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Abstract: Considerable uncertainties in the mechanical properties of composites not only prevent
them from having efficient applications but also threaten the safety and reliability of structures. In
order to determine the uncertainty in the elastic properties of unidirectional CFRP composites, this
paper develops a probabilistic analysis method based on a micromechanics theoretical model and
the Monte Carlo simulation. Firstly, four commonly used theoretical models are investigated by
calculating the deterministic elastic parameters of three unidirectional CFRP composites, which are
compared with experimental outcomes. According to error analyses, the bridging model is the most
brilliant one, with errors lower than 6%, which suggests that it can be used in probabilistic analyses.
Furthermore, constituent parameters are regarded as normally distributed random variables, and the
Monte Carlo simulation was used to obtain samplings based on the statistics of constituent parameters.
The predicted probabilistic elastic parameters of the T800/X850 composite coincide with those
from experiments, which verified the effectiveness of the developed probabilistic analysis method.
According to the probabilistic analysis results, the statistics of the elastic parameters, the correlations
between the elastic parameters, and their sensitivity to the constituent’s properties are determined.
The moduli E11, Epp, and G, of the T800/X850 composite follow the lognormal distribution, namely,
In(Eq1)~N][5.15, 0.0282], In(Epy)~N[2.15, 0.0242], and In(G;,)~N[1.48, 0.0382], whereas its Poisson’s
ratio, v13, obeys the normal distribution, namely, v1,~N(0.33, 0.0122). Additionally, the correlation
coefficients between v1, and Eq1/Ej;/G1p are small and thus can be ignored, whereas the correlation
coefficients between any two of Eq1, Epp, and Gqp are larger than 0.5 and should be considered in the
reliability analyses of composite structures. The developed probabilistic analysis method based on
the bridging model and the Monte Carlo simulation is fast and reliable and can be used to efficiently
evaluate the probabilistic properties of the elastic parameters of any unidirectional composite in the
reliability design of structures in engineering practice.

Keywords: composites; elastic property; micromechanics theoretical model; probabilistic analysis
method; Monte Carlo simulation

1. Introduction

Carbon-fiber-reinforced polymer (CFRP) composites have been widely used in various
engineering fields due to their high specific stiffness, high specific strength, outstanding
designability, etc. Among the different types of CFRP composites, the unidirectional (UD)
continuous carbon-fiber-reinforced resin matrix composite lamina, which is the basic build-
ing block of multidirectional laminates, is the most popular one that has been greatly
developed until now. However, severe uncertainty exists in the mechanical properties of
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the composite lamina because of the inherently scattered mechanical properties of the con-
stituent, the misaligned fiber distribution, the uncertain volume fraction of the constituent,
etc. [1,2]. Generally, in order to ensure the safety and reliability of composite structures,
large safety factors are used in traditional deterministic design [3]. This inefficient and
uneconomical design leads to overweight structures. In other words, the superiority of
advanced composite materials in weight savings is greatly reduced.

In order to give full play to the potential of composites and obtain an efficient design
of composite structures under the premise that high structural reliability and safety are
guaranteed, probabilistic design methodologies have been developed and gradually ap-
plied to the design of engineering structures [4,5]. Multiscale methodologies have been
developed to simulate the probabilistic mechanical properties of composite structures
because of the uncertainty in the mechanical properties’ transfers from the micro-level to
the structural level [6-8], as presented in Figure 1. Therefore, in probabilistic analyses of
complex composite structures, the determination of the probabilistic mechanical properties
of composite laminae is of great importance [9-12].

Micro scale Meso scale Macro scale
Constituent level Laminate level Component level Full level
0 0°=0 90°
@ = AP
+0 0°-0 9%0°
Variables: Variables: Variables: Variables: Variables:
Fiber and matrix  Elastic properties; Interlaminar Laminate behaviour; Component
properties; spatial strength properties; properties; stack geometry; assembly behaviour; external
distribution thickness scheme; geometry parameters load; environment

Figure 1. The transfer of uncertain mechanical properties from the constituent level to the full
vehicle level.

