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Abstract

To evaluate the creep and fatigue fracture lives of structural acrylic spliced components
fabricated via bulk polymerization, and to elucidate the associated fracture mechanisms,
this study conducted creep and fatigue tests on spliced coupons annealed at 85 °C and
65 °C, as well as base material coupons. The experimental life data were fitted using
log-log linear regression models. Based on statistical analysis, a simple yet robust statistical
framework was established for life prediction, featuring three design curves: 97.7% survival
curves, improved 95% confidence interval lower bounds, and one-sided tolerance curves.
Fractographic examination using scanning electron microscopy (SEM) was performed to
characterize macroscopic failure modes. The results indicate distinct threshold behavior
between stress levels and both creep and fatigue life. The creep threshold stresses are
25 MPa for the base material, 29 MPa for the spliced coupons annealed at 85 °C, and
17 MPa for the spliced coupons annealed at 65 °C. Corresponding fatigue threshold stress
amplitudes are 21 MPa, 22 MPa, and 31 MPa, respectively. Failure in the base material is
primarily initiated by randomly distributed internal defects, whereas failure in the spliced
coupons is mainly caused by defects within the seam or interfacial tearing.

Keywords: PMMA,; spliced coupon; creep life; fatigue life; SEM analysis

1. Introduction

Acrylic (PMMA), due to its high optical transparency [1], excellent formability [2],
superior weather resistance [3], and outstanding mechanical properties, has become a key
transparent material in modern engineering applications. It is widely used in aerospace,
structural engineering, and biomedical fields [4]. In this study, acrylic applied in building
structures is specifically referred to as structural acrylic. The base material of structural
acrylic differs from other grades in its manufacturing process. For instance, aerospace-
grade acrylic [5] is often subjected to orientation stretching during fabrication for toughness
enhancement [6,7], which increases strength in the oriented direction [8,9], while reducing
both strength and ductility in other directions [10]. This anisotropic mechanical behavior
poses potential risks to structural safety. Therefore, structural acrylic is not subjected to
directional stretching treatments.
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Structural acrylic has been successfully implemented in several large-scale architec-
tural projects. The pioneering implementation of structural acrylic in major structures was
exemplified by the Munich Olympic Stadium (1972), featuring a 74,000 m? transparent
acrylic roof, which established a significant milestone in large-scale acrylic applications.
Recently, acrylic structures have garnered substantial attention from structures in China.
A notable contemporary application is the 14,500 m? acrylic roof system implemented in
the Nanjing Future Garden of Jiangsu Garden Expo Park (2022), as illustrated in Figure 1a.
Another standout example of modern acrylic architecture is the centerpiece of Project
Jewel at Changi Airport (Figure 1b) [11], the largest monolithic acrylic structure ever built,
spanning 7856 square feet. Comprising 40 seamlessly bonded panels, it forms a striking
transparent feature rising five stories high. The Jinping neutrino detector, currently under
construction, located in the deepest underground laboratory in the world, will also adopt a
9.96 m diameter acrylic sphere as its core vessel [12,13].

Figure 1. Application of acrylic in structural engineering. (a) Nanjing Future Garden; (b) Jewel at
Changi Airport [11].

In structural engineering, acrylic components often require large sizes and complex
shapes, such as curved or folded surfaces [14]. However, industrial-grade acrylic is limited
by manufacturing equipment, necessitating a modular fabrication strategy: small acrylic
panels are produced and then joined into larger assemblies via bulk polymerization splicing.
The bulk polymerization splicing process for structural acrylic comprises [15] (Figure 2):
(a) Maintaining a gap between two acrylic plates and injecting methyl methacrylate (MMA)
monomer; (b) Sealing the seam and resting the assembly at 20 °C for several hours to
remove bubbles; (c) Applying thermal treatment at 85 °C for several hours to complete
polymerization and annealing. Since the monomer (MMA) used in the bulk polymerization
is identical to the base acrylic material, the spliced seam is optically transparent and
visually indistinguishable from the base material. Moreover, the mechanical strength of the
connected seam can exceed 80% of the base material strength, enabling the entire acrylic
structure to function as a continuous load-bearing system. Typical acrylic component
splicing is conducted in a controlled high-temperature environment within the factory.
When panel dimensions exceed transport limits, sections are shipped and spliced on site.
However, on-site splicing often fails to reach the required 85 °C annealing temperature at
some seam locations.

In modern engineering, structural acrylic has evolved from mere cladding to inte-
grated load-bearing cladding elements. In structural applications, the design stress of
acrylic is typically maintained well below its static ultimate strength, making failure due to
static overload highly unlikely. Nevertheless, acrylic components are frequently subjected
to two typical loading scenarios: (a) long-term static loading (e.g., self-weight and dead
loads), and (b) high-frequency cyclic loading (e.g., wind-induced vibrations and water flow
excitations). These conditions render creep and fatigue as the predominant failure mecha-
nisms and the focal issues in engineering practice. In recent years, large-scale projects have
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driven significant advances in our understanding of structural acrylic’s creep and fatigue
performance [16,17]. Acrylic exhibits pronounced creep behavior even under ambient tem-
perature conditions. Therefore, creep is often the critical design consideration in structural
acrylic applications. Adibeig et al. [18] proposed a 3% creep strain threshold as the failure
criterion and estimated the corresponding creep life based on the Burgers and modified
Burgers models. However, strain-based design approaches are less practical in engineering
applications and may conflict with conventional stress-based design methodologies. Zhou
et al. [19] derived a creep-life prediction for acrylic in liquid scintillator environments
and used it to estimate its long-term durability. Yi et al. [20] applied time-temperature
superposition to post-aging creep-life estimation. Compared to creep life studies, fatigue
life investigations of acrylic have been more extensively conducted, particularly in the area
of fatigue crack propagation. Liu et al. [21] predicted crack-initiation and crack-propagation
lives of U-notch acrylic plates via fatigue-damage mechanisms, combining them to estimate
total fatigue life. Huang et al. [22] conducted low-cycle fatigue tests at varying frequencies,
revealing that creep damage affects fatigue performance and that fatigue life correlates
strongly with loading rate. He et al. [23] proposed a continuum damage mechanics-based
fatigue life model for acrylic shells, validated by finite-element simulations.
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Figure 2. The bulk polymerization process of structural acrylic.

