 1 kHz for quasi-static tests and 

wide band for high rate tests. This was to maximize the bandwidth for data collection. This 

resulted in more of noise frequency and the technique used to filter these noises is described in 

next section of data reduction technique. The specimens were loaded and the delamination 

growth was observed. The specimen was observed for fracture and the time, load, displacement 

and strain data were recorded and saved for data reduction. The static test frame recorded values 

of 100lbf load cell in pound-force, the displacement transducer in inches. The strains measured 

from signal conditioner were recorded in terms of micro strain. These data were directly used for 

data reduction. The load indicator, LVDT and the strain indicator of high rate test frame recorded 

values of load, displacement and strain in terms of volts. The parameters used for conversion to 

the respective units are shown in the Table 6. 
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TABLE 6: CONVERSION FACTORS FOR BOTH MODE-I AND MODE-II HIGH RATE 
TESTS 

 
Parameter Voltage Mode-I tests Mode-II tests 

Displacement 1V 1.5inches 1.5inches 

Load 1V 10lbs 100lbs 

Strain 1V 2×10-3in/in 2×10-3in/in 
 

The raw data load-time history of a specimen tested at high displacement rate is shown in 

Figure 12. The data is masked by extraneous frequency components due to the inertial effects of 

the hinge and assembly blocks. This data was smoothened using the Savitzky-Golay Smoothing 

algorithm of the TableCurve 2D® code [38], to remove these extraneous frequency components. 

This procedure produced employs least square fitting of a polynomial across the moving within 

each data set. The sequential internal passing of the polynomial is employed to achieve smoothed 

data. The raw data set was smoothed by polynomial curve fitting of successive set of data points 

specified by the user. This method maintains the peaks/valleys that could be lost due to low pass 

filters. The parameters used for smoothing are shown in Table 7. 
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Figure 12: Illustration of the raw data plot of the T800S/3900 [0°] specimen tested at 50in/s. 

 

Figure 13: Illustration of the filtered data plot of the T800S/3900 [0°] specimen tested at 50in/s. 
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TABLE 7: SAVITZKY-GOLAY ALGORITHM PARAMETERS 

Smoothing 
parameters Definition Value 

Window size  Specifies the one-sided width of the moving 
window which defines the smoothing level 300 

Order Defines the order of the polynomial model 2 

Passes Specifies the number of sequential applications 
of smoothing filter 4 

 

The plot contained in Figure 13 is the load-time data of Figure 12 after application of the 

smoothing algorithm.  

2.4.2 Mode-II 

The mode-II tests were conducted using a 3-point bend set up for loading. This consisted of 

three identical u-shaped fixtures with pin supports. The fixture supports were fastened to a flat 

base. This assembly was mounted on the actuator of the servo dynamic tests frame for high rate 

tests. The fixture base assembly was fastened to the fixed base as shown in the Figure 14 for the 

static tests on electromechanical test frame. The loading pin was set up to be equidistant from the 

base support fixtures. The initial crack length in the specimen was controlled to 0.5". The 

specimen was held in its position with the aid of rubber bands. The crack extension was achieved 

through the application of the bending loads. 
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Figure 14: Schematic of experimental setup used for static and dynamic mode-II fracture tests. 
 

The ENF specimens shown in Figure 15 were tested to determine the mode-II 

interlaminar fracture toughness, GIIc. The dimensions of each specimen were measured using a 

caliper. The average values of the thickness width of each specimen were recorded. The exact 

position and the distance to the edge of the specimen and end of the insert were accurately 

measured using a microscope with 40× magnification. Even though the ASTM D 6671 [39] 

specifies 2 inches distance between the loading line and of the supports, the distance for this 

research was 1.5 inches due to the restrictions on the dimensions of the fixture. The initial 

delamination length was measured as the distance between the support and the end of the insert. 
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Figure 15: The geometry of the End Notch Flexure test specimen. 

 

The specimen is mounted on three-point bending fixture to apply the shearing load on the 

specimens. The maximum shear stresses for the ENF specimens are along the mid-plane thereby 

influencing in-plane sliding (mode-II) failure. Testing parameters such as the crosshead rates, 

acquisition rates and number of data points for records were fixed prior to loading the specimens. 

The Table 8 gives the values used for different tests. 

TABLE 8: DATA ACQUISITION PARAMETERS FOR MODE-II TESTS 

Crosshead rates (in/s) Data acquisition rates (Hz) No. of data points 

8.33×10-4 2 ~1,000 
8.33×10-2 200 ~1,000 

0.25 500 ~1,000 
1 15,000 100,000 
10 100,000 100,000 
100 1,000,000 1,000,000 

 
The data acquisition filter was set to 1 kHz for quasi-static tests. The specimens were 

loaded to failure. The initial delamination propagation was slow but later continued rapidly until 

it was arrested further. During this period, the load-displacement was stable while there was slow 

propagation and dropped instantly at onset of rapid propagation indicating an unstable crack 

propagation. The specimen was loaded to fracture and the time, load, displacement and strain 

data were recorded and saved for data reduction. 
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2.5 Data Reduction Techniques 

2.5.1 Mode-I 

The data recorded from the experiments were utilized to obtain the values of mode-I 

interlaminar fracture toughness, GIc of materials tested. The data reduction technique 

recommended by ASTM D5528 [11] was utilized to determine GIc. Although this standard is 

pertaining to unidirectional fiber-reinforced composites, it can also be used for woven fibrous 

composites. The Figure 16 shows the deflected double cantilever beam (DCB) specimen under 

loaded conditions. 

 

Figure 16: Illustration of the DCB under loading conditions. 

The fracture toughness, which is the energy required to create a new surface area is 

estimated based on modified beam theory [11] given by  

a

P
G Ic 2

3 
  (10) 

Strictly speaking, the crack lengths have to be measured visually during the loading 

process and used in the above equation. However, under dynamic loading it would require a 

high-speed imaging system to accomplish this.  In the absence of such a system, the crack length 

may be estimated using the surface strain gage readings in conjunction with Euler-Bernoulli 
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beam theory [40]. Assuming small deformations, the following equation (11) is used for 

obtaining the crack length 

3
2

3


eh
a   (11) 

 

Figure 17: Illustration of the crack tip opening displacement [12]. 

The crack tip opening displacement rate ( cty ) as proposed by Smiley et al. [12] was 

based on the crack tip opening displacement of the specimen as shown on Figure 17. This was 

utilized in examining the rate sensitive effects on GIc. The crack tip opening displacement rate, 

 xy prior to crack propagation is given by  

332 2/)3()( axaxxy    (12) 

At the crack tip, 0x and   00 y . Therefore cty  is defined as the crack opening 

displacement rate (13) at some arbitrary small distance from the crack tip. x , chosen to be 2-

ply thicknesses. The value of α for the three materials is shown in Table 9. 
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TABLE 9: 2-PLY THICKNESS VALUES USED FOR CALCULATION OF OPENING 
DISPLACEMENT RATES 

 
Material 2-ply thickness values (inches) 

NB321/7781 0.0219 

T700G/3900 0.0167 

T800S/3900 0.0143 
 

Thus for a , 

2

2

2
3

a
yct


   (13) 

2.5.2 Mode-II 

SACMA recommends end notch flexure test for determining mode-II interlaminar 

fracture toughness, GIIc.  Russell and Street [19] were the first to propose the use of end notch 

flexure test to study the shear mode of interlaminar crack growth in composites. Carlsson et al. 

[21] have utilized the ENF test geometry (see Figure 18) to examine the effects of specimen 

preparation and data reduction methodology on the GIIc.  

 

Figure 18: Illustration of ENF specimen under loading conditions. 

