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Abstract: This article emphasizes the significance of investigating the nonlinear behavior and strength
characteristics of polymer composite materials under various strain rates. The study utilizes test
results of a unidirectional (UD) composite material subjected to compression at different angles
relative to the reinforcement direction, using quasi-static, static, and dynamic strain rates. The analysis
focused on a UD layer experiencing compressive stresses perpendicular to the fiber reinforcement
and in-plane shear stresses. A novel model is presented, enabling the calculation and prediction
of the strength of a UD composite under uniaxial loading at different angles to the fiber direction,
considering various strain rates. The developed model facilitates the derivation of equations for the
failure envelopes of UD Carbon Fiber-Reinforced Polymers (CFRPs) under quasi-static, static, and
dynamic loading conditions. To construct the failure envelopes of CFRPs, it is necessary to acquire
experimentally determined values of tensile and compressive strength in the direction perpendicular
to the reinforcement, as well as the ultimate strength in uniaxial compression of a specimen with
reinforcement at a 45◦ angle to the loading axis. The failure envelopes generated using the proposed
model exhibit excellent agreement with experimental data, with coefficients of determination ranging
from 0.864 to 0.957, depending on the deformation rate. Consequently, the developed model holds
promise for predicting the strength of other UD polymer composite materials.

Keywords: strain rate; failure criterion; unidirectional composite materials; compression; shear;
failure envelope

1. Introduction

In recent years, the utilization of composite materials in the design of structures
has seen a significant rise, with applications ranging from quasi-static to dynamic load
conditions. This trend has presented new challenges for designers, as composite materials
exhibit non-linear behavior and are dependent on strain rates. Consequently, the testing
and design process for new composite constructions becomes time-consuming and requires
substantial material resources, particularly for large-scale structures. To expedite and
streamline the design process of composite structures, it becomes crucial to establish
efficient and comprehensive methods and procedures for determining the mechanical
properties and predicting the failure envelopes of these materials. This would enable
designers to make informed decisions and optimize the design, ultimately reducing both
time and material costs.

Extensive research has been conducted on the strength characteristics of composite
materials, primarily from a phenomenological perspective. Over the past few decades,
the “World-Wide Failure Exercise” [1–4] has played a significant role in advancing the
development of failure criteria for polymer composites, particularly under quasi-static

Appl. Sci. 2023, 13, 9214. https://doi.org/10.3390/app13169214 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13169214
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4195-0240
https://doi.org/10.3390/app13169214
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13169214?type=check_update&version=2


Appl. Sci. 2023, 13, 9214 2 of 13

loading conditions, which can be considered a special case of high-speed loading. It was
concluded from this exercise that few of the current predictive failure theories were robust
enough for industrial applications. It could be relatively easy to match some specific
experiments with numerical modelling, for example by tuning some damage parameters.
However, it is not conclusive to justify the validity of a modelling method if the input
parameters were calibrated against the same set of experiments, which the model is then
used to reproduce. Classical limit state failure criteria such as the Sun, Puck, Tsai-Wu, and
Hashin failure criteria have been used to describe experimental data obtained from quasi-
static tests, yielding varying degrees of consistency. However, the operational conditions
experienced by composite materials necessitate an exploration of their behaviors under
time-dependent loading and dynamic influence. In recent years, there has been a notable
increase in publications [5–10] focusing on the sensitivity of composite materials to strain
rate, with numerous experiments conducted to investigate their rheological properties.
It is important to acknowledge that, in addition to physically non-linear deformation,
composite materials exhibit rheological effects such as creep, relaxation, and loading rate
sensitivity [11]. Given the significant influence of the polymer matrix-to-fiber properties on
the deformation resistance under loading at different angles to the reinforcement direction,
the rheological properties of the composite layer become crucial. This highlights the
necessity of incorporating elements of polymer mechanics, such as viscoelasticity theory
and the mechanics of hereditary media [12]. When developing approaches based on
viscoelasticity theory or hereditary mechanics, the research problem can be conceptualized
as a series of interrelated functions, enabling a comprehensive understanding of mechanical
regularities of polymer composite materials.

