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Abstract 

A new methodology to measure the Mode II interlaminar fracture in fatigue for FRP composites is 

developed. The proposed methodology uses a Modified Transvers Crack Tensile (MTCT) specimen 

and is able to characterise the near threshold behaviour in a robust, easier and significantly faster way 

than standard procedures. Analytical formulae, able to link the crack growth rate to the load or strain 

amplitudes, were found and verified, and their importance was explained, in particular, for what 

concerns the characterisation of the near threshold behaviour. Experiments were performed both in 

load and strain control, while the delamination growth was monitored using different techniques 

including the Thermoelastic Stress Analysis (TSA). Experiments showed the reliability and 

effectiveness of the proposed procedure, and evidence its suitability and compatibility with current 

industrial material testing and qualification protocols with particular emphasis to industrial 

environment where a “no growth” design approach is employed. 

 

Keywords:  Fibre Reinforced Composites; Transverse Crack Tensile specimen; Mode II Fracture 
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Nomenclature 

a delamination semi crack length 

a crack length variation 

N increment of the number of cycles 

E Young’s modulus 

GII Strain Energy Release Rate under Mode II 

GIIc Critical Strain Energy Release Rate under Mode II 

GIImax SERR at maximum load/strain/displacement in load/strain/displacement controlled fatigue cycles  

GIIth Onset of delamination growth or threshold SERR 

h Thickness of the continuous plies skins 

H Total sample thickness 

Lg Extensometer gauge length 

N Number of fatigue cycles 

P Applied tensile load 

R Stress ratio min/max 

 Stress. If no sub-scripts are added, it indicates the nominal far field stress in the TCT and MTCT 
samples 

I,II  sub-scripts indicating Mode I (opening tensile) and Mode II (in-plane shear). 

1,2,3 sub-scripts indicating the material principal directions (3, out of plane, 1-2 in plane) 

CFRP Carbon Fibre Reinforce Plastic 

DCB Double Cantilever Beam 

ENF End-Notched Flexure specimen 

FRP Fibre Reinforced Plastic  

GRP  Glass Reinforced Plastic 

IR Infrared 

MTCT Modified Transverse Crack Tension specimen 

R-Curve Material Resistance Curve 

SERR Strain Energy Release Rate, equivalent to GII  

TCT Transverse Crack Tension specimen 

TSA Thermoelastic Stress Analysis 

UD Unidirectional lamina/laminate 

 



1. Introduction 

Delamination is a common type of damage in Fiber Reinforced Polymer composite laminates which 

arises from poor manufacturing, cyclic stress, impact or anomalous loading (such as drop weight 

impact loading). Pure shear Mode II in particular is typical of several structural composite 

components loaded prevalently under in-plane shear loading. Some situations which favor Mode II 

delamination may include: low-velocity impact; the presence of ply-drops and splice joining in large 

composite assemblies [1,2]; interface delaminations from intra-laminar crack tunneling in fibre-metal 

laminates [3]; delamination propagation from holes in bolted joints, where the pressure of the bolts 

favors Mode II propagation [4].  

Since composite transportation structures are usually required to withstand complex fatigue loading 

scenarios, a conservative damage tolerance methodology is often adopted by designers to avoid 

fatigue delamination growths up to critical levels, the so-called “No Growth” approach (see also [5–

7]). This method is based on the knowledge of the fatigue threshold of the material in presence of a 

delamination, so that the stress field developed by in-service loads would never reach the conditions 

for further fatigue delamination growth. Furthermore, it has been observed that the most advanced 

and updated fatigue crack growth models for composites still lack the sufficient confidence and 

verification to be extended from characterization of laboratory test coupons onto real structures design 

[5]. In [8] it is observed how fatigue growth models for FRPs are often built upon data with high 

degrees of scattering, if compared to metals, and this is generally due to the variegate presence of 

damage mechanisms in FRPs. As a consequence, industry is constantly looking for reliable and 

realistic design limits, such as fatigue thresholds GIIt.  

The determination of the fatigue thresholds is usually obtained from the characterization of the 

subcritical crack growth domain in plots of da/dN versus GIImax on log-log scale [5]. Due its simple 

geometry and setup, the End Notched Flexure (ENF) is the most used and also the only standardized 

test coupon for the evaluation of the quasi-static fracture toughness GIIc. This test coupon and the 

related data reduction are also the most popular choices for the analysis of fatigue behavior, including 



both the onset and growth stages [7]. Two approaches are generally proposed: one considering 

constant amplitude loading and one adopting constant displacement loading.  

