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Graphical Abstract

Modeling of progressive high-cycle fatigue in composite laminates accounting for local

stress ratios
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Modeling of progressive high-cycle fatigue in composite laminates
accounting for local stress ratios

P. Hofman, F. P. van der Meer, L. J. Sluys

Delft University of Technology, Delft, Netherlands

Abstract

A numerical framework for simulating progressive failure under high-cycle fatigue loading is

validated against experiments of composite quasi-isotropic open-hole laminates. Transverse matrix

cracking and delamination are modeled with a mixed-mode fatigue cohesive zone model, covering

crack initiation and propagation. Furthermore, XFEM is used for simulating transverse matrix

cracks and splits at arbitrary locations. An adaptive cycle jump approach is employed for efficiently

simulating high-cycle fatigue while accounting for local stress ratio variations in the presence of

thermal residual stresses. The cycle jump scheme is integrated in the XFEM framework, where

the local stress ratio is used to determine the insertion of cracks and to propagate fatigue damage.

The fatigue cohesive zone model is based on S-N curves and requires static material properties and

only a few fatigue parameters, calibrated on simple fracture testing specimens. The simulations

demonstrate a good correspondence with experiments in terms of fatigue life and damage evolution.

Keywords: composite laminates; progressive fatigue failure; extended finite element method;

cohesive zone modeling
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1. Introduction

Fiber reinforced polymer (FRP) composites have many advantages over traditional (metallic)

engineering materials and are increasingly used in the aerospace and automotive industries. These

materials possess high-strength-to-weight ratios, good corrosion resistance and the material can

be tailored to meet specific requirements by altering the stacking-sequence, fiber material, matrix

material and ply thickness.

In order to speed-up and improve the design and certification process of FRP laminated struc-

tures, numerical models must be developed to predict the behavior under critical loading conditions.

Cyclic loading is an important loading condition and is often governing for the design of composite

structures.

In previous years, many high-cycle fatigue models have been developed, capable of accurately

simulating fatigue crack growth in specimens with pre-existing cracks [1–13]. However, there are

still challenges in progressive fatigue modeling of multidirectional laminates, where both intra- and

inter-laminar cracks can initiate, propagate and interact and the final failure mode is a combination

of multiple complex failure processes [14–17].

A few authors have developed a progressive failure modeling methodology to predict fatigue

failure in composite laminates [18–25]. In most of the methods, Paris-type fatigue cohesive zone

models are used to describe fatigue crack propagation, while fatigue crack initiation is simulated

with criteria based on S-N curves. Therefore, these two stages of fatigue damage are treated

separately and a large amount of material characterization tests is required to obtain Paris’ and

S-N curves for different mode-mixities and stress ratios.

Recently, Dávila [26–28] proposed a fatigue cohesive zone model, covering fatigue crack initia-

tion and propagation in a unified formulation. The model requires the static material properties

and a limited number of fatigue parameters that can be obtained by calibration with typical frac-

ture characterization tests. The effects of mode-mixity and stress ratio are taken into account in

the constitutive equations through empirical relations and engineering assumptions. The fatigue

cohesive zone model has been validated against simple fracture tests with thermosets [26–30], tests

exhibiting R-curve effects with thermoplastics [31], a reinforced double cantilever beam specimen

with changing crack front shapes [29, 32] and a clamped tapered beam specimen with delamination-

migration [33]. Furthermore, the model successfully predicted initiation of transverse matrix cracks

in [02/904]s-laminates with thermal residual stresses [34]. Recently, the model has been used to

simulate progressive fatigue failure in an open-hole [0/90]s-laminate with predefined splits [25]

and in an open-hole [±45]s-laminate with multiple transverse matrix cracks using XFEM [35].
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However, the applicability of the fatigue cohesive zone model to simulate progressive failure in

quasi-isotropic open-hole laminates with a complex interaction of distributed transverse matrix

cracks and delamination has not yet been demonstrated.

Moreover, most of the progressive fatigue failure models employ predefined discrete cracks to

simulate transverse matrix cracks and splits [18, 20, 23, 25], or a continuum damage mechanics

model in combination with fiber-aligned meshes [24]. With XFEM, fiber-aligned meshes are not

required and unstructured meshes can be used, thereby reducing meshing efforts. Furthermore,

XFEM captures the discrete nature of a transverse (mesoscale) crack and allows for multiple

cracks at arbitrary locations, which makes it possible to simulate the complete failure process from

distributed cracking to localized failure, including the interaction between discrete matrix cracks

and delamination.