The expression for the GIIc (14) as derived by Russell [19] from the elastic beam theory is 

)32(2
9

32

22

aLb

CaP
GIIc


  (14) 

In the above equation, C represents the compliance of the test specimen. The compliance 

is defined as the reciprocal of the stiffness value obtained. The compliance for a specimen is 
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determined by fitting a straight line to the initial portion of the load-deflection data. For instance, 

the stiffness of the specimens with load-deflection curve shown in Figure 19 is 686.32lbf/in. The 

compliance would then be 1.457×10-3 in/lbf. 

 

Figure 19: Illustration of stiffness estimation based on experimental data. 

The shear displacement rate as proposed by Smiley et al. [22] was utilized in 

characterizing the rate sensitive effects on GIIc. The shear displacement rate, ctu in the region of 

crack tip defined as the relative velocity of the crack surfaces at an arbitrary distance α, from the 

crack tip. The locations c and c' on the crack surfaces are at a distance of α from the crack tip as 

shown in the Figure 20. They would remain coincident before loading the specimen. During 

loading the upper crack surface containing point c will slide away from the crack tip due to 
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tension. The lower crack surface containing point c' will slide towards the crack tip due to 

compression.  

 

Figure 20: Illustration of relative sliding of the crack surfaces [22]. 

The relative sliding distance determined by Smiley and Pipes [22] using Timoshenko’s 

beam theory, is given by 

)32(
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  (15) 

Smiley et al. [22] derived the shear displacement rate at the crack tip as 

)32(
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  (16) 

An arbitrary distance, α was chosen to represent the 2-ply thickness. The value of α for 

the three materials is shown in Table 10. 

TABLE 10: 2-PLY THICKNESS VALUES USED FOR CALCULATION OF SLIDING 
DISPLACEMENT RATES 

 

Material 2-ply thickness values (inches) 

NB321/7781 0.0219 

T700G/3900 0.0166 

T800S/3900 0.0143 
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CHAPTER 3 

CALIBRATION OF CRACK LENGTH ESTIMATION 

The specimens of DCB geometry were tested to determine mode-I interlaminar fracture 

toughness. The fracture toughness calculations were based on the estimated increment in crack 

length. Due to the lack of high-speed imaging system, the increment in crack length was 

estimated based on the strain gage data. This method of crack length calculation had to be 

validated. 

The current study involves employing a cantilever beam set-up simulating opening mode 

deformation of the crack (mode-I). The distance from the loading line to the fixed position of the 

cantilever beam is termed as crack length. The crack length of the cantilever beam was fixed for 

the each test and thereby, the value of crack length was estimated based on values of strains and 

deflection obtained from the experiment, could be compared to the true value. Plots of the ratio 

of estimated crack length to original crack length, as function of ratio of estimated crack length 

to displacement were generated. The plots obtained based on both strain and defections were 

compared. The correction factors based on this study were used in the estimation of crack lengths 

in tests conducted on DCB specimens. 

The half beams from the tested DCB specimens were utilized in these tests. The half 

specimens with hinges shown in Figure 21 on one of the faces were selected as a means to 

sustain the applied load. The strain gages to measure the strains on the top and bottom layers on 

the specimens were employed. The location of the strain gages on the back to back faces of the 

specimens was at a distance of 0.5" from the center of hinge (loading point).  
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Figure 21: The geometry of the test specimen used for Crack Length Calibration tests. 

A cantilever beam set-up was employed to simulate the action of bending on the 

specimens being tested. The set-up shown in Figure 22 consists of a heavy base to avoid the 

upward motion of the fixture. The specimens with constant crack length (actual crack length) 

were fixed on this set-up. The objective was to ensure the bending of the beam without inducing 

axial loads due to geometric non-linearity. This was achieved by utilizing two rollers of 4" length 

and 0.787" diameter were employed to impart motion to the fixture as the loading was applied. 
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Figure 22: Schematic of experimental setup used for Crack Length Calibration tests. 

MTS electromechanical static test frame was used to test the specimens at quasi-static 

rate of 0.05in/min. The specimens with crack length ranging from 1.38"-3.54" were tested. 

Proper alignment of the specimen and the fixture was ensured before beginning of the test. The 

strain gage with grid resistance of 350Ω and gage factor of 2.05 was utilized to measure the 

strains on the specimens. Vishay signal conditioning amplifier with excitation voltage of 2 volts 

was utilized to condition and amplify the strain signal obtained from the specimen. The 

conditioner was calibrated to a full-scale strain reading of 20,000µε and an amplifier gain value 

of 487.804 was used. The loads up to 10lbf were applied during the testing. An example of the 

strain data recorded for both top and bottom layers of the specimens are shown in Figure 23. The 
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deviation of strain data from that of the beam theory indicated the effect of geometric non-

linearity and axial loading on the specimen. This is due to the load not being applied 

perpendicular to the specimen as it is deflected during the loading. The deviation increased for 

increase in the displacement of the crosshead. The top layer strain data was utilized for 

calculations as the deviation between the two gage data were not significant. The specimen 

dimensions and section property are listed for all three materials in Table 11. 

 

Figure 23: Back to back strain gages-deflection response plot. 
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TABLE 11: BEAM DIMENSIONS AND SECTION PROPERTIES 

Material Length 
[in] 

Height 
[in] 

Width 
[in] 

Crack length range 
[in] 

Moment of inertia 
[in4] 

NB321/7781 6.25 0.0548 1.002 1.38-3.54 1.372×10-5 

T700G/3900 6.25 0.0416 1.000 1.38-3.15 6.031×10-6 

T800S/3900 6.25 0.0575 1.004 1.38-3.54 1.593×10-5 
 

3.1 Crack Length Estimation Methodologies 

3.1.1 Using Strain Data 

The parameters for estimating the crack length of the beam was based on the specimen 

geometry shown on Figure 21. The strain gage data obtained from the experiments were 

employed to estimate the crack length of the beam. Based on Euler-Bernoulli beam theory [40], 

we have 

2
hI

M 
  (17) 

Bending moment on the beam was considered as product of applied load and distance from the 

loading line to the gage center per the following equation. 

PeM   (18) 

Stress on the surface of the beam was obtained by substituting the above into equation 17 as 

I

Peh

2
  (19) 

The strain based on Hookean behavior is given by 

EI

Peh

2
  (20) 

The beam deflection equation (21) is considered to eliminate the material and section property in 

crack length calculations.  
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EI

Pa

3

3

  (21) 

After rearranging (21) and substituting in (20) the strains in terms of deflection and crack length 

(22) is obtained as 

32
3

a

eh
   (22) 

The crack length based on strain gage data was obtained by rearranging equation 21 as follows 

3
2

3


eh
a   (23) 

 

Figure 24: Deflected beam configuration. 

Where, δ is the deflection of the beam [in.], P is the applied load [lbf], ζ is the stress on the beam 

[psi], h is the thickness of the beam, E is the modulus of elasticity [Msi], I is the moment of 

inertia [in4], and e is the distance from the loading line to the gage center [in]. 

3.1.2 Using Deflection 

The strain gage readings obtained from the experiments, the flexural stresses calculated 

from the flexure formula were employed plotting the stress strain relationship, and modulus of 

elasticity was obtained based on Hooke’s law [40]. Modulus of elasticity was estimated by 

employing least squares fit to the linear portion of stress-strain plots. The configuration of the 

deflected beam is shown in Figure 24. The beam deflection equation [40] was employed to 

estimate the crack length of the beam.  
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  (24) 

The stress-strain plots for crack length ranging from 1.38" to 3.54" for the NB321/7781, 

T700G/3900 and T800S/3900 materials are represented in the Figures 25 to 27 respectively. The 

stress-strain plot of the 1.38" crack length was considered to estimate the modulus of elasticity of 

the three materials. The non-linear responses are due the limitation of the beam theory to small 

deflections.  

 

Figure 25: Stress-strain plots of NB321/7781 material. 
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Figure 26: Stress-strain plots of T700G/3900 material. 
 

 

Figure 27: Stress-strain plots of T800S/3900 material. 
 

