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Abstract

Acrylic is increasingly being used in structural engineering applications due to its charac-
teristics of light weight, capability of bulk polymerization, and absence of self-destruction
risk, compared to tempered glass. However, structural acrylic exhibits creep behavior
when subjected to prolonged loading. In order to study the creep performance of structural
acrylic base material and coupons connected using the bulk polymerization technique,
short-term tensile tests and long-term creep tests were conducted, and the effect of anneal-
ing temperature controlled in the bulk polymerization process was considered. The results
show that annealing temperature significantly affects the quality of bulk polymerization.
The Burgers model accurately describes the viscoelastic behavior of acrylic, and the Prony
series converted from the parameters in the Burgers model can be directly implemented in
Abaqus and accurately simulates the creep behavior of acrylic. The equation proposed in
this study, on the basis of the Findley model, is precise enough to predict the creep curves
of acrylic base material and connecting coupons. The Time-Stress Superposition Principle
is valid when the time is greater than the threshold value.

Keywords: structural acrylic; bulk polymerization; creep performance; viscoelastic; Burgers
model; Time-Stress Superposition Principle

1. Introduction

Polymethyl methacrylate, commonly known as acrylic or PMMA, has emerged as a
significant structural material in engineering. The performance of acrylic can be tailored
through optimization of its formulation [1]. Acrylic employed in structural engineering
applications, which is termed structural acrylic, is required to exhibit superior mechanical
performance and resistance to aging. In comparison with conventional tempered glass
typically employed in structures, structural acrylic exhibits three distinct advantages [2]:
(a) significantly reduced weight (approximately 50% lighter than glass), (b) high mechanical
strength [3], stemming from its long-chain [4] flexible molecular structure [5], which
endows it with excellent tensile and impact resistance, and (c) the feasibility of connecting
various sheets through bulk polymerization technique, similar to welding of steel structures.
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Consequently, structural acrylic has gained increasing prominence in architectural and
large-scale structural applications. For instance, the JUNO detector [6] located in Jiangmen,
China, features an ultra-large acrylic sphere with a diameter of 32.4 m, capable of containing
2000 tons of liquid scintillator. In these engineering applications, structural acrylic spliced
components fabricated via bulk polymerization have been extensively utilized.

Structural acrylic exhibits high short-term tensile strength, exceeding 70 MPa accord-
ing to GB/T 7134 [7], which satisfies the essential requirements for engineering materials.
However, Structural acrylic demonstrates pronounced creep behavior at ambient tempera-
ture, resulting in significantly reduced allowable stress under long-term loading conditions.
As a viscoelastic material, acrylic exhibits dual deformation characteristics under external
loading: instantaneous elastic deformation and time-dependent deformation. This funda-
mental mechanical behavior constitutes the essential mechanism of creep phenomenon
in acrylic.

The Maxwell model, consisting of a spring and dashpot in series, was initially pro-
posed by James Clerk Maxwell in 1867 to characterize viscoelastic constitutive relationships.
Subsequently, the Kelvin model, featuring a parallel arrangement of a spring and dash-
pot, was developed. While these fundamental models serve as basic tools for analyzing
material viscoelasticity, their simplistic formulations significantly limit their capability to
accurately model creep behavior. Consequently, researchers have developed advanced
viscoelastic constitutive models to study more complex creep mechanisms [8]. Notable
developments include the standard linear solid Kelvin model [9], standard linear solid
Maxwell model [10], Burgers model [11], and Generalized Maxwell model [12]. Among
these constitutive models, the Burgers model, which combines a Kelvin model and Maxwell
model in series, has emerged as a widely adopted approach for characterizing polymer
creep behavior due to its ability to accurately capture both the instantaneous elastic de-
formation (from the Maxwell spring), primary creep with its retarded elasticity (from the
Kelvin unit), and the continuous secondary creep flow (from the Maxwell dashpot).

Beyond the well-established viscoelastic models, various theoretical frameworks,
including the Andrade [13], Norton [14], Norton-Bailey [15], and Findley models [16], have
been developed to characterize material creep behavior. While these models demonstrate
excellent fitting capabilities for polymeric materials, their parameter definitions often lack
physical clarity and interpretability.

Furthermore, the accurate prediction of long-term creep behavior in structural acrylic
remains a critical challenge, significantly impacting its engineering applications. However,
long-term creep testing under low stress conditions presents significant challenges due to
its time-intensive nature and high experimental costs. A practical alternative involves ex-
trapolating low-stress data from high-stress or high-temperature measurements, leveraging
the Time-Temperature-Stress Superposition Principle (TTSSP) [17-19]. Under isothermal
conditions, TTSSP simplifies to the Time-Stress Superposition Principle (TSSP) [20,21].
The applicability of TSSP for predicting creep behavior in acrylic has been validated
by Zhou [22] through experimental studies on specimens immersed in liquid nitrogen.
Wang [23] derived a TSSP-based expression that accounts for physical aging and rheological
damage, demonstrating excellent predictive capability for acrylic creep behavior.