The mechanical properties of the spliced seam are generally inferior to those of the
base material, thereby forming a critical weak spot in the acrylic component. Under
prolonged service, localized stress concentrations develop at this seam, causing marked
losses in fatigue and creep resistance. Ultimately, the structure’s safety and reliability are
compromised. This limitation severely hinders the use of acrylic in structure. Consequently,
Engineers face a trade-off: setting allowable stress too low drives up cost, whereas setting
it too high erodes the safety margin.

Scanning electron microscopy (SEM), with its nanoscale resolution and large depth
of field (typically 1-20 nm), is indispensable for characterizing polymer morphology.
Using high-resolution SEM, researchers have correlated microstructural features with
macroscopic mechanical properties of polymers [24-26]. Yan et al. [27] employed SEM to
compare crack morphologies in conventional and orientation-stretched acrylic, revealing
how alcohol exposure and machining affect crack-tip propagation. Sezavar et al. [28]
examined acrylic/Al,Os composite fracture surfaces, elucidating the roles of alumina
dispersion and interfacial debonding in crack-propagation paths and elastic modulus. The
failure of structural acrylic involves not only the intrinsic strength of the base material but
also the bond strength of the spliced seam, resulting in fracture mechanisms distinct from
those of monolithic polymers. SEM analysis of fracture behavior thus enables engineers to
identify and safeguard vulnerable regions (e.g., connected seam) early in the design process.

Despite these contributions, simple and effective creep and fatigue life prediction
methods for acrylic used in structures—particularly for bulk-polymerized spliced joints—
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are still lacking, and relevant experimental studies remain scarce. This gap places engineers
in a difficult trade-off: (1) setting the allowable stress too low significantly increases
construction costs; (2) setting it too high compromises structural safety; (3) strain-based
life prediction approaches are difficult to implement in practical engineering design due to
the lack of in-service strain monitoring and compatibility issues with conventional stress-
based design codes. Moreover, the influence of suboptimal on-site annealing conditions on
the long-term durability of bulk-polymerized spliced acrylic has not been systematically
investigated. The fracture mechanisms under sustained and cyclic loading, particularly at
the splice interface, also remain unclear.

To develop a practical, statistically robust, and mechanistically informed framework
for the creep and fatigue life prediction of bulk-polymerized spliced structural acrylic, with
explicit consideration of on-site annealing quality and failure mechanisms. First, this study
systematically tested structural acrylic base material coupons and spliced coupons under
various stress levels for creep and fatigue rupture. Secondly, three design curves are derived
from the fitted log-log linear regression models: (i) 97.7% survival curves, (ii) improved
95% confidence interval lower bounds, which corrects the over-optimism of the traditional
ASTM E739 method, and (iii) one-sided tolerance curves. Third, we identify distinct creep
and fatigue threshold stresses for both base material and spliced coupons, leading to the
derivation of recommended allowable stress and stress amplitude limit, filling a critical gap
in current design practice. Finally, SEM was used to examine the fracture surfaces of failed
coupons, revealing fundamentally different fracture mechanisms between base material
and spliced seams.

2. Experimental Test
2.1. Coupon Design

To investigate the effect of annealing temperature on creep and fatigue life of structural
acrylic, three coupon groups were prepared: spliced coupons annealed at 85 °C (85-CSC
for creep, 85-FSC for fatigue), spliced coupons annealed at 65 °C (65-CSC for creep, 65-
FSC for fatigue), and base material coupons (CBC for creep, FBC for fatigue). A spliced
coupon annealed at 85 °C refers to a coupon spliced through bulk polymerization under
an annealing temperature of 85 °C. Similarly, a spliced coupon annealed at 65 °C is a
coupon spliced under an annealing temperature of 65 °C. The spliced coupons annealed
at 65 °C simulate on-site polymerization under suboptimal thermal conditions, since
field measurements show temperatures can drop to approximately 65 °C. This study
included acrylic base material coupons as controls to quantify the extent to which annealing
temperature affects creep and fatigue life.

Creep coupons (Figure 3a) were machined according to GB/T 1040.2-2022 [29] using
Type 1A dimensions, while fatigue coupons (Figure 3b) followed ASTM D638 [30] Type I
dimensions. However, to prevent slippage under cyclic loading due to the short standard
grip length, the grip length was increased to 33 mm while maintaining the original gauge
length. Compared with creep coupons, fatigue coupons were thinner, shorter, and featured
a wider gauge section. For all spliced coupons, a 3 mm-wide seam was centered in the
gauge region.
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Figure 3. Coupon size (mm).

2.2. Short-Term Tensile Test

Short-term tensile failure tests were conducted on the structural acrylic used in this
study to determine its mechanical properties prior to selecting stress levels for the creep
and fatigue tests. The resulting baseline properties are summarized in Table 1, with each
value representing the mean of five replicates.

Table 1. Short-term tensile test results.

Coupon Type Ultimate Strength (MPa) Elastic Modulus (GPa)
Base material coupon 7441+ 43 3.36 £ 0.22
85 °C annealing spliced coupon 64.3 £3.6 3.34 £0.31
65 °C annealing spliced coupon 528 +14 3.41 +0.53

Note: Each value in the table represents the mean of 5 replicate test results.