Up till now, the probabilistic mechanical properties of composite laminae have been in-
vestigated by two methodologies, which are the macro-level-started experimental method
and the micro-level-started theoretical or numerical method. The former determines the
statistics of mechanical properties based on numerous experimental data and probability
distribution models [13-18]. For example, Jeong and Shenoi [14] obtained thirty-five ex-
perimental values of each mechanical parameter of composite laminae and determined
their statistical characteristics by assuming that they follow the normal or Weibull distribu-
tion. However, the probability distribution type of the mechanical properties of composite
laminae is found to influence the probabilistic strength of composite structures [15]. Fur-
thermore, the large quantity of specimens required in this method indicates the high cost
and long time period. To solve this problem, Sepahvand and Marburg [18] proposed a
method for the optimal estimation of uncertain elastic parameters of composites from
limited experimental modal data. However, correlations between the material properties
still cannot be determined from this method. Therefore, the following question arises: will
the statistical correlations between the material properties affect the mechanical reliability
of composite structures? Shaw et al. [19] and Smarslok et al. [20] indicated that correlations
between the lamina’s mechanical properties are significant for the reliability estimates of
composite structures and that neglecting the correlations can lead to an inefficient or unsafe
design. Zhang et al. [21] found that correlations between the lamina’s stiffness significantly
affect the reliability of composite laminates, while the effect of correlations between the
lamina’s strength is minimal.

In contrast, the micro-level-started theoretical or numerical method can not only de-
termine the statistics of the material parameters but also obtain the correlations between
these parameters. This method employs a micromechanics numerical model or theoretical
model to calculate the probabilistic mechanical properties of the composite lamina while
considering the randomness of the constituent’s properties. Lee et al. [22] and Mustafa
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et al. [23,24] combined micromechanics finite element models with statistical models of
the constituents to determine the random mechanical properties of composite laminae.
Jin et al. [25] used the micromechanics finite element, accompanied by a Monte Carlo
simulation, to perform a probabilistic analysis of a plain weave carbon/epoxy composite.
Bhattacharyya et al. [26] proposed a new micromechanics finite element model to achieve
computational efficiency. Pitchai et al. [27] developed a homogenization technique based on
the variational asymptotic method, coupled with the Monte Carlo method, to carry out an
uncertainty and sensitivity analysis of the effective properties of unidirectional composites.
Compared with the micromechanics finite element or other numerical models, microme-
chanics theoretical models are investigated more extensively, and advanced models have
been developed in recent years. For example, Lezgy-Nazargah [28] proposed a microme-
chanics theoretical model based on iso-field assumptions to compute the effective coupled
thermo-electro-elastic material properties of MFCs. In later studies, Lezgy-Nazargah and
Eskandari-Naddaf [29] extended this model to estimate the material coefficients of three-
phase piezoelectric structural fiber composites. The accuracy of the model was validated
via comparison with the results of the rule of the mixture and a finite element model.
Therefore, more researchers have used micromechanics theoretical models, including the
rule of mixture [30], the model proposed by Halpin et al. [31], the model presented by
Chamis et al. [32], and the bridging model proposed by Huang [33], to conduct probabilistic
analyses of the mechanical properties of composite laminae [19-22,34,35]. As is well-known,
the accuracy of a micromechanics theoretical model is the premise for obtaining the reliable
probabilistic mechanical properties of composite laminae. However, little comparison has
ever been made between micromechanics theoretical models to provide evidence for the
selection of a model, which makes the existing probabilistic analysis method unsound.

To solve the above problem, this paper developed a novel probabilistic analysis method
for the elastic properties of unidirectional CFRP composites on the basis of comprehensive
comparisons being drawn between four commonly used micromechanics theoretical mod-
els. Firstly, the four models were employed to predict the deterministic elastic parameters
of three unidirectional CFRP composites, and a detailed error analysis was conducted by
comparing the predicted results with the experimental outcomes. Furthermore, a novel
probabilistic analysis method that combines the bridging model, which was screened out of
the four models, with the Monte Carlo simulation (MCS), was proposed. Basic constituent
parameters, including the elastic parameters of the fiber and matrix as well as the volume
fraction of the fiber, were regarded as random variables, and corresponding statistical
models were established. The probabilistic elastic parameters obtained from the proposed
method were compared with experimental outcomes to provide verification. Finally, the
statistics of the elastic parameters, the correlations between the elastic parameters, and
their sensitivity to the constituent’s properties were analyzed.

