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Abstract

As the principal load-bearing components of cable-supported bridges, cables are critical
to structural safety, and their durability is strongly governed by the integrity of high-den-
sity polyethylene (HDPE) sheaths. Prolonged exposure to ultraviolet (UV) radiation and
chloride-rich environments can significantly degrade the mechanical performance of
HDPE sheaths. To clarify the degradation behavior, HDPE sheaths were pre-exposed to
UV alone, chloride alone, or a sequential two-stage UV—chloride protocol (with a single
switch). Subsequently, uniaxial tensile tests were performed at different loading temper-
atures. The yield strength and O-A secant modulus decreased monotonically with in-
creasing pre-exposure duration. A pronounced sequence effect was observed, with UV
pre-exposure followed by chloride exposure causing greater deterioration than the re-
verse order. Under UV alone, the maximum reductions in yield strength and O-A secant
modulus were 19.81% and 46.21%, respectively; under chloride alone, they were 10.97%
and 22.00%; and under the sequential UV-chloride exposure, they were 31.97% and
26.24%. Moreover, the tensile response showed strong temperature sensitivity: under oth-
erwise identical pre-exposure conditions, the yield strength measured at 60 °C was 64.89%
lower than that measured at —10 °C, representing the maximum reduction within the in-
vestigated temperature range.

Keywords: bridge cable; HDPE sheath; UV—chloride exposure; tensile degradation;
loading temperature

1. Introduction

High-density polyethylene (HDPE) is the predominant material used worldwide for
cable sheaths owing to its corrosion resistance, high toughness and hardness, and cost-
effectiveness. In actual bridge service, however, HDPE sheaths are continuously subjected
to ultraviolet (UV) radiation, fatigue loading, and chloride exposure. During photo-oxi-
dative aging, the sheath can undergo surface embrittlement and microdefect develop-
ment, while under sustained fatigue loading, it may experience localized cracking and
damage (Figure 1). Because cables are exposed to the natural environment, once the
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sheath is breached, moisture can infiltrate the damaged region and directly contact the
internal steel wires, initiating corrosion and thereby reducing the cable’s load-carrying
capacity. Under long-term fatigue loading acting in conjunction with corrosion, cable per-
formance deteriorates progressively and may ultimately culminate in wire breakage, pos-
ing a serious threat to bridge safety. Moreover, owing to the diversity of HDPE applica-
tions, resin formulations and processing routes vary, leading to pronounced differences
in mechanical properties among HDPE grades tailored for different uses. Nevertheless,
standards and guidelines specific to HDPE sheaths for bridge cables remain limited, and
the evolution of mechanical properties under alternating multi-factor environments (e.g.,
UV and chloride) is still not well understood.

4
3
3
§
!
:
5
%
L
:
g
d

Figure 1. HDPE sheath cracking.

