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INTRODUCTION

Fibre-reinforced polymer (FRP) composites 
are indispensable materials that are widely used 
in the aerospace, marine, renewable energy, and 
automotive sectors owing to their outstanding 

properties, such as high specific strength, stiff-
ness-to-weight ratio, and corrosion resistance 
[1–2]. Among the various FRPs, GFRP compos-
ite laminates offer a favourable balance between 
performance and cost, making them well-suited 
for large-scale structural applications such as 
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aerospace components, wind turbine blades, and 
automotive body panels [3–4]. However, the 
long-term performance of GFRP composites is 
governed by their fatigue behaviour under cyclic 
loading [5–7]. Repeated loading leads to progres-
sive damage mechanisms, including fibre–matrix 
cracking, debonding, delamination, and fibre 
fracture, which degrade stiffness and reduce load-
carrying capacity over time [8–10]. Unlike metal-
lic materials, composite fatigue does not follow a 
single dominant crack path but involves complex 
interactions among constituent material interfaces 
[11–12]. Therefore, understanding fatigue behav-
iour, including fatigue life and stiffness degrada-
tion, is pivotal for ensuring the safe and durable 
design of GFRP composite structures.

In recent years, researchers worldwide have 
focused on constant-amplitude fatigue loading 
and moderate stress ratios to analyse the fatigue 
behaviour of composite laminates. However, 
composite laminates used in real-world engineer-
ing applications are often subjected to varying 
stress amplitudes and low stress ratios, which 
significantly influence damage progression and 
fatigue life [13–14]. Therefore, there is consider-
able scope to investigate the effect of multi-level 
stress amplitudes on fatigue life and stiffness deg-
radation, particularly in unidirectional S-glass/
epoxy composite laminates.

Unidirectional (UD) glass/epoxy lami-
nates, which have been the subject of extensive 
research, exhibit load-carrying characteristics 
that differ from those of other laminate configu-
rations fabricated using the hand lay-up pro-
cess [15–16]. Recent studies have shown that 
the fatigue behaviour of UD GFRP laminates is 
influenced by the stress ratio, maximum stress 
amplitude, mean stress, and loading frequency 
[17]. Fibre-dominated failure typically occurs 
at low stress ratios, whereas matrix-dominated 
failure modes are more prevalent at high stress 
ratios [18–19]. Furthermore, the inherent scatter 
in composite fatigue behaviour and the presence 
of multiple damage mechanisms often make reli-
able fatigue-life prediction of GFRP composite 
laminates challenging [20].

Efforts worldwide are underway to interpret 
and predict complex fatigue mechanisms using 
analytical and empirical approaches that relate 
applied stress parameters to fatigue life [21–22]. 
The combination of analytical stress-correction 
techniques, such as Basquin’s relation and the 
Goodman or Gerber correction methods, provides 

a simplified framework for describing the stress–
life (S–N) behaviour of composites [23–24]. 
However, these traditional approaches are limited 
in their ability to accurately capture the nonlin-
ear stiffness degradation typically observed in 
composite materials under cyclic loading. Such 
degradation arises from progressive damage 
mechanisms, including matrix cracking, interfa-
cial debonding, fibre fracture, and delamination 
during fatigue loading [25–26]. Figure 1 presents 
the characteristic nonlinear stiffness-degradation 
trend, including the initial (Stage I) and final 
(Stage III) phases of fatigue life, during which 
rapid stiffness reduction occurs as a result of accu-
mulated damage [27–28]. The fatigue response of 
GFRP composite laminates is strongly influenced 
by these progressive damage mechanisms, and 
conventional stress–life formulations cannot fully 
capture their effects because they do not account 
for the experimentally observed time-dependent 
stiffness degradation. These limitations highlight 
the need for advanced modelling approaches 
capable of correlating fatigue-life prediction with 
stiffness degradation to ensure the structural reli-
ability of composites subjected to cyclic loading.

Distinguished researchers worldwide have 
developed several empirical and semi-empirical 
models to address the aforementioned challenges, 
particularly in interpreting degradation mecha-
nisms in fibre-reinforced composite laminates [19]. 
Models developed to describe progressive stiffness 
degradation, which results from microstructural 
damage induced by cyclic loading, are generally 
based on fatigue-damage concepts. The semi-
empirical models proposed by Mao, Yang, Wu, and 
Zong capture the nonlinear stiffness degradation 
occurring across the various stages of fatigue life 
in composite laminates, including the initial rapid 
degradation stage, the stable intermediate stage, 
and the final catastrophic failure stage. Consequent-
ly, these models provide more accurate predictions 
than conventional analytical formulations.

Yang et al. proposed a simple nonlinear stiff-
ness-degradation model that establishes a power-
law relationship between normalised stiffness 
and cycle ratio, thereby improving prediction 
accuracy over a wide range of fatigue lives [29]. 
The authors also highlighted the importance of 
statistically analysing fatigue data due to the sig-
nificant scatter commonly observed in composite 
fatigue behaviour. Mao and Mahadevan devel-
oped a stiffness-degradation model for composite 
materials that accounts for progressive damage 
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accumulation and demonstrates good agreement 
with experimental observations [30]. This model 
reproduces the characteristic three-stage degra-
dation behaviour of composites, consisting of an 
initial rapid reduction in stiffness, a relatively sta-
ble intermediate phase, and a final sharp decline 
before failure. Wu and Yao developed a fatigue-
damage model that employs nonlinear functions 
to capture the complex stiffness-degradation 
behaviour of composite materials under various 
loading conditions [31]. The model incorpo-
rates the effects of stress ratio and stress level on 
fatigue degradation, with model parameters cali-
brated using experimental data obtained at dif-
ferent stress ratios. Consequently, Wu’s model is 
particularly suitable for variable-amplitude load-
ing conditions and applications in which mean-
stress effects are significant.

Zong and Yao proposed a fatigue-life predic-
tion model applicable to a variety of composite 
systems [32]. By introducing a residual-stiffness 
parameter, the model can accommodate dif-
ferent material systems, structural configura-
tions, and failure modes. Furthermore, Zong’s 
model enables real-time damage assessment and 
fatigue-life estimation through in-situ stiffness 
monitoring. The evolution of semi-empirical 
fatigue models has progressed from empirical 
curve-fitting approaches to generalised math-
ematical formulations that integrate stress level, 
stress ratio, and nonlinear stiffness-degradation 
parameters to improve fatigue-prediction accu-
racy [33]. Despite these significant advances, 
inconsistencies remain between model predic-
tions and experimental observations due to the 

inherent scatter in fatigue data and the complex 
damage mechanisms present in composite mate-
rials. Therefore, further research is required to 
critically assess and validate these models under 
controlled experimental conditions involving dif-
ferent stress ratios and stress amplitudes.

The studies reviewed above have improved 
the predictive capability of composite fatigue 
models by addressing specific aspects of fatigue 
behaviour, such as stress ratio, stress amplitude, 
and residual stiffness. However, some models 
incorporate stress-ratio effects while neglecting 
other influential parameters or representing them 
inadequately. Consequently, many existing mod-
els do not fully capture the inherent scatter and 
uncertainty associated with composite fatigue 
behaviour, particularly under low stress ratios 
and multiple stress-amplitude levels. Further-
more, most previous investigations have focused 
on a limited range of loading conditions, leaving 
a gap in understanding the influence of variable 
loading parameters on stiffness degradation and 
fatigue life. Therefore, a comparative assess-
ment of these models against experimental data is 
essential for establishing reliable fatigue-life pre-
diction methodologies for composite laminates, 
and such a comprehensive evaluation has not yet 
been reported in the literature.