In previous studies [13–17], a method was proposed to establish a defining relation that
captures the nonlinear deformation of UD CFRP at different strain rates. The majority of
these works observe an increase in both the elasticity and strength moduli as the strain rate
rises. Furthermore, ref. [5] investigates the tensile behavior of obliquely CFRP with a wide
range of deformation rates, presenting a model based on the orthotropic plastic potential.
Another study [6] focuses on examining the impact of strain rates on the properties of
UD CFRP under compression at various angles relative to the reinforcement direction.
It was demonstrated that the Puck criterion provides accurate strength predictions for
both quasi-static and dynamic loading when compressing UD CFRP perpendicular to
the reinforcement direction. NU-Daniel failure theory [7–10] successfully demonstrated
excellent prediction capability and agreement with experimental data. Notably, the failure
envelopes obtained using this theory are characterized by three equations corresponding to
the predominant failure type at a specific location—tension, shear, and compression. The
equation of three sub-criteria for inter-fiber and interlaminar failure in NU-Daniel criteria
are composed of following formulations [7]:

Compression-dominated failure:(
σ2

F2c

)2
+

(
E2

G12

)2( τ6

F2c

)2
= 1 (1)

Shear-dominated failure: (
τ6

F6

)2
+

(
2G12

E2

)2 σ2

F6
= 1 (2)

Tension-dominated failure:

σ2

F2t
+

(
E2

2G12

)2
+

(
τ6

F2t

)2
= 1 (3)

where F2c—transverse compressive strength; F2t—transverse tensile strength; F6—shear
strength; E2—transverse modulus; G12—shear modulus; σ2—normal stress in the perpen-
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dicular direction to the fiber reinforcement; τ6—in-plane shear stress. Figure 1 is illustrated
for a better understanding of these mechanical properties of UD fiber-reinforced polymers.
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The NU-Daniel criterion satisfied many UD composite materials better compared with
other criteria, as shown in Figure 2, including Tsai-Wu, Tsai-Hill, Hashin-Rotem, Sun, Max.
Stress, etc.
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Figure 2. Comparison of failure envelopes using different failure criteria and experimental results
for UD AS4/3501-6 CFRP under quasi-static transverse normal and shear stress (Reprinted with
permission from Ref. [7]. 2011, copyright owner’s Daniel I.M.) [7].

It is important to highlight that the NU-Daniel failure theory exhibits strong potential
in accurately describing the behavior of UD CFRP and predicting its strength. However,
using three different equations to describe the failure envelopes for different strain rate
cases makes the prediction and calculation methods appear complicated.

The latest works on failure criteria [18–28] focused on empirical numerical constitutive
equations to predict mechanical behavior and perform computational analysis. In [18],
the main objective of the study was to analyze the mechanical behaviors of a UD fiber-
reinforced polymer composite subjected to transverse tension. Nonlinear deformation and
damage in the matrix and debonding in the interface were considered to investigate the
ultimate strength, failure strain, damage initiation, and evolution process. Wu et al. [19]
proposed a numerical constitutive equation to predict the regularities of UD fiber-reinforced
epoxy sheet molding compounds, and a uniaxial tensile experiment was implemented to
study the progressive damage criterion. There are also many experimental and numerical
methods [20–24] devoted to investigating the failure mechanical behaviors of UD fiber-
reinforced polymer composites. Sun et al. [25] proposed a new set of homogenized failure
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criteria of σ22 − τ12 and σ22 − τ23 based on computational micromechanics representative
volume element (RVE) analysis, in which the mechanical properties of the constituents
can be obtained from the experiments. RVE modeling offers a novel approach for a bet-
ter understanding of the deformation and fracture mechanisms. They have identified
three dominant failure mechanisms or modes from the computational RVE model under
multi-axial loading conditions, which are tension-, shear-, and compression-dominated
failure modes. These three dominant failure mechanisms resemble those proposed by
the NU-Daniel failure criteria. But the formulation is quite complicated, and there is no
description about the dynamic loading effect on the failure criterion they proposed. While
numerical models [26] indeed face challenges, such as not fully capturing all manufacturing
defects, neglecting environmental conditions, and managing discrepancies in model dimen-
sions, the advantages they offer are undeniable. Particularly, in the realm of probabilistic
investigations under combined load cases, the benefits of numerical modeling highlighted
earlier prove invaluable. In addition to the criteria derived from analytical considerations,
some authors also used experimental testing and numerical modeling to determine failure
envelopes. Heidari-Rarani et al. [27] and Wan et al. [28] conducted comprehensive reviews
on the failure analysis of composites based on micromechanical modelling under multiaxial
loadings of UD fiber-reinforced polymer composites. They provided detailed review of the
construction of representative volume elements within the framework of micromechanical
modelling, covering the spatial distribution of fibers embedded in a matrix, constitutive
models of material constituents, periodic boundary conditions and failure analysis of UD
fiber-reinforced polymer composites under various loadings. Nonetheless, the constitutive
model of fiber requires advancement from a physics perspective, taking into account the
nonlinearity of its behavior as well as the variances in tensile and compressive loadings.
Additionally, the researchers did not establish any connections between strain rates and the
mechanical properties or behaviors of UD fiber-reinforced polymer composites.