2. Methodology

The uncertainty in the mechanical properties of composites is caused by the uncer-
tainty in the mechanical properties of their constituents. When random variables are used
to describe the uncertainty in the mechanical properties of the constituent, the randomness
in the mechanical properties of composites can be obtained. Therefore, a novel probabilistic
analysis method that integrates a micromechanics theoretical model with the Monte Carlo
simulation was developed to predict the random elastic parameters of unidirectional com-
posites. The theoretical micromechanics model was used to calculate the elastic parameters,
and the Monte Carlo simulation was utilized to obtain samplings of the constituent param-
eters based on statistics of the constituent parameters. Compared with the micromechanics
finite element model or other numerical-model-based probabilistic analyses, the developed
method based on the theoretical model is fast and reliable, and it can be used to efficiently
evaluate the probabilistic properties of the elastic parameters of any unidirectional composite in
the reliability design of complex structures in engineering practice.
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The flowchart of the proposed method is shown in Figure 2, and the main steps are
described as follows:

Step 1:  Identify the input random variables, namely, the material properties of the constituent.

Step 2: Determine the statistics of the input random variables, including the probability
distribution type and the distribution parameters.

Step 3: Perform random sampling using the Monte Carlo simulation.

Step 4: Use an accurate theoretical micromechanics model to calculate the elastic properties.

Step 5:  Obtain the statistics of the elastic properties based on the output data.

Step 6: Acquire the correlations between the elastic properties.

Step 7:  Evaluate the sensitivity of the elastic properties to the input constituent’s properties.

‘ Identify the input random variables ‘

l

‘ Determine statistics of the variables ‘

l

‘ Perform random sampling ‘

l

Use a theoretical micromechanics model to
calculate elastic properties

‘ Obtain statistics of elastic properties ‘

‘ Acquire correlations between elastic properties‘

l

‘Evaluate the sensitivity to the input Variables‘

End
Figure 2. Flowchart for evaluating the probabilistic elastic properties of unidirectional composites.

3. Comparisons of Micromechanics Models

Four commonly used micromechanics theoretical models were introduced and were
utilized to calculate the elastic properties of three typical unidirectional CFRP compos-
ites. Detailed error analyses were conducted by comparing the calculated results with
the experimental outcomes to screen out the most accurate one, which can be used in
probabilistic analyses.

3.1. Descriptions of the Micromechanics Models

The unidirectional continuous carbon-fiber-reinforced resin matrix composite lamina
is the fundamental form of laminated composite structures. In the UD CFRP lamina, the
carbon fibers are arranged in the same direction, as shown in Figure 3. As is well-known,
the UD CFRP lamina is transversely isotropic because the carbon fiber is transversely
isotropic and the resin matrix is isotropic. The material principal coordinate system O-123
of the lamina is also illustrated in Figure 3. The directions of the three principal axes of the
lamina coincide with those of the carbon fibers.

@)

Figure 3. Schematic diagram of the unidirectional carbon-fiber-reinforced composite lamina.
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The micromechanics theoretical models are established based on the assumptions that:
(1) the fiber is uniformly distributed in the matrix; (2) the fiber and matrix are connected
directly without relative sliding; (3) the volume fraction of the void is very small and thus
can be ignored. Four micromechanics theoretical models that are widely used to predict
the elastic constants of the UD CFRP composite lamina are introduced and investigated in
this paper.

e  Rule of mixture (numbered as Model I).

Among the micromechanics models, the rule of mixture [30] is the simplest one that
has been used for a long time. The equations are the following:

Eq = VFE], + ViE™
U1y = va{2 + V™
Em
1-Vy(1-E"/E])
Gm
1-vs(1-Gm/Gly)

Eyp =

)

G =

f

where E{l, E{2, G{z, and vy, are the longitudinal elastic modulus, the transverse elastic
modulus, the longitudinal transverse shear modulus, and the longitudinal transverse
Poisson’s ratio of the fiber, respectively. E", G, and v are the elastic modulus, the
shear modulus, and the Poisson’s ratio of the matrix, respectively, among which the shear
modulus is calculated by G™ = E™/2(1 +v™). V¢ and Vy, are the volume fractions of the
fiber and the matrix, which satisfy Vit V=1 because the volume fraction of the void
is ignored.

e  Chamis model (numbered as Model II).

