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Abstract

Composite grid-stiffened and lattice structures have been the focus of an increasing amount
of research over the past decades, mainly because of their excellent structural performance.
Most of the previous and current research focuses on analysis, manufacturing, and optimiza-
tion of the base structure. Although more and more is becoming known about grid structures,
methods for introducing loads mid-panel are scarce. With some applications requiring hun-
dreds of attachment points, the potential impact of the attachment points is significant.
Therefore, development of an efficient attachment method can allow grid structures to be
used in an increasing number of applications.

Recognizing the state of the art, a new concept for in-panel attachments is developed, which
adds a laminate patch between the ribs of the structure to allow traditional fastening methods
to be used. To analyze this concept, a rapid analysis method is constructed which makes use
of several analytical methods and a fully parametrized finite element model to predict the
strength of the attachment point. The feasibility of the concept and the used analysis method
are validated by destructive testing of multiple test samples, and correlating the obtained data
to the model. Resulting from the observations, several improvements are made to the model.
Although some issues in the base structure are identified in the process, the feasibility of the
novel attachment method is shown.
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“The ability to improve a design occurs primarily at the interfaces.
This is also the prime location for screwing it up.”

— Akin’s law of spacecraft design #15






Chapter 1

Introduction

Grid structures, as the name implies, consist of a grid of load-bearing ribs. These ribs run
in multiple directions, and usually form a repetitive pattern. A structure consisting of only
these load-bearing ribs is known as a lattice structure. When the lattice is complemented
with a skin, this is known as a grid-stiffened structure (GSS). Examples of both types of
structure are shown in Figure 1.1.

(a) Lattice structure (b) Grid-stiffened structure

Figure 1.1: Two different types of grid structures, with a triangular grid.

When made from fiber-reinforced polymer composites with the fibers in the rib direction,
these structures make good use of the high specific strength and stiffness that this material
provides. Use of these structures has been shown to result in mass reductions of up to 61%
over conventional aluminum designs. 4

Despite the fact that these structures offer such significant advantages in terms of mass,
strength and stiffness, only a few applications are seen to date. This can be partly attributed
to the lack of commonly accepted analysis methods for this type of structure.®® Recent
advances in finite element (FE) analysis methods and the widespread availability of the
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2 Introduction

required processing power have opened new possibilities for analyzing these structures though.
Additionally, there is inertia in the industry to accept grid structures. More traditional
methods such as skin/stiffener or sandwich structures are often preferred over grid structures,
despite the advantages the latter can offer. Another factor limiting the use of these structures
is the lack of methods to attach the structure to other structures and parts.

Recognizing the potential of grid structures, ATG Europe has been working on several de-
velopments of fiber-placed lattice and GSS. First steps in this research were establishing
manufacturing, analysis and optimization methods for the far-field structure.[”) The subse-
quent development of attachment methods was split into two fields. The first being the
end-panel load introduction zones, for which a method has recently been developed. Bl The
second part is the development of a method for in-panel attachments, which is the topic of
the presented work.

The goal of the presented research can be summarized as:

Develop a universal in-panel attachment concept for fiber-placed grid structures, with a rapid
analysis method for initial design.

In this goal, a universal concept implies that the concept is applicable to both lattice and
GSS, is not limited to a single location in a grid, and can be used for both high and low loads.
The rapid analysis method serves to make the analysis method more applicable to any real
design procedure, where a rapid method is desired. Without it, the iterative design of many
attachment points on a single structure would take too much time.

To achieve this goal, the following subtasks are identified:

e Identify a suitable concept.

e Develop a (rapid) analysis method for the selected concept.

e Manufacture and test representative samples to validate the model and prove the fea-
sibility of the concept.

e Correlate the test data to the model, to validate the modeling approach.

e Improve the analysis method if necessary.

The research and its results are presented by first providing some additional context in
chapter 2. The selected in-panel attachment concept is then presented in chapter 3, after
which chapter 4 presents the analysis methods that are used to assess the attachment point.
chapter 5 contains several trend studies, investigating the effects of several design parameters.
Both a more detailed modeling of the interface with the base structure, and several design
guidelines are also presented in this chapter. The approach taken for the verification of
the modeling method is explained in chapter 6, also elaborating on the test samples and
test setups that were used. In chapter 7 the manufacturing methods used to make the test
samples is shown, and the quality of the manufactured parts is discussed. chapter 8 then
discusses the test results, and elaborates on the changes made to the models after comparing
to the test results. Finally, the conclusions and recommendations are presented in chapter 9.
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Chapter 2

Context of presented research

To clarify the context in which the presented research is performed, this chapter presents the
actual use and research of lattice and GSS. This also allows identification of current in-panel
attachments methods, which are briefly discussed. Furthermore, the reference case that is
provided by ATG Europe is presented.

2.1 Typical use of composite lattice and grid-stiffened structures

The majority of composite grid-stiffened and lattice structures that are being used today are
developed and manufactured at the Central Research Institute of Special Machinery (CRISM)
in Russia. Both lattice structures and GSS are made there, with filament winding used as
the manufacturing method. [!

Types of open lattice structures manufactured at CRISM are conical payload adapters and
satellite central tubes (SCTs), examples of which are shown in Figure 2.1.
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(a) Payload adapter!®! (b) Satellite central tube!]

Figure 2.1: Open lattice composite structures made at CRISM.

A type of GSS made at CRISM is the interstage for the Proton-M rocket, a recent version of
which is shown in Figure 2.2. The first version of this structure was flown in 1988, and the
design has gone through many improvements since. %)
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(a) Interior view (b) Exterior view

Figure 2.2: Grid-stiffened composite interstage for the Proton-M rocket. !

Another party that has developed and manufactured GSS for actual use is the United States
Air Force Research Laboratory Space Vehicles Directorate (AFRL/VS). Research there has
been focused on payload fairings for military applications. The two known applications are
shown in Figure 2.3. The conical fairing shown on the left is manufactured using filament
winding followed by an autoclave cure!, whereas the Minotaur fairing is made using auto-
mated fiber placement (AFP).[M]

(a) For the Ballistic Missile Defense Organization's (b) For the Minotaur launch vehicle (joint develop-
Combined Experiments Program. [11] ment with Boeing Phantom Works). [1?]

Figure 2.3: Grid-stiffened payload fairings developed at AFRL/VS.

All the aforementioned applications are in spacecraft or launch vehicles. While there has
been some research on aircraft applications (9, these have not yet lead to actual use.
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2.2 Typical research fields 5

2.2 Typical research fields

Multiple aspects of composite grid-stiffened and lattice structures have been researched. Gen-
eral fields of research are:

o Analysis of the overall structure, including but not limited to: smeared stiffness ap-
proaches, local and global (semi-)analytical buckling analyses, noise transmission, and
post-buckling analyses using finite element methods (FEM).[12-20]

e Optimization, both using combined analytical and numerical methods 2122 or FEM. [2324]

o Manufacturing of the structure. This is not limited to the aforementioned methods of
wet filament winding and AFP. Other researched methods include resin transfer mold-
ing, which has been used to manufacture a relatively large cylindrical structure. 2%
The feasibility of manufacturing both flat and curved panels from thermoplastic mate-
rial has also been demonstrated. 26l Other manufacturing-related research concerns the
tooling as well, showing the aforementioned methods can be used with various types
of tooling between the ribs, including flexible rubber tooling in various shapes, foam,
composite, metal, no tooling at all (free-standing layup and cure), or a combination of
aforementioned methods. [6:10:25:27-29)]

Research performed at ATG Europe partly falls in the aforementioned categories, with re-
search on optimization of several types of GSS and lattice structures, as well as manufacturing
methods. [730-32] Additionally, other research was focused on the development of end-panel
load introduction zones. [®!

2.3 State of the art of in-panel attachment methods

Although there are no publications specifically on the development of in-panel attachments,
active use of some types of structures indicates that a solution must exist.

2.3.1 Known in-panel attachment methods

Of the structures identified in section 2.1, some of the Russian-made structures make use of
in-panel attachments. There are many papers concerning these structures, [1:2:6:9:10.33] 91 it
is in these publications that some indirect information on the used solution(s) can be found.

The structure that makes most use of in-panel attachments is the SCT, since numerous shear
webs and other structural and equipment parts need to be mounted onto the structure. One
paper includes photos of several SCTs with attachment points!!!, one of which is shown in
Figure 2.4. It shows a lattice cylinder with three large rings and a multitude of smaller
attachment points. The additional parts appear to be made of metal. Of the three metal
rings, the one on the lower end of the satellite is used to connect to the launcher, it therefore
will likely contain the required geometry to interface with the payload separation system.
The other two rings are used to connect to other structural parts of the satellite, which will
usually be either an exterior panel or an equipment deck. Long rows of attachment points
along the length of the structure can also be seen, these are likely used to attach the shear
webs, as can also be seen in Figure 2.5.

A more detailed view of the attachment points can not be found in literature. Fortunately,
several high-resolution images of lattice structures in satellites can be found outside of lit-
erature. With sufficiently high resolutions, parts of these images can be enlarged to show
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Attachment
points

Metal
rings

Figure 2.4: Lattice satellite central tube, with the location of end rings and some attachment
points indicated. [1

more detailed views of the in-panel attachments. Two such enlargements are shown in Fig-
ure 2.5. It can be seen that the metal parts are placed in small cells surrounded by ribs,
covering almost the entire cell. The parts are placed on both the inside and the outside of
the cylinder, partly covering the surrounding ribs. Whether or not the parts are bonded or
only mechanically fastened can not be determined from the available information, but both
are considered possibilities.

\4 A

w"n ?

, B
(a) KazSat-3834 (b) Lybid satellite [3°]

Figure 2.5: Attachment points on lattice central tubes as seen on details of photos.

Considering that these structures are made using filament winding, the metal parts are most
likely added after curing of the structure since this would otherwise disturb the manufacturing
process. The fibers that make up the lattice structure are wound into grooves in silicone
rubber tooling. ) While this tooling might be adapted to accommodate some of the metal
parts, the ones that have parts that lie on the outer surface of the cylinder would make it
impossible to wind the fibers into the grooves in the tooling.

As can be seen in Figure 2.2, the Proton-M interstage appears to utilize similar methods.
This is further supported by a paper where it is stated that the lattice ring inside the Proton-
M interstage is mechanically joined to the shell. 33l However, the presence of a skin dictates
a slightly different approach. The used solution still includes metal parts on both sides of the
cylinder, although their shape is different from what is observed on the SCTs.
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2.3 State of the art of in-panel attachment methods 7

At the time these interstages were first made, development of a grid-stiffened composite
aircraft fuselage was also ongoing at CRISM. As can be seen in Figure 2.6 this structure has
some attachment points as well.

Attachment
points

Figure 2.6: Grid-stiffened composite fuselage for llyushin 1L-114. [

The shown fuselage was made in 1986.[19 Considering that this structure was developed and
made around the same time as the interstage mentioned earlier, the used attachment methods
are probably similar. However, adding metal parts on the outside of the cylinder would have
aerodynamic disadvantages, so it is likely that the solution is modified such that it does not
have any parts on the external surface.

In more recent developments of this fuselage, similar methods are presented for use in a repair
method of locally damaged ribs. Metal parts are embedded in the structure and then a repair
patch is mechanically fastened to them. % While not intended as an attachment method, it
is a method of introducing loads locally.

The other applications shown in section 2.1 do not make use of in-panel attachments, and no
other in-panel attachment methods are currently known.

2.3.2 Discussion of current method

All of the currently used attachments are made by adding metal parts. This might be due
to metal parts being more easily made and machined into complex shapes, thus giving more
design freedom. As an additional benefit a thread can be made integral with the metal parts,
removing the need to add a bolt or nut later on. However, the different material properties
can give rise to some issues.

Any mismatch in coefficient of thermal expansion (CTE) of the used components results in
the development of stresses under thermal loading. Metals usually have a positive CTE, while
carbon fiber reinforced polymer (CFRP) usually has a negative CTE in the fiber direction.
Combined with the high thermal loads often encountered in space applications this can result
in high stresses. Especially aluminum, which has a relatively high CTE, has the potential of
creating large stresses when combined with CFRP.
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Different materials, when in contact, can also develop galvanic corrosion. In space the lack of
atmosphere prevents this, but storage between manufacturing, testing, integration and launch
gives an opportunity for corrosion to occur. This might compromise the strength of the part.
Not all material combinations suffer from this effect, for instance the combination of CFRP
and titanium is safe, whereas CFRP with aluminum is known to result in galvanic corrosion.
Apart from changing the materials there are other ways to prevent galvanic corrosion. A
corrosion-inhibiting coating can be applied to the metal part, or a non-corrosive layer of
fiberglass or adhesive can be added between the materials.

