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Abstract

This paper proposes a strength prediction method for unidirectional glass fiber reinforced plastics (GFRPs)
after hydrothermal aging: immersion in deionized water at 80°C. First, the strength degradation of the con-
stituents (i.e., the glass fiber and the fiber/matrix interface) of unidirectional GFRP after hydrothermal aging
was evaluated from the fiber strength and the interfacial shear stress by using a single-fiber composite (SFC).
Both the fiber strength and the interfacial shear stress had a tendency to decrease in the early stage of hy-
drothermal aging and to saturate toward certain values with long-term aging. In addition, the tensile strength
of the unidirectional GFRP was measured after hydrothermal aging. The residual strength of the unidirec-
tional GFRP also had a tendency to decrease sharply in the early stage of hydrothermal aging and to saturate
toward a certain strength with long-term aging. Finally, the residual strength of the unidirectional GFRP
after hydrothermal aging was predicted using the global loading sharing (GLS) model, by considering the
degradation of both the glass fiber and the fiber/matrix interface. The predicted results indicated good agree-
ment with the experimental data while considering not only the degradation of the fiber reinforcement but
also the fiber/matrix interface adhesion. It was concluded that the GLS model applied considering the degra-
dation of the GFRP constituents would be a suitable and a simple model to predict the residual strength of
the unidirectional GFRP after hydrothermal aging.

© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

Glass fiber reinforced plastics (GFRPs) have superior corrosive resistance com-
pared to metal materials and have various applications, such as material for con-
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structing wind turbine blades, industrial facilities, and marine structures. In fact,
GFRPs operating in a corrosive environment are designed with excessive safety
factors due to the lack of long-term reliability data. Unfortunately, some accidents
involving GFRPs operating in corrosive environments have been reported. Such ac-
cidents occur due to the strength degradation of GFRP, for example, stress corrosion
cracking (SCC) that is generated by the interaction between mechanical factors and
environmental agents. Therefore, it is an urgent task to clarify the failure mecha-
nism of GFRP in a corrosive environment in order to assure its long-term reliability
and to guarantee its widely spreading application fields.

The majority of the previous studies on GFRP operating in corrosive environ-
ments have focused on the macroscopic degradation, such as crack propagation and
reduction in the mechanical properties after exposure to a corrosive environment
and were conducted using GFRP laminates [1, 2]. Kawada and Kobiki investi-
gated the crack propagation in GFRP laminates in deionized water and a vitriolic
environment and concluded that the influence of the solution against crack prop-
agation strongly depends on the diffusion of water molecules: they suggested the
existence of a threshold stress intensity factor Kigcc similar to that in the case
of metal materials [3]. On the other hand, the strength degradation of GFRP in
corrosive environments has been investigated by various researchers [4—6]. Liao
et al. conducted tensile tests and flexural tests using pultruded GFRP after envi-
ronmental aging in various solutions and examined the aging effect on the failure
mechanism [4]. The transition in the fracture surface due to the degradation of the
constituents was ascertained; however, the relationship between the degradation of
GFRP and its constituents remains uncertain. It is therefore required to propose
a numerical method that can be used to calculate the variation in the residual
strength of GFRP from the strength of the constituents after environmental ag-
ing.

In this study, the residual strength of unidirectional GFRP after hydrothermal
aging was investigated, and a strength prediction method considering the degrada-
tions of its constituents was proposed. The hydrothermal aging in the present paper
was carried out in deionized water at 80°C so as to accelerate the degradation.
First, fiber fragmentation tests were conducted on a single-fiber composite (SFC)
specimen after hydrothermal aging in order to evaluate the strength degradation
of the glass fiber and fiber/matrix interface. Subsequently, tensile tests were con-
ducted on the unidirectional GFRP in order to measure its residual strength after
hydrothermal aging. Finally, the residual strength of the unidirectional GFRP af-
ter hydrothermal aging was calculated based on the assumption of the global load
sharing (GLS) considering the strength degradation of the glass fiber and the ad-
hesion of the fiber/matrix interface. The swelling stresses of the resin matrix due
to the water absorption in the fiber radius direction were installed into the stress
analysis of the existing model. On the basis of the obtained results, the influence of
the fiber/matrix interface on the residual strength of the unidirectional GFRP will
be discussed in this paper.
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2. Experimental
2.1. Specimens

