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Abstract

This paper presents a method to determine the bending mode fracture tough-

ness of thin-ply composite laminates. Single-edge notch samples are tested

using a recently developed compression-bending fixture in the geometrically

nonlinear regime until failure. The fixtures impose large bending curvatures

at the notch tip and the corresponding moment vs. curvature response is ob-

tained. Post-mortem micro-CT images show the details of the quasi-brittle

fracture process zone. The experimental results and micro-CT images of the

process zone are combined with the numerical virtual crack extension method

to measure the critical energy release rate of the laminate structure, based

on a detailed representation of the fracture process zone. The results are pre-

sented for a specific cross-ply laminate, but the procedure can be extended

to other material systems under large curvature loads.
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1. Introduction1

Thin-ply composite laminates enable lightweight deployable structures2

that can be tightly coiled and are able to self-deploy through the release of3

the elastic strain energy stored during coiling. Typically, these laminates4

have ply thicknesses lower than 30 µm and overall thickness on the order5

of 100 µm. Applications of these laminates, include future solar sails, solar6

arrays, and space solar power satellites [1, 2, 3].7

In the deployable structures of interest to the present study, the largest8

stresses occur in the coiled configuration, and hence bending is the loading9

mode most relevant to the formation of cracks. Experimental determination10

of the effective fracture toughness associated with these loading conditions is11

important for material characterization and numerical modeling. Currently,12

there are no standards to determine these properties.13

Previous studies investigating the effective fracture toughness of compos-14

ite laminates have primarily focused on in-plane Mode I loading conditions.15

Soutis [4] examined the effective fracture toughness of laminates containing16

a central hole subjected to compression loading, where fiber microbuckling17

was identified as the dominant failure mechanism. Similarly, Pinho et al. [5]18

performed both compact tension and compression tests on standard, non-19

thin-ply laminates to evaluate the effective fracture toughness. This work20

was later extended by Teixeira et al. [6] to include laminates composed of21

both thin and conventional thick plies. The inclusion of thin plies was found22

to delay the onset of damage near the ultimate load and reduce the over-23

all size of the damage zone. This quasi-brittle failure behavior is attributed24

to the more homogeneous microstructure of thin plies due to tow spreading25
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approaches [7].26

The formation of localized (quasi-brittle) cracks in thin-ply composite27

shells used for deployables is typically observed under quasi-static coiling28

conditions [8, 9]. This has led to the adoption of conservative design mar-29

gins that have limited the achievable coiling radius and lowered packaging30

efficiencies. To suppress crack growth, a hybrid laminate consisting of uni-31

directional carbon plies sandwiched between glass fiber plane weave plies,32

known as FlexLam [10], has been adopted for these applications [3]. The33

unidirectional fibers provide bending stiffness, while the glass fibers enhance34

the overall laminate toughness. Although these developments have been suc-35

cessful, there is still scope for improving the current design methods by estab-36

lishing a mechanics-based approach that incorporates the fracture toughness37

of the laminate system.38

A key focus of this work is the adaptation of a testing method capable39

of imposing large curvature changes on thin laminates. The current state40

of the art for large curvature testing is the Column Bending Test (CBT)41

[11, 12]. In this test configuration, a thin laminate sample is attached to42

fixtures that are connected to a standard materials testing machine. The43

ends of the test sample are allowed to rotate freely around horizontal hinges,44

through suitably designed end fixtures, when the testing machine is driven45

in a compression loading mode. While the CBT has primarily been used to46

evaluate the bending stiffness and strength of laminates, this study expands47

its application to fracture toughness studies.48

Several closed-form solutions for stress intensity factors have been de-49

veloped for geometrically linear elastic plates and shells, based on the prin-50
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ciples of linear-elastic fracture mechanics (LEFM). These include the early51

