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Abstract: Pressure hulls are the primary pressure-bearing structures in submersibles and
deep-sea space stations, which are essential for marine scientific research. Due to repeated
dive cycles and extended operational periods, these hulls undergo creep deformation
over time, posing risks to their structural integrity. This paper provides a comprehensive
review of research on the creep behavior of pressure hulls, focusing on three key aspects:
creep testing, creep constitutive models, and numerical simulation techniques. Initially,
various creep testing methodologies are presented, with the experimental data serving as
a foundational basis for subsequent analyses. Experimental data from creep tests form
the foundation for constructing and validating constitutive models, which are critical for
predicting long-term deformation. The review also explores advanced numerical simulation
techniques, such as user subroutines and multiscale modeling, to analyze creep in complex
pressure hull structures. Finally, based on the insights from the reviewed studies, the paper
proposed potential directions for future research to address current challenges and enhance
the design and maintenance of pressure hulls.
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1. Introduction

With the increasing exploration and utilization of marine resources, the development
of marine engineering equipment has advanced significantly. Among these, deep-sea
submersibles are indispensable tools in marine scientific research. The pressure hull, as the
core structural component of a submersible, directly withstands external pressures and
ensures operational safety. Throughout its service life, a submersible undergoes repeated
dive cycles and prolonged operation in extreme deep-sea environments, making it subjected
to repeated high-pressure loads, resulting in cumulative creep deformation over time. In
addition, in the future deployment of a deep-sea space station, the pressure hull will endure
long-term sustained hydrostatic pressure, resulting in creep behavior.

Creep is the time-dependent strain increase in solids under constant load, occurring
even below the yield limit, unlike plastic deformation. This process degrades material
strength and stability, redistributing stress within structures. For pressure hulls, accounting
for creep behavior during design is essential to ensure long-term safety.

Research on pressure hull creep behavior focuses on three interrelated aspects: creep
testing, constitutive modeling, and numerical simulation (see Figure 1). Creep testing di-
rectly measures material creep characteristics. These data inform mathematical models that
relate creep to factors like time and temperature, yielding constitutive models. Numerical
simulations then use these models to analyze creep in diverse structural designs.
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Figure 1. Flowchart for the creep behavior research of pressure hulls.

This review is organized as follows. Section 2 summarizes two types of creep tests:
material creep tests and structural creep tests. Section 3 introduces several commonly
used uniaxial creep constitutive models, comparing their applicability across different
scenarios. Additionally, modified constitutive models and multiaxial creep constitutive
models are discussed. Section 4 focuses on numerical simulation methods, including
user subroutines and multiscale methods, to simulate the creep behavior of isotropic and
anisotropic materials. Finally, the paper outlines future research directions for studying the
creep behavior of pressure hulls.

2. Creep Test

Creep testing is a crucial method for studying the creep behavior of pressure hulls
and obtaining material creep parameters. These tests are divided into two types: material
creep tests and structural creep tests. Material creep tests, the primary approach, involve
preparing samples according to standards and applying creep loading to determine material
parameters. Structural creep tests use full-ocean-depth simulation devices to apply long-
term pressure on scaled or full-scale pressure hull models. Strain data collected during
these tests reveal the structural creep behavior.

2.1. Material Creep Tests

Material creep tests were conducted on titanium alloy and polymethyl methacrylate
(PMMA) to investigate their creep properties. Titanium alloy, known for its high specific
strength and excellent corrosion resistance, is widely used in marine engineering equip-
ment. It is a primary material for the pressure hulls of manned deep-sea submersibles
capable of full-depth scientific exploration [1]. PMMA, characterized by low density, high
transparency, strain-rate strengthening, and high strain-rate embrittlement, is commonly
used as a visual window in manned submersibles. In recent years, PMMA has also gained
popularity as a material for the pressure structures of manned cabins in submersibles
operating at depths of up to 2000 m.

Material creep tests involve preparing tensile or compressive specimens, applying
creep loading, and collecting strain data using extensometers or similar equipment to
generate strain—time curves for analyzing creep behavior. The American Society for Testing
and Materials (ASTM) provides standardized guidelines for such tests, including ASTM
E139-11 (2018) [2] for metals and ASTM D2990-17 [3] for plastics. Specimen shapes are
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typically circular or rectangular, as illustrated in Figure 2, with specific requirements for
testing equipment. Creep loading is commonly applied using a universal testing machine
or a dedicated creep testing machine [4-7]. Similarly, GB/T 2039-2024 [8] and GB/T 15048-
1994 [9], the national standards of China, provide provisions for uniaxial tensile creep tests
on metals and compressive creep tests on plastics.