The increasing application of GFRP lami-
nates in fatigue-critical structures necessitates 
predictive frameworks that can simultaneously 
account for stress-ratio effects, stiffness degra-
dation, and experimental scatter under realistic 
loading conditions. Although several semi-empir-
ical degradation models have been reported in the 
literature, previous studies have largely focused 
on validating individual models under limited 
loading conditions without establishing gener-
alised relationships between loading parameters 
and degradation-model coefficients. Furthermore, 
the combined influence of low stress ratios and 
multiple stress amplitudes on stiffness evolu-
tion in unidirectional S-glass/epoxy laminates 
remains insufficiently explored. In addition, a 
comprehensive comparative assessment of ana-
lytical and semi-empirical stiffness-degradation 
models (Mao, Yang, Wu, and Zong) using well-
characterised experimental data is still lacking.

The present work advances the current state 
of knowledge in three important aspects. First, a 
unified experimental database is established for 
unidirectional S-glass/epoxy laminates subjected 
to multiple stress ratios and stress amplitudes, 

Figure 1. Normalised stiffness degradation curve 
showing the three characteristic stages of

fatigue damage in FRP laminates
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enabling a systematic evaluation of fatigue-life 
scatter and stiffness-degradation behaviour. Sec-
ond, the study integrates Kaplan–Meier statistical 
reliability analysis with semi-empirical degrada-
tion modelling to account for censored fatigue-
life data and experimental variability. Third, and 
most importantly, a generalised regression frame-
work is developed that expresses the degrada-
tion-model coefficients as continuous functions 
of stress ratio and normalised stress amplitude. 
Unlike conventional comparative benchmark-
ing studies, the proposed framework enables the 
prediction of stiffness-degradation behaviour for 
previously untested loading conditions without 
requiring additional fatigue experiments. This 
approach establishes a practical pathway toward 
fatigue-life prediction and design-oriented mod-
elling of GFRP laminates subjected to cyclic 
loading. The framework adopted in the present 
study is illustrated in Figure 2.

MATERIALS AND METHODS

Materials and specimen preparation

Laminates were fabricated using unidirec-
tional S-glass fibre supplied by Sakthi Fibres Pvt. 
Ltd., Chennai. The composition and properties 
of the S-glass fibre are presented in Table 1 [34]. 
The matrix system consisted of a bisphenol-A-
based epoxy resin (LY556) and HY951 hardener. 
The fibre reinforcement had an areal density of 
200 GSM, and ten plies were stacked in the 0° 
orientation to produce a laminate with a thickness 
of approximately 2 mm. The resin-to-hardener 
mixing ratio was maintained at 100:10 by weight, 
as recommended by the manufacturer. The lami-
nates were fabricated using the hand lay-up pro-
cess by placing the fibre layers on a flat mould 
plate and applying the resin mixture with brushes 
to ensure complete fibre wetting. A roller was 
subsequently used to remove excess resin and 
entrapped air. Vacuum bagging was then applied 
to improve laminate quality and reduce void for-
mation. After curing, specimens were cut from 
the laminate panels using a diamond saw to the 
coupon dimensions of 250 × 25 × 2.0 mm (length 
× width × thickness), as shown in Figure 3. The 
specimen edges were deburred and lightly sanded 
to eliminate machining-induced damage.

Testing methods

Rectangular coupons with dimensions of 250 
× 25 × 2 mm were cut from the laminates, and 
quasi-static tensile tests were performed in accor-
dance with ASTM D3039 to determine the ulti-
mate tensile strength (UTS), longitudinal elastic 
modulus, and strain to failure. Tension–tension 

Figure 2. Proposed fatigue assessment framework 
integrating experimental testing with

semi-empirical stiffness degradation models
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fatigue tests were conducted in accordance with 
ASTM D3479 at three stress ratios (R = 0.05, 
0.1, and 0.2) and three maximum stress levels 
corresponding to 0.6, 0.7, and 0.8 times the UTS 
obtained from the tensile tests [26].

A sinusoidal waveform with a frequency of 5 
Hz was applied to minimise self-heating, and the 
tests were terminated upon fatigue failure or at a 
run-out limit of cycles. For each loading condition, 
a minimum of five valid specimens were tested 
to capture the inherent scatter in the fatigue data. 
In addition to recording the cycles to failure (N), 
stiffness degradation was monitored periodically 
during fatigue testing by measuring the load–dis-
placement response at selected cycle intervals. The 
normalized stiffness, E(n)/E(0), was calculated, 
where E(0) denotes the initial elastic modulus and 
E(n) represents the elastic modulus after η fatigue 
cycles [30]. This approach enabled the comparison 
of residual stiffness degradation trends under dif-
ferent stress ratios and stress levels.

ANALYTICAL AND SEMI-EMPIRICAL 
MODELS

Basquin relation

The Basquin relation given in Equation 1 was 
used to describe the analytical stress–life behaviour:

	 𝜎𝜎𝑎𝑎 = 𝜎𝜎𝑓𝑓, (𝑁𝑁𝑓𝑓)
𝑏𝑏 
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where:	σa is the stress amplitude, Nf is the fatigue 
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 and b are material constants 
determined through regression analysis. 

Since fatigue-life behaviour is highly sen-
sitive to mean stress, Goodman’s mean-stress 
correction, given in Equation 2, was applied to 
account for the effects of the stress ratio (R):
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𝑆𝑆(𝑡𝑡1) = 𝑆𝑆(𝑡𝑡0) (1 −
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𝑈𝑈𝑈𝑈𝑈𝑈) 

	 (2)

where:	σm represents the mean stress and σUTS 
denotes the ultimate longitudinal tensile 
strength. 

The analytical model provides predicted S–N 
curves at different stress amplitudes, which are 
subsequently compared with the experimentally 
obtained fatigue-life data.

Residual stiffness models

Four widely used semi-empirical stiffness-
degradation models were evaluated in this study. 
These models, namely the Yang, Mao, Wu, and 
Zong models, are presented in Table 2.

These models capture the progressive deg-
radation of stiffness across the three characteris-
tic stages of fatigue damage: (i) an initial rapid 
reduction in stiffness, (ii) gradual deterioration 

Table 1. Composition of S-glass fibres and comparison of mechanical/physical properties between reinforcement 
and matrix system

Elements of S-glass Properties S-glass fibre Epoxy

Al2O3: 26 wt.% Young’s modulus (GPa) 87 2–3.5

MgO: 10 wt.% Tensile strength (GPa) 3.5 0.05–0.9

SiO2: 64 wt.% Density (g/cm3) 2.5 1.2

Specific modulus (Mm) 3.5 0.16–0.29

Specific strength (km) 140 4–7.5

Failure strain (%) 4 1.5–6

Fibre diameter (µm) 12

Figure 3. Fabricated unidirectional glass/epoxy 
laminates after trimming to tensile test dimensions
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during the intermediate stage, and (iii) a rapid 
decline in stiffness approaching failure. By fitting 
the models to the normalised stiffness curves, 
each model provides an indirect estimate of 
fatigue life and damage evolution under different 
loading conditions.

RESULTS AND DISCUSSIONS

The Results and Discussion section presents 
the experimental data obtained from the tensile and 
fatigue testing of unidirectional S-glass/epoxy lam-
inates and provides a detailed analysis of the corre-
sponding results. The effects of key loading param-
eters, such as stress ratio and stress amplitude, are 
examined to evaluate the applicability of the ana-
lytical and semi-empirical models for fatigue-life 
prediction. Furthermore, the residual stiffness-deg-
radation behaviour is analysed to establish a reli-
able framework for fatigue-life assessment.

