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� Matrix played important roles in both of the static and fatigue for BFRP.
� Same static but lower fatigue strength for vinyl ester based than epoxy based BFRP.
� Static strength was lower with more ductile matrix based BFRP.
� Long-term fatigue life increase with increase in fracture elongation of the resins.
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To reveal the effect of resin matrix on the behavior and damage mechanism of basalt fiber reinforced
polymers (BFRPs), the static and fatigue properties of different resin matrixes based BFRP composites
were experimentally investigated. Four types of resins were adopted in this paper. They were normal
and toughened vinyl ester resins, and epoxy systems curing at room temperature and at elevated temper-
ature. In parallel to the static and fatigue tests, the damage observation were conducted using in-situ
scanning electron microscopy (SEM) observation system embedded in the fatigue test equipment. The
results showed that the resins played important roles in both of the static and fatigue behavior of
BFRP composites. The static tensile strength of the normal vinyl ester resin based BFRP was similar to that
of the BFRP with elevated temperature cured epoxy. However, the fatigue life of the former was signifi-
cantly lower than that of the latter for more matrix cracking and fiber peeling occurred on the surface of
the vinyl ester resin based BFRP. Although the static strength of the BFRP was lower with more ductile
matrix like toughened vinyl ester or room temperature cured epoxy, the long-term fatigue strength level
of BFRP increased with an increase in fracture elongation of the resins.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

During the last few decades, basalt fiber reinforced polymer
(BFRP) has gotten increasing attentions in both industrial and aca-
demic world for its superior mechanical properties compared to
glass fiber reinforced polymer (GFRP) and less costs than carbon
fiber reinforced polymer (CFRP) [1–5]. The creep and fatigue prop-
erties of BFRPs is higher than that of GFRP composites [6,7]. BFRPs
are promising materials for structures which are sensitive to fati-
gue loading [8,9].
Although the mechanical properties of fiber reinforced polymer
(FRP) materials are mainly determined by fiber properties, the fati-
gue properties of the composite materials varied for different
matrices [10–13]. Several studies have investigated the effect of
the resin on mechanical especially fatigue properties of FRP lami-
nates. Rassmann et al.[14] used different resin systems and com-
pared the mechanical and water absorption properties of kenaf
fiber and glass fiber reinforced polyester, vinyl ester and epoxy
laminates. The results showed that the various resins had differing
effects on FRP strength and hence different failure modes. Colombo
et al. [15] studied the static and fatigue properties of BFRP lami-
nates with vinylester and epoxy matrices and found that the
mechanical properties of basalt reinforced epoxy composites were
superior to those of vinyl ester and the macroscale failure modes
were more compact. The results of other studies investigating
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different resin toughening methods have also shown that the prop-
erties of the matrix have certain impacts on the fatigue behavior of
FRPs, and that fatigue behavior is improved by using toughened
resins [16–19]. However, the resins used for FRP laminates are usu-
ally not suitable for pultruded products like BFRP tendons, cables
or profiles. Limited studies can be found on the effect of resins
on static/fatigue behavior and damage of pultruded products.

With the aim of optimizing resins used in BFRP materials that
are employed in pultruded fatigue sensitive structural members,
this study focuses on evaluating the effect of resins on the static/
fatigue behavior and damage mechanism of BFRP composites.
The strength, fatigue life, and micro damage mechanism of four
different types of resin-based BFRP composites were clarified using
advanced fatigue testing equipment combined with an in-situ
scanning electron microscope (SEM). Except for the epoxy system
curing at room temperature, the other resins studied in this work,
the epoxy curing at elevated temperature, the normal vinyl ester
and the toughened vinyl ester, were all suitable for pultruded
products like BFRP tendons, cables or profiles. Use of the in-situ
SEM enabled both the fracture surface and the evolution of micro
damage to be studied.

