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Abstract: Fiber-reinforced polymer matrix composite materials can fail by kink-band propagation mechanism when
subjected to in-plane compressive loading. This mode of failure is especially prevalent in compressive loading of
laminates with holes, cut-outs, or impact damage. Most of the successful models for predicting compressive strength
of such laminates require “fracture” toughness associated with kink-band propagation under in-plane compression.
However, this property is difficult to measure experimentally, limiting the use of such models in design practice. In
this paper an inverse method is proposed to estimate the kink-band toughness of the laminate from its open-hole
compression strength data, which is an easier property to measure experimentally. Furthermore, a scaling

relationship is proposed to estimate kink-band toughness for other laminate configurations of the same material.
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1. Introduction

Compression after impact (CAl) strength of composite laminates is one of the key properties required for
initial sizing and design of composite structures for aerospace applications. This property is usually determined
experimentally by subjecting laminates of interest to expected and/or required impact scenarios followed by in-plane
compression testing. These experiments have been standardized by ASTM D7137 [ASTM D7137, 2012] so that the
properties are measured in a consistent and repeatable manner. However, these tests are time consuming and
expensive due to the wide range of parameters involved, especially for impact testing. For example, possible
combinations of impactor mass, geometry, size, and velocity can create a large test matrix. Furthermore, as both the
impact damage and the resulting CAl strength are a function of the laminate configuration (ply material and layup),
testing is usually conducted on a narrow range of laminates based on past design experience. This limits the design
space, especially during the preliminary design phase, to only those limited laminate configurations.

The limitations discussed in the foregoing paragraph have motivated the development of analytical and
computational methods to predict impact damage [Dobyns, 1981; Cairns and Lagace, 1992, Abrate, 1994; Olsson,
2001; Esrail and Kassapoglou, 2014a] and CAI strength [Chen et al., 1993; Sekine et al., 2000; Habib, 2001; Yan et
al., 2010; Nilsson et al., 2001; Hawyes et al., 2001; Xiong et al., 1995; Dost et al., 1988; Soutis and Curtis, 1996;
Esrail and Kassapoglou, 2014b; Rhead and Butler, 2009] of polymer-matrix composite materials. CAl failure is a
compression failure of the laminate that is weakened by the impact damage. There are two predominant failure
mechanisms that can occur in CAl failure. These include local sublaminate buckling of the delaminated plies and
kink-band initiation and propagation from the vicinity of the impact damage. The predominant mechanism can be
different depending on the extent and the nature of the impact damage, material properties, and/or laminate
configuration. It is also possible that the two mechanisms occur in a coupled manner where sublaminate buckling
triggers the formation of the kink band that results in the final failure or vice versa. Based on these two mechanisms,
there are two classes of analytical models proposed in the literature, namely, sublaminate buckling with or without
delamination propagation [Shivakumar and Whitcomb, 1985; Chai and Babcock, 1985; Flanagan, 1988; Peck and
Springer, 1991] and kink-band propagation models [Soutis and Curtis, 1996; Ratcliffe et al., 2004].

The models that are based on the kink-band propagation mechanism are also useful in predicting
compressive failure of laminates with cut-outs such as open holes and notches as well as for CAl failure of sandwich

panels [Soutis and Fleck, 1990; Soutis and Curtis, 1996; Ratcliffe et al., 2004]. However, kink-band propagation