Tensile test

Tensile tests were conducted on a servo-
hydraulic universal testing machine, as shown 
in Figure 4(a), in accordance with ASTM 
D3039. A constant crosshead displacement rate 
of 2 mm/min was applied until specimen failure 
occurred. Load and strain data were recorded 
at a sampling frequency of 10 Hz. Specimens 
that failed within the grip region, as shown in 
Figure 4(b), were excluded from the analysis, 
whereas specimens that failed within the gauge 
section, as shown in Figure 4(c), were consid-
ered valid for further evaluation. A total of five 

valid specimens were tested, and the corre-
sponding results are presented in Table 3.

From Table 3, the longitudinal elastic mod-
ulus ranged from 28.9 to 31.2 GPa, with a mean 
value of 30.1 GPa and a standard deviation 
of 0.9 GPa. The observed scatter of approxi-
mately 3% indicates reasonably consistent 
stiffness among the tested specimens. The mea-
sured modulus is in good agreement with val-
ues reported in the literature for unidirectional 
GFRP laminates with moderate fibre volume 
fractions [26]. The ultimate tensile strength 
(UTS) ranged from 455 to 505 MPa, with an 
average value of 479 MPa and a standard devi-
ation of 20 MPa, corresponding to an approxi-
mate scatter of 4%. This moderate variation 
can be attributed to the hand lay-up fabrication 
process and the presence of resin-rich regions 
[3]. The measured strengths fall within the typ-
ical range reported for S-glass/epoxy laminates 
in recent studies. The failure strain remained 
relatively consistent, ranging from 1.63% to 
1.74%, with minimal scatter. This behaviour 
indicates that failure was predominantly gov-
erned by fibre-dominated fracture mechanisms.

The stress–strain responses of the five UD 
S-glass/epoxy specimens, shown in Figure 5, 
exhibited predominantly linear-elastic behav-
iour up to approximately 1.0–1.2% strain, fol-
lowed by a slight nonlinear response before 
failure. This behaviour is characteristic of fibre-
reinforced composite materials and indicates a 
predominantly brittle failure mode with minimal 
plastic deformation.

Table 2. Semi-empirical residual stiffness degradation models used in this study

Model Residual stiffness model Model coefficients

Yang [29]
𝐸𝐸(𝑛𝑛)
𝐸𝐸(0) = 1 − (1 − 𝐸𝐸(𝑁𝑁)

𝐸𝐸(0)) (
𝑛𝑛
𝑁𝑁)

𝜐𝜐 
𝜐𝜐 

Mao [30]
𝐸𝐸(𝑛𝑛)
𝐸𝐸(0) = 1 − [𝑞𝑞 (𝑛𝑛𝑁𝑁)

𝑎𝑎
+ (1 − 𝑞𝑞) (𝑛𝑛𝑁𝑁)

𝑏𝑏
] q, a, b

Wu [31]
𝐸𝐸(𝑛𝑛)
𝐸𝐸(0) = 1 − (1 − 𝐸𝐸(𝑁𝑁)

𝐸𝐸(0)) (1 − [1 − (𝑛𝑛𝑁𝑁)
𝑏𝑏
]
𝑎𝑎
) a, b

Zong [32]
𝐸𝐸(𝑛𝑛)
𝐸𝐸(0) = 1 − (1 − 𝐸𝐸(𝑟𝑟𝑟𝑟)

𝐸𝐸(0) )(𝑞𝑞 [1 − (1 − 𝑛𝑛
𝑁𝑁)

𝑎𝑎
] + (1 − 𝑞𝑞)) a, q

 Note: E(N)represents the residual stiffness at failure, whereas Erc denotes the asymptotic residual stiffness. 		
The parameters a, b, q, and v are determined through nonlinear regression using the experimental data.



60

Advances in Science and Technology Research Journal 2026, 20(10), 54–75

Fatigue test

Fatigue tests were conducted in tension–ten-
sion mode on a servo-hydraulic universal testing 
machine in accordance with ASTM D3479, Stan-
dard Test Method for Tension–Tension Fatigue 
of Polymer Matrix Composite Materials. The 
specimens were subjected to sinusoidal loading 
at a frequency of 5 Hz to minimise self-heating 
effects. Tests were performed at three stress ratios 
(R = 0.05, 0.1, and 0.2) and three maximum stress 
levels corresponding to 0.6, 0.7, and 0.8 times the 
ultimate tensile strength (UTS) obtained from the 
static tensile tests. For each loading condition, five 
valid specimens were tested to capture the inherent 
scatter in the fatigue-life data. A run-out criterion 
of 1.5 × 106 cycles were adopted. During testing, 
the applied load, displacement, and cycle count 
were continuously monitored and recorded until 
specimen failure or the run-out limit was reached.

From Table 4, it is evident that some speci-
mens exhibited relatively long fatigue lives even 
at high stress levels. Consequently, considerable 
scatter was observed in the experimental data, 

primarily due to variability associated with speci-
men fabrication and testing conditions. A high 
degree of scatter was particularly evident at 0.6 
UTS, where some specimens survived up to 1 × 
106 cycles, while others failed considerably earlier 
under the same loading condition [3]. At 0.7 ∙ UTS, 
the fatigue life varied widely between 103 and 105 
cycles, whereas at 0.8 ∙ UTS most failures occurred 
within the range of 103 to 104 cycles. These obser-
vations indicate the transition from high-cycle 
fatigue behaviour at lower stress levels to predomi-
nantly low-cycle fatigue behaviour at higher stress 
levels in the glass/epoxy laminates [18].

Figure 6 presents the fatigue life of UD 
S-glass/epoxy laminates as a function of the maxi-
mum applied stress normalised by the ultimate 
tensile strength. The influence of the stress ratio 
is evident, with lower R-values generally result-
ing in shorter fatigue lives due to the higher stress 
amplitudes experienced by the specimens, where-
as higher R-values tended to produce compara-
tively longer fatigue lives [8]. The considerable 
scatter observed in the fatigue-life data highlights 
the variability associated with the hand lay-up 

Figure 4. Tensile test and failure modes of UD glass/epoxy laminates: (a) test setup on UTM,
(b) failure at the grip due to stress concentration and (c) fibre-dominated failure in the gauge section

Table 3. Tensile properties of unidirectional glass/epoxy laminates

Specimen ID Longitudinal elastic modulus 
E (GPa)

Ultimate tensile strength σult 
(MPa) Failure strain (%)

1 30.8 490 1.7

2 29.5 465 1.65

3 31.2 505 1.74

4 28.9 455 1.63

5 30.1 478 1.68

Mean 30.1 479 1.68

Standard Deviation 0.9 20 0.04
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fabrication process, including factors such as fibre 
alignment, resin distribution, and void content. 
These observations further emphasise the need for 
robust semi-empirical models capable of accurate-
ly predicting fatigue life in composite laminates.

The S–N data presented in Figure 7 demon-
strate a strong dependence of fatigue life on stress 
amplitude, with fatigue life decreasing from the 
high-cycle fatigue regime (105 – 106 cycles) at 
stress amplitudes of approximately 115–130 
MPa to the low-cycle fatigue regime (103– 104 
cycles) at stress amplitudes of approximately 
172–182 MPa. Significant scatter was observed 
across all stress levels, with fatigue lives varying 
by two to three orders of magnitude [8, 9]. This 
scatter reflects the influence of microstructural 
variability and manufacturing defects introduced 
during the hand lay-up process. The greatest 
variability was observed within the intermediate 
stress-amplitude range of 150–160 MPa, high-
lighting the stochastic nature of fatigue failure in 

composite materials. At lower stress amplitudes, 
several specimens achieved fatigue lives exceed-
ing 106 cycles, demonstrating the ability of the 
laminates to sustain high-cycle fatigue loading 
under relatively lower stress conditions [26].