works by Williams in 1960’s [13, 14] and more recently by Zehnder [15, 16],52

who highlighted a distinction between in-plane opening (I) and shearing (II)53

modes, and out-of-plane bending, twisting, and transverse shearing struc-54

tural modes. Closed form solutions for the stress intensity factors for linear55

elastic anisotropic plates and shells have also been introduced in [17] and56

[18], respectively.57

Several numerical approaches based on finite element methods have been58

explored for analyzing plates and shells, including techniques for calculat-59

ing the J-integral [19, 20] and the virtual crack extension method [21]. The60

virtual crack extension method, adopted in this study, is particularly well-61

suited due to its moderate mesh density requirements, which are sufficient62

to achieve convergence in fracture toughness calculations. The accuracy and63

reliability of the virtual crack extension method have been validated against64

closed-form solutions, as demonstrated in [21], further supporting its appli-65

cability to the present study.66

The structure of the paper is as follows. Section 2 outlines the manufac-67

turing of the test samples. Section 3 discusses the CBT experiment on an68

orthotropic laminate with an initial notch and presents post-mortem micro-69

CT images of the fracture process zone. In Section 4, the bending mode70

energy release rate is calculated using the virtual crack extension method71

and the critical value is determined. Finally, Section 5 concludes the paper.72
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2. Materials and Specimen Preparation73

Test laminates were made from 0.03 mm thick thin-ply unidirectional74

carbon fiber (UDCF) prepreg tapes, consisting of Torayca T800 carbon fibers75

and North Thin Ply Technology (NTPT) ThinPreg 402 epoxy resin. The76

lamina properties along the principal axes, obtained from the manufacturer77

datasheet, are given in Table 1.

E11 [GPa] E22 [GPa] G12 [GPa] v12 thickness [mm]

128 6.5 7.5 0.35 0.03

Table 1: Elastic properties of thin-ply lamina.

78

The manufacturing process was as follows. 7-ply stacks with the orienta-79

tions [0/90/0/0/0/90/0] and in-plane dimensions of 120 mm × 120 mm were80

cured according to the manufacturer’s instructions. After curing, rectangular81

samples of 30 mm × 60 mm were cut using a Universal Laser Systems XLS82

laser cutter. In all of the tests, the 0-degree layers were oriented in the y-83

direction, as shown in Fig. 1a. The laminate under consideration represents84

a common configuration utilized in deployable space structural systems. The85

bending load is supported by the longitudinally oriented fibers, while the86

transverse stiffness necessary to prevent fiber-matrix debonding is provided87

by the crosswise (90-degree) fibers.88

A notch of length a = 10 mm parallel to the x-direction was introduced.89

Since crack initiation is sensitive to machining-induced damage, various cut-90

ting methods were explored. A Zünd G3 M-1600 cutting system with a Z1691

Oscillating Knife Blade produced the best quality cut. In this method, a92
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Figure 1: (a) Test laminate and (b) micro-CT image near the notch tip, showing small-

scale damage due to cutting.

mechanical blade is attached to a robotic arm and the notch is introduced93

by cutting 10 mm inwards from the free-surface at high speeds (250 mm/s).94

3D micro-CT imaging of the samples was carried out near the notch-tip95

to investigate the quality of the cut. The initial notch-tip radius, of approx-96

imately 0.01 mm, is much smaller than the ply thickness. Small-scale (0.297

mm) microstructural damage (fiber breakage and inner-ply delamination)98

was observed behind the tip, at the notch surfaces, due to cutting, as shown99

in Fig. 1b. The extent of the damage was minimized by increasing the speed100

of the blade during cutting. Prior to testing the samples reported in this pa-101

per, sensitivity studies were done on the effect of cutting speed on the critical102

load. The blade speed was increased from 10 mm/s to 250 mm/s. While the103

extent of the initial damage and the notch radius was larger at low speeds, no104

effect on the critical load. As a result, its effect on crack growth was assumed105

to be negligible, since the observed damage was primarily behind the process106

zone. Moreover, the initial contact between the crack surfaces, as shown in107

6



Fig. 1b, did not produce any friction during testing. Upon the application of108

a longitudinal curvature load, the crack surfaces bent away from each other,109

driven by the transverse curvature resulting from the Poisson’s effect.110

3. Experimental Methods111

The Column Bending Test (CBT) experiment was first introduced in112

[11, 12] to obtain the moment versus curvature plots and the failure limits of113