Chamis [32] obtained a new model by simplifying the model proposed by Hopkins
and Chamis [36]. The equations are expressed as follows:

En = VFE]| + ViuE™
U1y = va{z + Vo™

Em

F2 = 1— \/Vf(1 - Em/Egz) @
Gm

Gip =

1-/v;(1-cm/ch)

It can be seen from Equation (2) that the equations for Ep; and Gy, are similar to those
in the rule of mixture because only the V; is replaced with  /Vy.
o Halpin-Tsai model (numbered as Model III).

Halpin et al. [31] summarized the Halpin—Tsai equations in detail, in which the equa-
tions for the elastic parameters are the following:
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Ev = VFE], + ViuE"

U1 = vajch + Vo™

1+2aVf (Eh/E"™) —1
Ep = E™ o= GRS

)
1—aV; E£2/Em>+2 ®)
_on(ep) (o)
G12—G <1_vi> :B_ (G{Z/Gm)—i-l

e  Bridging model (numbered as Model 1IV).

Huang established the bridging model [33], which can predict both the elastic and the
strength parameters of unidirectional composites. The equations for the elastic parameters
are the following:

Ev = VFE}, + ViuE"
U1p = va{z + Vo™
(Vr + Vi) (Vy + Vinazz)
Vit Vnarr ) (VShy + a2aViuS3h ) + ViV (85 — S )ana
(6l + ™) +ve(cl,—cm)
(6l,+6m) = vs(cl,—6m)

En = ( 4)

Gip = G"

where a1 = E"/Efy, ax = 0.5(1+E"/EL), anp = (8], = S1y ) (an — ) / (81, - S11),

5{1 = 1/E{1, ng = 1/E£2, 5{2 = S£1 = _U{Z/E{l’ S = Sp = 1/E", and
Sy = S%7 = —v™/E™. It can be found from a derivation that the equation for Gy, is

the same as that in the Halpin—Tsai model.

As discussed above, the equations for Ej; and vy, are the same in the four microme-
chanics models, whereas the equations for Eyy and Gy, are different. When the four basic
elastic parameters are obtained, the other elastic parameters of the unidirectional compos-
ite lamina can be determined according to the transversely isotropic assumption, except
that vy3 is calculated by the equation of Christensen [37]. The equations are formulated
as follows:

E33 = Ex»
Gi3 = G2
Vi3 = V12 ®)

vo3 = V12(1 —v12Ep/E11) /(1 — v12)
Gz = Ex/2(1 + 1p3)

3.2. Results and Analyses

The four micromechanics theoretical models were utilized to predict the elastic pa-
rameters of three typical unidirectional CFRP composites. As shown in Table 1, the three
unidirectional carbon-fiber-reinforced epoxy resin matrix composites chosen are all exten-
sively applied in the aerospace field as well as other engineering fields. For example, the
T800/X850 composite, fabricated from T800 carbon fiber and CYCOM X850 epoxy resin, is
widely utilized in the primary structures of large aircraft. The fiber volume fractions and
the elastic properties of the constituents of the three composites are listed in Table 1.
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Table 1. Material properties of the constituent of the three unidirectional composites.

Title

Fiber Volume Fraction Elastic Properties of the Fiber Elastic Properties of the Matrix

vy E, (GPa) E, (GPa) &), (GPa) ), E™ (GPa) v

AS4/3501—6 [38]
T300/BSL914C [39]
T800/X850 [40]

0.60 207.5 25 95 0.240 4.5 0.34
0.60 227 25 28 0.245 4.0 0.35
0.58 295 171 40.9 0.32 3.52 0.35

250

200+

,,(GPa)