2.3. Creep and Fatigue Failure Test

Creep and fatigue tests were performed at 20 °C. The creep tests were performed
using a GT-7049-DH creep testing machine manufactured by Gotech Testing Machines
Inc., located in Dongguan, China. This machine is equipped with a temperature-controlled
environmental chamber to ensure thermal stability throughout the test duration. Defor-
mation was recorded using magnetic scale displacement transducers. The system features
three independent loading platforms, enabling simultaneous testing of three coupons under
identical conditions. Tensile creep tests ran for up to 15 days and were terminated if no
fracture occurred. The stress ranges for the creep tests were as follows: 41-55 MPa for the
base material, 43.5-50 MPa for the spliced coupons annealed at 85 °C, and 28-36 MPa for
the spliced coupons annealed at 65 °C [31].

Tensile fatigue tests followed GJB 2033-9432 [32]. According to this standard, the speci-
fied fatigue life corresponding to the endurance limit for aerospace acrylic is 5 x 10* cycles.
In this study, 1 x 10° cycles was adopted as the conditional fatigue limit. Tests were
performed on an INSTRON 8801 fatigue testing machine. A Digital Image Correlation full-
field strain measurement system was integrated into the setup to enable precise coupons
displacement. The stress ratio (R) was 0 and the frequency 1 Hz. Tests were terminated
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(a) Bse material coupons for (b) Sicupons annealed (c) Spliced coupons annealed
creep at 85 °C for creep at 65 °C for creep

upon coupon fracture or upon reaching 1 x 10° cycles. The stress amplitude ranges for
the fatigue tests were 40-60 MPa for the base material, 35-50 MPa for the spliced coupons
annealed at 85 °C, and 35-50 MPa for the spliced coupons annealed at 65 °C.

3. Analysis of Test Results
3.1. Coupon Fracture Morphology

The fracture morphologies of both base-material and spliced coupons under creep
(Figure 4) and fatigue (Figure 5) loading exhibit a high degree of macroscopic consistency
and are therefore analyzed together. Compared with traditional inorganic glass, the acrylic
coupons showed superior resistance to creep and fatigue failure. Fractography reveals
minimal overall deformation at creep and failure, with no significant necking within the
gauge length. The fracture surfaces were generally flat and smooth, lacking protrusions or
burrs, characteristic of a brittle failure mode.

Figure 4. Creep fracture coupon.

(a) Base mﬁtrial coupons for (b) Spliced coupons annealed (c) Splied cépons annealed
fatigue at 85 °C for fatigue at 65 °C for fatigue

Figure 5. Fatigue fracture coupon.

Comparison of failure modes reveals that fracture locations on base material coupons
are random, occasionally occurring outside the gauge length under fatigue loading. This
phenomenon is likely related to the random distribution of microstructural defects within
the base material, indicating a relatively uniform strength distribution. In contrast, the
fractures in annealed spliced coupons were consistently localized at the mid-section of
the coupon, specifically at the spliced seam. This behavior can be attributed to the lower
strength of the spliced seam compared to the base material, which renders the seam the
weakest region of the coupon. Accordingly, failure initiates at the spliced seam under both
sustained and cyclic loading.

3.2. Creep and Fatigue Fracture Life

In the tensile creep tests, 33 valid creep fracture data points were obtained for the
CBC, with 20 and 19 for the 85-CSC and 65-CSC, respectively. In the tensile fatigue tests, 29
valid fatigue fracture data points were obtained for the FBC, and 15 and 23 for the 85-FSC
and 65-FSC, respectively. Some data points were excluded from the analysis for two main
reasons: (a) tests terminated without fracture due to a creep duration exceeding 15 days or
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a fatigue cycle count exceeding 1 x 10° cycles; (b) data invalidated by incidental factors,
such as excessive load deviation in the testing apparatus.

The creep life data of structural acrylic are summarized in Table 2 and the fatigue test
data in Table 3. Both base-material and spliced coupons show that higher stress levels
correspond to shorter life. However, some anomalies occurred. For instance, the creep life
of the first group of coupons under a constant load of 41 MPa (6438 min) was lower than
that of the second group under a higher constant load of 42.5 MPa (8132 min). Similarly, the
fatigue life of the first group under a stress amplitude of 40 MPa (3754 cycles) was shorter
than that of the second group under a higher stress amplitude of 42 MPa (6062 cycles).
These anomalies may be attributed to: (a) Machine error, such as clearance between the
fixture and coupon or gear backlash in the testing system; (b) Human error, as perfect
alignment between the coupon and the load-transmitting rod could not be guaranteed
during installation; (c) Coupon variability, since coupons from the same batch can differ
slightly in mechanical properties.

Table 2. Creep life of structural acrylic.

Type Creep Stress (MPa) Creep Life (min) Creep Stress (MPa) Creep Life (min)
41 6438; 12,574, 12,361 50 91, 107; 74
425 3492; 8132; 5905 51 254;1132; 1188
CBC 45 643; 2602; 3229 52 75;552; 419
47 125; 116; 219 53 141; 299; 558
48 99 54 49; 201; 469
49 2675; 7233 55 52;,75; 64
43.5 1323; 2700; 1717 47 704; 980; 1523
44 5368; 5347 48 186; 396; 183
85-CsC 45 3245; 6974 49 1015; 249
46 560; 1622; 620 50 110; 48
183; 286; 489; 1100;
28 4410; 13,075 32 630; 361
65-CSC 29 539; 640 33 361; 237
30 4564; 1958 34 36; 37
31 188; 50 36 35; 54
Table 3. Fatigue life of structural acrylic.
Type Stress Amplitude (MPa) Fatigue Life (Cycle) Stress Amplitude (MPa) Fatigue Life (Cycle)
40 3754; 8504; 4274 50 1303; 2074; 1131
CBC 42 4116; 6062; 2771 55 592; 696, 704; 977; 980
45 1421; 2233; 1421; 60 397, 450; 314; 274;
2712; 1878; 1657 361; 350
47 2666; 1578; 2689 - -
6221; 5510; 3713;
85.CSC 35 12,401; 15,022 45 4009; 2402
40 66,201; 22,401; 34,601 50 1521; 428; 807, 2346;
1542
35 78,742, 81,400 42 2728; 2718; 7683
65-CSC . . 2101; 4101; 1468;
38 22,127; 24,157; 30,247 45 2728: 2718
40 6301; 6699; 6547, 50 801; 401; 201; 102; 100