models require measurement of kink-band toughness which is also referred to as compressive fracture toughness in
literature. Kink-band toughness (represented by K. throughout this manuscript) accounts for the initiation and
propagation of the kink band and is related to the associated energy dissipation under compression. Implicitly, kink-
band toughness accounts for the energy dissipation due to the underlying micro-mechanisms such as fiber micro-
buckling and inelastic shear deformation in the matrix. However, kink-band toughness is not an easy property to
measure and hence it is not readily available. To abtain this parameter, Soutis and co-workers [Soutis and Fleck,
1990; Soutis et al., 1991] employed a center-notched compression experiment while Ratcliffe et al. [2004] and
Jackson and Ratcliffe [2004] used a compact compression test. A review and analysis of compressive fracture
toughness testing methods in laminated composites is provided in Pinho et al. [2006]. Despite the effort in
developing experimental techniques to characterize the kink-band toughness and in proving their effectiveness in
doing so, currently there is no accepted standard procedure to measure this property. The difficulty in its
measurement and lack of familiarity with the necessary testing methods limits the usefulness of kink-band-based
CAI models, especially in an industrial design setting. While there have been attempts to determine the kink-band
toughness from micromechanics-based models [Budiansky, 1983; Budiansky and Fleck, 1994; Jelf and Fleck, 1992;
Soutis and Curtis, 2000], these models still require certain parameters that are not easily measured (e.g., shear yield
strength of the laminate) or interpreted (e.g., fiber waviness angle). The present paper attempts to remedy this
situation by estimating kink-band toughness from other readily available test data using an inverse methodology.
The proposed methodology uses, as input, the unnotched compressive and open-hole compressive (OHC) strength
properties, which can be measured using standardized test procedures (e.g., ASTM D6641 [2016] and ASTM D6484
[2014], respectively), to infer the kink-band toughness of the laminate. In addition, we demonstrate that the
toughness scales with certain laminate elastic properties thus allowing prediction of kink-band toughness for other
laminate configurations of the same material. The paper is organized as follows: in Section 2 we present the
proposed inverse modeling approach. In Section 3 we demonstrate the procedure using OHC data available in

literature and also develop the scaling relationships between the kink-band toughness and laminate attributes.

2. Approach
The inverse methodology proposed in this paper is based on the assumption that the open-hole compressive

failure of PMC laminates occurs by kink-band initiation and propagation. This failure mechanism is likely to occur



for most structural PMC layups and hole diameters of interest, as has been shown in various previous works (see, for
example, [Guynn and Bradley, 1989; Soutis et al., 1991; Soutis et al., 1993]). As kink-band propagation has been
found to be the predominant mechanism in OHC failure of PMC laminates, attempts have been made to predict the
OHC strength by modeling the kink-band initiation and propagation from the stress concentration regions of the
open hole [Soutis et al., 1991; Soutis et al, 1993]. These “forward” analytical approaches require two key laminate-
level properties — the unnotched compressive strength (cunc) and kink-band toughness (Kic). While the unnotched
compressive strength can be easily obtained through standard experimental characterization or via calculations
using, for example, laminate theory with an appropriate failure criterion, greater difficulty exists in quantifying the
kink-band toughness. Thus, these models typically use K estimated from micromechanics models [Budiansky,
1983; Budiansky and Fleck, 1994; Jelf and Fleck, 1992; Soutis and Curtis, 2000] or, in some cases, measured from
experiments [Soutis and Fleck, 1990; Soutis et al., 1991; Ratcliffe et al. [2004]; Jackson and Ratcliffe [2004]; Pinho
et al., 2006].

As discussed in Section 1, CAl failure of composite structures also involves kink-band initiation and
propagation and hence associated analytical models also require Kic. The commonality of this failure mechanism
between OHC and CAI [Soutis and Curtis, 1996; Edgren et al., 2004; Hawyes et al., 2001; Ratcliffe et al., 2004] has
motivated us to estimate K. using the readily available OHC strength data via an inverse modeling approach. Once
the K¢ is estimated, it can be used in kink-band-based CAI strength prediction models. By requiring OHC strength
data as input to the CAl models instead of K. (which will be implicit and computed by the proposed inverse
method), it is our expectation that the CAI strength prediction model will become more accessible to analysts and

design engineers, especially during the preliminary design and sizing of composite structures.

2.1 Inverse Kink-Band Analysis

As previously described, one of the initial applications of the kink-band propagation model was for OHC
strength prediction as a function of hole size, unnotched compressive strength, and kink-band propagation toughness
[Soutis and Fleck, 1990; Soutis et al., 1991]. Hence, this method can be inverted so that it may provide the K value
given the OHC strength, hole size, and unnotched compressive strength. We use the kink-band propagation models
developed by Soutis and Fleck [1990] and Ratcliffe et al. [2004] in our inverse methodology. The basic equations

for the kink-band analysis are discussed below for completeness.



