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S-N Curves and Lamina-Level Failure Criteria
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ABSTRACT: In this paper, we present a fatigue life prediction methodology using multiple S-N curves according to
the different stress states of laminated composites. The stress states of the plies of the laminated composites are
classified into five modes: longitudinal tension or compression and transverse tension or compression, and shear
according to the maximum stress criterion and Puck's criterion with a scaling factor K. This methodology has
advantages in computational cost, and it can also consider microstructural characteristics of the composites by
applying different S-N curves. The S-N curves for the fatigue analysis are obtained by experimental fatigue test. The
proposed methodol is implemented into commercial software, ABAQUS user material subroutine and therefore, the
fatigue analysis is conducted using the structural analysis results. The finite element (FE) simulation results are
presented for unidirectional composites with and without open-hole. The FE simulation results show that the stress
condition is different depending on the fiber orientation of the unidirectional composite, so the fatigue life is
calculated with different S-N curves.
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1. INTRODUCTION

The fatigue-related research began in earnest with the
advent of the industrial revolution, and therefore research on
metal materials was mainly conducted in the early days [1].
These fatigue-related studies are primarily divided into fatigue
life prediction methods from a macroscopic point of view that
relies on cumulative fatigue damage theory and fatigue life
prediction methods from a microscopic point of view that
relies on fracture mechanics [2-4]. In the case of the fatigue life
prediction method, from a macroscopic point of view, a prac-
tical solution is presented for the fatigue life of a structure that
endures millions of cycles using the S-N curve, but it has a
drawback such as extensive experimental tests are required [5].
On the other hand, in the case of the microscopic fatigue life
prediction method, crack propagation is simulated consider-
ing fracture mechanics, or material property degradation is
expressed through material damage parameters. These fatigue
life prediction methods can be seen as having a trade-off rela-

tionship between accuracy and calculation time. However, as
composite materials are widely used, it is necessary to predict
the fatigue life of non-metallic materials. In the fatigue damage
model and life prediction method, the traditional theory
derived from metal fatigue research is closely related to plas-
ticity, so it is unsuitable for fatigue analysis of composite mate-
rials. It has limitations in that it does not reflect microstructural
characteristics. Therefore, research on the fatigue of composite
materials is in progress [6-9]. The mechanical behavior of
Fiber-reinforced composites differs from metals as it depends
on the properties of their constituent elements [10]. Fatigue
failure in composites is challenging to analyze because many
damage mechanisms interact, such as fiber delamination [11-
13], fiber breakage [14-16], and matrix degradation [17-19].
Therefore, many fatigue modeling methodologies for fiber-
reinforced composites are presented in the literature. However,
previous studies on fiber-reinforced composite materials have
limitations in industrial applications due to high computa-
tional costs that accurately consider mechanics. This paper is
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meaningful in overcoming the last restriction on the practical
usage of composite fatigue life prediction. This paper presents
a fatigue life prediction methodology that utilizes multiple S-N
curves according to the different stress states for laminated
composites. This methodology has advantages in computa-
tional cost, and it can consider microstructural characteristics
of composite material by using multiple S-N curves according
to the given stress condition. In addition, due to its fast com-
putation, it can provide a practical solution for predicting the
fatigue life of the finite element model of laminate composite.
Section 2 introduces Puck's criterion and failure criterion for
activating the fatigue flag and the algorithmic steps of the pro-
posed model. The material properties and experimental S-N
curve results are also explained. Section 3 introduces fatigue
analysis results using finite element simulations.

2. FATIGUE LIFE PREDICTION METHOD-
OLOGY USING MULTIPLE S-N CURVES

2.1 Fatigue Analysis Methodology 
In the case of unidirectional composites, the material prop-

erties vary depending on the longitudinal or transverse direc-
tion, and the tensile or compressive modulus is also different.
Therefore, fatigue properties also depend on the fiber orien-
tation and the direction of the force acting on the unidirectional
composites. To reflect the dependent fatigue characteristics of
the uniaxial fatigue, the stress state was classified into five
fatigue modes using the maximum stress criterion and the
puck criterion, and different S-N curves were applied for
fatigue analysis. For the longitudinal tension and compression
dominant stress state, the maximum stress criteria shown in
Eq. (1) are applied to determine which S-N curve is according
to the stress state. Herein, the flag is a parameter to activate the
S-N curve while subscript FT, FC fatigue mode. 11, K are the
longitudinal stress scale factor. In this paper, K is set as 0.1.
While  and  are the longitudinal tensile strength and
longitudinal compressive strength.

(1)

Puck's criteria are applied for the transverse tension or com-
pression dominant stress state to determine which matrix fail-
ure mode will occur according to the stress state. Fig. 1 shows
the action plane that the stress exposure fE() is maximized.
The action plane is determined by the angle  between the XY-
plane and the action plane.