12,549; 4956
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4. Statistical Analysis of Creep and Fatigue Life
4.1. Life Prediction Curves

After applying a base-10 logarithmic transformation to the data in Tables 2 and 3, a
clear linear relationship is observed between lifetime and stress. A log-log linear regression
model (log L = A + B log S) was employed to fit the data, as the power-law relationship
effectively captures the nonlinear degradation behavior of acrylic, where a small increase in
stress leads to a disproportionately large reduction in lifetime. The model’s simplicity and
interpretability make it particularly suitable for engineering design applications, allowing
for straightforward derivation of design curves and threshold stresses. For creep life fitting,
L represents the creep life T and S denotes the creep stress o; for fatigue life fitting, L
corresponds to the fatigue lifetime N, and S refers to the stress amplitude Ac. The resulting
fitted curves are plotted in Figure 6.

80 - 80
ol ® CBC Data —CBC Fme.d Curve e FBC Data
e 85-CSC Data 85-CSC Fitted Curve 70 F e 85-FSC Data
60 ® 65-CSC Data 65-CSC Fitted Curve ® 65-FSC Data
60 - FBC Fitted Curve
50 ——85-FSC Fitted Curve
= =50 F @ 65-FSC Fitted Curve
- &
S wl =
Y o 5
<G 40 - L4
o (] o o
30 - o
°
30
20 L 1 L L L L 1
10 100 1000 10,000 100,000 10 100 1000 10,000 100,000 1,000,000
T (min) N (cycle)
(a) Creep testing (b) Fatigue testing

Figure 6. Life prediction curves.

The prediction equations for creep and fatigue life of the three coupon types are pre-
sented in Table 4. As shown in the table, relatively low R? values are observed for the creep
coupons and the 85-FSC specimens. To assess the statistical significance of the logarith-
mic regression models, an F-test based on the correlation coefficient was performed. The
number of coupons 7 and the correlation coefficient r (+* = R? in simple linear regression)
were substituted into Equation (1). It evaluates the null hypothesis that there is no linear
relationship between the logarithmic life and logarithmic stress, and a significant F-test
result allows us to reject this null hypothesis, confirming that the observed linear relation-
ship is highly unlikely to be due to random chance. It is found that all models satisfied the
statistical significance criteria. Therefore, at the 99.9% confidence level, it can be concluded
that the logarithmic regression models reliably describe the linear relationships between
the logarithmic life (creep and fatigue) and the applied stress level in acrylic.

Table 4. Life prediction equation.

Coupon Type Life Prediction Equation 5 r R?
CBC lgT = 45.04 — 25.06lgc 0.67 —0.763 0.582
85-CSC lgT = 59.93 — 34.26lgc 0.42 —0.825 0.680
65-CSC lgT = 46.51 — 29.30lgo 0.58 —0.804 0.646
FBC IgN = 13.88 — 6.351g0 0.13 —0.947 0.898
85-FSC IgN = 18.90 — 9.251g0 0.37 —0.810 0.657
65-FSC IlgN = 29.16 — 15.72lgc 0.25 —0.952 0.906

Note: s denotes the standard deviation, r represents the correlation coefficient, and R2 refers to the coefficient
of determination.
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As observed in Figure 6, the creep life curve of CBC lies slightly above that of the
85-CSC, while that of the 65-CSC is significantly lower than the other two. The CBC also
exhibits a greater degree of data scatter compared to the spliced coupons. In Figure 6b, the
fatigue life curves of FBC, 85-FSC and 65-FSC are relatively close, indicating comparable
fatigue resistance among the three coupon types. Moreover, under low stress amplitude,
the fatigue performance of the spliced coupons even exceeds that of the FBC. Significantly
greater variability is observed in the 85-FSC data compared to the other two coupon types.

Comparison reveals that the R? values of the creep data are generally lower than those
of the fatigue data. This suggests that the fatigue fracture behavior of structural acrylic
is more consistent than that under creep conditions. The difference in data dispersion is
primarily attributed to the distinct failure mechanisms under creep and fatigue loading. A
detailed discussion of this mechanism is provided in the following Section 5.

0547  CBCn=33,r=—0763
0.679  85-CSCn = 20,7 = —0.825
> \/ Fooo (1,1 —2) 0.693  65-CSCn =19,r = —0.804

- 1
n—2+ Fyon (1,1 —2) 0.470 FBC n = 29,r = —0.947 @

0.633  85-FSCn =15,r = —0.754
0524  65-FSCn =23,r = —0.952

4.2. 97.7% Survival Curve

97.7% survival curve is particularly valuable for reliability-based design, where the
goal is to ensure that the vast majority of components in a large structure will perform
reliably over their service life. It provides a clear, conservative design target that balances
performance and safety. Under the assumption of a normally distributed lifetime dataset,
the 97.7% survival probability curve was obtained by shifting the life prediction curve
downward by two standard deviations (2s) on the double-logarithmic plot. The formula
for calculating the standard deviation (s) is provided in Equation (2) and summarized in
Table 4. The resulting 97.7% survival curves are plotted in Figure 7. The failure probability
Pt is defined as the probability that the lifetime is less than a specific value L under a given
stress level. The 97.7% survival curves correspond to a Ps of 2.3%. Equations (3) and (4)
present the 97.7% survival life prediction models for the three types of coupons.