thin laminates in the geometrically nonlinear regime. In the present study,114

similar test fixtures were designed from aluminum and to be compatible with115

an Instron uniaxial loading frame to test samples with a single edge notch.116

A schematic of the CBT experiment is shown in Fig. 2. Points P1 and117

P2 represent the pinned joints, which are also the points through which the118

sample is loaded. In the test, the laminate of free-length s is clamped to the119

top and bottom surfaces of rigid fixtures. The horizontal and vertical offsets120

of the laminate from the pinned joints are ∆x and ∆y, respectively. When121

compression is applied by moving the top fixture, attached to the loading122

beam of the Instron, the horizontal offset causes the extension arms to rotate123

around the pins, hence inducing a curvature in the free-length region s of the124

sample.125

A horizontal and vertical offsets in the current design of the CBT fixtures126

were ∆x = 5.1 mm and ∆y = 37.5 mm, respectively. The initial misalign-127

ment angle θ and length L of the extension arms are128

θ = arctan

(
∆x

∆y

)
(1a)

L =
√

((∆x)2 + (∆y)2) (1b)
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Figure 2: Schematic side-view of CBT experiment in (a) initial configuration, and (b)

loaded configuration.

During testing, a displacement δ is applied and the corresponding force129

F is measured with the load cell, which is attached to the top part of the fix-130

ture. Reference [12] provides an analysis in which the test sample is assumed131

to have a uniform curvature in the deformed configuration. The relation132

between δ and φ is given by133

δ

s
= 1− sinφ

φ
+ 2

L

s
(cos θ − cos (θ + φ)) (2)

The above nonlinear equation can be solved numerically for φ and the134

average curvature across the sample is135

κ =
2φ

s
(3)

During compression-bending deformation of the laminate, the bending136

moment is non-uniformly distributed across the length. The maximum bend-137
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ing moment is at the center,138

Mmax = Fr (4)

where the distance r is139

r =
s

2φ
(1− cosφ) + L sin(θ + φ) (5)

The minimum moment at the connections to the extension arms of the140

fixture is:141

Mmin = Fd (6)

where the distance d is142

d = L sin(θ + φ) (7)

The difference between Mmax at the center and Mmin at the fixture arms143

can be minimized by reducing the free-length s of the sample.144

In this study, the CBT experiments were conducted on laminates with145

a single edge notch. As a result, the assumption of uniform curvature is146

not valid, and hence Eqns. 2 and 5 were replaced with direct measurements147

made during the tests. Also, the moment at the fixture arm (Eqn. 6) was148

calculated using direct measurements of d. To do this, targets for the three-149

dimensional digital image correlation (DIC) software VIC-3D by Correlated150

Solutions were printed and taped on the extension arms of the CBT fixtures,151

as shown in Fig. 3. Two synchronized cameras were positioned perpendicular152

to the fixtures and calibrated for testing.153

During loading, snapshots were taken with both synchronized cameras at154

a rate of 1 image per second. From these, DIC was performed on the images155

to extract the coordinates of the targets at each frame as a point cloud data156
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Figure 3: CBT fixture with DIC targets. The position vectors are shown in (a) initial and

(b) deformed configurations.

set. An algorithm was developed in Matlab to process the point cloud data157

and determine the rotation angle of the fixture arms at each frame.158

First, the position vectors rnt and rnb of the top and bottom arms, re-159

spectively, at each frame n were calculated from the coordinate points of the160

targets (Fig. 3). Using the dot product, the rotation angles of the fixtures161

are162

φn
t = cos−1

(
rnt · r0t
||rnt ||r0t ||

)
(8a)

φn
b = cos−1

(
rnb · r0b
||rnb ||r0b ||

)
(8b)

where φn
t and φn

b are the rotations at frame n of the top and bottom fixture163

arms, respectively, and r0t and r0b are the position vectors in the initial con-164