Calculation of the OHC strength is conducted assuming the kink-band initiation and propagation
mechanism consists of two competing growth stages — 1) stable kink-band growth governed by the stress
concentration near the hole and the unnotched compressive strength of the laminate and 2) unstable kink-band
propagation governed by the stress intensity factor at the kink-band tip and the fracture toughness of the laminate.
The transition between stable and unstable growth determines the compressive strength, as shown schematically in
Figure 1. Both cases assume symmetric kink-band propagation with respect to the centerline of the open hole, i.e.,
two kink bands propagate symmetrically from the two highest stress concentration points of the hole.

For stable kink-band growth, the average stress criterion of Whitney and Nuismer [1974] is used. In this
criterion, stable kink-band growth is predicted to occur when the average stress over the kink band equals that of the

unnotched laminate compressive strength, o, i.e.,
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where r is the hole radius, | is the kink-band length, o, is the stress in loading direction near the hole, and

E=(r+1)/r. The stress field in the vicinity of the hole, o, , can be approximated using the solution given by

Konish and Whitney [1975] for an infinite orthotropic plate containing an open hole and loaded with a far-field

stress, o, , as
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is the stress concentration factor at the hole boundary for an orthotropic, symmetric, and balanced laminate plate
[Konish and Whitney, 1975] where A; are elements of the laminate elastic stiffness matrix (see, for example, [Jones
1975]). It should be noted that the Konish and Whitney [1975] Kt approximation for an orthotropic plate is derived

from the Lekhnitskii [1963] analytical expression for the stress in the loading direction near an open hole in an

anisotropic plate. Substituting Eq. (2) into Eg. (1), the maximum average stress criterion can be stated as:
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Now using Eq. (4) , the far-field compressive stress leading to stable kink-band growth can be computed as a
function of the kink-band length, as shown schematically by the stable kink-band growth curve in Figure 1.

For unstable propagation of the kink band, a linear elastic fracture mechanics approach is employed where
unstable kink-band growth is assumed to occur when the stress intensity factor at the kink-band tip exceeds the

compressive “fracture” toughness of the material [Paris and Sih, 1965], giving:
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where o is the far-field stress for unstable growth, Ki. is the compressive kink-band toughness of the laminate, and

f,and f_are geometrical factors, expressed as
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The expression for the geometric factor, f,, presented in Eq. (8) is a polynomial fit by Newman [1976] of the

complex variable solution by Bowie [1956] that accounts for the effect of the stress concentration due to the hole on

the stress intensity factor at the crack tip. A finite width geometric factor, f,, accounts for the effect of the



specimen edge, i.e., finite width, on the stress state near the hole and crack tip [Newman, 1976]. Further details of
the mathematical formulation governing kink-band formation and growth can be gathered from Soutis and Fleck

[1990], Soutis et al. [1991], Soutis and Curtis [1996], and Ratcliffe et al. [2004].

To calculate the OHC strength given the kink-band toughness and other parameters, i.e., “forward”
analysis, the intersection of the curves defined by Egs. (4) and (7) is sought for various virtual kink-band lengths. A
root-finding procedure is employed to determine the solution of the following equation for a range of kink-band

lengths:
o’ -0’ =0. (11)
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Figure 1. Kink-band growth criterion schematic

Now, in order to perform the inverse analysis required to compute Kic from o, , we utilize the fact that
the kink-band propagation model predicts OHC strength when the curves for stable and unstable kink-band growth
intersect as shown in Figure 1 (i.e., Eq. (4) and Eq. (7) are equal). Therefore at the point of compressive failure,