In constant amplitude loading, a lengthy but reliable approach to obtain GIIth consists of finding the 

GIImax value at which no crack growth is observed after 1,800,00 cycles [9]. A more accelerated 

procedure to obtain GIIth is by extrapolation, after fitting values of GIImax versus the number of cycles 

required to achieve a 1% or 5%  compliance increase [10,11]. This so called G-N approach is derived 

from works of on Mode I DCB tests [12–14]. In order for the fitting to yield reliable extrapolations 

of GIIth, values of GIImax /Gc as low as 0.2 are generally applied. Such low GIImax values generally 

require near 105 cycles to determine a 1% compliance increase. Therefore the evaluation of GIIth from 

the ENF is a lengthy and operator labor intensive procedure, which requires at least the following 

steps: initial quasi-static tests for the characterization of the compliance versus crack length 

calibration curve, setting of different values of GIImax and subsequent cycling up to at least 1% 

compliance increase, which generally requires several samples, each needing its own calibration and 

setting time. It is observed also that the previous procedure does not yield a natural continuous 

evolution of the subcritical crack growth curve, since curves from different GIImax /Gc do not overlap 

in the onset region [11]. Furthermore, values of GIIth have been found to be rather sensitive to the kind 

of initial crack configuration used [11].    

In constant displacement loading, the increase of crack length determines a continuous decrease of 

GIImax which will eventually lead to a natural delamination arrest. The value of GIIth can then be 

extrapolated by implementing a G-N approach as mentioned earlier. This approach has been found 

effective for Mode I DCB tests [12], and is also suggested in ASTM D6115 [15]. With ENF samples 

a problem arise. As the delamination grows, it will gradually approach the sample mid-span, where 

the external load is applied. Here frictional effects and through-the-thickness compression loads 

increase significantly, and produce an early crack arrest which is not representative of the material 

GIIth [7,9]. Moreover, the amount of crack growth rate curve swept in a single test is generally small, 

and not sufficient to effectively characterize the sub-critical crack growth domain [7]. A way to 



overcome such limitation is performing tests on different samples and various constant cyclic 

displacement [16], but this remains oneorus in terms of time and material needed. In [7] it is proposed 

an automated procedure able to apply different cyclic displacement ranges on a single sample under 

the same fatigue cycling test. This is found to effectively extend the measured crack growth curve 

down to a GIImax /Gc severity of 0.1 with a consistent saving in time.   

As outlined above, the reliable evaluation of onset GIIth thresholds generally requires lengthy and 

costly experimental campaigns [2], with several preliminary tests, sample copuns and continuous 

intervention of an operator. This may represent a concern in the transportation industry (mainly 

aeronautic) that continuously strives to simplify and reduce the cost of material analysis and 

qualification procedures.  

The present work proposes a methodology which is able to characterize the mode II fatigue 

delamination threshold region with a single test and a reduced number of cycles (generally under 

105). The presented approach employs a modified Transverse-Crack-Tension (MTCT) specimen, 

recently revisited by the authors [17]. The TCT specimen is a tensile sample where a number of 

internal plies were cut across the beam width, forming an embedded transverse notch. It was 

introduced and mainly developed in the late eighties/early nineties by [18–20]. In the MTCT version, 

artificial delaminations are also added across the transverse notch tips during the manufacture. When 

the MTCT is subject to tensile cyclic loading, pure mode II fatigue interlaminar delamination is 

favored and activated from the tips of the artificial delaminations [17,21].  

One advantageous feature of the MTCT is that the SERR (Strain Energy Release Rate) is not 

dependent on the crack length, but rather on the square of the applied remote stress. This means that, 

under a load-control cyclic loading, the delamination growth is kept at a constant rate.  

In the following, an analytical formulation to determine the crack growth rate, da/dN, under load, 

displacement and strain control conditions is proposed and experimentally validated. Experiments 

showed that the proposed methodology provides an effective, reliable, and fast way to characterize 

the material fatigue Mode II crack onset and propagation. In some respects, the proposed 



implementation of the MTCT test under strain or displacement control conditions provides similar 

advantages to those described in other compliance methods such as DCB for Mode I and ENF for 

Mode II when applying displacement control [7,16]. At the same time, some drawbacks typical of 

ENF samples are overtaken, e.g.: it is not necessary to perform a compliance calibration, the sample 

loading severity is able to converge relatively rapidly to the threshold value and conventional external 

extensometers have proven to be high sensitivity and robust devices able to capture and sense actual 

growth rates near the arrest condition.    

Experiments confirm the validity of the proposed methodology, emphasizing the ability to provide a 

full characterization of the threshold region. The work makes also use of IR thermography and 

Thermoelastic Stress Analysis to remotely monitor the sample fracture behavior, following 

methodologies developed in [21].  