In contrast to the acrylic sheets utilized in aerospace applications, structural acrylic
sheets typically exhibit significantly larger dimensions. The manufacturing and transporta-
tion constraints make factory production and subsequent delivery of such large sheets
impractical. Consequently, on-site assembly through bulk polymerization of multiple
smaller sheets becomes necessary (see Figure 1). However, this construction method intro-
duces bulk polymerization connecting seams with mechanical strength inferior to that of
the base material. The mechanical performance of these connected sheets is significantly
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influenced by annealing temperature of connecting seams, yet precise temperature control
during on-site annealing is difficult task, particularly for large-scale structures. This chal-
lenge is exemplified in the construction of the Nanjing Future Garden (see Figure 2), where
maintaining accurate and stable temperature control within a 21 m diameter insulated
enclosure proved particularly difficult. As far as the authors are aware, limited research
has been conducted on the combined effects of bulk polymerization connection seams and
annealing temperature on the creep behavior of structural acrylic.

Large size sheets: Transported to the construction site Connecting seam
for annealing and connecting

Large size sheets

Small size sheets

sl

Low temperature polymerization Approximately closed environment
(20~30°C) for a few hours Difficult to maintain temperature at 85 °C

[ "Add bulk !
polymer

Low temperature polymerization Closed environment
(20~30°C) for a few hours Annealing (85°C) for several hours

Small size sheets: Annealing and connecting in factory

Figure 1. Comparison of factory and on-site annealing connection for structural acrylic panels

according to size.

Figure 2. Construction site of the Nanjing Future Garden.

This study adopts a comprehensive experimental and numerical approach to investi-
gate the creep behavior of structural acrylic base material and connecting coupons, with
particular attention to the influence of annealing temperature. Short-term uniaxial tensile
tests and long-term creep experiments were performed on both base materials and bulk-
polymerized coupons annealed at 85 °C and 65 °C. The experimental data were analyzed
using the Burgers model, and the fitted parameters were subsequently transformed into
Prony series for finite element simulations in Abaqus, forming a validated constitutive
framework for structural acrylic. Building upon the classical Findley model, a modified
creep equation was developed, which substantially improves the predictive capability
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for long-term creep curves under various stress levels. Finally, the applicability of TSSP
was rigorously examined, and its threshold values were identified, highlighting that the
principle is not universally valid.

2. Experimental Test
2.1. Coupon Design

The test coupons, designed in accordance with Chinese standards GB/T 1040.1 [24] and
11,546.1 [25] (see Figure 3), maintained identical dimensions for both short-term tensile and
long-term creep tests. The acrylic material complied with the specifications outlined in Chinese
standard GB/T 7134 [7]. Considering the practical challenges in maintaining precise and
stable temperature control during on-site bulk polymerization, where the nominal annealing
temperature is typically 85 °C, two distinct sets of connecting coupons were prepared: one
annealed at the standard 85 °C and another at a reduced temperature of 65 °C. Additionally, a
set of base material tests was included for comparison. In total, 120 acrylic coupons (molecular
weight = 1.020 x 10° g/mol, polydispersity index = 2.09) were manufactured from Donchamp
(Jiangsu) Materials Technology Company for experimental investigation.

Base matal

; . -
e
Unit: mm
Connecting coupon annealing at 85°C - -
77777777777 - e &

.- 30 [ 25 60 125 30
I I I | 4.0:0.4
170
Connecting coupon annealing at 65°C
m— -
L _ o Sy
(a) coupon types (b) coupon dimensions

Figure 3. Coupon design.

2.2. Short-Term Uniaxial Tensile Test

Uniaxial tensile tests were performed in compliance with standard GB/T 1040.1 [24]
using a WDW-100 universal testing machine under displacement-controlled loading condi-
tions. The coupons, with a consistent gauge length of 50 mm, were tested in five replicates
to ensure statistical reliability and minimize data dispersion. All coupons exhibited brittle
fracture behavior without demonstrating distinct yielding stages, with the experimental
results represented by averaged values of key mechanical parameters. The short-term
tensile test results are summarized in Table 1. The experimental data reveal comparable
Young’s moduli but significant differences in ultimate strength among the three coupon
types. Specifically, the connecting coupons annealed at 65 °C demonstrate lower ultimate
strength compared to those annealed at 85 °C, with both values being inferior to the base
material’s performance. These findings clearly indicate that bulk polymerization adversely
affects the mechanical properties of acrylic, and the annealing temperature plays a crucial
role in determining the quality of bulk polymerization.

Table 1. Short-term tensile test results.

Young’s Modulus True Ultimate Strength . .

The Type of Coupon (GPa) (MPa) Ultimate Strain
Base material 3.36 +0.22 744+ 43 0.054 £ 0.014
Connecting coupon annealed at 85 °C 3.34 £0.31 64.3 £ 3.6 0.032 + 0.007
Connecting coupon annealed at 65 °C 3.41 £0.53 528 £14 0.022 £ 0.001

Note: Each value in the table represents the mean of 5 replicate test results.
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2.3. Creep Test
2.3.1. Test Program

The tensile creep behavior was investigated using a GT-7049-DH creep testing appara-
tus, which incorporated a precisely controlled environmental chamber with a dual-layer
insulation system comprising rigid foam and heat-insulating cotton. This configuration
ensured exceptional thermal stability throughout the extended testing periods. The system
demonstrated remarkable measurement precision, with load control accuracy maintained
within 1% and displacement resolution of 0.01 mm achieved through a magnetic scale
sensor. To enhance testing efficiency, the apparatus was equipped with a multi-specimen
loading fixture, enabling simultaneous testing of multiple coupons. The testing system
incorporated an integrated automated control unit with real-time monitoring capabilities
for operational parameters, data acquisition, and computational analysis. Coupons were
securely mounted in the testing fixture, with applied tensile forces precisely monitored by
a pressure sensor and regulated through a closed-loop feedback system. Creep-induced
deformations were continuously recorded using a magnetic grating displacement sensor.