From the actual use of metal parts in attachment points it is evident that the aforementioned
issues are overcome.

Conclusive arguments about mass efficiency are difficult to make, since there is no data avail-
able on the mass of the attachment points. The cost associated with launching a certain mass
into orbit is very high, up to several tens of thousands US$/kg.[3”) The assembled structure
must be relatively lightweight, since the launch cost would otherwise become prohibitive.
There are usually several hundreds of attachment points in an SCT, so the potential impact
on the total mass is high. This does not necessarily mean that the attachments are the
pinnacle of lightweight design though, since knowing that bare lattice and GSS have shown
mass decreases of up to 61% over more conventional designs[1’6], there is some room for mass
inefficiency in the attachments.

Considering the large variety in manufacturing methods that can be used to manufacture the
basic structure, it is unlikely that a single concept is optimal for all these processes. Since the
only known solution is for filament wound structures, a new method developed specifically
for fiber-placed structures has a significant chance it will be more optimal than the current
solution.

2.4 Reference case

A reference case is provided by ATG Europe. The case gives realistic loads and dimensions
of the base grid structure that can be used for the analyses. While the goal is to obtain a
general solution for in-panel attachments in grid structures, use of a reference case ensures
that the developed method is applicable to current and foreseen uses of lattice and GSS.

The provided reference case is a fiber-placed lattice SCT, a cylindrical structure of several
meters tall and over a meter in diameter, with several hundred attachment points. This
structure is somewhat similar to the ones shown in Figure 2.4 and Figure 2.5. The overall
optimization of this structure is one of the ongoing developments at ATG Europe. Figure 2.7
shows the shape of the triangular cells and the parameters that determine the shape and size.
The corresponding dimensions are listed in Table 2.1.

Table 2.1: Base structure dimensions of the reference SCT

Dimension Value
Helical rib spacing | 70 mm
Helical rib angle 18°
Rib width 4.4 mm
Rib height 6.6 mm
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(a) Grid dimensions (b) Rib dimensions

Figure 2.7: Triangular grid layout, and design parameters.

Furthermore a set of loads as acting on the SCT attachments is provided. It contains 40 quasi-
static load cases for each of the several hundred attachment points. All required factors of
safety are included in the loads, so no additional factors need to be taken into account. This
load set is the same as is used for the optimization of the SCT itself.

Additionally, general requirements and guidelines for space applications can be considered
since this is the typical field of application. Some relevant examples of such requirements and

guidelines are:

The design must be safe-life.

Fatigue and damage tolerance are not critical.

Attached equipment must be mountable and dismountable multiple times, without
degrading structural performance of the attachment.

The structure must perform as designed after multiple years of storage, integration and
testing.
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Chapter 3

Concept

The used concept is one of multiple identified possible methods, of which a mixed quantitative
and qualitative comparison showed it outperformed other concepts. Main advantages are the
flexibility, high strength, large interface area, low mass, and good compatibility with the
manufacturing method for the SCT. More information on the selection process and the other
concepts that were considered can be found in Appendix A.

The selected concept is the ’laminate patch’ Essentially this consists of a small area of
laminate that is added in between the ribs of the base structure. The shape and thickness

of this patch are variable, dependent on the design. This laminate can then be used for a
bolted attachment. Key elements of the concept are shown in Figure 3.1.

Laminate patch Attachment point Base structure

3

— W

Figure 3.1: An example laminate patch in a triangular grid.

A
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3.1 Manufacturing of the laminate patch

The patch consists of a laminate made from multiple plies of composite material. These are
placed during the same layup phase as the main structure. Some plies are placed between
the ribs, and some extend into the ribs.

The ability to extend plies of the patch into the ribs without interrupting the rib plies results
from the way the ribs are formed. The plies used to make the ribs are continuous through
the nodes, so this results in a faster build-up of material in these areas. The rib plies then
bridge the space between the nodes, thus leaving some room in between the plies. This is
resolved by the silicone rubber tooling which is placed between the cells during curing. As
temperature increases the tooling expands and applies compaction to the side of the rib. This
forces the rib plies into a narrower volume, and since the cross-sectional area must remain
more or less constant this results in the plies forming a single rib if enough compaction is
applied. A drawing of a rib cross-section before and after curing is shown in Figure 3.2a.

It is in the space between the plies of the rib before compaction that some plies of the patch
can be extended. The distance by which these extend can be varied depending on the design,
but the rubber tooling needs to be adjusted accordingly, since the local changes may require
more or less compaction to be applied to the rib. When assuming equal compaction from
both sides of the rib, extending plies halfway into the rib allows the other side of the rib to
compact as usual, thus allowing unmodified rubber tooling to be used in adjacent cells. Then
only the cell in which the patch is placed requires different tooling. Given the reduction in
complexity this is the desired choice, unless the design requires a different extension into the
ribs. Schematic cross-section of such extensions before and after cure are shown in Figure 3.2b
and c, for both partial and full-thickness patches.

I

(a) Regular rib, without patch.

=—— Lo

(b) Rib with a partial thickness patch.

|

i

(c) Rib with a full thickness patch.

Figure 3.2: Schematic representation of compaction of the rib-patch interface, showing the
cross-section of plies in the rib and patch before cure, and of the resulting part after cure.
Black: rib plies, gray: patch plies.

To confirm that this manufacturing approach works as desired, a small sample containing
both a full-thickness and partial thickness patch was manufactured. A detail of this part is
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shown in Figure 3.3, indicating some features.

Partial thickness patch Full thickness patch

- ——

Deformed edge
Wavy fibers

Local widening of ribs

Figure 3.3: Manufacturing trial part, with two laminate patches.

From this manufactured part, the following observations were made:

e Both a full-thickness and partial thickness part can be manufactured.

e This part was made before determining that the patch plies are best extended halfway
into the ribs, so it was made with some patch plies extending to the far side of the rib.
This resulted in a local widening of the ribs at the interface.

e The compaction applied to the patches was somewhat irregular, resulting in deformed
edges and some waviness in the patch plies. It was expected that this could be avoided
by improved design of the tooling.

3.2 Attaching to the laminate

The addition of a laminate allows for conventional methods to be used to connect to this
laminate. A typical requirement for space applications is that the entire structure can be
assembled and disassembled multiple times for the different tests and final integration. This
makes bolts the most suitable fastener type since these can be easily removed and replaced.
Since making a thread directly in the composite laminate usually results in low strength and
unfavorable stresses in the laminate, the bolt is best extended through the laminate, and a
nut is used.

While bolting directly to the laminate is possible, using bonded inserts can improve the
strength of the attachment. Additionally, these improve the surface quality of the interface,
and reduce the risk of damaging the composite when placing the bolt. In the current research
two types of insert are considered: a ring of the same thickness as the laminate, and ’hat’
inserts with a flange on the surface of the laminate. Examples of these inserts are shown in
Figure 3.4. These inserts are chosen since they have shown to increase the in-plane strength
when compared to holes without inserts. 3841 Practical applicability is not limited to these
types of inserts though, other types might be used if they better suit the application.
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(a) Ring insert (b) Hat insert

Figure 3.4: The two insert types that are considered.

3.3 Load transfer into grid

In this concept two interfaces can be recognized: the bolt in the laminate, and the rib-patch
interface.

3.3.1 From bolt into laminate

The transfer of loads from a bolt to the laminate is relatively straightforward, the free body
diagrams (FBDs) given in Figure 3.5 show the different distributions of load on the laminate,
depending on the load type.

Composite laminate BoIt Other part
) Parts in the joint (b) In-plane loading
(c) Out-of-plane loading (d) Moment loading

Figure 3.5: FBDs of reaction forces in the laminate patch, resulting from a bolt load.

An in-plane load results in a bearing load, and out-of plane loads are introduced on the
contact surface with the bolt head. A bending load introduced by the bolt is spread over
multiple contact surfaces.

The presented FBDs do not include the effects of a bolt preload. In case such a bolt preload
is applied there will be an additional clamping load on the contact surfaces, and a part of
the in-plane load will be taken up by friction.

These types of loads may result in the following types of failure:

e Bearing. A progressive failure mode with a significant load-carrying ability after initial
failure. This is therefore a desirable failure mode. 42!

e Shear-out. An undesirable failure mode since the failure is abrupt, and the load-carrying
abilit[y i]s greatly reduced after failure, and the damage to the base structure is signifi-
cant. 42
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e Pull through. A relatively desirable failure mode, since failure is progressive, and the
load-carrying ability after the onset of failure is high. 43!

e Laminate failure at a distance from the bolt. This is usually also a progressive failure
mode, with some load-carrying ability between first ply failure and last ply failure. The
damage is not necessarily concentrated around the bolt though, which is undesirable
for attachment points since damage to the base structure is to be avoided.

e Bolt failure. This type of failure results in a complete loss of strength, and is therefore
very undesirable.

3.3.2 From laminate into grid

Figure 3.6 shows the detailed cross-section of a typical rib-patch interface. Only a fraction
(usually 30-50%) of the plies extend into the rib to transfer the load to the ribs. This means
that the load locally has to be transferred by only a part of the laminate plies. This is not
a problem since the loads are introduced locally by the bolt, and are then spread out over a
larger interface. The only part of the laminate that is highly loaded is the area close to the
bolt, the local stress concentrations present there even out at a distance from the bolt.

Bolt hole Plies extending
Laminate patch into ribs

Ribs

Figure 3.6: Schematic drawing of a laminate patch between two ribs, with a detail of the
rib-patch interface.

Looking back at Figure 3.5, it is recognized that the applied loads result in either an in-plane
or an out-of-plane load on the rib-patch interface. For an in-plane load, the FBD of the loads
acting on a part of the laminate in the interface is shown in Figure 3.7.

e

484
RAR!

Figure 3.7: FBD of forces in the laminate patch at the interface. Red: applied load or load on
interface. Blue: interlaminar stresses in the laminate.

Of the load on the plies that do not continue into the rib, only a small fraction can be
transferred directly into the ribs through the matrix material. The majority of the load has
to go through the plies that do extend. This results in interlaminar stresses in the laminate
near the interface.

The out-of-plane behavior is dominated by the matrix properties, so the out-of-plane load
simply results in an overall shear load through the interface. Any overall bending load in the
laminate results in local in-plane loads, compressive on one side of the laminate, and tensile
on the other. Locally this is then similar to the situation shown in Figure 3.7.
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Chapter 4

Analysis

This chapter presents the analysis method used for the concept presented in the previous
chapter. The analysis method comprises a mix of analytical and numerical methods imple-
mented in a parametrized and scripted analysis method.

4.1 Analysis of failure modes

Several different failure modes of the attachment are identified:

e Bolt failure

e Bearing

e Shear-out

e Pull-through

e Failure in the structure surrounding the attachment

The methods used to analyze these failure modes are discussed separately hereafter.

In determining the analysis methods, the typical loads that act on the SCT attachments are
taken into consideration. Since these loads are mostly in-plane, the analysis focuses on those
failure modes.

4.1.1 Bolt failure

Failure of the bolt under combined loading is calculated analytically.

The plane in which a bolt fails depends on the type of load that is applied. When a bolt
is loaded in shear it fails in the shear plane, which is usually in an unthreaded part of the
bolt. A bolt loaded in pure tension usually fails in the threaded part of the bolt, since the
cross-sectional area there is smaller. FBDs of loaded bolts, also indicating the two failure
planes, are shown in Figure 4.1. Here A indicates the failure plane for a shear load, and plane
B indicates the failure plane for a tensile load.

Under combined loading, failure can occur in either of the two planes, depending on the ratio
between the tensile and shear loads. To simplify the calculations, the cross-sectional area of
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(a) In-plane (shear) load (b) Out-of-plane (tension) load

Figure 4.1: FBDs of a bolt under loading, also indicating the failure plane (blue).

the tension failure plane (B) is used for all combinations of loads. Use of the smaller of the
two failure planes introduces some conservatism into the model.

