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The bending properties of High Strain Composites (HSCs) are primarily calculated using
the Column Bending Test (CBT). In this paper, we evaluate the effect of variation in certain
key parameters involved in CBT: free length of the sample, and the horizontal offset used to
trigger bending in a given direction. The results indicate that percentage error in curvature is
nearly constant for a given percent error in free length and approximately equal to this percent
error in free length value, regardless of the free length value. Regarding the offset, the results
indicate that it is desirable to have specimens fail at a higher rotated angle of the rigid arms
in order to minimize errors due to an incorrect initial offset distance. We have also explored
the effect of subjecting samples to an initial predetermined strain before testing to failure. We
found that that pre-conditioning has no effect on the failure strain of samples subjected to
bending in order to obtain the moment-curvature response in CBT. Finally, a correction factor
has been provided to improve the accuracy of the closed form solution utilized for CBT. This
correction factor helps mitigate the error incurred due to the constant curvature assumption
in the case when the rigid arms are not sufficiently long compared to the free length of the
specimen.

Downloaded by UNIVERSITY OF COLORADO on September 17, 2021 | http://arc.aiaa.org | DOI: 10.2514/6.2021-0196

I. Introduction

High Strain Composites (HSCs) refer to a class of fiber composite materials that are designed to operate at strains
greater than 1% in bending. Structures made of these materials achieve a stowed configuration through mechanisms that
rely on the folding of these materials at large curvatures. HSCs are thin laminates consisting of a plastic matrix that
is reinforced with carbon or glass fiber. They are of interest for space based applications due to their high stiffness,
capacity to withstand large strains, low weight, and their autonomous deployment capabilities (i.e. utilizing strain energy
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as the primary mechanism for deployment rather than relying on external mechanical parts). Examples of structures that
utilize HSCs include continuous longeron masts [1]], antenna booms [2f], spring-back reflector [3]], large deployable
antennas [4], tape-spring truss [5]] and deployable solar arrays [6].

Since HSCs rely on bending as the primary deformation mode, measurement of their bending response is an integral
requirement for several deployable structures. However, due to their thinness as well as non-linearity in both geometry
as well as material properties, evaluation of their bending response is much more difficult compared to their thicker
counterparts. In particular, the bending response of thicker composites is evaluated using the three-point or the four-point
bending test. However, those testing methods are only valid for a geometrically linear bending response and cannot
characterize large deformations. Several attempts have been made to address this issue.

Pioneering efforts in the field began with the platen test, which was first utilized by Yee and Pellegrino [7] to
determine the bending response of thin carbon fiber reinforced composite laminates. However, they observed a
highly non-uniform moment distribution throughout the specimen, which made it harder to model moment-curvature.
Alternatively, the Large Deformation Four Point Bending Test (LDFPB) was developed to characterize the large curvature
bending response of thin CFRP laminates [8]. One disadvantage of this method was that it involved utilization of
complicated equipment which made widespread testing of HSCs across different testing groups difficult to pursue. In
addition, the coupons tested using LDFPB failed prematurely due to a sudden transition of the stress state at the grips,
which lead to concentrated stresses therein. This lead to the development of the Column Bending Test (CBT), which
is the currently preferred method for measuring the bending response of thin composite laminates subjected to large
curvatures.

CBT was able to overcome the above-mentioned shortcomings of the platen test and LDFPB. The loading obtained
from the extension head of the testing machine is converted into rotation of as set of pinned joints. This aids the rotation
of a set of rigid arms, which apply a nearly pure moment on the test specimen. The failure of the coupon typically occurs
at the center of the specimen, where the maximum moment and curvature occur. If the rigid arms are long enough, the
difference between the maximum and the minimum moment is relatively small, and therefore, a constant moment can be
assumed throughout the length of the specimen. In order to ensure that the specimen bends in the desired direction
at the beginning of the test, the rigid arms are provided with an initial offset distance. A typical CBT setup is shown
in Figure[I] Several studies have recently been conducted using CBT to further understand and characterize the test
process [9H20].

The objective of the present study is to provide a few recommendations for testing of HSCs using the Column
Bending Test. In particular, the topics that would be further explored include:

Errors in estimated failure curvature due to uncertainty in variation of specimen free length.

Errors in estimated failure curvature due to incorrect initial offset distance.

Effect of pre-conditioning (loading and unloading) before testing to failure on estimated failure strain of HSCs.
Correction factor to improve the accuracy of the closed form solution used for the Column Bending Test.