2. Materials and Methods 

2.1 Testing methodology 

The MTCT specimen is schematically represented in Figure 1. It consists of a tensile sample 

manufactured by stacking a number of unidirectional plies in which a number of internal layers, 

laying symmetrically across the mid plane, are cut transversally along the beam width, thus creating 

a central transverse notch. Tensile loading will activate four delamination fronts from the notch tips, 

which will be subject to a pure mode II condition after a certain delamination length threshold has 

been reached [17]. In order to promote a pure Mode II propagation at the delamination fronts, and 

better control the delaminations onset and growth, Scalici et al. [17] have found useful to introduce 

pre-crack delamination inserts across the notch tips, calling such change in the TCT preparation as 

modified-TCT specimen (or MTCT).  



 

Figure 1: Sketch of a Modified TCT specimen 

 

The formulation of the SERR, based on the evaluation of the specimen compliance from simple beam 

theory [22,23], for the MTCT can be written as: 
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where E1 is the Young’s modulus in the fiber direction and the remote stress  can also be written as 

P/BH. According to [17], if the ratio a/H, with 𝑎 the initial pre-crack, is larger than a threshold value 

(which was calculated to be about 2.5 for specimens characterized by =0.5), then Eq. 1 rules, and 

GII is proportional to 2and will not depend on a.  

Equation 1 presents a number of features which bring some advantages for both monotonic (i.e. static) 

and fatigue fracture toughness characterization, which are highlighted in the next two sub-sections. 

2.2 Monotonic loading 

According to Eq. 1 a monotonic test in load control will gradually increase the driving force. Since 

there is no dependence on a, the portion of the crack driving force curve in the proximity of the R-

curve is a horizontal line. For a given load, therefore, the derivative to the crack driving force curve 
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with respect the crack increment, ∆𝑎, is always null, while the derivative of the R-curve, at the same 

point, is positive in the rising part of the R-curve, attaining a null value only in the plateau. Hence the 

critical load will occur when the crack driving force curve is tangent to the plateau of the R-curve, 

and therefore the experimental determination of critical load allows to determine the steady-state 

value of the critical SERR (see [21,24] for a more in-depth discussion).   

Some advantages that can be highlighted from the adoption of the MTCT specimen can be 

summarized as follows:  

 GII does not depend on the crack length a; 

 Mode II fracture toughness can be measured with a testing setup as simple as a tensile test; 

 The steady-state value of the fracture toughness is obtained. If this would have not been ensured, 

the fracture toughness measured would be lower than the steady-state value, because the tangent 

point would be in the rising part of the R-curve. This fact has a significant relevance since, 

generally, analytical and numerical strength analysis methods for composite structure require the 

steady state value for the definition of the softening law. The use of a lower value would provide 

a conservative estimation of the strength of the structure but would result in an oversizing of the 

structure with consequent increase in weight and cost; 

 The specimen type and loading rig allow for an easy implementation of optical, non-contact, 

Experimental Stress Analysis, and NDT techniques (see e.g. [21] for the case of Thermoelastic 

Stress Analysis). 

2.3 Fatigue Loading: load control 

The TCT coupon has also been proposed and used for fatigue characterization [20,22,23,25–28].  

The artificial pre-cracks in the MTCT do not modify the fatigue behavior, as fatigue cracks will grow 

from the pre-crack tips. An advantage over the TCT is that this last specimen may easily lead to 

unsymmetrical fatigue crack growth among the four expected delamination fronts, due to non-



homogeneities in the transverse notch. For this reason the preparation of the transverse notch requires 

a special care in the TCT, that is instead not necessary in the MTCT [21].   

The output of a Fatigue crack growth characterization is a Paris-like law, which correlates the average 

delamination rate da/dN with a parameter describing the fractured energy available. This last 

parameter is by some authors defined as the maximum SERR normalized by the critical SERR, i.e. 

GIImax/GIIc, where GIIc is obtained from monotonic tests.  

Since GII is not dependent on a but only on P, the value of GIImax, and consequently of a/N, would 

be constant for a given load amplitude (characterized by the peak load, Pmax, and the stress ratio, R), 

see Eq. 1b. This allows to obtain a point of the Paris’ curve by growing the cracks for a sufficient 

distance, helping to measure a with good accuracy. The evaluation of da in ENF tests is for instance 

carried out under a continuous evolution of GII, which forces to consider small compliance variations 

(see e.g. the 2-point secant method, [11]), generating noisy data which require some further parsing 

and smoothing treatments.     

In the literature, the nondestructive measurement of a was implemented via three approaches: 

 By means of visual inspections, usually performed on the sample thickness face; 

 By means of contact and non-contact Experimental Strain Analysis techniques acting on both the 

sample thickness and width faces (see e.g. Ribeiro et al. [29] for the use of embedded optical 

fibres, and Pitarresi et al. [11,12] for the use of TSA); 

 By means of extensometers, whose gauge length comprises the delaminated region (see Figure 

2) [23]. 

