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Abstract. This study takes a closer look at how damage develops in
Acrylonitrile Butadiene Styrene (ABS) when it is put under mechanical
stress. It compares three different ways to evaluate that damage: one based
on how much stress the material can still handle, another based on how much
energy it can still absorb, and a third using a unified damage theory. To
explore this, researchers tested specially designed samples, with a hole and
notches of different lengths, under controlled static loading conditions.

The results revealed a clear three-stage pattern in how damage progresses: it
starts slowly (up to B = 0.20), grows steadily (up to f = 0.70), and then
accelerates quickly until the material fails. What is particularly interesting is
how closely the stress-based and energy-based methods agreed, less than a
5% difference when identifying the critical damage thresholds. This strong
correlation suggests these methods are reliable tools for capturing the
complex, nonlinear behavior of thermoplastic damage, offering a clear
improvement over traditional linear models like Miner’s rule.

In the end, this work helps deepen our understanding of how polymers like
ABS deteriorate under stress and offers a stronger, more accurate framework
for predicting the remaining life of damaged structural parts.

1 Introduction

Assessing damage in polymer materials remains a major challenge for modern engineering,
especially when designing structural components exposed to various mechanical loads.
Thermoplastic polymers, particularly Acrylonitrile Butadiene Styrene (ABS), are widely
used across many industrial applications due to their favorable mechanical properties and
ease of processing [20-21] and [44-50]. However, their response to progressive damage is
complex and calls for assessment methodologies that are specifically tailored to their
microstructural characteristics.
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Traditional damage models, such as Miner’s rule, are based on a linear accumulation
assumption that often falls short when it comes to accurately describing the actual behavior
of polymers under load [14, 22]. This limitation has driven the development of more
advanced and nuanced approaches ones that incorporate concepts like residual ultimate
stresses [19, 24], residual ultimate energies [24, 33], and unified damage theory [13, 16, 25].

The main goal of this study is to compare several damage assessment methods to determine
which one best captures the nonlinear way damage evolves in ABS. To do this, we developed
an experimental setup using specially designed specimens that include a circular hole and
notches of varying lengths. This configuration was chosen to represent different stages of
damage and to help us better understand the physical mechanisms at play. In addition, this
investigation aims to clarify the precise relationship between accumulated damage and life
fraction in thermoplastic polymers [27, 42], to evaluate how closely stress-based and energy-
based approaches align [3, 5], and to compare these methods with predictions from both the
unified damage theory and Miner’s classical linear model [11, 39].

The results are expected to make a meaningful contribution to improving lifetime prediction
models for polymer components. These insights could play an important role in refining
design criteria and boosting the overall reliability of structural parts used in a variety of
industrial applications [2, 4].

2 Experimental methodology

In this section, we describe the polymer material used, the geometry of the test specimens
and the experimental procedure followed to capture stress-strain data under mechanical
loading. The experiments were carried out in a controlled environment, with the temperature
maintained 23°C and humidity levels kept to ensuring stable testing conditions
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Fig. 1. Steps for Preparing the Combined Defect (Hole and Notch).
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In this experiment, we carefully selected specific loading conditions to study how damage
develops in Acrylonitrile Butadiene Styrene (ABS). Three different loading types were used
to examine how the material behaves under varying stress levels:

— Load Type: The tests were carried out using static loading, where force was applied
gradually until the material failed. Additionally, quasi-static tests were conducted,
involving slow increments of load to mimic extended stress exposure.

— Loading Speeds: For the static test, the loading rates were kept deliberately slow to
avoid causing rapid fatigue in the material (1,2 mm/min).
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— Notch Geometry:The samples were designed with a central hole of a constant size,
combined with notches of varying lengths (ranging from 0 to 17 mm). This setup
was chosen to assess how the size of the defects affects the accumulation of damage,
energy absorption, and the material’s overall resistance. The length of the notch
plays a crucial role in focusing stress, which directly impacts the progression of
damage.

Variations in the size and position of notches can lead to differences in experimental results,
influencing the material’s ability to handle stress and maintain its resilience. Therefore, these
geometric defects should be taken into account when assessing the durability and residual
energy of the material being tested.

