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Abstract

An ongoing challenge within the structural analysis community is to accurately predict damage and progressive failure in large-

scale structural components composed of composite materials. Multicontinuum technology (MCT) provides a means to produce

constituent (fiber and matrix) level stress and strain information within the framework of commercial finite element analysis.

Constituent level stress/strain information forms the basis for a progressive failure algorithm that has successfully been used to

predict coupon failure in a wide range of composite materials and laminate configurations.

In this paper, MCT is used to analyze the failure of rib-stiffened panels associated with advanced composite grid-stiffened

structure (AGS) designs. More specifically, MCT is used to predict and analyze the separation of the rib to skin interface for

comparison with tee pulloff and tee bend test data. Predictions for the initial and final separation of the rib to skin interfaces are

shown to be in good agreement with experimental test data. The results also lend insight into design and manufacturing consid-

erations that are key to the strength and performance of the rib to panel interface.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Advanced grid-stiffened (AGS) structural design of-

fers an attractive alternative to traditional honeycomb-

core structures. AGS structures have been fabricated

with a significant weight reduction, and a 20–30% cost

reduction, when compared to honeycomb-core struc-

tures [1,2]. In one particular application of AGS design,
an AGS structure used on a sounding rocket payload

fairing, showed a decrease in weight of 60% over the

existing aluminum fairing, and a 40% weight reduction

over a conventional skin-stiffener composite fairing [3].

AGS structures traditionally have a very thin skin, as

the ribs carry the majority of the load. The skin serves

to cover the payload in these structures and also serves

a structural support role in holding the rib grid pattern
in place. Therefore, one of the intermediate failure

mechanisms of concern in AGS structures is rib–skin
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separation that would likely lead to catastrophic AGS

structural failure.

Rib-stiffened panels, or AGS, made from high per-

formance carbon fiber composites are mainly of interest

to the aerospace industry, where the material cost is

justified by the extreme mass efficiency. There have been

a number of studies, including work by Ambur and

Jaunky [4], to optimize the design of grid stiffened panels
based on global structural analyses. Others have focused

on the bond between the ribs and the panels. For

example, Yap et al. [5] analyzed the effects of existing

debond defects on structural performance while Jones

et al. [6] specifically examined the bond strength, treat-

ing debonding as a matrix dominated failure.

In polymer matrix composites, progressive type fail-

ures are often observed where catastrophic failure is
generally preceded by constituent level damage accu-

mulation. A number of research efforts propose pro-

gressive failure algorithms aimed at capturing the

‘‘progressive failure’’ process from initial to final failure.

A few of the more recent efforts are described in Refs.

[7–11]. These and other progressive failure algorithms

are usually based on the homogenized (composite)
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stress/strain fields [7–10]. While a single continuum ap-

proach benefits from simplicity, homogenization masks

potentially large internal stresses that are generated be-

tween the constituents within the lamina itself. These
constituent level stresses play a central role in composite

failure mechanisms. An alternate approach is to employ

micromechanics models in tandem with a structural

analysis [11]. While micromechanics models provide

detailed information on constituent level behavior, there

use in large scale nonlinear structural analysis is

numerically untenable.

In this study, we utilize a structural analysis tech-
nique representing a compromise between homogenized

single continuum analyses and the macro/micro ap-

proach. The present approach is based on a multiscale

finite element analysis where phase averaged constituent

information is computed during a conventional struc-

tural analysis. The constituent stress/strain fields gen-

erated are applied to constituent-based, quadratic,

stress-interactive failure criteria to provide predictions
of failure initiation and progression in composite mate-

rials. We refer to this approach as multicontinuum tech-

nology (MCT) in recognition of the distinct continuum

fields produced for the matrix and reinforcement.