@) (b)

Figure 2. Specimen material creep tests [10]: (a) round cross-section specimen; (b) rectangular
cross-sectional specimen.

Tensile creep tests are more commonly conducted than compression creep tests due
to their simpler operation. Given that modern pressure hulls typically utilize isotropic
metal materials or organic glass, research has predominantly focused on tensile creep
tests. Chen J. [11] conducted tensile creep tests at room temperature on a novel titanium
alloy used for pressure hulls. Using an electronic creep fatigue testing machine, cylindri-
cal specimens were subjected to creep loading under seven different stress levels for 48 h.
The resulting strain—time curves and performance indices, such as yield strength and tensile
strength, were obtained. Liu et al. [12] performed multiple room-temperature tensile creep
tests on cylindrical specimens of Ti-6Al-4V and Ti-6Al-2V titanium alloys (see Figure 3a),
generating creep curves under four different stress levels. Similarly, Liu et al. [13] con-
ducted four sets of tensile creep tests on PMMA samples (see Figure 3b) to investigate the
creep damage behavior of submersible windows. The tests provided creep parameters for
PMMA under pressures equivalent to a water depth of 3000 m.
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Figure 3. Tensile creep specimen: (a) tensile creep specimen of titanium alloy [12]; (b) tensile creep
specimen of PMMA [13].

With the growing demand for lightweight structures and enhanced strength in
pressure hulls, fiber-reinforced resin matrix composites are increasingly utilized due
to their excellent corrosion resistance, high specific strength, and high specific modu-
lus. As anisotropic materials, these composites exhibit pronounced tension—compression
asymmetry. For pressure hulls subjected to compressive loads, it is essential to conduct
compression creep tests to accurately determine the creep characteristics of material.

The research methodology for investigating the compressive creep behavior of fiber-
reinforced composites is similar to that used for tensile creep tests on titanium alloys [14-18].
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Axial compressive loads are typically applied using material testing machines to obtain the
material’s creep characteristics. However, creep testing specifically for composite pressure
hulls remains limited, highlighting the need for further research in this area.

2.2. Creep Test of Pressure Hull Scale Models

Creep testing of pressure hull scale models (see Figure 4) is primarily conducted to
investigate parameters such as the stress threshold for creep and to analyze the impact
of creep behavior on the structural safety performance. These experiments utilize ultra-
high-pressure equipment to simulate deep-sea environments. However, such tests are
time-intensive and constrained by the operational capacity of the equipment, resulting in
limited research in this area. In existing studies, test pressures are often set as multiples of
the maximum working pressure of pressure hull, such as the maximum working pressure
or 1.25 times this value. This approach enables researchers to accelerate the observation of
creep characteristics within a shorter timeframe.

@) (b)

Figure 4. Scaled model of pressure hull: (a) cylindrical pressure hull [18]; (b) spherical pressure
hull [19].

Wang et al. [19] conducted a creep test on a titanium alloy spherical pressure hull
scale model with an inner diameter of 300 mm and a thickness of 30 mm, as shown
in Figure 4b, using ultra-high-pressure experimental equipment. The test maintained a
maximum working pressure of 115 MPa for 160 h. Following unloading, the pressure was
increased to 130 MPa for 620 h, then unloaded and raised to 144 MPa for 160 h. The results
indicate that the model experienced compressive creep only at 1.25 times the maximum
working pressure (144 MPa). In this high-stress condition, the strain rate of the model
approaches a constant.

Stachiw et al. [20] conducted pressure tests on a scaled model of an acrylic spherical
pressure hull at six different pressure levels over a duration of 1 h. Their study revealed
that both the creep rate and cumulative creep increase exponentially with pressure. This
increased creep accumulation was found to reduce the buoyancy of the spherical pres-
sure hull.

The high time and economic costs associated with creep tests on scaled models,
combined with the difficulty of directly correlating experimental data to the creep behavior
of pressure hulls in specific working environments, have limited research in this area.
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3. Creep Constitutive Model

A creep constitutive model describes the relationship between strain and time under
long-term constant stress or load. It is developed based on extensive experimental data.
Using creep test results, the strain—time curve, known as the creep curve, can be plotted.
A typical creep curve is shown in Figure 5, illustrating three distinct phases. The primary
creep phase is characterized by a continuously decreasing creep rate. In the secondary
creep phase, the creep rate remains nearly constant, so it is called the steady-state creep
phase. This phase represents the minimum creep rate of the material, and the material’s
resistance to creep can be evaluated based on this phase. As a result, it is the most
extensively studied phase. The tertiary creep phase exhibits a rapidly increasing creep rate,
leading to accelerated deformation and eventual material failure. Since the creep behavior
varies across these phases, distinct constitutive models have been developed to describe
each phase.

oy

Ll |

Figure 5. Typical creep curve.