It is crucial to note that most of polymer composites exhibit nonlinear behaviors
and strain-rate-dependent properties. Most works on strain-rate-dependent properties
of composite materials focus on metal alloys or metal composites; nevertheless, very
few works have been devoted to investigating the strain-rate-dependent properties of
fiber-reinforced polymer composites. Furthermore, in the majority of research papers
discussing strain rate, the influence of high-speed impacts or high strain rates on the
mechanical behavior of composites is often addressed [29–33]. However, there is no
consolidated methodology in place to standardize this aspect. Tran et al. [34,35] examined
the impact of strain rate on the tensile strength and fracture energy of a variety of fiber-
reinforced composites. However, given the limitations inherent to experimental methods
and the benefits provided by computational tools, it is more feasible to study these intricate
multiphase issues through numerical analysis. In [36], only cases with a low strain rate
were considered, and the influence of high strain rates on the mechanical behavior of
composites was examined without further investigations.

This paper presents a novel method for analyzing the behavior of UD composite
materials subjected to compression in the direction transverse to reinforcement and shear
within the plane of a UD layer, considering various strain rates including quasi-static, static,
and dynamic conditions. The specific focus of the study is on a CFRP AS4/3501-6, chosen
as the material of interest to investigate the strength of a UD composite in relation to strain
rate. Experimental data, obtained from [7], were digitized and utilized for analysis and
validation. The proposed theory offers a foundation for predicting fracture and progressive
damage in UD carbon plastics under various loading scenarios. Moreover, this method can
be further adapted and extended to explore other aspects of the material’s behavior and
structural performance, providing valuable insights for design and analysis purposes.

2. Methods for Plotting Failure Envelope (MPFE)

Utilizing the anisotropic plasticity potential, which is dependent on shear stresses and
stresses perpendicular to the reinforcement direction, a unified steppe-type deformation
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curve was constructed. The degree parameter of this curve is employed to calculate the
anisotropy of the plastic properties of the unidirectional material. Certain studies have
made attempts to adapt this approach to depict the rheological properties of unidirec-
tional composites.

In our view, the mechanical behavior patterns of unidirectional composites, particu-
larly those of carbon fiber-reinforced plastics, are more complex. However, they can be
described by determining relations of a more general type, which necessitates complex
experimental studies. The emphasis on the matrix is entirely justified, as it not only ensures
material and structural cohesion but also contributes to the material and structural elements’
crack resistance. Given that the properties of the polymer matrix and its adhesion to the
fiber play significant roles when loaded at various angles to the reinforcement direction, the
existence of the rheological properties of the layer is evident. This underscores the necessity
for the application of defining relations of viscoelasticity and hereditary media mechanics.

When formulating approaches based on viscoelasticity theory relations or hereditary
mechanics, the research problem can be simplified to the construction of several interrelated
functions. These include characteristics associated with energy absorption, which can be
linked to both reversible deformation processes and irreversible processes, such as cracking
in the matrix and delamination at the interface of the components. Numerous studies have
explored the regularities of rheological behavior under different loading regimes, such
as creep. Despite the seeming simplicity, there are challenges encountered in processing
experimental data at the initial stage of load application.

Based on the generalization of the criterion in the tensor–polynomial formulation [37]
Fiσi + Fijσiσj + Fijkσiσjσk + · · · = 1, i, j, k,= 1, 2, . . . , 6, the proposed mathematical
formula of MPFE is stimulated by a special case of this formulation, in which a UD layer is
loaded the stress σx with Fi = 0; F11 = 0; F22 = 1

m2 ; F66 = 1
n2 ; F266 = k

n2 , where m, n, k are
coefficients of the proposed mathematical formula of MPFE. Therefore, the failure envelope
can be described by the following equation in coordinates (σ2, τ6):

σ2
2

m2 +
τ2

6
n2 (1 + kσ2) = 1, (4)

where σ2—normal stress in the perpendicular direction to the fiber reinforcement; τ6—in-

plane shear stress; m =
σ+

2 −σ−2
2 ; and k and n—coefficients obtained from experimental data.