Since the diameter of the effective cross-section in the threaded section is smaller than the
nominal diameter due to the presence of threads, this is first corrected for. The ISO 898-1
standard gives this nominal stress area of bolts, with a method to calculate it. This is a
rather straightforward method using several other standardized dimensions of bolts. One of
the variables that is used in the calculation of the nominal stress area is the depth of the
threads, which is determined by the thread pitch. The pitch is not a continuous variable,
and can not be calculated directly from the nominal diameter thus complicating flexible
implementation in a script. However, a linear trend is observed between the nominal stress
area and the unthreaded cross-sectional area, this is shown in Figure 4.2.

100
80
60 .
40

20 ®

Threaded nominal stress area

0 20 40 60 80 100 120
Unthreaded cross-sectional area

Figure 4.2: Nominal stress area and unthreaded cross-sectional area for bolts, sizes M4 to M12.

The nominal stress area is therefore approximated by multiplying the unthreaded cross-
sectional area by a constant, using 0.72 for coarse thread and 0.78 for fine threaded bolts.
The comparison of this approach with the values from the ISO standard is shown in Table 4.1
for bolt sizes from M4 to M12, which covers the range of sizes typically used in an SCT.

For coarse thread bolts the approximation is within 3.5%, with errors both positive and
negative in various magnitudes. The error is a lot more constant for fine threads, with the
exception of the 5 mm diameter bolt for which the stressed area is underpredicted.

The shear and tensile loads applied to the bolt are then used to calculate the von Mises stress
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Table 4.1: Nominal stress areas of metric thread bolts, from 1SO 898-1[3 and a linear approxi-

mation.
Coarse thread Fine thread
Bolt dia. | Pitch ISO 898-1 Approxim. Error | Pitch ISO 898-1 Approxim. Error
mm | mm mm? mm? mm mm? mm?

4| 0.70 8.8 9.0 3.1% 0.5 9.8 9.8 0.1%

51| 0.80 14.2 14.1 -0.3% 0.5 16.1 15.3 -5.0%

6 1 20.1 204 1.2% | 0.75 22.0 22.1  0.1%

8 1.25 36.6 36.2 -1.1% 1 39.2 39.2 0.1%

10 1.5 58.0 56.5 -2.5% | 1.25 61.2 61.3 0.1%

12| 1.75 84.3 81.4 -3.4% 1.5 88.1 88.2 0.1%

in the cross-section. For the applied loads, the equations reduce to:

\VE2 4+ 3% F2 (1)

Ovm =
As,nom

With F; and F§ the tensile and shear loads on the bolt, and A ,om the nominal stress area
discussed earlier. This is then divided by the allowable stress to get the failure index (FI).
The bolt preload is not taken into account here, since it was shown that the preload does not
affect the load-carrying capability of the bolt. 44l

Different values can be used as allowable stress in the bolt, depending on the requirements.
Usually, one uses either the yield strength or the proof strength. The yield strength is the
stress level at which the fastener as a whole starts yielding. The proof strength is the load
the bolt must support without evidence of any permanent deformation. This load is usually
around 90% of the yield strength. For the presented research, the proof strength is used.

The approximations introduce a slight inaccuracy in the calculated strengths, but the bolt
should not be limiting in most designs. If analysis shows that the bolt is limiting the strength,
more accurate methods can be used, but this is not required for most designs since one usually
wants other ’softer’ failure modes to occur first.

This method is only usable if there is no separation in the joint, since that will allow bending
loads to develop in the bolt shaft, leading to failure at a lower load.

An additional calculation is made to check if the applied preload can be taken by the bolt
without causing a tension failure.

4.1.2 Bearing

Figure 4.3 shows a simplified geometry loaded
by an in-plane load. The area on which bearing
damage occurs is indicated as well.

The bearing strength is calculated using analyti-
cal methods. While several studies have shown
that FE methods can also give acceptable re-
sults [42:45:46] these methods are complex and will

not result in a rapid analysis method. Figure 4.3: FBD showing
bearing failure area (blue).
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The used method starts with a basic calculation of the bearing load Fj:[47)
Fy=dyxt* oy (4.2)

Where dy, is the bolt diameter, ¢ is the laminate thickness, and o} the allowable bearing stress,
which is best obtained from bearing tests or other relevant test data. This base value is then
multiplied with several factors to take some of the design parameters into account. These
factors are listed in Table 4.2, and discussed separately afterwards.

Table 4.2: Multiplication factors for the bearing strength that are used in the analysis.

Effect of Factor | Note

Inserts x1.2 | Only if insert is present

Bolt preload x1.0 | Postpones only final failure, not initial
Load offset x0.5 | Arbitrary factor*

Layup - | Not implemented, but guidelines apply
Hole oversize - | Not implemented, but guidelines apply
Out-of-round hole - | Not implemented, but guidelines apply

* Adjusted to x0.67 after test results correlation

Effect of inserts

In general, the use of a bonded ring insert in the laminate reduces the peak stress on the
interface. 3349 Without an insert all bearing loads act on the hole surface in the loaded
direction, but a bonded insert spreads this load over the entire hole surface. Care has to be
taken though with the selection of the insert material, since a stiff material like steel transfers
more load, causing higher tensile stresses in the adhesive layer. This causes the adhesive to
fail at a lower load than with aluminum inserts, leading to a lower strength. [40)

Reported values of strength increase due to the use of both circular or ’hat’ shaped aluminum
inserts are between 20% and 55%. 3841 To remain on the safe side of the reported values, an
increase of 20% is used, which corresponds to a factor 1.2.

Effect of bolt preload

Multiple studies have been performed of the effect a bolt preload has on the bearing strength.
These studies all report that strength increases with an applied preload. [45,4849] Thig is how-
ever the ultimate bearing strength, not the initial. Since any damage in the structure is
undesirable the initial failure is used for design purposes. Both the initial nonlinearity and
the initial load drop are as good as unaffected by the clamp-up load. 9?1 The reduced loss
of stiffness and the postponed final failure is due to the initial damage in the laminate accu-
mulating in the area that is clamped by the bolt, which restrains transverse expansion. 4!

Since preload does not have an effect on the onset of bearing failure, it does not result in an
increase of the design strength. But because the application of a preload has the advantage of
reducing the stiffness loss after initial failure, and postponing final failure, it is still preferred
to apply a preload to the bolt.
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Effect of load offset

With an in-plane load offset from the neutral plane of the laminate, the bearing stress through
the thickness of the laminate varies, it is higher on the side where the load is applied. In
metals this effect is usually negated by plasticity, which redistributes the loads. Composites
however are brittle, showing no plasticity before failure, so this unequal stress distribution
has to be accounted for in the design. This is typically done by reducing the strength by an
arbitrary factor of 1.5 to 2 until test data is available. [2

For the analysis a conservative reduction factor of 2 is selected, resulting in a multiplication
factor of 0.5.

Effect of layup

The effect layup has on the bearing strength can be significant, the differences between
reported minimum and maximum values are around a factor 2.[47:51

Both in 0/90° and +45/90° laminates the highest bearing strength is achieved with 25% of
90° plies, and when exceeding 50% the strength drops significantly.*”) Not only the ratio
between the ply orientations has an effect on bearing strength, but the stacking sequence is

of influence as well. [?1:53]

Implementing all these effects requires either an enormous amount of test data or a thorough
understanding of the underlying behavior. Since neither of these is available the effects of
layup are not implemented.

This does not mean that any layup can make a good design though. To keep the bearing
strength at a high level laminates with a large portion of the plies in one direction need to be
avoided. More specifically, for a laminate with 0°, 90° and +45° plies the following guidelines
can be given:

e Don’t use more than 50% 90° plies, if exceeded this results in a significant reduction in
strength. 47]

e Use at least 25% of +45° plies to improve the resistance to splitting. [47]

e Don’t group plies of the same orientation, since this reduces the bearing strength. 5!

Effect of hole oversize

A hole with a larger diameter than the bolt has been shown to have an effect on the onset
of bearing damage, although the effect on final bearing strength is very small. A bigger
clearance results in a lower initial failure load. [®4

With the high degree of process control typically seen in space engineering, machining the
hole in the laminate with a high accuracy is considered possible. In case it proves to be too
difficult to machine the hole in the composite laminate to within the required tolerance, the
use of an insert can provide a solution, since those are definitely machinable to the required
tolerance. The inaccuracy of the hole diameter in the laminate can then be taken up by the
bondline thickness, for which the tolerances are less strict than for the hole size. The required
tolerances are dependent on the design, if bearing is not critical, the required tolerances can
be less strict.
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The effect of hole oversize is therefore not included, but care has to be taken. If the hole in
the laminate can not be made to the required tolerance, the use of an insert may be required
to achieve a high strength.

Effect of out of round holes

The effect of out-of-round holes on the final bearing strength was shown to be less than
5%. 51 For the effect on the onset of bearing failure one could see out of round holes as holes
with a variable clearance over the circumference. In that case the same argumentation as
for the effects of hole oversize applies. Therefore, no multiplication factor is included for the
effect of out of round holes.

4.1.3 Shear-out

A simplified geometry loaded by an in-plane load
is shown in Figure 4.4. The area on which shear-
out failure occurs is shown as well.

Again analytical methods are used for the anal-
ysis, for similar reasons as for the calculation of
bearing strength. The used method is the same as
the method used to calculate shear-out strength Figure 4.4: FBD showing shear-
for isotropic materials, so the shear-out load Fj, out failure area (blue).

is found using: [49%3]

Fo=2xT*ext (4.3)

With e the distance of the hole center to the edge, and ¢ the thickness of the laminate. 7 is
the allowable stress value. Ideally this value is again determined from test data.

It is observed that the allowable stress value decreases slightly for increasing edge distances. 49

This indicates that some local effects near the hole influence the failure somehow. The
reduction in allowable stress is very small, especially for laminates that also perform well in
bearing and shear-out, for which the said reduction is no more than 5%.

Several other effects influence the strength in similar ways as they did for bearing. Although
there is not enough data available to implement them, these are discussed briefly.

A higher bolt preload results in a slight increase of the shear-out strength, although the effect
is less apparent than for bearing. It is believed that this is due to friction between the washers
and the laminate. [4°!

Similar to bearing, different layups result in different strengths, again showing differences be-
tween the minimum and maximum of a factor 2.9 Just like bearing, this is not implemented
due to lack of the required data but the same design guidelines still apply.

Additionally, an effect due to the inserts is expected since these distribute the loads over the
interface. There is however no data available to confirm this.
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4.1.4 Pull-through

A simplified representation of an out-of-plane
loaded plate is shown in Figure 4.5. The cylin-
drical area on which pull-through failure occurs is
shown as well. In the figure the bolt is not shown,
but the diameter of the failure area is equal to the
bolt head diameter.

Even though the out-of-plane loads that act on
the SCT are relatively small and unlikely to cause
pull-through failure, a simple check is included in
the model.

Figure 4.5: FBD showing pull-through
failure area (blue), bolt omitted for clarity.

Similar to bearing and shear-out failure, modeling this failure type with FEM has shown to
require complicated modeling methods and results in less than optimal correlation with real-
ity. [43:55:56] Experimental analysis showed that the initial damage is in through the thickness
and interlaminar shear under the bolt head edge. 7

Considering the typical failure mode, the following equation to estimate the pull-through load
F,; is proposed:
Fpt =mxdpxt«ILSS x k (4.4)

Where dj, is the bolt head diameter, ¢ the thickness of the laminate and ILSS is the in-
terlaminar shear strength of the material. k is a knockdown factor used to account for the
uneven distribution of the stress through the thickness.

A comparison of this method with experimentally obtained initial failure loads is shown in
Table 4.3.

Table 4.3: Comparison of estimation method to experimental values.

Experimental data57) Estimation, k=0.7

t [mm] D [mm| Fp [kN] Fpe [kN] % of actual
3.50 8.0 6.9 5.3 %
3.50 7.2 6.5 4.8 4%
3.50 9.9 8.3 6.6 9%
3.50 8.3 7.2 5.5 7%
0.87 8.0 1.3 1.3 99%
1.75 8.0 2.8 2.6 96%
5.24 8.0 11.0 7.9 2%
3.50 8.0 6.5 5.3 81%
2.40 8.0 4.4 3.6 83%

It can be seen that using k=0.7 gives accurate to conservative results for this dataset.