The use of extensometers is in particular considered in this work. These are used to monitor the 

variation of the specimen compliance during crack extension, which can also be correlated to the 

actual delamination length and to its growth rate. In particular, considering the sketch in Figure 2a, 

the following derivation of the semi crack length a as a function of the extensometer output ext is 

illustrated. 



             (a)              (b) 

Figure 2: (a) Sketch of an MTCT sample instrumented with the extensometer; (b) image of the 

HBM-dd1 strain indicator assembled in an averaging double opposed clamp-on configuration. 

The extensometer measures the load induced variation of its gauge length 𝐿𝑔, providing the 

deformation εext=(Lg)⁄Lg  Such extension Lg can be seen as the sum of the extensions of the 

delaminated and non-delaminated (i.e. sound) portions of sample included inside the gauge length. 

These can be respectively indicated as d and s, and amount to: 
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Hence, the extensometer measured deformation is given by: 
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and the delamination length is obtained as a function of ext, as: 
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If the test is performed in fatigue with a constant load amplitude, Eq. 4 can be differentiated with 

respect to N, yielding the crack growth rate as: 
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where 'ext is the strain measured by the extensometer at the load P'=Pmax. It could be convenient to 

setup the universal testing machine to sample the values of ext at each load peak, so that the slope of 

the plot of these values versus the number of cycles will provide the derivative in Eq. 5, and then the 

crack growth rate [28]. 

2.4 Fatigue loading: strain control 

The present work extends the application of the MTCT specimen to the case of displacement or strain 

controlled fatigue loading. When a MTCT sample is cyclically loaded under generic displacement 

control, the compliance of the sample is progressively increased by the growing of delaminations. In 

order to maintain the same displacement amplitude, the applied peak-to-peak load and the SERR will 

also gradually reduce. This evolving scenario will eventually bring to the natural conditions of crack 

arrest. When such conditions are achieved, the SERR corresponding to the peak-to-peak load at arrest 

will represent the fatigue threshold of the material. 

In order to monitor and measure the compliance reduction, it is more practical to apply a strain control 

fatigue loading, where the testing machine is controlled by the signal from the extensometer, such 

that fatigue loading is applied under the condition of a constant peak-to-peak strain, 𝜀𝑒𝑥𝑡
𝑚𝑎𝑥. If the 

extensometer gauge length is longer than the initial delamination of the MTCT, and the strain 

amplitude is opportunely chosen, then the crack growth will arrest when the delamination is still 

confined within the extensometer knives. Under strain control, the applied load will be a function of 

the number of cycles, and in particular it is expected that the load P will gradually reduce with the 

growing of the delamination, asymptotically aiming at a constant value which is also the delamination 



threshold value. In light of this, in Eq. 4 the load is a function of N, and ext should be handled as a 

constant value, so that the crack growth rate in strain control now becomes: 

1d d ( ) d
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In Eq. 6, P' refers to the maximum load at each cycle while 𝜀𝑒𝑥𝑡
′ = 𝜀𝑒𝑥𝑡

𝑚𝑎𝑥 is the maximum 

extensometer strain, which now is a constant. In strain control loading, P' is a function of the number 

of cycles N, which brings in the term of the derivative dP'/dN. Since the load P' will decrease with 

the growing of the crack, its derivative in N is negative, and then the sign of da/dN from Eq. 6 is still 

positive. Furthermore, P' will tend to a constant threshold value, which means that the derivative 

dP'/dN will tend to zero, bringing the value of crack growth rate to zero, i.e. to crack arrest.  

It is observed that Eq. (6) provides an effective automatic way for continuously measuring da/dN 

independently from the operator and the application of external visual devices. It relies on the use of 

standard extensometers. Alternative relationships could be obtained for operating in displacement 

control, thus avoiding the use of extensometers. In this case, a preliminary compliance calibration 

would be necessary to include the influence of the gripping zone in Eq. (2), which now will correlate 

the total sample displacement with the delaminations lengths 2a. If the value of GIIth is the only 

characterization needed, and the crack growth curve is not required, then the evaluation of da/dN 

from Eq. (6), or other similar compliance relationships, can be ignored. In this case the evolution of 

the maximum load will be the only parameter acquired, and the extensometer strain, or the cross-head 

displacement, which are sensitive to the presence of crack growth regardless of the underlying 

analytical relationship, will drive the test up to the crack arrest condition, and then will maintain this 

status. In particular, the extensometer, which is able to catch the average growing behavior of the four 

fronts, will give a constant signal only when there is no more growth in all single crack fronts. 

Therefore, in the evaluation of the fatigue threshold, the extensometer can be used only just as a 

qualitative sensor signal dictating the stop of crack growth.         