We take coefficients m, n, k as symbols to simplify Formula (4); thus, these coefficients have
no physical meaning but are mathematical values. σ+

2 , σ−2 are the tensile strength value
(σ+

2 > 0) and compression strength value (σ−2 < 0), respectively, in the direction transverse
to the reinforcement.

To account for the influence of strength anisotropy in the direction transverse to the

reinforcement, the ordinate axis is shifted by α =
σ+

2 +σ−2
2 (as shown in Figure 3). Then,

Equation (4) can be replaced by following expression:

(σ2 − α)2

m2 +
τ2

6
n2 [1 + k(σ2 − α)] = 1, (5)

To plot the failure envelope of the material, it is necessary to find the values of the
coefficients n and k. Assume that the stress σx applies at an angle θ to the direction
of the reinforcement; then, the normal stress σ2 = σx sin2(θ + γ) and the shear stress
τ6 = −σx sin(θ + γ) cos(θ + γ) [17], where γ is the intra-layer shear deformation. When
(θ + γ) = π/4, the intra-layer shear τ6 has the maximum value of τ0

6 located at point A on
the curve (Figure 3):

τ0
6 = −σx sin

π

4
cos

π

4
, (6)

σ0
2 = σx sin2 π

4
, (7)
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and
τ0

6 = −σ0
2 . (8)
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Equation (5) at point A takes the following form:(
σ0

2 − α
)2

m2 +

(
−σ0

2
)2

n2

[
1 + k

(
σ0

2 − α
)]

= 1. (9)

By differentiating the implicit function τ6 in Equation (5), we obtain:

2τ6τ′6 = −2(σ2 − α)

m2
n2

1 + k(σ2 − α)
− k

(
1− (σ2 − α)2

m2

)
n2

[1 + k(σ2 − α)]2
. (10)

At point A, we can find the derivative τ′6. Then, from Equation (10), we can obtain:

k =
−2
(
σ0

2 − α
)

m2 +
(
σ0

2 − α
)2 . (11)

From (9) and (11), the coefficient n is derived:

n =

∣∣mσ0
2

∣∣√
m2 +

(
σ0

2 − α
)2

. (12)

In this way, the formulas for all the coefficients required to plot the failure envelope
f (σ2, τ6) are determined.

3. Verification and Comparison of Proposed MPFE
3.1. Experimental Results with the CFRP AS4/3501-6 under Various Strain Rates

The subject of the investigation was a carbon/epoxy composite (AS4/3501-6) procured
in the form of a prepreg, which was subsequently used for the fabrication of laminates using
the standard autoclave process. To perform multi-axial experiments, unidirectional (UD)
carbon/epoxy specimens were tested at diverse loading directions relative to the principal
fiber reinforcement. These experiments primarily yielded stress states that combined
transverse normal and in-plane shear stresses. For each set, between two and six specimens
were tested. Experiments were conducted at three different strain rates, with quasi-static
tests carried out on a servo-hydraulic testing machine at a strain rate of 0.0001 s−1, as shown
(1) in Figure 4. Intermediate rate tests were also conducted in the servo-hydraulic machine
at an average strain rate of 1 s−1. A unique fixture was devised featuring a gap between
the specimen and the lower cross-head. This allowed for the crosshead to accelerate to
almost uniform speed before transferring the load to the specimen, thus ensuring a more
consistent strain rate during the test. High-strain-rate tests were conducted using a split
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Hopkinson bar with strain rates ranging from 200 to 400, employing off-axis prismatic
specimens, as shown (2) in Figure 4. The strain rate assigned to various tests represents an
average value throughout the duration of the test. To maintain the most consistent strain
rate possible, a rectangular pulse was applied to the incident bar.
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Figure 4. Compression testing apparatus: (1) servo-hydraulic machine for intermediate strain rate
testing and (2) split Hopkinson bar for high-strain-rate testing [7].

Experimental results derived from testing unidirectional (UD) CFRP specimens demon-
strate a consistent correlation between mechanical properties and strain rate [6–10]. There-
fore, it is understood that mechanical properties, such as elastic modulus and strength, are
contingent on the particular loading conditions, with quasi-static loading representing a
distinct scenario within this spectrum. In order to validate the proposed theoretical as-
sumption, experimental data [7] from UD CFRP AS4/3501-6 subjected to both compression
and tension at various angles relative to the reinforcement direction were used. These tests
were conducted at different strain rates.