This paper builds on previous work [35], where a robust and efficient XFEM-based progressive

failure framework for tensile static loading [36, 37] has been extended for simulating high-cycle

fatigue. In this framework, both intra- and inter-laminar cracking are modeled with Dávila’s

mixed-mode fatigue cohesive zone model for simulating fatigue crack initiation and propagation

with only a few input parameters. Furthermore, the fatigue cohesive zone model has been enhanced

with an implicit time integration scheme of the damage variable and a fully consistent tangent to

improve efficiency of the full-laminate analyses. The progressive fatigue failure framework is fur-

ther extended in this work by using an adaptive cycle jump strategy that can capture local stress

ratios. This is particularly important in multidirectional laminates, where due to the presence of

non-uniform thermal residual stresses after curing, the local stress ratio varies in the laminate.

Simulations of two quasi-isotropic open-hole laminates, with different stacking sequences, are per-

formed with various tensile cyclic loadings and results are compared against experimental data

from literature.

This paper is organized as follows. First, the fatigue cohesive zone model with implicit fatigue

damage update is summarized, followed by the formulation of XFEM for simulating intra-laminar

cracking. Then, the extension with an efficient adaptive cycle jump scheme for simulating high-

cycle fatigue, while accounting for local stress ratios, is addressed. Finally, the simulation results

of two quasi-isotropic open-hole laminates are presented and discussed.
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2. Progressive failure framework

2.1. Fatigue cohesive zone model

The high-cycle fatigue cohesive zone model by Dávila [26] builds upon Turon’s static mixed-

mode cohesive zone model [38–40] and is formulated in terms of an equivalent 1D traction-

separation relation:

σ = (1− d)KB∆ (1)

where σ is the equivalent traction, KB is the mode-dependent dummy stiffness and ∆ is the

equivalent displacement jump (see Figure 1).

The damage variable d is related to an energy-based damage variable D, defined as the ratio of

dissipated energy Gd over the critical mixed-mode energy release rate Gc

D ≡ Gd

Gc
=

∆∗ −∆0

∆f −∆0
(2)

where ∆0 and ∆f are the initiation and ultimate equivalent displacements, respectively. Fur-

thermore, the reference displacement (corresponding to the displacement at which static damage

develops) is defined as

∆∗ = D(∆f −∆0) + ∆0 (3)

The energy-based damage variable D is the state variable and can only increase in pseudo time

t, such that for current time step tn

D(tn) = max
0≤τ≤tn

(
D(τ)

)
(4)

The stiffness-based damage variable d in Equation (1) is related to the energy-based damage

variable with the following equation

(1− d)KB

fB

σres

σmax

σ

∆
∆∗∆0 ∆f∆

Gd

KB

Figure 1: Fatigue cohesive zone model: the traction-separation response under fatigue loading (•) is inside the
quasi-static envelope
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d = 1− (1−D)∆0

D∆f + (1−D)∆0
(5)

The evolution of the energy-based damage variable is such that, at constant stress amplitudes and

mode-mixities, the number of cycles to failure is described by an S-N curve (see Figure 2). The

rate of change of the damage variable dD/dN is described with a nonlinear differential equation

dD
dN

=
1

γ

(1−D)β−p

Eβ(p+ 1)

(
∆

∆∗

)β

(6)

where the right-hand side is the CF20 damage accumulation function [27]. In this function, γ is

the number of cycles to failure at the endurance limit, p can be calibrated to Paris curves and β

is the exponent in the S-N curve, expressed as

β =
−7η
logE

(7)

where η is a brittleness parameter to account for the low-cycle fatigue response. For a given stress

ratio R, the relative endurance limit E, defined as the ratio of equivalent endurance limit σend and

mode-dependent static strength fB, is computed from the endurance limit ϵ at full load reversal

(R = −1) with the Goodmann diagram:

E =
2Clϵ

Clϵ+ 1 +R(Clϵ− 1)
(8)

In this expression, Cl is an empirical relation which accounts for the effect of mode-mixity [41]

Cl = 1− 0.42B (9)

where B is a displacement-based measure for mode-mixity and is defined as

σσ

∆f

fB

σmax

σ

∆
∆∗

∆N

σmax

fB

1

σend

fB
N

Gd

Figure 2: S-N-based fatigue cohesive zone model

6



B =
KshJuK2sh

Kn ⟨JuKn⟩2 +KshJuK2sh
(10)

which is a function of the normal and shear dummy stiffnessess (Kn and Ksh) and the normal and

shear displacement jumps (JuKn and JuKsh). Furthermore, the ratio of shear and normal stiffness

must satisfy the constraint equation in Ref. [39] to ensure correct energy dissipation during static

mixed-mode fracture.