Oone =0, =0, . Knowing o, as well as the lamina elastic and laminate unnotched compressive strength, one can
use Eq. (4) to solve for n. Utilizing this value of n, the hole radius, and the known value of ¢, Eq. (7) can then be

used to solve for Kic. Based on the outlined procedure, available OHC data for any hole size and laminate
configuration can be employed to calculate the desired values for K, for that laminate.
In order to be useful, the calculated K. should be independent of the hole size. It will be shown in the next

section that this is indeed the case. However, it is important to note that the calculated Ky is a laminate level



property, i.e., it will be different for different laminate configurations. This is limiting as the calculated K. can then
be used only for the exact same laminate configuration. As discussed earlier, the intended use of the calculated K| is
for CAIl impact analysis during design, especially during initial preliminary design phases where a range of laminate
configurations might be explored. Therefore, in order to increase the generality, it would be useful to develop a
methodology to predict kink-band toughness for other laminate configurations of the same material. In Section 3 we
will show that the calculated K can be linearly scaled by laminate thickness, laminate stiffness (axial, combination
of axial and shear), and unnotched compressive strength, with the combination of axial and shear stiffness based
scaling providing the best correlation. With such scaling relationships developed for a particular material, kink-band

toughness for any other laminate can be estimated and used in CAl strength prediction models.

3. Results and Discussion

Investigations were carried out to quantify the capability of the inverse analysis method outlined in Section
2 in predicting the kink-band propagation toughness from OHC strength data. One such investigation included an
analysis of NASA OHC strength data provided in Hodge et al. [2011]. This dataset consists of OHC strength for six
hole diameters in three different layups of IM7/8552-1 including one “hard” [45,0,-45,0,90,0,0,90,0]s, one “soft” [-
45,90,45,90,0,90,90,0,90]s, and one “quasi-isotropic” [-45,90,45,0]2 layup (Figure 2). The goal of our analysis was
to determine whether the K¢ values predicted using the inverse method for each laminate were consistent (i.e.,
minimal variance) for multiple hole diameters. As described in Soutis and Fleck [1990], Hodge et al. [2011], and
Jackson and Ratcliffe [2004], a low variance in the K; data provides evidence that this parameter is material- and
laminate-specific and not a function of the hole diameter. Therefore if K¢ is independent of hole diameter, using
data from an OHC strength test for a single hole size based on the ASTM standard testing procedure [ASTM D6484,
2014] in conjunction with the inverse analysis methodology discussed in the foregoing section, one could determine
the necessary K value. Using the data shown in Figure 2 and applying the developed inverse methodology
discussed in Section 2, a value for K| for each conc data point was predicted. The results are shown in Figure 3
where the average K¢ value for each hole diameter and layup is plotted (point markers) in addition to the overall
mean Kjc value for each laminate (lines). It is seen that the variability observed in the predicted K. values is small
and similar magnitude to the variability in experimental OHC strength data, which indicates that this parameter can

in fact be considered a laminate-level material property. This is consistent with the conclusion reached by Soutis and



Fleck [1990]; Hodge et al. [2011]; and Jackson and Ratcliffe [2004]. One can also observe from Figure 3 that the
value for K¢ is strongly correlated with the laminate layup given the large difference in average kink-band

propagation toughness values for the “hard”, “quasi-isotropic”, and “soft” layups of the same material system.

1000 T T T T T
o [45,0,-45,0,90,0,0,90,0] - OHC data
) o [-45,90,45,90,0,90,90,0,90]_ - OHC data
800 o [45,90,45,0], - OHC data .
5 §
o
2 600 | 8
£
) § g
3
= $ o
> 400t N 4 i
2 LR
o l (]
200 §
0 : : : : : :
0 02 04 06 08 1 1.2

Hole diameter (cm)

Figure 2. OHC strength as a function of hole diameter [Hodge et al., 2011]
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Figure 3. Kink-band propagation toughness, Kic, values predicted using OHC strength data

With the introduction of the proposed inverse analysis technique, four methods currently exist to obtain the
value for Kic. These include 1) performing a non-standard compact compression or center-notched compression
experiment [Soutis and Fleck, 1990; Soutis et al., 1991; Ratcliffe et al., 2004; Jackson and Ratcliffe, 2004; Pinho et
al., 2006], 2) using a “typical” value from a sufficiently similar laminate, 3) estimating an approximate value using

micromechanics [Budiansky, 1983; Budiansky and Fleck, 1994; Jelf and Fleck, 1992; Soutis and Curtis, 2000], and



4) computing the value from OHC strength data, using the inverse analysis method proposed in this paper. As
mentioned in Section 1, the lack of a standard testing method for measuring K. prevents its current widespread
adoption. Additionally, Figure 3 illustrates how widely K. can vary for different layups of the same composite
material system, indicating that Method 2 has limited applicability. Method 3 has been used with some success for
specific cases to estimate K. and will be further evaluated later in this manuscript. Therefore of these four methods,

computing K, from OHC strength data seems to offer the best balance between generality and accuracy.

