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Abstract   Öz  

This study investigated the tensile behavior of high-density 

polyethylene (HDPE) at different strain rates using 

experiments and finite element analysis. Uniaxial tensile 

tests were conducted at strain rates from 5 × 10-3 to 5 × 10-

1 s-1, revealing clear rate sensitivity. The elastic modulus 

and true tensile yield stress increased with strain rate, while 

fracture strain decreased, indicating reduced ductility at 

higher rates. Finite element simulations in ABAQUS 

applied a linear Drucker–Prager model with a Von Mises 

yield surface combined with the Cowper–Symonds 

equation. The model captured the rate-dependent increase 

in yield stress and the overall post-yield response. 

However, strain hardening at higher strain rates was 

overestimated because the hardening curve was defined at 

the lowest strain rate and the modulus was assumed rate-

independent. Overall, the framework provides an efficient 

approach for predicting the tensile response of HDPE, 

though incorporating rate-dependent hardening and 

viscoelasticity would improve post-yield predictions. 

 Bu çalışmada, deneyler ve sonlu elemanlar analizi 

kullanılarak farklı gerinim hızlarında yüksek yoğunluklu 

polietilenin (HDPE) gerilme davranışı incelenmiştir. 5 × 

10-3 ila 5 × 10-1 s-1 gerinim hızlarında tek eksenli gerilme 

testleri gerçekleştirilmiş ve net bir hız duyarlılığı ortaya 

çıkmıştır. Elastik modül ve gerçek çekme akma gerilimi 

gerinim hızı ile artarken, kırılma gerinimi azalmış ve bu da 

daha yüksek hızlarda sünekliğin azaldığını göstermiştir. 

ABAQUS'ta yapılan sonlu eleman simülasyonlarında, 

Cowper-Symonds denklemi ile birleştirilmiş Von Mises 

akma yüzeyi ile doğrusal Drucker-Prager modeli 

uygulanmıştır. Model, akma geriliminin hız bağımlı artışını 

ve genel akma sonrası tepkiyi yakaladı. Ancak, sertleşme 

eğrisi en düşük gerilme hızında tanımlandığından ve 

modülün hızdan bağımsız olduğu varsayıldığından, daha 

yüksek gerilme hızlarında gerilme sertleşmesi fazla tahmin 

edildi. Genel olarak, çerçeve HDPE'nin çekme tepkisini 

tahmin etmek için verimli bir yaklaşım sağlar, ancak hız 

bağımlı sertleşme ve viskoelastisiteyi dahil etmek akma 

sonrası tahminleri iyileştirecektir. 

Keywords: High-density polyethylene (HDPE), Tensile 

behavior, Strain rate, Drucker-Prager, Finite element 

analysis 

 Anahtar kelimeler: Yüksek yoğunluklu polietilen 

(HDPE), Çekme davranışı, Gerilme hızı, Drucker-Prager, 

Sonlu elemanlar analizi 

1 Introduction 

The use of polymeric materials and their composites have 

increased significantly across multiple industries, 

particularly in the automotive sector, primarily due to their 

lightweight nature and superior corrosion resistance 

compared to metals [1–4]. Among thermoplastics, 

polyethylene (PE) is the most widely produced polymer 

worldwide, owing to its favorable combination of toughness, 

abrasion and impact resistance, near-zero waters absorption, 

low cost, and recyclability [2, 5]. These attributes make 

polyethylene a highly attractive material for large-scale 

structural and non-structural applications [6]. Polyethylene 

is classified into low-density (LDPE), medium-density 

(MDPE), and high-density polyethylene (HDPE) based on 

variations in molecular structure and degree of crystallinity 

[2]. Among these types, HDPE exhibits comparatively 

greater stiffness, strength, and enhanced resistance to creep 

deformation, enabling improved load-carrying capacity and 

long-term structural stability. Reflecting these advantageous 

properties, worldwide consumption of HDPE has increased 

markedly, rising from 11.9 million tons in 1990 to 43.9 

million tons in 2017, with an average annual growth rate of 

approximately 3.3% [2]. Owing to its favorable mechanical 

performance and chemical durability, HDPE is widely 

employed in packaging applications, storage and pressure 

vessels, piping systems, automotive parts, and numerous 

industrial products [7, 8]. The synergy of strength, 

environmental resistance, economic efficiency, and 

recyclability establishes HDPE as a key engineering 

thermoplastic for large-scale production and infrastructure-

related uses [6]. However, these advantageous attributes 

alone do not guarantee reliable structural performance. In 

practical service conditions—ranging from quasi-static 

loading in buried pipelines to impact-dominated events in 

protective components [9]. HDPE is frequently subjected to 

varying strain rates that can substantially alter its mechanical 
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response. Furthermore, HDPE, like many engineering 

materials, exhibits a highly non-linear stress–strain response 

[3], strongly influenced by molecular mobility and time-

dependent viscoelastic–viscoplastic mechanisms [6, 10]. As 

a semi-crystalline polymer, its tensile behavior arises from 

the interplay between crystalline lamellae and amorphous 

regions [11]. Initial elastic stretching is followed by yield 

due to lamellar slip, interlamellar shear, and localized plastic 

flow within the amorphous phase [12, 13], often leading to 

neck formation rather than uniform strain softening [12, 14]. 

Continued deformation aligns molecular chains and 

crystalline structures, producing pronounced strain 

hardening [14, 15]. These microstructurally driven, rate-

sensitive mechanisms make simple linear or rate-

independent models inadequate, highlighting the need to 

rigorously characterize HDPE’s strain rate–dependent 

tensile behavior for reliable design and material modeling. 

The tensile response of HDPE is consistently reported to 

be strongly strain rate dependent, even within the quasi-static 

regime. In the range of 7.25 × 10⁻⁵ – 7.25 × 10⁻³ s⁻¹, Reis et 

al. [16] observed clear rate-induced increases in elastic 

modulus and tensile yield strength, accompanied by reduced 

ductility, highlighting positive rate sensitivity. Similarly, 

Lamri et al. [17] reported that increasing strain rate led to a 

noticeable rise in yield stress and stiffness, which was 

attributed to limited molecular relaxation and suppressed 

viscoelastic deformation at higher loading rates. In addition, 

Amjadi and Fatemi [18] reported progressive stiffening and 

strengthening of HDPE with increasing strain rate, further 

confirming its pronounced rate-sensitive tensile behavior. 