2. Materials and experimental setup

2.1. Materials and specimens preparation

In this study, systems of continuous longitudinal basalt fibers reinforced com-
posite were investigated based on basalt fibers treated with silane sizing obtained
from Jiangsu Green Materials Valley New Material T&D Co., Ltd (GMV). The tensile
strength, elastic modulus and fracture elongation of the basalt fiber provided by the
manufacturer were 2400 MPa, 90 GPa and 2.2%, respectively. Four types of resin
were applied. They were normal vinyl ester Corrolite 9102-70 from Reichhold Poly-
mers (Tianjin) LTD., toughened vinyl ester MFE-9 from Sino Polymer Co., epoxy
9804A/B from Bluestar Wuxi Petrochemical Co. and epoxy L-500AS/BS from Sanyu
Rec Co., Ltd., respectively. Except for epoxy L-500AS/BS, they are resins used in
pultrusion process, which are usually cured at elevated temperature. The epoxy
L-500AS/BS, epoxy system curing at room temperature, was applied here to
investigate the effect of epoxy systems of different curing temperature.

The mean values of mechanical properties of resins obtained from tensile tests
of resin casting body by the authors’ group are listed in Table 1. It can be seen that
the elastic modulus of the epoxy resins is slightly higher than that of the vinyl
resins and the largest difference between their mechanical properties relates to
fracture elongation. A large increase in the strength and elongation of the tough-
ened vinyl ester can be found compared with the normal vinyl ester. The fracture
elongation of the toughened vinyl ester is even higher than that of the epoxy resins.
It also should be noted that the toughened vinyl ester is toughened using elastic
nanoparticles which can prevent small resin cracks from extending but cannot pre-
vent small cracks from forming. When compared with epoxy systems cured at ele-
vated temperatures, the epoxy system cured at room temperature exhibits greater
fracture elongation which can relate to the larger plasticity of the resin.

2.2. Specimen preparation and test setup

The shape and size of the specimens used in the tests were identical to those
used in the authors’ previous studies [13,21]. Each specimen consisted of two parts:
a pre-impregnated continuous basalt fiber bundle and end tabs (to smooth the stiff-
ness change and minimize the risk of tab failure during fatigue testing). The pre-
impregnated basalt fibers bundle of 1200 tax was first wound onto a flat mold to
Table 1
The properties of the resins.

Resins Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Fracture
elongation
(%)

Normal vinyl ester (Corrlite
9102-70)

44.81 3.13 1.58

Toughened vinyl ester (MFE-9) 67.38 2.93 5.38
Epoxy System Curing at Elevated

Temperature (9804A/B)
76.29 3.44 2.87

Epoxy System Curing at Room
Temperature (Sanyu L-500AS/
BS) [20]

52.9 2.90 3.63
form a continuous and straight tow-preg bundle with a width of approximately
3 mm and a thickness of approximately 0.25 mm. Four end tabs were then adhered
to the bundle, leaving a gauge length of 20 mm. Each tab consisted of one outside
layer of basalt fiber sheet, and one inside layer sheet stretched out to a distance of
approximately 10 mm from the outside layer. After post-curing (curing conditions
are listed in Table 2), the specimens were cooled in air and then cut into a dumbbell
shape with a total length of 70 mm. Prior to testing, the specimens were cleaned
with absolute ethanol and coated with a thin platinum layer in a JEOL JFC-1600
sputter coater to assist with SEM observations.

Both quasi-static and the fatigue tests were conducted using a Shimadzu SEM
Servopulser, which combines a hydraulic servo fatigue drive and an in-situ SEM
device. This loading, observing and gripping devises used in this study were identi-
cal to that in authors’ previous studies [13,21], which was proved to be suitable for
testing BFRP composites. For the quasi-static tests, 5 replicas were tested for each
set at a stroke rate of 2 mm/min. The stress of all specimens was calculated by
machine load / cross-sectional area of fiber yarn in the FRP according to ISO stan-
dard [22]. Fatigue tests were conducted under a constant stress amplitude cyclic
load at room temperature (some control parameters used in the fatigue testing
are listed in Table 2). The specimens were tested until failure occurred at Nf cycles
or until run-out cycles (1 � 107 cycles). 3 replicas were adopted for each fatigue
test. The stiffness of the specimens was defined as (maximum load – minimum
load)/(maximum deformation – minimum deformation), and the values were
recorded for each cycle during fatigue loading.