Eq. (2), (3), and (4) show the stress exposure fE() value cal-
culation that depends on the sign of n. Herein, , ,

  are the residual strengths in the transverse tension, trans-
verse compression, and the shear direction, respectively. 

is the fracture resistance resulting from transverse and shear 

loading that is determined as . ,

 are inclination values for the failure envelope.

(2)

(3)

(4)

The θ that results in high-stress exposure value ffp(θ), frac-
ture plane θf is determined. In this research, f(θ) is estimated at
1° interval from θ=-90° to 89°. Eq. (2), (3), and (4) correspond
to failure mode A, mode B, and mode C, respectively. The S-N
curve flag is determined as:

(5)

Fig. 2 shows the schematic view of the inter-fiber failure
modes according to Puck's criteria. It shows that a different
stress state causes each mode of inter-fiber failure. Specifically,
Mode A is caused by transverse tension, Mode B by transverse
compression, and Mode C by transverse compression and
shear. Therefore, the fatigue properties are different in each
stress state. Different S-N curves are used depending on the
failure mode flag to estimate the fatigue life.
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Fig. 1. Schematics of stress component in action plane [20]
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2.2 Algorithmic Steps for the Proposed Model
The proposed fatigue prediction model is implemented into

commercial software ABAQUS user-defined material model
for practical usage. Fig. 3 shows the algorithmic step to deter-
mine fatigue mode. The fatigue mode is determined by the
stress information provided by the ABAQUS solver. After
fatigue mode is selected, the S-N curve corresponding to each
mode is used to estimate fatigue life.

The fatigue life is obtained using the empirical uniaxial
fatigue model shown in Eq. (6). Herein, σf', is the fatigue
strength coefficient and b is the fatigue strength exponent.
These parameters are obtained by fitting experimental data.
The experimental S-N curve is obtained for each failure mode.
For stress , longitudinal stress component is used for flag
condition flagFT=1 or flagFC=1 while transversal stress com-
ponent is used for flag condition flagA=1 or flagB=1 or flagC=1.

(6)

2.3 Material Properties and Experimental S-N Curve 
The material properties used for the simulation is obtained

by experimental test and literature. Table 1 shows the material

properties and used value in this research.
The material properties used for the simulation is obtained

by experimental test and literature. Table 1 shows the material
properties and used value in this research. Fig. 4 shows the
experimental setup for the fatigue test. The dimensions of the
unidirectional laminate are 140 mm long, 25.4 mm wide, and
0.127 mm thick. The laminate consists of 8 layers.

Fig. 5 shows the log-scaled experimental fatigue data and fit-
ted S-N curve for longitudinally aligned ([0]8) laminate com-
posite. In the case of tensile load in the longitudinal direction,
the stress state in the longitudinal direction is dominant and
causes flagFT=1. Therefore, when flagFT=1, the fatigue life is
predicted using the S-N curve obtained from the longitudinal
tensile load fatigue test.

Fig. 6 shows the log-scaled experimental fatigue data and fit-
ted S-N curve for transversely aligned ([90]8) laminate com-
posite. There is a difference of about 100 to 1000 times in the
stress magnitude between the longitudinally and transversely
aligned composites. In the case of tensile load in the transverse

 

Fig. 2. Schematics of Inter-fiber failure mode according to Puck's
criteria [21] 

Fig. 3. Algorithmic flowchart for fatigue mode determination 

Table 1. Material properties for fatigue analysis 

E11 127.7 GPa 0.35

E22 8.870 GPa 0.3

G12 4.400 GPa 0.3

nu12 3.570E-01 0.3

nu23 3.570E-01 159.7 MPa

SL
(+) 2.204 GPa 64.6 MPa
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(-) 1.448 GPa
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Fig. 4. Experimental set-up of fatigue experiment

Fig. 5. Experimental data obtained by fatigue test for longitudi-
nally aligned ([0]8) laminates. (Log-scaled) 
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direction, the stress state in the transverse direction is dom-
inant and causes flagA=1. Therefore, when flagA=1, the fatigue
life is predicted using the S-N curve obtained from the trans-
verse tensile load fatigue test.

Another fatigue test is conducted for longitudinal, trans-
verse, and transverse shear loading conditions. The S-N curve
obtained by longitudinal compression is used when flagFC=1
while the S-N curve obtained by transversal compression and
shear is used when flagB=1 and flagC=1, respectively. The
fatigue life greater than 107 is calculated as a 107 fatigue life as a
default value.

Table 2 shows the fatigue properties corresponding to each
mode by curve-fitting the S-N curve obtained through the
experimental fatigue test.