The specimens were a dumbbell-shaped single fiber composite (SFC) specimen
and a bar-shaped unidirectional GFRP specimen. For convenience of identification,
hereafter in this paper, the dumbbell-shaped SFC is referred to as the ‘SFC spec-
imen’ and the unidirectional GFRP is referred to as the ‘UD specimen’. A single
filament of NCR-glass was embedded in the SFC, and NCR-glass tows were embed-
ded in the UD specimen. For the SFC specimen, the single filament was separated
from a tow of fibers and was placed into a dumbbell-shaped mold. Pre-tension was
applied to the embedded glass fiber in order to compensate for the curing shrinkage
of the resin matrix. Each specimen was fabricated by casting using a specimen-
shaped mold. The constituents and the geometries of both specimens are listed in
Table 1 and shown in Fig. 1. The curing condition of the vinylester resin was carried
out for 3 h at 25°C, and post-curing was conducted for 2 h at 120°C. These curing
conditions were determined from the differential scanning calorimetry (DSC) test
of neat vinylester resin. Furthermore, a waterproof sheathing was applied on both

Table 1.
Mechanical properties of GFRP constituents

NCR-Glass Vinylester

Young’s modulus E (GPa) 72.5 3.00
Diameter d (um) 23.5 —
Poisson’s ratio v 0.14 0.32
‘Wat f sheathi
R17 NCR-glass Fiber Aleiprop? sheathing
< —_—
{;l I
25 Vv
>
65 2
I (mm)
(@
GERP tab Fiber direction Waterproof sheathing
D —— j ©
| : | |
50
230

— —_—

(mm)
(b)
Figure 1. Geometry of GFRP specimens. (a) Single fiber composite. (b) Unidirectional GFRP.
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specimens to prevent the direct water penetration from the exposed fiber/matrix
interface at each specimen edge.

The present study assumes that the Young’s modulus of the NCR-glass E' does
not change after hydrothermal aging [7]. The average fiber-volume fraction Vi of the
unidirectional GFRP was approximately 30%. In this presentation, the superscript
‘f” stands for the fiber reinforcement; ‘m’ for the resin matrix; ‘i’ for the fiber/matrix
interface; ‘SFC’ for the SFC specimen; and ‘UD’ for unidirectional GFRP.

2.2. Water Absorption Test

The degradations of the fiber reinforcement and fiber/matrix interface begin at the
moment the water diffusion reaches the fiber surface through the surrounding ma-
trix. In addition, the resin matrix swells with water absorption. Water absorption
tests were conducted in order to evaluate these water uptake properties for each
specimen. The bar-shaped specimen (140 mm x 20 mm X 2 mm) made of neat
vinylester resin and the unidirectional GFRP were immersed in deionized water at
80°C, and their weight M (¢) and the elongation in the longitudinal direction L(¢)
were measured. The weight gain AM and the swelling strain egyey Were evaluated
using following equations:

AM = w (1)
M(0)
L)~ L(0)
Eswell = T 2)

2.3. Fiber Fragmentation Test on SFC

On the SFC specimen, fiber fragmentation tests were conducted in air at room tem-
perature after hydrothermal aging so as to evaluate the degradation of the GFRP
constituents. The number of fiber break points 7, applied strain ', and interfacial
debonding length L4 were measured during the fiber fragmentation test. Tensile
loading was introduced by means of a compact testing machine with a 2 kNN ca-
pacity, and the test speed was 0.1 mm/min. A strain gage was bonded to the gage
section in order to measure the axial strain during the test. The fiber break point
was enhanced using the polarizing effect, and the point with the maximum bright-
ness was determined as the interfacial debonding tip by using image processing.
Therefore, it was possible to evaluate the interfacial debonding length Ly quantita-
tively. The equipment used in the fiber fragmentation test is shown in Fig. 2 and the
photograph of interfacial debonding in the vicinity of fiber break point is shown in
Fig. 3.

2.4. Tensile Test of Unidirectional GFRP

On the UD specimen, tensile tests were conducted in air at room temperature after
hydrothermal aging, to evaluate the degradation of mechanical properties. Loading
was introduced by means of a 10 kN capacity testing machine and the constant
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Polarizer

Light
Source

Fiber

Figure 2. Illustration of equipment used for the fiber fragmentation test.

