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KEYWORDS ABSTRACT

Composite, In this study, the time-dependent behavior and stress relaxation of API-X42 seamless steel
GFRP, pipes reinforced with glass fiber composites were investigated to assess the effects of time
Stepwise Loading, on system stability and load-bearing capacity. A composite layer of E-glass fibers embedded
Relaxation. in epoxy resin was applied to the pipe joint regions. Tensile tests were conducted in single-

step and multi-step modes, with a 10minute hold at each stage, and the stress-time data
were recorded in normalized form. The results indicated that lower loading rates promoted
gradual stress relaxation and extended system stability, whereas higher rates led to faster
stress release and attainment of a stable state in the early stages. Moreover, increasing the
number of loading steps resulted in cumulative stress reduction and brought the system
behavior closer to a quasi-stable state. Atloading rates of 50, 100, and 200 mm/min, the final
stress relaxation values were recorded as 8.9%, 7.7%, and 9.4%, respectively. These findings
highlight the key role of resin viscoelasticity and stress distribution between fibers and steel
in the mechanical stability of the system and underscore the importance of evaluating time-
dependent behavior in the design and long-term performance prediction of reinforced steel
pipes. The results of this study provide clear guidance for future research aimed at
comprehensively investigating the effects of multi-step loading and ultimate failure
mechanisms in steel-composite hybrid systems.

Extended Abstract
1. Introduction

teel pipes, as fundamental components in strategic industries such as oil, gas, petrochemicals, and energy

transmission systems, play a critical role in ensuring the stable performance of infrastructure and the global

energy supply. The importance of these structures is not limited to the transportation of liquids and gases;
their reliable performance is directly linked to economic efficiency, reduced operational costs, and environmental
protection. Extensive networks of underground and subsea pipelines, used across many geographical regions for
energy transmission, are exposed to a wide range of threatening factors that can lead to premature failure and
reduced safety [1, 2]. Such threats include corrosion in aggressive environments, high internal pressures, cyclic
mechanical loads, temperature fluctuations, and physical impacts [3. 4]. The combination of these effects gradually
reduces wall thickness, induces surface and deep cracks, and ultimately causes sudden pipe failure. Industrial
reports indicate that the costs associated with pipeline failures, including production downtime, emergency repairs,
and environmental impacts, are substantial, highlighting the need for preventive and sustainable methods to extend
the service life of these structures [5].
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Conventional methods for repairing and strengthening steel pipes, including replacing damaged sections,
welding, and installing metal sleeves, despite limited effectiveness, face significant practical and economic
challenges. In marine and underwater environments, these methods require complex operations, heavy equipment,
and prolonged operational shutdowns [2. 6]. Additionally, high labor and equipment costs have driven research
and industrial efforts toward alternative, cost-effective approaches. Among these, the use of fiber-reinforced
polymer (FRP) composites has emerged as an innovative and effective solution [1. 2]. To provide a comprehensive
view of composite materials and illustrate recent research trends in thermoplastic polymers, several studies on
biocomposites applications have also been considered [7-10]. These reinforced systems, with features such as high
corrosion resistance, lightweight, ease of installation, and the ability to restore load-carrying capacity without
extended operational downtime, have gained a prominent role in pipe repair and strengthening [1. 2. 4]. Due to
their unique properties, FRP strengthening systems are recognized as one of the most promising technologies for
repairing and enhancing the durability of steel pipes in marine and industrial environments [1. 2, 6].

Extensive research has examined the effectiveness of composite systems in improving the mechanical behavior
of steel pipes. Results indicate that applying composite coatings can increase the load-carrying capacity of pipes
[4. 5], enhance their resistance to crack growth and fatigue [11, 12], and reduce stress concentration in damaged
areas [6. 13]. In addition to experimental findings, numerical modeling and finite element simulations have been
widely used to predict the behavior of strengthened pipes [14, 15]. Studies show that finite element models can
predict the overall mechanical response of pipes with reasonable accuracy, and their results are consistent with
experimental data [14, 15]. Furthermore, design and manufacturing variables such as fiber type, ply orientation,
reinforcement thickness, filler properties, and environmental conditions play a critical role in the performance of
strengthened systems [3. 4. 16]. In particular, environmental conditions, such as seawater exposure, can

significantly affect the mechanical durability and load-carrying capacity of reinforced systems [16].