3. Experimental results and discussion

3.1. Static tensile properties

The results of static tests are shown in Table 3, where the static
strengths of BFRP with different resin matrixes are seen to be all
above 2300 MPa. These values are all higher than the strength of
E-glass FRP sheets (1600–2300 MPa) but lower than the strength
of carbon FRP sheets (3830–6600 MPa) [25–27]. The toughened
vinyl matrix based composites had the lowest strength which
was 84% of the highest strength achieved in normal vinyl ester
based BFRPs. The static strength of BFRP cured at room tempera-
ture (BSE) was 91% of that of the 9804A/B epoxy based BFRP
(BE). The strength of the BFRP decreased with an increase in the
fracture elongation of the matrix. This strength decrease phe-
nomenon of more ductile matrix has also been found in other stud-
ies involving matrix toughening, and it is possibly attributed to
lowering of the crosslinking density of the toughening systems
[16,17].

BFRP products with epoxy resin usually have better mechanical
properties than those with vinyl ester [15,28]; however, the static
strengths of the BE specimens were slightly lower than those of BV
specimens in this test. The BV specimens in this study were small
enough to allow the fibers evenly take an even load with a good
anchorage, and this mechanism would be discussed later in the
paper with respect to fracture observations.

The stress-displacement curves of different resin matrixes spec-
imens are shown in Fig. 1. The stress–strain curves of BFRP (besides
BV) were linear with a sudden drop after failure, which is typical of
a FRP stress–strain curve [29]. When the BV specimens approached
the maximum load, there was an obvious increase in the displace-
ment without a significant load drop. This indicates that the failure
of the vinyl specimen was caused by uneven fiber fracture and
peeling, which would be further discussed later in the paper with
respect to fracture observations.

The macroscale fracture of specimens had a broom-like appear-
ance with fibers blasted out (as shown in Fig. 2), which is the desir-
able fracture mode for static tests. The degree of the blast-out
varied between the different resin-based BFRPs. The BV specimen
was completely blasted out into single fibers, whereas the BRV
specimen after failure was relatively integrated, and some bundles
of fibers were still evident; however, the BE and BSE specimens
were even more integrated than the fractured BRV specimen.

The typical microscale failure patterns of different resins based
BFRPs are shown in Fig. 3. Fig. 3(a) shows that the fibers were com-
pletely blasted out and no integrated fiber bundles remained with



Table 2
Test programs.

Specimen Matrix Curing conditions Stress ratios Frequency Run-out

BV Normal vinyl ester 2 h 200 �C 0.8*1 10 Hz*2 1 � 107

BRV Toughened vinyl ester 2 h 200 �C
BE Epoxy System Curing at Elevated Temperature 2 h 200 �C
BSE Epoxy System Curing at Room Temperature 7d 25 �C

*Note: 1. The ratio of maximum and minimum tension forces in the cables of cable-stayed bridge under traffic load and dead load is about 0.8 [23].
2. The fatigue properties will not be affected if the load frequency is less than 10 Hz, and thermal effect of the fatigue load at 10 Hz can be neglected [24].

Table 3
Ultimate tensile strength (UTS) of different resins based BFRP.

BV BRV BE BSE

Mean value of UTS (MPa) 2652 2233 2613 2383
COV (%) 4.92 3.60 3.08 2.86
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Fig. 1. Stress-displacement curves of different BFRPs.
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failure of the BV specimen. The matrix of the vinyl ester cracked
into pieces, and each fiber peeled off into loose fibers. Each fiber
remained anchored to the end tabs as the specimen was small
and with good anchorage, therefore, the fibers could be held
together at the end. The specimen could carry a load with fiber
peeling until catastrophic fiber breaking. For toughened vinyl ester
based BFRP, some fibers were blasted out and intact matrices were
still visible, as shown in Fig. 3(b), which was the result of reduced
matrix cracking. For epoxy based BFRPs (Fig. 3(c)–(d)), bundles of
fibers were pulled out, and fractured fibers can be seen wrapped
up in the matrix.