To obtain measurable creep deformation within a reasonable experimental timeframe
while avoiding premature failure, the applied creep stress levels were carefully selected
within the range of 31% to 78% of its short-term tensile ultimate strength for each type
of coupon. The designed stress levels for the three coupon types are detailed in Table 2,
and the corresponding stress distributions are visually summarized in Figure 4. There
is almost no overlap between the stress ranges of the base material and the connecting
coupons annealed at 65 °C. In contrast, the stress range of the connecting coupons annealed
at 85 °C shows significant overlap with both the base material and the connecting coupons
annealed at 85 °C. All tests were conducted at a constant temperature of 20 °C, with
triplicate measurements performed at each stress level. The termination criteria for each
test were either coupon failure or upon reaching the 12-day duration limit.

Table 2. Designed stress levels for creep tests.

Coupon Type The Creep Stress Levels

Connecting coupon annealed at 85 °C

Connecting coupon annealed at 65 °C

Base material

35 MPa, 40 MPa, 41 MPa, 42.5 MPa, 45 MPa, 48 MPa, 49 MPa,
51 MPa, 52 MPa, 53 MPa, 54 MPa, 55 MPa
20 MPa, 28 MPa, 35.5 MPa, 37 MPa, 43.5 MPa, 44 MPa,
45 MPa, 46 MPa, 47 MPa, 48 MPa, 49 MPa, 50 MPa
20 MPa, 25 MPa, 28 MPa, 29 MPa, 30 MPa, 31 MPa, 32 MPa,

33 MPa, 34 MPa, 36 MPa
60
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Figure 4. The creep stress distribution range of the three types of coupons.
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2.3.2. Creep Curves
The creep behavior characteristics are presented in Figures 5-7, which illustrate rep-
resentative creep curves selected for clarity [26]. It should be emphasized that all strain
measurements in this investigation represent true strain values. The initial strain values
were determined based on the stress—strain relationships established through short-term
loading tests. Two particularly noteworthy findings emerge from the experimental results:
(a) certain coupons exhibited no failure at lower stress levels, and (b) some data points
were unavailable due to instrumentation malfunctions. The test curves show a dispersion,
which can be attributed to two primary factors: the scatters in material performance and
potential load magnitude discrepancies among the three loading fixtures.
0.06 0.05 0.05
0.05 0.04 | Coupon 1 0.04 -
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Figure 5. Creep curves of base material.
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Figure 6. Creep curves of connecting coupon annealed at 85 °C.
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Figure 7. Creep curves of connecting coupon annealed at 65 °C.
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Figure 8 presents a comparative analysis of the tensile creep performance of the three
types of coupons. As shown in Figure 8a, under a creep stress of 35 £ 0.5 MPa, the time to
failure of the connecting coupon annealed at 65 °C is significantly shorter than that of the
other two types—only about 1020 s—making it nearly invisible on the time axis (0240 h).
In contrast, the base material and the connecting coupon annealed at 85 °C did not fracture
even after prolonged exposure at 35 MPa and 35.5 MPa, respectively. Figure 8b shows that,
under 49 MPa, the base material and the connecting coupon annealed at 85 °C fractured
after 45 h and 17 h of creep, respectively. Meanwhile, Figure 8c reveals that at 28 MPa, the
connecting coupon annealed at 85 °C survived beyond 240 h without fracture, whereas the
connecting coupon annealed at 65 °C failed after 218 h. All three subfigures consistently
demonstrate that, at comparable stress levels, the base material exhibits the lowest creep
rate, followed by the connecting coupon annealed at 85 °C, while the connecting coupon
annealed at 65 °C shows the highest creep rate. Therefore, based on comparisons of both
creep duration and creep rate, it can be concluded that the base material exhibits the best
creep performance. Furthermore, the connecting coupon annealed at 85 °C demonstrates
significantly superior creep resistance compared to that annealed at 65 °C, indicating that
the annealing temperature has a substantial influence on the creep behavior of acrylic.

0.07 0.05
. o 0.06
| Connecting coupon annealed at 65 °C 0.04
36MPa = 0.05F Base material =
i . S o004l 49MPa 'E 0.03 |
Connecting coupon annealed at 85 °C > > Connecting coupon annealed at 65 °C
35.5MPa = | = 28MP:
: £ 003 £ 002} S Failed
= =
//’”_ 0.02 Connecting coupon annealed at 85 °C Unfailed
Base material 49MPa 0.01
35MPa 0.01F : Connecting coupon annealed at 85 °C
28MPa
L L L L 0.00 ; ; ; ; 0.00 L \ \ \
0 48 96 144 192 240 0 12 24 36 48 60 0 60 120 180 240 300
Time (hours) Time (hours) Time (hours)
(a) (b) (0)

Figure 8. Comparative creep performance of different Coupons. (a) Comparison of three types of
coupon. (b) Comparison of base material and connecting coupon annealed at 85 °C. (¢) Comparison
of connecting coupon annealed at 85 °C and 65 °C.