Despite extensive research on FRP strengthening of steel pipes, most studies have focused on short-term and
instantaneous behavior, with limited attention to time-dependent responses. In real-world operations, pipes are
subjected to complex, time-dependent loading, including cyclic, repeated, and stepwise loads. Two important time-
dependent phenomena in polymeric and composite materials are creep and stress relaxation. Stress relaxation
arises from the viscoelastic nature of polymer matrices and their interaction with reinforcing fibers. In pipe
strengthening systems, load transfer between steel and composite layers occurs through adhesives and resin, and
the occurrence of stress relaxation can alter stress distribution at the interface and affect the ultimate load-carrying
capacity [6, 17]. Recent studies have also demonstrated that even in thermoset polymers such as epoxy, the
network architecture and the evolution of the cure degree significantly influence the stress-relaxation and creep
time scales. The viscoelastic response of the material persists under long-term loading, which is of particular
importance when evaluating the long-term performance of reinforced pipe systems [18].

The importance of examining time-dependent stress relaxation is further emphasized by the fact that loading
in industrial and marine environments is often applied in a stepwise or cyclic manner rather than as a single
instantaneous load [11, 12. 19]. Environmental conditions and variable external forces provide sufficient
opportunity for stress-relaxation effects to develop during each loading stage, and neglecting these effects can lead
to significant discrepancies between standardized laboratory results and the actual in-service performance of
reinforced systems. However, a review of the literature indicates that despite extensive attention to ultimate
capacity, fatigue behavior, and environmental durability, direct investigations into the influence of stress relaxation
in composite-reinforced steel pipes remain limited. This scientific gap further underscores the necessity of
examining time-dependent effects in such systems.

Related studies have shown that the stress-relaxation behavior of fiber-reinforced polymer (FRP) bars
particularly basalt fiber reinforced polymer (BFRP) bars play a critical role in marine and prestressed applications.
In one investigation, the long-term stress relaxation of BFRP bars under various initial stress levels and
environmental conditions was evaluated. The results demonstrated that their stress-relaxation behavior exhibits a
linear relationship with the logarithm of time and is strongly dependent on the applied initial stress level. The
influence of seawater was found to be minimal, indicating the suitability of these bars for marine structures,
whereas acidic and alkaline environments significantly increased stress-relaxation deformation and even caused
bar failure under the same stress level. The predicted stress reduction after one million hours ranged from 7.76%
to 13.75%, and seawater exposure increased this value to approximately 16.13% [20].
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Identifying the presence and extent of stress relaxation in composite-reinforced steel pipes is of significant
scientific and industrial importance, as it can contribute to improved strengthening system design, enhanced
reliability, and more accurate performance prediction under real operational conditions.

2. Materials and Fabrication Methods

The present study, through carefully controlled laboratory conditions, aims to comprehensively investigate the
influence of stress relaxation on force reduction and the time-dependent behavior of composite reinforced steel
pipes. Unlike previous research which has primarily focused on ultimate capacity or short-term structural response
this work systematically examines the effects of stepwise loading and time-dependent behavior across various
loading rates and simulated operational conditions. The main innovation of this research lies in its detailed
recording and evaluation of force variation and stress relaxation over time, providing deep insight into stress
redistribution mechanisms, the influence of dwell periods between loading stages, and the cumulative evolution
of stress within composite layers factors that have been only partially or inconsistently addressed in earlier studies.
The findings of this investigation not only offer a more accurate scientific understanding of the viscoelastic
response of the epoxy matrix and its interaction with glass fibers in steel composite systems but also hold
substantial practical significance. The results can support improved strengthening system design, better prediction
of longterm durability and failure capacity, and optimized maintenance strategies for industrial and offshore
pipelines. Overall, by introducing an integrated and application-oriented methodology, this study effectively fills
the existing scientific gap regarding time dependent effects and stress relaxation in composite-reinforced steel
pipes and clearly outlines a foundational direction for future research.