3.2. S-N curves

Fatigue experiments were conducted on the BFRP composites at
different maximum stresses and the fatigue results are shown in
Fig. 4. The results are clearly scattered, which is expected for FRP
composites [26,27]. Composite materials are known to have vary-
ing fatigue life lengths, as there are statistical variations in the
damage rate that develops [26]. It can be seen that the fatigue life
of BE was higher than that of BV, although the tensile strengths of
BE and BV were similar. Fig. 4 also shows the linear fitting S–log(N)
relationships calculated from the test data using the least-square
method according to Eq. (1) [30],

rmax ¼ Alog Nf
� �þ B ð1Þ

where rmax represents the maximum fatigue stresses, Nf represents
the corresponding number of cycles to failure, and A and B are
model parameters that will be determined by the available fatigue
data. Data relating to specimens that did not show failure in the
fatigue tests are not included in the curve fitting. The fitting results
were shown in Fig. 4 and Table 4. The coefficients of determination
of the fitting are less than 0.9 because of damage pattern shift for
low-cycle fatigues and high-cycle fatigues, which have been dis-
cussed in the authors’ previous studies [13].

The slope of the S–N fatigue curve, which can be indicated by
parameter A, was steepest for BV specimens. This characterizes
that BV specimens had the fastest degradation in fatigue strength
with fatigue life. Toughed vinyl ester resin based BFRP (BRV) has
the lowest absolute value of parameter A, which indicates that
the fatigue properties of toughed vinyl ester resin based BFRP were
improved. The slopes of the S–N fatigue curves for epoxy based
BFRPs were between those of BV and BRV, where BSE obtained a
lower value than BE.

The static tensile strengths for different resins based BFRPs
were varied. Normalized with the tensile strengths, Fig. 5 presents
the linear fitting stress levels–log(N) relationships calculated from
test data using the least-square method according to Eq. (2) [30].

rmax ¼ rmax

rult
¼ Arlog Nf

� �þ Br ð2Þ

where rmax represents the stress level (ratio of maximum fatigue
stresses, rmax, to ultimate strength, rult), Nf represents the corre-
sponding number of cycles to failure and Ar and Br are the model
parameters determined by the available fatigue data.

The fitting results were shown in Fig. 5 and Table 5. At the same
stress levels, the life of the toughened BRV specimen was much
longer than that of BV specimens, and the difference in life lengths
between BRV and BV increased with a decrease in stress levels.
This result indicates that optimizing resin toughness can improve
fatigue resistance of BFRP. The fatigue degradation mechanism is
discussed later in the paper with respect to damage observations.

The fatigue strength and life of different resin type based BFRP
materials can be predicted using the S-N curves. The prediction
results are presented in Table 6. For BE, the predicted fatigue
strength to achieve a 10 million cycle life is 2025 MPa, and the fati-
gue strength level is 77.51%. These results are much higher than
those of BV (1954 MPa and 69.89%). Toughened vinyl ester based
BFRP has a lower fatigue strength than vinyl matrix based BFRP
for fatigue life of 2 and 10 million, which is due to the lower static
strength of toughened vinyl based BFRP. However, the fatigue
strength level for 10 million cycles increased from 69.89% to
75.56% for normal and toughened vinyl ester based BFRPs because
static strength had been used to normalize the fatigue perfor-
mance. For longer cycles, such as 1013 cycles, the fatigue strength
levels predicted for BRV materials were highest because the slope
of its S-N curve was lowest.

3.3. Stiffness degradation

The stiffness reduction can be an indicator of damage during
fatigue loading, which usually be divided into three region, (I) mul-
tiple crack initiation during the first 20% of fatigue life, (II) slow and
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Fig. 2. Typical macroscale failure patterns of different resins based BFRPs.
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Fig. 3. The typical failure surface of static test.
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Fig. 4. Maximum fatigue load S- life N curves.

Table 4
Fitting parameters of maximum fatigue load S- life N curves of different resins based
BFRPs.

Specimen Parameters Coefficients of determination
R2

A B

BV �144.15 2862.5 0.80
BRV �77.807 2231.9 0.81
BSE �90.805 2478.8 0.85
BE �127.14 2915.4 0.88

Fig. 5. Maximum stress levels–life N curves.