3 Results and discussion

3.1 Nonlinear Damage Evolution According to the Unified Theory: A Comparative
Analysis with Miner’s Rule

When a material becomes damaged, its endurance limit and static tensile strength both tend
to decrease [59]. According to Gatts’ hypothesis [60], when the applied stress exceeds the
endurance limit, fatigue damage evolves according to a power-law relationship of the form:

vo = (22)" ()

Yu
Yp = (:_;0)’ Yur = (Z_Z;) Yu = (:_;0)

Where opo is the endurance limit of the undamaged (virgin) material, op is the current
endurance limit of the material after » loading cycles; Our is the current monotonic tensile
strength of the material; 6, is the maximum monotonic tensile strength of the virgin material;
m is the empirical constant determined experimentally [36].

Note that, the Bui-Quoc model [37] highlights a connection between monotonic tensile
strength and prior cyclic loading. In other words, if a material has undergone repeated loading
before a tensile test, its ability to withstand static loads tends to drop [38]. This drop is
referred to as a reduction in the material’s residual strength [39]: Gur is the residual ultimate
stress of the material after n loading cycles, o, is the ultimate stress of the undamaged
material. B is the life fraction, representing how much of the material’s fatigue life has been

consumed and Y= Gm/0Do represents the loading level, defined as om, the mean stress during
cyclic loading [40].

For polymers, the ultimate stress (ou) is effectively the same as the yield stress (oe) [41].
This means that the parameter m is material-specific, and for amorphous polymers, it
typically takes the value m = I [42]. The damage model proposed by Bui-Quoc takes a
different approach compared to the earlier formulation by Miner [64]:

(1-yp)
D=——— 2
(1-vp*) 2)

Yp= 6p/0py is the endurance limit and yp* = 6m/Opo is the critical endurance limit.
Many damage theories are rooted in the linear model introduced by Miner’s rule, which states
that damage increases proportionally with the fraction of life consumed [42].
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Based on the idea behind the unified damage theory, a new way to describe damage is
suggested. It looks at how the endurance limit of the material gets lower as damage builds
up.

p=——F 3)

B+(1—ﬁ)<y_(y_L“)m>

y-1

Where f is the life fraction, and determined by the size of the combined defect (the hole and
the notch) in relation to the width of the specimen. Specifically, it’s the ratio a/w, where a is
the length of the notch or hole, and w is the width of the material being tested. Furthermore,
Y = ow/0o et yu= 6u/co and m=1 for amorphous polymer [27, 42]. oo is refers to the residual
endurance limit, it represents the baseline stress level before damage begins. It is calculated
by multiplying the undamaged ultimate stress (o,) by a coefficient o for (n=0 and =0 Xcu).
For a = (the safety factor of an amorphous polymer)™!, figure 2 shows the evolution
of damage, calculated using the unified damage theory (Equation 3), as a function of the life
fraction B for specimens that were pre-damaged. The curves corresponding to different y
values (1.01, 1.24 and 1.91) illustrate how the material behaves under various loading levels,
compared to Miner’s linear rule, represented by the green line [11, 42].

The analysis reveals that as y increases, the damage curves deviate more noticeably from
linearity. In contrast, under higher loading levels (i.e., lower y values), the damage curve
gradually approaches the bisector line that represents Miner’s rule. This convergence toward
linear behavior is more

pronounced as the life fraction B increases. This behavior showed that the level of loading
plays an important role in how damage develops over time [15, 16, 25].
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Fig. 2. Characteristic curves showing damage as a function of life fraction 3, based on the unified
theory, for specimens with holes and single notches.

3.2 Comparison of experimental and theoretical damage quantification approaches

Figure 3 presents a comparative analysis of how damage evolves with respect to the life
fraction B, using three distinct methods.