Collectively, these studies emphasize that the tensile 

performance of HDPE is intrinsically governed by loading 

rate, necessitating rate-dependent constitutive formulations 

for reliable prediction [16–18]. Consistent with these 

observations, Dasari and Misra [19] demonstrated that 

HDPE exhibits a high strain rate sensitivity index, indicating 

a strong dependence of flow stress on applied strain rate even 

within moderate quasi-static loading conditions. Their 

results showed systematic increases in yield stress and post-

yield flow stress with increasing strain rate, while the 

characteristic deformation sequence—elastic response, 

yielding, cold drawing, and strain hardening—remained 

preserved. Microstructural analysis revealed that higher 

strain rates promote enhanced fibrillar orientation and 

alignment within the drawn regions, contributing to 

increased resistance to plastic flow [19]. Furthermore, Reis 

et al. [20] showed in post-consumer recycled HDPE that 

increasing strain rate systematically increased the maximum 

true stress and initial stiffness while reducing ductility, 

indicating a transition toward a more brittle-like tensile 

response at higher loading rates due to constrained molecular 

relaxation processes. Dusunceli and Colak [21] performed 

systematic uniaxial tensile experiments on HDPE at room 

temperature over strain rates of 1 × 10-5, 1 × 10⁻⁴, and 1 × 10-

3 s⁻¹, revealing a distinctly rate-sensitive mechanical 

response. Their findings demonstrated that strain rate exerts 

a significant influence across both the elastic and post-yield 

regimes, with increasing strain rate leading to elevated yield 

stress and higher flow stress at equivalent strain levels. 

Notably, the rate dependence was not confined to initial 

yielding but persisted throughout plastic deformation, 

underscoring the time-dependent nature of the underlying 

molecular mechanisms. Furthermore, their analysis 

indicated that conventional elastic–plastic constitutive 

descriptions are inadequate for accurately representing the 

observed behavior, thereby highlighting the necessity of 

incorporating viscoplastic formulations capable of capturing 

overstress and rate-controlled deformation effects. 

Dusunceli and Colak [22] further investigated the effect of 

manufacturing techniques on the time-dependent tensile 

behavior of HDPE using extruded pipe and compression-

molded sheet specimens from the same raw material. Tensile 

loading–unloading tests conducted at strain rates of 1 × 10-5, 

1 × 10⁻⁴, and 1 × 10-3 s⁻¹ revealed clear viscoelastic and 

viscoplastic rate sensitivity, with higher strain rates 

producing increased stress and stiffness. Notably, extruded 

specimens exhibited more pronounced nonlinear behavior 

than compression-molded samples, reflecting differences in 

crystallinity and molecular orientation induced by 

processing. 

Although the above studies have provided valuable 

insights into the strain rate-dependent tensile behavior of 

HDPE, they are largely limited to very low quasi-static strain 

rates or specific material grades, and they often focus on 

developing new constitutive models rather than 

systematically evaluating the predictive capability of widely 

used commercial models. Consequently, there remains a 

significant gap in experimental data covering intermediate-

to-moderate strain rates up to 5 x 10-1 s⁻¹, as well as in the 

quantification of the strain rate sensitivity parameter across 

this broader range. 

The present study addresses these gaps by experimentally 

investigating HDPE at strain rates of 5 x 10-3, 1 x 10-2, 1 x 

10-1, and 5 x 10-1 s⁻¹, and by determining the strain rate 

sensitivity using the Cowper-Symonds model. Additionally, 

the Drucker-Prager material model in Abaqus is employed to 

reproduce the full nonlinear stress–strain response, while 

effectively capturing a Von Mises yield surface. By 

integrating rigorous experimental characterization with 

computational validation, this work not only extends the 

findings of the above studies to higher and intermediate 

strain rates but also provides a practical and reliable 

framework for finite element analysis of HDPE under rate-

dependent loading, offering both mechanistic understanding 

and engineering utility. 

2 Materials and method 

2.1 Material 

The experimental specimens in this study were prepared 

from PE300-type HDPE with material code 100143009, in 

accordance with the DIN EN ISO 14632 TG3 standard. 

PE300 is a semi-crystalline thermoplastic with a 

homogeneous structure, distinguished by its high mechanical 

strength, dimensional stability, impact resistance, chemical 

durability, and excellent processability, making it widely 

used in industrial applications. The material was supplied by 

a local vendor in white plates measuring 2 × 1 × 0.004 m and 

processed via extrusion. Its reported density is 0.95 g/cm³. 
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2.2 Uniaxial tension tests 

Tensile test specimens were prepared from the HDPE 

plates in accordance with ASTM D638-14 Type V [23] using 

waterjet cutting. The actual specimen is shown in Figure 

1(a), while Figure 1(b) provides the detailed geometric 

specifications. Although previous studies on blow-molded 

HDPE have reported a small anisotropy in elastic modulus—

approximately 8% higher along the extrusion direction 

compared to the perpendicular direction [24] such 

orientation effects are generally less pronounced in extruded 

HDPE. Therefore, in this study, specimens were cut without 

consideration of orientation relative to the extrusion 

direction. 

 

 
Figure 1. (a) Actual dog-bone shaped HDPE tensile test 

specimen with 4 mm thickness, prepared according to 

ASTM D638-14 Type V [23]; (b) Geometric 

specifications of the test specimen. 

 

 

Figure 2. Experimental setup for uniaxial tension tests. 