2.1. Materials

and a Young’s modulus of 210 GPa were used to fabricate the reinforced specimens. This pipe grade is widely
employed in the oil and gas industry due to its favorable mechanical properties, including adequate tensile strength,
good ductility, and reliable resistance to internal pressure. The seamless configuration was selected because of its
more uniform microstructure, higher strength, and reduced likelihood of leakage or cracking at welded joints,
making it a safer and more dependable option for strengthening applications. For the composite wrapping, LR620
epoxy resin with a Young’s modulus of 3 GPa specifically formulated for hand lay-up processes was used. Owing
to its strong adhesion to metallic surfaces, suitable chemical resistance, and appropriate viscosity for fiber
impregnation, this resin enables the formation of a uniform and durable composite layer on the pipe surface. It also
provides superior mechanical stability under environmental exposure compared to commonly used alternative
resins. The reinforcing fibers consisted of 200 g/m? woven E-glass fabric with a Young’s modulus of 72 GPa and
an 8x7 weave pattern. This glass fabric, with its regular weave architecture and appropriate warp weft density,
offers desirable tensile strength, adequate flexibility, and effective resin absorption, ensuring uniform stress
distribution within the composite layer.

2.2. Fabrication and Sample Preparation

To prepare the specimens, API X42 steel pipes were first cut into 165-mm segments, and the end surfaces of
each piece were uniformly ground and sanded to obtain a controlled roughness and a suitable bonding surface.
Following thorough cleaning with thinner and acetone, the two pipe ends were joined using a high-strength epoxy
adhesive to ensure the required continuity for the wrapping process. The composite wrapping was applied using
the hand lay-up method. For this purpose, the LR620 epoxy resin and its hardener were mixed according to the
manufacturer’s instructions at a weight ratio of 10 to 2 mL. After uniform mixing, an initial resin layer was applied
to the prepared surface. Subsequently, the woven glass fabric providing an approximate thickness of 0.2 mm per
layer was fully impregnated with resin and sequentially placed over the joint region to form an integrated
composite wrap. The reinforced zone consisted of 75 mm from the end of the first pipe and 75 mm from the
beginning of the second pipe, resulting in a total wrap length of 150 mm so that the joint was positioned precisely
at the mid-length of the composite region. A total of 15 fiber layers were applied to each specimen, which yielded
a final composite thickness of approximately 3 mm based on the per-layer thickness. Figure 1(a) illustrates the
schematic view of the steel pipe and the GFRP wrapped region, while Figure 1(b) shows the fabricated wrapped
specimens.
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Figure 1. (a) Schematic view of the steel pipe wrapped with GFRP (b) GFRP-wrapped steel pipe specimens

2.3. Experimental Design

In order to accurately evaluate the mechanical behavior of the GFRP-wrapped steel pipes and to analyze the
stress reduction associated with stress relaxation, tensile tests were designed and conducted under both single-step
and multi-step loading conditions. The fundamental concept behind this design was to simulate realistic
operational conditions, where offshore structures and subsea pipelines are rarely subjected to instantaneous and
uniform loading; instead, the applied forces typically occur in several stages with specific time intervals. Recent
studies have shown that during service life, offshore steel pipelines are exposed to cyclic loading that not only
induces fatigue damage but also promotes corrosion, making time-dependent fracture behavior a critical factor in
structural integrity assessment [21]. Such an experimental approach allows investigation of the effect of dwell
periods on force decay and stress redistribution within the composite layers, thereby providing a more realistic
representation of system behavior under actual environmental and operational loading conditions.