CBC IgT = 43.70 — 25.06lgc
Creep 85-CSC  1gT = 59.09 — 34.26lgc 3)
65-CSC  IgT = 45.35 — 29.30Igc

FBC IgN = 13.62 — 6.351g0
Fatigue 85-FSC  IgN = 18.15 — 9.25g¢r 4)
65-FSC  IgN = 28.66 — 15.72lgc
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Figure 7. Design Curves for Creep and Fatigue Life.

4.3. 95% Confidence Interval Limits
There exists a deviation between the actual creep and fatigue lifetime values yy and

estimated values }/Ao. To better characterize this deviation and enhance the fault tolerance of
lifetime predictions, confidence interval methods from statistical theory were adopted in the
model formulation. The confidence level y was defined as the probability that true-life value
falls within the constructed interval. The confidence bounds were formulated according to
Equation (5). The 95% confidence interval has a 95% probability of containing the true-life
value. While the 97.7% survival curve accounts for the variability within the population
of material strengths, the 95% confidence interval lower bound specifically addresses the
uncertainty inherent in the regression model itself, which is derived from a finite sample of
test specimens rather than the entire population. By providing a statistically conservative
estimate of the average performance, this lower bound ensures that design decisions are
not based on an over-optimistic interpretation of the limited experimental data.

ASTM E739 [33] provides a statistical approach for constructing confidence intervals
in fatigue life data. The corresponding deviation term is given in Equation (6). Although
ASTM E739 was originally published in 2014 and withdrawn in 2024, its methodology
remains widely used in engineering practice. However, analysis revealed that applying
the 95% confidence interval based on Equation (6) to the experimental data in this study
resulted in excessively narrow confidence bands across the stress range. More than half of
the observed data points fell outside the 95% confidence limits. Such a result would lead
to an overestimation of the lower bound and could compromise structural safety. Given
the limited number of datasets in this study, which constitutes a small sample size (n < 33),
the deviation term in ASTM E739 was replaced with a t-distribution-based formulation to
compute the 95% confidence interval, as presented in Equation (8).

(y1(x) = § — 8(x), y2(x) = § + 6(x)) )
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1 2
5(x) = \[2F,s | + (x—7) (6)
El (x; —X)
1 (x—%)?
d(x) = t(l_ﬁr)/z(n—Z)s 1+-+ (7)
Y (x;— %)

Here, t(1_,)/2(n — 2) denotes the t-distribution critical value, s represents the standard
deviation given in Table 4, and n represents the total number of experimental coupons.

At the 95% confidence level, the degrees of freedom (1 — 1) were used to determine
the critical t-value fy.0p5, yielding tcpc = 2.04, tgs.csc = 2.10, tgs.csc = 2.11 for creep coupons,
and tppc = 2.05, tgs.psc = 2.16, tgs.psc = 2.08 for fatigue coupons. These t-values were then
substituted into Equation (7), in combination with Equation (5), to compute the confidence
intervals for creep and fatigue life curves. The lower bound of the confidence interval
corresponds to a confidence level v of 97.5%. The equations for the lower confidence
bounds are presented as Equations (8) and (9). The upper and lower confidence limits are
plotted in Figure 7.

CBC IgT = 45.04 — 25.06lgo — 1.37\/ 1+1/33 + (Igo — 1.69)/0.054
Creep  85-CSC  1gT = 59.93 — 34.26lg0 — 0.882\/ 1+1/20 + (Igo — 1.67)%/0.008 (8)
65-CSC  IgT = 46.51 — 29.30lgo — 1.22\/ 1+1/19 + (Ige — 1.50)/0.019

CBC IgN = 13.88 — 6.351g0 — 0.27\/ 1+1/29 + (Igr —1.63)*/0.11
Creep 85-CSC  IgN = 18.90 — 9.25lgc — 0.81 \/ 1+1/15 + (Igr — 1.64)%/0.04 ©)
65-CSC  IgN =29.16 — 15.721go — 0.52\/ 1+1/23 + (Ige — 1.63)*/0.05

4.4. One-Sided Tolerance Curve

To comprehensively account for the combined effects of P¢ and 7, one-sided toler-
ance curves serve as an essential tool in engineering design. Unlike confidence interval
limits, one-sided tolerance curves are derived to ensure that a specified proportion of the
population is covered at a given confidence level, thereby integrating both P¢ and vy into
a unified framework. The one-sided tolerance curve offers greater flexibility and broader
applicability than either the confidence interval or the survival probability curve, making
it particularly suitable for reliability-based design assessments. It is considered the gold
standard for risk-averse engineering applications because it provides a comprehensive
guarantee: with a specified confidence level (e.g., 95%), a defined proportion of the pop-
ulation (e.g., 90%) will exceed the predicted life. This level of assurance is essential for
large-scale, high-visibility, and safety-critical structures, where the failure of any single
component could have significant consequences. The lifetime corresponding to a given
stress level, P¢ and vy is given by Equation (10) [34].

(x = %)’

(x; — %)

. 1
Yp(y) =9 +ks 1+;+ (10)

It
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Creep

Creep

Here, k represents the one-sided tolerance factor, whose formulation is given in
Equation (11). In Equation (11), u,, up represents the standard normal deviate correspond-
ing to the specified vy and Ps.

1 1 M% u%
A A = R =)
k= X 2 (11)
T 2(n-1)

The one-sided tolerance factor k was calculated from Equation (11) at ¢ = 95% and
Pt =10%. The resulting values are as follows: kcpc = —1.43, kgs.csc = —1.54, kgs.csc = —1.55
for creep coupons; kggc = —1.45, kss.psc = —1.64, kgs.psc = —1.50 for fatigue coupons. The
statistical meaning of the selected one-sided tolerance curves is defined in Equation (12).
It indicates that, with 95% confidence, no more than 10% of the true-life population falls
below the predicted life defined by the tolerance curves. The one-sided tolerance prediction
curves are plotted in Figure 7. The corresponding formulations for the three coupon types
are given in Equations (13) and (14).

