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Abstract
This paper focuses on trans-laminar fracture process under varying environmental condi-
tions which is crucial for the design and certification of many modern engineering applica-
tions. High-fidelity Finite Element (FE) models are developed for predicting trans-laminar 
fracture of a quasi-isotropic carbon/epoxy laminate under room temperature dry, and for 
the first time hot temperature wet conditions. Such FE modelling of ASTM E1922 speci-
mens has not been done before. The FE models in ABAQUS Explicit employ a Weibull 
failure criterion for fibre fracture and cohesive surfaces for sub-critical damage to explain 
the complex trans-laminar fracture process. It successfully captures the toughening mecha-
nisms, which are further enhanced by increased sub-critical damage under hot temperature 
wet conditions. This can finally be confirmed by the current models which addresses some 
limitations of ASTM E1922 e.g. a limited ligament length and the tendency of having 
premature compressive failure at the specimen rear end.

Keywords  Fracture toughness · Fracture · Finite Element Analysis (FEA) · 
Environmental conditions

1  Introduction

The failure behaviour of composites is very complex. A major issue is trans-laminar fracture 
propagation due to stress concentrations at notches in composite structures. The importance 
of this issue has been recognised and studied by the National Aeronautics and Space Admin-
istration (NASA) [1], Airbus [2] and the Japan Aerospace Exploration Agency (JAXA) [3]. 
However, currently it is difficult to predict this, and extensive testing is required.
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There is an ASTM E1922 standard for trans-laminar fracture toughness for polymer 
matrix composites [4]. It has been adopted to characterise trans-laminar fracture toughness 
of different materials [5–7], fracture process zone development [8] and hygrothermal effects 
[9]. Its limitations have been pointed out through experimental studies, such as small liga-
ment size and undesirable compressive failure at the specimen rear end. To the authors’ best 
knowledge, no numerical studies based on the ASTM E1922 standard have been conducted 
to understand trans-laminar fracture behaviour.

Predicting fracture behaviour is challenging due to the interaction of complex failure 
mechanisms. Different methods have been developed for example, continuum damage 
mechanics [10–14], finite fracture mechanics [15], smeared crack method [16], cohesive 
zone method [17], machine learning [18], phase field method [19] and peridynamics method 
[20]. Another modelling method is discrete crack method [21–23] which can model failure 
mechanisms explicitly such as fibre fracture, matrix cracking and delamination and their 
interaction. Li et al. [21] adopted cohesive elements and a stress-based Weibull failure cri-
terion. It is different from an energy-based fibre failure criterion by Ruta et al. [23] that 
required additional trans-laminar fracture energy inputs. Compared to Ruta et al. [23], a 
complex process is needed for generating cohesive elements for all interfaces and a network 
of potential splitting paths following the method developed by Li et al. [24]. Methods for 
trans-laminar fracture response at elevated temperatures and wet conditions are however 
very limited, such as this analytical study [25].

Trans-laminar fracture of quasi-isotropic carbon/epoxy laminates has been successfully 
predicted at both room temperature dry and hot temperature wet conditions, which has not 
been done before. It is also the first known Finite Element (FE) modelling of the ASTM 
E1922 standard tests which is the only designated ASTM standard for measuring trans-lam-
inar fracture toughness of polymer-based composites. The current high-fidelity FE method 
uses the advanced general contact option in ABAQUS Explicit, so the complex meshing 
process for cohesive elements is no longer needed. Addressing the limitations of the experi-
ments as per the ASTM E1922 standard, the FE model helps explain the trans-laminar frac-
ture behaviour at varying environmental conditions.

2  Modelled Experiments

The modelled geometry is Eccentrically loaded Single Edge-notched Tension (ESET) speci-
men according to the ASTM E1922 standard as shown in Fig. 1 [4]. The specimens were cut 
using a Computer Numerical Controlled (CNC) router using 1 mm diameter end mills. The 
machined edge notch was then sharpened manually using 0.25 mm thick precise saw blades. 
The material used is Hexcel’s HexPly® IM7/8552 unidirectional prepreg, and the stacking 
sequence is [90/45/0/-45]4s.  

The experiments were conducted as per the ASTM E1922 standard [4] at Room Temper-
ature Dry (RTD) [8] and Hot Temperature Wet (HTW) [9] conditions. The HTW specimens 
were conditioned at 80 °C and 85% relative humidity until full saturation and then tested 
in an environmental chamber at 120 °C and dry conditions. The HTW specimens refer to 
hot-wet conditioned specimens tested hot-dry thereafter. The static test duration was short 
so the loss of moisture during hot-dry tests was ignored [9].
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An effective crack length was defined to include a Fracture Process Zone (FPZ) where 
the 0° plies are broken but some ± 45° plies are still intact [22]. The combined true crack 
length where all plies are broken plus the length of broken 0° plies within FPZ constitutes 
the effective crack length.