Finite element models utilizing MCT are used to

predict the rib–skin interface strength and manufactur-

ing parameters of importance in AGS structures. Data

from two different experimental test methods for rib–
skin interface strength are compared with modeling

predictions. Specifically, the AGS rib–skin interface

strength is studied under a tee pulloff strength test and a

tee bend strength test. The MCT predictions are com-

pared against experimental test data for sections cut

from AGS structures. Results for several skin laminate

configurations and rib–skin interface fillet sizes are also

presented.
2. Overview of multicontinuum technology

The increased application of composite materials in
all industry sectors is driving analytical efforts to accu-

rately predict initial, intermediate, and ultimate failure

states in composite structures. Progressive failure in

polymer matrix composite materials is generally char-

acterized by damage accumulation occurring in the

matrix material over a wide range of loads prior to

catastrophic failure. Damage manifests itself in the form

of submicrocracks occurring in the matrix material.
As noted previously, conventional structural analysis

is incapable of generating constituent level information

where failure often initiates. For instance, consider uni-

axial transverse tensile loading of a unidirectional com-

posite material. Although the loading is uniaxial at the

structural level, the stress field in the matrix and fiber

constituents is fully three-dimensional. Furthermore, off-
axis matrix stresses in the unloaded direction are often

comparable in magnitude to the loaded direction [12].

Multicontinuum technology (MCT) is an analysis ap-

proach that retains the identity of the constituents in a
structural analysis by treating them as separate but

linked continua. As a result constituent level information

is captured and made available for failure predictions at

the constituent level.

Garnich and Hansen [12] utilized the classic iso-ther-

mal elastic strain decomposition equations developed by

Hill [13] to calculate fiber and matrix level stress and

strain information during the course of a routine finite
element analysis. MCT was subsequently extended to

handle composites exhibiting linear viscoelastic behavior

[14] as well as composites consisting of three distinct

constituents [15]. Mayes and Hansen [16–18] utilized

MCT to predict failure in composite laminates at the

coupon level. However, it is important to recognize that

MCT is not a failure criterion, and indeed numerous

failure theories may be developed and applied at the
constituent level. The central theme of an MCT ap-

proach is that constituent damage and/or failure is best

predicted using constituent stress/strain information.

Consider a composite material consisting of two

constituents; fibers and matrix. The continuum stress

field in a composite may be expressed in terms of the

continuum constituent stress fields for the fiber (f) and

matrix (m) as

r
�
¼ /fr�f

þ /mr
�m

; ð1Þ

where /f and /m are the volume fractions of the fiber
and matrix, respectively.

Likewise, for strains we have

e
�
¼ /f e�f

þ /me
�m

: ð2Þ

Assuming linear, thermo-elastic behavior, Eqs. (1) and

(2) can be combined with the linear elastic constitutive

relationships for the homogenized composite material

and those of the constituents to yield the following

expressions for the constituent strain fields as a function

of the composite or homogenized strain field:

femg ¼ ð/m½I 	 þ /f ½A	Þ

1ðfeg 
 DTfagÞ; ð3Þ

fefg ¼ 1

/f
ðfeg 
 /mfemgÞ; ð4Þ

where

½A	 ¼ 
/m
/f

ð½C	 
 ½Cf 	Þ
1ð½C	 
 ½Cm	Þ ð5Þ

and

fag ¼ ð½C	 
 ½Cf 	Þ
1ð½C	fag
/f ½Cf 	fafg
/m½Cm	famgÞ:
ð6Þ

In Eq. (3), DT is the temperature change from a stress
free temperature and ½I 	 is the identity matrix, while in
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Eq. (6); fag, fafg, and famg are the coefficient of thermal
expansion vectors for the composite, fiber, and matrix,

respectively.

A key requirement of the MCT algorithm described
above is knowledge of the composite stiffness matrix ½C	
and composite thermal expansion vector fag. These
properties are determined from a detailed microme-

chanics analysis of a representative volume element for

the composite. However, it is important to recognize

that both ½C	 and fag are determined a priori to any
structural analysis and, as such, the micromechanics

analysis is completely decoupled from the structural
analysis.