HDPE, a thermoplastic semicrystalline polymer [1,2], exhibits mechanical properties
that are sensitive to temperature [3-6], strain rate [7-9], and stress state [10-12], with ad-
ditional variability arising from processing route, specimen thickness, and related manu-
facturing factors [13,14]. At the molecular level, HDPE comprises crystalline and amor-
phous phases; prior studies suggest that the crystalline phase is comparatively stable,
whereas the amorphous phase is more susceptible to environmental factors [15-17] and is
widely regarded as the primary locus of damage accumulation leading to mechanical
property degradation. Extensive research has examined HDPE mechanical behavior and
degradation mechanisms under single-factor exposure, namely UV radiation or chloride
environments. Under UV aging and chloride attack, chain scission occurs predominantly
in the amorphous phase, and the resulting short fragments can associate into micro-crys-
tallites [18-21], thereby increasing overall crystallinity. Macroscopically, HDPE often
shows concurrent changes in ductility and stiffness, reflected by reductions in yield
strength and fracture strain [22-24]. With respect to UV exposure, Carrasco et al. [18] used
Fourier-transform infrared (FTIR) spectroscopy to track the evolution of HDPE structure,
chemistry, and mechanical properties under UV radiation, reporting chain scission and
free-radical formation, radical recombination leading to short-chain branching, increased
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carbonyl content, and a rise in Young’s modulus with increasing UV-irradiation time. Li
etal. [25] investigated long-term UV photo-oxidative aging under different tensile stresses
and found that degradation initially increased and then decreased with applied stress,
identifying a critical stress of approximately 20-25% of the yield strength. Hsueh et al. [26]
characterized HDPE macroscopic and microscopic responses under UV irradiation and
temperature, and, using scanning electron microscopy (SEM), attributed the increase in
Young’'s modulus to a hardened surface layer formed by diffusion-limited oxidation
(DLO) driven by chemo-crystallization; they also reported that yield strength decreased
with UV exposure duration. Lavoie et al. [27] evaluated combined thermal aging and UV
irradiation in HDPE geomembranes of different thicknesses and reported a thickness-de-
pendent aging response. Fairbrother et al. [28] applied a matrix of temperatures and UV
irradiances and, combining FTIR with uniaxial tensile tests, showed that rapid embrittle-
ment, stiffening, oxidation, and increased crystallinity occurred concurrently, with chem-
ical changes (carbonyl and vinyl formation) exhibiting stronger temperature dependence
than UV-irradiance dependence. Gong et al. [29] conducted a 24-month natural-weather-
ing study on PE100-grade HDPE pipe and reported decreases in yield stress, elongation
at break, oxidation induction time, and crystallinity with increasing exposure duration
and solar irradiance, while the carbonyl index and both weight- and number-average mo-
lecular weights increased. Overall, HDPE degradation is governed by free-radical mech-
anisms dominated by chain scission and oxidation within the amorphous phase, together
with progressive migration of interlamellar amorphous material into the crystalline
phase; however, the above studies predominantly focus on UV-only (or other single-fac-
tor) aging, and the tensile response under sequential/combined UV—chloride exposures —
particularly the sequence effect relevant to bridge sheaths —remains insufficiently under-
stood.

Regarding chloride exposure, Barbosa et al. [30] performed tensile tests on poly (vi-
nyl chloride) (PVC), polypropylene (PP), and HDPE after treatment in chlorinated media
and reported that HDPE exhibited observable degradation yet largely retained its tensile
strength, while ductility decreased at higher chlorine concentrations. Mikdam et al. [31]
elucidated the chemical reaction mechanisms of HDPE in chloride environments and es-
tablished a kinetic model for chlorine-induced degradation. Tripathi et al. [1,15] devel-
oped a morphology-based structural constitutive model for HDPE under chlorine expo-
sure that predicted the stress—strain response over a range of crystallinities; building on
this framework, they further derived a service-life model expressed as a function of mo-
lecular weight. Majewski et al. [32], through tests on HDPE films, described the migration
of chain scission fragments from the amorphous phase into the crystalline phase under
chlorinated conditions, concluding that chlorine-induced degradation of HDPE is funda-
mentally associated with changes in crystallinity. Khan et al. [33] reported that, with in-
creasing chlorine concentration, the chemical stability of HDPE decreases, accompanied
by changes in polymer-chain ordering and crystallinity. Collectively, these studies sug-
gest that the apparent performance loss of HDPE under UV and chlorinated environments
is closely linked to crystallinity evolution. Nevertheless, because resin sources and pro-
cessing histories vary widely, reported results differ appreciably, and only a limited num-
ber of investigations have specifically examined HDPE used for cable sheaths. Dan et al.
[34,35] measured in-service cable strains and vibration frequencies on bridges and con-
ducted fatigue tests on HDPE sheaths based on these data; they established a crack-
growth law and calibrated endurance-limit parameters for the sheath material. Liu et al.
[36] performed artificial UV aging on HDPE sheath specimens held at a prescribed initial
strain and, based on subsequent uniaxial tensile tests, developed a damage model for the
mechanical properties. Building on these works, the mechanisms and mechanical prop-
erty changes in HDPE under single-factor damage have been examined in detail; however,
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owing to the multivariate nature of semicrystalline polymers and the diversity of environ-
mental stressors in bridge service, how the mechanical properties of HDPE sheaths change
under realistic multi-factor environments is still not well understood. Most prior uniaxial
tensile studies on HDPE sheaths have used thin-film specimens about 2 mm thick,
whereas actual cable-stayed bridge sheaths are 8—15 mm thick. Accordingly, there is a
need to test HDPE materials representative of cable-stayed bridge sheaths under alternat-
ing multi-stressor exposures (e.g., alternating UV—chloride conditions) to characterize
how the sheath’s mechanical properties evolve under realistic in-service conditions.