2.5 Materials  

The MTCT samples tested in this work were obtained from a 300×300 mm2 GRP panel that was 

manufactured in-house by resin infusion. The impregnated laminate was consolidated under vacuum 

bag pressure and cured at room temperature for 24 h, under vacuum pressure. Room temperature 

curing was also followed by a thermal post-cure at 60 °C for 12 h.  

The raw materials used consist of:  

 a UD glass fabric, with areal weight 300 g m2⁄ , made of yarns interwoven with low-tex weft 

ties, which introduce a slight crimping;  

 a MATES SX8 EVO epoxy resin coupled with its own medium speed hardener (i.e., modified 

cycloaliphatic polyamine), supplied by Mates Italiana srl, suitable for room temperature curing 

(mixing ratio: 100/30). 

The panel lay-up is [0]12 and the number of central cut plies was 6 (i.e. =0.5). The pre-crack 

delaminations were introduced during the panel assembly, by laying two stripes of a FEP release 

film, 13 m thick, across the central cut, between the continuous and cut plies interface, dimensioned 

to provide a pre-crack nominal length 2a=30 mm.  

Twelve nominally identical tensile beam samples were cut, with the beam axis parallel to the fibres 

direction. Samples have nominal planar dimensions of 250×15 mm2 and a measured thickness of 

5.72±0.13 mm. The average fibres volume fraction, calculated by weighing each sample and 

neglecting voids, amounts to about 54 %.     

2.6 Experimental plan and mechanical setup 

Table 1 summarises the plan of experiments and describes the type of tests carried out on each of the 

12 samples. Table 2 and Table 3 provide further details about the parameters set in fatigue tests under 

load and strain control.   

 

 

 



Table 1: Plan of experiments: test type and test parameters adopted for each MTCT sample. 

Sample 
ID 

Type of test Testing parameters  Purpose 

1 
Monotonic up to 
failure 

Load control 5 kN/min 
Proof loading and evaluation of 
E1 and GIIc 

2,3 
Monotonic up to 
failure 

Displacement control 1 mm/min 
Proof loading and evaluation of 
E1 and GIIc 

4 
Fatigue in load 
control 5 Hz; load range up to 1÷13 kN  

Proof tests to evaluate the ability 
to control crack growth at 
different load ranges  

5, 6, 7, 8 Fatigue in load 
control 

Sinusoidal loading with R=0.1 
and max load P calculated such 
to obtain ratios of 
GIImax/GIIc=0.2; 0.24; 0.3; 0.4; 
0.5. See table 2 

Obtained 5 point in the linear 
portion of the Paris curve da/dN 
versus GIImax/GIIc 

9 
Fatigue in 
displacement 
control 

Sinusoidal displacement wave 
between 0.085÷0.85 mm carried 
out for 105 cycles.  

Proof of gradual delamination 
arrest and compliance increase in 
a constant displacement amplitude 
fatigue test 

10, 11, 12 
Fatigue in strain 
control 

See Table 3 
To obtain the Paris curve near the 
threshold point.  

 

 

Table 2: Fatigue tests under load control with R=0.1 and load frequency 5 Hz. 

Sample ID 5 6  7 8 

Number total cycles 
16943 

 

13999 

21080 
6322 2400 

Pmax [kN] 10 
9.1 

11.5 
12.86 14.38 

GIImax/GIIC 0.24 
0.2 

0.3 
0.4 0.5 

 

 

Table 3: Fatigue tests under strain control with R=0.1 and load frequency 5 Hz. 

Sample ID 10 11  12 

Number total cycles 72000 140000 140000 

max 4300 4300 3800 

 

All tests were run on a MTS 810 universal testing machine (100 kN load cell capacity), remotely 

controlled by a MTS FlexTest SE digital controller, equipped with MTS 647 hydraulic grips. The 

extensometer used for the determination of E1 and for the strain-control feedback is a HBM dd1 strain 



indicator, assembled in an averaging double opposed clamp-on configuration (see Figure 2b). The 

extensometer is fully conditioned by the MTS digital controller, so that its signal is sampled 

synchronously with the other machine transducers and is suitable for closed-loop control. A 

preliminary optimization of the PID controller parameters was performed, which allowed to adjust 

the extensometer signal to meet perfectly the dynamic requirements of the applied fatigue loading 

cycles. 

2.7 Thermoelastic stress analysis (TSA) 

An IR camera, FLIR x6540sc, was used during both monotonic and fatigue tests. A full account of 

the advantages of IR Thermography, as an effective tool to monitor damage through thermograms 

acquired in a non-contact and full-field way, is given in [11,12]. Here it is quickly recalled that 

thermograms sampled during monotonic tests allow to identify the first load at which delamination 

damage first occurs, so that this load can be used as the critical value for the evaluation of GIIC. 