3.1. Scaling Relationship: Estimating Kink-Band Toughness for Other Layups

In order to provide even greater generality for OHC and CAI strength prediction models and to maximize
the number of possible design considerations for rapid design frameworks utilizing these models, scaling
relationships were investigated to determine if one could estimate K. for laminate configurations other than those
for which OHC strength data is available. For example, if a designer has access to test data (e.g., unnotched and
open-hole compressive strength) for three separate laminates of the same material system, could an empirical
relationship be determined that would then allow the designer to compute the CAl strength for laminate
configurations for which no experimental characterization data exists? In order to answer this question, the Kjc
values predicted using the inverse analysis method were plotted against various elastic, strength, and layup
properties to assess their correlation. Figure 4 shows the correlation between K¢ values and the longitudinal elastic
modulus (Ex), percentage of 0° plies, sum of longitudinal elastic modulus and in-plane shear modulus (Ex + Gyy), and
unnotched compressive strength (oun). For this particular material system, the kink-band propagation toughness
correlates best with the sum of the longitudinal elastic modulus and in-plane shear modulus (Ex + Gxy) with an R?
value of >0.999. Since kink-band compressive failure involves both fiber micro-buckling and matrix inelastic shear,
the excellent correlation observed between K. and (Ex + Gyy) appears to be consistent with the physical mechanisms
that lead to compressive failure in the case of OHC. As seen in Figure 5, normalizing the K. data based on the
laminate value for (Ex + Gyy) effectively collapses the three curves into one narrow band. Provided with this scaling
relationship, a designer could determine K. values for additional laminates without the needed for additional OHC

strength test data.
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Figure 5. Effect of scaling/normalization based on (Ex + Gxy) — collapse of K vs. hole diameter data

It has been demonstrated that utilizing the scaling method based on (Ex + Gyy) can collapse predicted Kjc
data. This correlation can then be used to predict kink-band propagation toughness for other layups under
investigation for OHC or CAI strength analysis but lack the necessary data to compute K¢ using the inverse method
outlined previously. While the band of data shown in Figure 5 is narrow, some variance still exists. Therefore an
investigation was carried out to determine the effect of this observed deviation on the predicted CAl strength for two
laminates and impact scenarios presented in literature. For the first case, presented in Sanchez-Saez [2005], the CAI
strength was predicted for an AS4/3501-6 cross-ply laminate with an elliptical impact damage profile of size
2a=12.0 and 2b=8.0 mm. The CAI strength was also predicted for an impact scenario, presented in Lee et al. [2011],

of an IM7/8552 quasi-isotropic laminate with a circular impact damage diameter of 17.0 mm. To predict the CAI
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strength governed by kink-band initiation and propagation, the model presented in Section 2 was utilized and a value
of Kic = 40.0 MPa*m"? [Soutis and Curtis, 1996] was specified for both CAI strength prediction modeling cases.
The prediction error for the experimental CAl strength presented in Sanchez-Saez [2005] and Lee et al. [2011] were
approximately 0.1% and 7%, respectively. Now, in order to assess the error one could incur if the scaling
relationship based on in-plane elastic properties is used to collapse the data presented in Figure 5, CAl strength
prediction simulations of the Sanchez-Saez [2005] and Lee et al. [2011] laminates and impact scenarios were carried
out for a range of K¢ values. Based on the standard deviation of the mean normalized K values presented in Figure
5, a +2c range (35.11 — 44.89 MPa-m'2) is highlighted in red vertical dashed lines in Figure 6. It should be noted
that this +2c range is smaller than the range of typical K\ values presented in literature (35 — 50 MPa-m*?2 [Soutis
and Curtis, 1996]). As observed in Figure 6, the CAI strength prediction error is small (<11% for the Lee et al.
[2011] data and <8% for the Sanchez-Saez [2005] data) for the prescribed 2o range of Kic. These results provide
confidence in the accuracy of CAl strength results predicted using K. values determined from scaling relationships