Glass fiber Fiber break point

|

T

Interfacial debonding
50um

L

Figure 3. Photograph of interfacial debonding in the vicinity of fiber break point through polarizing
plate. This figure is published in color in the online version.

cross-head rate was 0.1 mm/min. A strain gage was bonded on the gage section so
as to measure the axial strain during the tensile test.

3. Results and Discussion
3.1. Water Absorption Behavior

The water absorption behavior of neat vinylester resin (&3, ., and AM) was studied
from the results of the water absorption test and is shown in Fig. 4. The water
uptake of neat vinylester resin results exhibits the Fickian behavior in which the
water uptake increases in the early stage of water immersion and to saturate toward
a certain value. The immersion time required to attain the saturation was about 20 h

and the swelling strain was determined to be e ., = 0.20% after saturation. In

addition, the swelling strain in the UD specimen sgv%l was negligible after water

immersion. This is due to the restraint of the glass fiber against the swelling of the
resin matrix that is aligned in the longitudinal direction [8]. These results would
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Figure 4. Water uptake of vinylester resin matrix. This figure is published in color in the online
version.

be substituted into the stress analysis to calculate the strength of the UD specimen
which will be presented later.

3.2. Fiber Strength Degradation

The fiber-volume fraction for the SFC specimen is minute (Vi ~ 0.01%) so that
the embedded glass fiber expands together with its surrounding resin matrix [7].
Therefore, the strain applied to the embedded fiber & is expressed as follows:

f SFC
& = Eapp + stell’ (3)
where sggpc denotes the strain applied to the SFC specimen by the testing machine.

The residual strength distribution of the embedded glass fiber was measured by
the fiber fragmentation test and is shown in Fig. 5. The fiber strength distribution
would be evaluated by means of a two-parameter Weibull distribution by using the

following equation [8]:
L (Efe\™
mn=—(——), @
Lo\ oo
where n signifies the number of fiber break points, L is the gage length (= 25 mm),
Ly is the reference length (= 25 mm), oy is the scale parameter, and m is the shape
parameter. The interfacial debonding occurs in the vicinity of fiber break point and
the influence of the interfacial debonding length on the reference length has to be
considered. Thus, the effective length L’ which considers the effect of the interfa-
cial debonding length was adopted. The correlated effective length L’ at strain ¢ is
calculated from the following equation [9]:
U:Lox(l—i1 ! 8) (5)
3nc+1e;

where n. and ¢, are the number of fiber break points and applied strain required to
obtain the critical fragment state, which are obtained from the fiber fragmentation
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Figure 5. Strength distribution of embedded NCR-glass fiber after hydrothermal aging obtained from
fiber fragmentation test. This figure is published in color in the online version.

Table 2.
Weibull parameters obtained from fiber fragmentation test

Aging time ¢ (h) 0 25 100 300 600 1000
m 9.8 7.8 54 5.4 53 53
oo (MPa) 1500 1200 740 730 700 660

test. The second term in the right side expresses the interfacial debonding length in
the reference length. By considering the effect of the interfacial debonding length on
the gage length L, the correlated number of fiber break points n” and the corrected
effective length L” would be expressed as follows [9]:
/
/Lo _ L ' ©)
n+1 n4+1

Thus, we obtain the relationship between the correlated number of fiber break
points n’ and the Weibull distribution as the following equation:

, L/ O,f m
Inp'=—— . (7)
Lo\ 0p

The Weibull parameters og and m used in the fiber strength distribution are listed
in Table 2, and the fitted lines are shown in Fig. 5.

It is obvious from the scale parameter oy that the residual strength of the embed-
ded glass fiber decreases drastically in the early stage of hydrothermal aging (until
100 h), and that it saturates toward a certain strength with long-term aging (namely
45% of the initial strength). It is also obvious that the dispersion of strength distri-
bution, which is represented by in the scale parameter m, seems to increase with
the aging time. The glass fiber strength depends on the pre-existing surface flaws,
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which originate with various sizes during the manufacturing process. The combined
effect of the applied stress and the aging on the embedded fiber leads to the growth
of the surface flaws. The growth rate of a surface flaw increases with its size; there-
fore, the range of the flaw size distribution enlarges, resulting in a decrease in the
shape parameter m.