10



figuration, n = 0 (Fig. 3a). Note that the rotations are not assumed equal165

as in Fig. 2b.166

From Eqn. 8, the average curvature κn of the sample at frame n is defined167

as168

κn =
φn
t + φn

b

s
(9)

Although the actual free-length of the laminate was s = 10 mm, when169

defining the effective curvature in Eqn. 9, a geometric correction was included170

to account for edge-effects from incomplete clamping at the grips. As a171

result, s was increased to 12 mm when calculating the average curvature.172

In addition, in the design of the CBT fixtures, the extension arms were173

designed to be symmetric about the pinned joints, as seen in Fig. 3b. This174

was considered to counteract the effect of gravity and ensure the top and175

bottom fixtures rotated by the same amount during loading, which will be176

verified in subsequent sections.177

The reaction moments on the test samples at the top and bottom fixtures178

were determined using the measured rotations in Eqn. 8. The horizontal179

moment arm (i.e., shown in Fig. 2, the distance between the loading center180

to the top and bottom of the clamped sample) is181

dnt = L sin (θ + φn
t ) (10a)

dnb = L sin (θ + φn
b ) (10b)

From Eqns. 10a and b, and considering the reaction force F n recorded182

from the Instron load cell at each frame n, the moment resultants at the183
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fixtures are184

Mn
t =

F n × dnt
b

(11a)

Mn
b =

F n × dnb
b

(11b)

where b = 30 mm is the width of the tested sample. From Eqns. 11, the185

average moment resultant at frame n is defined as186

Mn =
Mn

t +Mn
b

2
(12)

3.1. CBT Results187

The CBT configuration with a single edge notch sample is shown in Fig. 4.188

The prepared samples shown in Fig. 1a of dimensions 60 mm × 30 mm were189

clamped to the arms of the CBT fixture using thick steel plates and bolts. At190

each end of the sample, an area of 25 mm × 30 mm was covered by a plate,191

leaving a free-length region of 10 mm × 30 mm. Steel shims of the same192

thickness as the test sample were used to provide an even surface for each193

clamping plate. When attaching the samples to the end plates, the notch194

was carefully positioned at the center of the free-length region.195

The tests were conducted using an Instron 5569 loading frame with a196

500 N load cell, set in displacement control mode and a rate of 0.5 mm/min.197

The free-length and the notch length of the test samples were carefully cho-198

sen, after preliminary tests, to ensure the crack propagation would occur199

prior to the top and bottom CBT fixtures coming into contact, at which200

point the test would have to be ended.201

The fixture rotations and the moment resultants, i.e., the moment per202

unit width of laminate, from a sample test are shown in Fig. 5a and b,203
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Figure 4: CBT fixture with test sample under load.

respectively. In Fig. 5a, the rotations of the top and bottom fixtures are204

plotted against the applied displacement and are identical. The moments205

on the top and bottom ends of the test sample, shown in Fig. 5b, are also206

identical. The plots in Fig. 5 indicate that the deformation of the sample207

was symmetric about the center. The effect of gravity on the extension arm208

and imperfect positioning of the notch about the center was negligible.209

The sample was tested to failure and the first load drop occurred for an ap-210

plied displacement of 33.1 mm, corresponding to a moment of 6.1 Nmm/mm.211

This sudden drop corresponds to the first growth of the crack length. Sub-212

sequent load drops occurred at 39.2 mm and 43.9 mm, with moments of 6.1213

and 6.2 Nmm/mm, respectively, each corresponding to further crack growths.214

Note that the rotations of the fixture arms continued to increase throughout215

the test as shown in Fig. 5a.216

The average moment stress resultant has been plotted versus the average217

curvature in Fig. 6. Six samples were tested to failure, and a sudden load218

drop (crack propagation at the notch tip) was observed in all of the tests. The219
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Figure 5: Increase in the top and bottom (a) fixture rotation and (b) end moment with

applied displacement.

mean value of the longitudinal curvature at the first load drop is 0.132 mm−1,220

with a standard deviation of 6.5%.
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Figure 6: Moment vs. curvature results for 6 test laminates.