The experimental observation of NB321/7781 beam indicated application of bending 

loads with negligible amount of axial loads on the beam. This was true for crack length range of 
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1.38"-2.36". As the crack length of the beam increased for the range of 2.77"-3.54", the 

deflection of the beam increased along with the influence of the axial loads coming into effect. 

The ratios of estimated crack length to original crack length were plotted as function of ratios of 

displacement to original crack length for all three materials tested. The comparisons of trends 

obtained by both methods for NB321/7781 are as shown in the Figure 28. Both the responses 

indicate the estimated crack length tending towards unity for the increase in displacement. The 

response obtained based on strain data for the crack length ranging from 2.77"-3.54" indicates 

deviation from unity. This may be due to the effects of axial loading on the specimen. The load-

deflection response indicated about 4lbf of axial loading. The experimental response for 

T700G/3900 beam indicated linear response for crack length range of 1.38"-1.96". The effects of 

axial loading were observed for crack length range of 2.36"-3.15". The comparison plots in 

Figure 29 indicate the responses for both methodologies tending towards unity for crack length 

range with negligible amount of axial loading. The deviation in the response obtained by strain 

data can be due to the effects of axial loading and the rotation of loading end. The comparison 

plots in Figure 30 indicate the responses for both methods tending towards unity for crack length 

range with negligible amount of axial loading for T800S/3900 material. The responses based on 

both methodologies indicate similar behavior. In order to estimate the error, the difference in the 

ratio of estimated crack length to original crack length with unity is considered for all the 

different crack lengths.  

error Ratio






a

aaest  (26) 

The actual crack length may be removed from the estimated value, if one has knowledge of error. 

Using the following equation along with the denominator, the actual crack length may be 

estimated.  
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error Ratio1
 est

o

a
a  (27) 

The value of denominator for NB321/7781, T700G/3900 and T800S/3900 materials is 1.2011, 

1.2143 and 1.2320 respectively. 

   

   

  

 

 

Figure 28: Crack Length Estimation Method comparisons for NB321/7781 material. 
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Figure 29: Crack Length Estimation Method comparisons for T700G/3900 material. 
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Figure 30: Crack Length Estimation Method comparisons for T800S/3900 material. 

The validation of the crack length estimation based on strain is achieved by comparison 

of the ratio of estimate crack length to original crack length with values based on deflection 

methodology. The crack propagation on mode-I specimens were estimated based on the new 

formulation (27) developed through the discussed calibration techniques.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Mode-I 

The NB321/7781 specimens were tested at quasi-static and high displacement rates. The values 

of loads, deflection and strain were employed in calculations of increment in crack length and 

fracture toughness. The increment in crack length values were estimated based on the strain 

values. The initiation fracture toughness values were estimated based on the crack lengths. The 

load-deformation response of the material for a range of testing rates was generated. 

4.1.1 Crack Growth Behavior 

Figure 31 show the relationship between applied load and displacement for NB321/7781 

[0°] specimens, tested at rates ranging from 8.33×10-4in/s to 100in/s. The mode-I fracture 

behavior was examined based on the load vs. displacement curves. Three basic types of fracture 

behavior categorized as ductile stable, transition (stick slip) and brittle stable were observed 

during testing [12].  

The curves illustrated for rates 8.33×10-4, 8.33×10-3 and 8.33×10-2in/s indicate ductile 

stable crack growth. The specimen responds linearly until the onset crack growth and further 

undergoes ductile stable growth and arrests when the loading stops. The stroke rate of 1in/s 

resulted in ductile stable crack growth with peak load dropping by considerable value. The curve 

obtained at rate 10in/s indicates a combination of ductile stable and brittle unstable crack growth 

behavior. This behavior occurred due to increase in the loading rate. Leech [41] explained this 

erratic behavior is due to the pinned crack tip and the energy build-up in this region causing the 

crack to propagate very rapidly. This may also be possible due to the increase in the local change 

in the crack-opening rate according to Smiley et al. [12].  
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The specimen tested at the loading rates of 50 and 100in/s exhibited brittle unstable 

fractures. The load decreases with crack propagation and during arrest, the load increases until 

there is sufficient energy built up to propagate the crack further. Hence the load-displacement 

response at 50 and 100in/s are brittle unstable. 

 

 

Figure 31: Representative load-opening displacement plots of NB321/7781 [0°] material at 
different loading rates. 
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Figure 32: Representative strain-opening displacement plots of NB321/7781 [0°] material at 
different loading rates. 

 
The dynamic test data could be contaminated by extraneous frequency components due to 

the inertial effects of the hinges and attachment blocks. The strain gage data was used to verify 

the behavior observed based on the load signal. The strain data recorded during the tests is 

plotted as a function of the opening displacement rate in Figure 32. The variation of strain tends 

to mimic the behavior observed in force-displacement plots thereby confirming the 

aforementioned behaviors. However, at a stroke rate of 1in/s, unlike the trend indicated by load 

signal, the strain values are higher in comparison to that at 10in/s and higher. Since the strain 
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rates are low enough (<0.002s-1), the stiffness changes are negligible. Thus, the force trends at 

1in/s are higher than that indicated by load cell. 

 

 

Figure 33: Delamination resistance plots of NB321/7781 [0°] material. 

The opening mode delamination resistance is plotted for the NB321/7781 [0°] material 

tested at different stroke rates in Figure 33. The data points represent 3 tests corresponding to 

each stroke rate. The delamination resistance is observed to decrease with increase in stroke rate. 

The resistance tends to be constant up to a particular crack length at low rates. At higher rates, 

the resistance decreases gradually. 
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As the means to measure initiation fracture energy, the values of the initiation fracture 

toughness values were determined at the onset of crack growth. The values of load, displacement 

and strain were utilized along with the formulation described earlier in section 1.2.1 for 

calculations of fracture toughness. The initiation toughness was based on the peak load prior to 

crack propagation. The initiation fracture toughness as a function of crack tip opening 

displacement rate is plotted in Figure 34. 

 

 

Figure 34: Rate sensitivity of mode-I interlaminar initiation fracture toughness of NB321/7781 
[0°] material. 
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For NB321/7781 [0°], the initiation fracture toughness was observed to decrease steadily 

for stroke rates up to 1in/s with the opening displacement rate. The values increased for stroke 

rates 10 to 100in/s. The initiation fracture toughness was observed to decrease from an average 

value 7lbf-in/in2 to about 4lbf-in/in2 for a factor of 50×102 increase in crack tip opening 

displacement rate. The fracture toughness increased from the average value 4lbf-in/in2 to 6lbf-

in/in2 when crack tip opening displacement rate increased by a factor of 500. 

4.1.2 Microscopic Observations 

The surfaces of specimens tested at different rates were examined to gain insight into the 

crack growth behavior. The photographs of the specimens shown in Figure 35 indicate the 3 

types of behaviors corresponding to the load-displacement curves. The low rates indicate 

uniform matrix failure, thus confirming the ductile stable crack growth. The specimens tested at 

1 and 10in/s indicates regions of glossy matrix in between matted matrix failure indicative of 

transition behavior. The fracture surface of specimens tested at 50 and 100in/s indicates large 

bands of matted and glossy matrix. The matted regions are formed during crack propagation and 

glossy regions indicate crack arrest. This is similar behavior as observed in the load-

displacement and strain-displacement curves for these stroke rates. This is indicative of brittle 

unstable behavior. 
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Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

 

Stroke rate: 100in/s 

 

Figure 35: Fracture surfaces of NB321/7781 [0°] specimens tested at different stroke rates. 
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Figure 36: Representative load-opening displacement plots of NB321/7781 [±45°] material for 
different loading rates.  

 
The load-displacement response for NB321/7781 [±45°] specimens in Figure 36 is 

indicative of fracture behavior. The low rates tests indicate ductile stable crack growth with peak 

load considerably dropping for specimen tested at 1in/s. The response of specimen tested at 

10in/s is indicative of ductile stable behavior. The specimen tested at 50in/s indicates brittle 

unstable behavior. 
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Figure 37: Representative strain-opening displacement plots of NB321/7781 [±45°] material for 
different loading rates. 

