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ABSTRACT: Inthis article, the sensitivity analysis of the displacement rate effect under tensile loading
on the crack growth behavior in the carbon-epoxy composite has been investigated. For this objective,
the tensile test was performed on double cantilever beam samples, according to the ASTM-D5528
standard under displacement-controlled loading and under displacement rates of 0.05, 0.5, 5 and 50
mm/min. Then, the regression analysis was done on outputs of experimental data by the Minitab

software. For this objective, the sensitivity analysis was performed on three fracture characteristics of

composite specimens. These fracture mechanics parameters were the critical energy release rate (with  Keywords:

three different fracture energy methods), the maximum failure force and the initial crack tip opening Sensitivity analysis
displacement by the use of the digital image correlation technique. Results showed that the variation of .
. . . Fracture behavior
the displacement rate affected the maximum failure force and the energy release rate and therefore, these

" : . . S Carbon-epoxy composite
values were sensitive to changes in the displacement rate. However, the maximum value of the initial

crack tip opening displacement of the composite was dependent on the logarithmic displacement rate ~ Displacement rate

under tensile loading. Finally, the changing trend of fracture mechanics characteristics in the composite  Regression analysis

was increasing by increasing the displacement rate.

1- Introduction

Today, fiber-reinforced polymer composites are
increasingly used in aircraft and spacecraft structures due to
their high rigidity and strength and also due to their relatively
low density [1]. Therefore, identifying the failure behavior of
materials is one of the most important issues for designers and
engineers. Since the structure may be under different loading
rates, in such conditions, different damage mechanisms occur,
especially in structures made of composites [2].

Rajan et al. [3] investigated the effect of the loading rate
on the fracture behavior and the relationship of the tension-
separation law using a double-edged head beam sample in the
control mode and the first mode, under loading rates of 0.03,
0.3, 3 mm/min. Their results showed that values of tensile-
separation parameters, such as the maximum viscous stress
and the strain energy release rate were highly dependent on
different loading rates and were known as a function of the
loading rate. Thorson et al. [4] studied the fracture behavior in
a composite sample of a double-edged beam under different
quasi-static loading rates, using the modified wedge method.
They performed this test under load rates of 0.01 to 3600
mm/s, using the ASTM-D5528 standard. They observed that
the failure behavior at higher rates was different from that at
lower rates.

2- Methodology
The studied material was a composite with a total thickness
of about 5.3 mm. The dimension of the standard test sample
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was 125x25 mm. Such specimens were considered based on
the ASTM-D5528 standard [5], entitled Double Cantilever
Beam (DCB) samples. Fig. 1 shows the image of the DCB
specimen, including the schematic image and the prepared
geometry. Therefore, all fracture toughness experiments
were performed under the cross-head displacement-control
condition and the loading rate of 0.05, 0.5, 5 and 50 mm/
min. Fig. 2 depicts the DCB sample under tensile loading for
mode I.

As suggested in the ASTM-D5528 standard, three data
reduction methods could be utilized to determine fracture
properties, including the energy release rate and its critical
value. These approaches are the Modified Beam Theory
(MBT), the Compliance Calibration method (CC) and the
Modified Compliance Calibration method (MCC). The
modified fracture toughness was calculated in mode I, as
follows [5], where P and ¢ are the load and the load line
deflection.

__3p0 (1
“ 2b(|a+4))
Compliance specimen values in this CC method were
written as follows, where 7 is the slope of the curve of log ¢
versus log a [5]:

_np.o,

G =
"“ 2ba
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Fig. 1. Schematic of the geometry of double cantilever beam
specimens [5]

Fig. 2. The device for tensile testing on DCB samples
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Fig. 3. The force-displacement curve under different displacement rates

Then, the fracture toughness for the MCC method was
obtained, as follows [5]:

3p2ch 3)
" 2AbH

c

To determine the effect of the displacement rate change
on each of data obtained from the tensile test (the maximum
fracture force, the strain energy release rate and the maximum
initial crack opening displacement), the sensitivity analysis
could be used by the regression analysis. Test outputs were
statistically analyzed in the Minitab software [6].