221

It should be noted that, in the unloaded configuration, the crack surfaces222

are initially in contact. Upon loading, the surfaces bend away from each223
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other, due to the Poisson’s ratio of the laminate, and contact separation224

occurs beyond a curvature of 0.01 mm−1. Because of the separation of the225

crack surfaces during loading, the effects of the initial contact of the crack226

surfaces is negligible.227

3.2. Post-mortem Imaging of the Fracture Process Zone228

A ZEISS Xradia 510 Versa 3D X-ray microscope (XRM) was used to229

obtain high-resolution 3D micro-CT images near the crack tip of the test230

samples. The images were generated with a spatial resolution of 4 µm (voxel231

size), and a 4 mm × 4 mm × 4 mm field of view. A typical set of images232

is shown in Fig. 7a and the following observations can be made regarding233

the fracture process zone. First, the crack propagation direction is parallel234

to the initial crack (self-similar crack growth). Second, the crack growth235

occurred on both surface plies of the laminate while the middle 5 plies are236

not damaged. Third, two distinct failure modes are seen on the surface237

under compression: fiber-matrix splitting and fiber breakage. Fourth, the238

fracture of the compression surface ply shows spatial periodicity, with fiber-239

matrix splitting approximately every 0.2 mm to 0.3 mm, followed by fiber240

breakage in between. Fifth, fiber-matrix splitting and fiber breakage are241

also observed on the tension surface ply, along the crack path. However,242

unlike the compression surface, fiber-matrix splitting is observed in all of243

the fibers along the crack path. This failure mode has a spatial periodicity244

approximately equal to the fiber diameter, i.e., 6 µm. Similarly, all the fibers245

along the crack path on the tension surface ply are also fractured. The high246

localization of the fracture process zone near the notch is an indication of a247

quasi-brittle failure under bending.248
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Figure 7b shows through-thickness images of the laminate, perpendicular249

to the crack and at three different locations. Slice 1 was taken at the crack250

tip, while slices 2 and 3 were 1.0 mm and 2.0 mm away, respectively. In the251

fracture process zone, in-plane delamination of the surface plies can be seen252

along the crack path, due to the through-thickness fracture of the surface253

plies, which propagated to the interface. In addition, it can be seen that the254

central 5-plies of the laminate are undamaged.255

It should also be highlighted that the damage mechanism observed in256

Figure 7b is unique to the specific cross-ply layup and fiber-matrix system.257

Material systems at the meso-scale can be tailored to enhance multiple failure258

mechanisms, thereby increasing the fracture toughness of the overall lami-259

nate. Specifically, in the context of deployable space structural applications,260

the FlexLam laminate, comprising of carbon plies and woven glass fiber plies,261

has been empirically observed to impede crack propagation, attributed to the262

incorporation of the tougher glass plies.263

4. Critical Energy Release Rate264

In the previous section, plots of the bending moment vs. average cur-265

vature were obtained for single edge notch composite samples. The critical266

curvatures at which the moment drops were seen to correspond to a self-267

similar crack growth. Using these measured critical curvature values, this268

section determines the critical bending mode fracture toughness.269

Because of the unique nature of the CBT setup (boundary conditions,270

geometric nonlinearity, finite dimensions, anisotropy, etc.) and the damage271

observed at the fracture process zone, no closed form solutions exist for the272
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fracture toughness. Hence, the virtual crack extension method has been ex-273

tended to calculate the fracture toughness numerically using a finite element274

approach. The details of the method for linear elastic plates and shells is275

outlined in [21]. This approach has been extended to the CBT setup and to276

the experiments conducted on single-edge-notched laminates.277

4.1. Virtual Crack Extension Method278

For a general solid or structure, the energy release rate G is defined as the279

energy dissipated by fracture per unit area of new fracture surface δq. From280

the observations of the post-mortem micro-CT images in Fig. 7, the fracture281

surfaces are formed at the surface plies of the laminate, while the middle-plies282

