Journal of Southeast University (English Edition)

Vol. 29, No. 1, pp. 84 —87

Mar.2013 ISSN 1003—7985

Fatigue behavior of basalt-aramid
and basalt-carbon hybrid fiber reinforced polymer sheets

. 1
Pan Jianwu

Wu Gang’

Yuan Xigui'

(' Civil Engineering Department, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

(*School of Civil Engineering, Southeast University, Nanjing 210096, China)

Abstract: In order to study the fatigue failure mode and
fatigue life laws of basalt-aramid and basalt-carbon hybrid
fiber reinforced polymer ( FRP ) sheets, fatigue
experiments are carried out, considering two hybrid ratios
of 1: 1 and 2:1 under different stress levels from 0. 6 to
0.95. The results show that fractures occur first in carbon
fibers or aramid fibers for the specimens with hybrid ratio
of 1: 1, namely B1 Al and BI1C1, while a fracture occurs
first in basalt fibers for the specimens with a hybrid ratio of
2:1, namely B2A1 and B2Cl1. The fatigue lives of the
hybrid FRP sheets increase with the improvement of the
content of carbon fibers or aramid fibers, and the influence
of the carbon fibers content improvement to fatigue life is
more significant. The fatigue performance of B2Al is
relatively worse, while the fatigue performance of B1Cl1
and B2C1 is relatively better. Finally, a new fatigue
stiffness degradation model with dual variables and double
inflection points is presented, which is applicable to both
hybrid and normal FRP sheets.
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C urrently, some fatigue life models for normal fiber
reinforced polymer (FRP) sheets have been presen-
ted by Reifsnider et al' ™. Wu'*! presented a fatigue life
model for multilayer hybrid FRP sheets. Some research-
ers”"™ also presented fatigue stiffness degradation models
for normal FRP sheets. However, there are very few stud-
ies on the fatigue behavior of intraply hybrid sheets, espe-
cially for the basalt-aramid and basalt-carbon hybrid FRP
sheets. In order to research the fatigue behavior of basalt-
aramid and basalt-carbon hybrid FRP sheets, fatigue ex-
periments with two hybrid types ( basalt-aramid, referred
to as B-A; basalt-carbon, referred to as B-C) and two

hybrid ratios (1: 1 and 2: 1) under different stress levels
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(from 0. 6 to 0. 95) are carried out. The hybrid FRP
sheets are made by the wet-layup method " according to
GB/T 3354—1999""" and GB/T 1447—2005""". The de-
tails of size and preparation of the specimens are the same
as Ref. [ 15]. The stress ratios are all 0. 1. The experi-
ments are carried out in the Laboratory of Structural
Strength in Nanjing University of Aeronautics and Astro-
nautics. The main instrument is an electro-hydraulic servo
fatigue experimental machine.

1 Fatigue Experiments

Some typical damage occurred in the specimens during
experiments, such as partial fibers failure, edge fractures,
central holes, etc., as shown in Fig. 1.
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Fig. 1 Damage of the specimens during experiments.
(a) BIAL; (b) BICI; (¢) B2Al; (d) B2C1

The final failure modes are all sudden brittle fractures,
and all the specimens are incomplete after failure. Frac-
tures occur first in carbon fibers or aramid fibers for the
specimens with a hybrid ratio of 1: 1 (namely BIAl and
B1C1) (see Fig. 2), while fractures occur first in basalt
fibers for the specimens with a hybrid ratio of 2: 1 ( name-
ly B2Al and B2Cl1) (see Fig.3).

The fatigue lives under different stress levels are shown
in Fig. 4.
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Fig.2 Failure modes of the specimens with hybrid ratio of

1:1. (a) B1Al-1;(b)B1A1-2; (c) BIAI-3;(d) BICI-1;
2;(f) BIC1-3;(g) BICI4; (h) BICI-S

(e) BICI-

1) The fatigue lives of B-C sheets are higher than those
of B-A sheets under the same stress level.

2) The fatigue lives of the hybrid FRP sheets increase
with the improvement of the content of carbon fiber or ar-
amid fiber, and the influence of the carbon fiber content
improvement to fatigue life is more significant.

3) The fatigue performance of B2Al is relatively
worse, while the fatigue performance of BIC1 and B2Cl
is relatively better. B1Al is at the middle position.