The stress intensity factor, K, is calculated by Eq. (1) in the ASTM E1922 standard [4]:

	
K =

P
B

√
W

α
1
2 (1.4 + α)

[
3.97 − 10.88α + 26.25α2 − 38.9α3 + 30.15α4 − 9.27α5]

(1 − α)
3
2

� (1)

where P  is the failure load at the load drops, a represents the effective crack length con-
sidering the modelled fibre breakage in the 0° plies, B is the specimen thickness, W  is the 
specimen width and α = a/W .

The strain energy release rate, G, is calculated by the following Eq. (2) assuming plane 
stress:

	
G = K2

E
� (2)

where E = 61.6 GPa is the Young’s modulus of the laminate.

3  Finite Element (FE) Method

The FE method was implemented in ABAQUS Explicit with C3D8R continuum elements. 
The baseline mesh is generated from a unit cell based on Li et al. [24]. Recently, the same 
meshing method in ABAQUS was used to predict tension-tension fatigue failure but trans-
laminar fracture was not covered [26]. A ply-by-ply half model is created from the unit 
cells within a region of 24 mm × 12 mm × 2 mm ahead of the pre-defined crack. The rest 
of the regions were modelled using the same C3D8R continuum element blocks but with 
homogenised properties in Table 1. The mesh details are shown in Fig. 2. The minimum mesh 
size is 0.25 mm in the unit-cell region, and the maximum mesh size is 3.25 mm further away.

Fig. 1  ESET specimen geometry before notch sharpening [4]
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Fig. 2  FE mesh details with unit cells

 

E1=E2(GPa) E3(GPa) G13=G23(GPa) G12(GPa) ν13= ν23 ν12

61.6 13.5 4.5 23.4 0.31 0.32

Table 1  Homogenised properties 
for IM7/8552 [31]
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Symmetry boundary conditions were used through the model thickness. Along the load-
ing direction, displacements were fixed at one loading pin, while a prescribed velocity was 
applied at the opposite loading pin end at a constant rate of 2 mm/s. Semi-automatic mass 
scaling was used with a target timestep of 1 × 10− 6 s. Despite a higher loading rate than that 
in the experiments and the use of mass scaling, the kinetic energy is within 6.2% of internal 
energy during fracture propagation, to ensure a quasi-static loading condition.

Following the previous study using LS-Dyna [22], the ABAQUS model was divided 
into two different mesh regions: a ply-by-ply unit-cell mesh region and a blocked structural 
mesh region to reduce computational costs. Unlike the previous study using a complex 
meshing algorithm for cohesive elements [18], cohesive surfaces were pre-defined between 
the plies within the unit-cell region (Fig. 2c) using the ABAQUS general contact. Within 
the unit-cell region, potential splitting paths are created within each ply as shown in Fig. 
2d. The interfaces between the unit-cell mesh region and the remaining element block were 
connected using tie constrains. The same cohesive surface approach and properties were 
used for splitting as for other interfaces. The mix-mode behaviour was represented by a 
power law with an exponent of e = 1. The properties for the cohesive surfaces listed in 
Table 2 are from the literature [27]. The elastic properties are assumed not to depend on the 
environmental conditions. 

Finally, a fibre failure criterion [21] was adopted according to Weibull theory [28]. 
Weibull theory was adopted to predict fibre failure in continuous fibre composites [22, 26, 
27] and discontinuous composites [29, 30]. In this work, it uses the fibre-direction stress in 
all plies within the unit-cell region to predict failure according to Eq. (3). When Eq. (3) is 
satisfied, σu,i, is the critical fibre-direction stress in the ith ply. The element with the maxi-
mum fibre-direction stress will be deleted to simulate fibre failure.

	

Number of elements∑
i=1

Vi (σu,i/σunit)m = 1� (3)

where σu,i is the fibre-direction tensile stress in the ith element, Vi is the volume of the ith ele-
ment, σunit is the tensile strength of a unit volume of material, and m is the Weibull modulus 
from the previous work. All material properties used are listed in Tables 3 and 1.  

The focus of this paper is to predict progressive trans-laminar fracture in ABAQUS.
Compressive failure at the specimen rear end was not modelled so some experimental limi-
tations can be addressed.