Following the previous work [35], the fatigue damage at current pseudo time tn is computed

with an implicit time integration scheme, using the trapezoidal rule:

D(n)
f = D(n−1) +

∆N

2

(
dD
dN

(n−1)

+
dD
dN

(n)
)

(11)

where the damage rates dD/dN(n−1) and dD/dN(n) are determined by evaluating Equation (6) with

values of the previous and the current psuedo time step, respectively. This nonlinear equation is

iteratively solved at local integration point level with Newton’s method. The quasi-static damage

Ds is computed as

Ds =
∆−∆0

∆f −∆0
(12)

and the updated damage is determined as the maximum of the static and the fatigue damage

D = max
(
Ds,Df

)
(13)

The formulation is completed with a consistent tangent stiffness matrix, which is derived and

presented in Ref. [35].

2.2. Intra-laminar cracking

The phantom node version of XFEM [42] is used for simulating distributed matrix cracks at

arbitrary locations [36, 37, 43]. A crack segment is inserted in a continuum element as soon as the

stress in the plies σ reaches a critical envelope fI(σ) = 1. The discontinuity in the displacement

field is resolved by duplicating the original element and defining the connectivity of each sub-

element ΩA and ΩB (see Figure 3) as

Ωconn
A = {ñ1, ñ2, n3} (14)

Ωconn
B = {n1, n2, ñ3} (15)
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where {ni} and {ñi} are the set of original and phantom nodes, respectively.

The displacement field of the XFEM element is expressed in terms of the independent displace-

ment fields of the two sub-elements that are overlapping:

u(x) =

 N(x)uA, x ∈ ΩA

N(x)uB, x ∈ ΩB

(16)

where uA and uB are the vectors with nodal degrees of freedom of each sub-element and N(x) is

the matrix containing the shape functions. The displacement jump vector along the crack segment

Γd is defined as

JuK(x) = N(x)(uA − uB), x ∈ Γd (17)

The crack segment is inserted parallel to the direction of the fibers in the ply to enforce trans-

verse cracks to propagate in fiber direction. The traction-separation relation of the cohesive in-

tegration points that are located on the crack segment is described by the fatigue cohesive zone

model (Section 2.1).

In order to retain well-posedness of the problem, a predefined crack-spacing parameter lc is used

[36]. XFEM crack segments can be inserted either at zero orthogonal distance of existing cracks

(propagation), or initiate as new cracks at a distance that is at least equal to lc. The objectivity

of the crack-spacing parameter is discussed in earlier publications for static loading [37] and for

fatigue loading [35].

XFEM crack segments are inserted when a fatigue crack insertion criterion (fI(σ) > 1.0) is

satisfied. The criterion is based on the endurance limit to maintain consistency with the fatigue

damage formulation [35]. The failure index function is defined as the ratio of the equivalent traction

σ to the endurance limit σend:

fI(σ) ≡
σ(σ)

σend(σ)
(18)

with σend = EfB. The relative endurance limit E is determined from Equations (8) and (9) and

the mode-dependent static strength fB is computed as

fB =
√
(Kn(1− B) + BKsh)

[
f2
n/Kn + (f2

sh/Ksh − f2
n/Kn)Bη

]
(19)

where fn and fsh are the normal and shear static strengths.
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Ω

fI(σ) > 1

ΩB

ΩA

n2

n3

ñ3

ñ1
ñ2

n2

n3

n1 n1

Γd

Figure 3: XFEM crack insertion. The mixed-mode fatigue cohesive zone model is used in each cohesive integration
point (