Given the complex stress field experienced by structures in working environments,
creep models can be categorized into uniaxial and multiaxial models based on the type of
stress, such as uniaxial or multiaxial stress conditions. The following sections introduce
commonly used uniaxial and multiaxial creep models in the study of pressure hulls.

3.1. Uniaxial Creep Constitutive Model

Existing research primarily establishes uniaxial creep constitutive models using the
macroscopic phenomenological approach, based on creep testing, to describe the material
creep phenomenon at a macroscopic level [21-26]. The creep behavior of materials is
influenced by stress, time, and temperature, which could be simulated by the following
Equation [27]:

e = F(0,T,1) = F(o)g(T)h(t) 1)
where ¢, is creep strain, o is stress, T is temperature, and ¢ is time.

Norton Model and Its Variants

Equation (1) leads to the development of various creep constitutive models, including
the Norton model [28], Norton-Bailey model [29], Graham model [30], Garofalo model [31],
and others. The Norton model, which involves fewer parameters, is commonly used to
describe the secondary creep phase:

éer = Ac” 2)

where A and n are material constants and ¢, is creep strain rate.
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When considering the temperature effect, the Norton model can be written in the
general form shown in Equation (3) [32]:

écr = C10'C2€_C3/T (3)

Building on this, by incorporating the time hardening effect, the time hardening
model, as shown in Equation (4), can be derived. If the strain hardening effect is considered,
the strain hardening model, as shown in Equation (5), can be obtained:

¢ = C0C2tC3e=Co/T ()

¢or = Cro2eCae=Ca/T (5)

where Cy, Cy, C3, and Cy are all material constants, which are measured according to the
material creep test.

By introducing the Bailey’s law as time function based on Equation (2) [29], the Norton-
Bailey model (Equation (6)) under constant temperature can be derived, which can describe
both the primary and secondary phases of creep:

g = Act™ (6)

where m represents the material constants.
The strain rate form of the Norton—Bailey model can be obtained by taking the time
derivative of Equation (6), which also corresponds to the time hardening model:

€y = Amo "1 (7)

The strain hardening model can be obtained by combining Equations (6) and (7) and
eliminating the variable ‘t":

o = Al/mman/mg(mfl)/m (8)

The Norton-Bailey model (time hardening model) and strain hardening model,
shown in Equations (7) and (8), respectively, represent the forms of the models in
Equations (4) and (5) under constant temperature conditions. This series of creep con-
stitutive models, based on the Norton power law, has been widely applied in structural
creep behavior analysis [33-35].

The Graham creep model (Equation (9)) is more complex than the Norton model,
involving eight material parameters, and can describe all three phases of creep. Each phase
consists of three (Norton—Bailey type) creep strain terms, providing higher accuracy and
applicability [36-39].

€er = b2 (193 + byths + bgt?7)e s/ T 9)

where b;(i € {1,2,---,8}) is material constant.

In the study of the creep behavior of pressure hulls, Hou [40] proposed a numerical
simulation method for creep damage evolution by combining the Norton model with the
continuum damage mechanics, successfully simulating the creep damage evolution in
a V-notch plate structure. Jiao et al. [41] and Li [42] applied the Norton—Bailey model
to evaluate the creep strain rate of titanium alloy pressure hulls. By incorporating the
creep ductility depletion model, a formula for multiaxial creep damage accumulation
was derived. Zhao [43] utilized the Norton-Bailey model to fit the creep parameters of
PMMA, the material used for observation windows. Zhao highlighted that the traditional
single-parameter time-hardening creep model struggles to fully capture the complexities
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of various working conditions. Consequently, an improved time-hardening model was
proposed, considering the effects of ambient temperature and sustained stress levels.
Wang et al. [44] conducted a comparative analysis of the modified time-hardening
model, the time-hardening model, and the Graham model. The modified time-hardening
model (Equation (10)) is an inbuilt model in the finite element software Ansys, differing
from Equation (4) in that the stress coefficient is subdivided into two separate coefficients.
The study highlighted that the modified time-hardening model effectively characterizes
the creep behavior of titanium alloy pressure structures during the primary and secondary
creep phases, making it particularly suitable for the creep analysis of deep-sea titanium alloy
pressure hulls. In contrast, the Graham model, despite its ability to capture all three creep
phases, is hindered by its numerous parameters, leading to poor numerical convergence.