 

Uniaxial tensile tests on the HDPE specimens were 

conducted at four distinct elongation speeds of 5 x 10-2, 1 x 

10-1, 1 x 100, and 5 x 100 mm/s, corresponding to nominal 

strain rates of 5 x 10-3, 1 x 10-2, 1 x 10-1, and 5 x 10-1 s⁻¹, 

respectively. Tests were performed using a SHIMADZU 

AGS-X universal testing machine, and strain measurements 

were obtained with a TRViewX advanced non-contact video 

extensometer, which enabled precise tracking of specimen 

deformation. Marker stickers depicted in Figure 2 were 

applied to the specimens to monitor displacement changes 

and calculate engineering strain accurately. The 

experimental setup is illustrated in Figure 2. All tests were 

conducted at room temperature (23°C), with at least five 

repetitions for each strain rate to ensure statistical reliability. 

Engineering stress–strain curves were generated using 

Shimadzu Trapezium-X software. 

The engineering stress, σ_eng, was calculated using the 

standard formula, as given below. 

 

𝜎𝑒𝑛𝑔 = 𝐹 𝐴0⁄  (1) 

 

where F represents the applied load, and A0 denotes the 

initial, undeformed cross-sectional area of the HDPE 

specimen. However, this engineering stress formulation does 

not account for changes in cross-sectional area or volume 

during deformation [25–27] and therefore may not 

accurately represent yielding and plastic flow behavior in 

polymers [28, 29]. Thus, to obtain a more precise description 

of the material response, particularly in the post-yield 

regime, the true stress–true strain relationship was 

calculated. True stress–true strain data provide a more 

accurate representation of the HDPE deformation behavior, 

capturing nonlinearities associated with necking and strain 

hardening. The true stress and true strain were computed 

using the standard relations for polymers as detailed in the 

following expressions [30, 31]. 

 

σTrue = σeng(1 + εeng) (2) 

 

εTrue = ln(1 + εeng) (3) 

 

where σTrueand εTrue represent the true stress (Cauchy 

stress) and true strain (logarithmic strain), respectively, 

while εeng represents the engineering strain. From the true 

stress–true strain data, the key mechanical properties of 

HDPE—including the true tensile elastic modulus and true 

tensile yield strength, and the corresponding strains were 

determined for each tested strain rate. The yield strength was 

identified by locating the local maximum stress and 

corresponding strain from the engineering stress–strain 

curves and converting these values to true stress and true 

strain using Equation (2) and Equation (3), respectively. 

These calculations assume material incompressibility and 

uniform deformation, without localized necking. To provide 

a more precise assessment of the onset of plastic 

deformation, the offset yield point was determined using a 

strain offset of 0.2% [29]. The strain rate corresponding to 

each elongation speed was calculated from the strain–time 

data recorded by the TRViewX non-contact video 

extensometer using the following relation [32]. 

 

𝜀̇ =  
𝑑𝜀

𝑑𝑡
=

1

𝐿0

.
𝑑𝐿

𝑑𝑡
     

 

(4) 

Herein, 𝜀̇ is the strain rate, and 𝐿0 and 𝐿 are the initial 

and instantaneous lengths of the gauge section, respectively. 

This approach ensures accurate determination of the nominal 

strain rate for each test and allows the evaluation of rate-

dependent mechanical properties across all tested conditions. 

3 Finite element analysis 

Finite element simulations were performed to reproduce 

the strain rate-dependent uniaxial tensile response of HDPE 

specimens and to support interpretation of the experimental 
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results. The analyses were conducted using Abaqus 

Standard/3D [33], employing implicit static procedures 

suitable for quasi-static and rate-dependent nonlinear 

problems [34, 35]. Both geometric and material 

nonlinearities were considered in all simulations. Geometric 

nonlinearity was incorporated to account for large 

deformations and cross-sectional area reduction occurring 

during tensile loading. Material nonlinearity was introduced 

through an elasto-plastic constitutive framework capable of 

capturing the yielding and post-yield hardening behavior of 

HDPE [35]. 

The material response was modeled using the Drucker–

Prager plasticity model. For the present study, the parameters 

were selected such that the Drucker–Prager formulation 

reproduces a von Mises–type yield surface under uniaxial 

tension [35, 36]. This approach is appropriate since the 

experimental program focused exclusively on uniaxial 

tensile loading, where pressure sensitivity effects are not 

dominant. Consequently, the adopted formulation ensures 

consistency with the observed tensile behavior while 

maintaining numerical robustness. 

Isotropic hardening was defined using the true stress–true 

strain curve obtained from the tensile test conducted at the 

lowest strain rate (5 x 10-3 s-1). This curve was assumed to 

represent the quasi-static reference response of the material 

and was directly implemented to describe post-yield plastic 

hardening. 

Strain-rate dependency was incorporated through the 

Cowper–Symonds overstress model [35, 37]. The dynamic 

yield stress was scaled as a function of plastic strain rate 

using calibrated Cowper–Symonds parameters, enabling the 

simulations to capture the experimentally observed rate 

sensitivity of HDPE. This formulation allows the quasi-static 

hardening curve to be extended to higher strain rates while 

preserving the underlying plastic flow characteristics. 

Overall, the adopted modeling framework provides a 

consistent representation of the nonlinear tensile behavior of 

HDPE, accounting for large deformations, plastic hardening, 

and strain-rate effects within a unified finite element 

formulation. 

3.1 Mesh, Element type, loading and boundary conditions 

The finite element model of the uniaxial tensile specimen 

is illustrated in Figure 3, where (a) presents the three-

dimensional discretized geometry and (b) shows the 

corresponding two-dimensional representation. The 

specimen geometry was modeled in accordance with the 

experimental configuration, with particular attention given to 

the gage section, where uniform stress and strain 

development is expected. 

A structured hexahedral mesh was generated using eight-

node linear brick elements with reduced integration and 

hourglass control (C3D8R) [38]. This element type is well 

suited for nonlinear implicit analyses involving large 

deformations and elastoplastic material behavior, offering a 

favorable compromise between computational efficiency 

and numerical accuracy. Reduced integration mitigates 

volumetric locking, which is particularly relevant for 

polymeric materials undergoing plastic flow, while 

hourglass control ensures stable element performance. 