I1. Analysis of the Column Bending Test using a simplified geometric analysis

The main objective of Column Bending Test is to determine the bending response of HSCs in the geometrically
nonlinear regime. For a particular choice of layup, the primary variables of interest obtained from CBT are the failure
curvature as well as the slope of the moment versus curvature curve, also known as the bending stiffness (Dj1). It
has been shown previously [12]] that the bending stiffness of thin CFRP laminates varies as a function of the applied
curvature, which is due to the inherent material nonlinearities in carbon fibers. The goal of this section is to review the
closed form solution obtained using a simplified geometric analysis of the test.

The primary assumption used to obtain the closed form solution for the Column Bending Test states that the moment
and the curvature are constant across the arclength of the bent specimen. Furthermore, since the compressive loading on
the specimen is very small, it is also assumed that the length of the specimen does not change during the test. With the
help of these two assumptions, it becomes much easier to provide an analytical solution for the maximum curvature and
bending moment. The detailed derivation to obtain closed form solution using geometric analysis has been previously
discussed [9} 21] and here we present a summary of the main equations used in the closed form solution.
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Fig. 1 Image of the experimental setup used in the Column Bending Test [21].

Figure 2] shows the geometry of the Column Bending Test [21]]. In the equations that follow, /s represents the gauge
length of the sample, assumed to start from the location where the specimen leaves the rigid arms; / represents the
effective length of the rigid fixture arm, and represents the distance between the center of the pinned joint, and the point
where the specimen leaves the arms; 6 represents the initial angle of the fixture arm obtained due to the initial offset
distance; ¢ represents the rotation of the fixtures due to the applied loading and the specimen deflection; ¢ represents
the linear vertical displacement applied by the testing machine; P represents the load applied by the testing machine to
the setup; r represents the effective moment arm length between the point of application of the load, and the center of
the bent specimen; a represents the linear horizontal distance between the center and the end of the coupon; and R
represents the radius of curvature of the bent coupon, assuming it to be a circle.

Applying conservation of vertical distance yields:

O _1_24n?.oL _ 4
E_l ¢sm2+21s (cos& cos(0+2)). (D

Equation [I|needs to be resolved numerically in order to solve for the net rotated angle ¢. The curvature is then
obtained as k = %, and using the formula for arclength of a circle, I; = R¢, yields the formula:

K= )

The effective moment armlength r is obtained by equating the distances represented by various variables in the
horizontal direction. Upon doing so, the distance r is obtained using:

Lo s ®) s L 4
l_s_¢(1 cosz)+lss1n(9+2). 3)

Using the curvature and the measured value of the thickness, the strain can then be solved for. In reality, due to
material non-linearities, the neutral axis does not remain at the center, especially for large curvatures, and shifts towards
the tensile side. However, for computational simplicity, for now, we can assume that the neutral axis remains at the
center of the specimen throughout the bending process, and the strain can be calculated as follows:
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Fig.2 Geometry of the Column Bending Test : (a) Initial test geometry, (b) angles and (c) distances in the test
setup when a displacement ¢ is applied [21].
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The maximum moment, which occurs at the center of the specimen, is given by:
Mypax = Pr. (5)

The minimum moment, which occurs at the coupon edges near the grips, is given by:

M i = Plsin(6 + §)~ (6)

II1. Analysis of the Column Bending Test using elastica theory

The closed form solution assumes a constant curvature across the arclength. However, in reality, the curvature varies
across the arclength, with the maximum curvature being obtained at the center of the bent specimen. In order to capture
this effect of variation in curvature, the specimen needs to be modeled using Euler’s theory of elastica. This large
deformation theory accurately captures significantly varying curvatures occurring as a result of large scale deflection of
stuctural elements.

Assuming the response to be linear, the constitutive relationship between moment and curvature is given by:

M(s) = Elk(s) = EIa'(s). @)
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where M (s) represents the varying bending moment across the arclength parameter s, E represents the Young’s modulus
of the HSC specimen which is assumed to be constant throughout the test, I represents the area moment of inertia of
specimen, «(s) represents the varying curvature at every point along the arclength, and « represents the angle between
a vector tangent to the coupon and the vertical axis at every point along the curve. The differential equations for the
position co-ordinates x(s) and y(s) can be given in terms of the angle a(s) as:

d
d—’sc =sina ®)
d
d_i} =cosa . )]
The bending moment can be expressed as:
E1% = p(x+isin + o). (10)
ds 2

where x is the horizontal distance to the loading axis, P is the applied load, 6 is the arm angle resulting from the initial
offset distance Ax and ¢ is twice the angle of each rigid arm with the vertical axis.