The curves illustrate experimental static damage (Ds, in blue), damage calculated using the
unified theory (Dthe unified, in green) and the prediction from Miner’s linear rule (in red)
[11, 42]. This comparison allows for a quantitative evaluation of damage in ABS and
provides a solid basis for comparing theoretical approaches with experimental results [9, 10].
We observe that experimental static damage increases rapidly at low life fraction, reaching
0.5 as early as B = 0.3. In contrast, the unified theory predicts a more conservative, nonlinear
progression that starts slowly and accelerates toward the end of life of the material [17, 25].
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Miner’s rule, on the other hand, maintains a strictly linear progression that falls between the
two behaviors.
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Fig. 3. Comparison of Damage Evolution Based on Static Damage, Unified Theory, and Miner’s Rule
as a Function of Life Fraction

The curve shows a strong correlation between the experimental static damage (Ds) and the
damage predicted by the unified theory; with both showing, an overall increasing trend as the
life fraction B increases. However, a gap appears between the two, especially in the mid-
range values of B. The experimental static damage tends to rise more quickly during the early
and middle stages of the material's life, while the unified theory predicts a more conservative
progression that accelerates mainly toward the end [22, 23].

Miner’s linear rule falls somewhere in between these two behaviors, following a steady
progression that overestimates damage compared to the unified theory, but underestimates
the damage observed experimentally across most of the material’s life span [11, 42].

This triangular configuration of the three curves clearly illustrates the limitations of purely
theoretical models in accurately capturing real-world damage mechanisms in polymer
materials like ABS [44-50].

3.3 Damage evaluation using an energy based approach

This section aims to identify key material parameters that can be used to quantitatively predict
the risk of sudden failure in components containing defects. An energy-based damage
evaluation approach is applied to ABS specimens containing a combined defect, a circular
hole with a constant diameter, paired with notches of varying lengths [33].

The total energy of the material must be determined by integrating the full stress. This total
energy includes the energy used to initiate damage and the energy needed to propagate the
crack through the remaining ligament, as noted in the literature.

3.3.1 Total Energy Analysis

From a physical point of view, damage in a material can be seen through several signs [40,
41]:

- A decrease in residual strength [19, 24]

- A reduction in the endurance limit [9, 10]

- Anincrease in the stress applied to the damaged area [1, 3]

- Aloss of energy during the material’s deformation [33, 43]
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The ultimate energy method is used to describe how damage progresses in test specimens
with holes and notches during static loading. It works by measuring the amount of energy the
material absorbs up to the point of failure [24, 33]. This energy is calculated by finding the
area under the stress—strain curve using numerical integration.

To compute the total energy, a step-by-step method is used that adds up the small areas
between each pair of data points (do x dg). This technique breaks the full curve into smaller
sections, and their sum gives a precise estimate of the energy that was dissipated during the
test.

Figure 4 shows how the total energy absorbed by the specimen increases or decreases as the
notch length changes, with the constant central hole diameter.

The graph shows how the total energy (W), in joules, changes with the size of the defect (a
hole and a notch), measured in millimeters. The curve adds up the energy used for each notch
length. At each stage of the test, each life fraction f3, the total energy is calculated by
combining the energy used as the notch gets longer.
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Fig. 4. Total energy comparison for ABS specimens with notch and hole defects

A clear negative correlation can be seen: as the notch length increases (from 0 to 17 mm),
the total energy of the specimen drops significantly (from about 6 J to 1 J). This drop in
energy happens because the growing defect causes higher stress in a small area, which lowers
the material’s ability to absorb energy through plastic deformation [30]. As the defect grows,
the material slowly loses its ability to stretch or deform, which leads to a decrease in the total
plastic energy stored in the specimen.

3.3.2 Loss of residual ultimate energy

The loss of residual ultimate energy is an important parameter for evaluating how a material
degrades over time under stress [24, 33]. This value shows how the material is ability to
absorb energy decreases, as it gets closer to final failure.

Figure 5 presents a clear summary of the energy values related to each drop in stress recorded
during standard static tests. The experimental values appear on a graph as a function of 3, the
life fraction of the material. This helps place the deterioration process on a normalized
timeline.

The curve analysis shows a clear decreasing trend in the residual ultimate energy loss (Uur)
as the material progresses through its life fraction. The energy loss is much higher in the early
stages of the material’s life (when B is close to 0), then drops sharply and follows an
exponential decline until it reaches a stable plateau around p = 0.55 [18, 33]. Beyond this
critical point, the residual energy remains extremely low until the specimen completely fails.
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Fig. 5. Energy loss in damaged specimens with different notch lengths under static tension

This behavior suggests that once the material reaches around 60% of its life, only a relatively
small amount of energy is needed to cause final failure [43].