remain intact. Since the fracture toughness values for fiber failure modes are283

order of magnitude greater than the resin failure modes such as delamination284

and fiber-matrix splitting, the crack model is simplified by considering the285

crack extension shown in Fig. 8. In this, the initial notch of length a is286

extended by an infinitesimal length δa on the surface plies only, and this287

extension is associated with fiber breakage.288

Under kinematic loading, such as in the CBT fixtures, the energy release289

rate G is defined as290

G = −∂U

∂q
= − 1

2tply

∂
(
UM + UT + UB

)
∂a

(13)

where U is the total strain energy of the laminate, composed of the sum-291

mation of the strain energy of the middle 5-plies UM , and surface top and292

bottom plies UT and UB, respectively. tply is the nominal thickness of the sur-293

faces plies. The defined expression for G, which is applicable to the specific294
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laminate considered in this study, is based on the assumption of linear-elastic295

fracture mechanics (LEFM).

Δ𝑎
𝑎

𝑡𝑝𝑙𝑦

𝑡𝑝𝑙𝑦

Ω

Top ply [0] 

Bottom ply [0] 

Middle plies [90/0/0/0/90] 

x

y

z

Figure 8: Schematic of the virtual crack extension in a single edge notch laminate.

296

For the tests outlined earlier, the value of G cannot be determined analyt-297

ically from Eqn. 13. As a result, the virtual crack extension method considers298

the following numerical approximation. The partial differential in Eqn. 13 is299

represented numerically using the forward difference approximation:300

G ≈ − 1

2tply

∆UT +∆UM +∆UB

∆a
(14)

where301

∆UT = UT (a+∆a)− UT (a) (15a)

∆UM = UM(a+∆a)− UM(a) (15b)

∆UB = UB(a+∆a)− UB(a) (15c)

Then, to compute Eqn. 14, two perturbed states of the structure are con-302

sidered. First, the strain energies of the structure in the initial configuration303
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are calculated. Second, the crack tip of the surface plies is moved forward304

by a small amount ∆a. These two states of the structure are calculated305

using a finite element analysis, as described in the next section. Because306

the crack extension will affect the strain energy in the vicinity of the crack307

tip, the calculations of Eqn. 15 are conducted inside a finite volume Ω for308

computational efficiency, which has been further discussed in [21].309

4.2. Finite Element Analysis310

To numerically calculate the value of G using the virtual crack extension311

method, two independent finite element models of the CBT experiment setup312

were made, using the ABAQUS software version 2023. The geometry and313

boundary conditions of the models are shown in Fig. 9. For the analyses,314

the free-length region of the test laminate was considered, with in-plane315

dimensions s = 10 mm and b = 30 mm. In the reference model, the initial316

notch at the center-edge was represented by a crack of length a = 10 mm,317

corresponding to the test laminates. In the second model, the notch was318

extended by an amount ∆a on the surface plies, as seen in Fig. 8.319

In the analyses, the linear elastic material properties listed in Table 1320

were assigned to the plies. As shown in Fig. 9, the 0-degree ply is ori-321

ented along the y-axis. The laminate was modeled using a hybrid approach322

that combines four-node quadrilateral shell elements with reduced integra-323

tion (S4R) to represent the middle five plies of the [90/0/0/0/90] stack and324

three-dimensional linear brick elements with reduced integration (C3D8R)325

for the surface plies. Tie constraints were imposed between the shell and326

brick layers to ensure compatibility. In the second laminate configuration,327

which incorporated a crack extension ∆a, the use of brick elements provided328
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Figure 9: Geometry and boundary conditions of finite element models. Broken lines denote

the kinematic coupling of points P1 and P2 to the top and bottom edges of the laminate.