ClUCZ tC3+167C4/T

Ecr = Cs+1 (10)

Liu [45] applied the Norton-Bailey model to investigate the creep behavior and ul-
timate bearing capacity of a ring-stiffened cylindrical hull. The study indicated that the
time-hardening model more accurately captures the variation of creep strain during the
primary and secondary phases compared to the strain-hardening model, providing a better
representation of structural behavior under creep. However, the time-hardening model
exhibits limitations when addressing creep stress levels with large variations, requiring
data grouping for effective curve fitting.

In summary, the Norton-Bailey model is the most widely used creep model in pressure
hull research among the Norton model and its variants. It effectively describes the primary
and secondary creep phases and, when combined with other models, can capture all three
phases of creep. However, its adaptability is limited when fitting datasets with significant
stress variations. Additionally, Ref. [45] highlighted that for titanium alloy creep tests at
room temperature, only the primary and secondary phases occur within the experimental
range, conforming to the Norton power law. This explains the prevalent use of the Norton—
Bailey model in pressure hull creep studies.

Burger model and Findley model

In addition to the Norton model and its variants, the Findley model [46] (Equation (11))
and the Burger model [47] (Equation (12)) are commonly employed to predict the creep
behavior of composite materials, particularly for the primary and secondary phases of
creep. The Burger model integrates the Maxwell and Kelvin—Voigt models [48-50]: the
first and third terms represent the instantaneous elastic strain and viscous strain from the
Maxwell model, while the second term describes the viscoelastic deformation from the
Kelvin—Voigt model [51].

gcr = €9 + At" (11)

o o o
Ew Ex (1 — e Ex!/k) " ’7th

Eop = (12)
where ¢ is the elastic strain, independent of time, which can be obtained by dividing
the applied stress by the elastic modulus (¢9 = o /E) [52], Ep is the elastic modulus of
Maxwell model, Ek is the elastic modulus of Kelvin model, and #, and 5k are the viscosity
of Maxwell and Kelvin models, respectively.

The Findley and Burger models are extensively applied in studying the creep behavior
of viscoelastic materials [52-55]. Studies [56] have shown that both models effectively
describe the creep behavior of carbon fiber composites, with the Findley model offering
higher computational efficiency. Almeida et al. [57] demonstrated that the Findley model
provides superior fitting performance at elevated temperatures compared to the Burger
model, which is more suitable for detailed constitutive analysis. Liu et al. [13] employed
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the Burger model to investigate the creep initiation, growth, and acceleration phases of
PMMA used in pressure hull windows. Xu et al. [58] validated the Findley model’s ability
to accurately capture the viscoelastic behavior of PMMA in creep tests on acrylic glass
cylindrical pressure hulls.

Both the Findley and Burger models exhibit high accuracy in describing the creep
behavior of viscoelastic materials. However, the Findley model generally outperforms the
Burger model in terms of simplicity and computational efficiency.

For a clearer comparison of the characteristics and applicability of the aforementioned
creep models, their details are summarized in Table 1 for reference.

Table 1. Comparison of creep constitutive models

Model Equation Application Characteristic
Norton éer = Ao" The secondary creep phase
Norton (General form) éer = CroC2e=G/T The secondary creep phase
Time-hardening éer = CroC2tCae=Ca/T The primary creep phase
Strain-hardening éer = CroC2eCae=Cu/T The primary creep phase

The model aligns with the
creep behavior of titanium
alloys but demonstrates
limited adaptability to
The primary and datasets involving
secondary creep phase significant stress
variations [45], making it
challenging to describe
complex working
conditions [43].

Norton-Bailey ér = Amo 1

Strain-hardening
(Constant temperature)

Time-hardening (Modified)

¢ = AV Mmgh/me(m=1)/m  The primary creep phase

. CyoCatCatle—Cy/T The primary and

bor =7 G secondary creep phase
It achieves higher fitting
accuracy under elevated
temperature conditions

éer = byoP2 (103  byths + compared to the

Graham bett )b/ T All three phases of creep  Norton-Bailey model [36],
but the large number of
parameters may impede
the convergence of creep

numerical calculations [44].
It is suitable for viscoelastic
Findle e — g0t AT The primary and materials and exhibits
y a0 secondary creep phase strong fitting performance
at high temperatures.
Burger i SC‘;; = i The primary and - Itis su%table foF
Vv Ex(i—e TK77K) + ot secondary creep phase viscoelastic materials.