3.3. Interfacial Strength Degradation

In this paper, the fiber/matrix interfacial strength is discussed in terms of the interfa-
cial shear stress t!, which is calculated employing elastic analysis. Figure 6 shows
the elastic analysis model applied in the vicinity of the fiber break point consider-
ing the swelling stresses of the resin matrix due to water absorption (axial stress

crz‘flswe“ (1) and radial stress or’mswe“(t)). The interfacial shear stress t' and the axial
f

fiber stress o are expressed by the following equations [10, 11]:

(1) 0<z< Ly

(@) = (Hi — 10)yen () exp(—a2), (8)
o0 = 211~ exp(—az). ©9)
H>
(i) Lg <z
tix) =1, expB(Lq—2). (10)
£ f, _m 4T
o (2)= op + Uz,swell(t) - ,Bdf expB(Ld — 2), (11)

where (= 0.7 [13]) denotes the coefficient of friction, ag represents the axial stress

La >
i Distance from fiber break pointz ~ Matrix

Inté:rfacial debonding /
o [ iber

o) — S

Interfacial shear stress

Axial fiber stress
o

v

Distance from fiber break point z

Figure 6. Elastic analysis model and stress distribution considering interfacial debonding.
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Table 3.
Swelling stresses after hydrothermal aging [12]

Aging time ¢ (h) Swelling strain egye) (MPa) Swelling stress (MPa)

Grr,nswell 021,1,1 swell
0 0 — —
20~ 0.20 —1.65 —12.2

in a remote unbroken fiber, H; is a function of ag , Hy, a and B are constants. ar“;W el
and o\ . signify the swelling stresses induced by the swelling resin matrix after
hydrothermal aging and is described in Table 3 [12]. The constants H;, H», o and

B are given by the following equations:

MUmEm(Gg + a;?swell(t))

I = e+ +omEr (12)
Hy = py ENE” (13)
(1 —VvHE™ + (1 +vm)El
4H,
a=—7. (14)
4Gm
P\ as)

where vf and v™ indicate the Poisson’s ratio of the glass fiber and the vinylester
resin, respectively, d* denotes the fiber diameter, G™ represents the shear modulus
of the vinylester resin, and t™ specifies the distance between the adjacent fibers.
t™ is calculated from the fiber-volume fraction V¢, as expressed in the following

equation:
zm=df< “6—‘/3—1). (16)
f

The interfacial shear stress which assumes the maximum value at the interfacial

debonding tip Trinax’ is determined by the following equation:

: ﬂdf H,
Tmax = | 90+ OZhwen — g (1 = exp(—aLa) | (17)

where the parameters, Gg and Lg, were obtained from the fiber fragmentation test.
The aging time variation in the maximum shear stress 7l . is shown in Fig. 7.
The figure depicts that the interfacial strength (maximum shear stress) decreases
in the early stage of hydrothermal aging and seems to saturate toward a certain

strength with long-term aging — reduction to 60% of its initial strength. Possible
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Figure 7. Maximum interfacial shear strength after hydrothermal aging obtained from fiber fragmen-
tation test.

Table 4.
Material properties of unidirectional GFRP after hydrothermal aging

Aging time Residual strength Rupture strain Stiffness

t (h) oyts (MPa) & (%) E (GPa)
0 440 1.79 25
25 350 1.14 27
100 280 1.18 29
300 250 0.88 30
600 250 0.78 31
1000 240 0.82 31

factors responsible for this decreasing trend may be: (i) the equilibrium states in the
hydrolysis of the silane-coupling agent, and (ii) the saturation of the swelling strain
due to water absorption.

3.4. Residual Strength of Unidirectional GFRP

Tensile tests were conducted on the unidirectional GFRP in order to determine its
residual strength after hydrothermal aging, and the results are described in Table 4.
The stress—strain curves of the UD specimen at various aging times are shown in
Fig. 8, and the relationship between the residual strength and the aging time are
highlighted in Fig. 9.

The residual strength and rupture strain of the UD specimen decrease in the early
stage of hydrothermal aging and seem to saturate toward certain values with long-
term immersion. This is natural because the constituents of the UD specimen had
similar strength degradation behavior, which is evaluated in terms of Gg and 7l .