Regarding fatigue tests, the sampled thermograms are post-processed in the frequency domain with 

a lock-in filter [21,30], thus obtaining the thermoelastic signal. This, in particular, is correlated to the 

stress field, and allows to identify the evolution of the delamination by considering the special 

thermoelastic signatures activated by the cracked zones. 

The experimental evaluation of da/dN during fatigue loading in load control was carried out in three 

different ways: 

 Via Visual Inspection (VIS): this consisted in measuring the trace of the delamination on the 

sample thickness, by means of a zoom lens, at the end of the cyclic loading. The average of the 

four delamination propagations was then divided by the total number of cycles applied, to 

obtain a value of da/dN; 

 Via the Thermoelastic signal (TSA): the sample thermoelastic signal from both the thickness 

and width faces was constantly monitored during the application of cyclic loading. The 

propagation of the delamination fronts was then measured from the thermoelastic maps as 



described in [11,12]. The crack growth rate was derived from the linear regression of the 

measured crack growths versus the number of cycles; 

 Via the extensometer signal (EXT): The measured maximum strain per each cycle is measured 

and plotted versus the number of cycles. A linear regression of such points provides the term 

d'ext/dN, which yields the crack growth rate da/dN through Eq. 5.  

3. Results and Discussion 

3.1 Monotonic Characterization 

All twelve samples were preliminary loaded monotonically up to 10 kN and then unloaded. This 

initial monotonic loading was applied in order to brake the resin pocket that is present in the transverse 

crack, and thus activate the full Mode II shifting between the continuous and discontinues plies. The 

load at which the resin pocket fractured was around 5 kN for all samples [17]. Such preliminary 

monotonic loadings on all samples allowed also to evaluate the Young’s Modulus E1, and ascertain 

that all samples have similar stiffness responses. The Modulus 𝐸1 was obtained by using Eq. 4, taking 

the values of ext from the extensometer and considering the initial delamination length 2𝑎 = 30 mm. 

The obtained value, averaged over all 12 samples, is E1=37.7±0.8 GPa. 

Figure 3 shows the monotonic load-displacement curves up to complete failure, measured from 

samples 1,2,3. The failure behavior was similar in both load (sample 1) and displacement control 

(samples 2,3). The IR camera allowed to register the first critical load at which the delaminations 

started to propagate. In fact, the onset and progression of delamination after any arrest are always 

accompanied by a sudden local temperature increase, that is most likely due to a quick change in the 

stress level generating an intense thermoelastic temperature change that is rapidly diffused away in 

the case of quasi-static loading (see also [21] for a more in-depth description of such behavior). It is 

here interesting to underline that such instant is not detectable from the features of the load-

displacement curves. In general, all samples showed an initial stable crack propagation, of the kind 



of a stick-slip behavior. This is probably due to the inhomogeneity of the material, i.e. the intrinsic 

crimping of the yarns and the presence of transverse weft ties.  

In this work the assumed critical load was that occurring at the first indication of unstable crack 

growth, and this is detected by the IR camera. Such value is Pc=20.3±0.7 kN, and the corresponding 

critical SERR was GIIc=2.1±0.1 N⁄mm. The rise of the load above the critical value indicates that the 

material exhibits a growing evolution of the R-Curve, which is due to the highly non-homogeneous 

material along the delamination plane.     

 

Figure 3: Plots of the Load-Displacement curves measured from monotonic tests up to failure on 

MTCT samples. 

3.2 Fatigue characterization: load control 

Fatigue testing under load control represents the standard procedure, implemented in the literature, 

for TCT and MTCT samples. As mentioned earlier, the value of GII does not depend on the 

delamination length, but only on the applied load P, through Eq. 2. In this way, a sample can be 

subject to constant amplitude sinusoidal loading. Such fatigue loading is carried out for a sufficient 

number of cycles, during which the crack fronts are grown enough to allow evaluating a reliable crack 

growth rate da/dN. The number of cycles required depends basically on the measuring technique and 

on the level of homogeneity of the material. Optical or IR techniques would increase their accuracy 

if the crack growth to be measured increases. If the extensometer is used,  then da/dN can be obtained 



from the linear regression of max deformation versus the number of cycles. Again a higher number 

of cycles would improve the accuracy of the linear regression (see also Figure 5).  

Figure 4 shows the obtained Paris’ law from correlating, in a bi-logarithm plane, the measured values 

of da/dN versus GIImax⁄GIIC on four samples (see Table 2). 

 
Figure 4: Paris law evaluation of the fatigue loading behaviour under load control. 