Table 5
The fitting parameters of maximum stress levels–life curves different resins based
BFRPs.

Specimen Parameters Coefficients of determination
R2

Ar Br

BV �5.4357 1.0794 0.80
BRV �3.4844 0.9995 0.81
BSE �3.8105 1.0402 0.85
BE �4.8655 1.1157 0.88
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stable crack grow along the fiber–matrix interface and (III) fiber
breaking within a short life span immediately prior to failure
[11,13,27,31,32]. Fig. 6 shows typical normalized stiffness
degradation of different resins based BFRP composites with respect
to the normalized fatigue cycles, and the results basically following
the three region model.

Stiffness degradation at 20%, 50% and 90% of the fatigue life of
different resins based BFRPs during fatigue were compared to
study the behavior of different resins based BFRP materials during
fatigue in the three regions, as shown in Fig. 7. At 20% of fatigue
life, there was evidently less stiffness degradation for the tough-
ened BRV specimen under the same maximum fatigue stress (com-
pared to the non-toughened BV specimen) in region I. This shows
that the toughened BRV exhibited comparatively less crack dam-
age. However, the difference between these specimens in region I
was small because the fiber (rather than the matrix) mainly con-
tributes to stiffness in unidirectional BFRP. At 90% of fatigue life,
a larger difference was observed in region III; greater degradation
was observed in BRV and BSE than in BV and BE. This shows that
BFRP with matrices that were more ductile were more damage tol-
erant than the more brittle resin-based BFRPs. The damage mech-
anism is discussed in the next section.

3.4. SEM observation

3.4.1. Normal vinyl ester based BFRP (BV)
Fiber peeling was clearly seen during the fatigue process of the

vinyl BFRP specimen, as shown in Fig. 8(a), and it was also com-
pletely blasted during fatigue failure, as shown in Fig. 8(b).

From a microscopic damage perspective, the fiber peeling of the
vinyl BFRP specimen was related to a large amount of cracks in the
vinyl resin on the surface of fibers (as shown in Fig. 9(a)). With an
increase in the number of cycles, the numbers and lengths of resin
cracks increased (as shown in Fig. 9(b)–(c)), and the resin was ulti-
mately disconnected from the fibers (as shown in Fig. 9(d)).
3.4.2. Toughened vinyl ester based BFRP (BRV)
Typical fatigue damage of toughened vinyl BFRP specimens

shows that the ductility of toughened vinyl resin was greater than
that of vinyl ester resin. There was an evident decrease in the num-
ber of cracks with the same cycle times at the same load as shown
in Fig. 9(a) and Fig. 10(a). When toughened vinyl BFRP finally
failed, a large number of resin particles remained on the fiber bun-
dles, which did not occur with the vinyl BFRP, and this indicates
that the fibers had not completely peeled off in the toughened
vinyl ester based BFRPs. In addition, when toughened vinyl ester
based BFRP was fractured, the specimen (Fig. 10(d)) did not blast
out into separate fibers (unlike the BV specimens) (Fig. 9(d)).

3.4.3. Epoxy system curing at elevated temperature based BFRP (BE)
and at room temperature based BFRP (BSE)

As the viscosity of the epoxy at room temperature is higher than
that at elevated temperature, the basalt fibers were wrapped up
with a greater amount of resin in the BSE specimens than in BE
specimens. The SEM images of BSE specimens in Fig. 11(a) show
a smooth surface with some cutting fragments thereon, and it is
difficult to observe any fibers. From the counterpart of BE speci-
mens in Fig. 11(b), many fibers can be seen embedded in the resins
on the surface. The damage pattern were the same matrix cracking
damage for both BSE and BE, but the size of cracks in BSE is a little
smaller than that in BE as shown in Fig. 11(c)–(d). That is the rea-
son of slower fatigue life degradation of BSE than that of BE.

It is also of note that less matrix cracking occurred in BSE than
in BRV, but fracture elongation was lower in the former than the
latter. This is because the toughened vinyl ester is toughened by
elastic nanoparticles that prevent any small resin cracks from
extending, but they cannot prevent small cracks from forming.