In the case of a progressive failure structural analysis,

we allow failure of the individual constituents to occur

independently. The task then is to implement degraded

composite properties in a progressive failure analysis

that are consistent with those associated with failure of

an individual constituent. We again rely on finite ele-

ment micromechanics to establish this connection. For
instance, consider failure of the matrix material at a

continuum point in a structure. To accommodate this

feature, one must degrade both the matrix and com-

posite properties in a consistent manner. In the present

analysis, matrix properties for Young’s modulus and the

shear modulus are set to zero or near zero values to

reflect failure. The composite stiffness ½C	 is replaced
with a damaged stiffness matrix denoted by ½Cmd	 where
the superscripts refer to matrix damage. Once again,

½Cmd	 may be computed from a micromechanics analysis
using the original fiber properties and the damaged

matrix properties.

In summary, prior to any structural analysis, the

following set of composite material stiffness properties

must be computed as a one-time preprocessing event:

½C	 undamaged composite material stiffness matrix,
½Cmd	 composite material stiffness matrix with failed
matrix properties,

½Cfd	 composite material stiffness matrix with failed fi-
ber properties.

Similar properties for thermal expansion vectors must

be computed for thermo-elastic problems.
Given the above material matrices, Eqs. (3)–(6) allow

phase averaged constituent strains to be calculated from

composite strains at any point in a structural finite ele-

ment model. Subsequently, constituent level stresses can

be calculated using the constituent constitutive rela-

tionships.

The MCT algorithm has been successfully imple-

mented into commercially available finite element anal-
ysis codes through user subroutines. Because of the

nonlinear characteristic of the MCT progressive failure

analysis, the loading is required to be incrementally

applied. Initially, each Gauss (integration) point in the
structural model is assigned an undamaged value with

corresponding undamaged material properties. As

loading progresses, each Gauss point is checked for

constituent level damage based on constituent level
failure criteria that are a function of constituent level

stresses. When constituent failure occurs, Gauss points

are assigned material damage states that correspond to

the type of constituent damage that has occurred.

Mayes and Hansen [18] developed the constituent

level failure criteria that are used in the present MCT

progressive failure algorithm. In their work, separate

quadratic interaction failure criteria were developed for
each constituent of the composite. Each criterion is a

function of the transversely isotropic stress invariants

given by

I1 ¼ r11;

I2 ¼ r22 þ r33;

I3 ¼ r222 þ r233 þ 2r223;

I4 ¼ r212 þ r213;

I5 ¼ r22r
2
12 þ r33r

2
13 þ 2r12r13r23:

ð7Þ

In the above, and in what follows, the 1-direction is

parallel to the fibers and the 2–3 plane is the plane of

material isotropy. The MCT constituent level failure
criteria are based on the quadratic interaction failure

criterion developed by Tsai and Wu [19] for transversely

isotropic materials, and hence, do not utilize I5. In terms
of invariants, the Tsai–Wu failure criterion in its most

general form is given by

K1I1 þ L1I21 þ K2I2 þ L2I22 þM12I1I2 þ K3I3 þ K4I4 ¼ 1:
ð8Þ

Based on the assumptions that transverse failure of

unidirectional composite materials is controlled by ma-

trix level failure and longitudinal failure of composite

materials is controlled by fiber level failure, Mayes and

Hansen [18] simplify Eq. (8) to arrive at the following

relationship for fiber failure:

�K1f I21f þ K4f I4f ¼ 1; ð9Þ

where

K4f ¼
1

S212f
ð10Þ

and

�K1f ¼
1

�S211f
: ð11Þ

Likewise, Eq. (8) is simplified to the following rela-

tionship for matrix failure:

�K2mI22m þ K3mI3m þ K4mI4m ¼ 1; ð12Þ
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where

K3m ¼ 1

2S223m
; ð13Þ

K4m ¼ 1

S212m
ð14Þ

and

�K2m ¼ 1

ð�S22m þ �22S33mÞ2
1

�



�S222m þ �22S233m
2S223m

�
:

ð15Þ

For the constituent strength parameter given as �22S33m
in Eq. (15), the subscript is the component of stress at
failure while the superscript is the direction of ultimate

applied load, e.g., þ22S33m is the 33 strength parameter
when an ultimate tensile load is applied in the 2-direc-

tion. Hence, this term results in contribution of a 3-

direction stress to failure in the 2-direction. This

parameter arises due to the fact that uniaxial composite

loading results in multidimensional stress in the con-

stituents. The calculation of the in situ constituent
strength parameters ð�SijbÞ is briefly described in Section
4.1 of this paper.