In the present study, HDPE specimens were subjected to controlled pre-exposures to
UV radiation and chloride environments, applied either individually or sequentially in a
two-factor protocol (e.g., UV—chloride), and were subsequently tested in uniaxial tension
at prescribed loading temperatures. Based on the resulting stress—strain responses and
key parameters, including yield strength and elastic modulus, the evolution of the me-
chanical properties was systematically characterized.

2. Experiment
2.1. Test Specimens

Following the HDPE sheaths’ manufacturing process: (1) galvanized high-strength
steel wires were laid up unidirectionally; (2) the bundle was secured with high-tenacity
polyester fibers; (3) a dual-layer HDPE sheath was applied by hot extrusion; and (4) it was
cooled in two stages to room temperature, producing the HDPE sheath used in this study,
from which the test specimens were cut. The sheath was produced by two-layer co-extru-
sion, in which the inner and outer layers are formed simultaneously; both layers use the
same HDPE material system. Tensile specimens were cut only from the outer layer region,
and thus, the tested specimens are not bilayer coupons. Specimens were cut from the
HDPE sheath to the Type III (dog-bone) multipurpose dimensions specified in ASTM
D638-14, Standard Test Method for Tensile Properties of Plastics [37]. The experimental proce-
dure is shown in Figure 2, and the specimen geometry, sampling locations, and dimen-
sions are given in Figure 3 and Table 1. The technical specifications of the HDPE used for
the specimens are listed in Table 2. The material complies with the requirements for the
Type-C HDPE sheet specified in CJ/T 297-2016, High-density polyethylene (HDPE) sheathing
material for bridge cables [38].. It also contains an antioxidant package to enhance aging re-
sistance.

Table 1. Type III (dog-bone) multipurpose standard specimen dimensions (mm).

WO Wc LO D L T
Dimensions 29 19 246 111.22 57 10

Table 2. Technical specifications of HDPE sheaths.

Manufacturer-Reported

Property Unit Value
Density G-cm™ 0.950-0.952
Melt mass-flow rate G-10 min! 0.14
Charpy notched impact strength kJ-m=2 55.2
Shore D hardness — 60
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Figure 3. Schematic of specimen dimensions.

2.2. Test Conditions

Specimens were pre-exposed under single-factor conditions (UV-only or chloride-
only) and under alternating UV—chloride conditions. Uniaxial tensile tests were subse-
quently conducted at a crosshead speed of 5 mm-min in accordance with ASTM D638-
14. Given the size of the test matrix, each test was terminated at 1000 s (or at fracture,
whichever occurred first) to limit test duration. UV exposure tests were conducted in ac-
cordance with GB/T 16422.3-2014, Plastics —Methods of exposure to laboratory light sources —
Part 3: Fluorescent UV lamps [39], using a UVA-300 accelerated weathering tester. UV irra-
diance at the specimen surface was measured with an L5123 UV radiometer; the irradi-
ance was 12 W-m2 at a central wavelength of 340 nm. The UV exposure chamber was
maintained at 60 + 3 °C and 70 + 5% relative humidity. Chloride exposure was carried out
in a custom water-bath corrosion chamber held at 50 °C. The corrosive medium was an
aqueous sodium hypochlorite solution at 5%, which was replaced every 72 h to maintain
a stable concentration of hypochlorite (Cl1O-) and chloride (CI) ions.