Initially, a preliminary test was conducted to determine the maximum displacement before specimen failure.
The reinforced pipe failure displacement was found to be 3.32 mm. Based on this value, a reference displacement
of 3 mm was selected for the main experiments to ensure that specimens remained within a safe operational range
and to allow stepwise evaluation of stress relaxation. Stepwise loading was designed in four configurations to
analyze the effects of the number of steps and intermediate pauses on stress variations and relaxation behavior:

e Single-step loading (S1): A single tensile stage with a displacement of 1 mm, followed by a 10-minute
dwell period after reaching this displacement.

e Two-step loading (S2): Two consecutive tensile stages, each with 1 mm displacement, with a 10-minute
pause between stages (S2-1 and S2-2).

e Three-step loading (S3): Three consecutive tensile stages, each with 1 mm displacement, with a 10-
minute pause between stages (S3-1 to S3-3).

e Four-step loading (S4): Four consecutive tensile stages, each with 0.75 mm displacement, with a 10-
minute pause between stages (S4-1 to S4-4).

This stepwise loading scheme, developed based on preliminary tests, the displacement capacity of the
specimens, and the necessity of generating different stress levels to examine the stress relaxation behavior,
simulates realistic and variable loading conditions, where the applied force may be sudden or gradual, and the
pause durations between stages allow stress relaxation effects to manifest. At each stage, force—displacement data
were recorded using the STM-250 tensile testing machine, and data normalization was performed with respect to
the applied loading durations. Stress normalization was conducted by dividing the measured stress values by the
maximum stress. This normalization enabled precise analysis of stress relaxation magnitude and its effect on the
load-bearing capacity of the pipes. Furthermore, to investigate the influence of loading rate on stress relaxation
behavior, the tests were performed at three different speeds: 50, 100, and 200 mm/min. The selected rates were
consistent with the study conducted by Stochioiu et al. [22]. This range of loading rates allows for analysis of the
effect of load application speed on stress reduction and relaxation timing and can be employed in engineering
design and in predicting the structural performance of pipes under realistic operational conditions.
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Table 1 presents the overall experimental design, systematically combining the loading stages and different
rates. This table illustrates the four stepwise loading configurations and the influence of loading rates on the stress
relaxation process, forming the basis for in-depth relaxation behavior analysis in the results section of the paper.

Table 1. Experimental design of the conducted tests

Loading Rate (mm/min) Loading Type Stage Code Holding Time per Step (min)
50 Single Step S1-1 10
50 Two Step S2-1 ¢ S2-2 10
50 Three Step S3-1-S3-3 10
100 Single Step S1-1 10
100 Two Step S2-1 ¢ S2-2 10
100 Three Step S3-1-S3-3 10
100 Four Step S4-1-S4-4 10
200 Four Step S4-1-S4-4 10
3. Results

To accurately evaluate the stress relaxation behavior, a series of stepwise tensile tests were conducted at
different loading rates. Figure 2 shows the specimen in the tensile testing machine, and the normalized results are
presented in Table 2 to enable direct comparison across loading conditions and progression rates. Prior to analyzing
the normalized plots, the raw data, including the minimum and maximum stress values at each loading stage, are
reported in Tables 3 to 5. These data provide a detailed representation of the actual behavior of the composite
layers under gradual loading and serve as the basis for analyzing stress relaxation behavior over different time
scales. Comparison of these data indicates that increasing the loading rate, as well as the number of loading stages,
results in a wider range of stress variation. In other words, at lower rates, stress release occurs gradually and gently,
whereas at higher rates, stress relaxation is faster and more pronounced in the initial loading stages. This trend
clearly reflects the viscoelastic nature of the composite layer and the time-dependent behavior of the material.
Overall, analysis of the data at loading rates of 50, 100, and 200 mm/min shows that increasing the loading rate
accelerates stress relaxation in the initial stages, while increasing the number of loading stages leads to gradual
and cumulative stress reduction in subsequent stages. In all cases, after a certain period, the curves approach a
stable region, indicating a relative equilibrium of stress within the composite structure.