If constituent level failure is detected according to

Eqs. (9) or (12), the composite properties are modified to

reflect the setting of appropriate constituent material

stiffness properties to near zero values (near zero values

are used to avoid numerical difficulties associated with

actual zero). A standard modified Newton–Raphson
nonlinear iterative procedure is used to achieve an

equilibrium balance between the externally applied

loads and the internal load vector.

Again, it is important to highlight that the undam-

aged and damaged constituent and composite properties

are known prior to the MCT structural analysis via

micromechanics (Fig. 1). This is a major advantage of a

MCT analysis because increased computational effi-
ciency is gained over traditional micromechanical ap-
Fig. 1. Micromechanics model of a representative volume element

based on hexagonal fiber packing in a unidirectional composite.
proaches where the micromechanical modeling is not

decoupled from the structural analysis.
3. Experimental program

3.1. Experimental configurations

Two different types of tests were performed on IM7/

8552 rib-stiffened panels to determine their rib–skin

interface strength. The testing methods were a tee pulloff

test and a tee bend test as shown in Figs. 2(a) and 3(a),

respectively.

Several skin layups were tested along with different

rib–skin interface radii. The skin layups tested included
a 3-ply [90/0/90], 6-ply [90/30/)30]s, and 8-ply [90/20/0/
)20]s. All specimens had a ply thickness of 0.14 mm.
Both the 3-ply and 6-ply specimens had an interface fillet

radius of 1.6 mm while the 8-ply specimens were tested

with both 1.6 and 3.2 mm radii. The 3-ply and 6-ply test

configurations were fabricated with a rib thickness of

3.17 mm, while the 8-ply specimens were fabricated with

a rib thickness of 4.76 mm. Fig. 4 is a photomicrograph
of the rib junction for a 3-ply specimen. The material

orientations for this figure are evidenced by differing

gray scales seen in the figure. The bright white regions

represent the 90� lamina where fibers run in the plane of
the figure. The rib section and the 0� lamina are seen as
duller off-white regions where the fibers are running out

of the plane of the figure. Also visible are the dull off-

white pure resin regions which appear at the fillet of the
rib–skin interface.

3.2. Material stiffness and strength

Elastic constants and ultimate strengths for the IM7/

8552 unidirectional composite material used to fabricate

the rib panels are listed in Tables 1 and 2, respectively

[3]. The properties in these tables were determined from
tests performed on coupons manufactured from an 8-ply

unidirectional panel that was fiber-placed, vacuum

bagged, and autoclave cured in the same manner as the

actual AGS panels used in the tee pulloff and tee bend

tests. All values were measured using ASTM standard-

ized test procedures. The average measured fiber volume

fraction of the test coupons was 60%.
4. Analytical program

4.1. Constituent stiffness and strength

MCT relies on not only the composite lamina prop-

erties but also the constituent (fiber and matrix) stiffness

and strength properties. The stiffness properties for the

8552 resin system were taken from the HEXCEL



Fig. 2. (a) Tee pulloff experimental test apparatus. (b) 3-ply and 6-ply tee pulloff finite element model boundary condition schematic. (c) 8-ply tee

pulloff finite element model boundary condition schematic.
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Composites product data sheet for 8552 epoxy matrix,

and are listed in Table 3. These bulk properties were

assumed as valid in situ matrix properties for the com-

posite.
To determine the fiber constituent stiffness properties,

an iterative scheme [20] is performed that involves the

micromechanics model shown in Fig. 1(b), the com-

posite lamina stiffness properties of Table 1, and the

epoxy stiffness properties of Table 3. The calculated fi-

ber properties are listed in Table 4. These calculated

properties compare well with published data for IM7

fiber properties.
Since MCT utilizes constituent based failure criteria,

constituent ultimate strengths are required. These values

can be calculated through micromechanics modeling

and the known composite ultimate strengths of Table 2.