more accurate through-thickness kinematics near the crack tip under bending329

loads compared to traditional shell elements.330

To replicate the loads applied by the CBT fixture on the laminate, two331

representative points P1 and P2 were introduced. They were positioned on332

the longitudinal axis of the sample and are offset by ∆x = 5.1 mm and333

∆y = 37.5 mm from the mid-surface of the sample, to match the offsets of334

the CBT fixture. All kinematic degrees of freedom of the points P1 and P2335

were coupled to the top and bottom edges of the sample, respectively, as336

shown in Fig. 9.337

The following boundary conditions were defined for P1 and P2. At point338

P2, which is representative of the bottom fixture, the rotation around the x-339

axis, φ1, was set free. The remaining displacement and rotation components340

were constrained, i.e., u1 = u2 = u3 = 0 and φ2 = φ3 = 0. At point P1, which341
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is representative of the top fixture, the boundary conditions were u2 = −50342

mm (corresponding to an applied displacement of 50 mm), u1 = u3 = 0, and343

φ2 = φ3 = 0. Similarly, the rotation φ1 at P1 was set free.344

Because the crack extension causes a change in strain energy of the ele-345

ments near the crack tip, the numerical calculation of G based on Eqn. 14 was346

performed within a computational domain Ω measuring 2 mm × 4 mm. The347

domain Ω was centered at the crack tip, with its dimensions carefully cho-348

sen to fully encompass the curvature and stress gradients while maintaining349

computational efficiency.350

Within Ω, a structured mesh was used for the S4R shell elements with351

in-plane dimensions of 0.03 mm × 0.03 mm. Additionally, each surface ply352

was meshed with 5 rectangular brick elements through the thickness, each353

measuring 0.006 mm × 0.006 mm × 0.006 mm. Outside Ω, an unstruc-354

tured coarse mesh was utilized for the layers. For a convergence study of355

G, various values of ∆a were considered for the second configuration, which356

corresponded to the length of 20 elements (∆a = 0.12 mm), 10 elements357

(∆a = 0.06 mm), 5 elements (∆a = 0.03 mm), and 1 element (∆a = 0.006358

mm). In addition, surface contact was not enforced on the compression sur-359

face ply since the energy change associated with crack extension under bend-360

ing was the primary goal of the calculation. All simulations were conducted361

using a dynamic implicit solver with geometric nonlinearity enabled.362

4.3. Results363

Fig. 10 shows the deformation of the laminate mid-plane in the reference364

configuration. The surface ply layer has been removed from this view and the365

contours of the local changes in longitudinal curvature, ∆κx, and transverse366
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curvature, ∆κy, are shown in Figs. 10a and b, respectively. A curvature367

singularity is visible at the tip of the notch, for both curvature components,368

which is enclosed within the domain Ω. As already noted in Section 3, the369

crack surfaces deform away from each other, due to the Poisson’s ratio of the370

laminate, which induces a transverse curvature in the sample.
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Figure 10: Deformed configuration of test sample, showing concentration at the crack tip

at (a) longitudinal curvature ∆κx and (b) transverse curvature ∆κy.

371

The moment vs. average curvature relation obtained from the finite ele-372

ment model was previously shown in Fig. 6. The free rotations φ1 at P1 and373

P2, corresponding to the top and bottom fixture arms, were used to calcu-374

late the curvature. The reactions at P1 and P2 were used to calculate the375

corresponding moments.376

A comparison of the bending stiffness of the simulated structure with the377

experimental results, shown in Fig. 6, shows an excellent agreement within378

5%, which confirms that the main features of the CBT experiment have been379

incorporated in the finite element model.380

To obtain the bending mode fracture toughness of the laminate, the en-381

ergy release rate G of the structure was calculated as outlined in Section 4.1.382

Two simulations of the perturbed states were carried out and the strain en-383

ergies were calculated from the results of the simulations. Then, the value of384

G was calculated using Eqn. 14, at each load step.385
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The plot of the energy release rate obtained for each value of applied386

curvature is shown in Fig. 11, for different crack extension ∆a. It can be387

seen that the energy release rate plots converge with a decreasing ∆a. The388

value of a = 0.006 mm corresponds to releasing a single brick element, which389

is used to calculate the critical energy release rate of the laminate.
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Figure 11: Numerically calculated energy release for each value of the applied longitudinal

curvature. Convergence of mesh size and perturbation length ∆a is verified.