 

 
Figure 3. Finite element model of the uniaxial tension 

tests, (a) 3-D representation, and (b) 2-D representation 

 

The final discretization comprised 39400 nodes and 

32928 elements. Mesh refinement was concentrated along 

the gage length to accurately capture strain gradients and 

potential localization phenomena. The average element 

aspect ratio in this critical region was maintained at 1.14, 

indicating near-cubic elements and minimizing mesh-

induced bias in the predicted stress–strain response. The 

adopted mesh density was verified to provide stable and 

mesh-independent global force–displacement results. 

Boundary conditions were defined to replicate the 

experimental gripping configuration and to enforce a state of 

uniaxial deformation. One end of the specimen was fully 

constrained in all translational degrees of freedom, 

representing the fixed grip. The opposite end (Figure 3b) was 

constrained in the transverse directions and permitted to 

translate only along the loading axis. This constraint 

configuration suppresses rigid body motion while preventing 

unintended lateral displacement, ensuring that axial loading 

is the sole driving deformation mode. 

Loading was applied in a displacement-controlled 

manner to reflect the experimental crosshead motion. Three 

elongation rates—0.05 mm/s, 1 mm/s, and 5 mm/s were 

imposed at the loading end. The use of displacement control 

enhances numerical stability in simulations involving post-

yield softening or nonlinear plastic evolution. The prescribed 

velocities were selected to correspond directly to the 

experimental strain-rate conditions, thereby enabling 

consistent validation of the rate-dependent constitutive 

model within the implicit solution framework. 

3.2 Material model 

The linear Drucker–Prager constitutive model was 

adopted to represent the elastoplastic response of HDPE 

under uniaxial tensile loading. Although originally 

formulated to capture pressure-dependent yielding, the 

model can be parameterized to reproduce a von Mises–type 

response in cases where hydrostatic sensitivity is not 

dominant, such as uniaxial tension [39]. This makes it 

suitable for describing the nonlinear tensile behavior of 

polymeric materials within the present study. The 
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formulation enables representation of elastic–plastic 

transition and subsequent hardening behavior observed in the 

tensile stress–strain response. For the uniaxial tension case 

considered here, model parameters were calibrated to ensure 

consistency with the experimentally measured yield and 

post-yield response [35]. 

For an isotropic material, the linear Drucker–Prager yield 

function, F, can be defined in the following form [36]. 

 

𝐹 = 𝜎𝑒 + 𝛼𝜎𝑚 − 𝜎0        (5) 

 

In this formulation, σ0 denotes the hardening parameter, 

which is directly related to the shear yield stress, σs, through 

the following relationship [34]. 

 

𝜎𝑜 = √3𝜎𝑠 (6) 

 

Here, σe and σm represent the effective (deviatoric) shear 

stress and the hydrostatic (mean) stress, respectively, and are 

defined in terms of the principal stresses, σ1, σ2, and σ3, as 

given below [36]. 

 

𝜎𝑒 = {
1

2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2]}

1∕2

 (7) 

 

𝜎𝑚 =
1

3
(𝜎1 + 𝜎2 + 𝜎3)    (8) 

 

In Equation (5), α represents the hydrostatic pressure 

sensitivity parameter and is calculated using the following 

expression [40]. 

 

𝛼 =  3 (
𝜎𝑐 −  𝜎𝑡

  𝜎𝑐 +  𝜎𝑡  
) (9) 

 

Here, σt and σc denote the tensile and compressive yield 

stresses corresponding to the same level of plastic strain, 

respectively. It is important to note that when σt = σc , the 

numerator becomes zero, resulting in α=0 . This corresponds 

to a pressure-insensitive (von Mises) yield behavior, which 

is consistent with the assumption for uniaxial tensile loading 

in the present study. 

Equation (5), can also be rewritten in the equivalent form 

shown below [36]: 

 

𝐹 = 𝜎𝑒 + 𝜎𝑚𝑡𝑎𝑛𝛽 − 𝑑 (10) 

 

Where  𝑑 = 𝜎𝑜 , and  𝑡𝑎𝑛𝛽 = 𝛼   
Here, β is commonly referred to as the friction angle, 

which governs the influence of hydrostatic stress on yielding 

[34, 36]. In practical terms, β controls the slope of the yield 

surface in the pressure–shear stress space: higher values 

correspond to stronger pressure dependence, whereas lower 

values indicate reduced sensitivity. In the specific case of 

uniaxial tension considered here, the tensile and compressive 

yield stresses are effectively equal (σt = σc), which leads to 

α=0 and consequently β=0. Under this condition, the 

Drucker–Prager yield criterion simplifies to a von Mises-

type, pressure-insensitive formulation, where yielding is 

governed entirely by the deviatoric stress, and hydrostatic 

stress has no effect on the onset of plastic deformation. This 

simplification is fully consistent with the uniaxial tensile 

tests, where the material response is dominated by shear-

driven plastic flow rather than pressure-dependent effects. 

The linear Drucker–Prager model further includes the 

parameter K, defined as the ratio of the yield stress under 

triaxial tension to that under triaxial compression [33]. This 

parameter controls the influence of the intermediate principal 

stress on the shape and orientation of the yield surface. To 

ensure that the yield surface remains convex—a critical 

requirement for stable and physically realistic plastic flow— 

K must satisfy the condition (0.778 ≤ K ≤ 1). Within the 

context of uniaxial tensile loading, K approaches unity, 

reflecting the negligible effect of the intermediate principal 

stress on the material response and supporting the use of a 

nearly pressure-insensitive, von Mises–type yield behavior. 

When plane strain conditions are assumed, the parameter 

K can be related to the friction angle β using the following 

expression [41]: 

 

𝐾 =
1

1 +
1
3

tan 𝛽
 (11) 

 

Note that for the present uniaxial tension case, tanβ=0, 

which yields K=1. This indicates that the intermediate 

principal stress has no effect on yielding, and the yield 

surface reduces to a pressure-insensitive, von Mises-type 

behavior. 