Constituent ultimate strengths are calculated by apply-

ing individual uniaxial stress components to the mi-

cromechanics model that are equal to the ultimate
strength value for the composite in that direction. Next,

knowledge of experimentally observed failure mecha-

nisms is needed to determine the constituent ultimate

strengths from the micromechanics based volume aver-
aged stress values. For example, in the case of longitu-

dinal failure, fiber failure is assumed to control

composite failure. Therefore, the volume averaged stress

state in the fiber constituent when the composite is

loaded to its ultimate longitudinal value is the fiber

ultimate strength. The same is true for the resin in the

transverse direction. Mayes and Hansen [18] give a de-

tailed discussion of the calculation of constituent ulti-
mate strengths.

4.2. Finite element modeling

The photomicrograph shown in Fig. 4 was used as a

guide to model the rib–skin structure. Very distinct resin

rich areas occurring from bleed-out during the curing



Fig. 3. (a) Tee bend experimental test apparatus. (b) Tee bend finite

element model boundary condition schematic.

Fig. 4. Photomicrograph of 3-ply rib panel specimen.

Table 1

IM7/8552 elastic properties

Property Value

E11 151 GPa

E22 ¼ E33 8.34 GPa

t12 ¼ t13 0.31

G12 ¼ G13 4.55 GPa

G23 2.60 GPa

Table 2

IM7/8552 material strengths

Property Value (GPa)

St11 2.32

Sc11 1.28

St22 0.036

Sc22 0.216

S12 0.099

S23 0.036

Table 3

Hexcel 8552 epoxy properties

Property Value

E 4.67 GPa

t 0.35

Table 4

IM7 fiber properties calculated via micromechanics

Property Value

E11 249 GPa

E22 ¼ E33 12 GPa

t12 ¼ t13 0.286

t23 0.487

G12 ¼ G13 12.2 GPa

G23 3.53 GPa
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process are evident in the photomicrograph. The loca-

tion and amount of these resin rich areas provides some
amount of stress relief at the region of stress concen-

tration at the fillet where the rib and skin are joined. The

control of the resin rich area within the fillet during

manufacturing is difficult. However, through the use of
finite element modeling, we are able to provide a range

of failure predictions for the specimens by utilizing the

different material configuration models shown in Fig.

5(a)–(c). In Fig. 5(a), we assume that the complete fillet

region is composed of pure resin. Conversely, in Fig.

5(b) we assume the fillet region is composed entirely of a

composite material with no resin rich areas. Fig. 5(c) is a

hybrid of 5(a) and (b), which most closely resembles the
photomicrograph of Fig. 4. Since Fig. 4 was the only

available photomicrograph, variations in the fillet region

from specimen to specimen or between the different rib

panel designs are unknown.

All of the finite element models were generated and

analyzed using ABAQUS [21] augmented with the MCT



Fig. 5. Rib–skin material configurations for the three finite element models. White¼ IM7/8552, Gray¼ 8552 epoxy.
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progressive failure module. The models utilize eight-

node brick elements with incompatible mode shapes

[22]. The boundary conditions for the 3-ply and 6-ply tee

pulloff test procedures are shown in Fig. 2(b), while the
boundary conditions for the 8-ply tee pulloff test pro-

cedure are shown in Fig. 2(c). It is important to point

out that the 8-ply tee pulloff test apparatus forced the

skin of the specimen into a concave predeformed state as

illustrated by Fig. 2(c). The boundary conditions for all

tee bend test procedures are illustrated in Fig. 3(b). For

the tee bend test model, a rigid contact surface was de-

fined to simulate the presence of the wall. Although the
elements are three-dimensional, the front and back faces

of all models had symmetry constraints applied so that

the model effectively simulates a condition of plane

strain. All specimens tested had a length of 76 mm,

which was much larger than the thickness of the rib and

skin sections. These dimensions, combined with the fact

that bending and shear in the plane of the tee cross

sections are the primary loads, make the plane strain
condition a good modeling assumption for conditions

away from the specimen ends. Fully three-dimensional

models that would capture the end effects were found to

be computationally too expensive.