P(P; < 10%) > 95% (12)

CBC  IgT = 45.04 — 25.06lg0 — 0.96\/ 1+1/33+ (Igo — 1.69)%/0.054
85-CSC  1gT = 59.93 — 34.26lgo — 0.65 \/ 1+1/20+ (Igo — 1.67)%/0.008 (13)
65-CSC  IgT = 46.51 — 29.30lgo — 0.90\/ 1+1/19 + (Igr — 1.50)%/0.019

CBC  IgN = 1388 — 635130 — 0.19/1+ 1/29 + (Igo — 1.69)%/0.11
85-CSC  IgN = 18.90 — 9.25lgc — 0.61 \/ 1+1/15+ (Igo — 1.64)%/0.04 (14)
65-CSC  IgN =29.16 — 15.72lgo — 0.38\/ 1+1/23 + (Igr — 1.63)%/0.05

4.5. Life Threshold Value

The three design curves explore reliable life estimates from distinct statistical per-
spectives (survival probability, model uncertainty, and population tolerance), thereby
establishing a comprehensive framework for life prediction under uncertainty. As shown in
Figure 7, the majority of life data points are encompassed by the one-sided tolerance curves
for all three coupon types. Only three observations (CBC at 31 MPa, 65-FSC at 50 MPa, and
65-CSC at 31 MPa) are located below the curves. This indicates that the constructed design
curves are statistically reasonable and conservative in nature.

The predicted trends of the creep and fatigue life curves, as well as the three types of
design curves for structural acrylic coupon, in the low-stress region are plotted in Figure 8.
It is observed that the 95% confidence interval lower limit provides significantly lower
life predictions than both the one-sided tolerance curve and the 97.7% survival curve. A
notable threshold effect is revealed in the relationship between life and creep stress (or
stress amplitude). By taking 100 years as the limiting creep life and 1 x 10° cycles as
the limiting fatigue life, it can be inferred that failures will not occur under stress levels
for which the predicted creep life exceeds 100 years or the predicted fatigue life exceeds
1 x 10 cycles. Such levels are defined as the creep threshold stress and the fatigue threshold
stress below which damage accumulation is negligible over the service life, respectively.
The creep threshold values for the CBC, 85-CSC, and 65-CSC coupons are 25 MPa, 29 MPa,
and 17 MPa, respectively. The corresponding fatigue threshold values for the FBC, 85-FSC,
and 65-FSC coupons are 21 MPa, 22 MPa, and 31 MPa, respectively.
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Figure 8. Life prediction curve and design curve under low stress level.

As shown in Figure 6a, the creep performance of spliced coupons is generally inferior
to that of the CBC. However, the creep threshold value of the 85-CSC (29 MPa) is higher
than that of the CBC (25 MPa). It is explained by the fact that, in the low-stress region,
the predicted lifetime of the 85-CSC coupons exceeds that of the CBC coupons, indicating
that superior creep resistance is exhibited by the 85-CSC under low-stress conditions. The
crossover point is identified at 42 MPa based on the prediction curves.

In Figure 6b, comparable fatigue performance is observed for the FBC, 85-FSC, and
65-FSC within the tested stress amplitude range. In the low-stress amplitude region,
the prediction curves indicate that superior fatigue resistance is exhibited by the spliced
coupons relative to the FBC. As the applied stress amplitude decreases, the fatigue life of
the 65-FSC coupons exceeds those of both the FBC and the 85-FSC by a marked point.

When determining the allowable stress and stress amplitude limit for structural acrylic,
the following factors should be considered: 1. The shortage effect—The lowest threshold
value should be used as the baseline to ensure that the design meets the minimum strength
requirements of the material. 2. Brittle failure characteristics—Since creep and fatigue
failures in structural acrylic exhibited brittle behavior, sufficient safety margins should
be reserved to account for potential failure risks. 3. Limitations of the log-log regression
model—While the log-log linear model effectively captures the overall stress-life trend, it is
a phenomenological model that does not explicitly represent complex failure mechanisms,
especially in the presence of multiple damage modes. Furthermore, due to the limited
number of test specimens (small sample size, n < 33), the regression coefficients are sensitive
to data variability and potential outliers. As a result, extrapolation of the model to very low
stress levels, which is beyond the tested range, carries significant uncertainty. Therefore,
an additional design margin is necessary when applying the model for long-term life
prediction in actual engineering projects.
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5. SEM Fracture Analysis
5.1. Creep Fracture Surface