 
The strain-displacement response for the NB321/7781 [±45°] specimens in Figure 37 mimics the 

load-displacement behavior. The rates up to 10in/s indicated ductile stable behavior. The fracture 

behavior at 50in/s rate was observed to be brittle unstable. However, at a stroke rate of 1in/s, 

unlike the trend indicated by load signal, the strain values are higher in comparison to that at 

10in/s and higher. Since the strain rates are low enough (<0.002s-1), the stiffness changes are 

negligible. Thus, the force trends at 1in/s are higher than that indicated by load cell. 
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Figure 38: Delamination resistance plots of NB321/7781 [±45°] material. 

The opening mode delamination resistance for the NB321/7781 [±45°] material tested at 

different stroke rates is plotted in Figure 38. The resistance tends to decrease when stroke rate 

increases for rates up to 1in/s. The resistance curve for 1in/s must be higher. The delamination 

resistance tends to increase at low rates. At high rates, the resistance tends to decrease gradually 

up to a particular crack length. 
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Figure 39: Rate sensitivity of mode-I interlaminar initiation fracture toughness of NB321/7781 
[±45°] material. 

 
The response of initiation fracture toughness as a function of crack tip opening rate in 

Figure 39 is indicative of the rate sensitivity of the NB321/7781 [±45°] material. The fracture 

toughness decreases from an average value of 10lbf-in/in2 to about 3lbf-in/in2 when crack tip 

opening displacement rate increases by a factor of 1×103. It was then observed to increase from 

value of 3lbf-in/in2 to about 4.5lbf-in/in2 for increase in a factor of 1×102 crack tip opening 

displacement rate. 
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Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1 in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure 40: Fracture surfaces of NB321/7781 [±45°] specimens tested at different stroke rates. 

The fracture surfaces of specimens tested at different stroke rates is represented in    

Figure 40. For the stroke rates up to 10in/s, the specimens indicate uniform matrix failure 

regions, which are indicative of ductile stable fracture. The fracture surface of specimen tested at 

50in/s indicates bands of glossy and matted matrix surface. This is indicative of brittle unstable 

behavior. 
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Figure 41: Representative load-opening displacement plots of T700G/3900 [0°] material for 
different loading rates. 

 
The load-displacement plots for T700G/3900 [0°] specimens are shown in Figure 41. The 

low rate tests are indicative of stick-slip behavior with high peak loads. The response of the 

specimen is combination of ductile stable and brittle unstable behavior. Prior to crack growth the 

specimen responds in a ductile stable behavior followed by erratic and unstable behavior during 

crack propagation. This is the transition stage from ductile stable behavior to brittle unstable 

behavior. The plot comparison of high rate tests indicates an increase in the effect of brittle 
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unstable behavior. The specimen initially responds in linear manner followed by frequent 

reduction of load without change in displacement. 

 

Figure 42: Representative strain-opening displacement plots of T700G/3900 [0°] material for 
different loading rates. 

 
The strain-displacement plots in Figure 42 were plotted to observe any differences in the 

behaviors. The responses mimic the load-displacement plots. The fracture behavior at low rates 

was observed to be stick-slip. The higher rates up to 50in/s indicated brittle stable behavior.  
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Figure 43: Delamination resistance plots of T700G/3900 [0°] material. 

The opening mode delamination resistance of T700/3900 [0°] material tested at different 

stroke rates is plotted in Figure 43. The delamination resistance tends to be constant with 

increase in stroke rate for all represented stroke rates. The representative data of the 3 specimens 

show a constant pattern for the different strokes tested. The decaying of the piezoelectric load 

cell is observed at stroke rate of 1in/s. Due to the low bandwidth of the load cell, the load signals 

are not sustained for longer duration as the static charges is drained after a short span of time. 

Unlike the trend indicated by load signal, the strain values are closer to the values at 10in/s. 
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Since the strain rates are low enough (<0.002s-1), the stiffness changes are negligible. Thus, the 

force trends at 1in/s are higher than that indicated by load cell.  

 

Figure 44: Rate sensitivity of mode-I interlaminar initiation fracture toughness of T700G/3900 
[0°] material. 

 
The initiation fracture toughness values as a function of crack tip opening displacement 

rate are plotted in Figure 44 to examine the rate sensitivity of the T700G/3900 [0°] specimens. 

The initiation fracture decreases from an average value of 3.5lbf-in/in2 to 2lbf-in/in2 for increase 
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in crack tip opening displacement rate by a factor of 1×103 until further increasing to 3.2lbf-in/in2 

for further increase crack tip opening displacement rate by a factor of 1×102. 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 
 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure 45: Fracture surfaces of T700G/3900 [0°] specimens tested at different stroke rates. 

The fracture surface of the failed test specimens in Figure 45 were further examined post-

test to observe any differences in the failure modes as a function of the stroke rate. The 

specimens tested at low rates indicate the uniform glossy and matted matrix regions indicative of 

stick-slip behavior. The fracture surfaces of specimens tested at 1, 10 and 50in/s indicates the 

Glossy 

Glossy 

Glossy 

Glossy 
Glossy 

Glossy 
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scattered regions of glossy and matted matrix regions. The fracture surface is thus indicative of 

brittle unstable behavior. 

 

Figure 46: Representative load-opening displacement plots of T700G/3900 [±45°] material for 
different loading rates. 

 
The load-displacement plots of T700G/3900 [±45°] in Figure 46 is plotted to observe the 

fracture behavior of the specimens at different stroke rates. The responses of specimens tested up 
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to rates of 10in/s indicate stick-slip behavior with peak loads considerable reducing at 1 and 

10in/s. The response of specimen at rate of 50in/s is indicative of brittle unstable behavior. 

 

Figure 47: Representative strain-opening displacement plots of T700G/3900 [±45°] material for 
different loading rates. 

 
The strain-displacement plots in Figure 47 were utilized to examine any differences in the 

behaviors observed in load-displacement plots. The responses of specimens tested at rates up to 

10in/s indicate stick-slip behavior. The specimen tested at 50in/s indicates brittle unstable 

behavior. However, at a stroke rate of 1in/s, unlike the trend indicated by load signal, the strain 
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values are closer to the values at 10in/s. Since the strain rates are low enough (<0.002s-1), the 

stiffness changes are negligible. Thus, the force trends at 1in/s are higher than that indicated by 

load cell. 

        

Figure 48: Delamination resistance plots of T700G/3900 [±45°] material. 

 The opening mode delamination resistance of T700/3900 [±45°] material tested at 

different stroke rates is plotted in Figure 48. The resistance tends to decrease with increase in 

stroke rate. The resistance tends to increase up to a particular crack length at low rates. The data 

of specimens tested at 1in/s indicate decreasing trend with crack growth. At higher rates, the 
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resistance tends to be constant. The trend indicated by the fracture toughness values is higher at 

10in/s compared to that at stroke rate of 1in/s indicating the decaying of the piezoelectric load 

cell. Due to the low bandwidth of the load cell, the load signals are not sustained for longer 

duration as the static charges is drained after a short span of time. 