In addition to the yield surface, the linear Drucker–Prager 

model defines a flow potential function, G, which governs 

the direction and evolution of plastic strains. In its most 

general form, G is expressed as follows [34]: 

 

𝐺 = 𝜎𝑒 + 𝜎𝑚 𝑡𝑎𝑛𝛹 (12) 

Here, Ψ denotes the dilation angle, which controls the 

volumetric component of plastic deformation, and is defined 

as follows [42]: 

 

𝑡𝑎𝑛𝛹 =
3(1 − 2𝜐𝑝)

2(1 + 𝜐𝑝)
 (13) 

 

In this formulation, υp represents the plastic Poisson’s 

ratio, which can be obtained experimentally by measuring 

the evolution of plastic strains in both the longitudinal and 

transverse directions during tensile loading [34]. For the 

present study, the dilation angle Ψ angle was set to 100, in 

agreement with values commonly reported in the literature 

for polymeric materials [43]. This choice ensures a realistic 

representation of volumetric plastic strain while maintaining 

numerical stability in the finite element simulations. It 

should be emphasized that, in the present study, the friction 

angle (β=0) is distinct from the dilation angle (𝛹 = 100), 

suggesting that a non-associated flow rule was adopted, 

whereby the direction of plastic flow is defined by the flow 

potential G rather than the yield surface. 

Collectively, the linear Drucker–Prager model 

parameters for HDPE under uniaxial tensile loading were 
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defined as follows: the friction angle β was set to 00, 

reflecting the pressure-insensitive, von Mises-type response; 

the intermediate stress sensitivity parameter K was 1, 

indicating that the intermediate principal stress has no effect 

on yielding; and the dilation angle Ψ was assigned a value of 

100, controlling volumetric plastic deformation within the 

adopted non-associated flow rule. These parameter 

selections collectively provide a consistent and robust 

representation of HDPE’s nonlinear tensile behavior in the 

finite element simulations. 

3.2.1 Strain rate dependency 

Strain-rate dependency of HDPE was incorporated using 

the Cowper–Symonds overstress model, expressed as [35]: 

 

𝜎𝑦(𝜀̇) = 𝜎0 [1 + (
𝜀̇

𝐶
)

1
𝑝⁄

] (14) 

 

where 𝜎𝑦(𝜀̇)is the dynamic yield stress at plastic strain 

rate 𝜀̇, 𝜎0 is the quasi-static yield stress measured at the 

lowest strain rate (5 x 10-3 s-1 in the preset study), and C and 

p are the Cowper–Symonds material parameters. Table 2 

summarizes the tensile yield strengths of HDPE at different 

strain rates, which were used to calibrate these parameters. 

The values of C and p were determined through a least-

squares fitting procedure in MATLAB, ensuring accurate 

representation of the rate-dependent tensile behavior in the 

finite element simulations. In essence, the least-squares 

fitting procedure in MATLAB yielded C=0.7 and p=4.48, 

providing an accurate representation of the strain-rate 

dependent tensile response in the finite element simulations. 

3.2.2 Hardening behavior 

The plastic hardening behavior of HDPE was defined 

based on the experimentally obtained true stress–true strain 

curve at the lowest strain rate (5 x 10-3 s-1). To determine the 

yield point consistently, the 0.2% offset method was 

employed, ensuring accurate identification of the initial yield 

stress and corresponding plastic strain. The resulting curve, 

which represents the evolution of the true tensile yield stress 

with increasing plastic strain, is presented in Figure 4(b). 

This curve was directly used to define the isotropic 

hardening law in the finite element model, providing a 

reference for the quasi-static material response. By using the 

lowest strain-rate data, the hardening behavior serves as the 

baseline for incorporating strain-rate effects via the Cowper–

Symonds model, ensuring that both the initial yield and post-

yield plastic flow are accurately captured in the simulations. 

In essence, the material properties of HDPE used in the 

uniaxial tensile test simulations was defined through a 

combination of elastic, plastic, and rate-dependent 

parameters, as summarized in Table 1. Elastic properties 

were assigned based on quasi-static measurements, while the 

plastic response was described using the hardening curve 

obtained at the lowest strain rate. Strain-rate effects were 

incorporated through the Cowper–Symonds model, and the 

linear Drucker–Prager parameters were calibrated 

specifically for uniaxial tension. It should be noted that the 

Drucker–Prager parameters (β and K) used in these 

simulations are valid only for uniaxial tension and must be 

recalibrated for multiaxial loading conditions, such as 

bending or impact, by accounting for the compressive yield 

stress. 

4 Results and discussion 

4.1 Experimental results 

The true tensile stress–true tensile strain response of 

HDPE, measured at strain rates ranging from 5 x 10-3 to 5 x 

10-1, exhibits the characteristic multi-stage behavior of semi-

crystalline polymers under uniaxial tension, as shown in 

Figure 4(a). Initially, the material responds linearly and 

elastically, dominated by reversible elongation of the 

amorphous phase. This is followed by a nonlinear regime 

where plastic deformation begins, associated with 

fragmentation of crystalline lamellae and cavitation initiated 

by micro- and nano-void formation within the amorphous 

regions [15]. With further deformation, cold drawing occurs, 

characterized by progressive alignment of crystalline 

lamellae along the loading direction, accompanied by void 

growth and continued lamellar fragmentation, resulting in 

stable plastic flow [14, 15]. At higher strains, fibrillar 

structures approach their maximum extensibility or locking 

stretch [12], producing pronounced strain hardening and a 

sharp increase in stress prior to failure. This progression 

confirms that the experimentally observed tensile behavior 

of HDPE across the examined strain rate range is consistent 

with the well-established deformation mechanisms of semi-

crystalline polymers [5, 12]. 

 

Table 1. Material model properties used in the uniaxial tension test simulations of HDPE. 