During testing, UV and chloride exposures were grouped by pre-exposure duration
into seven sets (72, 144, 216, 288, 360, 432, and 504 h). Based on meteorological statistics,
the loading temperature was set to —10, 20, 40, and 60 °C. For each group, three replicate
specimens were tested in tension. The detailed condition matrix, including the alternating
pre-exposure sequences, is given in Table 3.
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Table 3. Test conditions.

Group Num- Specimen Pre-Expo- UV Exposure Duration A/h; Chloride Exposure Duration C/h; Loading Tem-

ber sure perature Tioad/°C
A UV-only A =72,144,216,288,360,432,504; C = 0; Tioad = 20
C Chloride-only A=0;C=72,144,216,288,360,432,504; T = 20
T Unexposed A=0,C=0;T=-10,20,40,60
ACT-1 . A =72,144,216,288,360,432,504; C = 504; Tioaa =—-10,20,40,60
UV — chloride
ACT-2 A =504; C=72,144,216,288,360,432,504; Tioaa = —10,20,40,60
CAT-1 . A =72,144,216,288,360,432,504; C = 504; Tioaa = -10,20,40,60
Chloride — UV
CAT-2 A =504; C=72,144,216,288,360,432,504; Tioaa = —-10,20,40,60

2.3. Determination of Mechanical Parameters

Figure 4 presents a representative tensile stress—strain curve for the HDPE specimens.
Based on the characteristic response, the curve is divided into three stages (I-11I): segment
OA corresponds to Stage I, a nonlinear yielding regime; segment AB corresponds to Stage
II, the strain-softening regime; and segment BC corresponds to Stage III, the strain-hard-
ening regime. The engineering stress, engineering strain, and elastic modulus were deter-
mined from the following expressions:

o=F/(T W) 1)
where o is the engineering stress of the HDPE specimen, MPa; and F is the tensile force
recorded by the universal testing machine, N:

e=AL/L (2)

where ¢ is the engineering strain of the HDPE specimen, and AL is the displacement meas-

ured by the extensometer, mm.

35
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Figure 4. Typical tensile stress—strain curve of the HDPE specimen.
Because the HDPE specimens lack a distinct linear-elastic regime, the elastic modulus

was determined from the yielding segment (OA) of the stress—strain curve and defined as
the O-A secant modulus [36]:

E=o0,/¢4 3)

where E is the elastic modulus of the HDPE specimen, MPa; ¢, is the engineering stress
at point A, MPa; and ¢, is the engineering strain at point A.
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3. Test Results
3.1. Single-Factor Exposure

All specimens after tensile testing are shown in Figure 5. At a loading temperature of
20 °C, the stress-strain curves of groups A, C, and T are shown in Figure 6, where the
Stage I-1II regions are delineated using the unexposed specimen at 20 °C as the reference.
Under UV-only exposure, the specimens exhibited a more pronounced degradation of
mechanical properties, accompanied by alterations in the strain-hardening segment of the
curve. With increasing pre-exposure duration (72-504 h), the yield strength decreased rel-
ative to the unexposed value by 6.48%, 6.30%, 8.49%, 13.89%, 13.19%, 18.74%, and 19.82%,
respectively. Taking 288 h as a demarcation, the reduction before 288 h was relatively
modest—consistent with incomplete chain scission—whereas beyond 288 h, UV aging led
to increased bond scission and the formation of microcracks, producing a larger drop in
yield strength. After UV exposure, the strain at the onset of the hardening stage shifted to
lower values; in some cases, specimens fractured within the softening stage and did not
enter the hardening stage at all. In contrast to UV-only exposure, specimens subjected to
chloride-only pre-exposure exhibited changes primarily in yield strength. Relative to the
unexposed baseline, the reductions with increasing pre-exposure duration were 2.36%,
3.53%, 3.96%, 5.74%, 5.76%, 7.74%, and 10.98 — clearly smaller than for UV-only exposure.
The strain at the onset of the hardening stage exhibited no appreciable shift, remaining at
1.2. Because HDPE is temperature-sensitive, elevated temperature increases molecular
mobility and modifies the mechanical response. As shown in Figure 6¢, the yield strength
at 20, 40, and 60 °C decreased by 26.65%, 53.99%, and 64.89%, respectively, relative to -10
°C. The onset of the strain-hardening stage occurred earlier at —10, 40, and 60 °C than at
20 °C (i.e., alower transition strain). After rinsing the specimens with deionized water and
air-drying until no surface moisture remained, the post-tensile surface appearance was
examined: relative to the unexposed specimens, group C and group T showed no obvious
color change and remained white, whereas group A exhibited progressive yellowing with
increasing UV exposure duration.