Microstructural characterisation 		
and failure mechanisms

Scanning electron microscopy (SEM) was 
employed to examine the fracture surfaces of UD 
glass/epoxy specimens following fatigue testing. 
Figure 8 presents the various failure mechanisms 
observed under different fatigue-loading conditions.

Figures 8(a), 8(b), and 8(c) correspond to 
specimens that failed predominantly under fibre-
dominated conditions, typically observed at 
higher maximum stress levels (≥ 0.7 UTS) and 
higher stress ratios (R ≥ 0.1). Figure 8(a) shows 
fibre pull-out, whereas Figure 8(c) illustrates a 

Figure 5. Stress–strain response of five unidirectional glass/epoxy laminate specimens

Table 4. Fatigue test data of UD glass/epoxy specimens under tension–tension fatigue loading

R σmax/σUTS

σmax σmin σmean σamp Fatigue life (Cycles)

(MPa) 1 2 3 4 5

0.1

0.6 287.4 28.74 158.07 129.33 1.2 × 106 8.2 × 105 1.0 × 106 4.3 × 105 6.3 × 104

0.7 335.3 33.53 184.41 150.88 9.2 × 104 1.8 × 104 3.1 × 105 9.4 × 103 1.8 × 103

0.8 383.2 38.32 210.76 172.44 5.2 × 103 2.1 × 103 1.8 × 104 9.5 × 102 4.6 × 103

0.05

0.6 287.4 14.37 150.88 136.51 1.0 × 106 5.2 × 105 2.3 × 105 4.6 × 104 1.1 × 104

0.7 335.3 16.76 176.03 159.26 2.8 × 104 1.1 × 105 6.7 × 103 2.9 × 103 6.8 × 104

0.8 383.2 19.16 201.18 182.02 1.9 × 103 1.1 × 104 6.3 × 103 3.4 × 103 4.5 × 104

0.2

0.6 287.4 57.48 172.44 114.96 9.5 × 105 1.4 × 105 1.4 × 104 5.2 × 105 2.4 × 105

0.7 335.3 67.06 201.18 134.12 7.7 × 103 5.4 × 104 1.5 × 103 2.1 × 105 3.3 × 104

0.8 383.2 76.64 229.92 153.28 1.2 × 103 7.9 × 103 3.1 × 103 2.0 × 103 2.8 × 104
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clean fibre fracture. Many fibres exhibited brit-
tle, sharp-edged fracture surfaces resulting from 
tensile overload [18]. The presence of clean 
fibre ends and a limited amount of residual resin 
indicates the relatively minor contribution of the 
matrix during the final stages of failure. Several 
regions exhibit longitudinal splitting along the 
fibre direction, indicating stress concentrations 
and progressive damage accumulation that ulti-
mately led to catastrophic fracture. Figure 8(b) 
shows fibre-bundle splitting and gaps between 
adjacent fibre bundles, confirming partial fibre–
matrix debonding before final failure, which 
is consistent with fatigue-damage mechanisms 
reported under cyclic loading conditions [9]. 
These microstructural features substantiate the 
fibre-dominated fatigue response and explain the 
rapid stiffness degradation and low-cycle fatigue 
behaviour observed experimentally at high stress 

levels. The distinct fracture morphology further 
supports the observations predicted by the Mao 
model, which effectively captures the pronounced 
stiffness degradation observed during the later 
stages of fatigue life [30].

Figures 8(d) and 8(e) correspond to specimens 
that failed under matrix-dominated or mixed-
mode failure conditions, generally observed at 
lower maximum stress levels (≤ 0.6 UTS) and 
lower stress ratios (R = 0.05). Figure 8(d) clearly 
reveals matrix cracking and resin tearing. The 
fracture surfaces appear rough, with pronounced 
resin ridges and torn regions, indicating matrix-
dominated failure under cyclic loading [8]. Evi-
dence of fibre–matrix debonding is also observed 
in Figure 8(e), where partial detachment of the 
resin from the glass fibres is evident. Further-
more, the presence of fibre imprints suggests 
progressive interfacial degradation during cyclic 

Figure 6. Scatter of fatigue life (log N) for UD glass/epoxy laminates tested under fatigue loading
at three stress ratios (R = 0.05, 0.1, and 0.2) and three maximum stress levels (0.6, 0.7, and 0.8 ∙ UTS)

Figure 7. S–N scatter plot of UD glass/epoxy laminates showing fatigue life (log N) versus stress amplitude
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Figure 8. SEM micrographs showing failure mechanisms in UD glass/epoxy laminates: (a) fibre pull-out,
(b) fibre bundle splitting, (c) fibre fracture, (d) matrix cracking initiating at the resin-rich region,

(e) interfacial debonding and matrix degradation, (f) Fatigue damage evolution illustration
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loading [9]. Several regions also exhibit fatigue 
striations within the resin-rich areas, indicating 
gradual crack propagation driven by matrix deg-
radation and localised plastic deformation.

The presence of these matrix-assisted failure 
mechanisms contributed to the extended fatigue 
lives observed at lower stress levels, as matrix 
cracking and progressive interfacial debonding 
delayed catastrophic fibre fracture. The observed 
fracture morphology qualitatively supports the 
Mao and Zong models, both of which capture the 
nonlinear stiffness-degradation behaviour associ-
ated with progressive matrix damage [30, 32].

The SEM observations support the two domi-
nant fatigue-failure mechanisms identified exper-
imentally. At high stress amplitudes, rapid stiff-
ness degradation and reduced fatigue life were 
primarily associated with fibre-dominated brittle 
fracture. In contrast, at lower stress amplitudes, 
matrix-assisted progressive damage mechanisms 
became dominant, resulting in more gradual stiff-
ness degradation and improved fatigue endur-
ance. The transition from matrix-dominated dam-
age to fibre-dominated failure corresponds well 
with the nonlinear degradation stages represented 
by the fitted semi-empirical models. Therefore, 
these microstructural observations qualitatively 
support the model-based interpretation of fatigue-
damage evolution.

Fatigue damage in the present unidirection-
al S-glass/epoxy laminates evolved through a 
progressive decohesion process involving mul-
tiple interacting damage mechanisms. Initially, 
matrix microcracks formed within the resin-rich 
regions under cyclic tensile loading. Continued 
fatigue loading promoted fibre–matrix interfacial 
debonding and crack coalescence, leading to pro-
gressive stiffness degradation. As damage accu-
mulated, longitudinal crack propagation along the 
fibre direction and fibre-bundle splitting became 
dominant. At higher stress amplitudes, acceler-
ated stress transfer to the fibres promoted fibre 
fracture and unstable crack growth, resulting in 
rapid stiffness degradation and final catastrophic 
failure. The proposed fatigue-damage sequence is 
illustrated schematically in Figure 8(f). The rein-
forcement architecture strongly influenced the 
observed fatigue-damage mechanisms. Since all 
fibres were aligned in the loading direction (0° 
orientation), the applied tensile load was primarily 
carried by the fibres. This configuration provides 
high longitudinal stiffness and strength but lim-
ited resistance to crack propagation transverse to 

the fibre direction. Consequently, fatigue damage 
propagated preferentially along the fibre direc-
tion, promoting longitudinal splitting and interfa-
cial debonding. Unlike woven composites, where 
fibre interlacing can deflect cracks and delay 
damage growth, the unidirectional architecture 
provides fewer crack-arrest mechanisms, result-
ing in more direct crack propagation and fibre-
dominated failure under severe loading condi-
tions. Higher stress amplitudes (σmax ≥ 0.7 ∙ UTS) 
promoted fibre-dominated brittle fracture and 
rapid stiffness degradation, whereas lower stress 
amplitudes (σmax ≤ 0.6 ∙ UTS) favoured matrix 
cracking and progressive interfacial debonding, 
resulting in slower damage accumulation and lon-
ger fatigue life.