⊗⊗⊗
) for describing fatigue damage

T

t

T0

T∞
t t

∆N ∆N
F

Fmax

Fmin

R,∆N R,∆N

σmin

σmax

t1 t1t1

σ

F

Figure 4: Cycle jump scheme with four phases: thermal load phase (in red), static ramp-up phase (in green), control
cycle phase (in dark blue) and cycle jump phase (in light blue)
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2.3. Cycle jump scheme

A cycle jump approach, which takes into account the effects of the cyclic load in the constitutive

relation, is often used in high-cycle fatigue analyses since simulating each cycle explicitly would

be computationally intractable. A load envelope approach can be used to apply the loading in

a simplified way, for example when a constant amplitude cyclic load is applied and all inelastic

behavior is assumed to be of damage-type (with secant unloading), which makes the unloading-

reloading a linear problem. Because of this linearity, the global load ratio is equal to the local

stress ratio in each integration point. Consequently, the local stress ratio is a priori known and

can be provided as an input parameter of the constitutive equations. This approach is used by

many authors for the simulation of high-cycle fatigue [1–13, 26, 27, 33, 44, 45].

In the presence of multiple unsynchronized load signals, plasticity, geometric nonlinearities or

thermal residual stresses, the local stress ratio is not equal to the global load ratio. However, the

load envelope approach does not give access to the local stress ratios, even though these should

govern the local material response.

One approach to overcome this issue is to use a min-max technique [46], where two models,

one with the minimum and the other with the maximum applied load, are used and information is

exchanged between them. Another, more general approach, is a cycle jump strategy with explicit

load cycles, also called control cycles, before each cycle increment ∆N , as previously applied to

composite materials by various authors [34, 47–50]. During these control cycles, the minimum and

maximum stresses are monitored such that after the control cycle, the local stress ratio can be

computed before a cycle jump ∆N is applied. During the cycle jump, the local stress ratio is then

available for use in the calculation of fatigue damage.

Joosten et al. [34] combined this cycle jump approach with Dávila’s fatigue CZM and proposed

a local stress ratio definition, computed during the control cycles with a projection of the minimum

and maximum severities:

R ≡ Smin · Smax

∥Smax∥2
(20)

where S =
[
tn/fn, tsh/fsh

]T is the stress severity vector. The components of this vector contain the

normal (tn) and shear traction (tsh) components, scaled with the pure-mode strengths.

In this work, a similar approach is followed to capture the varying local stress ratio in quasi-

isotropic laminates with non-uniform thermal residual stresses. Four different loading phases are

defined. First, a thermal load phase is applied to simulate a temperature drop from the curing

temperature T0 to the cooling temperature T∞, resulting in a residual stress in every material
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point due to the mismatch of thermal constants between plies. After the thermal load phase, the

static-ramp-up phase is simulated to reach the maximum load Fmax. Subsequently, a control cycle

is applied in order to determine the local stress ratio in every integration point. When the control

cycle has finished, a cycle jump phase is entered in which fatigue damage accumulates according

to the formulation with local R in Equation (8). After each cycle jump phase, a control cycle is

re-entered to update the stress ratios for the next cycle jump phase. This process is repeated until

all fatigue cycles have been simulated. An overview of these phases is shown in Figure 4.

remark It should be mentioned that the use of control cycles to compute the local stress ratio

in each integration point is an explicit procedure. Since fatigue damage accumulates during cycle

jumps, resulting in stress redistribution in the laminate, the local stress ratio that is used at the

beginning of the step is different from the local stress ratio at the end of the step. Although time

step dependence has been reduced strongly with the implicit time integration scheme [35], a re-

assessment of the time step dependence is required. This is carried out in the numerical examples

later in this article (Section 3.2.2).

2.4. Monitoring the local stress ratio in the bulk integration points

At the end of each cycle jump, the failure index function Equation (18) must be evaluated in

every integration point. For this purpose, the local stress ratio must be available for computing the

endurance limit with Equation (8). The local stress ratio in Equation (20) is defined with traction

components in local coordinate frame, aligned with the crack segment. Since crack segments are

inserted parallel to the fiber direction, the traction vector t can be computed from the bulk stress

σ and the normal vector n, that is perpendicular to the fibers, with t = σn. The local stress ratio

can then be computed during control cycles in each bulk integration point, such that it is available

when Equation (18) is evaluated.