In contrast, the stiffness of the UD specimen increased slightly after hydrother-
mal aging. The stiffness of the UD specimen are determined by the stiffness of
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Figure 8. Stress—strain curve of unidirectional GFRP after hydrothermal aging. This figure is pub-
lished in color in the online version.
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Figure 9. Residual strength of unidirectional GFRP after hydrothermal aging.

the glass fiber and resin matrix, and moreover by the stress transfer between the
fiber/matrix interface [14]. The decrease of the stiffness of the glass fiber is thought
to be negligible because the hydrothermal aging only occurs on the fiber surface,
which will not affect the constituents of the glass fiber as a whole. The degradation
of the vinylester resin matrix was negligible in the range of this research [8]. Thus,
the increase of the stiffness is concluded to be induced by the degradation of the
fiber/matrix interface. In fact, it is reported in previous researches that the strength
and the stiffness of the unidirectional composite increases with the decrease in the
fiber/matrix interface [14]. This phenomenon can be ascertained in the difference
in the decrease of the strength. The glass fiber strength 0(1; decreased to 43% of its
initial strength, the UD specimen retained 60% of its initial strength.

The fracture surface of the UD specimen is shown in Fig. 10. Resin adhesion
on the fiber surface and fiber bundle fracture, which is an evidence of strong
fiber/matrix interfacial adhesion, can be ascertained from the fracture surface with-
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Figure 10. Fracture surface observation of unidirectional GFRP with various aging time. (a) t = 0 (h).
(b) t =300 (h). (c) t =600 (h).

out hydrothermal aging (Fig. 10(a)). In contrast, fiber pull-out fracture which is an
evidence of poor interfacial adhesion, can be seen on the fracture surface after hy-
drothermal aging (Fig. 10(b) and (c)). From this transition of the fracture modes,
a decrease in the interfacial strength can be verified.

3.5. Strength Prediction of Unidirectional GFRP after Hydrothermal Aging

The residual strength was predicted on the basis of the global load sharing (GLS)
model, which is a simplified strength calculation model particularly suitable for
unidirectional FRPs with weak interfacial adhesion [13]. In this paper, the interfa-
cial strength decreases with hydrothermal aging, resulting in the relaxation of the
strength concentration in the intact unbroken fiber around the broken one. This phe-
nomenon agrees with the assumption of the GLS model; it is therefore suggested
that the GLS model would be valid for strength prediction of unidirectional GFRP,
particularly after long-term hydrothermal aging. In fact, the strengths of the NCR-
glass fiber and fiber/matrix interface degrade with hydrothermal aging; hence these
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Figure 11. Representative volume element (RVE) of unidirectional GFRP.

strengths which were obtained by conducting the fiber fragmentation tests on the
SFC specimen, were integrated into the GLS model.

The residual strength of the UD specimen was predicted as follows. The repre-
sentative volume element (RVE) for the GLS model is shown in Fig. 11. The stress
recovery length L/ in the vicinity of the fiber break point, considering the interfacial
debonding length, is expressed by the following equation:

L,=L;+2Lq, (18)

where L, denotes the stress recovery length, ignoring the interfacial debonding
length. At the interfacial debonding tip (z = Lq) equations (9) and (11) satisfy the
continuity condition, and therefore, the debonding length would be derived as the
following equation:

1 Hy ([ 47
Ld:—&ln[l—ﬁl(ao—i—g;lsweu— Igr;?x)] (19)

The swelling stress Gzrl,lswell and the maximum interfacial shear stress Ty,x Were ob-
tained from the water absorption test and the fiber fragmentation test, which varies
with the aging time [12]. The average strength of the glass fiber in unidirectional
GFRP, evaluated by the GLS model would be expressed as the following equation:

of =o'l = PN +a§(%)13(af), (20)

where crlf (%) represents the average stress in the broken fiber and P (o) indicates
the cumulative probability of fiber failure, as expressed in the following equations,

respectively [10]:
L’ Hi; L.+2L
f r 1i r d
= 1— —a— ), 21
Gb<4> H2i( exp( ¢ 4 )) ( )

£ L (d
P(o')=1—exp —L—O ? . 22)
0
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Thus, we obtain the average strength of the glass fiber as following equation:

=t Lt 2o (7))
Lo o,
Hij Li+2Lg
= gt ==
+ g (1-ow(-a )
Le+2Lg (c™\"
X (l—exp<—g(a—f> )) (23)
Lo o’o

In addition, the residual strength of the unidirectional GFRP 0,50 is given by the
rule of mixture as following equation:
Em
oD = aafv{vﬁu (11— vf)FJ. (24)
The strengths of the constituents (O’g and 7. ) obtained from the fiber fragmenta-
tion test were substituted into equation (19), and the residual strength was calcu-
lated.