The World-Wide Failure Exercise was set out to check the current capability of various
methods for predicting the strength of composite lamina and laminates. Selected workers
in the area of composite failure theories were invited to compare their theories with the
experimental data provided by the organizers, from which we obtained τ0

6 = 125 MPa [4].
Notably, for quasi-static loading, specific values of shear stress under compression at a 45◦

angle, as well as the tensile and compressive strength in the direction perpendicular to the
reinforcement, were utilized as initial conditions. This can be represented symbolically as
σ+

2 = 65 MPa, σ−2 = −285 MPa.
With the experimental data from Table 1, we can derive the values of all coefficients

for f (σ2, τ6) under quasi-static loading: m = 175 MPa, α = −110 MPa, n = 124.5 MPa, and
k = 0.000972 MPa−1.

Table 1. Matrix-dominated properties of carbon/epoxy material (AS4/3501-6) [7].

Properties
Strain Rate

.
ε (s−1)

0.0001 1 400

Transverse tensile strength, σ+
2 (MPa)

Transverse compressive strength, σ−2 (MPa)
65 80 90

285 −345 −390
Shear strength, τ6 (MPa) 80 95 110

By substituting these coefficients into Equation (5), the failure envelope f (σ2, τ6) of
the UD composite under quasi-static loading with a strain rate

.
ε = 10−4 s−1 can be plotted.

Similarly, failure envelopes for the same material under static (
.
ε = 1 s−1) and dynamic

loading (
.
ε = 400 s−1) can be derived using the data in Table 2.
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Table 2. Characteristics for the UD composite AS4/3501-6 at different strain rates.

Loadings σ+
2 σ−2 τ0

6 (Unit: MPa)

Quasi-static
Static

65 −285 125
80 −345 160

Dynamic 90 −390 175

Based on the data provided in Table 2, the coefficients m, n, α, and k under condition
of various strain rates can be determined and are presented in Table 3.

Table 3. The values of coefficients m, n, α, k.

Loadings m, MPa n, MPa α, MPa k, MPa−1

Quasi-static
Static

175
212.5

124.5 −110 9.72−4

158.7 −132.5 1.2−3

Dynamic 240 174.1 −150 8.59−4

3.2. Comparison of Theoretical and Experimental Results

Figure 5 illustrates a comparison between the calculated failure envelopes and the
corresponding experimental data obtained at different strain rates. The comparison demon-
strates a significant level of agreement between the calculated results and the experimental
data, indicating the reliability and accuracy of the proposed mathematic method.
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different strain rates.

Figure 6 displays a comparison between the experimental data and the calculated
results obtained using the NU-Daniel and Hashin criteria [7] at various strain rates. Ob-
viously, the partially interactive Hashin criterion shows more inaccurate results than the
MPFE proposed in this paper. In order to compare the accuracy of the NU-Daniel criterion
and the MPFE, we use the coefficient of determination (R-square). Table 4 provides the
coefficients of determination for the NU-Daniel criterion and the MPFE at different strain
rates. This suggests that the MPFE offers improved accuracy in predicting the mechanical
behavior of the composite material under different strain rates.
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Table 4. Determination coefficient values for the failure envelopes.

Loadings
.
ε, s−1 * R2 (MPFE) R2 (NU-Daniel)

Quasi-static
Static

0.0001 0.864 0.838
1 0.914 0.900

Dynamic 400 0.957 0.951
* Coefficient of determination.

In Daniel’s work [7], it was indicated that the NU-Daniel criterion more accurately
describes the failure envelope at three different strain rates than the classical failure criteria
do, including the criteria of maximum stress, maximum strain, Tsai-Hill, Tsai-Wu, Sun, etc.
(shown in Figure 2). Notably, the failure envelopes generated by the MPFE demonstrate
a superior level of agreement with the experimental data compared to other criteria at
various strain rates.