2.5. Transferring local stress ratio from bulk to cohesive integration points

Once new crack segments are inserted, the solution must be re-equilibrated by re-entering the

Newton-Raphson solver. Upon insertion of new crack segments, the local stress ratio R must be

known to evaluate fatigue damage in each new cohesive integration point. To achieve this, the bulk

local stress ratio is passed to the cohesive integration points on the newly inserted crack segments.

With linear (constant stress) elements, this is straightforward. With other types of elements where

the stress, and thus the local stress ratio, varies across an element, the history transfer approach

by Wells and Sluys [51] is a suitable method.
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2.6. Adaptive stepping strategy

Since an implicit time integration scheme is employed for updating the fatigue damage vari-

able during cycle jumps, the cycle increment ∆N can be determined based on global convergence

behavior [35]. An adaptive stepping scheme is used during each loading phase of the analysis.

The number of iterations niter, required to reach convergence in the previous time step, is used to

determine the next step size:

∆t(n+1) = C−
(

niter−n
opt
iter

ξ

)
∆t(n) (21)

where C, ξ and nopt
iter are model parameters and ∆t is an increment in pseudo time which translates

to a cycle increment during cycle jumps and to a load increment during static ramp up and control

cycles. If convergence is not reached within a specified maximum number of iterations nmax
iter , the

step is cancelled and restarted with a reduced time step increment ∆t(n) ← cred∆t(n).

At the start of the first cycle jump, the step size ∆Ninit is initialized and used to compute fatigue

damage. This step size is adapted during the subsequent cycle jumps according to Equation (21).

After the cycle jump phase and before a new control-phase is entered, the new cycle increment ∆N

is computed and stored as the initial cycle increment for the next cycle jump phase. This ensures

that the control cycle increments and the cycle jumps are separately adapted.

When control cycles are entered, it is first tried to find the solution at the minimum load at

once. Since fatigue damage is de-activated during control cycles and the analysis reduces to a

linear problem, only two steps, corresponding to the minimum and maximum load, are sufficient

in most cases. Sometimes, more steps during control cycles are necessary, in which case the time

step is adapted as described above.

2.7. Modeling thermal residual stresses

Multidirectional laminates develop residual stresses after curing due to a mismatch in thermal

constants between plies. The effect of a temperature change ∆T is taken into account in the ply

constitutive model. The orthotropic linear elastic stress-strain relation in 2D is

σ = D(ε− εth) (22)

where

εth =
[
α1∆T, α2∆T, 0

]T (23)

is the thermal strain, with αi the coefficients of thermal expansion in longitudinal (fiber) direction

(α1) and in transverse direction (α2).
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3. Quasi-isotropic open-hole laminate simulations

Two quasi-isotropic open-hole laminates, experimentally tested in Refs. [15, 16], have been

simulated and results are presented in this section. The laminates have the same number of plies

and thicknesses but different lay-ups, leading to distinct failure modes and fatigue lifes. The first

laminate has lay-up
[
452/902/−452/02

]
s

and is ply-level scaled, where two plies with the same

fiber direction are stacked, effectively increasing the ply thickness. The second laminate has lay-up[
45/90/−45/0

]
2s

and is sub-laminate scaled, in which the laminate is created by repeating sub-

laminates. In the following, the first laminate is denoted as ply-level scaled specimen and the second

as sub-laminate scaled specimen.

3.1. Model preliminaries

The open-hole laminates are made of carbon fiber/epoxy plies (prepreg system IM7/8552). The

dimensions of the specimens are 64mm × 16mm × 2mm with a hole diameter of 3.175mm (see

Figure 5). The thickness of each ply is 0.125mm. Thermal residual stresses arise by accounting for

the temperature change ∆T from processing temperature (180 ◦C) to room temperature (20 ◦C)

in the linear elastic constitutive relation (Section 2.7), while deformations are freely allowed to

occur.

The static versions of these cases, experimentally tested in Ref. [52], were previously simulated

with the same XFEM progressive failure framework for static loading [53]. In order to aid conver-

gence of the complex full-laminate simulations, the interface strength was reduced to 45MPa, while

the ply fracture energy in mode-I was increased to the value of mode-II, resulting in larger cohesive

zone lengths. Since the fatigue cohesive zone model is an extension of the static formulation, the

same set of static material properties as in Ref. [53] is used for the present fatigue simulations (see

Table 1). For the fatigue-related parameters of CF20, recommended values are used from Ref. [27],

which predicted excellent results with IM7/8552 carbon fiber/epoxy in a double cantilever beam

test [26], mixed-mode bending test [33, 34], double notch shear test [34], clamped tapered beam

64

16

σmax24

3.175

Figure 5: Specimen dimensions (in mm) of the quasi-isotropic open-hole laminates. The fine mesh region is indicated
in dark blue
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specimen [33] and [02/904]s-laminate [34].