From Figure 4 it is seen that there is a general good agreement between the EXT and TSA methods 

to determine the crack growth rate, while some differences are observed with the values from the VIS 

method. It has to be reported that the VIS method was applied on surfaces whose finish is affected by 

imprints left by the band saw used to slice the samples, and this was not ideal to help to distinguish 

the delamination traces from other sample scratches and non-homogeneities. Furthermore the VIS 

measurements were all performed only at the end of cycling, while the EXT and TSA methods 

monitored the cracks growths more constantly throughout cycling, deriving da/dN with a linear 

regression operation. An example of such interpolation and the evaluation of the crack growth with 

the EXT method is provided in Figure 5, where the black solid curve is referred to the experimental 

results while the red dotted one is a linear fitting curve. Similar trends can also be found in [21]. In 

particular the plot in Figure 5 follows a generally linear trend, with some local fluctuations. These 

fluctuations are introduced by the inhomogeneity of the material (the transverse weft ties in particular 



are believed to periodically slow or accelerate crack growth). To get a good average estimation of the 

strain rate to use in Eq. (5), and then to calculate the average crack growth rate, the sample must be 

tested for a rather wide number of cycles, and a rather extended crack growth, to reduce the influence 

of fluctuations. The authors believe that a more homogeneous composite, such as a pre-preg, should 

exhibit a more regular trend, requiring far less cycles to estimate a good average crack growth rate.  

 

Figure 5: Example of average delamination growth as predicted with the EXT method. 

 

3.3 Fatigue characterization: strain control 

A preliminary proof test was carried out by setting the testing machine in displacement control, with 

sinusoidal cycles between 0.085 and 0.85 mm (𝑅 = 0.1, Frequency 5 Hz). The load applied with a 

delamination 2𝑎=30 mm and a maximum displacement of 0.85 corresponds to about 12.5 kN, i.e. a 

value of GIImax⁄GIIc =0.38 and a maximum strain of 6140 m/m. Figure 6a shows the evolution of the 

load at maximum displacement over 100000 cycles. During this cycling interval the delaminations 

average growth was about 70 mm, and the increased compliance explains the reduction of the load. 

Another interesting and expected feature is the gradual reduction of the load drop rate. Indeed, as the 

compliance of the sample increases, the load reduction decreases the driving force GII and the crack 

will eventually achieve the conditions of a natural arrest. At this point the load will remain constant. 



So it can be predicted that the threshold load behaves as a horizontal asymptote of the curve in Figure 

6a.  

         

                                         (a)                                                                              (b) 

Figure 6: (a) Evolution of the load at maximum displacement during a fatigue test in displacement 

control; (b) evolution of the load at maximum strain in fatigue tests run in strain control. 

Tests run in displacement control would be easier to implement since the extensometer is not strictly 

needed (the crack growth rate can be measured with a TSA or VIS method). It is though difficult to 

predict when the plateau in the load 𝑃 will be achieved. If the initial displacement amplitude gives 

rise to high values of GIImax⁄GIIc, then it could happen that the crack will be growing a long distance 

and a high number of cycles would be needed, before the threshold is reached, or the sample achieves 

final failure before reaching the propagation threshold. 

By running tests in strain control, Eq. 6 can be applied. This relationship can be seen as a potential 

analytical expression of the whole Paris’ curve, since it correlates da/dN to P which is correlated to 

GII (see Eq. 2). If the values of P and dP/dN are acquired experimentally from the testing machine, 

then the value of da/dN can be readily computed in both the linear and the threshold regions.  

Two sinusoidal strain cycles were applied: 380-3800 m/m (R=0.1, fr. 5Hz) and 430-4300 m/m 

(R=0.1, Fr. 5 Hz). The load corresponding to the maximum strain at the first cycle was previously 

calculated resulting in 6.8 kN (GIImax⁄GIIc=0.092) with a delamination length of 100 mm, while the 

second cycle foresees a load at maximum strain of about 7 kN (GIImax⁄GIIc=0.118) with 2a=100 mm. 



The reason of considering 2𝑎 = 100 mm  is that this is also the gauge length of the used 

extensometer. The extensometer is no longer able to detect further compliance increases if the 

delaminations overcomes the extensometer gauge length. Therefore, the rationale behind the choice 

of the above strain cycles is to set a very low value of GIImax⁄GIIc at the gauge length, so that it is very 

likely that the delaminations will reach their natural arrest before their length overcomes the 

extensometer gauge length.  

Figure 6b reports the evolution of the load at maximum strain with fatigue cycles. Each curve is 

obtained from a different sample. It is first of all observed that the cycle 430-4300 m/m was repeated 

twice. At the first run, the measured load signal was rather noisy. This was probably due to a non-

ideal setup of the extensometer. For this reason, the first run at 430-4300m/m was stopped earlier, 

after about 70000 cycles. After increasing the clamp pressure and checking the tightening of the bolts 

holding the extensometer knives, the second run at 430-4300m/m showed a far smaller noise and a 

smoother curve, and the test was kept running up to 140000 cycles.  