A comparison of the predicted results and the experimental data for residual
strength after hydrothermal aging is presented in Fig. 12. The figure depicts that
both the predicted results decrease in the early stage of hydrothermal aging and sat-
urate toward a certain strength. Such decreasing trend is natural because the strength
of the constituents, namely, the fiber reinforcement and the fiber/matrix interface,
also exhibit similar decreasing trend. The glass fiber strength after long-term hy-
drothermal aging decreased to 43% of its initial strength, and the predicted strength
ignoring and considering the decrease in the interfacial strength decreased to 63 and
47% of its initial value, respectively. It is reported by previous researchers that the
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Figure 12. Predicted residual strength of unidirectional GFRP after hydrothermal aging.
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strength of unidirectional FRP varies with those of the matrix and the fiber/matrix
interface. In particular, for the fiber/matrix interface, the strength of unidirectional
FRP first increases with the interfacial strength, attains a maximum, and then de-
creases [13]. It is suggested that the interfacial strength reported in the present paper
was lower than the inflection point, so that the consideration of the decrease in the
interfacial strength led to a decrease in the predicted strength.

The assumption of the GLS is widely used in the composites with weak inter-
face such as the C/C composite. This assumption ignores the stress concentration
around the broken fiber. If the fiber/matrix interfacial adhesion is weak, the stress
concentration releases to the fiber/matrix interface, i.e., propagation of the interfa-
cial debonding. In contrast, in the composite with strong interfacial adhesion, matrix
crack and another fiber break at the neighboring fiber occur in the vicinity of the
fiber break point and increase the stress concentration around the fiber break point.
This causes the composite to fracture within the low strength range. Indeed, both
the predicted results within short immersion time ¢ = 0 and 25 h are higher than
the experimental results. Both the predicted strengths are calculated based on the
assumption that the stress concentration releases to the interface and therefore give
higher strength. In addition, the predicted results show good agreement with the
experimental data particularly after long-term aging by considering the interfacial
degradation. It is obvious that the interfacial strength degradation reduces the stress
concentration in the vicinity of the broken fiber and leads to a condition that agrees
with the assumption of the GLS model. Thus, it is concluded that the strength of
the unidirectional GFRP after long-term hydrothermal aging could be predicted by
the GLS model by considering the strength degradation of the glass fiber and the
fiber/matrix interface.

4. Conclusion

In order to evaluate the strength degradation of an NCR-glass/vinylester composite
and its constituents, tensile tests and fiber fragmentation tests were conducted on
unidirectional GFRP and SFC specimen, respectively, after hydrothermal aging —
hot water immersion at 80°C. Residual strength of the unidirectional GFRP after
hydrothermal aging was predicted using the global load sharing model by consid-
ering the strength degradation of its constituents. The following conclusions were
drawn from the results of this study:

i. Water absorption tests were conducted to evaluate the water uptake of the
vinylester resin and the unidirectional GFRP. The weight gain and the swelling
strain of vinylester resin followed Fickian behavior: increase in the early stage
and saturation after long-term immersion. In contrast, swelling strain of unidi-
rectional GFRP was negligible after water immersion.

ii. Fiber fragmentation tests were conducted on the SFC specimen after hydrother-
mal aging in order to evaluate the NCR-glass fiber strength and the fiber/matrix
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iii.

interfacial strength. Both the strengths exhibited similar degradation behavior:
extensive decrease in the early stage of hydrothermal aging and saturation to-
ward a certain strength after long-term aging.

Tensile tests were conducted on the unidirectional GFRP after hydrothermal
aging so as to evaluate the degradation of its mechanical properties. The residual
strength and the rupture strain of the unidirectional GFRP decreased drastically
in the early stage of hydrothermal aging and saturated toward certain values
after long-term aging.

iv. The residual strength of the unidirectional GFRP was predicted using the global

load sharing model by considering the degradation of its constituents: fiber
strength and fiber/matrix interfacial strength. By considering the degradation
of both of the fiber reinforcement and the fiber/matrix interface, the residual
strength of the unidirectional GFRP after hydrothermal aging was predicted in
good agreement with the experimental data.
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