3.2. Modified Creep Constitutive Model

The commonly used uniaxial creep models discussed above cannot fully capture
the creep behavior of all materials. To address this, parameters such as temperature and
time are incorporated into the models based on material creep test results, enabling a
more comprehensive consideration of multiple influencing factors. Through these adjust-
ments, the modified models can more accurately represent the creep behavior and trends
of materials.
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Wang et al. [19] conducted a series of creep tests on scaled spherical pressure hull
models and introduced a creep critical stress to modify the Norton model, yielding an im-
proved creep model (Equation (13)) based on experimental data. Similarly, Golan et al. [59]
applied this form of the creep model to describe the creep behavior of nickel-based alloys,
demonstrating its applicability across different materials.

és = Ao — o)™ (13)

He et al. [60] proposed an improved temperature-dependent time-hardening model
(Equation (14)) for PMMA materials used in pressure hull observation windows. In this
model, temperature effects were incorporated through higher-order polynomial terms.
Test results demonstrated a goodness of fit of 0.95, resulting in a creep model applicable
to various temperature conditions under uniaxial stress. Similarly, Zhao [43] employed
this creep model to analyze and simulate the creep behavior of PMMA materials, further
validating its effectiveness.

fop = (a1T3 + b1T2 4 o1 + kyo + dl) .O.nt(azT2+sz+k2¢T+cz) (14)

Modifying uniaxial creep constitutive models improves their fit to experimental data
and provides guidance for model selection. For materials mainly exhibiting steady-state
creep, introducing critical yield stress reduces fitting errors. For materials significantly
affected by temperature and time, incorporating temperature-related parameters enables a
more accurate description of creep behavior. These modifications are essential for precise
numerical simulation and prediction of material creep.

3.3. Multiaxial Creep Constitutive Model

In complex working environments, structures often endure multidirectional loads,
resulting in multiaxial stress states. For instance, cylindrical pressure hulls in deep-sea
environments experience both axial and circumferential compressive loads, while stress dis-
tributions in irregularly shaped hulls are even more intricate. Consequently, uniaxial creep
models may fail to accurately capture the actual creep behavior of these structures. To ad-
dress this, extensive research has been conducted on multiaxial creep in structural systems.

Current theoretical research on multiaxial creep models can be broadly categorized
into two approaches [61]: the microscopic mechanism method based on void growth theory
and the macroscopic phenomenological method based on extrapolation techniques and the
theory of continuous damage mechanics (CDMs) [62-66]. The void growth theory describes
the microscopic mechanism of fracture caused by the gradual nucleation, expansion, and
final aggregation of internal microvoids due to stress during plastic deformation or creep
of materials. The CDM quantifies the global accumulation of internal defects in materials
by introducing damage variables (such as D or w). The CDM-based method has gained sig-
nificant attention due to its ability to simulate damage evolution via numerical calculations,
especially with advancements in computational power. By incorporating parameters such
as damage variables and equivalent stress, this method extends uniaxial creep constitutive
models to account for the effects of multiaxial stress [67,68].

For instance, Zhu et al. [69] constructed a multiaxial creep constitutive model by
extending the Norton model. This was achieved through the incorporation of multiaxial
stress parameters and damage variables:
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écr = B(ligw)n

(15)
. ok
w= M(l—(j)(”
2 2 2
01 — 0 — (0 — O — (03 — 07

U-E—U-VM—\/(l 2) (223> (3 1) (16)
Orep = 01 + (1 - “)O'VM (17)

where B, n, M, x, and ¢ are the parameters related to the material, o, is the equivalent
stress, 0yep is the reference stress, w € [0,1] is the damage variable, where when w = 1,
the material fails, oy s is the Von Mises equivalent stress, 01, 0», and o3 are the first, second,
and third principal stress, respectively, the reference stress is represented by Equation (17)
using the combination of the maximum principal stress and oy, and « € (0,1) is the
combination coefficient.

Currently, research on the multiaxial creep behavior of pressure hulls is limited and
primarily focuses on macroscopic phenomenological methods. Jiao et al. [41] and Li [42]
utilized the Norton-Bailey model (Equation (7)) in conjunction with the ductility exhaustion
model to derive a multiaxial creep damage accumulation equation for multispherical
pressure hulls:

g Amo"tml
8} s}i

where D, is the creep damage rate, &4 is the equivalent creep strain rate, e;‘( is multiaxial

Dc = (18)

creep ductility, &, is determined by the Norton—Bailey model (Equation (7)), and s}i is
determined in different ways in Refs. [41,42].