The SEM observations presented in this study 
are intended primarily as qualitative supporting 
evidence to identify the dominant fatigue-damage 
mechanisms and to aid the interpretation of the 
experimentally observed stiffness-degradation 
behaviour. They are not intended to constitute a 
standalone quantitative fractographic dataset, and 
no image-based statistical measurements of crack 
density, void fraction, or fibre pull-out character-
istics were performed. Nevertheless, incorporat-
ing such quantitative microstructural characteri-
sation would provide additional insight into the 
relationship between damage accumulation and 
stiffness degradation and could further strengthen 
the validation of fatigue-damage models.

Basquin model and Goodman-Basquin 
model

The experimental fatigue data were fitted using 
both the Basquin and Basquin–Goodman mod-
els, as shown in Figure 9. The uncorrected Bas-
quin model yielded a relatively shallow slope of 
approximately –0.04. Although the fitted curve fol-
lows the overall trend of the scattered data, it tends 
to underestimate the fatigue behaviour in the high-
stress, short-life regime and overestimate fatigue 
endurance in the long-life regime. This observation 
indicates that neglecting mean-stress effects intro-
duces systematic bias into fatigue-life prediction 
[21, 23]. Considerable scatter around the fitted line 
is also evident for the uncorrected Basquin model.

After applying Goodman’s mean-stress cor-
rection, the fitted Basquin–Goodman curve shift-
ed upward and exhibited a steeper slope, with 
b = –0.066. This behaviour indicates that mean 
stress exerts a significant influence on fatigue-life 
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degradation. Consequently, specimens tested at 
higher R-Ratios experienced more severe mean-
stress effects, which altered the fatigue response. 
The corrected model provided improved agree-
ment with the experimental data in the short-life 
regime; however, it continued to overpredict 
fatigue endurance in the long-life region [24, 26].

From Table 5, it is evident that the Goodman 
correction increased the slope magnitude from  
–0.040 to –0.066 and raised the fatigue-strength 
coefficient, 𝜎𝜎𝑎𝑎 = 𝜎𝜎𝑓𝑓, (𝑁𝑁𝑓𝑓)

𝑏𝑏 

 
𝜎𝜎𝑎𝑎

1 − 𝜎𝜎𝑚𝑚
𝜎𝜎𝑈𝑈𝑈𝑈𝑈𝑈

= 𝜎𝜎𝑓𝑓, (𝑁𝑁𝑓𝑓)
𝑏𝑏 

 

𝑆𝑆(𝑡𝑡1) = 𝑆𝑆(𝑡𝑡0) (1 −
𝑑𝑑1
𝑛𝑛1
) 

 

𝑃𝑃 = 𝛼𝛼0 + 𝛼𝛼1𝑅𝑅 + 𝛼𝛼2 (
𝜎𝜎max
𝑈𝑈𝑈𝑈𝑈𝑈) 

, to a value closer to the static UTS, 
which is physically more realistic. The Goodman-
corrected model also improved the coefficient of 
determination (R2) from 0.36 to 0.52 while reduc-
ing the RMSE and MAE values, indicating an 
improvement in prediction accuracy. Neverthe-
less, a substantial portion of the experimental scat-
ter remains unexplained by both analytical mod-
els. This limitation further highlights the need for 
semi-empirical stiffness-degradation models that 
can better capture the complex fatigue behaviour 
of composite laminates.

From Figure 10, it is evident that the residuals 
are distributed around zero, with substantial scat-
ter on both sides of the mean value. This behaviour 
indicates a tendency of the model to underestimate 
fatigue life at higher stress levels and overestimate 
fatigue life at lower stress levels. The downward 
shift observed in the Goodman-corrected Basquin 
residuals suggests that the model tends to over-
predict the stress amplitude, σa. Nevertheless, the 
Goodman-corrected model captures the short-life 
fatigue behaviour more accurately than the uncor-
rected Basquin model. Furthermore, the increas-
ing trend in the residuals with stress amplitude 
indicates that the Goodman correction does not 

fully account for the variability and scatter present 
in the experimental fatigue data [31].

Fatigue life estimation

Due to the significant scatter in the fatigue 
data, with some specimens failing at approxi-
mately 103 cycles while others survived up 
to 106 cycles under the same stress amplitude 
(σa ), a consistent definition of fatigue life (N) 
was required. For the loading condition of R = 
0.1 and σmax = 0.6 ∙ UTS, the geometric mean 
fatigue life was calculated as 2.81 × 105 cycles 
when run-out specimens were excluded from 
the analysis. This value was considerably lower 
than the fatigue lives observed experimental-
ly for several specimens. Furthermore, when 
the run-out data were included, the geometric 
mean increased to 4.85 × 105 cycles. However, 
this value still did not adequately represent the 
experimental fatigue-life distribution. The use of 
the geometric mean in the stiffness-degradation 
analysis also resulted in an unrealistically short-
ened fatigue life, making the representation of 
the final degradation stage (Stage III) difficult. 
Therefore, the Kaplan–Meier median fatigue life 
was adopted as a more representative measure 
of fatigue life. The corresponding formulation is 
given in Equation 3.

	

𝜎𝜎𝑎𝑎 = 𝜎𝜎𝑓𝑓, (𝑁𝑁𝑓𝑓)
𝑏𝑏 
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𝑏𝑏 
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𝑛𝑛1
) 

 

𝑃𝑃 = 𝛼𝛼0 + 𝛼𝛼1𝑅𝑅 + 𝛼𝛼2 (
𝜎𝜎max
𝑈𝑈𝑈𝑈𝑈𝑈) 

	 (3)

where:	d represents the event indicator (failure 
or censored observation), n denotes the 
number of specimens at risk immediately 
before a given cycle count, and S(t0) is 

Figure 9. Log–Log S–N representation comparing experimental fatigue data with the Basquin model
and the Goodman corrected Basquin model
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initially equal to 1. For subsequent calcu-
lations, S(t) is obtained by multiplying the 
previous survival probability by the con-
ditional survival probability at the corre-
sponding cycle count.

The Kaplan–Meier (KM) median fatigue life 
is defined as the smallest cycle count, t, at which 
the survival probability satisfies S(t) ≤ 0.5 . Unlike 
the geometric mean, the KM median incorporates 
censored observations (run-out specimens) and 
provides a statistically robust estimate of fatigue 
life under conditions of significant experimen-
tal scatter. For the loading condition of R = 0.1 
and σmax = 0.6* UTS, the KM median fatigue life 
was estimated as N = 8.2 × 105 cycles, which 
showed better agreement with the experimentally 
observed fatigue behaviour.

From Table 6, it can be observed that for the 
loading condition R = 0.10 and σmax = 0.6 ∙ UTS , 
the Kaplan–Meier (KM) median fatigue life was 
8.2 × 105 cycles, which is higher than the geomet-
ric mean of the failed specimens because the KM 
median appropriately incorporates the two cen-
sored run-out observations [20]. As the normalized 
maximum stress level (σmax /σUTS) increased from 
0.6 to 0.7 and 0.8, the median fatigue life decreased 
markedly to 1.85 × 104 and 4.6 × 103 cycles, 
respectively, demonstrating the strong dependence 
of fatigue life on the applied stress level [23].