In order to obtain an analytical formulation of the Paris curve, all curves in Figure 6b were 

interpolated with an exponential fitting model, of the type: 

  (7) 

where coefficients a,b,c,d were calculated with a 95% confidence bound.  

The analytical representation of 𝑃(𝑁) and its derivative dP/dN are then replaced in Eq. 6 to evaluate 

da/dN and in Eq. 2 to evaluate GII. The resulting curves of da/dN versus GIImax⁄GIIc are reported in 

Figure 7.  

As shown in Figure 7, the above procedure yields smooth curves representing the threshold region of 

the Paris’ law. It is in particular appreciated how all three curves have a well-marked regular knee, 

deviating the trend from linearity to a near perpendicular orientation, supposedly pointing to the 

threshold value. In the present work this threshold value is about (GIImax⁄GIIc)th=0.17. The curves 

( )    bN dNP N ae ce



relative to the 430-4300 m/m strain cycle also show a very good fitting with the linear region of the 

Paris’ law. 

Some final considerations are made in order to validate the findings of the present work with those 

available in the literature. At this regard, it is observed that making quantitative comparisons is not 

easy since delamination toughness properties for GFRPs may differs substantially because of the 

constituents, fabric assembly and/or manufacturing process. When compared with similar 

experimental setups, the Paris linear domain of the sample tested in this work and in [21] compare 

reasonably well with the behavior of another GFRP tested with the TCT sample by Allegri et al [23]. 

If considering a different experimental setup, namely the ENF, very few data exist for glass fibre 

reinforced epoxy composites. Experiments conducted by Murri and Martin  [31] report tests 

conducted on S2/SP250 material system. Depending on how the insert was made, threshold values 

for the mode II interlaminar fracture toughness were reported in the range 0.19-0.42 N/mm, and in 

particular with an average value of 0.31 N/mm and a standard deviation of 0.08 N/mm. The value 

found in our investigation is 0.357 N/mm that is in the range previously found by Murri and Martin. 

 

Figure 7: Paris curves from the load and strain control experiments. 

 

 



Conclusions 

The Transverse Cut Tensile sample in its modified form, MTCT, was tested under load, displacement 

and strain control, in order to characterize the fatigue Mode II fracture toughness of FRP materials. 

For the first time, the MTCT specimen was tested in strain control mode. The present paper illustrates 

the advantages of a displacement/strain control driven fatigue test, evidencing how such loading 

strategy, coupled with the use of extensometers able to monitor the compliance variation, may lead 

to a semi-analytical representation of the material crack growth curve in the onset or threshold region.  

The proposed methodology is able to characterize a whole part of the crack growth curve, including 

the  subcritical crack onset region and the subsequent linear growth region (Paris’law), in a rapid and 

effective way, by just using only one sample, and only one experiment, which may extend up to only 

a few hundred of thousand cycles. The adoption of one sample and the continuous compliance 

monitoring allow for obtaining a smooth and low scattered curve that can ideally be used to improve 

fitting of total fatigue-life models (see e.g. [11]).     

Experimental results confirmed that testing an MTCT sample under displacement (or strain) control, 

leads to a delamination growth with a negative crack growth speed rate, with a natural growth arrest 

after a relatively short number of fatigue cycles. This approach allows to evaluate, in an effective and 

reliable way, the threshold fracture toughness GIIth of the material. Evidence of the validity of the 

analytical expressions linking the crack growth rate to the applied load and to the extensometer 

deformation, and a demonstration on how such analytical models may provide a representation of the 

threshold region of the Paris’ curve, were provided.  

Finally, it should be noted how the proposed methodology will particularly be useful to designers 

following a “no growth” approach to structural design, and therefore is well suited and compatible 

with current industrial material testing and qualification protocols.  
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Figure Captions 

Figure 1: Sketch of a MTCT specimen. 

Figure 2: (a) Sketch of an MTCT sample instrumented with the extensometer; (b) image of the 

HBM dd1 strain indicator assembled in an averaging double opposed clamp on configuration. 

Figure 3: Plots of the Load-Displacement curves measured from monotonic tests up to failure on 

MTCT samples. 

Figure 4: Paris law evaluation of the fatigue loading behaviour under load control. 

Figure 5: Example of average delamination growth as predicted with the EXT method. 

Figure 6: (a) Evolution of the load at maximum displacement during a fatigue test in displacement 

control; (b) evolution of the load at maximum strain in fatigue tests run in strain control. 

Figure 7: Paris curves from the load and strain control experiments. 

 

Table Caption 

Table 1: Plan of experiments: test type and test parameters adopted for each MTCT sample. 

Table 2: Fatigue tests under load control with R=0.1 and load frequency 5 Hz. 

Table 3: Fatigue tests under strain control with R=0.1 and load frequency 5 Hz. 

 