A numerical integration on Matlab was performed using the ‘ode45’ command. The boundary conditions considered
were Opmiapoint = 0, X0 = 0 and yo = 0. Since it is not possible to integrate these equations without a given value for the
applied load, a shooting algorithm was implemented. The algorithm was used to evaluate the applied loading necessary
to satisfy the condition 6,,;4poins = 0. For a given load and the vertical displacement ¢ of the testing machine, the
numerical integration solved for the shape of the specimen as well as captured the varying curvature across the arclength
of the bent specimen.

IV. Effect of various testing parameters involved in the Column Bending Test on failure
properties of the laminate

In the sub-sections that follow, the dimensions of the rigid arms correspond to that of the typical arms used in-house,
as well as at Roccor, with Ax,,,, and Ay values equal to 0.3175 mm and 31.623 mm respectively. Moreover, we define
a parameter, the normalized free length &, given by:

== . (1)

which describes the ratio of the size of both the rigid arms w.r.t. the specimen free length. A large value of £ is
representative of rigid arms that are relatively longer compared to the free length of the specimen.

A. Effect of errors due to uncertainty of variation in free length

Various factors during the test may give rise to an uncertainty in the free length of the specimen. First, these
variations might occur due to incorrect sample preparation. Next, changes in free length might occur during the test due
to slippage between the coupon grips and the specimen owing to the large forces involved at the clamp ends. These
factors ultimately affect the failure strain. Hence, it is essential to quantify the errors incurred due to variations in free
length.

Figure 3| shows the percent error in curvature as a function of percent error in free length, for various free length
values between 10 mm and 40 mm. These free length values were chosen based on the current set of tests being
conducted in-house, and is typical of values commonly used for CBT. For a given free length, these plots have been
evaluated for the same value of the test displacement for all cases involving errors in free length from —10% to 10% .
The value of this test displacement corresponds to a net rotated angle of 90 degrees for the nominal length case (which
has no error in free length). The errors in curvature have been evaluated using both elastica and the closed form solution.
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Fig. 3 Percent error in curvature as a function of error in free length and free length obtained using: a)
Elastica solution and b) Closed form solution.

The plots show that both methods give nearly the same values for the error, with relatively minor differences. Further,
we can observe that for a given percentage error in free length , the percentage error in curvature remains nearly constant,
regardless of free length. The value of this percent error in curvature is nearly equal to the percent error in free length,
with minor differences depending on whether the change in free length is positive or negative. If the free length errors
are positive (i.e. true free length is larger than the measured free length), the numerical value for the percent error in
curvature is slightly smaller than the numerical value for the percent error in free length. Conversely, if the free length
errors are negative, the opposite is true. These plots can help give an estimate of the errors in curvature that we could
expect for given errors in free length.

B. Effect of errors in initial offset distance on curvature

The initial offset distance, referred to as Ax in Figure[2] is an important parameter that determines the direction
of bending during CBT. Its value depends on the manufacturing precision of the rigid arms as well as the specimen
thickness, which is usually neglected in the calculations. Errors in manufacturing of the arms, or the specimen may
induce errors in the value of the initial offset distance, and hence, it is essential to quantify its eventual implication on
failure curvature.
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Fig. 4 Effect of Ax on curvature for a specimen having /; = 10 mm. The solid lines represent the curvature
values predicted by the elastica, whereas the dashed lines represent those predicted by the closed form solution.
(a) Curvature as a function of normalized extension, and (b) percent error in curvature as a function of

normalized extension for different values of Ax,,;,.
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Fig. 5 Effect of Ax on curvature for a specimen of /; = 40 mm. The solid lines represent the curvature values
predicted by the elastica, whereas the dashed lines represent those predicted by the closed form solution. (a)
Curvature as a function of normalized extension, and (b) percent error in curvature as a function of normalized
extension for different values of Ax,,,,,.