At the same maximum stress level (σmax = 0.6 
∙ UTS), the median fatigue life varied with the 
stress ratio. For R = 0.05, 0.10, and 0.20, the cor-
responding KM median fatigue lives were 2.3 × 
105, 8.2 × 105, and 2.4 × 105 cycles, respectively. 
This behaviour indicates a non-monotonic influ-
ence of the stress ratio on fatigue life, suggest-
ing that the combined effects of mean stress and 
damage evolution govern the fatigue response of 
the laminate [24, 26].

It should be noted that the Kaplan–Meier esti-
mator provides a nonparametric estimate of the 
survival function and is fundamentally different 
from descriptive measures such as arithmetic or 
geometric mean fatigue life. In the present study, 
the Kaplan–Meier median fatigue life was adopt-
ed because it appropriately accounts for censored 
observations (run-out specimens) and provides 
a robust representation of fatigue-life behaviour 
under significant experimental scatter.

Residual stiffness degradation

To evaluate stiffness degradation during 
fatigue loading, interrupted fatigue tests were 
conducted on the unidirectional composite lami-
nates. For each loading condition, three stress 
ratios (R = 0.05, 0.1, and 0.2) and three maximum 
stress levels corresponding to 0.6, 0.7, and 0.8 
times the ultimate tensile strength (UTS) were 
considered. Fatigue loading was interrupted at 

Table 5. Performance comparison of Basquin and Goodman corrected Basquin fatigue models

Model Slope b σ′f (MPa) R2 RMSE MAE

Raw Basquin -0.04 221 0.36 0.071 0.056

Goodman-Basquin -0.066 479 0.52 0.059 0.047

Figure 10. Residual stress amplitude plotted against predicted stress amplitude for the Basquin
and Goodman corrected Basquin models
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four predefined life fractions, n/N = 0.1, 0.2, 0.5, 
and 0.8, where N represents the Kaplan–Meier 
median fatigue life for the corresponding load-
ing condition. At each interruption interval, the 
specimen was completely unloaded and then 
subjected to a quasi-static tensile loading cycle 
up to 60% of the original UTS at a displacement 
rate of 1 mm/min. The longitudinal elastic mod-
ulus, E, was determined from the slope of the 
initial linear region of the stress–strain response 
and normalized by the original elastic modulus 
obtained from the static tensile tests.

During interrupted fatigue testing, cyclic 
loading was paused at the predefined life frac-
tions, and the specimen was completely unload-
ed before residual stiffness evaluation. A quasi-
static tensile loading cycle was subsequently 
applied up to 60% of the original UTS at a dis-
placement rate of 1 mm/min to avoid introduc-
ing additional fatigue damage during stiffness 
measurement. The specimen was then unloaded, 
and fatigue cycling was resumed under the orig-
inal loading condition until the next interruption 
interval. To minimise experimental variability, 
the same specimen alignment, gripping con-
figuration, and data-acquisition procedure were 
maintained throughout all interruption stages. 
The modulus-extraction procedure was applied 
consistently across all specimens and loading 
conditions to ensure repeatable residual stiff-
ness measurements.

Figure 11 presents the normalised residual 
stiffness, E(n)/E(0), as a function of the fatigue-
life fraction, n/N. All loading conditions exhibit 
the characteristic three-stage fatigue-damage 
evolution reported in previous studies [29–31]. 
An initial reduction in stiffness of approximate-
ly 5–10% is observed within the first 10–20% 
of fatigue life, followed by a relatively stable 

intermediate stage extending to approximately 
60% of fatigue life. Thereafter, an acceler-
ated stiffness reduction occurs as failure is 
approached, resulting in an overall stiffness loss 
of approximately 40–50%.

At σmax = 0.6 ∙ UTS, the normalised stiffness 
remained relatively high throughout most of the 
fatigue life, with E(n)/E(0) values of approxi-
mately 0.92 at n/N = 0.1 and 0.70 a t n/N = 0.8. 
In contrast, at σmax = 0.8 ∙ UTS, the initial stiff-
ness degradation was more pronounced, with 
E(n)/E(0) decreasing to approximately 0.74 at 
n/N = 0.1 and further declining to values between 
0.45 and 0.56 at n/N = 0.8 [9, 28]. This behav-
iour indicates accelerated damage accumulation, 
primarily associated with matrix cracking and 
interfacial degradation. At R = 0.05, stiffness 
degradation progressed more rapidly at higher 
stress amplitudes than that observed for R = 
0.10. For R = 0.20, the stiffness reduction was 
slightly greater during the early stages of fatigue 
life but converged toward similar values near 
failure. Furthermore, the scatter in residual stiff-
ness increased with increasing stress amplitude 
and decreasing stress ratio. These observations 
confirm that residual stiffness is a sensitive indi-
cator of fatigue damage accumulation in com-
posite laminates [8, 26].

Residual stiffness models

The experimental normalised stiffness data 
obtained from the interrupted fatigue tests at 
the selected fatigue-life fractions were used to 
fit the four semi-empirical residual stiffness-
degradation models. For each loading condition 
(R, σmax ), nonlinear least-squares regression 
was employed to minimise the squared error 
between the experimental mean values and the 

Table 6. Kaplan–Meier (KM) median fatigue life for different stress ratios (R) and maximum stress levels (σmax/σUTS)

R σmax/σUTS KM median fatigue life cycles Runouts Failure

0.10 0.6 8.2 × 105 2 3

0.10 0.7 1.85 × 104 0 5

0.10 0.8 4.6 × 103 0 5

0.05 0.6 2.3 × 105 1 4

0.05 0.7 2.85 × 104 0 5

0.05 0.8 6.3 × 103 0 5

0.20 0.6 2.4 × 105 0 5

0.20 0.7 3.3 × 104 0 5

0.20 0.8 3.1 × 103 0 5
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corresponding model predictions. The quality 
of the fit was assessed using the coefficient of 
determination (R2), the root mean square error 
(RMSE) between the predicted and measured 
normalised stiffness values, and the mean abso-
lute error (MAE). This fitting procedure was 
repeated for all nine combinations of stress ratio 
and maximum stress level to capture the influ-
ence of mean stress and maximum stress on the 
model parameters.

Figure 12 presents the fitted stiffness-degra-
dation curves obtained using the Yang, Mao, Wu, 
and Zong models for each loading condition. A 
detailed interpretation of the model behaviour 
under the different combinations of stress ratio 
and maximum stress level is provided in Table 7.

The Yang model provided reasonable agree-
ment with the experimental data during the early 
stages of fatigue life, but generally underpre-
dicted the stiffness behaviour in the intermedi-
ate stage and failed to accurately capture the 
pronounced stiffness reduction observed beyond 
n/N = 0.5  [29]. The Mao model more accurately 
represented the initial rapid stiffness degradation 
and the subsequent stable degradation region; 
however, it tended to overestimate the extent of 
stiffness loss near the end of fatigue life, partic-
ularly at higher stress amplitudes [30]. Among 
the models considered, the Wu model provid-
ed one of the best overall fits across the entire 
fatigue-life range and successfully captured the 
nonlinear curvature of the stiffness-degradation 
response [31]. The Zong model exhibited con-
siderable flexibility in fitting the experimen-
tal data but showed a tendency to overfit the 

early-stage degradation behaviour and, in some 
cases, predicted nonphysical upturns in stiffness 
near the end of fatigue life [32].