The experimental results demonstrate a clear correlation between applied stress and
creep behavior: increasing stress levels generally lead to elevated creep rates and reduced
creep life. Typically, creep strain evolution comprises three distinct phases: primary stage
(transient creep), secondary stage (steady-state creep), and tertiary stage. However, the
current investigation revealed an absence of tertiary creep behavior in all tested coupons.
The absence of tertiary creep stages indicates limited plastic deformation capacity in
the material.

3. Burgers Model and Finite Element Analysis
3.1. Determination of Parameters in Burgers Model

The Burgers model (see Figure 9) is frequently used to describe the viscoelastic behav-
ior of polymers. The expression is

_ 00, G0 g ity T
s(t)_El Ez(l emn )+;71 t 1)
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where 0 represents the creep stress; E1 and #; are the elastic and viscous parameters of the
Maxwell series unit, respectively; E; and 77, are the elastic and viscous parameters of the

Kelvin parallel unit, respectively.

EZ

—AMM—

m

Figure 9. Burgers model.

To validate the applicability of the Burgers model, creep data obtained from the tested
coupons were analyzed through curve fitting, as illustrated in Figure 10 and summarized
in Table 3. For clarity and simplicity, only one representative curve from the triplicate tests
at each stress level was selected for the fitting process. The results demonstrate a strong
correlation between the fitted and experimental curves, with all determination coefficients
(R?) exceeding 0.96, indicating excellent agreement and robust fitting performance.

0.08 0.08
49MPa Test curve 55MPa Test curve
— — — Fitted curve 54MPa — — — Fitted curve
0.06 48MPa 0.06 [
45MP
‘§ /1/, SMba § 53Mpa_~ 22MF2
- 42.5MPa 2 51MP
T"; 0.04 y " 41mpa +% 0.04 a 45MPa
° 40MPa °
= """ Unfailed =
0.02 0.02
35MPa
[ —""" Unfailed
0.00 L L ; L 0.00 . . L
0 120 240 360 480 600 0 12 24 36 48 60
Time (hours) Time (hours)
(a) base material
0.05 0.05
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. 50MP
0.04F - — — Fitted curve 0.04 POMFP27 48MPa
47MPa 45MPa |, j 47MPa 45MPa _|
= =
= 44MPa = =
£ 0.03 7 37Mpa | £ 0.03
@ Unfailed | & 43.5MPa
E T 35 5MPa =
E 0.02 Unfailed E 0.02
. 28MPa
0.01 b—""1 Unfailed 001 Test curve
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0.00 . ; . 0.00 L . . L
0 84 168 252 336 0 12 24 36 48 60
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(b) connecting coupon annealed at 85 °C

Figure 10. Cont.
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Figure 10. Fitting results by using the Burgers model.

Table 3. Fitting parameters of the Burgers model.

Type o(MPa) E1(MPa) E;(MPa) #1(GPa's) #2(GPa-s) R?

35 3424 14,829 1.05 x 1010 2.55 x 10° 0.9989

40 2907 4534 7.81 x 10° 8.05 x 108 0.9978

41 2619 3209 2.60 x 10° 2.94 x 108 0.9980

425 2770 3430 1.44 x 10° 1.44 x 108 0.9977

45 2990 3756 5.77 x 108 1.05 x 108 0.9995

Base material 48 2612 2971 1.08 x 10° 1.65 x 108 0.9986
49 2767 3404 6.08 x 10° 1.58 x 108 0.9998

51 2796 4867 1.92 x 108 5.81 x 107 0.9994

52 2860 7077 1.02 x 108 4.87 x 107 0.9999

53 2768 4903 1.18 x 108 411 x 107 0.9999

54 2726 11,195 4.95 x 107 3.67 x 107 0.9994

55 2666 22,863 242 x 107 295 x 107 0.9995

20 3398 19,874 2.09 x 1010 3.91 x 10° 0.9817

28 3161 8523 1.14 x 1010 1.01 x 10° 0.9975

35.5 2887 6548 8.10 x 10° 7.29 x 108 0.9969

37 2822 5359 7.60 x 10° 6.56 x 108 0.9978

435 2738 5654 1.02 x 10° 1.51 x 108 0.9993

Connecting coupon 44 2634 4560 1.71 x 10° 2.33 x 108 0.9989
annealed at 85 °C 45 2634 4802 1.01 x 10° 1.54 x 108 0.9992
46 2705 7256 2.29 x 108 5.69 x 107 0.9998

47 2642 4866 3.53 x 108 6.38 x 107 0.9994

48 2672 9250 1.54 x 108 4.44 x 107 0.9988

49 2595 7240 9.91 x 107 3.40 x 107 0.9998

50 2578 6176 7.79 x 107 2.28 x 107 0.9985

20 3461 12,292 1.36 x 1010 1.72 x 10° 0.9933

25 2998 5341 8.60 x 10° 6.25 x 108 0.9973

28 2781 4040 5.95 x 10° 3.12 x 108 0.9954

29 3043 14,270 542 x 10° 1.97 x 108 0.9949

Connecting coupon 30 3061 8494 1.45 x 10° 3.15 x 108 0.9988
annealed at 65 °C 31 3062 11,157 9.05 x 108 2.80 x 108 0.9969
32 3001 30,878 2.33 x 108 1.72 x 108 0.9905