For the analysis the estimation method described above is used with k=0.5. While this is
more conservative than required according to the shown data comparison, some extra margin
is taken to allow for unexpected effects. The use of washers or a flanged insert may further
increase the strength. On the contrary, when a bending load is also applied, the pull-through
load will concentrate on one side of the bolt, reducing the pull-through strength. Since these
effects are difficult to quantify, and pull-through is not an expected failure mode, these effects
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are not taken into account. In case pull-through does become an issue, further investigation
into this failure mode is recommended.

4.1.5 First ply failure

Calculation of the stresses and strains in the surrounding structure and in the patch is done
using FEM since no analytical methods are available for local effects in this complex geometry.
The approach taken is explained in the following section.

4.2 Finite element analysis

The FE model is used to determine the stiffness response of the attachment, and to determine
the strains in the laminate surrounding the bolt.

The attachment is modeled as if in a flat base structure. While the base structure is often
cylindrical, the part of the structure that contains the attachment is only a small part of the
circumference of the cylinder. The local curvature is therefore small with respect to the size
of the model, so approximating it as a flat structure does not result in a large error, while
making the construction and parametrization of the model much simpler.

To representatively model the sequence in which loads act on a typical structure, the preload
is applied first, and all other loads are applied in a subsequent step. This is analogous to the
installation of all parts before the structure is used and experiences the actual load.

The performed analysis is linear, since only low deflections are expected due to the high
stiffness of the material that is used. The composite material behaves linearly up to failure,
showing a brittle failure with no plasticity. Use of a linear analysis also limits the required
analysis time.

Some aspects of the model are elaborated on hereafter.

4.2.1 Element selection

Considering that local and through the thickness effects are of interest, solid elements are
the preferred choice. In the ribs, insert, and other areas where a single solid material is
defined reduced-integration hex (C3D8R) elements are used. Additionally, areas of complex
geometry contain some wedge elements (C3D6) to facilitate meshing. Full-integration hex
(C3D8) elements are used where a composite layup is specified, since the use of reduced-
integration elements led to mild hourglassing in these laminates.

A mesh convergence study was performed, which is shown in section B.1.

4.2.2 Material assignment
To facilitate further explanations, the zones that are used in the FE model are shown in
Figure 4.6.

The aluminum inserts are assigned isotropic elastic properties. No plasticity is included since
it is not expected to significantly influence the results of the analyses, while it would increase
the computational time significantly.
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] Rib

I Node laminate
B Patch

B insert

Figure 4.6: Different zones in the FE model.

The elastic properties of the composite material are input as ’engineering constants’, which
allows different properties to be assigned in all principal directions. The used properties are
listed in section B.6 A solid section of this material is applied to the ribs, and a laminate
consisting of plies of this material is used for the patch. In this patch, care is taken to minimize
the error that results from how Abaqus calculates laminate properties in solid elements, as
explained in section B.2. A laminate is also specified in the node laminates, ply properties
there are corrected as explained in section B.3. The modeling approach for the rib is not
changed in the rib-patch interface, although some patch plies extend into the rib, this is not
modeled as such. section 5.2 shows a comparison of this method with more detailed models,
showing that the taken approach gives conservative results.

4.2.3 Boundary conditions and load introduction

In the initial and bolt preload steps the edges of the model are pinned. In the loading step
there is the possibility of specifying a far-field compressive or tensile displacement in the plane
of the structure. The magnitude can be defined separately for the horizontal and vertical
directions. This allows a simplified version of the far-field loads to be included in the analysis.
An example of such boundary conditions is shown in Figure 4.7.

The bolt loads are introduced by coupling the load to several surfaces. Details of this method
and a comparison to several other methods are shown in section B.4.
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Figure 4.7: Boundary conditions in the loading step with vertical compression and horizontal
tension applied.

4.2.4 Failure analysis

To determine failure in the composite the maximum strain criterion is used. While this may
not be the best criterion available, using more complex criteria is a refinement which would
be necessary only with a more accurate modeling approach.

The area directly surrounding the bolt is excluded from the analysis, since failure there is in
one of the failure modes determined analytically. The region on the boundary of the model
is also excluded since it is not the region of interest, and the local effects caused by the
attachment will have a reduced impact there.

The used modeling method occasionally resulted in singular points on the rib-patch interface,
due to the sharp geometry and stiffness changes there. Care must be taken to keep this
behavior in mind when evaluating the results. More information on the singular behavior
can be found in section B.5.

4.3 Parametric scripted implementation

The described analysis method is implemented in a script, with the entire attachment de-
sign determined by several parameters. A flowchart highlighting the tasks performed and
controlled by this script is shown in Figure 4.8.

The first steps are checking the design rules that are outlined in section 5.3 and calculating
the failure indexes for the failure modes that do not require additional steps.
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Master script

. Calculate bolt, Post-process
Design rule . Calculate

check —>{ bearing and Shear-out FI FE results,

pull-through FI calculate FI
Controlled by master script
(CATIA) (Abaqus) (Abaqus) (Abaqus)
Create Setup model, — >
Solve model Extract data
geometry extract mass

Figure 4.8: Flowchart of the scripted implementation.

In the taken approach the patch design is fully parametric, with three parameters determining
the shape of the patch around the attachment point. How these control the patch shape is
shown in Figure 4.9. Several other parameters control the patch thickness, bolt size, insert
dimensions and other details.

Bolt hole

L Patch direction !

7 | ~
|

Figure 4.9: Parameters controlling the patch shape.

Several examples of patch shapes that can be made using this method are shown in Fig-
ure 4.10.

The CATITA model that is used to generate the geometry is fully parametric, a macro is used
to change the parameters and then export the generated geometry as a step file.

The edge distance for the shear-out calculations is measured in CATIA as well, since it
depends on too many variables to allow it to be directly calculated from the design parameters.
The edge distance is measured by drawing two lines from the hole edge to the edge of the
structure, in the direction of the in-plane load. This is illustrated in Figure 4.11. Of the two
lengths, the shortest is then used in the shear-out calculations.

In Abaqus, a script is used to import the geometry, generate the mesh, and apply the material
properties, loads, boundary conditions and other required inputs as described in section 4.2.
The mass of the attachment is extracted in this step as well, since this is the first time that
the geometry and the material properties are both in one model. After construction of the
model, input files are written and the model is solved. Stresses and strains are extracted
from the output files and written to text files. This data is then processed externally. By
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) Parameters: 55/10/-5 (b) Parameters: 160/15/2 (c) Parameters: 252/7/0

Figure 4.10: Examples of some possible patch shapes for different attachment locations. With
parameters: patch direction/edge distance/edge curvature.

Figure 4.11: Measurement of the edge distance for shear-out in CATIA.

doing so, a significant reduction in computation time is achieved, compared to doing all the
post-processing in Abaqus.

If failure of the attachment is found in one of the steps before the FE analysis the script is
stopped since further analysis of a failed design is unnecessary.

Due to the full parametrization of the design and automated analysis it is possible to couple
the analysis to an optimization algorithm, but this is outside of the scope of the current
research.

With the presented approach, the runtime of the entire analysis is around 5 to 10 minutes
on a stand-alone computer that is equipped with an Intel Xeon E3-1270 CPU, and 16 GB of
memory.
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4.4 Design method for rapid initial design

With the numerous variables determining the design of the attachment, finding a proper
starting design can become a lengthy iterative process. To accelerate this, the relations
between several parameters can be assembled in a single design graph.

Considering the typical loads acting on a SCT are mostly in-plane, this is likely to be driving
the design. The design graph therefore focuses on bearing, shear-out and bolt shear failure,
which are the three in-plane failure modes that are calculated analytically. Although it would
also be desirable to include failure in the composite surrounding the attachment, the lack of
a clear dependence on the input parameters disallows this.

The design graph presents a method to determine good combinations of initial values for the
bolt size, edge distance and patch thickness, based on a given load. An example is shown in
Figure 4.12, how it is constructed and used is discussed afterwards.
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Figure 4.12: Example of an initial design graph.

4.4.1 Construction

For a fixed laminate thickness, the graphs shown in Figure 4.13 can be drawn. These show
two relations: between the edge distance and the shear-out strength, and between the bolt
diameter and the bearing strength. The latter is intentionally plotted on the secondary
vertical axis.
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Figure 4.13: Relation between the in-plane load and the required edge distance and bolt diameter,
for a laminate of 4 mm thickness.

Both relations are linear and have the in-plane load on the horizontal axis. When the range
of both horizontal axes is identical, the vertical axes can be scaled such that the edge distance
and bolt diameter plots for a given thickness coincide when the graphs are overlaid on top of
each other.

Recalling the equations used for calculating the shear-out and bearing loads:

Fy,=dy*xtx*xoy (4'2)
Foo=2xTxext (4.3)

And setting these equal to each other:
dyxtxop=2%T*xext (4.5)

Since the thickness is equal for both, it cancels out, and after some rearranging this gives:

2%T

db = ex (4.6)

Ob
Now 2:—5 is the ratio between the two vertical axes that is required to have the two lines
coincide. This is a ratio of the allowable shear-out and bearing stresses, and these allowables
should include all the applicable multiplication and knockdown factors.

The two graphs can now be merged, and more lines can be added for other patch thicknesses.
Then, the lower limit on bolt dimensions can be plotted on the secondary vertical axis. This
limit depends on the shear strength of the bolts, as well as on the minimum bolt diameter.
The bolt limit is a stepwise function, since only standard bolt sizes are considered. The
earlier plotted lines for shear-out and bearing are truncated below this line.

Now also recognizing the maximum patch thickness, the area outside of the design space can
be identified. This completes the graph.

The example graph shown in Figure 4.12 is constructed using allowables for Hexcel 8552/IM7
CFRP, grade 12.9 steel bolts with regular thread, and no inserts. Constructing these curves
for different combinations of materials is rather simple, and has the potential of saving sig-
nificant amounts of time if multiple attachment points need to be designed on the same
structure, with the same materials. Looking at the reference SCT with several hundred
attachment points, this is definitely the case.
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4.4.2 Use

To illustrate the use of the design graph, an example is given based on the attachment point
location shown in Figure 4.14, loaded with 11 kN in-plane. The combination of this location
and load direction makes the edge distance directly dependent on the design.
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Figure 4.14: Location and load direction used for the example.

To find good combinations of initial parameters one starts with finding the applied load on
the horizontal axis. From this point go upwards up to the first possible bolt size inside of the
design space at that load. At this point lies the first design, the values for the edge distance
and bolt size can be read from their respective axes, and the patch thickness seen from the
location between the lines in the graph. Other designs lie in a vertical line upwards from the
initial point. This is graphically shown in Figure 4.15.
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Figure 4.15: Example of use of the design graph, for an 11 kN load.

The first three designs are encircled, the resulting parameters shown in Table 4.4. An esti-
mation of the bolt, nut and patch masses are made, based on a 20 mm long bolt and typical
density of the considered materials.

The lowest total mass is obtained using a thick patch, and the smallest bolt diameter. One
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Table 4.4: Parameters of the first three designs found using the design graph.

Bolt diameter Patch thickness Edge distance Bolt+nut mass Patch mass Total mass

8 mm 6.6 mm * 10.0 mm 192 g 106 g 208 g
10 mm 4.4 mm 12.5 mm 385 ¢g 76 g 46.1 g
12 mm 3.7 mm 15.0 mm 56.2 g 6.7¢g 629 g

* Increased to 6.6 due to manufacturing constraints

could argue that the use of heavy steel bolts in this example is distorting the conclusions
drawn from it. However, assuming that the bolt strength does not change, the bolt density
would have to be decreased by more than 84% before a design with a larger diameter bolt
achieves a lower mass. Such a reduction is unrealistic. Therefore it can be concluded that
the lightest initial design is usually the one with the smallest possible bolt diameter.

In some designs, additional constraints like a maximum edge distance may apply, for instance
for an attachment close to a rib. These can be taken into account by simply setting an upper
limit on that parameter, which limits the amount of available designs.

CONFIDENTIAL



Chapter 5

Behavior and design guidelines

Using the analysis methods presented in chapter 4, several studies are performed to increase
the understanding of the structure’s behavior, and response to changes in design. This gives
valuable information that is later used for a rapid design of the attachment test samples. To
make sure that these samples can actually be made, the manufacturing constraints and other
design limits are elaborated upon.

5.1 Trend study

To get an understanding of the influence of several of the
design parameters, a trend study is performed. This is
done by slightly varying one of the parameters of a ref-
erence model, while keeping the others unchanged. The
results are then compared to the reference model.