The dummy stiffness between the plies is related to the in-plane shear modulus and ply thickness

tp through Kd = G12/1
2 tp [37]. Furthermore, the crack-spacing parameter (see Section 2.2) is set

to lc = 0.75mm. Since the lay-ups are symmetric, only half of each laminate is modelled. The

computational domain is discretized with an unstructured mesh and each ply is represented by a

layer of plane-stress, constant strain, triangular elements. A rectangular region around the hole is

defined where delamination is allowed by inserting zero-thickness interface elements between the

plies (shown in Figure 5). This region has a fine-mesh with a typical element size of 0.4mm. The

typical element size outside this region is 1.6mm, where the plies are rigidly tied. A Newton-Cotes

integration scheme is used for the interface elements for superior interaction with the neighboring

elements containing the transverse matrix cracks [37].

The adaptive stepping scheme in Section 2.6 allows for efficiently adapting the time steps in the

static, control cycle, and cycle jump phases. Three cycle jumps are simulated in each cycle jump

phase, after which a control phase is entered to update the local stress ratio in every integration

point.

3.2. Ply-level scaled specimen

The ply-level scaled specimen is simulated with four different maximum applied stress levels

σmax(MPa) = {334.4, 292.6, 254.0, 209.0}, corresponding to 80, 70, 60 and 50% severity levels,

respectively. Global severity is defined as the ratio of the maximum load over the static strength

[15]. The global load ratio Rglob is 0.1.

3.2.1. Fatigue life and damage evolution

S-N curves from experiments and simulations are shown in Figure 6, where the fatigue life

corresponds to a 15% loss in normalized effective stiffness Eeff/Eeff,0, associated with a steep drop

in stiffness. The effective stiffness is computed consistently with the experiments as described in

Ref. [16]. It can be observed that a good match is obtained with the experimental fatigue lifes.

The stiffness reduction and evolution of fatigue damage in the interfaces for four different time

Table 1: Ply material properties used in the simulations

elastic [54] fracture [53] fatigue [27] thermal [54]

E1 161GPa fn 95 MPa η 0.95 α1 0 ◦C−1

E2 11.38GPa fs 107 MPa ϵ 0.2 α2 3.0× 10−5 ◦C−1

G12 5.17GPa GIc 1.0Nmm−1 p β
ν12 0.32 GIIc 1.0Nmm−1

η 2.1
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instances are shown in Figure 7. First, matrix cracks develop with a limited amount of stiffness

loss, accompanied by delamination of small triangular areas near the hole (N1 - N2). A significant

stiffness drop occurs due to delamination in the 45/90 interface, starting from the transverse matrix

cracks (N2 - N3). When the matrix cracks have fully developed in the 90◦ and −45◦ plies, rapid

delamination growth takes place in the 90/-45 and -45/0 interface, growing from the hole to the

outer edges. This delamination corresponds to an almost vertical drop in the stiffness (N3 - N4).

The final damage patterns at 15% stiffness reduction match well with the experimental damage

patterns [15].

3.2.2. Efficiency and accuracy

The efficiency and accuracy of the simulations have been investigated. An implicit time in-

tegration scheme of the damage variable is used which allows for larger cycle increments. The

combination of the implicit scheme and the consistent tangent enables the use of an adaptive time

stepping strategy where the number of global iterations to reach a converged solution is a good

measure to determine the cycle increment for the next pseudo time step [35].

The time step dependence (see remark in Section 2.3) and performance of the adaptive cycle

jump scheme is assessed by repeating the 60% severity analysis with a small step size. This limits

the amount of stress redistribution between steps and increases the number of control cycles with

more regular updates of the local stress ratios. The maximum allowed cycle increment is set to

∆N = 10 cycles.