4) When hybrid FRP sheets are used in the strengthe-
ning of engineering structures,
tigue strengthening effect, it is recommended to adopt
B1Cl1, B2C1, B1Al, and the stress levels should be be-
low 70% .

in order to ensure the fa-

(e) (f) (8)
Fig.3 Failure modes of the specimens with hybrid ratio of

2:1. (a) B2AI-l; (b) B2Al1-2; (c) B2A1-3; (d) B2Al4;
(e) B2A1-5; (f) B2Cl1-1;(g) B2C1-3
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Fig.4 Fatigue lives under different stress levels

2 Fatigue Life Models

Four existing fatigue life models presented by other re-
searchers are used to fit the experimental data, including
the models from Refs. [1 —4], and the results are shown
in Tab. 1. Results show that the fitting accuracy and gen-
eralization capability of the model in Ref. [2] is relatively

Tab.1 Square of correlation coefficient of different models on
experimental data

Specimen Ref. [1] Ref. [2] Ref. [3] Ref. [4]
B2Al 0.907 0.970 0.968 0.929
B2Cl 0.727 0.763 0.661 0.734
B1Al 0.778 0.784 0.779 0.779
B1Cl1 0.654 0.633 0.692 0.650
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better on experimental data of four types of intraply hy-
brid FRP sheets.

3 Stiffness Degradation Models

Eight existing fatigue stiffness degradation models pres-
ented by other researchers are used to fit the experimental
data, including the models of Refs. [5 —14]. The results
show that, considering the fitting accuracy and generali-
zation ability, the model of Ref. [ 14] is the relatively
best model. However, the experimental data curve show
two inflection points. The first inflection point is caused
by damage in the matrix material due to the initial load-
ing, and the second inflection point usually appears near
the final failure. But all the existing models have only
one inflection point, and thus need to be improved.

Based on the experimental data, a new fatigue stiffness
degradation model with dual variables and double inflec-
tion points is presented as follows:

E(n) =E0)(1 -%)’ + C(1nn)>

where n is the cycle number; N is the fatigue life; E is
the stiffness; E(0) is the original stiffness; E(n) is the
residual stiffness after n cycles; r and C are the experi-
mental constants. According to the experimental data of
this paper, it is recommended that r = 0. 01 and C =
-22.3.

This new model can be used to predict the fatigue stiff-
ness degradation of basalt-aramid and basalt-carbon hybrid
FRP sheets. Two sets of experimental data referred to as
data(1) and data(2), respectively, from Ref. [14] are also
used to verify this new model to see if it is applicable to
normal FRP sheets, and the results are shown in Fig.5.

From Figs.5(a) and (b), we can see that the experi-
mental data curve has two inflection points and the fitting
curve of the new model also has two inflection points,
while the fitting curve of the model of Ref. [14] only has
one inflection point, so the new model has relatively bet-
ter curve fitting result when the experimental data curve
has two inflection points. From Figs. 5(c) and (d), we
can see that the new model has also a relatively better
curve fitting result when the experimental data curve has
only one inflection point. Therefore, the new model is al-
so applicable to predict the fatigue stiffness degradation of
normal FRP sheets.

4 Conclusions

Fatigue experiments on hybrid fiber reinforced polymer
sheets with two hybrid types and two hybrid ratios (1:1
and 2: 1) under different stress levels (from 0.6 to 0.95)
are carried out. Conclusions are as follows:

1) The fatigue lives of B-C hybrid FRP sheets are
higher than those of B-A hybrid FRP sheets. The fatigue
lives of the hybrid FRP sheets increase with the improvement
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Fig.5 New model vs. model of Ref. [14]. (a) The new model
fitting the data(1) of Ref. [14]; (b) The model of Ref. [ 14] fitting the
data(1) of Ref.[14]; (c) New model fitting the data(2) of Ref. [14];
(d) The model of Ref. [14] fitting the data(2) of Ref. [14]

of the content of carbon fibers or aramid fibers, and the
influence of the carbon fibers content improvement to fa-
tigue life is more significant.

2) The fatigue performance of B2AIl is relatively
worse, while the fatigue performance of BICI and B2Cl1
is relatively better. B1 Al is at the middle position. When
hybrid FRP sheets are used in the strengthening of engi-
neering structures, in order to ensure the fatigue strength-

ening effect, it is recommended to adopt BIC1, B2Cl,
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and the stress levels should be below 70% .

3) In the four existing fatigue life prediction models,
according to the fitting accuracy to the experimental data
of hybrid FRP sheets, the model of Ref. [2] is the rela-
tively best one. In the eight existing fatigue stiffness deg-
radation models, according to the fitting accuracy and
generalization capability to the experimental data of hy-
brid FRP sheets, the model of Ref. [ 14] is relatively the
best one. However, the experimental data curves often
but all the existing models
and thus need to be im-

show two inflection points,
have only one inflection point,
proved.

4) A new fatigue stiffness degradation model with dual
variables and double inflection points is presented, which
is not only applicable to hybrid FRP sheets,
so it has a wider range

but also
applicable to normal FRP sheets,
of application.
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