Table 2  Cohesive interface properties for IM7/8552 [27]
tRT D
n  
(MPa)

tRT D
s  
(MPa)

GRT D
IC  

(kJ/m2)
GRT D

IIC
(kJ/m2)

tHT W
n  
(MPa)

tHT W
s  
(MPa)

GHT W
IC  

(kJ/m2)
GHT W

IIC
(kJ/m2)

e

60 90 0.26 1.0 44.5 48.2 0.35 0.41 1

Table 3  Ply properties for IM7/8552 [31]
E1(GPa) E2=E3(GPa) G12=G13(GPa) G23(GPa) ν12= ν13 ν23 σ unit(MPa) m
161 11.4 5.17 3.98 0.32 0.44 3131 41
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4  FE Modelling Results

4.1  FE Model Verification at Room Temperature Dry Conditions

The FE models were run using 64 cores on a high-performance computer cluster at Cran-
field University. The FE results are compared to the previous experimental results at RTD 
conditions [8] as shown in Fig. 3a. The FE model captures the overall load vs. Pin Opening 
Displacement (POD) response well, including the peak loads and key load drops. However, 
the FE model is stiffer than the specimens, which could be caused by the compliance in the 
test jig. For easier comparison of the loads, the FE displacements were scaled to match the 
experimental stiffness. Only loads were used for fracture analyses.

The predicted load-displacement response is also verified against the typical test of Spec-
imen 1 at approximately circled loads in Fig. 3b. The predicted damage states are compared 
with the in situ X-ray Computed Tomography (CT) scans images of Specimen 1 [8] in Fig. 
4. A good agreement has been reached between the modelled and observed damage states. 
Please note that delamination is not visible in the CT scan images, but fibre fracture and 
splitting are comparable with the FE results.  

All plies through the thickness are predicted broken after the peak load as shown in Fig. 
5 indicated by the removed elements in 0°, 45° and −45° plies. This is consistent with the 
experimental observation [8]. In the experiment the last load drop was triggered by com-
pressive failure at the specimen rear end which is not modelled. 

4.2  FE Results at Hot Temperature Wet Conditions

Since the FE model correlates well with the experiments at RTD conditions, it is also used to 
explain the trans-laminar fracture response at HTW conditions [9]. The FE model captures 
the overall response as seen in Fig. 6. 

It was observed that specimens at HTW conditions have more damage than that at RTD 
conditions. This has been seen in the current HTW model and compared reasonably to the 
CT scan image of a 0° ply in Fig. 7. Such extensive damage can delay fibre failure, resulting 
in a 75% increase of trans-laminar fracture energy [9]. 

5  Discussion

A good agreement up to peak load has been reached between the current models and experi-
ments until the onset of compressive failure, with the predicted post-peak crack growth 
interpreted as an idealized extension rather than a reproduction of the physical tests.

At RTD conditions, the model can continue to run after reaching the peak value without 
pre-mature compressive failure observed in the ESET tests. The load envelope appears to 
follow a Linear Elastic Fracture Mechanics (LEFM) line as shown in Fig. 8. The LEFM 
line is determined by Eq. 1 and constant fracture energy of 100 kJ/m2 which is derived from 
the peak load and corresponding effective crack length. This implies that the fracture pro-
cess zone has been fully developed using the current model geometry following the ASTM 
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E1922 standard [4]. However, this analysis can only be done numerically, because compres-
sive failure stopped any further crack growth around the peak load in the experiments due 
to the limitation of a small specimen [9]. 

Fig. 3  Comparison between experimental and FE results at room temperature dry conditions. (a) Com-
parison with a CT image of a failed specimen, (b) Comparison against in situ test
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Fig. 4  Predicted damage compared with in situ CT scans [8] at similar loads at room temperature dry 
conditions
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Fig. 6  Comparison between experimental and FE results at hot temperature wet conditions

 

Fig. 5  Fibre direction stress dis-
tributions just after the peak load 
of 4.84 kN (100 kJ/m2) at room 
temperature dry conditions
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At HTW conditions, the model captures the peak load well without considering compres-
sive failure at the specimen rear end. This implies that the measured peak load was likely to 
be triggered by the significant propagation of the crack under tension immediately followed 
by compressive failure at the rear end. Had premature compressive failure occurred in the 
experiments, the model would have overpredicted. The model implies that most plies are 
already broken through the thickness at the peak load. The extensive matrix damage in the 
45° plies also suggests a large damage height contributing to much higher Gmax value of 
217.1 kJ/m2 at HTW conditions than RTD (100 kJ/m2). However, this numerical observa-
tion cannot be fully verified experimentally again due to the limitations of the experiments 
which limited sufficient crack propagation [9].

Fig. 7  Damage and stress distribution in a typical 0° ply before fibre failure at hot temperature wet 
conditions
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6  Conclusions

This paper successfully addresses the engineering challenge of accurately modelling 
notched failures in advanced composites at varying environmental conditions.

The current FE model in ABAQUS Explicit confirms that a much tougher trans-laminar 
fracture response at HTW conditions is due to the degradation of some key matrix proper-
ties, which leads to extensive sub-critical damage and delays fibre breakage from the notch 
tip.

The FE model explained the trans-laminar fracture sequence by excluding the com-
pressive failure mode at the model rear end, which was found to be impossible to avoid 
experimentally, due to the limitations of specimen size and the building-up of undesirable 
compressive stress at the specimen rear end.
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Fig. 8  Predicted post-peak fracture behaviour at room temperature dry conditions
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