The stiffness reduction curve is shown in Figure 8 with markers for every individual time

step, from which it can be observed that the global response in terms of stiffness degradation as

function of number of cycles is very similar for the two simulations with 154 and 2746 time steps,

respectively. The accumulation of the cycle number N with every time step is depicted in Figure 9,

which shows that the adaptive stepping strategy effectively adapts the cycle increments throughout

the simulation.

It can be concluded that the adaptive stepping strategy, in combination with the implicit

fatigue damage update and consistent tangent, results in efficient and accurate analyses resulting

in relatively short run times (5834 s on a laptop computer1).

3.2.3. Effect of local stress ratio

In order to investigate the effect of accounting for the local stress ratio R, the analyses are

repeated but this time with the local stress ratio in Equation (8) set equal to the global load ratio

1Dell laptop with Intel Core i7 processor, 16 GB of RAM and operating system Linux Ubuntu 20.04.
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Figure 6: S-N curve of the ply-level scaled specimen. Experimental values are extracted from [16]

Rglob = Fmin
/Fmax = 0.1.

The stiffness reduction curves with global and local R are shown in Figure 10. It can be observed

that accounting for local stress ratio results in a significantly slower development of fatigue damage.

Furthermore, the use of the local stress ratio affects the slope of the laminate S-N curve, as shown

in Figure 11. The fatigue life prediction with the global load ratio shows a mismatch with the

experimental values for the lower load levels, whereas with the highest load level, the response is

almost independent of the use of global or local R.

In Figure 12, the local R values in the cohesive zone (where D ∈ (0, 1)) are plotted as a field

for the lowest (50%) and highest load level (80%) in every interface at approximately 7% stiffness

loss. It can be observed that the local stress ratio is generally higher for the lowest load level,

while for the highest load level the local stress ratio is close to the global load ratio. This can be

explained by looking at Figure 4, where the stress in a point is the superposition of the thermal

residual stress and the stress due to the mechanical load. With an increased maximum load and

equal global load ratio, the local stress ratio reduces due to the diminishing relative magnitude of

the residual stresses.

With an overall larger stress ratio, fatigue damage accumulates slower compared to simulations

in which a global load ratio is used in every integration point, leading to an increased discrepancy

between the simulation results with decreasing maximum load level (Figure 11).

3.3. Sensitivity study of static material properties

The fatigue cohesive zone model requires the quasi-static fracture properties and a few fatigue-

related parameters. However, strength measurements of IM7/8552 carbon fiber/epoxy vary with

different testing methods [55, 56]. Moreover, the strength measured with unidirectional laminates

is smaller than the in-situ strength of embedded plies in a multidirectional laminate and depends
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Figure 12: Local stress ratio field in the cohesive zone for each interface at approximately 7% stiffness loss

on the fiber direction in the constraining plies, the ply thickness and the location of ply in the

laminate [57–60].

The effect of the static fracture properties on the quasi-isotropic laminate simulations is inves-

tigated by repeating the simulation of the base case with properties tabulated in Table 1, changing

one material property at a time. The effect of varying each static property on the laminate S-N

curve is shown in Figure 13.2 The curve corresponding to the base case is indicated with the black

line. It can be observed that the response is only slightly affected by varying the intra-laminar

fracture properties. The tensile strength seems to have the largest influence, where increasing the

strength results in a shorter fatigue life. Decreasing the intra-laminar strength shifts the underly-

ing local S-N curve downwards and consequently leads to more accumulated fatigue damage in the

transverse matrix cracks. With more distributed intra-laminar cracking, tractions in the interface

decrease and therefore less inter-laminar fatigue damage accumulates [35]. Since the largest stiff-

ness drops are associated with interface delamination (see Figure 7), the fatigue life of the laminate

is longer. The interface shear strength shows the most influence on the global S-N curve, where

an increase in shear strength results in a longer fatigue life. The slope of the underlying local S-N

2Some simulations did not reach a 15% reduction in effective stiffness due to convergence issues, resulting in
incomplete S-N plots.
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curve remains the same with increasing strength, while the curve is shifted upwards, thus resulting

in less fatigue damage at the same stress level compared to a lower interfacial strength. Finally,

decreasing the interfacial mode-II fracture energy results in a shorter fatigue life, although the

effect is minimal in the range of typical values for the mode-II fracture energy (0.75 - 1.0Nmm−1).