Figures [ and [3] illustrate the effect of Ax on curvature for specimens having free lengths 10 mm and 40 mm
respectively. As mentioned in the previous section, these free lengths are typical of those utilized for CBT. The solid
and the dashed lines correspond to the values predicted by the elastica and the closed form solution respectively. The x
axis in these plots represents the normalized extension, where the normalization is done with respect to the total initial
vertical distance corresponding to the case having no net rotation for the rigid arms and the coupon, as seen in Figure [Zh.
The values for percent error in curvature are evaluated with respect to the nominal case consisting of Ax = Axyop-

From Figures[dand[5] we can also observe that the percent error in curvature is nearly the same regardless of the
free length, following a similar trend for both plots. The error is higher at the beginning, and eventually flattens out to a
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value less than 5% as the test proceeds. This indicates that the effect of Ax on curvature becomes much lesser as the
specimen bends more and more, which indicates that it is desirable to have the specimen fail at a much higher rotated
angle of the rigid arms in order to minimize the error incurred due to incorrect evaluation of Ax.
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Fig. 6 Percent error in curvature for different values of Ax and free length obtained using: a) Elastica solution
and b) Closed form solution.

Figure [6]displays the effect of Ax on curvature for different values of free length. For a given free length, these plots
have been evaluated for the same value of test displacement for all Ax values ranging from 0 to 10Ax;,,,,. The value of
this test displacement corresponds to a net rotated angle of 90 degrees for the nominal case, i.e. Ax = Axpom. The
errors have been evaluated using both elastica and the closed form solution. As can be seen from the plots, the errors are
within 6% even for an initial offset distance value of 10Ax;,,,,, which is a significant variation of Ax. This indicates that
Ax does not play much of a role if the failure of the specimen takes place at a net rotated angle of 90 degrees for the
rigid arms.

C. Effect of pre-conditioning on failure strain of coupons

In this section, we explore the effect of subjecting the samples to an initial pre-determined strain before conducting
the actual test of the specimens. This effect, also known as pre-conditioning, is expected to reduce the standard deviation
in failure strain amongst different specimens subjected to the exact same loading conditions. Moreover, it is expected
that pre-conditioning also helps mitigate the effects of manufacturing error. However, the effect of pre-conditioning on
failure strain of thin CFRP laminates is still not understood. In order to further explore this phenomenon, an investigation
was conducted to understand the effect of the number of cycles of pre-conditioning, as well as the magnitude of the
pre-determined strain, and its eventual effect on the failure strain of the specimens. The selected laminated laminate
for study was GFpw -IM7y p-GFpw. Here, the GFpyw indicates glass fiber plain weave, whereas IM7y p indicates
unidirectional laminate of IM7 carbon fibers. The GFpy was 68 GSM per layer, whereas the IM7yp was 110 GSM
per layer. The inner IM7yp was oriented along the loading direction, whereas the outer GFpy was oriented at 45°
with respect to the inner IM7yp layer. The matrix used was PMT-F7, which was procured from Patz Materials and
Technologies. For the fabrication, the laminates were first placed in layers according to their respective orientation,
and then placed between two aluminum sheets. This assembly was then vacuum sealed together and placed in an oven
until curing occured. The individual samples were then cut using a shear cutter. The nominal length of each coupon
was 38.1 mm. The free length, width and thickness of each coupon was 7.62 mm, 25.4 mm and 0.38 mm respectively.
Failure was defined as the point where the drop in moment was 1% w.r.t. the highest moment observed in the test. The
strains were evaluated using the closed form solution since it has been shown previously [21]] that for larger values of &
(¢ = 8.3 in this case), the curvature predictions are quite accurate and the errors are within 5%.
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Test No preconditioning 2.99% (1.99 %) 3.02% (2.03 %)x5 4.38% (2.94 %) 4.5% (3 %) x5
es

Surface M7 Surface M7 Surface M7 Surface M7 Surface M7
S.1 4.93 3.12 5.38 3.56 4.54 2.93 5.09 3.23 5.82 3.97
S.2 4.75 3.32 4.94 3.19 4.81 3.14 5.56 3.86 5.14 341
S.3 4.43 2.96 5.12 3.23 4.68 3.15 4.63 3.06 5.06 322
S.4 4.53 293 4.25 291 4.98 3.20 5.13 3.47 473 3.17
S.5 5.21 3.35 5.20 3.54 4.50 3.05 5.11 3.27 4.96 3.18
S.6 4.83 3.08 4.37 2.82 5.10 3.34 5.13 3.54 4.92 343
S.7 4.30 3.00 5.81 4.14 5.44 3.67 4.74 3.21 5.27 3.68
S.8 4.82 333 5.45 3.70 5.12 3.30 4.71 3.18 4.89 3.24
S.9 5.10 3.40 493 3.22 4.38 2.93 5.45 3.78 5.49 3.86
S.10 4.92 3.17 5.00 341 5.25 3.46 5.01 3.36 5.41 3.66
S.11 5.06 3.30