Initial and Final Failure Results for 3-Ply Pulloff Testing
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Fig. 6. Experimental test versus MCT predictions of initial and final

failure of 3-ply tee pulloff test.
5. Results and discussion

The primary objective of this study was to develop

analytical predictions of the rib–skin interface strength

for comparison with experimental test results. The

inherent weakness in the ribbed panel specimens used
for this study is the stress concentration at the rib and

skin interface. The rib–skin interface consists of a layer

of resin without cross-plane fibers due to the joining of

the rib and skin. This layer of resin was expected to be

the weak link and therefore the primary location of

failure for rib–skin separation. As expected, during

experimental testing, this failure mode was observed and
determined to be the controlling failure mechanism in

the rib–skin separation [2].

MCT provides the unique ability to capture constit-

uent level stress and strain information along with
constituent level failure. This ability is important in this

particular application due to the fact that rib–skin sep-

aration is controlled by a constituent (resin) level failure.

Fig. 6 shows experimental data for initial and final

failure loads for the tee pulloff tests for the 3-ply [90/0/

90] ribbed panel specimens. The experimental data

points are the average of six tests. The error bars with

the experimental data in Fig. 6 are provided to show the
upper and lower bounds on the experimental test data.

Fig. 6 also shows MCT predictions for the initial and

final failure loads for all three of the material configu-

rations shown in Fig. 5. A major factor contributing to

the large span in the error bars for the experimental data

was presumed related to sensitivity of the stress con-

centration in the fillet to local variations in geometry

and material inhomogeneity. As a result, the three
models shown in Fig. 5 were created to test this

assumption. The analytical predictions shown in Fig. 6
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indicate the three material configurations of Fig. 5 show

a high sensitivity of the failure load to the local material

configuration and do a good job of bounding the scatter

in both the initial and final failure experimental test
values. The material configuration of Fig. 5(b) provided

the lowest estimate of the interface strength, whereas the

material configuration of Fig. 5(a) provided the highest

estimate. These results provide valuable information

concerning the AGS fabrication process. From the

predicted strength variations, the fabricator can possibly

apply manufacturing process control to tailor the

strength of the rib–skin interface.
For the material configuration of Fig. 5(c), Fig. 7(a)

and (b) show fiber and matrix stress contours, respec-

tively, predicted by MCT for the 8-ply pulloff test

specimen. The fiber stresses shown in Fig. 7(a) are

normal stresses parallel to the fiber direction, and the

matrix stresses shown in Fig. 7(b) are through-thickness

normal stresses. Hence the stresses are in material

coordinates and the orientation varies with fiber orien-
tation in each of the figures. Fig. 7(a) and (b) are

examples of the constituent information routinely
Fig. 7. (a) Fiber stresses parallel to the fibers as calculated by MCT.

(b) Matrix stresses transverse to the fibers as calculated by MCT. (c)

Damage contours calculated by MCT.
available from the MCT algorithms. Fig. 7(c) shows a

graphical illustration of the failure area, calculated by

MCT, local to the rib–skin interface. In Fig. 7(c) the

dark regions represent failure of the matrix constituent,
while the gray region represents unfailed composite

material. The failed region depicted in Fig. 7(c) illus-

trates the development of damage that causes the rib to

separate from the skin due to matrix level failure. The

pure resin region in the fillet, due to its relatively large

strain to failure and low stress levels, was not allowed to

fail in these models.

The matrix failure region shown in Fig. 7(c) is caused
by the interaction of the three-dimensional matrix stress

values generated during the MCT analysis. As an

example, Table 5 contains the matrix stress values for a

single Gauss point in an element just prior to failure.

This point was at the surface of an all-composite fillet

region where initial failure occurred. For this stress state

in the matrix, the value of the failure criteria of Eq. (12)

is 0.982, which is slightly less than the critical value of
1.0. Because of the simplified state of stress near the free

surface, we can compare this constituent level failure

prediction with a maximum stress criterion at the com-

posite level. In this case the dominant principal stress is

transverse to the fibers so the maximum stress criterion

is governed by the transverse composite strength. Uti-

lizing St
22 from Table 2 and the extracted principal stress

for the composite of 35.0 MPa, yields a failure value of
0.972, in excellent agreement with the constituent based

failure criteria (0.982). This comparison provides in-

creased confidence in the implementation and use of the

MCT algorithms and the current constituent based

failure criteria.