based on laminate elastic properties and fit using the developed inverse analysis technique.
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Figure 6. Sensitivity of CAI strength prediction with respect to K value
Based on the observation that the predicted K. values can be considered a laminate-level property (i.e.,
function of laminate material system, layup, and processing parameters) and the success in determining a scaling
method for K¢ as a function of in-plane elastic properties of the laminate, an investigation was carried out on an
additional composite material system commonly utilized in aerospace composite structures, AS4/8552. The primary
intent of analyzing AS4/8552 using the inverse method and complimentary scaling approach was to determine if this

framework could be accurately applied to different material systems. Experimental data from Marlett et al. [2011a]
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including laminate OHC and unnotched compressive strength and lamina elastic properties were used in the inverse
analysis to estimate the kink-band toughness (K) from OHC strength. Again, three different laminates were
considered including one “hard” [0/45/0/90/0/-45/0/45/0/-45]s, one “soft” [45/-45/0/45/-45/90/45/-45/45/-45]s, and
one “quasi-isotropic” [45/0/-45/90]2s. The OHC strengths for the three laminates [Marlett et al., 2011a] are plotted in
Figure 7. After computing the values of kink-band toughness for each of the OHC strengths, the effectiveness of
correlating K¢ to various elastic and strength parameters was assessed as was done for IM7/8552 (Figure 4). The
linear fits for Kic vs Ex, percent 0° plies, (Ex + Gyy), and oun are presented in Figure 8 in addition to their respective
linear equations and coefficients of determination (R?). Similar to IM7/8552, the sum of in-plane extension and
shear moduli provided the best correlation with kink-band propagation toughness, resulting in an R? value of
approximately 0.979. The second-best correlation parameter for both IM7/8552 and AS4/8552 is the unnotched
compressive strength (oun). However, since in-plane elastic properties of the laminate can be accurately computed
from the lamina elastic properties using classical lamination theory (CLT), scaling Kic based on (Ex + Gyy) will

provide the greatest generality as well as accuracy.
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Figure 7. OHC strength data for three layups of AS4/8552 [Marlett et al., 2011a]
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Figure 8. K| scaling with respect to various elastic and strength parameters for three laminates of AS4/8552

3.2. Remarks on the Micromechanics Approach

Since it is often the case that experimental data for K. via compact compression or center-notched
compression experiments is not available for a specific laminate / material system combination of interest,
micromechanics is often called upon to obtain the necessary value in order to simulate kink-band initiation and

propagation from an open hole or impact damage [Soutis and Curtis, 2000]. One such micromechanics model by

1/3
Vf Ef
Zz'y

where w is the kink-band width, v, is the critical crack closing displacement (CCD), d, is the fiber diameter, V,

Budiansky [1983] is presented in Eq. (12)

7d,
w=2v = (12)

¢4

is the fiber volume fraction, E; is the fiber Young’s modulus, and 7, is the laminate in-plane shear yield strength.
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The Mode | critical strain energy release rate, G, , can be computed as a function of the critical crack closing

Ic?

displacement, v_, and the laminate unnotched compressive strength, o

un’

using Eqg. (13).
G, =2[ o()dv=0,y, (13)

Finally, the kink-band propagation toughness, K,_, for an orthotropic plate under plane stress conditions containing

Ic?

a crack parallel to a plane of symmetry is calculated using Eq. (14) [Kanninen and Popelar, 1985] where a; are

elements of the elastic compliance matrix where & =ga;0;,j=1...,6.