For this study, the reference model is that of an attach-
ment point next to the hoop rib, with the in-plane load
applied in the direction of that rib. The in-plane load
is offset from the neutral plane of the structure, so also
results in a bending moment. The attachment point loca-
tion and load type are very similar to one of the locations
chosen for testing, making the results of the trend study
more applicable to the design of the test samples. The
geometry of the reference model and the load direction
are shown in Figure 5.1.

Three parameters are varied, which control the size, shape
and layup of the laminate patch. The results are shown
using the strains in a part of the laminate, where all the
relevant differences can be seen.

Figure 5.1: Reference model
and in-plane load direction.
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5.1.1 Patch size

To see the effects of the patch size it is changed by 10 mm, making it both smaller and larger.
As might be expected the smaller patch shows higher strains overall, and the larger patch
has lower strains. The effect is clearly seen in the strain in the fiber direction, a comparison
of which is shown in Figure 5.2. Both the strain transverse to the fiber and the shear strain
show similar differences.
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(a) Smaller patch (b) Reference model (c) Larger patch

Figure 5.2: Strain along the fiber in patches with different sizes.

With a reduced patch size, the strains in the patch at a distance from the bolt are relatively
high compared to the larger patches. In the larger patches, the strains at a distance from the
the insert are noticeably lower than the strains near the insert.

An overview of the patch masses and the highest absolute strains in the laminates is given
in Table 5.1. The elements at singular points are excluded from this comparison, and in line
with the analysis method presented in chapter 4, the area directly surrounding the bolt is
also excluded. The relative mass and strain changes with respect to the smallest patch are
also given.

Table 5.1: Mass and maximum strain in the patch for different patch sizes.

Patch size ‘ Patch mass Max strain (abs) Mass change Strain change

Smaller 174 g 3.94x1073 0% 0%
Reference 22.6 g 3.21x1073 +30% -19%
Larger 272 ¢g 2.90%x10~3 +56% -26%

The reduction in strain going from the smallest to the medium-sized patch is quite significant.
By making the patch even larger only little further reduction of strain is achieved, while this
does increase the mass further. This indicates diminishing returns when increasing the patch
size to reduce the strains in the laminate.

Also noticeable is that the size of the patch has very little effect on the strain in the rib just
outside of the patch (the region marked A in Figure 5.2).
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5.1.2 Layup of the laminate patch

The effect of changing the layup is studied by removing one ply orientation from the quasi-
isotropic (QI) layup that is used for the reference model. Given the symmetry of the model,
removing one of the £45° plies does not make sense, so the comparison is made with layups
where either the 0° or the 90° plies are removed. The resulting strain in the fiber direction
is shown in Figure 5.3.
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Figure 5.3: Strain along the fiber in patches with varying layup.

Overall, an improvement is made by removing the 0° plies, whereas the removal of the 90°
plies offers almost no advantage. These differences are very similar for the strain transverse to
the fiber. For the shear strain this is different though, here both the changes result in a lower
overall strain. This can be attributed to the higher fraction of +45° plies, which dominate
the shear behavior. By removing a ply orientation, the fraction of +45° plies increases from
50% to 67%.

Furthermore, a comparison was made with laminates that had a 0/90 or +45 layup. Since
these have only two fiber directions in the laminate and showed very high shear strains as a
result, these are not considered suitable for any design.

Similar to the changes in patch size, changing the layup has little effect on the strains in the
ribs just outside of the patch.

5.1.3 Curvature of laminate edge

The third and final parameter changed in the trend study is the curvature of the edge of the
patch. Both a negative curvature, which creates a sharper corner with the rib, and a positive
curvature giving a less sharp corner are compared. The differences in strain along the fiber
and perpendicular to it are very small, but as can be seen in Figure 5.4 the shear strains do
show some differences.

A positive curvature results in the shear strain on the rib-patch interface near the patch
edge being more evenly spread, and lower in magnitude. A negative curvature results in the
opposite, it increases the shear strain and gives a less desirable distribution.
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(a) Negative curvature (b) Reference model (c) Positive curvature

Figure 5.4: Shear strain in patches with varying curvature.

The differences on the lower side of the patch are almost non-existent, indicating that the
curvature only affects the strain locally.

5.2 Detailed rib-patch interface modeling

In the parametric model all ribs are modeled using the same method, including the ones that
are adjacent to the patch. This means that the plies of the patch that extend into the ribs
are not modeled as such.

To investigate the impact of this simplification, and to improve the understanding of the
behavior of the interface, a model is manually adjusted to include these plies. This is done
by modeling the overlapping area as a laminate, with both rib and patch plies.

In the ribs adjacent to the patch the plies are extended halfway into the rib, so the compaction
of the ribs from the other side is not affected, thus making sure that the same rubber tooling
blocks can be used. In the small section of the node where there are no overlapping rib
plies, the patch plies are extended to the center of the node since there is no compaction
from the other side. Furthermore, as a result of the observations made from the model with
the patch plies extending halfway into the ribs, a third model was made with the additional
modification to extend the outermost patch plies to the far side of the rib. The different
regions used in these models are visualized in Figure 5.5.

The more complex layout of the interface zone required multiple section cuts to be made so
the regions could be assigned different material properties and layups. Some additional cuts
were necessary in order to be able to mesh the part. Especially the nodal area presented
difficulties in meshing.

The largest differences in the results of the three models can be seen in the in-plane shear
strain on the rib interface. These strains are shown in Figure 5.6. By modeling the plies into
the ribs a significant reduction of shear strain is observed over the entire interface. Further
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ALY

) No plies into ribs modeled. ) Plies modeled halfway into rib. (c) Additional ply to far side of rib.

Figure 5.5: Regions used for the various rib-patch interface models.

extending the outer plies to the far side of the ribs slightly reduces the strain in the hoop rib,
but it does not further decrease the maximum shear strain, which is present in the node.
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-1,200e-02 -1.200e-02

-1.387e-02

(a) No plies into ribs modeled. (b) Plies modeled halfway into rib. (c) Additional ply to far side of rib.

Figure 5.6: Shear strain for various rib-patch interface models.

Figure 5.7 shows that this is different for the strain transverse to the fiber, which does benefit
from the further extension of the top and bottom plies. Extending the plies halfway into the
rib already gives a reduction in strains around the node, but near the top of the node a small
area with higher strain remains. The higher strains are most pronounced on the surface, and
have much lower values in the interior of the rib. Extending the top and bottom patch plies
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into this area results in a further reduction of the strain.
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(a) No plies into ribs modeled. (b) Plies modeled halfway into rib. (c) Additional ply to far side of rib.

Figure 5.7: Strain transverse to the fiber for various rib-patch interface models.

By more accurately modeling the interface, the strains do not always decrease. Extending
plies to the far side of the rib results in a relatively high strain along the fiber in these plies,
as can be seen in Figure 5.8. Still, these strains are low relative to both the allowable values
and the strains in other directions. It is therefore chosen to extend the top and bottom plies

to the far side of the rib in the test samples as well.

Y Y
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(a) No plies into ribs modeled. (b) Plies modeled halfway into rib. (c) Additional ply to far side of rib.

Figure 5.8: Strain along the fiber for various rib-patch interface models.
The out-of-plane and interlaminar shears do not show any noteworthy changes.
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Overall, by more accurately modeling the interface a reduction of the shear and transverse
strains is observed. And while the strains along the fiber slightly increase in the interface
area, their failure index is still lower than it is for the other strains. Considering the strains
in all directions, the maximum failure index decreases by 15%. Therefore it can be concluded
that more accurate modeling leads to a lower failure index, so the simplified approach as used
in the scripted model is conservative.

5.3 Design limits

The complexity of the manufacturing method for grid-stiffened and lattice structures imposes
some limits on the design of the attachment. Especially the compatibility with the expansion
tooling is limiting. Furthermore some design rules apply.

5.3.1 Manufacturing constraints

The limits imposed by the manufacturing method can be split into two groups. The first
set applies to the base grid structure. These limits should also be taken into account when
designing the main structure, which is usually done before designing the attachments. The
second set applies specifically to the attachment point.

These limits are based on the current experience with the manufacturing process, and might
be refined as the understanding of the process increases.

Base structure

Limits here are determined by the necessary compaction during cure. Since the plies of the
rib overlap at the nodes, the height of the layup before cure can be larger than the final rib
height, as can be seen in Figure 7.3 for instance. The nodes are compacted before and during
the cure cycle. There are limits to this compaction, experience shows that a pre-cure height
of between 1 and 1.5 times the desired rib height gives good results. When all ribs are of
equal width, this corresponds to a cured rib width between 0.5 and 0.75 times the tow width.

This approach requires the ribs to be compacted laterally, it is required to check if the
unexpanded rubber tooling fits between the ribs after layup. If the tooling interferes with
the rib tows this disallows placement after layup.

These constraints require the width and thickness of the tows to be known. The width is
usually quite clear, and for the thickness the nominal cured ply thickness can be used. If there
is a large difference in the widths of the ribs, this complicates the calculations noticeably. In
typical structures all ribs have similar dimensions, so this is not usually a problem.

Attachment point

Limits on the design of the attachment point are both due to manufacturability of the lami-
nate patch, and of the insert placed in it.

A minimum patch thickness is imposed by the minimum amount of plies that is necessary.
This depends on the specified ply orientations, the ratio between these, and the ply thickness.
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For most symmetrical layups consisting of three or four ply orientations, this results in a
minimum thickness around 1 mm.

The maximum patch thickness is equal to the rib height. At patch thicknesses just below
the rib height an additional difficulty occurs. The rubber tooling then becomes very thin,
possibly resulting in difficulties during cure. Based on the current experience with the process,
a conservative assumption is made to limit the rubber tooling to be no thinner than 2 mm.
Preferably this limit is further refined by manufacturing trials to find the actual limit. Possible
patch thicknesses are therefore either between the minimum and 2 mm less than the rib height,
or equal to the rib height.

Another constraint is imposed by the expansion of the rubber tooling in the cell. With a
patch, the required rubber tooling must still fit in the cell after layup. If the patch is too
large or in an unfavorable location, this may no longer be the case, thus making the design
unmanufacturable. Since this depends on too many variables to be able to give a direct
guideline, this will have to be judged on a case by case basis.

To keep the inserts machinable and handleable, the minimum wall thickness is set at 1 mm.
This also ensures that the inserts can transfer enough load to justify the increase in bearing
strength they provide in the analysis.

5.3.2 Design rules

Aside from the manufacturability limitations, some design rules apply. These are the min-
imum requirements a design must fulfill in order to be considered suitable. Some of these
were already indicated in chapter 4.

To reduce the shear strains in the laminate, at least three ply orientations must be used, with
at least 30° difference in orientation between them. In case more than three ply orientations
are used, some of these may be within 30° of other, but the layup must contain three ply
orientations that differ by at least 30°. Additionally, no more than 50% of the plies may be
oriented in the same direction. Not only do these limits reduce the overall shear strain, this
also ensures that the bearing and shear-out strength of the laminate are of a sufficiently high
level.

To make sure that the bolt and insert are properly seated within the patch, the distance
from the bolt center to the laminate edge must be more than the bolt diameter and the
insert thickness combined. This ensures that there is always a minimal part of laminate
surrounding the bolt and insert. It must be noted that this is the absolute minimum, most
designs will have a larger edge distance to provide more strength.

The diameter of the bolt in millimeters is required to be an integer value, and a minimum
bolt diameter is set at 4 mm. While non-integer sizes of bolts can be machined if necessary,
requirements often dictate that standard sizes are used.

5.3.3 Implementation into model

All constraints and limits can be checked from the input parameters, with the exception of
the patch compatibility with the rubber tooling. This check is therefore performed as the
first step at the beginning of the analysis.
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Since it is recognized that the given limits are conservative in some cases, exceeding of a limit
only results in a warning, not a termination of the analysis.
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Chapter 6

Verification approach

The developed model is of no use unless it is shown that it actually represents the behavior
of the structure. To test if this is the case, test samples are designed and analyzed. Later,
these samples are manufactured and tested to obtain the data required to see if the developed
model actually represents reality.