3. FATIGUE ANALYSIS WITH FE SIMULA-
TION

The proposed fatigue life prediction methodology is imple-
mented into ABAQUS UMAT to conduct the fatigue analysis
using structural analysis results. The fatigue life is calculated
and saved as a state-dependent variable in the result file. The
FE simulation results of the composites specimen with and

without open-hole are presented in this section. In the case of
a model without an open-hole, the fatigue life of each ply with
different fiber orientation was checked for general laminated
composites. In the case of the open-hole model, fatigue life
were shown in each ply with different fiber orientations under
stress concentration conditions.

3.1 Fatigue Analysis for Laminated Composites
3.1.1 Model Description
Fig. 7 shows the schematics of load & boundary conditions

applied on the composite and FE model without an open hole.
A total of 28000 C3D8 elements are used, and load & bound-
ary conditions are applied on the specimen's left and right
sides. The 0.03 strain of longitudinal direction is applied. The
layer up of the laminate composites is [904/04].

 
3.1.2 Fatigue Analysis Results
Fig. 8 shows the stress analysis result and corresponding

fatigue flag. flagFC, flagB, flagC is not activated. The results show
that the stress is dominant in longitudinally aligned layers.
However, the fatigue flag flagA is activated on transversally
aligned layers. It is because transverse tension is applied to the
transversely aligned layers, and fatigue mode A arises from
transverse tension. On the other hand, flagFT occurred only in
the longitudinally aligned layer due to longitudinal tension.

Fig. 9 shows that the fatigue life prediction results corre-
spond to the fatigue flag. Fig. 9A) shows the fatigue life pre-

Fig. 6. Experimental data obtained by fatigue test for transver-
sally aligned ([90]8) laminates. (Log-scaled)

Table 2. Fatigue properties according to the fatigue flag 

flagFT=1
σf ' 234.257 GPa
b -0.0498

flagFC=1
σf ' 216.257 GPa
b -0.0421

flagA=1
σf ' 0.605 GPa
b -0.0629

flagB=1
σf ' 1.829 GPa
b -0.0212

flagC=1
σf ' 1.182 GPa
b -0.0846

Fig. 7. Schematic view of the laminated composite and FE
model without open-hole 

Fig. 8. Stress analysis results and corresponding fatigue flag 

Fig. 9. Fatigue life prediction corresponds to fatigue flag 
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diction result when flagFT is activated and Fig. 9B) shows the
fatigue life prediction result when flagA is activated. The
fatigue life when flag is not activated is set to be 1010. This
result shows that the stress magnitude is more significant in
longitudinally aligned layers [04] but the fatigue life is shorter
in transversally aligned layers [904]. Because the minimum
fatigue life in transversally aligned layers [904] is 105.299 while
minimum fatigue life in longitudinally aligned layers [04] is 107

(default value since calculated fatigue life using fatigue prop-
erties is greater than 107).

 
3.2 Fatigue Analysis for Laminated Composites with
Open-hole

3.2.1 Model Description
Fig. 10 shows the schematics of load & boundary conditions

applied on the composite and FE model with an open hole. A
total of 51,813 C3D8 elements is used, and the same load &
boundary condition is applied on the left and right sides of the
specimen. The layer up of the laminate composites is ([0/90/
45/-45]s).

 
3.2.2 Fatigue Analysis Results
Fig. 11 shows the stress analysis result and corresponding

fatigue flag. flagFC, and flagC are locally activated. The results
show that the stress is dominant in the top layer that is lon-
gitudinally aligned [0]. Therefore, the flagFT is mostly occurred
in [0] layer. The flag flagA is activated on top and bottom of the
hole since the transversal tension is applied in it during the flag

flagB is activated on left and right sides of the hole since the
transversal compression is applied in it.

Fig. 12 shows the fatigue life prediction results correspond-
ing to the fatigue flag. Fig. 12A) shows the fatigue life pre-
diction result when flagFT is activated and Fig. 12B) shows the
fatigue life prediction result when flagA is activated. This result
shows that the stress magnitude is larger in longitudinally
aligned layers [0], but the fatigue life is shorter in [90/45/-45]
layers. Because the minimum fatigue life in transversally
aligned layers [90/45/-45] is 101.486 while minimum fatigue life
in longitudinally aligned layers [0] is 107 (default value since
calculated fatigue life using fatigue properties is greater than
107).

4. CONCLUSIONS

This paper proposes a fatigue life prediction methodology
that uses multiple S-N curves for the laminated composite
with different ply orientations. The proposed model has
advantages in quick calculation by utilizing S-N curves and
practical usage by implementing it into ABAQUS user mate-
rial subroutine. The proposed model's algorithmic steps are
presented with material properties and experimental S-N
curves. By curve fitting, experimental S-N curves obtain the
fatigue properties of the various loading conditions. Finally,
the fatigue analysis with finite elements is presented for a com-
posite model with and without an open hole. The fatigue life
prediction result shows that the fatigue life is shorter on trans-
versally aligned layers even though the stress is dominant in
the longitudinal direction.
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