Previously, the static version of the open-hole simulation [53] indicated that fracture energy

is a more important parameter than strength, since laminate failure is governed by delamination

propagation. In elementary static crack propagation tests, Turon’s static mixed-mode cohesive

zone model, which is the basis of the fatigue formulation by Dávila [26], ensures correct energy

dissipation, independent of strength [39, 40]. However, with the fatigue damage extension, it has

been shown that crack propagation rates do in fact depend on the static strength values [29, 61].

The results of the present study confirm these previous findings.

3.3.1. Sub-laminate scaled specimen

The sub-laminate scaled specimen is simulated with five maximum global stress levels σmax(MPa) =

{523.3, 494.2, 465.1, 407.0, 377.9}, corresponding to 90, 85, 80, 70 and 65% severity levels, respec-

tively. The global load ratio Rglob is 0.1.

The S-N curve is shown in Figure 14, where fatigue life is again defined as the number of cycles

to reach a 15% reduction of the initial effective stiffness. It can be observed that a good match

is obtained in terms of fatigue life, except for the experimental specimens with the highest peak

load. It is reported in Ref. [16] that the highest load level (90% severity) resulted in a pull-out

failure mode (which cannot be captured with the present numerical framework where fiber failure is

not considered), while the second highest load level (85% severity) showed both delamination and

pull-out failures. However, the three lowest load levels resulted in all cases in a delamination-type

failure mode in the experiments. For the specimens with a delamination-type failure mode, the

simulation results are in excellent accordance with the experiments.

The simulation damage patterns are compared to the experimental patterns under severity

80%, at approximately 9% stiffness loss (see Figure 15). The patterns are in good agreement for

the outer 45/90, 90/−45 and inner 45/90 interfaces. Similar to the experimental observations

[16, 20], damage grows from the free edge towards the hole in the inner 45/90 interface. Also a

more dispersed damage pattern compared to the ply-level scaled specimen, with increased free-edge

delamination, can be observed. For the outer −45/0 and 0/45 interfaces, slightly underdeveloped

delamination is predicted, while the inner −45/0 interface shows overdeveloped delamination.

Given the scatter in experimental damage patterns [16, 20], the simulated patterns are overall in

good correspondence with the experimental ones.
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Figure 13: Sensitivity study of static material properties
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Figure 15: Sub-laminate scaled specimen: damage in XFEM matrix cracks and interface delamination vs experi-
mental CT scans (taken from [20]) at 9% stiffness loss. Only fully damaged matrix cracks (D = 1) are depicted
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4. Conclusion

A previously developed progressive fatigue failure framework has been extended with an adap-

tive cycle jump approach to capture non-uniform local stress ratios in multidirectional laminates

with thermal residual stresses. The local stress ratio is regularly computed by explicitly applying

a load cycle to assess the minimum and maximum stress in every integration point, before cycle

jumps take place.

The progressive fatigue failure framework is applied to the simulation of two open-hole quasi-

isotropic laminates. The model is capable of predicting the fatigue life as a consequence of inter-

acting intra- and inter-laminar damage with excellent agreement. Furthermore, the experimentally

observed damage evolution and final failure modes are accurately captured. Moreover, the implicit

fatigue damage update, together with the adaptive stepping scheme, allows for simulating a large

amount of fatigue cycles while accounting for local stress ratios in an efficient manner. In addition,

it is demonstrated that computing the local stress ratios, instead of just using the global load ratio,

is relevant for this type of problems.

The numerical model requires only static material properties and a few fatigue-related param-

eters, calibrated on elementary fracture tests. The effect of local stress ratio and mode-mixity is

internally accounted for in the constitutive relations of the fatigue cohesive zone model, which poses

a significant advantage over Paris-type models that require Paris data for different mode-mixities

and stress ratios and separate S-N curves for crack initiation. However, the progressive fatigue

failure model shows sensitivity to the static material properties, in particular to the inter-laminar

strength. Previously it has been shown, with the static version of the open-hole tests, that fracture

energy is a more important parameter than strength. Conversely, the present investigation indi-

cates that static strength is an important parameter in the fatigue simulations with the embedded

fatigue cohesive zone model.

The progressive fatigue failure framework has been validated for the case of multidirectional

laminates with complex failure processes and thermal residual stresses, demonstrating an important

step towards efficient virtual testing of composite structural elements under high-cycle fatigue

loading.
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