Mean 4.78+0.29 3.17+0.17 5.05+0.47 3.37+0.39 4.89+0.34  3.22+0.23 5.17+0.33  3.39+0.26 5.17+0.33  3.48+0.29

Table 1 Strain at failure (in percent) at the surface of both, the outer GF layer as well as the inner IM7 layer.
The first column represents samples that did not experience any pre-conditioning. The second and fourth
columns represent samples that experienced one cycle of preconditioning, whereas samples in the third and fifth
columns experienced five cycles. The pre-determined strain values of approximately 3% and 4.5% on the GF
surface, with a corresponding strain of 2% and 3% respectively on the IM7 surface, were obtained by subjecting
the samples to a prescribed test displacement of 0.5 inch and 1 inch respectively.

The results are shown in Table[I] For evaluating the strain, the neutral axis was assumed to be at the center of
the coupon throughout the test. These strains were evaluated separately for the outer surface of the coupon (i.e. the
GF layer), and the surface of the IM7 layer. Samples were divided into five groups. The first set of samples did not
experience any pre-conditioning. These are represented in the first column of Table[I} For the samples that experienced
pre-conditioning, the pre-determined strains were chosen such that a strain of approximately 3% and 4.5% respectively
was obtained on the GF surface, and 2% and 3% respectively was obtained on the IM7 surface. These strain values were
obtained by subjecting the samples to a prescribed pre-conditioning displacement of 0.5 inch and 1 inch respectively.

In Table[T] the second and fourth columns represent samples that experienced one cycle of preconditioning. These
occurred at a strain of 2.99% and 4.38% respectively at the GF surface, with a corresponding strain of 1.99% and
2.94% respectively at the IM7 surface. The third and fifth columns represent samples that were subjected to five
cycles of pre-conditioning. These occurred at a strain of 3.02% and 4.5% respectively at the GF surface, with a
corresponding strain of 2.03% and 3% respectively at the IM7 surface. About ten samples were tested for each case and
the corresponding strain at failure (in percent) has been listed in Table[T]at the surface of both, the outer GF layer as
well as the inner IM7 layer. As seen from the data, no clear correlation was found between samples that experienced
preconditioning and those that did not.

V. Correction factor to improve the accuracy of moment-curvature predictions

The closed form solution that is used to obtain the moment-curvature response of specimens subjected to CBT
assumes that the moment and the curvature are constant across the arclength of the bent specimen. In other words, the
bent specimen is modeled as a circle of varying radius throughout the test. However, it has been shown previously [21]]
that this assumption can result in errors in the moment-curvature response. This section provides a correction factor
to account for errors incurred when assuming constant curvature. The correction factors will be defined as the ratio
between the geometrically-exact results obtained through the elastica, and those assuming a circle:

4 (6, %) = ZZZ , (12)
oM
14>} (f, %) = % (13)
“Jg
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where , and {p represent the correction factors for curvature and the bending stiffness respectively, and kyqx,¢; and
Kmax,g are the maximum curvature predicted by the elastica and the closed form geometric solution, respectively.

Additionally, (%—AZ) l and (%—Af) represent the bending stiffness predicted by the elastica and the geometric closed form
e g

solution respectively. The correction factors ¢, and {p are dependent on the parameters & and §/L. This is due to the
fact that these correction factors are derived from the errors in curvature and bending stiffness which are themselves
functions of &£ and 6/L.

In order to obtain both the correction factors, a fitting was done individually for each of these functions. Typically,
testing using CBT involves & values between 1 and 4. In order to obtain an accurate fit, five hundred equally spaced &
values were chosen between 0.5 and 8, and correction factors were obtained for each of these using Equations [12]and
for the case involving no softening.