The main goal is to show that the stiffness can be modeled properly, and while it would
be desirable, accurate modeling of the failure load is not set as a primary goal. This lies
mostly in the fact that failure in composites is hard to predict accurately even for simpler
structures. Several different failure modes in the fiber and matrix materials contribute to the
overall failure, complicating identification of the initial failure mode. 8} Additionally, damage
evolution between first and last ply failure complicates analysis. However, knowing that there
is some conservatism in the methods used to calculate the failure loads, failure should not
occur at a lower load than predicted. It would be advantageous to predict the correct type
of failure as well.

To ensure the results correspond to the actual use of lattice and GSS, the provided load
cases are investigated, and a representative load type for testing is determined. The different
boundary conditions of the tests demand that some changes to the model are made specifically
for the tests. These are discussed along with the expected failure loads and the required
instrumentation.

6.1 Selected load cases

The SCT used as a reference case has approximately 380 in-panel attachments, for each of
which a total of 40 quasi-static load cases are defined. This results in a total of around 15200
load sets of combined in-plane, out-of-plane and moment loads. To reduce the amount of
total load sets, the most critical ones are found for each of the attachment points. Since it is
not known in advance which of the load components is most critical, three load cases are kept
per attachment point: The ones resulting in the highest in-plane, out-of-plane, or moment
load. This reduces the amount of load sets to 1140, which are assembled in a graph, shown
in Figure 6.1. The provided loads already include the necessary safety factors and model
factors, so no further corrections are necessary.
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Figure 6.1: Highest load cases for all attachment points.

There are multiple things to note in this graph:

e While there are some small differences, the load component that was used to determine
the most critical load case has little influence on the resulting range of loads. It is not
uncommon for the load case with the highest in-plane load to be the same as the one
with the highest out-of-plane or moment load.

e The majority of the points are relatively low-loaded, and the highly loaded points are
grouped somewhat.

e In general, the in-plane loads are an order of magnitude higher than the out-of-plane
loads. This is not surprising considering that the plane of the structure is in the
vertical direction. Accelerations during launch of the satellite are mostly oriented in
this direction, thus resulting in high in-plane loads.

For proving the feasibility of the concept, it is desired to show that the highest loads can
be carried by an attachment. Considering the low magnitude of the out-of-plane loads, the
main focus becomes the in-plane and moment load. These are plotted in Figure 6.2.

It can be seen clearly that there are two groups of highly loaded points, around 6 kN and
10 kN in-plane load. These coincide with the highest moment loads, and the relation between
the magnitudes of the in-plane and moment loads is more or less linear. Considering this
relation, and recognizing that a piece of equipment is attached to only one side of the structure
(either the inside or the outside of the cylinder), it is likely that the moment is caused by
the offset of the in-plane load from the neutral plane of the structure. For the two groups
of highly loaded points, the apparent offset of the load is around 6.5 mm. For lower loads
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Figure 6.2: Highest load cases for all attachment points, in-plane and moment load only.

the relation between the in-plane and moment load is less apparent, but these loads are not
of interest for proving the feasibility of the concept since the magnitudes are smaller. If the
concept can support the highest loads, supporting the lower loads should not pose a problem.

Considering the above, an in-plane load offset from the neutral plane is selected. Since the
highest in-plane load of all load cases is 10.6 kN, this is set as the strength goal.

6.2 Test setup design

To apply the offset in-plane load to an attachment point a custom test setup is required. The
designed setup is shown in Figure 6.3.

The sample to be tested is cast in potting material and placed on the compression plate that
is part of the test bench. The potting material is required to stabilize the lower end of the
sample as the compression load is applied.

Since the attachment point can not be loaded directly, a steel fixture is made to extend
past the part and introduce the load into the attachment point. The top of this fixture is
clamped in the upper part of the test bench. This fixture is a rectangular steel bar, with
a hole machined in one end for the bolt. The cross-section is 8 by 50 mm. Since the loads
introduced into the bolt are quite high, the fixture is made from 1.2510 tool steel. This
material is chosen since it provides a decent strength while still being easily machinable.

To eliminate as much play as possible in the bolted connection, shoulder bolts are selected.
These bolts have an accurately machined shaft, and are commercially available in grade 12.9
high-strength steel. The used bolts can be seen in Figure 6.4. The selected bolts have an
h8 shaft tolerance which, when combined with the K7 tolerance specified for the holes in the
fixture and inserts, results in a K7/h8 transition fit. For a 12 mm bolt and hole the typical
clearance of this fit is 11 ym and the maximum clearance is 33 um. The main goal of this
accurate fit is to reduce the possible impact the clearance can have on the measured bench
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Test bench

Potting

Test bench

Figure 6.3: Test setup for the attachment points, CAD drawing and the actual setup.

displacement. The clearance is also well within limits to not have any negative effect on the
bearing strength and stiffness, even in composites. [

Figure 6.4: Shoulder bolts used for the tests.

The free-standing nature of the sample results in somewhat different boundary conditions
than are present around an attachment point in a SCT. This is considered not to be an issue
since the goal of the tests is to obtain reference data for correlation of the model. Accurately
reproducing all the boundary conditions, including far-field loads as are present in the SCT
requires a much more elaborate test setup, and introduces more unknowns.
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6.3 Material differences

The general optimization of the SCT was performed using properties of Hexcel’s 954-6/M55J
prepreg material, which consists of ultra-high modulus carbon fibers in a cyanate ester ma-
trix. However, this material was not available for making the test samples. Instead, Hexcel
8552 /IMT is used, which consists of an intermediate modulus carbon fiber in an epoxy matrix.
The properties of these materials are significantly different, the available strength properties
are listed in Table 6.1. The factor by which the 8552/IM7 material is stronger is also listed.

Table 6.1: Material properties of SCT and test sample materials, and the factor by which the
latter is stronger.

Property Direction ‘ 954-6/M55J [59] ‘ 8552 /IM7 ‘ Factor
Strength  0° Tension 2165 MPa | 2590 MPa | 1.2
90° Tension 40 MPa | 115 MPa | 2.9
0° Compression 896 MPa | 1725 MPa | 1.9
In-Plane Shear 78 MPa | 120 MPa | 1.5
0° Interlaminar 70 MPa 135 MPa | 1.9

Depending on the property, the used material is 1.2 to 2.9 times stronger than the material
of the SCT. To be able to claim that the concept can be used to take the highest loads of
the SCT attachments the strength goal is multiplied by 1.9, to be 20.1 kN. While a fully
conservative approach would use the factor 2.9, a 90° tension failure is not expected, so the
factor 1.9 is used.

Additionally, it is recognized that differences in stiffness of the rib and patch are a possible
cause for stress concentrations, and a different stiffness ratio can influence the magnitude of
the concentration. To assess this difference, the ratio between the stiffness of a quasi-isotropic
patch and a unidirectional rib are compared. For the SCT material, this ratio is 0.39, and
for the test sample material it is 0.43, a 10% difference. This is considered sufficiently small
not to require an additional correction on the strength goal.

6.4 Locations selected for testing

Given the large number of attachment points in the SCT, the base structure can not be
made such that all of these points are in favorable locations on the grid, some will be at a
location that might give some difficulties designing the attachment. To show that this does
not prevent the concept from being used, two different locations in the grid are selected for
testing.

The first of these locations is right next to a rib, with the in-plane load in the direction of
that rib. When combined with high loads, this represents a worst-case location since the
design space in the direction of the load is very limited. The strength goal for these samples
is set at the overall strength goal of 20.1 kN. This location and the samples that are made
for it are named DC1, where DC is short for design case.

The second location is in the middle of a cell, as far away from the ribs as possible. This will
not only demonstrate the ability to reach any place on the grid, but also allows the behavior
of the patch to be studied better, since the larger size of it will show the patch-specific effects
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more clearly. This attachment will be designed for intermediate loads, so makes use of a
partial thickness patch. This location and the corresponding samples are referred to as DC2.
Figure 6.5 shows the locations of both the selected locations in the grid, and the direction of
the in-plane load.

A

(a) DC1 (b) DC2

Figure 6.5: Location of attachment points in the grid, and direction of loads used for the test
samples.

An issue not addressed in either of the aforementioned samples is that the attachment point
should not negatively influence the strength of the base structure since it will have to carry
the far-field loads. An additional set of samples is added to investigate the effect of a laminate
patch on the strength of the ribs. This set contains two different sample types with the same
basic design. Three samples will consist of only ribs, while three others have a patch between
the ribs. These samples will be loaded in pure compression to test the differences in stiffness
and strength resulting from the patch. Unlike the DC1 and DC2 samples, these samples will
be made from a square grid. This allows the ribs to be loaded purely along their length.
Additionally, both the tooling and the part itself are easier to make. These samples are
further referred to as the ORTH samples, the name derived from the orthogrid panel they
are cut from. The test samples can be seen in Figure 6.6.

Figure 6.6: The two types of ORTH test samples.

CONFIDENTIAL



6.5 Test sample design and FE models 49

6.5 Test sample design and FE models

6.5.1 DC1

For the models of the attachment test samples, some changes are made to the scripted
method that was presented in section 4.2. The modeling method for the composite part is
mostly unchanged, but the boundary conditions and introduction of loads are different, so
the approach there is changed. The model, highlighting the areas of the boundary conditions
is shown in Figure 6.7.

Fixture BC

Bolt rotation BC

Figure 6.7: Geometry and boundary conditions for the DC FE models.

To accurately model the lower boundary, the potting material is added to the composite part.
A ’pinned’ boundary condition restricting all translational movement is then applied to the
lower surface that is in contact with the test bench. While this surface is not actually fixed
in the tests, the compressive load applied to the sample ensures that the surface remains in
contact and that there is no movement.

The load introduction through the fixture, and the corresponding boundary conditions require
additional changes. The fixture bends under the loading, thus introducing an out-of-plane
load into the sample while taking up some of the bending load. To best include these effects
the fixture is included in the model. The top of the fixture, at the height at which it is
clamped in the test bench, is rigidly coupled to the center point of the cross-section. This
point is then restricted from movement in any direction but the vertical, allowing it to move
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in the direction of the load. The load on the fixture is applied as a point load on this boundary
point.

To transfer the load from the fixture to the sample, the bolt is also modeled as a solid, and
contact with friction is defined on the appropriate surfaces. The bolt preload is applied using
the ’bolt load’ in Abaqus. This load type shortens the bolt shaft until the set preload is
reached, and then fixes the length of the shaft. This corresponds well to the actual process,
where the bolt is preloaded before the test and then remains in place during further steps.

Properties used for the materials in the model are listed in section B.6

Additionally, a third boundary condition is applied to prevent the bolt from rotating along its
axis, while leaving all other movements unrestrained. Application of this boundary condition
results in less required computational time for contact initiation.

Comparison of a nonlinear and linear analysis showed a small difference in results due to a
slightly nonlinear behavior. Therefore, the results from the nonlinear analysis are used, and
any further analyses of the DC samples are also nonlinear.

For the test samples, the dimensions of the base structure are taken from the SCT opti-
mization. The design of the attachment zone itself is performed manually, using the lessons
learned from the trend study presented in section 5.1, and making use of the analysis methods
presented in section 4.1. This design method ensures that a somewhat optimized attachment
is made, without over-optimizing the design for one specific load case. The resulting design
can be seen in Figure 6.8. It features an attachment point for a 12 mm diameter bolt, with
two hat inserts to better spread the loads over the interface. The full-thickness laminate
consists of equal parts 90° and +45° plies. A curved edge is used for the laminate patch,
and analysis showed that the patch can be kept relatively small, despite the high design load.
The additional mass of the patch and the insert is 18 g.

Figure 6.8: Patch design for the DC1 samples.

6.5.2 DC2

The DC2 model was constructed in a similar way, but with a different patch design and a
smaller bolt. Like the DC1 design, the patch was designed manually using the lessons learned
from the trend study. The patch design features a half-thickness patch consisting of equal
parts of 90° and +45° plies. A ring insert is used with an 8 mm inner diameter. The geometry
is shown in Figure 6.9. The additional mass of the patch and the insert is 11 g.
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Figure 6.9: Patch design for the DC2 samples.

6.5.3 ORTH

Compared to the DC models, the model for the ORTH samples is relatively simple. There
is only one part, as shown in Figure 6.10. The modeling method of the composite and the
potting is the same as in the DC models, the dimensions of the ribs are also the same.
Boundary conditions are also similar, the boundary condition on the lower surface is again
'pinned’. The methods used for the top boundary condition and load introduction are the
same as used for the top of the fixture in the DC models.