Guo et al. [70,71] developed a tension—compression asymmetric multiaxial creep
constitutive model for titanium alloy materials of pressure hulls. The model determines
the constitutive matrix R,; based on the stress state 0, within the principal stress space
and employs a linear transformation matrix Q to convert the principal stress space into the
general stress space:

¢c=QR,Q'0 if 0,€0;i=12,---,8 (19)

where ¢ is the stress vector, ¢, is the creep strain rate, ©; is the i*" subspace of principal stress
space, R, is the creep constitutive matrix in the principal space, and Q is the coordinate
transformation matrix.

The main space constitutive model R,; incorporates the time hardening model to

describe creep behavior under tension and the logarithmic model for compression:

Aot oc>0
& = (20)
oy In(axt+1), 0<0

where ¢, is uniaxial creep strain, A, n, m, a1 and ay are the material constants.

Currently, pressure hulls primarily use metallic materials, especially titanium alloys,
and are typically spherical or cylindrical in shape. For these structures, the uniaxial creep
model is sufficient to accurately describe their creep behavior. However, with the trend
toward lighter pressure hulls and the increased use of composite materials, as well as the
development of special-shaped pressure hulls, there is a growing need for more advanced
research into multiaxial creep behavior. This will be crucial for understanding the complex
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stress states in such structures and improving the accuracy of creep predictions under
varied loading conditions.

4. Numerical Simulation of Creep

With the advancement of creep testing and the development of constitutive models,
numerical methods have become a powerful tool for simulating the creep behavior of
materials and structures. These methods allow for a deeper understanding of the creep
deformation mechanism, including the behavior under complex stress states, providing a
scientific foundation for engineering design and safety assessments. Currently, numerical
simulations of pressure hull creep behavior predominantly utilize commercial finite element
software such as Abaqus and Ansys. This section reviews the existing numerical simulation
research on pressure hull creep and briefly introduces the multiscale analysis approach for
studying the creep of pressure hulls.

4.1. Creep Simulation of Pressure Hulls

Commercial finite element software such as Abaqus and Ansys include built-in uni-
axial creep models and secondary development interfaces, allowing users to directly
implement or write customized creep constitutive subroutines for structural creep analysis.
Abaqus incorporates time hardening, strain hardening, and hyperbolic sine models. Ansys,
in addition to the time hardening and strain hardening models, also features the Norton
model, generalized Graham model, and generalized Garofalo model for creep simulations.
These built-in models offer flexibility for users in analyzing and simulating the creep
behavior of pressure hull structures.

Wang et al. [44] compared the applicability of different creep constitutive models
available in Ansys and Abaqus, using the modified time hardening model, time hardening
model, and generalized Graham model in Ansys to simulate the creep behavior of a ring-
stiffened cylindrical hull. The results revealed that the generalized Graham model, due to
its numerous parameters, caused poor convergence in creep calculations. Liu [45] employed
the time hardening model in Abaqus to analyze the creep and ultimate bearing capacity of
ring-stiffened cylindrical hull. Similarly, Xu et al. [58] and Guo et al. [70] used the Findley
constitutive model and multiaxial creep constitutive model in Abaqus to investigate the
nonlinear buckling of pressure hulls (see Figure 6).

U, Magnitude S, Mises/ MPa
+1.2840+02 (Avg: 75%)
+1.177e+02
+1.070e+02

691
654
617
580
543
506
470
433
396
359
322
285
249

+ E33e+01
+8.563e+01
+7.432e+01
+6.422e+01
+6.252e+01
+4.281e+01

+0.000e+00

(@) (b)

Figure 6. Nonlinear buckling of pressure hulls: (a) creep deformation of the model after 18 years of
holding [58]; (b) equivalent stress distribution of the model after holding for 100 h [70].

When performing creep simulations in finite element software, the built-in uniaxial
creep models may not always accurately represent the behavior of certain materials or
structures, such as those significantly influenced by temperature or special-shaped pressure



J. Mar. Sci. Eng. 2025, 13, 749

12 of 19

hulls with complex multiaxial stress fields. In such cases, the secondary development func-
tionality of the software becomes necessary. Ansys software offers the Ansys Parametric
Design Language (APDL), allowing users to write custom programs for comprehensive
finite element analysis. Abaqus, on the other hand, supports various subroutines such as
UMAT and USDFLD for secondary development [12,27,36,41,72]. The UMAT subroutine
is used to define complex material constitutive models, while USDFLD allows for the
definition of custom field variables for boundary conditions, initialization, and output.