Note that, from here on, we will use the maximum energy as a key reference to build a static
damage model based on the energy approach [24, 33].

3.3.3 Energy damage and evaluation of material degradation

The main goal of this methodological approach is to provide a rigorous quantification of the
damage experienced by thermoplastic polymer specimens, based on the analysis of the
energy dissipated up to final failure [33, 43]. This method enables a precise characterization
of the gradual deterioration of the material’s mechanical properties.

To systematically assess the accumulated damage in energy terms, we developed a
contribution to the static damage model, calculated from the residual ultimate energy “Ds.”
The mathematical expression and graphical representation of this model are shown in Figure
6, in line with previous studies [42].

Denrg = _ZZ (4)

With Uy is the residual ultimate energy of the damaged material, U, is the ultimate energy
of the virgin material and U, is the applied energy just before failure.
The boundary conditions are:

- atthe initial state: B =0, Uy,,=U,, D=0.

- atthe final state: p=1, Uur=Ua,D=1.

Figure 6 shows how energy-based damage (Denrg) changes with the life fraction (B) in
specimens with holes and notches under mechanical loading. The curve shows a nonlinear
relationship, which is typical of how the material breaks down over time [24, 33]. It can be
seen that the cohesive energy stored in the material slowly decreases as the notch length
increases. This leads to a clear drop in the material’s resistance to crack growth [5, 30, 31].

The curve shows three phases in the damage process. After an initial damage stage that
reaches about B = 20%, the material starts to degrade much faster and enters a phase of
growing instability [32, 43]. This instability peaks during the acceleration phase, which
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becomes very noticeable around = 65%. At this critical point, the damage becomes sudden
and severe.
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Fig. 6. Residual Energy-Based Damage Evolution as a Function of Life Fraction

3.3.3 Damage reliability based on the energy method (Denrg - Renrg)

The simultaneous analysis of damage and reliability represents a fundamental approach for
characterizing the evolution of the structural state of thermoplastic materials under stress [2,
4]. Reliability 'R', defined as the probability of the material’s survival, follows a
mathematically decreasing function that evolves inversely with the accumulated damage, in
accordance with the following relationship:

Renrg + Denrg =1 4
This fundamental equation enabled us to graphically establish the correlation between
residual reliability and the previously studied energy-based damage. The application of the
energy method proved particularly relevant for accurately identifying the three characteristic
stages of material evolution, marked by the intersection points of the damage and reliability
curves, as illustrated in Figure 7 [22, 24].
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Fig. 7. Superposition of Static Damage and Static Reliability Curves as a Function of Life Fraction

A thorough analysis of Figure IV.8, which shows the interaction between the damage (Denrg)
and reliability (Renrg) curves, allows us to identify and characterize three distinct stages in
the material degradation process [22, 24, 33]:
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- Stage I [0-20%]: This initial phase corresponds to the damage initiation zone,
clearly marked by the first intersection of the Damage-Reliability curves at B = 20%.
During this period, the material maintains a reliability level higher than the
accumulated damage, indicating its ability to preserve its mechanical properties
despite the early signs of degradation.

- Stage 11 [20%—65%]: This middle phase reflects a steady yet notable progression of
damage, accompanied by a proportional decrease in reliability. At f = 65%, which
marks the end of this stage, a sharp acceleration in the damage process occurs,
signaling the onset of a critical condition in the material [23].

- Stage III [65%—100%]: This final phase, beginning at 65% of the life fraction, is
marked by sudden and irreversible damage. By analogy with crack propagation
mechanisms, entering this stage corresponds to the onset of structural instability,
which inevitably leads to the complete failure of the material.

Note that, using B and damage curves helps define safety and inspection/maintenance criteria
based on how damage progresses. These guidelines ensure that timely interventions are made
to manage the material’s durability before failure risks escalate.

3.3.3 Quantification of Energy-Based Damage Using the Unified Theory

The energy-based damage quantification approach grounded in the unified theory represents
a significant advancement over traditional linear models [13, 16, 25]. By incorporating the
intrinsic parameters of materials, this methodology offers a more accurate depiction of the
complex mechanisms behind progressive degradation. Based on the fundamental Equation 4
of the unified theory, we developed a comparative model of cumulative damage. The
experimental results obtained through this theoretical approach are presented graphically in
Figure 8, allowing for a direct comparison with the predictions of Miner’s classical linear
model [11, 39].
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Fig. 8. Characteristic curves representing damage as a function of the life fraction f, based on the
unified theory, for notched and drilled specimens.