Figure 2. Specimen in the tensile testing machine

Mechanics of Advanced and Smart Materials Journal 5(1) (2025) 146 — 170



151 Ramin Beyranvand, Mehdi Ansari

Table 2. Final normalized stress at the end of relaxation obtained under different loading rates and stepwise loading conditions

Loading Rate (mm/min) Step 1 Step 2 Step 3 Step 4
50 (Single Step) 541 - - -
50 (Two Step) 6.34 6.65 - -
50 (Three Step) 4.08 5.44 8.88 -
100 (Single Step) 4.63 - - -
100 (Two Step) 5.44 7.13 - -
100 (Three Step) 5.83 5.67 7.46 -
100 (Four Step) 7.004 6.03 6.65 7.44
200 (Four Step) 6.32 5.86 6.53 9.34

3.1. Relaxation Behavior at a Loading Rate of 50 mm/min

The stress behavior at a loading rate of 50 mm/min exhibits slow and gradual characteristics. The minimum and maximum
stress values are presented in Table 3, and the normalized plots are shown in Figures 3 to 5. In the single-step test (S1-1), the
stress started at a maximum value of approximately 0.448 MPa and gradually decreased to a final normalized value of 5.41%.
This reduction over the course of the test indicates a gradual release of residual stresses within the resin layer. According to
Table 3, in the two-step tests (S2-1 and S2-2), the stress variation range increased, with a maximum stress reaching
approximately 3.568 MPa. The final normalized stress values were recorded as 6.34% and 6.65%, respectively, indicating a
greater stress drop compared to the single-step test. This behavior can be attributed to molecular rearrangement within the
composite matrix during the 10-minute pause between steps, leading to a redistribution of stress between the fibers and the
adhesive. In the three-step tests (S3-1 to S3-3), cumulative stress relaxation continued more intensely. As shown in Figure 5,
the maximum stress in this case was 4.552 MPa, and the final normalized stress values reached 4.08%, 5.41%, and 8.88%,
respectively. These results indicate that after the third stage, the structure approaches a quasi-stable state and stress relaxation
reaches its saturation limit. The trend at 50 mm/min demonstrates that at low loading rates, stress relaxation begins gradually
and intensifies in subsequent steps. This behavior reflects effective control of the internal mechanisms of stress absorption
within the polymer layer and preservation of interlayer adhesion during the loading process.

Table 3. Maximum and minimum stress and force values for different loading conditions at a loading rate of 50 mm/min

. . Maximum Stress Minimum Stress Maximum Force Minimum Force
Loading Rate (mm/min) Step Code (MPa) (MPa) ™) ™)
50 S1-1 0.448487 0.058294 3396.7 441.5
50 S2-1 1.083978 0.000805 8209.7 6.1
50 S2-2 3.56849 1.784245 27026.6 13513.3
50 S3-1 1.60695 0.00729 12170.5 6.1
50 S3-2 3.230094 1.542183 24463.7 11680
50 S3-3 4.55208 3.051185 34476 23108.7
1.01
|Rate 50 (mm/min) —— 511

T T T T y T y T T T T T
0 100 200 300 400 500 600
Time (s)

Figure 3. Stress relaxation curve over time at a loading rate of 50 mm/min in a single step
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Figure 4. Stress relaxation curve over time at a loading rate of 50 mm/min under two-step loading
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Figure 5. Stress relaxation curve over time at a loading rate of 50 mm/min under three-step loading