33 2989 42,707 2.65 x 108 2.67 x 108 0.9964

34 2990 88,379 1.31 x 108 2.71 x 108 0.9725

36 2916 31 7.37 x 108 4.81 x 107 0.9619

3.2. Prony Series

In Abaqus, a widely adopted comprehensive finite element analysis software, the

Burgers model requires transformation into a Prony series representation for creep analysis
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due to its inherent incompatibility with direct implementation. The Prony series essentially
represents the generalized Maxwell model [27], which comprises a single elastic spring
connected in parallel with n Maxwell units, as illustrated in Figure 11. The generalized
Maxwell model comprehensively captures the deformation characteristics of viscoelastic
materials. Through mathematical derivation, this model has been established to be equiva-
lent to the Prony series formulation implemented in Abaqus, thereby enabling accurate
numerical simulation of acrylic creep behavior through the Prony series functionality.

I,
|

Figure 11. The generalized Maxwell models.

The expression for the generalized Maxwell model is as follows [28]:

E(f) = Eoo+ZEieXp<_t/Ti),Ti :ni/Ei (2)
i=1

where E. and E; represent the tensile elastic moduli; 7; represents the relaxation time.
Since the elastic modulus E, shear modulus G and bulk modulus K can be interchanged
within the elastic range (G = 5-L—, K = 3 (1E 50) ), the generalized Maxwell expression for

2(+v)’
the relaxation moduli of bulk modulus and shear modulus, based on Equation (2), can be

written as [29]:

G(t) = Geo + i Giexp(—t/7,°) 3)
i=1

n
K(t) = Koo + Y Kiexp(—t/75) (4)
i=1

In Equations (3) and (4), Ge and G; represent the shear moduli; K and K; represent
the bulk moduli; TZ-G and TiK represent the relaxation times for shear and bulk moduli.

The initial bulk modulus can be separated from Equation (3), yielding Equation (5).
The latter part of Equation (5) represents the Prony series formulation implemented in
Abaqus for characterizing the viscoelastic behavior of materials.

gi(1 -1/ (5)

™=

G(t) = Go[1 —
1

n
where g; = G;/Gg. Gp = Geo + Y, G;. This initial bulk modulus form indicates that the
i=1
modulus starts at its maximum value and gradually decreases over time.

Abaqus further simplifies Equation (5) by using a dimensionless relaxation modulus
in the generalized Maxwell model to calculate the viscoelastic material properties [30]:

N

g =1-Y gi(1—et/7) (6)

i=1
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Although the built-in data fitting module provides a relatively straightforward ap-
proach for determining the required Prony series parameters, it presents several computa-
tional limitations. These include convergence difficulties during experimental data fitting
and inadequate performance in simulating creep behavior under high-stress conditions.
Consequently, the conventional practice in viscoelastic material characterization involves an
alternative methodology: instead of directly importing experimental data into Abaqus, the
creep data are first analyzed using the Burgers model to derive the necessary parameters,
which are subsequently implemented in the finite element analysis.

As previously established, the Burgers model is characterized by four fundamental
mechanical parameters: Ej, Ep, 1, and #,. These parameters require transformation
into the corresponding Prony series parameters (g;, ki, T;), where k; represents the bulk
modulus ratio (k; = K;/Kp) and 7; denotes the relaxation time. In the context of tensile creep
simulations, the bulk modulus parameters k; can be disregarded due to the predominant
influence of shear deformation mechanisms. Consequently, k; values are typically set to
zero, with the Prony series input primarily requiring the specification of shear modulus
parameters g; and their corresponding relaxation times ;.

The constitutive equation governing the deviatoric response of the Burgers model can
be expressed as follows [31]:

sj + p1sj + pasj = qi€j + q2e; (7)
where p; = g + '71+'72, p2 = 217522, g1 =msand gp = ’71'72
Through the mathematlcal combination of Equatlons (1) and (7), and following the the-
oretical derivation established by Zhang [32], the constitutive relationship for the Burgers
model can be formulated as follows:

L A,
p1+m 1-VP-4n

where G(t) represents the shear modulus at time . And & =

G = 2(1+v) Gy =
Through comprehensive mathematical derivation, the Burgers model can be systemat-

T 2pp 2p2 ’

ically transformed into its equivalent Prony series representation, expressed as follows:

G(t) = Goo + Go (167 /7 + goe™ /) ©)

WhereGooIO,Go Gl,g1—“lﬁ<@—ﬁ) & = (0(—%),1’1:%,’(2—1 1”12_772
(2, 71, 72) are the parameters of the Prony series, and El, v are the initial elastic modulus
and Poisson’s ratio, respectively.

It is crucial to note that the derivation process incorporates the assumption of a
zero-equilibrium modulus (G = 0). However, this condition presents computational

limitations in Abaqus, as the software cannot process a precisely zero equilibrium modulus.