The comparative analysis of the curves shown in Figure 8 reveals fundamental differences
between the two damage quantification approaches. Miner’s model produces a strictly linear
progression of damage with respect to the life fraction, following a direct proportional
relationship [11, 39]. In contrast, the damage calculated using the unified theory exhibits a
clearly nonlinear evolution, characterized by two distinct phases: an initial moderate increase
up to a critical life fraction of approximately 40%, followed by a substantial acceleration of
degradation leading to the final failure of the specimen [13, 25].
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This significant divergence between the two models highlights the inherent limitations of
Miner’s rule for this specific category of materials [14, 22]. The inadequacy of the linear
model stems mainly from its mathematical formulation, which relies primarily on geometric
parameters, particularly the ratio between the instantaneous crack length (a:) and the total
length at failure (a). This approach fails to account for the intrinsic properties of the material
that fundamentally govern its mechanical behavior.

In contrast, the unified theory incorporates fundamental material parameters such as the
ultimate stress and the endurance limit of the virgin material, thus providing a more realistic
representation of the physical degradation mechanisms [13, 16, 17]. This ability to account
for the intrinsic properties of the material gives the nonlinear model greater relevance for
predicting the actual behavior of thermoplastic specimens subjected to progressively applied
mechanical stresses.

4 Conclusion

This research established an in-depth comparison between various damage evaluation
methodologies applied to Acrylonitrile Butadiene Styrene (ABS) subjected to mechanical
loading. The analysis of experimental results revealed several key insights into the behavior
of this thermoplastic polymer under progressive damage.

First, the study clearly demonstrated the nonlinear nature of damage evolution with respect
to the life fraction, thereby challenging the applicability of Miner’s linear rule for this class
of materials. The three methodological approaches, based on residual ultimate stress, residual
energy, and the unified theory, converged toward a similar characterization of the damage
process, identifying three distinct phases: an initiation phase (up to § = 0.20), a progressive
propagation phase (up to f ~ 0.65), and a phase of rapid acceleration leading to failure.

Second, the comparison between experimental results and theoretical predictions highlighted
the importance of incorporating fundamental material parameters, such as ultimate stress and
endurance limit, into damage prediction models. This integration enables a more accurate
description of the physical mechanisms governing the degradation of the material’s
mechanical properties.

Third, the energy-based analysis made it possible to precisely quantify the progressive loss
of the material’s energy absorption capacity as damage advanced. This approach proved
especially relevant for identifying critical thresholds that mark transitions between the
different phases of damage.

The intersection of the damage and reliability curves at B = 0.65 stands out as a key finding
of this study, indicating the point at which the material enters an irreversible phase of
structural instability. This observation has direct implications for defining safety criteria in
the design of ABS structural components.

Looking ahead, this work opens up several promising research directions, including
extending this comparative methodology to other families of thermoplastic polymers,
exploring the influence of environmental conditions on damage processes, and developing
predictive models that incorporate the effects of load history on damage evolution.

In conclusion, this study makes a significant contribution to improving our understanding of
damage mechanisms in thermoplastic polymers and provides a robust methodological
framework for assessing the residual lifetime of structural components with defects. A further
point is that mold design, additives, and the type of ABS used all play a crucial role in
determining factors like B (life fraction) and residual energy. Mold imperfections can
introduce internal stresses, while additives can change the material’s strength and flexibility.

10
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Additionally, different grades of ABS, whether impact-resistant or heat-resistant, offer
varying degrees of toughness and energy absorption. These factors all influence how ABS
behaves under stress and how it degrades over time.

The results of this study can be applied to other thermoplastics, but with caution. ABS has
its own unique properties, and other materials like polycarbonate or nylon may behave
differently due to their molecular structures. The damage mechanisms and models used in
this study can be adapted to other polymers, but each one will need its own validation.
Additionally, environmental factors like temperature and humidity can affect materials in
different ways. In short, while the methodology can be applied, further studies are needed for
each polymer to ensure the results are relevant [51].
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