Fractured specimens

'\’llllm‘

* .“» - =

Figure 5. Specimens after tensile testing.
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Figure 6. Stress—strain curves of specimens under single-factor exposure:(a) Group C; (b) Group T;
(c) Group A.

3.2. Alternating UV—Chloride Exposure at Different Loading Temperatures

The stress—strain curves of HDPE specimens under alternating UV-chloride expo-
sures at different loading temperatures are shown in Figures 7-10. At -10 °C (Figure 7),
the maximum reductions in yield strength relative to the -10 °C unexposed baseline were
18.90% for CAT-1, 21.22% for CAT-2, 22.09% for ACT-2, and 18.17% for ACT-1. These re-
sults indicate that UV-first pre-exposure produces a greater reduction in yield strength
than chloride-first pre-exposure, and this difference depends on UV duration: the longer
the prior UV exposure, the lower the yield strength. At 10 °C, UV-first specimens frac-
tured earlier, while chloride-first specimens showed higher fracture strain and an earlier
onset of strain softening. At a loading temperature of 20 °C (Figure 8), the maximum re-
ductions in yield strength relative to the 20 °C baseline were 23.76% for CAT-1, 28.76% for
CAT-2, 31.97% for ACT-2, and 22.94% for ACT-1, again confirming a clear sequence effect:
UV-first pre-exposure causes greater deterioration than chloride-first. At 40 °C (Figure 9),
the corresponding maximum reductions were 16.16% for CAT-1, 23.69% for CAT-2,
25.81% for ACT-2, and 17.15% for ACT-1. At 60 °C (Figure 10), they were 13.28% for CAT-
1, 27.52% for CAT-2, 32.71% for ACT-2, and 21.68% for ACT-1. Across all loading temper-
atures, UV-first pre-exposure consistently produced the largest loss in yield strength, with
ACT-2 exhibiting the most severe degradation at each temperature.

Across all loading temperatures, visual inspection of specimen surfaces showed the
deepest yellowing for group ACT-2, followed by CAT-2, ACT-1, and CAT-1. UV exposure
markedly altered color, and the extent of yellowing increased with UV duration. Subse-
quent chloride exposure further intensified the yellowing. When chloride preceded UV,
as in groups CAT-1 and CAT-2, the color change was greater than in group A and group
C, but remained less severe than in the UV-first sequences ACT-1 and ACT-2.

https://doi.org/10.3390/buildings16040736
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Figure 7. Stress-strain curves of HDPE specimens under alternating UV—chloride exposure at a
loading temperature of =10 °C: (a) ACT-1, (b) ACT-2, (c) CAT-1, and (d) CAT-2.
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Figure 8. Stress-strain curves of HDPE specimens under alternating UV—chloride exposure at a
loading temperature of 20 °C: (a) ACT-1, (b) ACT-2, (c) CAT-1, and (d) CAT-2.
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Figure 9. Stress—strain curves of HDPE specimens under alternating UV—chloride exposure at a
loading temperature of 40 °C: (a) ACT-1, (b) ACT-2, (c) CAT-1, and (d) CAT-2.
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Figure 10. Stress—strain curves of HDPE specimens under alternating UV-chloride exposure at a
loading temperature of 60 °C: (a) ACT-1, (b) ACT-2, (c) CAT-1, and (d) CAT-2.
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Figure 11 shows three-dimensional response surfaces of HDPE yield strength versus
pre-exposure duration and loading temperature for the different pre-exposure sequences.
Overall, the yield strength decreases monotonically with increasing pre-exposure dura-
tion, confirming progressive mechanical deterioration under combined UV-chloride ac-
tion. Meanwhile, with increasing loading temperature, the surface shifts downward, and
the duration-axis decay slope becomes slightly smaller at higher temperatures. A clear

order effect emerges: UV — chloride gives the lowest yield strength, and chloride — UV
retains the most.