3.2. Relaxation Behavior at the Loading Rate of 100 mm/min

The overall behavior at the medium loading rate of 100 mm/min indicates that the system tends to stabilize
stress more effectively after each loading step, and the relaxation mechanisms operate more uniformly. This
characteristic is desirable in composite structures, as it reflects stress stability under cyclic loading. At this rate,
the system behavior is more balanced and smoother compared to the 50 mm/min case. Data from Table 4 and plots
in Figures 6 to 9 clearly illustrate this trend. In the single-step test (S1-1), the maximum stress reached 1.435 MPa,
and the final normalized value was 0.4963%, slightly higher than the corresponding value at 50 mm/min. This
suggests that with increasing loading rate, more elastic energy is stored in the structure during the initial phase,
while stress relaxation occurs more rapidly. In the two-step tests (S2-1 and S2-2), the maximum stress increased
to 2.313 MPa, and the final normalized stress values were recorded as 5.43% and 7.13%, respectively. Figure 7
shows that in the second stage, the stress drop continued with a gentler slope before reaching a stable state. In the
three-step tests (S3-1 to S3-3), stress relaxation became more uniform and stable, with final normalized values of
5.83%, 5.67%, and 7.46%. These results indicate that the system approaches a more stable state compared to the
50 mm/min rate. As shown in Figure 9, in the four-step tests (S4-1 to S4-4), the final normalized stress values in
the four steps were 7.004%, 6.03%, 6.65%, and 7.44%, respectively. It is observed that stress reduction in steps
two through four is more gradual and occurs over a smaller range, reflecting an internal balance within the
structure.
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Table 4. Maximum and minimum stress and force values for different loading conditions at a loading rate of 100 mm/min

Maximum Stress

Minimum Stress

Maximum Force

Minimum Force

Loading Rate (mm/min) Step Code (MPa) (MPa) ) (N)
100 S1-1 1.435326 0.003235 10870.7 245
100 S2-1 1221612 0.002429 9552.1 18.4
100 S2-2 2.313684 1.154419 17523.1 8743.2
100 S3-1 0.73507 0.00081 5567.2 6.1
100 S$3-2 1.78424 0.68973 13513.3 5223.8
100 S3-3 2.971039 1.682234 22501.7 12740.7
100 S4-1 0.289014 0.003235 2188.9 24.5
100 S4-2 0.978745 0.269578 7412.7 2041.7
100 $4-3 1.836056 0.975592 13905.7 6934.4
100 S4-4 2.541169 1.710569 19246 12955.3
—~1.00 _|Rate100 (mm/min)| ——S1-1
o
=
c 0.99 1
8
§ J
& 0.98
Q
[0’ o
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173
3 0.96
N
= )
£ 0.95 1
Q
z
0.94 T T ) T T T y T ) T i T
0 100 200 300 400 500 600
Time (s)

Figure 6. Stress relaxation curve over time at a loading rate of 100 mm/min in a single step
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Figure 7. Stress relaxation curve over time at a loading rate of 100 mm/min under two-step loading
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Figure 9. Stress relaxation curve over time at a loading rate of 100 mm/min under four-step loading

3.3. Relaxation Behavior at the Loading Rate of 200 mm/min

At the high loading rate of 200 mm/min, stress relaxation and redistribution occurred much more intensely.
Table 5 shows that in the first step (S4-1), the minimum stress was only 0.00162 MPa, while the maximum reached
0.72941 MPa, indicating extremely rapid stress release during the initial seconds of loading. In the second and
third steps, the stress range increased, with maximum values reaching 1.82285 MPa and 2.71198 MPa,
respectively. Finally, in the fourth step (S4-4), the peak stress reached 3.46567 MPa, while the final normalized
stress dropped to 9.34%, which, as shown in Figure 10, represents the lowest stable stress among all the tested
steps. This behavior at high rates can be attributed to faster activation of interlayer slip mechanisms, increased
local strains, and accelerated rearrangement of polymer chains. Essentially, at high loading rates, the viscoelastic
material does not have sufficient time to adapt, leading to a more sudden stress release. Moreover, as the number
of steps increases, the composite structure tends to soften, and by the end of the fourth step, the curves approach a
stable state. This trend reflects a rate-dependent fatigue-like behavior, which is particularly significant for offshore
structures or systems subjected to fluctuating environmental loads.