Figure 9 shows the SEM micrographs of creep fracture surfaces of CBC tested under
various creep stress levels. The micrograph in Figure 9a corresponds to a stress of 47 MPa.
A clear regional differentiation is observed, with two distinct zones separated by a sharp
boundary [35,36]: the shining region and the blunted region [37]. The blunted region
corresponds to the stable crack propagation zone, with a characteristic radius of 2.45 mm.
The shining region corresponds to the unstable crack propagation zone. Once the crack
extends beyond the boundary of the blunted region into the shining region, rapid fracture
occurs. High-magnification SEM further reveals numerous microcracks within the blunted
region [38]. Crack initiation originates from an initial flaw at the coupon edge (with a
width of 0.52 mm), where macroscopically visible major cracks rapidly develop around
the flaw [39]. Under creep loading, these major cracks are long and continuous, and
multiple such cracks eventually coalesce into a single dominant crack. As the blunted
region evolves, radial striations aligned with the crack propagation direction are formed
on the fracture surface. When the crack enters the shining region, flower-like patterns
are observed in the early stage of shining region [40], which represent newly formed
microcracks. These microcracks absorb part of the energy during their formation and are
also called the mist region [41]. Based on the above features, the crack propagation process
is classified into three stages: 1. Primary Creep Stage: from initial crack to formation of
major crack. 2. Secondary Creep Stage, Crack propagates along the micro-radial patterns
to the boundary of the blunted region. 3. Tertiary Creep Stage, Rapid fracture after crack
enters the shining region. By comparing the creep fracture morphologies of the CBC tested
under 47 MPa and 48 MPa (Figure 9d), it is evident that the area of the blunted region
significantly decreases with increasing creep stress. This indicates that under higher creep
stress, cracks more easily transition into the rapid propagation stage, thereby leading to a
reduction in the creep life of the CBC.
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Figure 9. SEM micrograph of the creep fracture surface.
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The creep fractures of the spliced coupons were consistently observed at the interface
between the base material and the spliced seam. The fracture surfaces can be examined in
two orientations: base material orientation and seam orientation (as shown in Figure 10).
Figure 9b displayed the fracture morphology along the base material orientation of the
85-CSC under a creep stress of 45 MPa. Unlike the CBC, the blunted region in the 85-CSC
exhibited a band-like morphology, extending uniformly inward from the coupon edge
with an approximate width of 0.3 mm, instead of forming a fan-shaped zone. The central
region of the fracture surface features a rectangular shining region, measuring 8.07 mm in
length and 2.86 mm in width. This morphological feature suggests a distinct creep fracture
mechanism in the 85-CSC compared with that of the CBC. Due to the adhesive bonding
between the base material and the spliced seam, the interface becomes the mechanically
weakest zone of the coupon. Under creep loading, tear initiation is triggered at the outer
edge of the interface and gradually propagates inward. Once the tear reaches a critical
width, it crosses the boundary of the blunted region, leading to rapid fracture and leaving
behind plate-like remnants of the bulk polymer adhesive on the base material surface. High-
magnification observation of the widest portion of the blunted region (0.91 mm) reveals the
presence of extensive lamellar delamination, which clearly indicates adhesive separation
from the base material surface. On the surface of the shining region, distinct wavy striped
structures are observed. These features originate from the flow and solidification process
of the adhesive during injection, with the stripe orientation perpendicular to the adhesive
injection direction. Figure 9e presents the fracture morphology along the spliced seam
orientation of the 85-CSC under a higher creep stress of 50 MPa, where the width of the
blunted region is significantly reduced to 0.21 mm. This observation further confirms that
as the creep stress increases, the area of the blunted region in the 85-CSC decreases, the
crack propagation rate accelerates, and consequently, the creep life is reduced.

Fracture Location Bylk Polymerization Seam

Base Material Base Material

< |1
Base Material ||
Orientation

Seam Orentation
Figure 10. Observation direction of the fracture surface of spliced coupon.

As shown in Figure 9¢, the 65-CSC coupon exhibited a distinct fracture morphology
compared with that of the 85-CSC. Although the macroscopic fracture still occurs at the base
material-spliced seam interface under a creep stress of 35 MPa, microstructural observations
reveal that crack initiation actually originates within the bulk polymer adhesive layer, sub-
sequently propagating along the interface between the spliced seam and the base material.
The maximum width of the blunted region reaches 5.2 mm, and radial striations indicating
the crack propagation direction are observed within this region. High-magnification SEM
images further reveal a relatively thick layer of solidified adhesive, suggesting a consid-
erable depth of crack propagation within the spliced seam. The boundary between the
blunted region and the shining region exhibited a lamellar parabolic morphology. Since
the crack propagates internally within the spliced seam, which is essentially composed of
MMA, flower-like microcracks are also observed at the edge of the shining region. Figure 9f
displays the fracture morphology on the spliced seam side of the 65-CSC under a creep
stress of 32 MPa, where the maximum width of the blunted region reaches 7.7 mm, further
confirming deep internal crack propagation within the spliced seam. These observations
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indicate that creep failure in the 65-CSC originates from intrinsic defects within the spliced
seam. The results suggest that the annealing temperature of 65 °C not only significantly
affects the bonding quality at the base material-spliced seam interface but also influences
the intrinsic structural integrity of the spliced seam.

5.2. Fatigue Fracture Surface

Figure 11 presents the SEM micrographs of fatigue fracture surfaces of FBC tested
under various stress amplitudes. As shown in Figure 11a, the fracture surface at a stress
amplitude of 55 MPa reveals that the fatigue failure process is similar to that observed in
CBC. Crack initiation was traced to a flaw approximately 0.19 mm in width, which subse-
quently developed into a macroscopic crack under cyclic loading. In contrast to the long,
continuous cracks formed under creep loading, fatigue-induced cracks are characterized
by discontinuous propagation and shorter lengths. Subsequent crack growth entered the
blunted region, where radial striations parallel to the crack propagation direction were
observed. These striations were attributed to the initial defect, which served as the nu-
cleation center. The crack ultimately propagated into the shining region, leading to rapid
fracture. In the early stage of shining region, flower-like patterns can also be identified,
indicating newly formed microcracks. Unlike the CBC, the radial striations in FBC extend
continuously into the shining region. Moreover, the boundary of the blunted region in FBC
was indistinct, being regarded as a transitional zone. These observations suggest that under
fatigue loading the blunted region and shining region developments occur as a continuous
process rather than via abrupt transitions, as seen in creep failure. With increasing stress
amplitude, the blunted region was found to narrow. Specifically, the width of the blunted
region under 55 MPa was measured at 1.61 mm, whereas at 60 MPa it decreased to 0.79 mm
Figure 11d, indicating a significant reduction in fatigue life. Fatigue failure in FBC is also
governed by initial defects inherent in the base material.
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Figure 11. SEM micrograph of the fatigue fracture surface.