For example, Guo et al. from the Dalian University of Technology employed the
UMAT subroutine to introduce a creep constitutive model that accounts for the tension—
compression asymmetry of titanium alloy, enabling the numerical simulation of square plate
torsion and Brazilian specimens [71]. Furthermore, they introduced a three-dimensional
creep—fatigue damage model for titanium alloy pressure hulls using the USDFLD subrou-
tine, successfully conducting a numerical analysis of a cone-cylinder pressure hull [73] (see
Figure 7).
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Figure 7. Equivalent creep strain distribution at the joint of the pressure hull after 2 h of holding
load [73].

The above-mentioned method successfully enables the numerical simulation of struc-
tural creep behavior, but it has some limitations. Firstly, due to the complexity of the creep
mechanism, which involves both macroscopic changes and the influence of the material’s
microstructure, these factors cannot be fully captured in the numerical model, potentially
affecting the accuracy of the results. Secondly, most existing research focuses on the creep
characteristics of isotropic materials, with a lack of studies on composite pressure hulls.
Currently, the typical approach for analyzing the creep of composite laminates involves
conducting creep tests, proposing a creep constitutive model, and validating the model
through fitting test data or numerical simulations [57,74,75]. For different materials, espe-
cially when the layer parameters of composite materials vary, the creep parameters can
differ significantly. As a result, elastic mechanics tests and tensile or compressive creep tests
must be conducted for each variation to obtain the elastic constants (elastic modulus, shear
modulus, and Poisson’s ratio) and creep curves (strain—time curves). This leads to high
testing costs, making the process less efficient and more resource-intensive. To overcome
this, a multiscale approach can be employed to predict the performance parameters of
composite materials without the need for extensive testing [76]. This approach will be
discussed in more detail in the next section.

4.2. Multiscale Method of Composite Materials Creep Analysis

As a type of multiphase material, the mechanical properties and failure mechanisms
of composites are influenced not only by macroscopic factors (such as boundary conditions,
loads, and constraints) but also by microscopic characteristics (such as the properties
of constituent phases, reinforcement shapes and distribution, and the interface between
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the reinforcements and the matrix) [77,78]. Composite materials used in engineering
involve both microscopic and macroscopic scales. While the structure typically ranges
from centimeters to meters, the inclusion phase, such as particles and fibers, often spans
the micrometer scale. To establish the relationship between microstructure, constituent
material properties, and macroscopic behaviors, the multiscale method is required for
composite materials.

In the field of fiber-reinforced composites, the multiscale method primarily involves
modeling and calculating heterogeneous materials as globally homogeneous materials
based on micromechanics. This approach is divided into two main methods: the analytical
method and the micromechanics finite element method [77] (see Figure 8).

Self-consistent method

Generalized self-
consistent method

Analytical method }» Mori-Tanaka method

Method of cells

Multi-scale method

Homogenization
method

Micromechanics finite element method ]

Figure 8. Multiscale method classification.

The analytical method includes several techniques such as the self-consistent method,
generalized self-consistent method, Mori-Tanaka method, method of cells, and homoge-
nization method. Classical micromechanics theories, such as the self-consistent method
and Mori-Tanaka method, calculate material properties by averaging the strain and stress
fields of representative elements. Method of cells utilizes the periodicity assumption of
composite materials to divide the representative volume element (RVE) into several subcells
for solving the basic equations of elastic mechanics. This leads to the determination of the
stress—strain field within the RVE, and the macroscopic stress—strain relationship of the
material is derived through homogenization theory. The homogenization method applies
the theory to composites with periodic distribution, utilizing the energy principle, periodic
conditions, and uniformity conditions to mathematically transform and simultaneously
solve for the macroscopic material equivalent parameters. Recently, this method has been
widely used to predict the properties of fiber-reinforced composites, with numerous calcu-
lation models being developed, including the Voigt model, Reuss model, and transversely
isotropic averaging method [79-81]. The finite element method of micromechanics dis-
cretizes the structure by dividing the grid to obtain the stress—strain field, from which the
macroscopic stress—strain relationship is derived using the homogenization method.

The multiscale method can significantly accelerate the modeling process for analyzing
the creep characteristics of composite pressure hulls, reduce computational workload [77],
and eliminate the need for material tests when composite material parameters change, thus
saving both time and test costs [76]. It allows for the prediction of the effective properties
of composite materials, such as elasticity, plasticity, and creep.