4. Strain-Rate-Dependent Coefficients

By analyzing the data provided in Table 3, obviously, the coefficients of each parabola
are related to the strain rate. It can be concluded that the greater the strain rate, the higher
the peak of the parabola, and the normal and shear strengths increase. We assume that the
coefficients of the parabolas are linearly proportional to the logarithm of strain rates, which
can be written in the following form. The following relationships between the coefficients
and the strain rate were derived:

m
( .
ε
)
= m0

(
0.055·lg

.
ε
.
ε0

)
+ 1 (13)

n
( .
ε
)
= n0

(
0.065·lg

.
ε
.
ε0

)
+ 1 (14)

α
( .
ε
)
= α0

(
0.053·lg

.
ε
.
ε0

)
+ 1 (15)

The coefficient k shows minimal sensitivity to the logarithm of the strain rate and
can be considered approximately constant, with a value of k = 0.001 MPa−1. The values
of m0, n0, α0 are extracted from Table 3 under the condition of quasi-static loading with
.
ε0 = 10−4 s−1. Figure 7 presents a comparison between the proposed dependencies and
the data obtained from Table 3, which were derived from experimental results. Figure 7
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clearly demonstrates a strong correspondence and agreement between the proposed de-
pendencies and the experimental data, highlighting the accuracy and reliability of the
proposed approach.
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By substituting the relationships m
( .
ε
)
, n
( .
ε
)
, α
( .
ε
)

into Equation (5) in place of the
coefficients m, n, and α, the resulting failure envelopes f (σ2, τ6) will take the form of
equations that are dependent on the logarithm of the strain rate. This formulation allows
for a more comprehensive representation of the failure envelopes in relation to the varying
strain rates.

5. Application of the Proposed Criteria

The advantage of using the mathematical method proposed in this paper is to improve
the accuracy of predicting the mechanical properties and regularities of UD composite
materials under different loading modes. This method allows engineers to save time
and raw materials when designing composite structures, thus reducing production costs.
In order to utilize the proposed model properly, it is essential to initially compute the
coefficients for a specific material enabling the failure envelope to be predicted with greater
precision under various strain rates.

Researchers across Western nations have developed various simulation methodologies
to examine the impacts of space debris. A primary focus has been the establishment
of computational techniques for modeling the behavior of hypersonic spacecraft during
collision events to conduct impact dynamics analyses on composite structures. Due to
experimental limitations, specifically the launch speed capacity of experimental equipment
on Earth, impact testing of protective structures with projectile velocities exceeding 8 km/s
has been infrequently conducted. As a result, the high-speed zone ballistic limit equations,
based on experimental data, may not accurately reflect the protective capability of these
structures within this high-speed environment. Consequently, scientists generally simulate
the operational conditions of the protective structures within the high-speed zone, such as
during impacts, to obtain their ballistic limits. The data thus generated enable the prediction
of the point at which the material would fail. Numerical simulations for determining the
ballistic limit of protective structures in the high-speed zone are commonly employed,
utilizing existing technologies and theories to propose differing simulation methods.

In most high-speed simulations (speeds not exceeding 1 km/s), the Johnson–Cook
mathematical model is employed to simulate the effects of strain rate. However, this
approach is no longer viable for hypervelocity impacts in space, where velocities surpass
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8 km/s. The work in this article can be applied in the strength calculation and collision
simulation of hypersonic spacecraft collision avoidance structures, integrating genetic
mechanics and simulation by integrating the proposed MPFE in the design of spacecraft
protection structures. Specifically, the principles from the simulation of hypersonic impacts
will be improved by substituting the change in strain rate of the material during impact
into the calculation module in order to improve the accuracy of the software simulation.

6. Conclusions

In this work, a comprehensive model has been developed to characterize the failure
envelopes of a UD composite material under varying strain rates during uniaxial loading.
The failure envelopes obtained through the MPFE proposed in this work exhibit a high level
of agreement with experimental data. By utilizing the developed MPFE, failure envelopes
for new materials can be accurately plotted. New materials can be easily implemented by
simply conducting several tests on the three key characteristics of a UD composite: the
tensile stress values at a 45◦ angle under compression, as well as the tensile and compressive
strengths in the direction transverse to the reinforcement.

Overall, this research contributes to advancing our understanding of the behavior of
UD composites under different loading conditions. Experimental verification for different
kinds of unidirectional composite materials under various strain rates proves the novel
methods are reasonable. The present novel methods have a wide range of applicability
and provide a reliable approach for predicting and analyzing the strength of composite
materials, enabling more efficient and accurate design processes in various engineering
applications. Furthermore, the work will be focused on mathematical method for describing
failure envelopes of orthotropic–anisotropic composite materials with the effect of strain
rates, and a model will be developed for assessing the ultimate limit state, which makes it
possible to consider the influence of damage accumulation.
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