Figure 11b presents the SEM micrograph of the fracture surface of the 85-FSC under
a stress amplitude of 45 MPa. Fatigue failure was found to initiate within the adhesive
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seam, in contrast to its failure behavior under creep stress. A blunted region with a radius
of approximately 1.96 mm was defined. Within the shining region, the fracture surface
exhibited complex lamellar delamination features. A distinct transition zone between
the shining and blunted regions was observed, where fatigue striations are present. The
striations were characterized by a progressive increase in lamellar size, indicating the
crack propagation direction. In the central portion of the blunted region, an initial crack
was detected, surrounded by radially propagating major cracks that formed a star-shaped
morphology. Figure 11le shows the fracture surface of the 85-FSC tested at a reduced
stress amplitude of 30 MPa, in which the blunted region radius increased to 3.2 mm and
the shining region was again characterized by intricate lamellar delamination. These
observations indicate that the crack development and failure mechanisms of the 85-FSC are
fundamentally different from the 85-CSC. In the 85-FSC, the crack initiates and propagates
within the adhesive seam itself, whereas in the 85-CSC, crack initiation typically occurs at
the interface and progresses via tearing at the seam-base material interface.

The 65-FSC exhibited different fatigue failure mechanisms depending on the applied
stress amplitude. Figure 11c shows the SEM micrograph of the fracture surface along the
spliced seam orientation for a 65-FSC subjected to a stress amplitude of 42 MPa. Similar to
that of the 85-FSC, Fatigue failure was initiated from a star-shaped primary crack, followed
by development of a blunted region with a radius of approximately 3.95 mm. Distinct
fatigue striations were clearly observed within the blunted region. In contrast, the shining
region displayed markedly simpler lamellar delamination structures than those in the
85-FSC, indicating lower energy dissipation capacity and reduced fatigue resistance in
the 65-FSC. Under lower stress amplitude, a different failure mechanism was observed.
Figure 11f presents the fracture surface of a 65-FSC tested at 35 MPa, where failure occurred
primarily through interfacial tearing between the seam-base material interface. The widest
portion of the blunted region in this case reaches 0.69 mm. Based on these observations, two
fatigue failure mechanisms are proposed for the 65-FSC: 1. Under high stress amplitude,
crack initiation and propagation occur within the adhesive seam. 2. Under low stress
amplitude, failure is governed by interfacial tearing at the seam-base material interface.

When prediction curves intersect, coupons exhibiting interfacial failure perform better
under low creep stress or low stress amplitude conditions. This finding is supported by
the experimental data in Figure 6. For the 85-CSC, in which interfacial tearing occurs, the
predicted creep life is lower than that of the CBC at high creep stress. Under reduced creep
stress, however, the predicted life of the 85-CSC increases and eventually surpasses that of
the CBC. Similarly, the 65-FSC, which is dominated by interfacial failure under low stress
amplitudes, is predicted to have a fatigue life below those of both the CBC and the 85-FSC
at high amplitudes but to exceed them as the stress amplitude decreases.

6. Conclusions

The creep and fatigue life of structural acrylic are among the key concerns in structural
design. In this study, creep and fatigue fracture tests were conducted on base material
coupons, 85 °C annealed spliced coupons, and 65 °C annealed spliced coupons of structural
acrylic. Based on the experimental results, life prediction models for both creep and fatigue
failure were established through regression analysis. Subsequently, three types of design
curves for creep and fatigue life were developed using different statistical approaches.
Finally, the fracture surfaces of the coupons were examined via SEM, and the failure
mechanisms were analyzed and interpreted based on the observed morphologies. The
following conclusions are as follows:

(1) A log-log linear regression model is employed to establish the creep and fatigue
life prediction equations for structural acrylic. The statistical significance of these models is
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validated using an F-test, confirming that the fitting equations are statistically significant
at the 99.9% confidence level. This result supports the reliability of the lifetime prediction
models from a statistical standpoint. Based on the derived life prediction equations, three
types of design curves were constructed: the 97.7% survival curve, 95% confidence interval
curve lower limit and the one-sided tolerance curve. In terms of conservatism, the 95%
confidence interval lower limit is the most stringent, followed by the 97.7% survival
probability curve, while the one-sided tolerance curve is relatively less conservative.

(2) Structural acrylic demonstrates a pronounced threshold effect in both creep and
fatigue life with respect to applied stress. Using a creep life of 100 years as a reference,
the corresponding creep threshold stresses are 25 MPa for the CBC, 29 MPa for the 85-
CSC, and 17 MPa for the 65-CSC. Likewise, based on a fatigue life of 1 x 10° cycles, the
fatigue threshold stresses are 21 MPa for the FBC, 22 MPa for the 85-FSC, and 31 MPa for
the 65-FSC.

(3) The failure of CBC and FBC is primarily governed by the distribution of intrinsic
defects within the base material. In contrast, the failure of 85-CSC is mainly determined
by the bonding strength at the interface between the base material and the spliced seam.
For both 65-CSC and 85-FSC, the fracture initiates from initial defects located near the
adhesive interface within the spliced seam. For the 65-FSC, failure under high stress
amplitude originates from internal defects within the spliced seam, whereas under low
stress amplitude, it shifts to interfacial debonding at the seam-base material interface.

(4) Both the creep and fatigue blunted regions in structural acrylic exhibit a pronounced
stress dependence: as the applied stress increases, the size of the blunted region decreases
significantly. When the lifetime prediction curves are comparable or exhibit crossover
behavior, coupons that fail via interfacial tearing at the spliced seam demonstrate superior
performance under low creep stress or low stress amplitude conditions compared to those
failing due to internal material defects.
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