Parameter Symbol Value / Description Notes 

Elastic Modulus 𝐸 801 MPa From Table 2, quasi-static (5 x 10-3 s-1) 

Poisson’s Ratio 𝑣 0.45 [44] Isotropic elasticity 

Cowper–Symonds Parameter 𝐶 0.7 (Figure 6) Determined from strain-rate dependent yield data 

Cowper–Symonds Exponent 𝑝 4.48 (Figure 6) Determined from strain-rate dependent yield data 

Hardening curve - Figure 4(b) 
True tensile yield stress–true tensile strain curve at 5 x 10-3 s⁻¹, 0.2% offset 

method 

Friction angle 𝛽 0° Pressure-insensitive, uniaxial tension 

Intermediate stress sensitivity 𝐾 1 Plane strain approximation 

Dilation angle 𝛹 10° [43] Non-associated flow rule, controls volumetric plastic strain 
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Figure 4. (a)  True tensile stress-true tensile strain 

response of HDPE at various strain rates, and (b) True 

tensile stress-true tensile plastic strain response of HDPE 

at 5 x 10-3 s-1 

 

The results reported in Table 2 highlights the significant 

effect of strain rate on the tensile response of HDPE, 

providing critical insights into its underlying deformation 

mechanisms. The tensile yield strength nearly doubles, 

increasing 15.4 ± 0.3 MPa at 5 x 10-3 s-1 to 29.7 ± 0.5 MPa 

at 5 x 10-1 s-1, while the tensile elastic modulus rises from 

801 ± 20 MPa to 1160 ± 17 MPa, as shown in Figure 5. In 

contrast, the fracture strain decreases markedly from 1.09 to 

0.81, indicating a pronounced loss of ductility at higher strain 

rates. 

 

Table 2. Variations of tensile yield strength, tensile elastic 

modulus and fracture strain of HDPE with strain rate. 

Strain Rate 

(s-1) 

Tensile Yield 

Strength (𝝈𝒚) 

(MPa) 

Tensile Elastic 

Modulus (𝑬) 

(MPa) 

Fracture Strain 

(𝜺𝒇) 

5 x 10-3 15.4 ± 0.3 801 ± 20 1.09 

1 x 10-2 20.6 ± 0.4 938 ± 12 1.06 

1 x 10-1 25.4 ± 0.6 1051 ± 18 0.88 

5 x 10-1 29.7 ± 0.5 1160 ± 17 0.81 

 

 

Figure 5. Effect of strain rate on the tensile yield strength 

and elastic modulus of HDPE. 

These observations can be directly linked to the mobility 

of molecular chains within the semi-crystalline HDPE 

microstructure. At low strain rates, chains in the amorphous 

regions can readily uncoil, disentangle, and reorient in 

response to applied stress, facilitating larger plastic 

deformation and higher fracture strains [18]. Under faster 

loading, however, the time available for molecular relaxation 

is reduced, limiting chain mobility and delaying the ability 

of amorphous regions to accommodate strain. As a result, 

stress accumulates more rapidly in both amorphous and 

crystalline phases, leading to higher yield stresses and elastic 

stiffness [18]. The reduced chain rearrangement also 

promotes earlier activation of lamellar slip and cavitation, 

which, in turn, contributes to the observed reduction in 

fracture strain at higher rates. Importantly, the quantitative 

trends in Table 2 reveal a delicate balance between strength 

and ductility: while the material becomes stronger and stiffer 

with increasing strain rate, its ability to undergo extensive 

plastic deformation diminishes.  

This interplay reflects the critical role of chain mobility 

and microstructural reorganization in governing the tensile 

performance of semi-crystalline polymers. These insights 

provide a mechanistic basis for understanding HDPE’s 

strain-rate-dependent behavior and underscore the 

importance of incorporating rate effects in predictive finite 

element simulations. 

 

 
Figure 6. Comparison of the experimentally measured 

rate-dependent yield strength of HDPE with Cowper-

Symonds model predictions. 
 

Figure 6 presents a comparison between the 

experimentally measured tensile yield strength of HDPE and 

predictions from the calibrated Cowper–Symonds model 

across the strain rate range of 5 x 10-3 s-1 to 5 x 10-1 s-1. As 

shown in Figure 6, the model demonstrates excellent 

agreement with the experimental data, with deviations 

remaining below 5% throughout this range. For example, at 

the lowest strain rate (5 x 10-3 s⁻¹), both the experimental and 

predicted yield strengths are 15.4 MPa, while at the highest 

strain rate (5 x 10-1 s-1), the model predicts 29.69 MPa 

compared to the experimental value of 29.7 MPa. This close 

correlation confirms the effectiveness of the Cowper–

Symonds overstress formulation in capturing the strain-rate 

sensitivity of HDPE within the investigated range. It reflects 

the underlying molecular mechanisms, where increasing 
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strain rates reduce chain mobility and relaxation, leading to 

enhanced resistance to plastic deformation. Nevertheless, it 

should be emphasized that the calibrated Cowper–Symonds 

parameters are specifically valid for the moderate strain rate 

range considered in this study. Polymers, including HDPE, 

can exhibit a pronounced and often nonlinear increase in 

yield strength at higher strain rates beyond this range, 

necessitating separate calibration or alternative modeling 

approaches to accurately predict behavior under extreme 

loading conditions [45].These findings underscore the 

model’s robustness for finite element simulations of HDPE 

subjected to strain rates typical of many engineering 

applications, while also highlighting the need for caution 

when extrapolating beyond the calibrated domain. 

4.2 Finite element analysis results and comparisons 

A comparative assessment was performed between the 

experimentally measured true tensile stress–true tensile 

strain response of HDPE and the corresponding FEM 

predictions at three strain rates: 𝜀̇ = 5 x 10-3, 𝜀̇ = 1 x 10-1, 

and, 𝜀̇ = 5 x 10-1 s-1, as shown in Figures 7–9. In addition to 

the true tensile stress–strain behavior, the normal stress 

component in the loading direction (S11) was evaluated to 

characterize the stress distribution and localization within the 

specimen during deformation. 