Table 6
The fatigue strength prediction of different resins based BFRPs.

Fatigue strength (MPa) Fatigue strength level (%)

2 � 106 cycles life 1 � 107 cycles life 1 � 1013 cycles life 2 � 106 cycles life 1 � 107 cycles life 1 � 1013 cycles life

BV 1954 1853 989 73.70 69.89 37.28
BRV 1742 1687 1220 78.00 75.56 54.65
BSE 1907 1843 1298 80.01 77.35 54.48
BE 2114 2025 1263 80.92 77.51 48.32
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Fig. 6. Typical normalized stiffness degradation curves for different resins based BFRP.
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3.5. Fatigue damage mechanism analysis

Compared with the epoxy matrices based BFRP, the normal
vinyl ester matrix was easier to crack and fiber was easier to be
peeled off in BV during fatigue loading, as shown in Fig. 9 and
Fig. 11. The peeled off fibers in BV specimens gradually withdrew
from working during fatigue cycles. This results in more fibers
being peeled off with an increased cyclic load. When actual stress
of the residual fibers increased to its fracture limit, the BV speci-
mens failed. With less matrix cracking and fiber peeling, the epoxy
matrices based BFRPs had much higher fatigue life.

Polymer matrix ductility and cracking can affect the fatigue
failure mechanisms of FRP composites, and the long-term fatigue
limit of unidirectional composite is around fatigue limit of matrix
[10–12]. As shown in Fig. 12, the slope of the S–N fatigue curve
increases with polymer matrix elongation. The SEM images
(Figs. 9–11) show more ductile matrixes based BFRPs like BRV



Fig. 9. Typical damage for BV under maximum fatigue stress of 2087 MPa.

Fig. 8. Typical damage (�30) for BV under maximum fatigue stress of 2087 MPa.
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and BSE have smaller or less cracks damage than BV and BE. This
smaller and less fatigue damage can result in a reduced degrada-
tion rate of both fatigue life and initial stiffness.
4. Conclusions

In this study, the effects of resin matrix on the static properties,
fatigue behavior, and damage mode of BFRP were investigated with
static and fatigue tests combined with in-situ SEM observation.
Four different types of resin-based BFRP composites were applied
in the test. They are normal and toughened vinyl ester resins,
and epoxy systems curing at room temperature and at elevated
temperature. The primary findings of this paper are summarized
as follows:
1) The vinyl resin-based BFRP has a similar static strength to
the epoxy curing at elevated temperature based BFRP, but
the former has a much lower fatigue life than the latter.
The failure modes of fiber peeling and fiber pull-out are
found for the vinyl resin-based and the epoxy based spec-
imens, respectively. The peeled off fibers can sustain the
static load with good end anchorage, while the peeled
off fibers gradually withdraw from work in the cyclic
load.

2) The improvement in ductility of the polymer matrix of BFRP
can obviously reduce matrix crack propagation under static
and fatigue loading. With higher ductility and fewer cracks,
the long-term fatigue life and residual stiffness of more duc-
tile matrix based BFRP, such as BRV and BSE, are higher than
that of BV and BE. The 10 million cycle fatigue strength level



Fig. 10. Typical fatigue damage for BRV under maximum fatigue stress of 2087 MPa.

Fig. 11. Typical fatigue damage for BSE and BE under maximum fatigue stress of 2087 MPa.
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of vinyl resin based BFRP increased from 69.89% to 75.56%
before and after toughening. However, the static strength
and short-term fatigue life of BRV and BSE are lower than
BV and BE specimens.
3) The slope of the S–N fatigue curve increases with the resin
matrix elongation increase for all types of resin tested. The
long-term fatigue limit of the BFRP composites can be con-
trolled by matrix cracking and matrix elongation.
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The results from this study highlighting a clear resin effect in
long-term fatigue life of BFRP are based on a limited data set. Addi-
tional testing would help quantify these effects and provide
more guidance on fatigue life improvement of BFRP products. In
the future, more suitable matrix can be studied and used in BFRPs
to get BFRP cables, bridge decks or other products longer fatigue
life.
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