43.20
39.97

36.74

3351

30.28

27.05

23.82

20.59

Vie\d Strength/MPa
Vicld Strength/MPa

17.36

14.13

10.90

Vield Strength/MPa

18.00

Yield Strength/MPa

14.85

11.70

e

(c) Group CAT-1 (d) Group CAT-2

Figure 11. Response surface of specimen yield strength.

We performed a graded statistical analysis of specimen color. The grading criteria
and the corresponding statistics are shown in Tables 4 and 5

Table 4. Color grading criteria.

Yellowing Grade

Type I (White)

(i

Type II (Light yellow) i
Type III (Yellow)

Type IV (Dark yellow)

https://doi.org/10.3390/buildings16040736
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Table 5. Color statistics results.

Working . .
Condition Test Conditions Percentage of Specimens of Each Type

A A=72,144,216,288,360,432,504; C=0; T =20 Type I: 57%; Type 1I: 43%; Type III: 0%; Type IV: 0%

C A=0;,C=72,144,216,288,360,432,504; T =20 Type I: 100%; Type II: 0%; Type III: 0%; Type IV: 0%

T A=0;C=0; T=-10,20,40,60 Type I: 100%; Type 1I: 0%; Type III: 0%; Type IV: 0%
T=-10 TypeI: 29%; Type 1I: 43%; Type I1I: 14%; Type IV: 14%
3 A T=20 Typel: 14%; Type II: 28%; Type III: 29%; Type IV: 29%

ACT- A =72,144,216,288,360,432,504; C = 504 T=40 Type L 0%; Type II: 43%; Type III: 28%; Type IV: 29%
T=60 Typel: 0%; Type II: 28%; Type II1: 29%; Type IV: 43%

T=-10 Typel: 0%; Type II: 28%; Type III: 43%; Type IV: 29%

e T=20 Type I: 0%; Type II: 43%; Type III: 28%; Type IV: 29%

ACT-2 - A=504; C=72,144,216,288,360432,504  ._ Type I: 0%; Type II: 28%; Type III: 29%; Type IV: 43%
T=60 Typel: 0%; Type II: 14%; Type III: 29%; Type IV: 57%
T=-10 Type I: 43%; Type II: 14%; Type III: 15%; Type IV: 28%
B L T=20 Typel:29%; Type II: 43%; Type III: 14%; Type IV: 14%

CAT-1 A=72144,216288,360,432,504; C =504 ., Type I: 0%; Type II: 57%; Type III: 29%; Type IV: 14%
T=60 Typel: 0%; Type II: 43%; Type III: 28%; Type IV: 29%
T=-10 Type I: 28%; Type II: 28%; Type III: 29%; Type IV: 15%

Ceon T=20 Typel: 0%; Type II: 43%; Type III: 57%; Type IV: 0%
CAT2 A=504;C=72,144.216288,360,432504  _ Type I: 43%; Type II: 14%; Type III: 14%; Type IV: 29%
T=60 Typel: 14%; Type II: 14%; Type III: 43%; Type IV: 29%

Figure 12 shows the three-dimensional response surfaces of the elastic modulus as

functions of pre-exposure duration and loading temperature. For all sequences, the elastic

modulus decreases monotonically with increasing pre-exposure duration, with an aver-

age temporal gradient of approximately —0.30 MPa-h-' —about four times the time sensi-

tivity of the yield strength—indicating that the modulus is more sensitive to chemical

damage. Superimposed on this trend, the modulus increases with loading temperature at

roughly -1.1 MPa-°C-'. Notably, this temperature-induced increase does not materially

offset the time-driven decay, indicating that modulus deterioration is governed primarily

by chemical aging rather than viscoelastic temperature effects.
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(c) Group CAT-1
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71.55

57.00

(d) Group CAT-2

Figure 12. Response surface of specimen elastic modulus.