 

Figure 49: Rate sensitivity of mode-I interlaminar initiation fracture toughness for T700G/3900 
[±45°] material. 
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 The Figure 49 indicates the rate sensitivity of T700G/3900 [±45°] material. The initiation 

fracture toughness values decreases form and average value of 5lbf-in/in2 to about 2.5lbf-in/in2 

for increase in crack tip opening displacement rate by a factor of 50×102. It further increases 

from an average of 2.5lbf-in/in2 to 3.4lbf-in/in2, when crack tip opening displacement rate 

increases by a factor of 1×102. The trend indicated by the initiation fracture toughness values is 

higher at 10in/s compared to that at stroke rate of 1in/s indicating the decaying of the 

piezoelectric load cell. Due to the low bandwidth of the load cell, the load signals are not 

sustained for longer duration as the static charges is drained after a short span of time 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure 50: Fracture surfaces of T700G/3900 [±45°] specimens tested at different stroke rates. 
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 The fractures surfaces shown in Figure 50 were examined to observe any changes in the 

behaviors observed using load-displacement plots. The surfaces of specimens tested up to 10in/s 

indicate glossy and matted matrix failure regions, which is indicative of stick-slip behavior. The 

specimen tested at 50in/s indicates fiber failure along with matrix failure. The matrix failure 

region is matted and indicates of brittle unstable behavior. 

 

Figure 51: Representative load-opening displacement plots of T800S/3900 [0°] material for 
different loading rates. 
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The load-displacement responses of the T800S/3900 [0°] specimens tested at different 

rates is represented in the Figure 51. The responses specimens for all rates indicate brittle stable 

behavior. The specimen loads linearly until load requiring the crack propagation is achieved. The 

load drops instantaneously as indicated. The peak loads are decreasing with increasing stroke 

rates. 

 

Figure 52: Representative strain-opening displacement plots of T800S/3900 [0°] material for 
different loading rates. 
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The strain-displacement plots in Figure 52 were observed confirm the behaviors of the 

specimens tested at different rates. The behavior of specimens at all the tested rates indicate 

sharp drop in strain value after crack propagation. This is indicative of brittle stable behavior. 

 

Figure 53: Delamination resistance plots of T800S/3900 [0°] material. 

The opening mode delamination resistance for T800S/3900 [0°] material tested at 

different stroke rates is plotted in Figure 53. The resistance tends to decrease with increase in 
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stroke rate. The resistance at low rates tends to increase gradually. The resistance at higher rates 

tends to decrease gradually. 

 

Figure 54: Rate sensitivity of mode-I interlaminar initiation fracture toughness for T800S/3900 
[0°] material 

 
 The initiation fracture toughness of the T800S/3900 [0°] specimens are plotted as a 

function of crack tip opening displacement rate to observe the rate sensitivity in Figure 54. The 
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initiation fracture toughness values decreases steadily from an average value of 5lbf-in/in2 to 

about 2.5lbf-in/in2, when crack tip opening displacement rate increases by a factor of 50×103. 

 

Stroke rate: 8.33×10-4 in/s 

 

Stroke rate: 8.33×10-3 in/s 

 

Stroke rate: 8.33×10-2 in/s 

 

Stroke rate: 1 in/s 

 

Stroke rate: 10 in/s 

 

Stroke rate: 50 in/s 

Figure 55: Fracture surfaces of T800S/3900 [0°] specimens tested at different stroke rates. 

 The fracture surfaces of the specimens tested at different stroke rates shown in Figure 55 

were examined post tests to observe any differences in the failure modes as a function of stroke 

rate. The specimens indicate fiber failure with fiber bridging being prominent in all specimens. 

ASTM D5528 [6] indicates the occurrence of the fiber bridging phenomenon in the 
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unidirectional materials. The fiber failure becomes comparatively more prominent for specimens 

tested at increasing stroke rates. The matrix region is uniform at low rates. 

4.2 Mode-II 

End notch flexure specimens of NB321/7781, T700G/3900 and T800S/3900 were tested. 

The load, deformation values were employed to estimate the compliance. Several tests were 

conducted for each material to determine the compliance. The specimens with crack marking 

ranging from 0.1"-0.7" were employed. The plots of load as function of deformation were 

generated to determine the stiffness of the material. The inverse of the stiffness values resulted in 

compliance values. An average of three values per crack length was estimated. The plot of 

estimated compliance as a function of known crack lengths was generated. A cubic polynomial 

curve was fitted on the data points plotted. The Figures 56 to 58 shows the relationship between 

the experimental compliance and the known crack length values for all the three materials. 

 

Figure 56: Experimental compliance-crack length plots for NB321/7781 material. 
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Figure 57: Experimental compliance-crack length plots for T700G/3900 material. 

 

Figure 58: Experimental compliance-crack length plots for T800S/3900 material. 
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The values of crack length were fed in the cubic equation to obtain the experimental 

value of compliance. The crack length value that estimated compliance close to experimental 

compliance was determined as the crack length of the tested specimen. The critical strain energy 

release rates for each test were determined. Plots of critical strain energy release rates to shear 

displacement rates were generated to examine the rate sensitivity of Mode-II interlaminar 

fracture toughness of the materials are shown on Figure 59. 

 

Figure 59: Comparison of rate sensitivity plots of mode-II interlaminar fracture toughness of 
NB321/7781, T700G/3900 and T800S/3900 materials. 

 
The results plotted indicate that fracture toughness of T800S/3900, NB321/7781 and 

T700G/3900. The fracture toughness values for NB321/7781 increases from a plateau of 12lbf-

in/in2 to 17lbf-in/in2, when shear displacement rate increases by a factor of 50×105. There is a 

drop in fracture toughness value for rate of 1in/s. The fracture toughness of the T800S/3900 
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material increases steadily form and average value of 9lbf-in/in2 to about 20lbf-in/in2, when 

shear displacement rate increases by a factor of 50×105. The T700G/3900 material’s fracture 

toughness is observed to be comparatively steady for different stroke rates. The average value 

4.5lbf-in/in2 is observed to be the value for shear displacement rates varying by a factor of 

10×105. The fracture toughness response to shear displacement rate is indicative of rate 

insensitive material. 

 

Figure 60: Representative load-sliding displacement plots of NB321/7781 [0°] material for 
different loading rates. 
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The load-displacement plots in Figure 60 were observed to predict the crack growth 

behavior NB321/7781 [0°] specimens tested at different stroke rates. The load increases linearly 

until crack propagation and drops instantaneously for all the different stroke rates. 

 

 

Figure 61: Representative strain-sliding displacement plots of NB321/7781 [0°] material for 
different loading rates. 

 
 The strain-displacement response in Figure 61 indicates similar behavior for specimens 

tested at all rates. This confirms the behaviors observed in load-displacement plots for the 

NB321/7781 [0°] material. 
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Stroke rate: 8.33×10-4in/s 
 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 
 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 
 

Stroke rate: 100in/s 
Figure 62: Fracture surfaces of NB321/7781 [0°] specimens tested at different stroke rates. 

 The fracture surfaces of the NB321/7781 [0°] specimens shown in Figure 62 were 

observed post test to examine the behavior as a function of shear displacement rate. The fracture 

surfaces of specimens up to rates of 10in/s indicate matrix failure regions. The surface of 

specimen tested at 100in/s indicates fiber failure. 
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Figure 63: Representative load-sliding displacement plots of T700G/3900 [0°] material for 
different loading rates. 

 
The load-displacement plots in Figure 63 were observed to predict the crack growth 

behavior T700G/3900 [0°] specimens tested at different stroke rates. The load increases linearly 

until crack propagation and drops instantaneously for all the different stroke rates. 
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Figure 64: Representative strain-sliding displacement plots of T700G/3900 [0°] material for 
different loading rates. 

 
The strain-displacement response in Figure 64 indicates similar behavior for specimens tested at 

all rates. This confirms the behaviors observed in load-displacement plots for the T700G/3900 

[0°] material. 
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Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure 65: Fracture surfaces of T700G/3900 [0°] specimens tested at different stroke rates. 

The fracture surfaces of the specimens shown in Figure 65 were observed post-test to 

examine the behavior as a function of shear displacement rate. The fracture surfaces of 

specimens at all the different rates indicate matrix failure regions. The fracture surfaces of 

specimens at all different rates indicate of matted matrix layers regions are uniform. 
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Figure 66: Representative load-sliding displacement plots of T800S/3900 [0°] material for 
different loading rates. 