3- Results and Discussion

Obtained results including force-displacement curves are
shown in Fig. 3. It should be noted that the displacement was
measured through the load line. It was found that the increase
in the loading rate had no significant effect on the maximum
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force. Of course, this result was a qualitative conclusion
and to confirm this conclusion and more accurate analysis,
the sensitivity analysis was performed using the regression
analysis by the Minitab software. Fig. 3 also shows that
curves were linear in the initial stage of the test and were then
followed by a nonlinear behavior for the displacement, larger
than 5 mm. All specimens exhibited a zigzag shape extension,
beyond 5 mm. Due to the loading condition, which was the
displacement-controlled state, loading caused the crack to
grow in a constant displacement. In addition, the maximum
amount of force under low loading rates was much lower
than that under high loading rates, which was also shown in
the literature [3]. The reason for this observation could be
the very low speed of loading, which caused a change in the
fracture behavior of the material. Loading at very low speeds
also changed the effect of the joint length on the fracture
toughness [4].
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Table. 1. Results of the regression analysis for the objective
function of the maximum force

Parameters F-Value P-Value
Regression analysis of the 99 04 0.000
first model ’ '
F%rst power of the 10.97 0.030
displacement rate
Secpnd power of the 6.36 0.067
displacement rate
Thlrd power of the 58] 0.074
displacement rate
Coefﬁcllent. of R2=98.67 %
determination

Table 1 shows the results of the sensitivity analysis,
obtained for the maximum force. According to the results of
Table 1, the P-value for the displacement rate was less than
0.05 and also the value of R? was 98.67%, which indicated
that the regression analysis was meaningful and correct.
Moreover, according to the P-Value in Table 1, it could be
said that the change in the displacement rate affected the
maximum failure force. In other words, the maximum failure
force was sensitive to changes in the displacement rate.

4- Conclusions

In this research, the sensitivity analysis of the fracture
behavior in the carbon-epoxy composite was done under
different displacement rates and mode I tensile loading by
the regression analysis. Obtained results could be listed as
follows,

- Based on the third-degree regression model of the
displacement rate, the sensitivity analysis showed that
displacement rate changes affected the maximum fracture
force, due to the tensile test on composite specimens.

- The amount of the strain energy release rate in the carbon-
epoxy composite, with all three failure methods (including
MBT, CC and MCC approaches), based on the third-degree
regression model, was sensitive to the loading rate.

- The maximum amount of the initial crack opening
displacement in the composite, based on the regression
logarithmic model, was sensitive to the logarithmic
displacement rate, under tensile loading.
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Table. 1. The value of data analyzed in the Minitab software
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Fig. 3. The force-displacement curve under different displacement rates
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Table. 2. Results of the regression analysis for the objective function of the maximum force in terms of (a) the third-
degree function of the displacement rate and (b) the first-degree function of the logarithmic displacement rate
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Table. 3. Strain energy release rate values under different displacement rates
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Table. 4. Results of the regression analysis for the objective function of the strain energy release rate by the MCC
method, in terms of (a) the third-degree function of the displacement rate and (b) the first-degree function of the
logarithmic displacement rate
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Table. 5. Results of the regression analysis for the objective function of the strain energy release rate by the CC
method, in terms of (a) the third-degree function of the displacement rate and (b) the first-degree function of the
logarithmic displacement rate
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Table. 6. Results of the regression analysis for the objective function of the strain energy release rate by the MBT
method, in terms of (a) the third-degree function of the displacement rate and (b) the first-degree function of the
logarithmic displacement rate
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Fig. 4. Initial crack opening displacement contours under loading rates of (a) 50, (b) 5, (¢) 0.5 and (d) 0.05 (mm/min)

&P o 5l S azpe @) pgo Jae b geesS U sl 2 5l pame 4250 @) esiiciy 5 (e S5 @ 90 Sl Ty oS
wLm ‘QT L .‘05.’]9 RY 9 P—Value JJ\)LD.A L 4.‘>9.1 l.’ (‘sal.’?ul? o oals ul.m) ‘(‘ssbul} C).a p...’)l.il )‘ Jj‘ 4.?)0 (’:bl.’ 9 LS'bUl}
S g5 o ¥ Jgo o P-Value jolic Gillas ¢ pimmed s ax,0 ol sl P-Value jloie ¥ Jgoz ol 4 axg b .ol
JE5 55 e 55,05 3 le Sl g oy e 525 R ik e 5 a8lse - 1+ 51 5 bl 2551 Jy
C)J).«...u L CnSs ‘55).«.: M;Lo).m‘)l.’ ‘)i‘»..b u)l...c L MLGA Q?’“‘“”)f) ).JL:] aS Sl Q"‘ o..\...b.bul.m) as MLGA Qo 40 AAIFY

YA



YEAS B YEVY asio 0¥+ e Jlo oF oy oyl DY 093 cSuilSio  wbiee &y yui

Jlozd gl (0310 5 SisT b cilizo o lmls g 5 e adgl I 5 dilbs olul> gl o 35 polie .V Jgux

Table. 7. Maximum values for the initial crack opening displacement under different displacement rates with
digital image correlation technique
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Table. 8. Results of the regression analysis for the objective function of the maximum displacement value of
the initial crack opening in terms of (a) the quadratic function of the displacement rate and (b) the first-degree
function of the logarithmic displacement rate
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