At the lowest strain rate (𝜀̇ = 5 x 10-3 s-1), the results 

presented in Figure 7 demonstrate excellent agreement 

between the experimental measurements and the FEM 

predictions. The numerical model accurately captures the 

initial linear elastic region, with a nearly identical slope to 

that obtained experimentally, confirming the appropriate 

calibration of the elastic constants in the constitutive model. 

It is evident from the results presented in Figure 7 that 

following the onset of yielding, the finite element simulation 

adequately captures both the yield point and the early stage 

of strain hardening. However, at larger strain levels, the 

subsequent hardening response is slightly overestimated 

compared to the experimental measurements, as illustrated 

in Figure 7. his deviation remains moderate but becomes 

more noticeable in the large deformation regime. The 

observed overprediction of strain hardening can be attributed 

to limitations of the constitutive model in fully representing 

the complex deformation mechanisms of HDPE at high 

strains. In particular, the discrepancy may be attributed to the 

simplified treatment of strain-induced molecular chain 

orientation, the absence of progressive damage or microvoid 

evolution, and the neglect of localized softening mechanisms 

that occur during advanced stages of neck development. 

Additionally, potential differences between idealized 

boundary conditions in the numerical model and the actual 

experimental constraints may contribute to this slight 

overestimation.  

The S11 stress contours at the lowest strain rate (𝜀̇ = 5x 

10-3 s-1), shown in Figure 7, further support the overall 

mechanical response predicted by the model. During the 

initial stages of loading, the stress distribution across the 

gauge section remains nearly uniform, indicating 

homogeneous deformation and stable load transfer 

throughout the specimen. As deformation progresses, stress 

localization gradually intensifies within the central region of 

the gauge length. This localized stress concentration is 

consistent with the experimentally observed initiation of 

necking at the lowest strain rate, demonstrating that the 

numerical model successfully captures the transition from 

uniform deformation to localized plastic flow with 

satisfactory accuracy. 

 

 

Figure 7. Comparison of the experimentally measured 

true tensile stress-true tensile strain response of HDPE 

with FEM predictions at ε  ̇= 5 x 10-3 s-1 and normal stress 

(S11) contours. 
 

At the intermediate strain rate (𝜀̇ = 1 x 10-1 s-1), the 

comparison presented in Figure 8 reveals noticeable 

discrepancies between the experimental response and the 

finite element predictions. In contrast to the lowest strain rate 

case, the initial resistance to plastic flow is not reproduced 

satisfactorily by the implemented linear Drucker–Prager 

model, as shown in Figure 8. This limitation is primarily 

attributed to the absence of strain-rate-dependent elastic 

behavior in the adopted material formulation. As reported in 

Table 2, the elastic modulus of HDPE increases with strain 

rate, reflecting its inherent viscoelastic material behavior. 

However, the present model assumes a rate-independent 

elastic modulus and does not account for viscoelasticity [6, 

22] Consequently, the strain-rate-dependent evolution of 

stiffness is not captured, representing a significant limitation 

of the constitutive framework and directly contributing to the 

discrepancy observed in the elastic–plastic transition region. 

Furthermore, the finite element model slightly overestimates 

the yield stress, indicating that the linear Drucker–Prager 

formulation does not fully capture the material response at 

this strain rate (𝜀̇= 1 x 10-1 s-1), as shown in Figure 8. 

Following initial yielding, the post-yield behavior is 

reproduced qualitatively, but the subsequent strain hardening 

is overestimated, with deviations increasing at larger strains. 

This behavior arises because the hardening curve, originally 

defined at the lowest strain rate (Figure 4(b)), is scaled by the 

model to account for the imposed strain rate while 

maintaining its original shape. However, as seen in Figure 

4(a), the experimental hardening curve changes shape with 

strain rate; therefore, simple scaling cannot accurately 

reproduce the post-yield response. Consequently, both the 

post-yield stress and the extent of strain hardening are 

overpredicted, highlighting the limitations of the current 
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rate-independent hardening formulation and emphasizing 

the need for a model that captures the strain-rate-dependent 

evolution of the hardening curve. 

 

 

Figure 8. Comparison of the experimentally measured 

true tensile stress-true tensile strain response of HDPE 

with FEM predictions at 𝜀̇ = 1 x 10-1 s-1 and normal 

stress (S11) contours. 

 

Consequently, both the post-yield stress and the extent of 

strain hardening are overestimated, reflecting the limitations 

of the current rate-independent hardening formulation. 

While approaches such as the Cowper–Symonds model can 

introduce strain-rate sensitivity for yielding, the present 

implementation does not account for rate-dependent 

hardening. As a result, the model overpredicts both the post-

yield stress and the magnitude of strain hardening at 𝜀̇ = 1 x 

10-1 s-1, underscoring the need for a viscoplastic framework 

capable of capturing not only the initial yielding but also the 

evolution of the hardening curve under intermediate strain 

rates. 

As shown in Figure 9, at the highest strain rate 

investigated (𝜀̇ = 5 x 10-1 s-1), the FEM predictions exhibit 

increased discrepancies compared with the experimentally 

measured true tensile stress–true tensile strain response, 

which are more pronounced than at the lower strain rates (𝜀̇ 
= 5 x 10-3 s-1, and ε ̇ = 1 x 10-1 s-1). The model overestimates 

the yield stress, reproduces the post-yield behavior less 

accurately, and exaggerates the subsequent strain hardening, 

particularly at larger strains. These limitations arise from the 

rate-independent nature of the linear Drucker–Prager 

formulation, which scales the hardening curve defined at the 

lowest strain rate while maintaining its shape, without 

accounting for the experimentally observed evolution of 

hardening with strain rate. While the Cowper–Symonds 

approach can account for strain-rate sensitivity in yielding, 

the current implementation lacks rate-dependent hardening. 

This underscores the need for a viscoplastic framework that 

can accurately capture both the onset of yielding and the 

evolution of strain hardening in HDPE under elevated strain 

rates. 

 

 

Figure 9. Comparison of the experimentally measured 

true tensile stress-true tensile strain response of HDPE 

with FEM predictions at 𝜀̇ = 1 x 10-1 s-1 and normal stress 

(S11) contours. 