A summary of all MCT predictions versus experi-

mental data for all skin layups and radii values for the

tee pulloff test is contained in Fig. 8. Note that in this
figure all analytical MCT results are for the joint con-

figuration of Fig. 5(c). Considering the modeling

assumptions made, the variety of configurations mod-

eled, and the sensitivity of the results to local details of

the stress concentration, these modeling results are in

very good agreement with the experimental data. The

main disagreement is for the 6-ply configuration, where

the model prediction is just below the range of experi-
mental data for both initial and final failure.
Table 5

Matrix level stress values prior to matrix failure

Tensor component Matrix (MPa)

r11 12.19

r22 26.33

r33 8.54

r12 0.30

r13 0.05

r23 )10.38
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Initial and Final Failure Results Summary for Bend Testing
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Fig. 9 shows the MCT predictions and experimental

test results for both initial and final failure of 3-ply and

6-ply tee bend test specimens. Only the material con-

figuration depicted in Fig. 5(c) was used to predict

failure for the 6-ply test specimens. It was noted, after

the modeling results were generated, that the point of

load application in the experimental bend tests shifts

toward the base of the rib as the rib rotates under load
(see Fig. 3(a)). From Fig. 3(a) this experimental load

shift phenomenon was estimated to cause a 20%

reduction in the moment at the base of the rib. Since this

was not accounted for in the models, and since bending

stress dominates this test, the experimental failure loads

shown in Fig. 9 have been shifted 20% to be consistent

with the loading in the models. The MCT failure pre-

dictions for these test cases tended to be low. However,
the experimental data for the 3-ply tests are largely

contained within the bounds predicted by the models

representing the material configurations of Fig. 5. The

single prediction for the 6-ply test is only about half the

average experimental failure load although it is close to

the lower bound of the experimental data.
There are a number of possible sources of general

disagreement between the MCT predictions and the

experimental data. First, although the strength data

employed by the analysis was for material fabricated
according to the same protocol as the AGS specimens,

those measured material strengths may differ from the

local material strengths at the base of the ribs, which

clearly govern the tee pulloff and bend test failures. The

failures in all of the tests are governed by a stress con-

centration at a small fillet radius where there is a com-

plex heterogeneity of the material. The large scatter in

the data is most likely due to the variations in local
geometry and material that would affect both the level of

the stress concentration and the local material strength.

Although the models have attempted to account for, in a

bounding sense, the variations in material homogeneity,

the geometries were all idealized to the specifications

provided for the AGS structures.

Finally, it is notable that the nominal strength

(neglecting stress concentration effects) of the rib–skin
junction based on material transverse tensile strength

is 114,000 N/m in the 3-ply and 6-ply tee pulloff tests

and 171,000 N/m in the 8-ply tee pulloff test. This is

about 5–20 times the measured and predicted strengths

presented here. This simple calculation emphasizes

the importance of the stress concentration and the

potential sensitivity of results to local material or geo-

metric variations. This also indicates a large poten-
tial for strength enhancement from mitigation of the

stress concentration or enhancement of local material

strength.
6. Conclusions

The analytical MCT predictions, based on three dif-

ferent idealized material configurations, for the 3-ply

pulloff test do a good job of bounding the experimental

test data. For all other pulloff tests, the intermediate

model depicted in Fig. 5(c) does a very good job of

matching the experimental data. The models underpre-
dict the experimental failure loads for the tee bend tests,

especially for the 6-ply panel where the model predicts

only about half the average experimentally measured

failure load. Given the good quality of the predictions

for several different tee pull off tests, along with the fact

that the two tests are fundamentally similar in that they

induce a bending related stress concentration at the base

of the rib, it is difficult to reconcile the poor agreement
for the bend tests.

The three material configuration models provided

insight on the effects of local material heterogeneity with

regard to both the initial and final failure of the rib–skin

interface. From these results the AGS structural de-

signer or manufacturer is provided with some insight

into failure load sensitivity related to the design and
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manufacturing process controls associated with the rib–

skin interface fillet region.
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