E

The elastic properties of the three composites calculated by the four micromechanics
models as well as the experimental results are presented in Figure 4. The experimental
results of the AS4/3501—6 and T300/BSL914C composites are from [41]. The experimental
results of the T800/X850 composite are the means of fifteen test values provided by the
manufacturer. It is worth noting that the experimental data of the three composites are
obtained by using the lamina with a regular pattern of fibers, which indicates that the fiber
can be considered to be uniformly distributed in the matrix. As illustrated in Figure 4,
small differences are observed between the theoretical and experimental values of E1; and
v12. The theoretical Ey; and Gi; obtained from Model I differ greatly from the experimental
values, while those obtained from Models II to IV show relatively small differences from
the experimental values. Model I, namely, the rule of mixture, is accurate in calculating
Eq1 and vy, but seriously underestimates E;; and Gy;. This is consistent with the findings
in [22,23,42], which pointed out that when using the rule of mixture, the values for Ep
and Gp; showed a large difference. Models II-IV modified the formulae of Ey; and Gy
and therefore can evaluate the values of E;; and Gj, more accurately. This conforms to
the findings in [19-23,34]. For example, Model Il is used to obtain the elastic parameters
of unidirectional composites in [20,35]. Model III is used to validate the results of finite
element models in [22,23], which suggests the accuracy of Model III. Furthermore, Model
IV is widely used in obtaining the random elastic parameters of unidirectional composites
when the multiscale uncertainty of laminated structures is investigated [19,21], which
demonstrates the precision of Model IV.

150+

100}

50t

) Models I~V 04 Models I~V

Experiment Experiment

7 03+ 7

V12

0.2

0.1

AS4/3501-6

0.0
T300/BSL914C T800/X850 AS4/3501-6 T300/BSL914C T800/X850

(a) (b)

Figure 4. Cont.
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Figure 4. Comparisons between the calculated elastic properties and the experimental values of the
three composites. (a) E11; (b) v12; (¢) Exp; (d) Gya.

Furthermore, the relative errors, ¢, obtained by comparing the theoretical values with
the experimental values are depicted in Figure 5a—c. Since the equations for E1; and vy
are the same in all four models, their theoretical values are equal. Additionally, the errors
of Eq1 and vy are very small, except that the E1; of the T800/X850 composite has an error
greater than —10%. The Ej; obtained from Model I is remarkably smaller than the test
values, with errors up to —27%, while those obtained from Models II to IV are larger than
the experimental values, with decreasing errors in sequence, which are below 12%. The
G1p obtained from Model I is also far less than the test values, with errors higher than
—35%; however, those obtained from Model II are larger than the test values, with errors
below 8.5%, and those acquired from Models III to IV are smaller than the test values,
with errors below —10%. To conclude, for the three composites, the errors of Model I are
unacceptably large, and the errors of Models II-IV remain approximately below 10%. This
is in accordance with the findings in [19-23,34,35,42], which demonstrated that Model I
shows large differences from the experimental or numerical results, whereas Models II-IV
differ slightly from the experimental or numerical results.

20 20
10 L 10
0 Il L
=X =X
w )
o o
g1 £
o o
o o
Z-20F Z-
§ I8 §
30t ., -
o G,
B -50
Model I Model I Model 11 Model TV Model T Model 1T Model IIT Model IV

(@ (b)
Figure 5. Cont.
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Figure 5. Relative error between the theoretical and experimental elastic parameters of the three
composites. (a) AS4/3501—6; (b) T300/BSL914C; (c) T800/X850; (d) Mean.

As discussed above, Models II-IV show similar high precision in calculating the
elastic parameters of unidirectional composites. In order to pick out the most accurate
one, the mean of the absolute values of the errors, emean, is calculated by
€mean = (|€asa| + |eT300] + |€T800|) /3. According to Figure 5d, the Ej; and v, obtained
from the four models show small errors of 3.87% and 1.80%, respectively. The Ey; and Gip
determined by Model I have remarkable errors, higher than 23%, whereas those acquired
from Models II-IV have small errors, lower than 7%. Concerning Models II-1V, the errors
of Epy decrease in sequence, and the errors of Gy, are similar. Therefore, Model IV, namely,
the bridging micromechanics model, is the most brilliant one, which can obtain relatively
accurate Ey and Gy, with errors of 2.73% and 5.87%, respectively. For this reason, the bridging
model is widely used in mechanical analyses of unidirectional structures [19,21,43-45]. There-
fore, the bridging model was used in the probabilistic analysis of the elastic parameters of
unidirectional composites.