From Table 8, it can be observed that the Wu 
model exhibited robust performance across dif-
ferent stress ratios (R) and maximum stress lev-
els (σmax), providing a balanced representation of 
stiffness degradation throughout both the early 
and late stages of fatigue life. The high coeffi-
cient of determination (R2) and exceptionally low 
RMSE and MAE values indicate minimal devia-
tion between the model predictions and the exper-
imental data. Consequently, the Wu model dem-
onstrated the highest predictive accuracy among 
the four models considered and showed excellent 
agreement with the experimentally observed stiff-
ness-degradation behaviour [31].

With an average R2 value of 0.73, the Zong 
model performed better than the Mao model but 
was less accurate than the Wu model. The Zong 
model provided a reasonable representation of 
the experimental data and may serve as a prac-
tical alternative because of its comparatively 
simple formulation and potential for broader 
applicability. The Mao model exhibited moder-
ate predictive capability and tended to overesti-
mate stiffness degradation during the final stages 
of fatigue life. An average R2 value of 0.57 indi-
cates a moderate correlation with the experimen-
tal observations, while the corresponding RMSE 
and MAE values suggest a reasonable level of 
prediction error [30].

Although the Yang model exhibited a rea-
sonably strong overall statistical correlation 
with the experimental data (average R2 = 0.88), 

Figure 11. Normalised residual stiffness E(n)/E(0) as a function of fatigue life fraction n/N
for different stress ratios (R) and peak stress levels (σmax/σUTS)
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its simplified formulation was less effective in 
reproducing the nonlinear three-stage stiffness-
degradation behaviour observed experimental-
ly. In particular, the model showed noticeable 
deviations during the intermediate and late 
stages of fatigue life, where accelerated deg-
radation became dominant. The comparative-
ly higher RMSE and MAE values, relative to 
those of the Wu model, indicate reduced pre-
dictive accuracy under varying loading condi-
tions [29].

Among the four semi-empirical models con-
sidered, the Yang model represents a two-stage 
stiffness-degradation behaviour and is therefore 
more suitable for materials exhibiting relatively 
monotonic damage accumulation. In contrast, 
the Mao, Wu, and Zong models are capable 
of representing the characteristic three-stage 

evolution of fatigue damage. The Wu and Zong 
formulations further extend the capabilities of 
the Mao model by incorporating the influence 
of stress ratio and additional material-response 
parameters. Although the Wu and Zong models 
theoretically accommodate three-stage stiffness 
degradation, the fitted curves shown in Figure 12 
predominantly exhibit a two-stage degradation 
trend. This behaviour can be attributed to the 
limited experimental data available within the 
final stage of fatigue life, where stiffness degra-
dation accelerates rapidly before failure. Conse-
quently, the third degradation stage is not fully 
represented in the fitted response. In compari-
son, the Mao model more distinctly reproduces 
the three-stage degradation behaviour owing to 
its greater sensitivity to the model parameters 
governing stiffness evolution [30].

Table 7. Interpretation of residual stiffness model fits under different loading conditions

Figure
number

Loading condition
Model behaviour

R σmax/ σUTS

12 (a) 0.1 0.6
Stiffness decrement is gradual. The Wu and Zong model trends match the 

experimental data well. The Yang model slightly overpredicts the stiffness. The Mao 
model shows a sharp end life drop than the experimental observation.

12 (b) 0.1 0.7
Earlier stiffness loss was evident as stress increased. The Wu model fits well with 

experimental data throughout the fatigue life. The Yang model appears linear, and the 
Mao model overpredicts the final degradation.

12 (c) 0.1 0.8
At higher life fractions, stiffness loss is high. The Yang model underestimates the 

late-life degradation. Wu and Zong models capture the scenario well. The Mao model 
predicts a more abrupt drop.

12 (d) 0.2 0.6
Stiffness loss is moderate due to higher mean stress. The Wu and Zong models fit 
with experimental data well. The Yang model underestimates the degradation. The 

Mao model overestimates the stiffness loss near failure.

12 (e) 0.2 0.7
Stage 2 stable fatigue stiffness loss is clearly visible. The Zong model shows the 

closest fit across the fatigue life, and again, the Mao model overpredicts the late-life 
stiffness loss.

12 (f) 0.2 0.8
A steep drop in stiffness is clear at the later stages of fatigue. The Zong model again 
gives the closest fit, and the Mao model shows rapid collapse. Yang and Wu models 

remain linear without the rapid degradation near end-of-life fatigue.

12 (g) 0.05 0.6 Higher mean stress induces early damage. Wu and Zong models fit the data 
accurately. The Yang model under-predicts the mid-life stiffness loss.

12 (h) 0.05 0.7
Stiffness loss is faster at the early stages and remains stable in mid-life. The Zong 

model captures the trend well. The Wu and Yang models show larger deviations in the 
late life stages.

12 (i) 0.05 0.8
High loading shows immediate stiffness reduction. The Wu model reproduces the 
sharp initial curvature. Mao predicts poorly in the early stages, and Yang remains 

linear. Zong remains good at late-stage fatigue life.

Table 8. Fit quality of semi-empirical residual stiffness degradation models

Model R2 (Average) RMSE (Average) MAE (Average)

Yang 0.88 0.056 0.042

Mao 0.57 0.134 0.095

Wu 0.94 0.009 0.008

Zong 0.73 0.106 0.036
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Generalised predictive model

After fitting the Yang, Mao, Wu, and Zong 
residual-stiffness models, the resulting model 
coefficients were treated as dependent variables 

influenced by the loading parameters R and σmax/
UTS. Each coefficient was regressed using a sim-
ple planar surface, as expressed in Equation 4:
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𝑏𝑏 

 
𝜎𝜎𝑎𝑎

1 − 𝜎𝜎𝑚𝑚
𝜎𝜎𝑈𝑈𝑈𝑈𝑈𝑈

= 𝜎𝜎𝑓𝑓, (𝑁𝑁𝑓𝑓)
𝑏𝑏 

 

𝑆𝑆(𝑡𝑡1) = 𝑆𝑆(𝑡𝑡0) (1 −
𝑑𝑑1
𝑛𝑛1
) 

 

𝑃𝑃 = 𝛼𝛼0 + 𝛼𝛼1𝑅𝑅 + 𝛼𝛼2 (
𝜎𝜎max
𝑈𝑈𝑈𝑈𝑈𝑈) 	 (4)

Figure 12. Residual stiffness degradation curves fitted using four semi-empirical models for different
loading conditions: (a) R = 0.1 & σmax = 0.6 · UTS, (b) R = 0.1 & σmax = 0.7 · UTS,

(c) R = 0.1 & σmax = 0.8 · UTS, (d) R = 0.2 & σmax = 0.6 · UTS, (e) R = 0.2 & σmax = 0.7 · UTS, (f) R = 0.2 & σmax 
= 0.8 · UTS, (g) R = 0.05 & σmax = 0.6 · UTS, (h) R = 0.05 & σmax = 0.7 · UTS, and (i)

R = 0.05 & σmax = 0.8 · UTS.
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where:	P represents the model parameter being 
predicted.

The fitting procedure was performed using 
least-squares regression with the nine experi-
mentally determined parameter values as input 
data. This approach provides continuous func-
tions for each model parameter in terms of R 
and σmax/ σUTS, enabling interpolation of model 
parameters for previously untested loading 
conditions without requiring additional fatigue 
experiments [8, 24]. Figure 13 presents the 
three-dimensional scatter plots of the fitted 
parameters together with the regression-pre-
dicted surfaces. The regression results sum-
marised in Table 9 highlight the statistical con-
sistency of the semi-empirical model parame-
ters with respect to the loading variables R and 
σmax/ σUTS.