Table 5. Maximum and minimum stress and force values for different loading conditions at a loading rate of 200 mm/min

Loading Rate (mm/min) Step Code S]t\lias);il(‘ﬁlr)r; ) Minil;nl\l/ir;la)Stress Maxim(lll\]n)q Force Minim(lll\]n; Force
200 S4-1 0.72941 0.00162 55243 12.3
200 S4-2 1.822285 0.678402 13801.4 5138
200 S4-3 2.711984 1.710569 20539.7 12955.3
200 S4-4 3.46567 2.53388 26247.9 19190.8
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Figure 10. Stress relaxation curve over time at a loading rate of 100 mm/min under four-step loading
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4. Discussion and Conclusion

The stress relaxation behavior of GFRP reinforced steel composite systems demonstrated that the structural
response is directly influenced by the viscoelastic characteristics of the epoxy resin, the loading history, and the
number of applied loading steps. The experimental results clearly showed that the most pronounced stress
reduction occurs within the initial minutes of each stage, after which the system gradually approaches a quasi-
stable state a behavior attributed to the progressive molecular rearrangement within the polymer matrix. Increasing
the loading rate led to higher initial stresses and consequently more pronounced stress decay during the hold period,
as the epoxy has insufficient time to release stored energy under rapid loading. Conversely, at lower loading rates,
the initial stress was smaller and the relaxation process slower yet more persistent, indicating the dominance of
long-term viscoelastic behavior over the immediate elastic response.

The number of loading stages also played a significant role in amplifying stress relaxation. The three-step and
four-step specimens experienced approximately 4—7% greater total stress reduction compared to the single-step
case. This observation indicates that intermediate rest periods provide favorable conditions for releasing residual
energy in the adhesive layer and redistributing stresses, thereby guiding the system toward structural equilibrium.
In effect, each dwell period promotes additional relaxation in the resin matrix and alters the stress-transfer pathway
between layers.

From a mechanical standpoint, these changes are not limited to stress reduction but directly influence the
mechanisms of failure initiation and propagation. The observed failure at the steel—-composite interface highlights
the governing role of the adhesive’s time-dependent behavior in stress concentration and in defining the system’s
ultimate capacity. This becomes particularly critical in real pipeline applications, where loading typically exhibits
fluctuating, gradual, or multistage patterns. Under such conditions, stress relaxation may shift the critical region,
modify failure mechanisms, and change the stress-transfer pattern over time factors which, if ignored, can lead to
significant errors in predicting structural life and stability.

These findings underscore the necessity of explicitly incorporating epoxy viscoelasticity and stepwise loading
effects into numerical modeling, time-dependent simulations, and practical design of reinforced systems,
especially in marine and subsea applications where structures are exposed to load variations over multiple time
scales. Accordingly, the data obtained in this study can serve as a basis for calibrating more advanced models and
developing reinforcement strategies with improved long-term durability. The key findings can be summarized as
follows:

o The most significant stress reduction occurred during the initial minutes of each stage, followed by a gradual
approach toward a quasi-stable state.

¢ Higher loading rates resulted in increased initial stress and faster stress relaxation.

e At lower loading rates, stress relaxation was slower but more persistent, indicating the dominance of
viscoelastic behavior.

Mechanics of Advanced and Smart Materials Journal 5(1) (2025) 146 — 170
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¢ Increasing the number of loading stages led to a 4—7% increase in overall stress reduction compared to the
single-step case.

o Intermediate dwell periods facilitated molecular rearrangement within the resin and stress redistribution
within the adhesive and intermediate layers.

o Failure occurred at the steel-composite interface, emphasizing the critical influence of the adhesive in stress
concentration and time-dependent behavior.

o Stress relaxation can alter failure mechanisms and shift regions of stress concentration.

¢ Viscoelasticity and stepwise loading must be explicitly incorporated in structural design and modeling,
particularly for pipelines and marine applications.

Mechanics of Advanced and Smart Materials Journal 5(1) (2025) 146 — 170
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