 
The load-displacement responses of T800S/3900 [0°] specimens tested at different stroke 

rates are indicative of brittle stable behavior as represented in Figure 66. The load builds up 

steadily until crack propagation and drops down instantaneously after the crack has propagated. 
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Figure 67: Representative strain-sliding displacement plots of T800S/3900 [0°] material for 
different loading rates. 

 
The strain-displacement response in Figure 67 indicates similar behavior for specimens 

tested at all rates. This confirms the behaviors observed in load-displacement plots for the 

T800S/3900 [0°] material. 
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Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure 68: Fracture surfaces of T800S/3900 [0°] specimens tested at different stroke rates. 

The Figure 68 indicates fracture surfaces of T800S/3900 [0°] specimens tested at low rates 

indicates matrix and fiber failure; whereas the specimens tested at 10 and 100in/s indicate the 

uniform matrix failure regions. The energy required for matrix failure is high compared to fiber 

failure in shear. Hence, the fracture toughness values for 10 and 100in/s are higher than the 

values obtained through low rate tests. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The rate sensitivity of mode-I and mode-II fracture behavior of NB321/7781, 

T700G/3900 and T800S/3900 materials were investigated experimentally. The double cantilever 

beam geometry was utilized for mode-I fracture tests and end notch flexure geometry was 

employed for mode-II fracture tests with stroke rates ranging from 8.33×10-4in/s to 100in/s. The 

rate sensitivity of the materials was obtained through careful examination of load-displacement 

curves, GIc and GIIc values and the microscopic observations. The crack length estimation based 

on strain gage data was validated by comparing the crack lengths obtained based on deflection of 

the specimen. The crack tip opening displacement rates influenced the toughness of all the three 

materials.  

The mode-I fracture behavior of NB321/7781 [0°] and [±45°] laminates was observed to 

vary from ductile stable behavior to brittle stick-slip behavior. Fracture surfaces of the specimens 

indicated matrix failure with transition behavior being confirmed through the bands of matted 

and glossy matrix regions. The average mode-I initiation fracture toughness, GIc, of NB321/7781 

[0°] laminate was observed to decrease with stroke rate from 6.5lbf-in/in2 to 4lbf-in/in2 and 

further increased to 6lbf-in/in2 over a range of 5 decades of crack opening displacement rates. 

The resistance tended to be constant with crack length for the low rate tests. At higher rates, the 

resistance decreased gradually. The NB321/7781 [±45°] laminate’s opening mode initiation 

toughness was observed to decrease from 9lbf-in/in2 to 3lbf-in/in2 and further increased to 4lbf-

in/in2 over a range of 5 decades of crack opening displacement rates. The delamination resistance 

increased with crack length for the low rate tests. At higher rates, the resistance decreased 
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gradually. The mode-II fracture behavior of the NB321/7781 [0°] laminate was observed to be 

brittle stable. The matrix failure was prominent in specimens tested at most of the stroke rates; 

however, fiber failure was evident at the highest rate tested. The average mode-II fracture 

toughness of the NB321/7781 [0°] laminate was observed to increase from 12lbf-in/in2 to 17lbf-

in/in2 over the entire range of 5 decades of shear displacement rates.  

The mode-I fracture behavior of T700G/3900 [0°] and [±45°] laminates was observed to 

vary from stick-slip to brittle unstable behavior. The fracture surfaces of specimens indicated 

matted and glossy matrix regions relating to the transition stick-slip behavior. The opening mode 

initiation toughness of T700G/3900 [0°] laminate decreased from 3.5lbf-in/in2 to 2lbf-in/in2 and 

further increased to 3.2lbf-in/in2 over a range of 5 decades of crack opening displacement rates. 

The delamination resistance indicated constant pattern irrespective of the stroke rates. The 

fracture behavior at low rates indicated transition stick-slip behavior, whereas brittle unstable 

behavior was evident at higher rates. The opening mode initiation toughness of T700G/3900 

[±45°] laminate was observed to decrease from 2.75lbf-in/in2 to 1.8lbf-in/in2 and further 

increased to 2.8lbf-in/in2 over a range of 5 decades of crack opening displacement rates. The 

delamination resistance tended to increase with crack length at lower rates, whereas it tended to 

decrease at higher rates. The fracture behavior indicated transition stick-slip behavior at lower 

rates, whereas brittle unstable behavior was evident at the highest rate tested. The mode-II 

fracture behavior of T700G/3900 [±45°] laminate was observed to be brittle stable with the 

fracture surfaces of the specimens indicating matrix failure. The mode-II fracture toughness of 

T700G/3900 [±45°] laminate tended to be constant at 4.5lbf-in/in2 over a range of 5 decades of 

shear displacement rates. Brittle stable fracture behavior was observed at all rates.  
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The mode-I fracture behavior of the T800S/3900 [0°] laminate was observed to be brittle 

stable with the fracture surfaces of the specimens indicating matrix failure. The phenomenon of 

fiber bridging was prominent on specimens tested at all rates. The fiber bridging increased with 

the stroke rates. The T800S/3900 [0°] laminate’s opening mode initiation toughness was 

observed to steadily decrease from 5lbf-in/in2 to 2.5lbf-in/in2 over a range of 5 decades of crack 

opening displacement rates. The delamination resistance was observed to increase with crack 

length at lower rates, whereas it tended to decrease gradually at higher rates. The mode-II 

fracture toughness increased steadily from 9lbf-in/in2 to 20lbf-in/in2 over a range of 5 decades of 

shear displacement rates. Brittle stable fracture behavior was observed at all rates. The mode-II 

fracture behavior was observed to be brittle stable with the fracture surfaces of the specimens 

indicating matrix failure. The mode-II fracture toughness increased steadily from 9lbf-in/in2 to 

20lbf-in/in2 over a range of 5 decades of shear displacement rates. 

5.2 Recommendations 

The future work should focus on investigation of mixed-mode fracture toughness of these 

materials [42]. The shear deformation term [13, 20] can be considered to estimate the mode-I and 

mode-II toughness from the modified beam theory. Analytical approach has to be developed to 

verify and quantify the obtained results. Finite element models simulating the test conditions 

should be conducted. The decaying of the piezoelectric force sensor was observed at stroke rate 

of 1in/s. The correction factor to overcome the error must be considered. 
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APPENDIX A 

SUMMARY OF PEAK LOADS AND DIMENSIONS OF THE MODE-I SPECIMENS 

TABLE A1: NB321/7781 [0°] SPECIMENS 

Specimen 
Peak Load 

[lbf] 

Dimensions [in] 

Length Width Pre-cracked Length 

NFG-50-R0.0008333 9.60 6.25 1.000 2.00 

NFG-27-R0.0008333 8.18 6.25 1.004 1.95 

NFG-5-R0.0008333 10.03 6.25 1.004 2.02 

NFG-47-R0.00833 8.90 6.25 1.000 1.99 

NFG-15-R0.00833 9.12 6.25 1.004 2.03 

NFG-34-R0.00833 9.14 6.25 1.004 2.03 

NFG-52-R0.0833 8.90 6.25 1.000 2.01 

NFG-13-R0.0833 8.75 6.25 1.004 2.02 

NFG-11-R0.0833 9.00 6.25 1.004 2.03 

NFG-8-R1 6.22 6.25 1.004 2.02 

NFG-30-R1 6.06 6.25 1.004 1.97 

NFG-42-R1 6.05 6.25 1.000 2.00 

NFG-1-2-R10 7.46 6.25 1.004 2.47 

NFG-1-10-R10 6.92 6.25 1.004 2.49 

NFG-1-14-R10 6.72 6.25 1.004 2.51 

NFG-1-7-R50 7.27 6.25 1.004 2.48 

NFG-1-8-R50 7.85 6.25 1.004 2.48 

NFG-4-9-R50 6.12 6.25 1.004 2.63 

NFG-1-5-R100 7.69 6.25 1.004 2.45 

NFG-1-12-R100 7.69 6.25 1.004 2.53 

NFG-1-15-R100 8.56 6.25 1.004 2.53 
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APPENDIX A (continued) 