The Yang model parameter v, shown in 
Figure 13(a), exhibits a decreasing trend with 
increasing σmax/ σUTS and R. This behaviour 
reflects the ability of the Yang model to rep-
resent accelerated stiffness degradation under 
higher stress levels. The parameter shows a 
moderate correlation with the loading variables 
(R2 = 0.78) and a slightly elevated prediction 
error (RMSE = 0.108), suggesting that the linear 
regression captures the overall variation reason-
ably well [29]. However, the simplicity of the 
model limits its predictive accuracy under more 
severe loading conditions.

The Wu model parameter a, shown in Fig-
ure 13(b), governs the curvature of the stiffness-
degradation response during the early stages of 
fatigue life. The increasing trend of parameter 
a with normalised maximum stress, indicates a 
steeper initial stiffness reduction at higher stress 
amplitudes. The Wu model parameter b, shown 
in Figure 13(c), exhibits minimal variation with 
either R or σmax/σUTS. Its nearly constant value 
across the investigated loading range suggests 
that the overall damage-progression pattern 
remains similar under different loading condi-
tions. The Wu model parameters a and b exhibit 
moderate sensitivity to the loading variables, 
with  R2 values ranging from 0.48 to 0.49. The 
relatively higher RMSE values indicate that 
nonlinear interactions may exist between the 
model parameters and the loading conditions 
[31]. Therefore, a more sophisticated regres-
sion surface may be required to fully capture 

the adaptability of the model across different 
stress levels.

The Mao model parameter q, shown in Fig-
ure 13(d), acts as a weighting factor that con-
trols the transition between different stages of 
stiffness degradation. The fitted regression plane 
indicates that q varies approximately linearly 
with both σmax/ σUTS and R. Parameter a, shown 
in Figure 13(e), exhibits a decreasing trend with 
increasing σmax/ σUTS and R, indicating a system-
atic variation in the intensity of the initial stiff-
ness degradation across different loading condi-
tions. The Mao model parameters demonstrate 
strong predictive performance, with parameters 
q and a achieving relatively high R2 values of 
0.72 and 0.84, respectively, along with low 
RMSE values (< 0.09). These results suggest 
that both parameters vary approximately lin-
early with stress amplitude and stress ratio [30]. 
In contrast, parameter b, shown in Figure 13(f), 
exhibits a negative coefficient of determination 
(R2 = –0.51), indicating that a simple planar 
regression is unable to adequately represent its 
variation. This behaviour suggests a strong non-
linear dependence, particularly during the final 
stages of fatigue degradation.

The Zong model parameter q, shown in Fig-
ure 13(g), exhibits a strong linear correlation 
with the loading variables (R2 = 0.85, RMSE = 
0.058). This result indicates that the parameter  
q is strongly influenced by the applied loading 
conditions, contributing to the stability of the 
Zong model across different fatigue-loading 
scenarios. In contrast, parameter a, shown in 
Figure 13(h), exhibits only a moderate corre-
lation (R2   = 0.40), indicating greater variabil-
ity and a stronger nonlinear dependence on the 
loading variables. This behaviour reflects the 
flexibility of the Zong formulation in accommo-
dating a range of material systems and degrada-
tion responses [32].

Although the generalised regression frame-
work demonstrated reasonable correlations 
between the loading variables and the degrada-
tion-model parameters, the regression surfaces 
were developed using only nine experimental 
loading conditions for each parameter. There-
fore, the proposed linear relationships should be 
interpreted as preliminary engineering approxi-
mations within the investigated ranges of stress 
ratio and stress amplitude, rather than as uni-
versally applicable predictive formulations. The 
limited dataset may not fully capture potential 
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Figure 13. Regression of semi-empirical stiffness degradation model parameters as functions of stress ratio and 
normalised maximum stress. The fitted parameters with the predicted values obtained from linear

surface regression for: (a) Yang model parameter ν, (b) Wu model parameter a, (c) Wu model parameters b,
(d) Mao model parameter q, (e) Mao model parameter a, (f) Mao model parameter b,

(g) Zong model parameter q, and (h) Zong model parameter a
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nonlinear interactions between the loading 
parameters and fatigue-degradation behaviour. 
Additional experimental datasets covering a 
broader range of loading conditions and laminate 
configurations are required to establish more 
statistically robust and transferable predictive 
models. Nevertheless, the present framework 
demonstrates the feasibility of directly correlat-
ing semi-empirical degradation parameters with 
loading conditions for design-oriented fatigue 
assessment of GFRP laminates.

CONCLUSIONS

This study presents an integrated experi-
mental and statistical investigation of the fatigue 
behaviour of unidirectional S-glass/epoxy lami-
nates. Static tensile testing established represen-
tative baseline values for stiffness and ultimate 
tensile strength, with moderate experimental 
scatter. Fatigue testing conducted at three stress 
ratios and three maximum stress levels revealed 
the significant influence of loading conditions 
on fatigue life and stiffness degradation. Resid-
ual stiffness measurements obtained at selected 
fatigue-life fractions captured the characteristic 
three-stage damage evolution. Four semi-empir-
ical stiffness-degradation models (Yang, Mao, 
Wu, and Zong) were fitted to the normalised 
stiffness data. In addition, a generalised param-
eter-regression framework was developed by 
expressing the model coefficients as linear func-
tions of the applied stress ratio and normalised 
maximum stress.
	• Increasing stress amplitude resulted in earlier 

damage initiation and more pronounced stiff-
ness degradation throughout fatigue life. 

	• The effect of the stress ratio was non-mono-
tonic. Lower R-Ratios generally promoted 
faster stiffness degradation, whereas moderate 
R -Ratios exhibited greater early-stage stiff-
ness loss followed by convergence of the deg-
radation curves near failure. 

	• Experimental evaluations demonstrated that 
all four semi-empirical models effectively 
reproduced the stiffness degradation behav-
iour of unidirectional glass/epoxy laminates 
under tension–tension fatigue.

	• The Wu model achieved the best overall pre-
diction accuracy with the experimental data 
(R2 = 0.94).

	• The Zong and Mao models also provided reliable 
fits (R2 = 0.73 and 0.57, respectively) describing 
the early and intermediate fatigue regimes. 

	• In the parameter regression study, the Mao and 
Zong models exhibited the best linear corre-
lations (R2 > 0.8) and lower predictive errors 
compared to the Wu and Yang models.

	• The Wu model provides the most accurate 
overall fatigue-life predictions, and the Mao 
and Zong models offer more stable and inter-
pretable parameter–load relationships.

	• Wu can be considered the most effective for 
direct fatigue-life estimation. In contrast, Mao 
and Zong are better suited for design-level 
modelling and analytical integration due to 
their parameter consistency

Overall, the results demonstrate that residual 
stiffness monitoring combined with semi-empiri-
cal model calibration provides a practical frame-
work for assessing fatigue degradation in GFRP 
laminates while accounting for experimental scat-
ter. Although the generalised parameter relation-
ships were developed using a limited experimental 
dataset and should therefore be interpreted within 
the investigated loading range, they demonstrate 

Table 9. Regression fit quality of the generalised predictive stiffness degradation model parameters

Model Parameter R2 RMSE MAE

Yang 𝜈 0.779 0.108 0.084

Mao

Q 0.72 0.035 0.030

A 0.84 0.081 0.071

B -0.51 0.682 0.548

Wu
A 0.49 0.91 0.68

B 0.48 0.117 0.086

Zong
Q 0.85 0.058 0.038

A 0.40 0.355 0.242
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the feasibility of extending semi-empirical deg-
radation models toward design-oriented fatigue 
assessment and preliminary prediction of stiff-
ness degradation under previously untested load-
ing conditions.
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