Two models are set up, the only difference between them being the presence of the laminate
patch. The spacing between the two horizontal ribs, which are embedded in the potting, is
set at 60 mm. This is short enough to prevent buckling from occurring before the ribs fail in
compression, but large enough to allow the silicone tooling to apply sufficient compaction to
the ribs.

Again, both linear and nonlinear models were compared. The results are practically equal,
so linear analyses are used to save on computational time.

Potting N

Composite part

Potting

Figure 6.10: Model of an ORTH sample with a patch.
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6.6 Expected failure loads

6.6.1 DC samples

For the designed attachment point samples, the expected failure loads are calculated using
the methods discussed in chapter 4, the resulting expected failure loads are given in Table 6.2.
Since the applied load is in-plane, only in-plane failure modes are considered, thus excluding
pull-through.

Table 6.2: Expected failure loads for the attachment samples.

(a) DC1 samples (b) DC2 samples
Failure type Load Failure type Load
Shear-out 19 kN Bearing 8 kN
First ply failure 19 kN Shear-out 20 kN
Bearing 24 kN First ply failure 23 kN
Bolt 55 kN Bolt 24 kN

For both the designs, the indicated first ply failure is in in-plane shear on the rib-patch
interface, near the node.

The expected failure loads for the DC1 sample fall just short of the 20.1 kN goal. There
are however some conservative factors in the analysis methods, so the samples are expected
to achieve the strength goal. Conservatism in the shear-out load lies in the influence of the
insert. Since it is expected that the flanged insert spreads the load more evenly, the shear-
out load is also expected to be higher as a result of adding it. It is unknown how large the
influence of the insert actually is, so this is not taken into account in the estimations. The
first ply failure load is considered conservative since a more detailed modeling of the interface,
as shown in section 5.2, results in lower strains on the interface.

The order in which the failure modes are expected to occur in the DC1 samples is somewhat
undesirable, since shear-out is a rather abrupt failure, with very little residual post-failure
strength. Ideally, a progressive failure mode like bearing would occur first, as is the case
for the DC2 samples. However, due to the location of the attachment point right next to
the rib, there is very little space between the bolt and the edge of the cell in which the
attachment is placed. In case the shear-out strength would be limiting the design, one can
consider extending the patch into the adjacent cell to increase the design space at the cost of
increased complexity.

6.6.2 ORTH samples

For calculating the strength of the rib test samples, multiple approaches can be taken. When
multiplying the cross-sectional area of the ribs with the compressive strength of the material,
the resulting sample strength would be 100 kN. However, the horizontal ribs, patch, and
potting locally influence the distribution of the strains, reducing the strength. To account
for this, the expected strengths are found from the FE models.

By modeling the samples with FE, the buckling loads can also be found easily with a linear
buckling analysis. While the rib buckling load might also be determined analytically, esti-
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mating the support given by the potting is difficult, so the FE results are used. The expected
failure loads and buckling loads are shown in Table 6.3.

Table 6.3: Expected failure loads for the ORTH samples.

Sample type ‘ Buckling Rib failure Location
W (With patch) 118 kN 60 kN Near node
WO (Without patch) 87 kN 65 kN Near node

In both cases the ribs are expected to fail before buckling occurs, which is as desired. While
the patch does have a small influence on the local strain distribution of strain in the rib
where it connects, the effect is not strong enough to move the failure location away from the
node. A small reduction in strength is expected since the patch introduces a small amount of
bending deformation in the ribs under loading. The buckling load is influenced significantly
by the presence of a patch, since it stabilizes the ribs and increases their bending stiffness.

6.7 Instrumentation and data gathering

To better study the behavior of the structure under loading and to obtain the data necessary
for correlation of the model, several types of instrumentation are applied to the samples.

6.7.1 DC tests

The main points of interest of these tests are the deflections and deformations under loading,
and the failure behavior of the attachment.

The applied load and overall displacement are output by the test bench itself, and give
information on the response of the entire test setup. To capture the displacements of the
composite part, a speckle pattern is applied to the visible side of the sample, so digital image
correlation (DIC) can be used to capture the deformation of the sample. This also allows the
strains to be calculated on the visible area, which is advantageous since the strain field on
the rib-patch interface is quite irregular. Use of DIC allows more of the local effects to be
seen than would be possible with strain gages alone. While the strains on the other side of
the sample are higher, the fixture on that side blocks a large portion of the view. This makes
the data from the visible side more useful, since it gives a more complete image of the strains
in the patch and rib-patch interface.

Additionally some strain gages are placed on the test sample, the locations of which are
shown in Figure 6.11, their purpose is explained hereafter.

Three strain gages are placed on the ribs between the attachment and the potting. One is
on the side of the speckle pattern, allowing the measured strain to be compared to the strain
as measured with DIC. The other two strain gages are placed on the opposite side of the
ribs, where the strains are expected to be higher. By placing these on two different ribs any
unequal distribution of loads between the ribs is easily identified.

Another strain gage is placed on the side of the hoop rib, at the location of the attachment
point. This serves to both capture the bending of the rib, and to capture any effects of
shear-out damage, if present. The DC2 samples do not have this strain gage on the side of
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Strain gages on
both sides of fixture

Speckle pattern

Strain gage on side

of hoop rib
Strain gage on

front of sample

Strain gages on rear
side of sample

Figure 6.11: Instrumentation applied to the DC1 samples

the hoop rib, since the attachment point is further away from the rib, and shear-out is not
expected as a failure mode.

Additionally, two strain gages are also placed on opposite sides of the steel fixture to capture
the bending deformation under loading.

6.7.2 ORTH tests

The main point of interest for the ORTH samples is the behavior of the ribs, more specifically
the stiffness and the strength difference between the samples with and without a patch.

This requires the applied load and displacement to be measured. The load is output by the
test bench, but the displacement is measured using two linear variable differential transform-
ers (LVDTs), also known as linear variable displacement transducers. The LVDTs are held by
magnetic supports. The LVDTs are placed on opposite sides of the sample, so the average of
the two measured values is the displacement that is applied to the sample. The LVDTs were
placed as close as possible to the sample, since it was observed that placing them further away
from the sample resulted in a different measured displacement. The location of the LVDTs in
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the test setup can be seen in Figure 6.12. This figure also shows some other components of
the setup. The steel bars that are placed on top of the lower compression plate are necessary
because the samples are smaller than the test bench is designed for.

Tip of left LVDT Top compression plate

Test sample

B
H
H
£
H
£

L

Right LVDT

Steel bars on lower Magnetic support
compression plate

Figure 6.12: Detail of the test setup for the first ORTH samples, showing the LVDT locations.

Strain gages are placed halfway along the length of the test sample ribs, to measure the strain
in the rib and to observe any bending behavior, if present. Since the patch stabilizes the ribs
in the plane of the structure, the samples with a patch have strain gages only on the front
and rear of the ribs, on the locations indicated in Figure 6.13. On the samples that do not
have a patch, strain gages are placed on all four sides of the rib.

Strain gages on rear
side of sample

Strain gages on front
side of sample ——

Speckle pattern /
on ribs and patch

Figure 6.13: Instrumentation applied to the ORTH samples
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Four of the samples are tested without DIC. The results of these tests showed a higher overall
displacement and a significantly lower strength than predicted by the FE model. To obtain
some additional data, DIC was also used for the final two samples, with the speckle pattern
applied to both the ribs and the potting. By applying the speckle pattern to the ribs the
strains in the entire rib can be measured, thus also at the location of failure. The speckle
pattern on the potting was used as a second source of data for the overall displacement, since
it was observed that the displacement measured by the LVDTs varied with the location at
which they were placed, leading to doubts about the reliability of the data.

6.8 Test matrix

To give an overview of the tests, key elements from the preceding sections are summarized
in Table 6.4.

Table 6.4: Test matrix.

Sample type DC1 DC2 ORTH

Number of 4 4 3 without patch

samples 3 with patch
Offset compressive Offset compressive

Load type load on attachment load on attachment Pure compression

point

To show high loads
can be taken, even on
an unfavorable

point
Comparison of
compressive behavior
of rib with and

Reach attachment
point far away from

for test
Reason for tes rib, and study patch

location behavior without patch.
Expected onset
failure load ) 8N )
Expected onset .
failure type ) Bearing )
Expected final 65 kN (without patch)
failure load 19 kN >8 kN 60 kN (with patch)
E)’(pected final Slr.learout /First ply Bearing Rib fracture
failure type failure

Load Load Load
Data to be Displacement Displacement Displacement
recorded Strains Strains Strains

Failure type

Failure type

Failure type
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Manufacturing

To make the test samples, three larger composite panels are made, which are then cut into
smaller samples:

e One panel containing all 6 rib test samples, size 390 by 270 mm.
e One panel containing all 4 DC1 test samples, size 630 by 300 mm.
e One panel containing all 4 DC2 test samples, size 630 by 300 mm.

Since the basic grid is the same, both the DC1 and DC2 test samples can be made in one
panel but it is chosen not to do this. By making these parts separately they can be placed
in separate vacuum bags, so in case of a punctured bag only one of the sets of samples is
lost. This choice means a slight increase in the amount of tooling that is required, but the
resulting redundancy is considered worth the effort.

7.1 Attachment point manufacturing steps

Most of the manufacturing steps taken for the test parts are the same as would be used to
make a larger structure for a real application, other than the lack of automated equipment.
And whereas the methods used might be somewhat different in a production environment,
the basic steps remain the same.

7.1.1 Manufacturing of tooling

To ensure the outer dimensions of the part are as designed, metal tooling is used on all
boundaries of the structure. Since the manufactured parts are flat panels, the metal tooling
is rather easy to make. Samples are placed onto a 10 mm thick aluminum plate that is part
of the autoclave equipment. The top of the sample is covered by a caul plate which is cut
from 3 mm thick aluminum sheet. The dams surrounding the part are made from 15x15 mm
square aluminum rod. To prevent separation of these dams, holes and threads are machined
into them, allowing the dams on all four sides of the part to be bolted together. The caul
plate and the dams are sanded with P1000 sandpaper to provide a smooth surface, cleaned,
and then a chemical release agent is applied to them to ensure these parts separate after
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curing of the structure. It must be noted that for a cylindrical structure this tooling would
be more complicated to make.

To make sure the grid cures in the desired shape, the area between the ribs is filled with
silicone rubber tooling. This tooling is cast in 3D-printed molds, covered with laser-cut acryl
plates. Such a mold can be seen in Figure 7.1. The casting and initial cure are performed
at room temperature. Afterwards, the parts are post-cured in an oven for three hours at
190 °C, which is 10 °C higher than the processing temperature of the composite material.
This post-cure serves both as a method to ensure the cure is complete, and as a check to see
if the tooling can handle the elevated temperature. A total of 233 rubber blocks are made,
in 20 different shapes.

Figure 7.1: Rubber tooling mold and finished blocks.

7.1.2 Layup

Using a computer numerical control (CNC) cutting machine, the required tows and plies are
cut from a 300 mm wide roll of unidirectional prepreg material. While this approach allows
tows to be cut in practically any width, 6.35 mm (1/4") is selected. This is chosen since this
is a width often seen for industrially available towpreg or slit tape, and thus can show the
compatibility of the process with industrially available materials. A total of 2406 separate
tows and plies are required to make the three panels.

The layup is done manually, since no automated methods are available. The layup is done
free-standing on an aluminum plate covered with release film. A printed template is used to
help align the plies. The rib plies are placed applying mild pressure when placing them on
the nodes, in the area in between the nodes the plies are freely suspended, this means that
care must be taken to prevent pushing down on the ribs during layup. The plies forming
the patches are also placed applying mild pressure. No interim debulking is performed. A
finished layup can be seen in Figure 7.2.

After layup the excess material at the edges is removed and the part is transferred to the
plate used in the autoclave, after which all the rubber and metal tooling is placed.
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Figure 7.2: Finished layup of the DC2 panel.

7.1.3 Compaction under vacuum

After layup, the nodes are noticeably higher than the intended panel thickness. When the
tooling is placed this can be clearly seen by the layup extending above the rubber tooling, as
shown in Figure 7.3.

Figure 7.3: Layup extending above tooling before compaction.