For elastic property prediction, Naili et al. [82] proposed a two-step homogenization
(see Figure 9) scheme based on the finite element method. A model RVE is decomposed
into unidirectional pseudo-grains (PG) where each PG is made of identical aligned fibers
embedded in the matrix. The first step is to homogenize PG using mean-field (MF) ho-
mogenization methods, typically Mori-Tanaka. Next, in the second step, the RVE seen
as an aggregate of PGs is homogenized with MF, typically a simple Voigt scheme. This
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scheme is used to predict and compare the isothermal elastic properties of short fiber-
reinforced composites.

Decomposition  \ ~.
/ ) | ) ‘_.,1"/ Homogenized
RVE RVE
Qm. \( scond

homogenization

First
homogeniz: :I’HH

Figure 9. Two-step homogenization scheme [82].

Regarding plastic properties, Spilker et al. [83] introduced a mechanical model based
on the Mori-Tanaka method, which predicted the elastic-plastic response of ceramic matrix
composites while considering local damage. Wang [84] employed the homogenization
method to explore the micro-plastic deformation mechanism of P92 steel. Ye [85] used the
asymptotic homogenization theory to obtain the buckling load of the micro-scale finite
element model, and combined this with the surrogate model to optimize the variable
stiffness composite material.

For creep properties, Zhang [86] applied the Reuss model homogenization method
in conjunction with polycrystalline plastic parameters to predict and analyze the creep
properties of P91 steel. Xiao et al. [87] used the analytical method to simplify the complex
stress state of the RVE into a simpler form and deduced the relationship between the creep
displacement of flat cylinder indentation and time under constant load conditions to predict
the creep behavior of zinc alloy ZA27. Katouzian et al. [88,89] used the homogenization
method and finite element method to predict the creep behavior of carbon-fiber-reinforced
composites, accounting for the transversely isotropic characteristics of unidirectional fiber
composites in the vertical plane of the fibers, and performed experimental verification.

Based on the existing technical theories, this paper proposes a method for studying
the creep properties of composite pressure hulls using the method of cell in the multiscale
approach, as illustrated in Figure 10. Using fiber-reinforced resin matrix composites as an
example, the process begins by defining the geometric size of RVE, fiber volume fraction,
and material parameters of each component, such as elastic modulus, shear modulus,
and Poisson ratio. Next, the average stress and strain in each principal direction are
calculated through the homogenization method to determine the equivalent flexibility
matrix and other equivalent mechanical parameters of the RVE. The creep parameters of
the materials are then calculated using a theoretical creep model. Finally, structural creep is
simulated based on the equivalent mechanical parameters derived from the homogenized
material properties. Once the accuracy of the multiscale method is verified by experimental
data, it can be applied to calculate the creep behavior of composite materials with varying
ply parameters. This approach provides a more efficient and cost-effective way to predict
and analyze the creep performance of composite pressure hulls under different conditions.
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Figure 10. Numerical simulation method.

5. Conclusions

This paper reviews current creep studies on pressure hulls, focusing on three aspects:
creep testing, creep constitutive modeling, and creep numerical simulation.

In creep constitutive modeling, uniaxial creep models are commonly used to describe
the creep behavior of pressure hulls, given the relatively simple stress fields in typical
designs. However, for pressure hulls significantly affected by temperature or other envi-
ronmental factors, modifications to these models are essential. Additionally, for hulls with
complex geometries—such as multisphere designs—where stress fields become locally
intricate, multiaxial creep constitutive models are required for accurate representation.

For numerical simulation of creep behavior in pressure hulls, user-defined subroutines
in finite element software like Abaqus are commonly employed to implement complex
creep constitutive models. Furthermore, the paper emphasizes multiscale analysis for
composite pressure hulls, which enhances the prediction of creep parameters and boosts
computational efficiency.

Drawing from challenges in existing literature, the paper proposes three research
directions to advance the study of creep properties in composite pressure hulls:

1.  Develop numerical methods to quantify and incorporate uncertainty in creep pre-
dictions for pressure hulls, addressing variability in environmental factors, material
degradation, and fatigue;

2. Develop multiscale techniques to predict the creep behavior of high-performance
composites, improving reliability in deep-sea environments with limited experimen-
tal data;

3. Integrate machine learning with multiscale analysis to accelerate predictions of com-
posite creep performance, enhancing the efficiency of traditional design methods.
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