4. Predictions of Random Elastic Properties

In order to verify the proposed method, the probabilistic elastic properties of the
T800/X850 composite were predicted and compared with the experimental outcomes.
Furthermore, the statistics of the elastic parameters, the correlations between these elastic
parameters, and their sensitivity to the constituent’s properties were analyzed.

4.1. Validation

All of the involved constituent properties of the T800/X850 composite are considered
random variables. There are seven mutually independent random variables. The statistics
of these random variables are presented in Table 2. The constituent’s properties are assumed
to follow the normal distribution. The coefficients of variance (COVs) of the moduli and
fiber volume fraction are 0.02, and the COVs of the Poisson’s ratios are 0.05 [19,21,23,34,46].
Furthermore, 10° samples of the random variables are obtained using the ziggurat method
in the MATLAB® software. According to the bridging micromechanics model, 10°> samples
of the four elastic parameters are acquired.

Table 2. Statistics of the constituent’s properties of the T800/X850 composite.

Random Variable Mean Ccov Distribution Type
Ef, (GPa) 295 0.02 Normal
EJ, (GPa) 171 0.02 Normal
GJ, (GPa) 409 0.02 Normal
vl 0.32 0.05 Normal
E™ (GPa) 3.52 0.02 Normal
v 0.35 0.05 Normal

Vs 0.58 0.02 Normal
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Figure 6 represents the calculated cumulative distribution probabilities of the four
elastic parameters. The cumulative probabilities obtained from the experiments, which are
also shown in Figure 6, are calculated by the following [15]:

Pexp =m/(n+1) (6)

where m denotes the sequence number of the value when fifteen test values of each param-
eter are arranged in ascending order, and # is the number of the specimens. It can be seen
from Figure 6 that the predicted cumulative probabilities of v12, Ep, and Gy agree well with
the experimental outcomes, whereas the predicted cumulative probability of E;; shows a
substantial discrepancy from that of the experiments. As shown in Figure 6a, the predicted
data are horizontally translated until arriving at the point determined by the experimental
mean and the cumulative probability, 0.5. Then, the predicted result coincides well with the
experimental outcome. It is in fact the case that the remarkable deviation happens because
the predicted Ejj in the deterministic analysis (approximately corresponding to the mean
of Eq; in the probabilistic analysis) is remarkably smaller than the test values. This provides
evidence that the proposed method can efficiently evaluate the probabilistic properties of
the elastic parameters of the composites with adequate accuracy under the premise that the
deterministic elastic parameters can be accurately predicted.

1.0 1.0
+  Predicted Middle Upper tail *
*  Experimental % part o
08l Normal 08l .
Lognormal *
— Weibull *
0.6} Predicted data ;‘J' 0.6} -
. * *
= | after translation; 4 ¢ 7/ F(x)=0.5 E .
Q O I
0.4} N 0.4F
/ ; ¢ Predicted
. *  Experimental
0.2} 021 * — Normal
Middle Upper tail Lognormal
part /,uexp=l95 — Weibull
0.0 . . L . . 0.0 L L ) L L
140 150 160 170 ~ 180 190 200 210 ™" 028 030 032 034 036 038 040
E| (GPa) 12
(a) (b)
1.0 1.0
Middle /# Upper tail Middle /# * Upper tail
part part *
0.8F g 0.8+
*
*
0.6} 0.6 B
&3 =
Q Q *
|©] @]
0.4F 0.4 N
¢ Predicted . ¢ Predicted
R = Experimental *  Experimental
0.2} * — Normal 0.2} * — Normal
k Lognormal * Lognormal
—— Weibull * — Weibull
00 I 1 1 1 00 I 1 1 1 1
7.5 8.0 8.5 9.0 9.5 10.0 3.6 4.0 44 4.8 52 5.6
E (GPa) G ,(GPa)
() (d)

Figure 6. Cumulative distribution functions (CDFs) of the elastic properties of the T800/X850
composite. (a) E11; (b) v12; (¢) Exz; (d) Gra.
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4.2. Statistics of Elastic Parameters

In order to determine the statistics of the four elastic parameters, the cumulative
distribution functions (CDFs) of the normal, lognormal, and Weibull distributions were
employed to fit the cumulative distribution probabilities calculated from the proposed
method. The fitting equations are the following:

F5 ) = 31 e (E21)]

1 Inx —
Lognormal — E |:1 + erf(\/ioy>:| (7)

F(x)|weibu = 1 — eXP[_ (%)K]

F(x)

2
where the error function is erf(x) = — fox e~dt. The fitting curves of the four elastic
T

parameters are shown in Figure 6. The CDFs fitted by the normal distribution are almost
consistent with those fitted by the lognormal distribution, and both of them agree well with
the predicted data, which demonstrates that these two distributions are almost equivalent
for describing the statistics of the elastic parameters. The CDFs fitted by the Weibull
distribution deviate slightly from the predicted data at the middle part but exhibit notable
differences from the predicted data in the lower and upper tails. Consequently, the four
random elastic parameters are inclined to obey the normal or lognormal distribution.

Moreover, Table 3 presents the fitted distribution parameters as well as the adjusted
coefficient of determination, R?, which denotes the goodness of a fit. An adjusted R? close
to 1.0 suggests that the fit is the best one of the three distributions. The adjusted R? values
of the Weibull distribution are smaller than those of the normal and lognormal distributions.
According to the comparisons made between the adjusted R? values of the normal and
lognormal distributions, E11, Ey, and Gy tend to follow the lognormal distribution, while
v1p inclines to obey the normal distribution.

Table 3. Statistical models of the elastic properties of the T800/X850 composite.

Normal Distribution Lognormal Distribution Weibull Distribution
Random Variable
7 o Adj. R? 7 o Adj. R? A K Adj. R?
Eq1 (GPa) 172 4.83 0.99999 5.15 0.028 1.00000 174 42.10 0.99760
U1 0.33 0.012 1.00000 —1.10 0.036 0.99997 0.34 33.12 0.99781
Ey (GPa) 8.55 0.202 0.99998 2.15 0.024 1.00000 8.63 49.85 0.99736
G12 (GPa) 441 0.167 0.99996 1.48 0.038 1.00000 4.47 31.19 0.99771

Furthermore, the histograms of the four elastic parameters are shown in Figure 7. The
probability density functions (PDFs) of the normal, lognormal, and Weibull distributions
are applied to fit the histograms of the four parameters, as presented in Figure 7. The PDFs
of the Weibull distribution show substantial discrepancies from the histograms. Although
the PDFs of both the normal and lognormal distributions coincide with the histograms,
subtle differences can be observed between them. As for Eq1, Ey, and Gqy, the PDFs
of the lognormal distribution agree better with the histograms than those of the normal
distribution. Additionally, an opposite tendency appears for v;;.

Based on the above discussions, Eq1, Exp, and Gj, obey the lognormal distribution,
whereas v1, follows the normal distribution.
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Figure 7. Histograms and PDFs of the elastic properties of the T800/X850 composite. (a) E11; (b) v12;
() Ex; (d) G2

4.3. Correlation Analysis

The scatter plots of the calculated 10° samples of the four elastic parameters are shown
in Figure 8. The distribution of the data reflects the correlations between the two parameters.
The circle-like distributions in Figure 8a,d,e suggest weak correlations between v1; and the
other three elastic parameters. The ellipse-like distributions in Figure 8b,c,f denote strong
correlations between any two of the three moduli.

Further, the Pearson correlation coefficient was employed to quantitatively represent
the correlations between the elastic parameters. The Pearson correlation coefficient is
calculated using Equation (8). The value of the correlation coefficient is in the range of
[—1.0, 1.0]. When it is close to 0, the two variables, X and Y, are not or weakly relevant.
The closer it gets to —1.0 or 1.0, the stronger the correlation is. A value in the range of (0, 1]
means a positive correlation, whereas a value in the range of [—1, 0) suggests a negative
correlation, as follows:

Y XYY
Y Xy — EXY

\/(ZX2 _ (ZI\}I()Z> (Zyz _ W)

where X and Y are random variables, whereas N is the sampling number of the variable.
As shown in Figure 9, the correlation coefficients between v1, and the other three elastic

p(X,Y) ®)
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parameters are small and therefore can be ignored. However, the correlation coefficients
between Eqj and Ep, between Ej; and Gip, and between Ep; and Gi, are larger than 0.5,
indicating that the correlations between these three elastic parameters should be considered
in reliability analyses of the composite structures.
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Figure 8. Scatter plot of the four elastic parameters of the T800/X850 composite. (a) E1 vs. v1p;
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Figure 9. Correlation coefficients between the four elastic properties of the T800/X850 composite.
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4.4. Sensitivity Analysis

The probabilistic sensitivities were evaluated according to the Pearson correlation
coefficients between a particular output parameter and all of the input random variables.
The analysis results are illustrated in Figure 10, where the absolute values larger than 0.3

are marked. The longitudinal elastic modulus, Eqj, has strong relations with E{l and V.

The transverse elastic modulus, E;;, depends on Vi, E™, o™ and E;z in sequence. The shear
modulus, Gy, is highly related to Vf, E™, and v™. The Poisson’s ratio, v, mainly relates to

0/1‘2 and 0™,

EZZ G12
Senstivity level

Output variables
v 12

of ’ '
E 11 Efzz vflz G/12 .
Input variables

E" V" v,

Figure 10. Correlation coefficients between the elastic properties and the constituent’s properties of
the T800/X850 composite.

5. Conclusions

A novel probabilistic analysis method was proposed to determine the uncertainty
in the elastic properties of unidirectional CFRP composites. The method integrates a mi-
cromechanics theoretical model with the Monte Carlo simulation. Firstly, comprehensive
comparisons between four commonly used theoretical models were made by comparing
the calculated deterministic elastic parameters of three unidirectional CFRP composites
with experimental outcomes in the literature. According to detailed error analyses, the
bridging model is the most accurate one, with errors lower than 6%, which suggests that
it can be used in probabilistic analyses. Moreover, constituent parameters, including the
elastic parameters of the fiber and the matrix as well as the volume fraction of fiber, were
regarded as normally distributed random variables, and the Monte Carlo simulation was
used to obtain samplings according to statistics of the constituent parameters. The proposed
method was used to predict the random elastic parameters of the T800/X850 composite,
and the predicted results were compared with the experimental outcomes to provide vali-
dation. Additionally, correlations between the elastic parameters and their sensitivity to the
constituent’s properties were also determined. The following conclusions can be drawn:
(1) Among the four micromechanics theoretical models, the bridging model is proven to
be the best one that can accurately predict the elastic properties of unidirectional CFRP
composites. (2) The proposed probabilistic analysis method, based on the bridging model
and the Monte Carlo simulation, can efficiently evaluate the random elastic parameters of
unidirectional CFRP composites with adequate accuracy. (3) The moduli Eq;, Epp, and Gyp
of the T800/X850 composite follow the lognormal distribution, while its Poisson’s ratio,
012, obeys the normal distribution. Namely, In(E11)~N][5.15, 0.028?], In(E)~N[2.15, 0.024%],
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In(G12)~N[1.48, 0.0382], and v1».N(0.33, 0.0122). (4) The correlation coefficients between v1,
and Ejq1/E»;/Gip are small and thus can be ignored, whereas the correlation coefficients
between any two of Eq1, Ep, and Gy; are larger than 0.5 and should be considered in multi-
scale uncertainty analyses of composite structures. (5) The longitudinal elastic modulus,

Eq1, has strong relations with E{l and Vr. The transverse elastic modulus, Epp, depends on
Vf, E™, o™, and Egz in sequence. The shear modulus, Gy, is highly related to Vf, E™, and

v™. The Poisson’s ratio, v1, mainly relates to 0{2 and v™.

In the future, to obtain an efficient design of composite structures, multiscale un-
certainty design and analysis of complex composite structures will be widely applied.
Additionally, the determination of uncertainty in the mechanical properties of a composite
lamina is of great importance because the uncertainty in the mechanical properties trans-
fers from the micro-level to the structural level. This paper provides a fast and reliable
probabilistic analysis method for the uncertainty evaluation of the elastic parameters of
any unidirectional composite. The method is based on the theoretical bridging model and
the Monte Carlo simulation, and it can be easily packaged and embedded in software via a
programming language, which suggests its great potential in applications in engineering practice.
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