Figures 13 and 14 show the variations in yield strength and elastic modulus across
loading temperatures. The yield strength decreases with increasing pre-exposure dura-
tion, and the slope is roughly similar as the loading temperature rises from -10 to 60 °C.
Among the alternating sequences, ACT-2 exhibits the lowest yield strength, followed by
CAT-2; at -10 and 20 °C, ACT-1 exceeds CAT-1, whereas at 40 and 60 °C, the trend re-
verses.

The elastic modulus declines monotonically with pre-exposure duration, and with
increasing loading temperature, the entire curve shifts downward while the slope be-
comes smaller in magnitude. The sequence effect shows a pronounced temperature de-
pendence: at —10 °C, the ordering is ACT-1> ACT-2 > CAT-2 > CAT-1; at 20 °C, CAT-1 lies
at a higher level, while CAT-2 and ACT-1 are relatively lower and close to each other; by
40 °C, the differences narrow markedly; and at 60 °C, CAT-1 and ACT-1 are approximately
the same.

Yield Strength/MPa

7 W26 2/ a0 4 50472 426 288 360 42 ST 26 288 360 42 SR 26 a0 360 42 s

Figure 13. Evolution of specimen yield strength with pre-exposure duration.

—10°C 20°C 40°C 60°C

Elastic Modulus/MPa
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Figure 14. Evolution of specimen elastic modulus with pre-exposure duration.
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Figures 15 and 16 depict stepwise decreases in yield strength and elastic modulus
over consecutive 72 h time intervals. For comparison, Gong et al. [29] reported a maximum
8.3% decrease in HDPE yield strength under UV-only aging. In the present alternating-
exposure tests, the per-interval reduction in yield strength at =10 °C ranged from 0.07% in
ACT-2 to 2.74% in CAT-1; at 20 °C, it ranged from 0.47% in CAT-2 to 3.88% in CAT-1; at
40 °C, it ranged from 1.09% in ACT-1 to 4.08% in ACT-2; and at 60 °C, it ranged from
0.64% in CAT-1 to 5.59% in ACT-2. In terms of temporal distribution, higher temperatures
(40-60 °C) tended to produce a belt of peaks in the mid-stage interval (216-360 h), whereas
at —10 °C, the reductions grew progressively toward the late stage (360-504 h); under UV
— chloride sequences, the high-decrement segments were more concentrated, whereas
under chloride — UV, the evolution was comparatively smooth. The elastic modulus
showed positive per-interval decreases throughout, but with a distinct time-temperature
signature from that of yield strength: it was more sensitive at lower temperatures and in
the early stages of pre-exposure and tended to converge at higher temperatures [40,41].
The per-72 h modulus reductions ranged, at —10 °C, from 0.06% for ACT-2 to 7.58% for
ACT-1; at 20 °C, from 0.01% for CAT-2 to 7.95% for CAT-2; at 40 °C, from 0.12% for ACT-
1 to 2.67% for CAT-1; and at 60 °C, from 0.04% for CAT-1 to 7.33% for CAT-2. Overall,
spikes in modulus reduction were more likely to occur at -10-20 °C during early and late
pre-exposure intervals, whereas at 40-60 °C, the stepwise decreases rapidly converged to
low amplitudes across most intervals. At higher loading temperatures, the sequence effect
diminishes in magnitude but remains discernible. Overall, the Figures indicate that yield
strength exhibits amplified per-interval reductions with increasing temperature and a ten-
dency for mid-stage clustering, whereas the elastic modulus is more sensitive at low tem-

peratures, converges at high temperatures, and shows a propensity for early- and late-
stage spikes.
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Figure 15. Heat map of yield-strength damage.
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Figure 16. Heat map of elastic modulus damage.