TABLE A2: NB321/7781 [±45°] SPECIMENS 

Specimen 
Peak Load 

[lbf] 

Dimensions [in] 

Length Width Pre-cracked Length 

NFG-45-17-R0.000833 16.03 6.25 1.000 2.52 

NFG-45-1-R0.00833 15.68 6.25 1.000 2.48 

NFG-45-8-R0.0833 15.62 6.25 1.000 2.45 

NFG-45-13-R1 9.97 6.25 1.000 2.47 

NFG-45-20-R1 8.54 6.25 1.000 2.46 

NFG-45-18-R1 8.74 6.25 1.000 2.48 

NFG-45-3-R10 11.09 6.25 1.000 2.47 

NFG-45-9-R10 10.20 6.25 1.000 2.52 

NFG-45-10-R10 10.20 6.25 1.000 2.51 

NFG-45-11-R50 12.18 6.25 1.000 2.51 

NFG-45-12-R50 11.52 6.25 1.000 2.51 

NFG-45-19-R50 13.55 6.25 1.000 2.48 
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APPENDIX A (continued) 

TABLE A3: T700G/3900 [0°] SPECIMENS 

Specimen 
Peak Load 

[lbf] 

Dimensions [in] 

Length Width 
Pre-cracked 

Length 

TCF-12-R0.000833 12.94 6.25 1.002 1.93 

TCF-11-R0.000833 10.92 6.25 1.002 1.99 

TCF-7-15-R0.000833 4.56 6.25 1.000 2.61 

TCF-7-R0.00833 11.87 6.25 1.001 2.10 

TCF-10-R0.00833 11.90 6.25 1.001 1.97 

TCF-7-5-R0.00833 5.07 6.25 1.000 2.57 

TCF-2-R0.0833 12.13 6.25 1.002 2.08 

TCF-15-R0.0833 11.99 6.25 1.002 2.01 

TCF-7-1-R0.0833 4.41 6.25 1.002 2.54 

TCF-6-8-R1 3.37 6.25 1.002 2.65 

TCF-6-11-R1 3.40 6.25 1.000 2.74 

TCF-7-17-R1 2.96 6.25 1.000 2.64 

TCF-6-1-R10 4.22 6.25 1.001 2.56 

TCF-6-3-R10 5.27 6.25 1.002 2.56 

TCF-6-17-R10 6.34 6.25 1.002 2.64 

TCF-6-2-R50 5.12 6.25 1.002 2.54 

TCF-6-5-R50 4.88 6.25 1.002 2.61 

TCF-7-13-R50 4.07 6.25 1.000 2.64 
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APPENDIX A (continued) 

TABLE A4: T700G/3900 [±45°] SPECIMENS 

Specimen Peak Load [lbf] 

Dimensions [in] 

Length Width 
Pre-cracked 

Length 

TCF-45-12-R0.000833 9.08 6.25 1.001 2.46 

TCF-45-16-R0.00833 9.14 6.25 1.001 2.49 

TCF-45-18-R0.0833 8.57 6.25 1.001 2.46 

TCF-45-2-R1 4.81 6.25 1.001 2.48 

TCF-45-10-R1 4.48 6.25 1.001 2.47 

TCF-45-11-R1 5.17 6.25 1.001 2.48 

TCF-45-17-R10 6.26 6.25 1.001 2.45 

TCF-45-19-R10 6.74 6.25 1.001 2.46 

TCF-45-14-R10 6.52 6.25 1.001 2.48 

TCF-45-8-R50 6.60 6.25 1.001 2.48 

TCF-45-15-R50 6.81 6.25 1.001 2.47 

TCF-45-1-R50 7.09 6.25 1.001 2.48 
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APPENDIX A (continued) 

TABLE A5: T800S/3900 [0°] SPECIMENS 

Specimen Peak Load [lbf] 

Dimensions [in] 

Length Width 
Pre-cracked 

Length 

TCU-24-R0.000833 21.51 6.25 1.004 2.14 

TCU-1-R0.000833 22.39 6.25 1.005 2.12 

TCU-1-6-R0.000833 16.24 6.25 1.003 2.61 

TCU-3-R0.00833 21.65 6.25 1.005 2.14 

TCU-5-R0.00833 21.65 6.25 1.005 2.17 

TCU-1-17-R0.00833 15.12 6.25 1.004 2.55 

TCU-16-R0.0833 22.36 6.25 1.005 2.03 

TCU-20-R0.0833 21.81 6.25 1.004 2.10 

TCU-1-14-R0.0833 16.35 6.25 1.005 2.56 

TCU-4-12-R1 12.03 6.25 1.005 2.60 

TCU-41-R1 15.10 6.25 1.003 2.09 

TCU-4-2-R1 13.16 6.25 1.004 2.60 

TCU-4-9-R10 10.85 6.25 1.004 2.72 

TCU-4-6-R10 10.64 6.25 1.003 2.70 

TCU-4-7-R10 10.88 6.25 1.004 2.71 

TCU-4-5-R50 10.86 6.25 1.003 2.67 

TCU-4-15-R50 12.75 6.25 1.004 2.59 

TCU-4-4-R50 12.28 6.25 1.004 2.69 
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APPENDIX B  

SUMMARY OF PEAK LOADS AND DIMENSIONS OF THE MODE-II SPECIMENS 

TABLE B1: NB321/7781 [0°] SPECIMENS 

Specimen Peak Load [lbf] 

Dimensions [in] 

Length Width 
Pre-cracked 

Length 

NFG-2-7-R0.000833 216.79 6.25 1.000 2.60 

NFG-2-3-R0.000833 209.55 6.25 1.000 2.52 

NFG-2-16-R0.000833 270.22 6.25 1.000 2.63 

NFG-1-8-R0.00833 222.19 6.25 1.000 2.58 

NFG-1-2-R0.00833 268.80 6.25 1.000 2.55 

NFG-1-1-R0.00833 256.13 6.25 1.000 2.54 

NFG-1-10-R0.25 259.87 6.25 1.000 2.54 

NFG-2-4-R0.25 260.60 6.25 1.000 2.6 

NFG-1-15-R0.25 226.10 6.25 1.000 2.56 

NFG-2-11-R1 195.30 6.25 1.000 2.61 

NFG-1-17-R1 176.14 6.25 1.000 2.61 

NFG-2-1-R1 186.79 6.25 1.000 2.49 

NFG-2-12-R10 258.25 6.25 1.000 2.63 

NFG-2-10-R10 234.55 6.25 1.000 2.49 

NFG-1-7-R10 255.69 6.25 1.000 2.47 

NFG-2-3-R100 286.11 6.25 1.000 2.52 

NFG-1-5-R100 238.40 6.25 1.000 2.55 

NFG-1-13-R100 305.74 6.25 1.000 2.49 
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APPENDIX B (continued) 

TABLE B2: T700G/3900 [0°] SPECIMENS 

Specimen Peak Load [lbf] 

Dimensions [in] 

Length Width 
Pre-cracked 

Length 

TCF-8-13-R0.000833 138.95 6.25 1.000 2.72 

TCF-8-17-R0.000833 138.95 6.25 1.000 2.69 

TCF-8-12-R0.000833 136.38 6.25 1.000 2.69 

TCF-5-8-R0.00833 139.15 6.25 1.000 2.61 

TCF-5-9-R0.00833 139.15 6.25 1.000 2.55 

TCF-5-15-R0.00833 138.64 6.25 1.000 2.6 

TCF-8-5-R0.25 142.57 6.25 1.000 2.69 

TCF-8-4-R0.25 142.52 6.25 1.000 2.62 

TCF-8-18-R0.25 142.52 6.25 1.000 2.73 

TCF-2-3-R1 92.84 6.25 1.000 2.65 

TCF-1-15-R1 115.40 6.25 1.000 2.67 

TCF-1-16R1 115.40 6.25 1.000 2.69 

TCF-1-10-R10 130.43 6.25 1.000 2.73 

TCF-2-2-R10 111.68 6.25 1.000 2.63 

TCF-1-19-R10 123.35 6.25 1.000 2.68 

TCF-1-7-R100 127.42 6.25 1.000 2.72 

TCF-1-8-R100 119.05 6.25 1.000 2.66 

TCF-2-1-R100 119.05 6.25 1.000 2.52 
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APPENDIX B (continued) 