 

Table 3 presents the percentage error between the 

experimentally measured true tensile yield stress of HDPE 

and the corresponding FEM predictions obtained using the 

linear Drucker–Prager model coupled with the Cowper–

Symonds formulation for strain-rate-dependent yielding. 

The error ratios indicate that the model slightly 

overestimates the yield stress across all strain rates, with the 

smallest error of 1.3% at the lowest strain rate (𝜀̇= 5 x10-3     

s-1), the largest error of 4.33% at the intermediate strain rate 

(𝜀̇ = 1 x 10-1 s-1), and a moderate error of 2.69% at the highest 

experimental strain rate (𝜀̇ = 5 x 10-1 s-1). The results reported 

in Table 3 clearly reveal that the FEM predictions using the 

linear Drucker–Prager model coupled with the Cowper–

Symonds formulation closely reproduce the strain-rate-

dependent yield behavior of HDPE. Minor residual 

discrepancies are primarily attributed to the rate-independent 

elastic modulus, which does not capture the experimentally 

observed stiffening with increasing strain rate. Nevertheless, 

the Cowper–Symonds approach effectively accounts for the 

rate sensitivity of yielding, ensuring that the FEM 

predictions accurately reflect the increase in yield stress 

across the investigated strain rates. These findings confirm 

that the key conclusions regarding the rate-dependent yield 

behavior of HDPE are successfully attained with this 

combined modeling approach. 

 

Table 3. Comparison of experimentally measured true 

tensile yield stress of HDPE with FEM predictions at 

different strain rates. 

Strain Rate 

(s-1)  

True Tensile Yield Stress (𝝈𝒚) 

(MPa) Error % 

Experiment FEM 

5 x 10-3 15.4  
15.6  

(Figure 7) 
1.3 

1 x 10-1 25.4  
26.5  

(Figure 8) 
4.33 

5 x 10-1 29.7  
30.5  

(Figure 9) 
2.69 
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Nevertheless, it is worth emphasizing that the yield 

behavior in the current study was modeled using the 

Drucker–Prager model with parameters 𝛽 = 0 and 𝐾 = 1, 

which reduces the formulation to the pressure-insensitive 

Von Mises criterion. This assumption was deliberately 

adopted to isolate the deviatoric (shear-driven) component of 

the material response under the considered loading 

conditions, where shear deformation is dominant. Such a 

simplification enables a clearer interpretation of the strain 

rate effects without the additional complexity introduced by 

hydrostatic pressure dependence. Nevertheless, it is well 

established that polymers, including High-Density 

Polyethylene, exhibit pronounced sensitivity to hydrostatic 

stress.  

Therefore, the present formulation represents a limiting 

case of the more general Drucker–Prager model. 

Incorporating a non-zero friction angle, calibrated from 

experimental data available in the literature, would allow for 

a more realistic representation of pressure-dependent 

yielding. This highlights the broader capability of the 

Drucker–Prager model compared to the classical Von Mises 

formulation and indicates a clear pathway for improving the 

predictive accuracy of the model in future studies. 

Furthermore, the strain rate sensitivity in this study was 

incorporated using the Cowper–Symonds model, which 

introduces a rate-dependent scaling of the yield stress while 

preserving the underlying strain-hardening response. An 

alternative approach in Abaqus involves the direct 

implementation of rate-dependent true stress–true plastic 

strain data in tabular form, allowing an exact reproduction of 

experimental curves at discrete strain rates. However, such 

an approach is inherently data-intensive and restricted to the 

specific strain rate levels for which experimental 

measurements are available. In contrast, the Cowper–

Symonds formulation offers a compact, physically 

interpretable, and computationally efficient framework that 

enables a continuous representation of strain rate effects over 

a broad range using a limited set of material parameters. This 

capability is particularly critical for parametric 

investigations and predictive simulations, where 

extrapolation beyond experimentally tested conditions is 

often required.  

Accordingly, the adoption of the Cowper–Symonds 

model ensures both robustness and generality in capturing 

strain rate sensitivity. Nevertheless, the tabular approach is 

acknowledged as a high-fidelity alternative when extensive 

experimental datasets are available, and its implementation 

may further enhance accuracy in future work. 

5 Concluding remarks 

This study investigated the tensile behavior of HDPE 

under different strain rates through experiments and finite 

element simulations. The FEM predictions employed a linear 

Drucker–Prager material model coupled with the Cowper–

Symonds formulation to account for strain-rate-dependent 

yielding. The experimental results demonstrated that HDPE 

exhibits strong strain-rate sensitivity, with both the yield 

strength and elastic modulus increasing from 15.4 MPa and 

801 MPa at 𝜀̇ = 5 x 10-3 s-1 to 29.7 MPa and 1160 MPa at       

𝜀̇ = 5 x 10-1 s-1, while the fracture strain decreases, indicating 

reduced ductility at higher loading rates (Table 2). The FEM 

predictions closely captured the strain-rate-dependent 

increase in yield stress, with minor overestimations 1.3–

4.33% (Table 3), and qualitatively reproduced the post-yield 

response. However, the model cannot accurately capture the 

subsequent strain hardening at higher strain rates, as the 

hardening curve is defined based on the material response at 

the lowest strain rate (𝜀̇= 5 x 10-3 s-1) and scaled without 

accounting for changes in its shape with increasing strain 

rate. Residual discrepancies are also influenced by the rate-

independent elastic modulus, which does not reflect the 

viscoelastic stiffening of HDPE.  

Analysis of the S11 stress contours (Figures 7-9) 

confirmed that the model effectively represents the transition 

from uniform deformation to localized necking. Overall, 

these findings demonstrate that the combined linear 

Drucker–Prager–Cowper–Symonds framework provides a 

reliable and computationally efficient approach for 

predicting the rate-dependent yield behavior of HDPE, while 

highlighting that incorporating rate-dependent hardening 

and elastic behavior is necessary to fully capture post-yield 

responses at elevated strain rates. 
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