12 172 2 2
o (tge) | [22] 2z
1 1

In addition, an empirical relation obtained by Jelf and Fleck [1992] through fitting of a function of similar form as
Eq. (12) to various composite data found in literature, presented in Eq. (15), can be used to compute the kink-band

width.

Ty

037
w =0.68d, {V‘ 5 j (15)
Egs. (12) through (15) were called upon to provide estimates of K¢ for three layups of IM7/8552 (Laminate 1:
[45/0/-45/90]ss, Laminate 2: [45/-45/0/45/-45/90/45/-45/45/-45],, and Laminate 3: [0/45/0/90/0/-45/0/45/0/-45]s).
The required elastic and strength parameters for the micromechanics models were obtained from Marlett et al.
[2011b] and Hexcel [2016] datasheet. K values for each of the three laminates using the Budiansky [1983] (Eg.
(12)) and the Jelf and Fleck [1992] (Eg. (15)) models are shown in Table 1. The predicted values for K|c using both
models are low compared with the range of values typically observed for carbon fiber reinforced polymer matrix
composites. In order to assess the effect of the micromechanics-based estimates of K¢ values on the predicted OHC
strength, the values in Table 1 were used to compute the OHC strength using the model presented in Section 2. The
experimental [Marlett et al., 2011b] and predicted OHC strength values are presented in Table 2 with the percent
error shown in parentheses. It can be observed that using micromechanics to compute the K¢ value results in an

underprediction of the OHC strength. The average errors over the three laminates for the Budiansky [1983] and Jelf

and Fleck [1992] models are 27.84% and 21.35%, respectively.
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Table 1. Predicted K¢ values using the Budiansky [1983] and Jelf and Fleck [1992] micromechanics models

Laminate 1 Laminate 2 Laminate 3
K, Budiansky 28.95 23.88 29.16

(MPa*m™)  jeif & Fleck 35.04 28.9 35.29

Table 2. Predicted OHC strength (oonc) using the micromechanics-based K values shown in Table 1; comparison

(error in parentheses) with experimental values from Marlett et al. [2011b]

Laminate 1 Laminate 2 Laminate 3

Experiment 33839 267.52 436.02
(-) (-) (-)
GoHC . 250.00 204.43 288.61
MPa)  BUdiansky o0 o0 (23.58%) (33.81%)
Jolf & Flock 27448 221,53 314.13

(18.89%) (17.19%) (27.96%)

4. Conclusions

Motivated by the goal of improving the applicability of OHC and CAI simulation methods based on kink-
band propagation failure mechanisms, an inverse methodology was developed to estimate kink-band toughness (Kic)
using OHC data. Direct measurement of K¢ has been demonstrated to be feasible [Soutis and Fleck, 1990; Jackson
and Ratcliffe, 2004] however it requires using non-standard test methods such as compact or center-notched
compression tests. Researchers and practitioners wanting to utilize validated OHC or CAl models requiring this
parameter [Soutis and Fleck, 1990; Soutis et al., 1991; Soutis and Curtis, 1996; Ratcliffe et al., 2004] have
previously had to rely on “typical” values for sufficiently similar laminates or have called upon micromechanics to
provide estimates of the values. The presented inverse approach now provides an additional method for estimating
this necessary parameter. Results indicate that the approach is capable of predicting K for a wide range of laminate
layups for two polymer matrix composite systems commonly used in aerospace applications (IM7/8552 and
AS4/8552). Furthermore, it was shown that the approach can be generalized to predict the K¢ for other layups using
simple linear scaling relationships. An investigation was carried out assessing the possible error resulting from using
a scaling procedure based on the sum of the in-plane extension and shear moduli of the laminate. It was found that
for a £2c variation in K (standard deviation determined from scaled K. data), a maximum error of 11% could be

expected. In the initial design stage for a composite structure, this magnitude of error is typically acceptable. The
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accuracy of two micromechanics-based methods of approximating K. were also investigated and found to produce
errors over 20% in most cases for OHC strength prediction. It is envisioned that the proposed inverse methodology
will reduce the barrier for adoption of kink-band-based rapid analysis tools for CAl strength prediction, especially

during the preliminary design of composite structures.
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