The derived Prony series parameters, where g1 + g» = G]SO & — Gls;rgisz ~ 0.9999 < 1,
inherently correspond to the Burgers model’s assumption of G, = 0. Based on this theoreti-
cal framework, the Burgers model parameters presented in Table 3 have been systematically
transformed into their corresponding Prony series representations, as detailed in Table 4.
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Table 4. Prony series parameters converted from the Burgers model parameters.
Prony Series Parameters
Type Stress Levels (MPa)
EO (MPa) E41 $H 71 T2

35 3424 0.7979 0.2021 3.80 x 10° 1.38 x 10°

40 2907 0.5900 0.4100 4.48 x 10° 1.07 x 10°

41 2619 0.5253 0.4747 1.84 x 106 493 x 10*

42,5 2770 0.5311 0.4689 9.61 x 10° 227 x 10%

45 2990 0.5166 0.4834 3.59 x 10° 1.50 x 10%

Base material 48 2612 0.4963 0.5037 8.05 x 10° 2.86 x 10*
49 2767 0.4931 0.5069 420 x 10° 2.43 x 10*

51 2796 0.5819 0.4181 1.13 x 10° 7.27 x 103

52 2860 0.6512 0.3488 5.23 x 10* 4.69 x 103

53 2768 0.5785 0.4215 6.99 x 10* 510 x 103

54 2726 0.7521 0.2479 2.33 x 10% 2.55 x 103

55 2666 0.8676 0.1324 1.03 x 10* 1.14 x 108

20 3398 0.8470 0.1530 7.23 x 10° 1.67 x 10°

28 3161 0.7199 0.2801 499 x 106 8.59 x 104

35.5 2887 0.6821 0.3179 4.08 x 10° 7.66 x 10%

37 2822 0.6415 0.3585 415 x 100 7.93 x 10%

43.5 2738 0.6519 0.3481 5.62 x 10° 1.77 x 10*

Connecting coupon 44 2634 0.6104 0.3896 1.05 x 106 3.17 x 10*
annealed at 85 °C 45 2634 0.6203 0.3797 6.03 x 10° 2.04 x 104
46 2705 0.7006 0.2994 1.19 x 10° 5.60 x 103

47 2642 0.6183 0.3817 211 x 10° 8.31 x 103

48 2672 0.7522 0.2478 7.54 x 10% 3.67 x 103

49 2595 0.6987 0.3013 5.32 x 10* 3.37 x 103

50 2578 0.6679 0.3321 440 x 10* 253 x 103

20 3461 0.7705 0.2295 5.07 x 10° 1.09 x 10°

25 2998 0.6283 0.3717 452 x 106 7.42 x 10%

28 2781 0.5819 0.4181 3.65 x 10° 453 x 10*

29 3043 0.8045 0.1955 2.19 x 10° 1.12 x 104

Connecting coupon 30 3061 0.7118 0.2882 6.55 x 10° 2.68 x 10*
annealed at 65 °C 31 3062 0.7608 0.2392 3.82 x 10° 1.94 x 10*
32 3001 0.9000 0.1000 8.57 x 10% 5.03 x 103

33 2989 0.9258 0.0742 9.53 x 10* 5.83 x 103

34 2990 0.9625 0.0375 453 x 10* 296 x 103

36 2916 0.0094 0.9906 252 x 107 1.53 x 10*

3.3. Finite Element Analysis

The finite element analysis was conducted using Abaqus (Version 2021), employing 1204
C3D8R solid elements to model the coupon geometry shown in Figure 3. The numerical
simulation incorporated appropriate boundary conditions, with one end fully constrained
while applying external loads at the opposite end. The viscoelastic material properties were
implemented through the Prony series formulation within the software’s Viscoelastic module.

Table 4 summarizes the determined parameters g1, g2, 71, and 7, with k; and k;
assigned zero values. In the developed FE models, the geometric details of the seams were
omitted. Instead, their mechanical influence was captured solely by employing distinct
constitutive models for the seam regions within the simulation. This geometric simplifi-
cation is rationally justified because the adhesive and the substrate are composed of the
identical chemical substance, polymethyl methacrylate, at the molecular level. The com-
parative analysis between experimental data and finite element predictions, as illustrated
in Figure 12, demonstrates excellent agreement, validating the effectiveness of the Prony
series formulation derived from Burgers model parameters in accurately predicting the
creep behavior of acrylic materials.
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Figure 12. Comparison between FEA curves and tested curves.

4. Findley Model

The Burgers model demonstrates excellent capability in simulating the creep behavior of
acrylic; however, its accuracy is inherently dependent on the availability of experimental data.
For example, the test at 46 MPa has not been conducted for base material, and the parameters
in Burgers model at 46 MPa are unavailable. To address this data limitation, the Findley model
was implemented as an alternative approach for creep behavior prediction [26].

The Findley power law model has been extensively validated for predicting long-term
creep deformation in viscoelastic materials, as demonstrated by numerous experimental stud-
ies [33,34]. While the physical interpretation of the model parameters remains less defined, its
mathematical formulation offers significant advantages in terms of simplicity and practical
implementation. The constitutive relationship of the Findley model is expressed as follows:
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e(t,o)=¢eg+a-t (10)

where &(t, o) represents the strain; g is the instantaneous strain; the parameters a and b are
the stress-dependent functions.