TABLE B3: T800S/3900 [0°] SPECIMENS 

Specimen Peak Load [lbf] 

Dimensions [in] 

Length Width 
Pre-cracked 

Length 

TCU-2-15-R0.000833 514.21 6.25 1.000 2.47 

TCU-2-17-R0.000833 445.55 6.26 1.000 2.42 

TCU-2-18-R0.000833 450.27 6.27 1.000 2.43 

TCU-3-8-R0.00833 442.00 6.28 1.000 2.46 

TCU-3-5-R0.00833 442.90 6.29 1.000 2.45 

TCU-3-13-R0.00833 418.68 6.3 1.000 2.42 

TCU-2-2-R0.25 463.07 6.31 1.000 2.44 

TCU-2-10-R0.25 491.36 6.32 1.000 2.44 

TCU-2-6-R0.25 467.78 6.33 1.000 2.46 

TCU-1-5-R1 778.90 6.34 1.000 2.66 

TCU-1-13-R1 641.14 6.35 1.000 2.62 

TCU-1-14-R1 663.40 6.36 1.000 2.6 

TCU-1-1-R10 604.41 6.37 1.000 2.58 

TCU-1-8-R10 689.60 6.38 1.000 2.64 

TCU-1-11-R10 655.96 6.39 1.000 2.64 

TCU-1-3-R50 628.18 6.4 1.000 2.52 

TCU-1-4-R50 787.64 6.41 1.000 2.63 

TCU-1-9-R50 885.12 6.42 1.000 2.7 
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APPENDIX C 

FRACTURE SURFACES OF MODE-I SPECIMENS 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

 

Stroke rate: 100in/s 

Figure C1: Fracture surfaces of NB321/7781 [0°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

 

Stroke rate: 100in/s 

Figure C2: Fracture surfaces of NB321/7781 [0°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

 

Stroke rate: 50in/s 

Figure C3: Fracture surfaces of NB321/7781 [±45°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure C4: Fracture surfaces of T700G/3900 [0°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure C5: Fracture surfaces of T700G/3900 [0°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 1in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

 

Stroke rate: 50in/s 

Figure C6: Fracture surfaces of T700G/3900 [±45°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure C7: Fracture surfaces of T800S/3900 [0°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX C (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-3in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 50in/s 

Figure C8: Fracture surfaces of T800S/3900 [0°] mode-I specimens tested at different stroke 
rates. 
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APPENDIX D 

FRACTURE SURFACES OF MODE-II SPECIMENS 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure D1: Fracture surfaces of NB321/7781 [0°] mode-II specimens tested at different stroke 
rates. 
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APPENDIX D (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure D2: Fracture surfaces of NB321/7781 [0°] mode-II specimens tested at different stroke 
rates. 
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APPENDIX D (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure D3: Fracture surfaces of T700G/3900 [0°] mode-II specimens tested at different stroke 
rates. 

 

 

 

 



112 
 

APPENDIX D (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure D4: Fracture surfaces of T700G/3900 [0°] mode-II specimens tested at different stroke 
rates. 
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APPENDIX D (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure D5: Fracture surfaces of T800S/3900 [0°] mode-II specimens tested at different stroke 
rates. 
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APPENDIX D (continued) 

 

Stroke rate: 8.33×10-4in/s 

 

Stroke rate: 8.33×10-2in/s 

 

Stroke rate: 0.25in/s 

 

Stroke rate: 1in/s 

 

Stroke rate: 10in/s 

 

Stroke rate: 100in/s 

Figure D6: Fracture surfaces of T800S/3900 [0°] mode-II specimens tested at different stroke 
rates. 
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APPENDIX E 

REPRESENTATIVE LOAD-DISPLACEMENT PLOTS OF MODE-I TESTS 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 50in/s 

 
Rate: 100in/s 

 
 

 
Figure E1: Representative load-opening displacement plots of NB321/7781 [0°] material for 

different loading rates. 
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APPENDIX E (continued) 

 
Rate: 8.33×10

-4
in/s 

 

 
Rate: 8.33×10

-3
in/s 

 

 
Rate: 8.33×10

-2
in/s 

 

 
Rate: 1in/s 

 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  

 
Figure E2: Representative load-opening displacement plots of NB321/7781 [±45°] material for 

different loading rates. 
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APPENDIX E (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s  

Rate: 10in/s 
 

Rate: 100in/s 

 
  
 

Figure E3: Representative load-opening displacement plots of T700G/3900 [0°] material for 
different loading rates. 
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APPENDIX E (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  
 

Figure E4: Representative load-opening displacement plots of T700G/3900 [±45°] material for 
different loading rates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



119 
 

APPENDIX E (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  
 

Figure E5: Representative load-opening displacement plots of T800S/3900 [0°] material for 
different loading rates. 
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APPENDIX F 

REPRESENTATIVE STRAIN-DISPLACEMENT PLOTS OF MODE-I TESTS 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 50in/s 

 
Rate: 100in/s 

 
 

 
Figure F1: Representative strain-opening displacement plots of NB321/7781 [0°] material for 

different loading rates. 
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APPENDIX F (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  
 

Figure F2: Representative strain-opening displacement plots of NB321/7781 [±45°] material for 
different loading rates. 
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APPENDIX F (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  
 

Figure F3: Representative strain-opening displacement plots of T700G/3900 [0°] material for 
different loading rates. 
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APPENDIX F (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 0.25in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  
 

Figure F4: Representative strain-opening displacement plots of T700/3900 [±45°] material for 
different loading rates. 
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APPENDIX F (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-3
in/s  

Rate: 8.33×10
-2

in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  

 
Figure F5: Representative strain-opening displacement plots of T800S/3900 [0°] material for 

different loading rates. 
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APPENDIX G 

REPRESENTATIVE LOAD-DISPLACEMENT PLOTS OF MODE-II TESTS 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 0.25in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  

 
Figure G1: Representative load-sliding displacement plots of NB321/7781 [0°] material for 

different loading rates. 
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APPENDIX G (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 0.25in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  

 
Figure G2: Representative load-sliding displacement plots of NB321/7781 [±45°] material for 

different loading rates. 
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APPENDIX G (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 0.25in/s 

 
Rate: 1in/s 

 
Rate: 10in/s  

Rate: 100in/s 

 
  

 
Figure G3: Representative load-sliding displacement plots of T700/3900 [0°] material for 

different loading rates. 
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APPENDIX H 

REPRESENTATIVE STRAIN-DISPLACEMENT PLOTS OF MODE-II TESTS 

 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 0.25in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  

 
Figure H1: Representative strain-sliding displacement plots of NB321/7781 [0°] material for 

different loading rates. 
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APPENDIX H (continued) 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
 

 
Figure H2: Representative strain-sliding displacement plots of T700/3900 [0°] material for 

different loading rates. 
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APPENDIX H (continued) 

 
Rate: 8.33×10

-4
in/s 

 
Rate: 8.33×10

-2
in/s 

 
Rate: 0.25in/s 

 
Rate: 1in/s 

 
Rate: 10in/s 

 
Rate: 100in/s 

 
  

 
Figure H3: Representative strain-sliding displacement plots of T800S/3900 [0°] material for 

different loading rates. 