A parabolic fit was used to capture the variation of the correction factor as a function of % for each £. The coefficients
of these parabolae were recorded, so as to identify the function that accurately captures the values of these coefficients
as a function of £. An analytical function for each of the correction factors was then obtained. The MATLAB curve
fitting tool was used for this purpose. The correction factor function for curvature can be given by:

2
ieg)=ao(3) voo(f)+c@ . (14
a(é) = 0.04(£7%%) - 0.01 . (15)
b(€) = 0.03(£7%6) - 0.005 . (16)

@ =013 +1 . (17)

The correction factor function for bending stiffness can be given by:

5 §\* S
i (67)=a@(2) w00 (F)+c@ . 1s)
_0.15£-0.125
€)= 0356103 (19)
b(¢) =018 -0.01 . (20)
c(&) =013 +1 . 1)

The error between the the correction factor, obtained using analytical equations[I4]and [I8] and the actual computed
values for the correction factor is shown in Figure [/} The error between the analytical equations and the computed
values are within 2 %, thereby indicating the validity of the correction factor analytical function for the desired range of
& values between 0.5 and 8. For comparison, the errors are around 20 % without the correction factor for & = 0.5, as
observed in a previous work [21]].

10
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VI. Conclusion

In this paper, we have analyzed the effect of various testing parameters involved in the Column Bending Test (CBT)
on the failure properties of HSCs. CBT is the currently preferred method to obtain the moment-curvature response of
HSCs. It combines the best possible features of the platen test and the Large Deformation Four Point Bending Test
(LDFPB), the traditionally utilized testing methods that were previously used to obtain the failure properties of HSCs.
In particular, we studied the effect of three different phenomenon incurred during testing of HSCs and their implications
on the failure strain: (1) error in free length of the coupon, (2) error in initial offset distance of the rigid arms, and
(3) effect of subjecting samples to an initial pre-determined strain (also known as pre-conditioning). Further, we also
established an improved formula to evaluate the curvature and bending stiffness using CBT.

In order to determine the error that occurs due to uncertainty in the variation of free length, we varied the free length
between 10 mm and 40 mm, which are typical of the free length values used for CBT. The error in free length was
chosen to be between -10 % and 10 %. For a particular value of free length, error in curvature was obtained for the
same value of test displacement for all cases of errors in free length for that particular free length. This value of this
test displacement was chosen based on a net rotated angle of 90° for the rigid arms, for the nominal case where the
free length is assumed to have no error. Results were obtained using both Euler’s elastica, which models large scale
deformation of 1D structural elements, and the closed form solution, which is obtained using a simplified geometric
analysis of CBT by assuming the bent specimen as a circle. We found that both methods resulted in nearly the same
value of the error for the curvature. Also, the percentage error in curvature was nearly constant for a given percent error
in free length and approximately equal to this percent error in free length value, regardless of the free length value.

Next, we also studied the effect of error in the initial offset distance. This initial offset distance is a design parameter
provided during manufacturing of the rigid arms, and has a different value based on the design of the arms. This initial
offset distance helps ensure that the specimen bends in the desired direction when the test starts. We found that the
error in curvature due to error in the initial offset distance eventually flattens out to a value less than 5 % as the test
displacement increases, and that it is desirable to have the specimen fail at a higher net rotated angle of the rigid arms to
ensure that the error in curvature is minimized due to an incorrect initial offset distance. Moreover, for a net rotated angle
of 90° for the rigid arms, the error in curvature is within 6 % even for a huge value of initial offset distance of 10Ax;,0,.

Subjecting samples to an initial pre-determined strain has been suggested as a method to reduce variation in failure
strain between different samples. The effect of this preconditioning on the failure strain of HSCs was investigated as a
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part of this study. The laminate considered for the study was GF pyw -IM7y p-GF pw, where the IM7yp was aligned
with the loading direction. The pre-determined strains were chosen such that a strain of approximately 3% and 4.5 %
respectively was obtained on the GF surface, and 2 % and 3 % respectively was obtained on the IM7 surface. The
number of cycles of pre-conditioning was also varied and set to either one or five cycles. Overall, no correlation was
found between samples that experienced preconditioning and those that did not, and that the degree of preconditioning
may not have a significant effect on failure strain of specimens.

A previous study by the authors [21] demonstrated the errors that occur as a result of the constant curvature
assumption in determining the bending response of laminates subjected to CBT. In this work, we propose an improved
formula to determine the curvature and bending stiffness. The new formula gives an error of less than 2 % even for
relatively smaller grip to freelength ratios (¢ = 0.5 in this case) than the ones used in actual practice. For comparison,
the error is around 20% without the incorporation of the correction factor the & = 0.5 case. This improved formula will
help the HSC community obtain better predictions for the bending response of HSCs tested using CBT.
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