It is important to note that the parameter determination in the Findley equation is sig-
nificantly influenced by the temporal duration of creep curves. Consequently, experimental
data from unfailed coupons were excluded from the analysis due to their incomplete creep
curves, which could compromise the accuracy of parameter fitting. The fitting results
obtained through the Findley equation are presented in Figure 13, demonstrating excellent
agreement with the experimental data and validating the model’s predictive capability for

acrylic creep behavior.
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Figure 13. Fitting results by using the Findley equation.
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The establishment of functional relationships between the Findley model parameters
(€0, a, b) and applied stress (0) enables the model to predict creep behavior across arbitrary
stress levels. Based on the previously obtained fitting results, Figure 14 illustrates the
characteristic relationships between ¢ and ¢, 2 and ¢, and b and a. These relationships were
subsequently quantified through quadratic regression analysis. Notably, to enhance the
statistical reliability of the parameter determination, the analysis incorporated all available
experimental data from failed coupons, including replicate test results.
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Figure 14. Quadratic fitting of the parameters in the Findley model. The red triangles, rectangles,
and dots represent the data points for the parameter ¢y, parameter a, and parameter b, respectively.

As demonstrated in Figure 13, the quadratic fitting yields superior correlation for
parameters gy and b compared to parameter 4, indicating more reliable predictive capa-
bility for these parameters. Based on the established quadratic relationships presented in
Figure 14, the Findley model can be mathematically expressed as follows:
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e(t,o) =gy +a-t
g9 = 0.0025¢0038 4

=1.13¢702l0 p =
€0 = 0.0034¢00350 4 = 0.23¢=019 p =
g9 = 0.0029e"407, g = 0.020e 70287, b =

—0.93 — 0.15In(0.96 x 1077 + a) , Base material
—1.06 — 0.16In(1.38 x 10~¢ + a) , Connecting coupon annealing at 85°C
—1.34 — 0.16In(—2.71 x 10~ + a) , Connecting coupon annealing at 65°C

(11)

By implementing the experimental stress levels corresponding to the three coupon
types into Equation (11), the predicted creep curves were generated. The comparative
analysis presented in Figure 15 reveals excellent agreement between the predicted and
experimental curves, validating the predictive accuracy of Equation (11). Notably, while
the parameter fitting process excluded data from unfailed coupons to ensure parameter
reliability, the derived equation demonstrates remarkable versatility by accurately describ-
ing the creep behavior of these unfailed coupons, suggesting robust predictive capability

across different failure conditions.
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Figure 15. Comparison between Equation (11) and test curves.
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5. Verification of Time-Stress Superposition Principle (TSSP)

Based on the TSSP, the long-term creep compliance of acrylic coupons under low stress
conditions can be equivalently represented by the shifted short-term creep compliance at
elevated stress levels, as expressed by the following relationship:

J(o,t) = J(o0,t/ o) (12)
where | is the creep compliance, equal to the ratio of strain to stress, and ¢ is the shift factor
calculated according to the Williams-Landel-Ferry (WLF) equation (see Equation (13)).

Ci(o —00)

Co+ (0 —0p) 13)

lgpo =

As illustrated in Figure 16, the relationship between logarithmic creep compliance

lg] and logarithmic time lgt are presented for the tested coupons. The experimental

results reveal distinct separation among creep compliance curves at different stress levels,

providing clear evidence of stress-dependent viscoelastic behavior. This characteristic

response confirms that acrylic exhibits nonlinear viscoelastic material properties, as its
creep compliance demonstrates significant stress sensitivity.

2.6 -2.6 2.9
5 [T BMPa 49MEa 7| T 20MPa 45MPa — . 20MPa——30MPa
- Sl AL ——28MPa 46MPa 3.0 ——25MPa——31MPa
28| ——41MPa 52MPa 2.8l i ot Gy
2.9 [T ARSMEL MPa ~29L——3TMPa  —4g\ipy 31— 20MPa———33MPa
- 45MPa 54MPa s 30k 41MPa i ——-30MPa 34MPa
S 3.0 agMPa 55MPa T -3.0 49MPa S 32}
& Y & 43.5MPa =
S 3t S 3af -5 50MPa S
=3 < 44MPa 2 5l
~-32F ~N-32r ~
) E: £
NS 33 34}
34l 34l
== 354
3.5} 3.5+
36 ! ! ! ! ! ! ! i i _3.6 L L 1 L ! ! L ! ! 3.6 f 1 1 L L i ! L L
15 2.0 2.5 3.0 3.5 4.0 45 50 55 6.0 6.5 15 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0 6.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5
lgr (s) lgr () lgz (s)
(a) (b) (c)

Figure 16. Creep compliance curves. (a) base material. (b) connecting coupon annealed at 85 °C.
(c) connecting coupon annealed at 65 °C.

Liu [35] proposed a method for constructing the master curve of viscoelastic materials
and determining the corresponding shift factor, where the shift factor is defined as follow:

1m+n
L (¥ — Xy

k=1 (14)

2
Po =
(Ym — Y1+ Ym+1 — Ymtn)

N —

The schematic representation of the parameters in Equation (14) is presented in
Figure 17, where C; denotes the curve requiring horizontal shifting (referred to as the
shift curve), and C; represents the reference or target curve. The dataset {(x1, y1), ..., (Xm,
Ym)} corresponds to the coordinates of curve C; within the overlapping region, whereas
{(Xm+1, Yms1)s -+ » (Xman, Ym+n)} describes the coordinates of curve C; in the same region.
The numerator in Equation (14) quantifies the overlapping area between the two curves,
while the denominator characterizes the mean height within the overlapping domain.
This formulation yields a unique shift factor, effectively eliminating the subjectivity inher-
ent in manual curve shifting and minimizing potential errors associated with numerical
fitting procedures.
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Figure 17. Schematic diagram of shifting approach for constructing master curve.