Under combined UV—chloride action, the HDPE specimens exhibit a pronounced
time—temperature-coupled deterioration. For identical pre-exposure increments and
across the four pre-exposure sequences, the mechanical properties of the HDPE sheaths
degrade cumulatively with pre-exposure duration: the yield strength decreases monoton-
ically at all loading temperatures, and the per-interval drop grows with temperature, ap-
proximately 0-2.7% at =10 °C versus 2-5% at 60 °C, indicating that the loading tempera-
ture amplifies the apparent manifestation of damage in the measured strength. The elastic
modulus was markedly more sensitive at low temperature: at —10 °C, the reduction was
4-8%, whereas at 60 °C, it was mostly 0-2%, indicating that the temperature sensitivity of
the modulus response was not synchronized with that of the yield strength. The pre-ex-
posure sequence effect was consistent across all temperatures: UV — chloride produced
the largest cumulative reductions, chloride — UV yielded the smallest, and ACT-1 and
CAT-1 lay in between, providing evidence of a synergistic accelerating effect of combined
UV-—chloride action.

The surface SEM images of the specimens are shown in Figure 17. UV exposure first
induces photo-oxidation and chain scission in the near-surface layer, making the for-
mation of surface microdefects more likely. This is a typical pathway by which polymer
photo-oxidation reduces molecular weight and deteriorates mechanical performance.
Once UV has generated surface voids, the chloride-containing medium can penetrate
through these voids, thereby accelerating microvoid growth and coalescence, suppressing
the fibrillated energy-dissipation mechanism, and ultimately promoting the transition ob-
served in SEM from ductile fibrillated fracture to brittle cleavage-dominated fracture.
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Figure 17. Specimen surface SEM images.

4. Conclusions

This study focused on HDPE sheaths. Custom sheaths were manufactured in accord-

ance with the industrial production process, subjected to single-factor pre-exposures (UV

or chloride) and alternating two-factor UV—chloride pre-exposures, and then tested in uni-

axial tension. Based on the test results, the following conclusions are drawn:

1.

The mechanical properties of HDPE sheaths deteriorate progressively under UV and
chloride exposure, both as single factors and in sequential two-factor protocols. The
results show a monotonic decline in yield strength with increasing pre-exposure du-
ration, accompanied by a reduction in elastic modulus. Notably, sequential UV—chlo-
ride exposure produces substantially greater degradation than either factor alone,
indicating a super-additive (synergistic) interaction. At the same loading tempera-
ture and a pre-exposure duration of 504 h, the maximum reductions in yield strength
and elastic modulus were 19.81% and 46.21% for UV-only, 10.97% and 22.00% for
chloride-only, 31.97% and 26.24% for UV — chloride, and 28.76% and 21.27% for
chloride — UV.

The apparent severity of post-exposure mechanical deterioration is strongly gov-
erned by the loading temperature. The material response varies markedly with test
temperature: higher temperatures amplify the pre-exposure-induced loss of yield
strength, whereas lower temperatures accentuate the reduction in elastic modulus.
Consequently, the test temperature can either amplify or mask the effects of prior
aging on HDPE mechanical properties; evaluating sheath degradation at a single
temperature may therefore lead to biased or misleading conclusions.

Relative to the chloride — UV sequence, the UV — chloride sequence produces larger
losses in mechanical properties: the reductions in yield strength and elongation at
break exceed the simple sum of the two single-factor effects, indicating a super-addi-
tive interaction. Targeted mitigation of this sequence effect—via enhanced protection
and material modification—is recommended to ensure the long-term serviceability
of HDPE sheaths.

Chemical and surface characterization methods were not included in this study;
therefore, the mechanistic interpretation of oxidation and surface activation is sup-
ported primarily by the controlled exposure design, the temperature-dependent ten-
sile response, and SEM-based microdamage evolution, and should be regarded as an
engineering-level interpretation rather than direct chemical proof.
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5. From an engineering perspective, the pronounced sequence sensitivity in the alter-
nating UVA-—chlorine environment indicates that bridge HDPE sheaths should pri-
oritize resistance to UV-first surface damage, and maintenance should focus on peri-
odic inspection and renewal of sun-exposed surfaces to suppress surface void accu-
mulation that can accelerate subsequent chlorine/salt-assisted embrittlement.
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