390

The critical value of the energy release rate was determined by substi-391

tuting into Fig. 11 the critical longitudinal curvature at which the first load392

drop had occurred, for each test laminate. The results are presented in Ta-393

ble 2. Overall, for the 7-ply laminate, the mean value of the critical energy394

release rate is Gcr = 18.7 kJ/m2, with a standard deviation of 5.7%. The395

low value of the standard deviation indicates that the measurements of the396

critical values were consistent.397

Because pure bending conditions were applied in the CBT experiments398
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and the finite element simulations, the obtained critical value corresponds to399

the bending mode fracture toughness of the laminate.400

Curvature [mm−1] Energy release rate Gcr [kJ/m
2]

Sample 1 0.139 20.6

Sample 2 0.135 19.4

Sample 3 0.143 21.8

Sample 4 0.128 17.4

Sample 5 0.130 18.0

Sample 6 0.119 15.1

Mean 0.132 18.7

Standard Deviation 6.5% 5.7%

Table 2: Measured critical properties of 7-ply laminates.

A less accurate but simpler estimate of the energy release rate, using a401

finite element model where the outer plies are modeled with shell elements402

(instead of brick elements), hence assuming a through-thickness crack exten-403

sion gives an estimate of the critical energy release rate Gcr = 30.1 kJ/m2.404

It is noted that the critical energy release rate reported in this study is405

only for crack initiation. Attempts were made to measure the changes in406

Gcr with the crack size, to obtain a crack growth through resistance curve407

(R-curve). Cameras were placed on both front and back surfaces of test408

laminates with a single edge notch, to record the crack growth. However, the409

view of the compression surface was blocked by the CBT fixtures and, since410

crack growth was observed on both the compression and tension surfaces, it411

was not possible to obtain a precise correlation between the load drops and412
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the specific crack lengths at which the drops occurred. This remains an open413

topic for further research.414

5. Conclusion415

This paper has made use of the CBT experimental setup, in tandem with416

a numerical analysis of the energy release rate using the virtual crack ex-417

tension method, to determine the critical bending mode fracture toughness418

of thin-ply composite laminates. The approach introduces new testing and419

numerical approaches that enable the future design of tougher shells that420

suppress crack growth through new combinations of fiber and matrix con-421

stituents, ply orientations, ply type (unidirectional, glass fiber plane weave),422

etc. In addition, the measurement of the fracture toughness is also critical423

for numerical approaches to predicting damage and fracture in laminates at424

the shell-scale.425

The bending mode fracture toughness of a 7-ply, orthotropic laminate was426

measured as 18.7 kJ/m2, with a standard deviation of only 5.7%. Although427

these are specific to the laminate under consideration, the procedure can be428

extended to other material systems. Future studies include testing of thin-429

ply laminates with thermoplastic resin constituent and a Flexlam system,430

which have been empirically reported to suppress crack growth.431

Post-mortem micro-CT images near the crack tip were critical to un-432

derstand the bending mode failure mechanisms at the micro-scale. The 3D433

images provided critical details of the length-scale of the fracture process434

zone and the failure modes at the micro-scale, such as fiber breakage and435

delamination, which are induced under bending. These observations were436
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used to numerically calculate the effective energy release rate based on the437

assumptions of LEFM.438

Improvements to the experiments could explore better methods for cut-439

ting notches in the thin laminates, as this was challenging. The Zünd cutting440

system with a mechanical blade produced the best results. Additionally, in-441

corporating the fracture process zone into the numerical model could enhance442

accuracy. While the virtual crack extension method estimates the energy re-443

lease rate using LEFM, ongoing efforts aim to account for process zone details444

such as delamination and resin failure.445

Lastly, while this study has emphasized bending mode fracture toughness,446

it could also be extended to assess other out-of-plane fracture modes like447

twisting and shear in thin laminates used for deployable shell structures.448
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