The determined shift factors are systematically summarized in Table 5, with the
corresponding master curves presented in Figure 18. The reference stresses were established
as 35 MPa for the base material, 28 MPa for the connecting coupon annealed at 85 °C, and
25 MPa for the connecting coupon annealed at 65 °C. It should be noted that the connecting
coupons exhibited negligible creep strain development during the 15-day monitoring
period under a constant stress level of 20 MPa. This minimal strain evolution resulted in
virtually constant creep compliance, which consequently led to the absence of a discernible
overlap region between the reference curve and the shifted curve, thereby preventing the
construction of a meaningful master curve for this specific condition.

Table 5. Calculation results of shift factors.

Type Shift Factor at Corresponding Stress Level
Stress level 35 MPa 40 MPa 41 MPa 42.5 MPa 45 MPa 48 MPa
. Shift factor 0 1.417469 1.637511 1.847392 1.971217 2.180772
Base material

Stress level 49 MPa 51 MPa 52 MPa 53 MPa 54 MPa 55 MPa
Shift factor 2.257238 246118 2.520115 2.592012 2.665671 2.686152
Connecting Stress level 28 MPa 35.5 MPa 37 MPa 41 MPa 43.5 MPa 44 MPa
coupon Shift factor 0 0.825744 0.949047 1.227911 1.568961 1.686544
annealed at  gyroqs Jovel 45 MPa 46 MPa 47 MPa 48 MPa 49 MPa 50 MPa
85°C Shift factor 1.758884 1.924178 2.227396 2.347765 2.602786 2.770233
Connecting Stress level 20 MPa 25 MPa 28 MPa 29 MPa 30 MPa 31 MPa
coupon Shift factor 0 1.031863 1.324451 1.541804 1.649485 1.670194

annealed at  gyreqs jevel 32 MPa 33 MPa 34 MPa 36 MPa

65°C Shift factor 1.759538 1.816737 1.844731 2.847703

As evidenced by the comparative analysis in Figure 18, a noticeable discrepancy
exists between the master curves and tested curves prior to reaching their respective
threshold values. This divergence can be primarily attributed to variations in instantaneous
strains across different stress levels, where the magnitude of deviation between the master
curve and experimental data exhibits a positive correlation with the stress level difference.
Notably, the master curves demonstrate excellent agreement with tested curve beyond the
threshold values, which holds particular significance as the long-term creep behavior at
reduced stress levels is of greater engineering relevance than short-term response. The
determined threshold time values are 501,187 s for the base material, 316,227 s for the
connecting coupon annealed at 85 °C, and 199,526 s for the connecting coupon annealed
at 65 °C. Figure 19 illustrates the relationships between lgg, and o — 0y, with the fitting
results obtained using Equation (15) shown for the three types of coupons.
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Figure 18. Comparison between master curves and experimental creep compliance curves. (a) base
material. (b) connecting coupon annealed at 85 °C. (c) connecting coupon annealed at 65 °C.
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6. Conclusions

The bulk polymerization technique is widely used for large-scale acrylic structures,

and served as the foundation for this investigation into the creep performance of connect-
ing coupons. Experimental coupons, including the structural acrylic base material and
connecting coupons annealed at 85 °C and 65 °C, were specifically designed and fabricated.
A comprehensive experimental program encompassing short-term uniaxial tensile tests
and long-term creep tests was implemented. The viscoelastic characteristics of the coupons
were characterized using the Burgers model, the parameters of which were subsequently
transformed into Prony series parameters for FEA. A modified creep equation with en-
hanced stress-level applicability was developed based on the Findley model, extending its
predictive capability. Furthermore, the feasibility of applying the TSSP to structural acrylic
was investigated. The conclusions are as follows:
(1) Bulk polymerization degrades the mechanical performance of structural acrylic. The
ultimate strength of the connecting coupon annealed at 65 °C is significantly lower
than that of the connecting coupon annealed at 85 °C, indicating that annealing
temperature profoundly affects the quality of bulk polymerization.
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(2) The creep curves of the tested coupons have primary and secondary stages, whereas
the tertiary stages were not found. The Burgers model effectively characterizes the
viscoelastic behavior of both the structural acrylic base material and connecting
coupons. The Prony series converted from the parameters in the Burgers model can
be directly used in the Abaqus software for the creep analysis. The close correlation
between FEA predictions and experimental results validates the effectiveness of both
the Burgers model and its Prony series equivalent in capturing the creep characteristics
of structural acrylic.

(3) Although the physical interpretation of the parameters in the Findley model remains
unclear, the model demonstrates remarkable accuracy in characterizing creep behavior.
Equation (11) proposed in this study on the basis of the Findley model provides a
reliable framework for predicting creep curves of both structural acrylic base material
and connecting coupons.

(4) The TSSP demonstrates applicability to both structural acrylic base material and
connecting coupons annealed at 85 °C and 65 °C, with respective minimum time
thresholds of 501,187 s, 316,227 s, and 199,526 s. Through curve fitting analysis,
Equation (15) has been established as an effective predictor of the shift factor for
structural acrylic.
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