To reduce this height a caul plate is put on top, the assembly placed in a vacuum bag, and
vacuum is applied. The pressure difference results in a force pushing down on the caul plate,
thus compressing the material at the nodes. In order to study the rate at which this occurs,
the vacuum bag is opened several times during the process to measure the progress. The
thickness of the panel is measured at the nodes, and since metal outer tooling is used the
top and bottom of the panel remained practically flat. Despite this, there are some small
differences in height over the panel. The progress of the compaction over time is shown in
Figure 7.4.

It can be seen that after as little as half an hour under vacuum, there is already a significant
reduction in panel height. As time goes by, the rate at which the panel is flattened decreases
but compaction continues nonetheless. After almost a day under vacuum, the panel thickness
has decreased to only slightly more than the height of the rubber tooling. The final difference
is equalized during curing in the autoclave, where the higher pressure and increased resin flow
due to the elevated temperature creates more favorable circumstances for compaction.

Another observation is that the ORTH panel shows a more rapid compaction than the DC
panel. This is expected to be due to the layout of the panels. At each node, the ORTH panel
has only one crossing of ribs, whereas the DC panel has three such areas per node, which
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Figure 7.4: Height of nodes during debulking.

individually are also bigger since the ribs do not cross at a 90° angle. Then, when assuming
that the total force due to the pressure load on the caul plate is equally spread over all areas
where the ribs cross, the relatively small nodes of the ORTH panel experience a higher load,
thus speeding compaction.

It was also noticed that some of the plies that were initially extending above the rubber
tooling shift slightly during compaction and end up on top of the rubber tooling. To prevent
this from happening, the nodal compaction would either have to take place during layup,
or special tooling would have to be developed specifically for debulking, restricting the plies
from shifting laterally.

7.1.4 Cure

After compaction, the parts are vacuum bagged for the autoclave. On a single base plate, two
separate vacuum bags are made. One contains the DC2 panel, the other contains both the
DC1 and ORTH panels. The DC2 panel has a thermocouple placed in a hoop rib to monitor
the temperature in the composite part during curing. This thermocouple has to be extended
outside of the vacuum bag, making it more likely to cause leaks. Therefore the DC2 sample
is separated from the other samples.

The cure cycle used is the standard cure cycle as recommended by Hexcel, which consists
of a one hour dwell at 110 °C, followed by a two hour cure at 180 °C.[9 The cooling and
heating rates were set at 2.5 °C/minute.

Unfortunately, soon after starting the cure cycle the temperature data from the thermocouple
in the composite part became highly erratic, likely due to a faulty connector. This did not
have any effect on the temperature control of the autoclave itself, since another thermocouple
inside the autoclave is used for that purpose. The recorded temperatures are shown in
Figure 7.5

It is clearly seen that the temperature inside the autoclave accurately follows the set temper-
ature, except for the final part of the cooling stage where the autoclave can’t cool fast enough.
At this time the composite is already cured and well below its glass transition temperature
(Tg), so this is not an issue. While the overall data is erratic, the measured temperature
inside the composite does indicate a stable temperature during the dwell and cure periods.

CONFIDENTIAL



7.1 Attachment point manufacturing steps 61

250
200
5 7 I
v 150 v S
*3 V' * Setpoint
o P I N
g 100 / Y - — — Autoclave
/ ]
i / T J Composite
s k ~
50 |/ AN
rd )
L
0
0 1 2 3 4 5 6
Time [h]

Figure 7.5: Temperatures during curing of the part.

Since the temperatures in the autoclave and composite are expected to equalize after a cer-
tain amount of time, this indicates that the part has experienced the cure temperature for
the intended duration.

7.1.5 Placement of the inserts
Machining holes in the laminate

The holes in the laminate are made using a CNC milling machine. First a hole is drilled
through the laminate using a 9 mm diameter drill which is specifically suited for composites.
This allows the hole to be made with a reduced chance of creating delaminations in the
composite. Afterwards, an 8 mm diameter router is used to further mill the hole to the
specified diameter. Again, tools specifically designed for composites are used to prevent
delaminations in the laminate. This results in a hole of constant diameter, with a smooth
inner surface and no visible damages to the composite material.

Bonding the inserts

The surface preparation technique is practically the same for both insert types. The surfaces
of the aluminum inserts that are in contact with the adhesive are sanded with P120 sandpaper
and thoroughly cleaned and degreased. The composite parts received the same treatment,
but a finer P240 sandpaper is used instead.

The used adhesive is 3M Scotch-Weld EC-9323 B/A two-part structural adhesive. A small
quantity is mixed, and 1.5% by weight of 100-200 micron glass beads are added to control
the bondline thickness to be between 0.1 and 0.2 mm. At this thickness, the highest shear
strength is obtained. [61]

Suitable methods for bonding the inserts were found by trials using only 3D-printed parts.
The approaches for bonding the two types of insert were slightly different. To bond the single
ring insert in the thinner laminate of the DC2 samples the following approach was used:

e Apply masking tape to the surface of the laminate, leaving the hole in the laminate
accessible.
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e Apply a thin layer of adhesive to the surface of the hole in the laminate.

Apply adhesive to the outside of the insert. Due to the small size of the insert the
amount is somewhat hard to control.

Place the insert in the hole.

Use a small knife with a straight edge to align the insert with the laminate.

Use the same knife to wipe away most of the excess adhesive.

Place a bolt, nut and some washers covered in release agent to keep the insert in place
while the adhesive cures.

After curing, remove the bolt and the masking tape, this removes most of the excess
adhesive.

Carefully remove the remaining excess adhesive that is left on the side of the insert
using mechanical methods (scraping, cutting, and sanding).

To bond two tapered hat inserts in the thicker laminate of the DCI1 samples requires a
somewhat different approach:

Apply a thin layer of adhesive on the surface of the hole in the laminate and on the
inserts. The amount of adhesive has to be such that a fillet is formed at the end of the
insert flange after placement, this fillet can be seen clearly in Figure 7.6.

e Place one of the inserts on a bolt with the flange against the bolt head.
e Carefully place this assembly such that the insert rests in the composite structure, in

the location where it should be. Manually apply some force to keep the bolt and insert
in place during the next steps.

From the other side of the structure, slide the second insert over the bolt and into the
hole in the laminate.

e Screw a nut onto the bolt to keep the inserts in place.
e There is no need to remove any excess adhesive if the right amount was used.

Since the diameters of the inserts and the shoulder bolt used for testing are specified as a
K7/h8 transition fit, a very small misalignment between the inserts can result in the inability
to install the bolt for testing. To prevent this from happening, the same type of shoulder
bolts are used for the installation of the inserts. These bolts are first cleaned and treated
with a chemical release agent to ensure removal is possible after curing.

Adhesive fillet

Figure 7.6: Bonded insert in a DC1 sample, after curing.
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Accelerated adhesive cure

Since the full cure duration of the adhesive is 14 days at room temperature, an elevated-
temperature cure is used to accelerate this process. According to the product technical data
sheet, either a 2 hour cure at 65 °C or a 15 minutes 100 °C cure results in a full cure. (61
However, the potting material required for testing is cast before bonding the inserts, which
gives some complications since the Tg of the potting material is at 60 °C. Both the accelerated
cure temperatures then present issues since it is not desired to exceed the Tg. To resolve
this issue an interpolation using an equation of the form y = a % 2% is made through the
three known cure profiles. At a temperature of 60 °C this indicates a 3 hour cure would
suffice. To allow for some inaccuracy of this interpolation, and to not risk a partial cure of
the adhesive, it is chosen to extend this cure for one additional hour. The interpolation used
for this correction is shown in Figure 7.7.
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Figure 7.7: Interpolation used to determine the required cure at 60 °C.

7.2 Test-sample specific manufacturing steps

Some additional manufacturing steps are necessary to prepare the samples for testing, these
are elaborated on in this section. These manufacturing steps are not necessary to make an
attachment point in a structure for a real application.

7.2.1 Cast potting

To stabilize the samples in the test bench it is necessary to embed the ends of the samples in
a potting material. The RenCast 2418 system was chosen for this purpose. This is a metal
filled epoxy casting resin with a relatively high stiffness, so it can give sufficient support to
the very stiff CFRP structure. It also has a low shrinkage, and can easily be cast, cured and
machined making it ideal for processing.

The potting is cast after the holes are milled in the laminates, but before the inserts are
bonded. The attachment test samples require potting material only on the lower side, since
the load is applied using a steel fixture. The rib test samples need potting on both the top and
bottom ends of the sample, so this requires the potting to be added in two steps. Sufficient
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time is allowed between the separate castings to allow the potting to cure. Similar to the
adhesive used for the inserts, the potting is cured at an elevated temperature to accelerate
the cure, 14 hours at 40 °C as specified results in a full cure. 62

First, custom molds are designed and fabricated to be able to cast the potting with the
samples in an upright position. The molds consist of an aluminum plate and several angle
profiles to create the space in which the potting can be cast. These parts are designed to
be removable after the potting is cured so that the parts can be easily removed. A chemical
release agent is applied before the potting is cast to ensure easy removal from the mold. The
mold is completed by a wooden frame to keep the samples in an upright position.

Two such molds are made, one for the attachment samples and one for the rib test samples.
One of the molds, with samples and cured potting can be seen in Figure 7.8, the molds
are symmetric about the vertical wooden plate, so the shown mold can hold four samples
simultaneously. It can be seen that both visible samples are cast into the same block of
potting, these are separated by sawing through the potting between the samples after curing.

Figure 7.8: Custom mold for casting potting of the test samples.

After the potting is cast and cured, the surfaces that are to be in contact with the test bench
are milled to provide a flat surface at a 90° angle with respect to the plane of the structure.
This final milling operation also makes sure that the composite is extending through the
potting up to the plane of contact, ensuring the load is properly introduced into the sample.

7.2.2 Instrumentation

The final step before testing the samples is applying the required instrumentation as defined
in section 6.7. After marking, sanding and cleaning the intended locations, the strain gages
are bonded to the samples using cyanoacrylate strain gage cement. Lead wires are soldered
to the strain gage to facilitate connection to the test equipment.

The speckle pattern required for the DIC system is applied by first painting the surface with
several light coats of matte white paint, the speckles are then created by lightly spraying
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some black paint over the samples from a distance. Some of the finished samples are shown
in Figure 7.9.

Figure 7.9: Instrumented DC1 samples ready for testing.

7.3 Inspection of manufactured parts

The overall quality of the manufactured parts is assessed after manufacturing, but before
testing. The micro-structural (destructive) inspections are conducted after testing, since this
requires cutting several samples into pieces. This also allows the inspection of failure regions,
but those observations are discussed in chapter 8.

7.3.1 Overall sample quality

By visual inspection there are some manufacturing defects and imperfections to be seen. The
largest visible defect is that the ribs on the edge of the panels are bent slightly away from the
center of the panel. This is due to the flexibility of the rubber tooling allowing this movement.
This effect is most noticeable in the rib test samples, as can be seen in Figure 7.10. The shown
sample is cut from the edge of a larger panel, it clearly shows both ribs being bent to the
left. Similar effects are noticed on some of the attachment samples, but since a somewhat
larger part of the edge of the panel these were cut from is discarded the effect as visible in
the samples is smaller.

On a somewhat smaller scale, it is noticed that some of the ribs have small flanges extending
from the top of the ribs. These are a result of the occasional ply that ended up on top of the
rubber tooling during compaction, an effect already identified in subsection 7.1.3. Generally
these flanges are only loosely connected to the rest of the rib, and are easily removed with a
thin, sharp knife. Since the amount of material in these flanges is very small, and the loose
connection to the ribs means they will hardly contribute to the strength of the structure these
flanges are removed. In some cases where the flange is somewhat thicker and hard to remove,
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Figure 7.10: ORTH test sample cut from the edge of the larger panel, showing bent ribs.

it is left in place since the risk of damaging the structure associated with their removal is
considered unacceptable. This was the case in only a couple of locations.

The removal of these flanges also makes it possible to more accurately measure the dimensions
of the ribs. An overview of the measured dimensions is given in Table 7.1. These dimensions
are as measured on the ribs at a distance away from the nodes and patches so as to rule
out any effect these might have. Especially the nodes have a large effect on the local rib
width. The ribs widen significantly near the nodes, a result of the tows in the nodes being
spread wider and thinner to accommodate the fibers in the crossing rib. The dimensions of
the different parts are listed in Table 7.1.

Table 7.1: Measured rib dimensions, away from nodes and patches.

Rib height Rib width

Designed 6.60 mm 4.40 mm

DC1 measured 6.55-6.60 mm 4.30-4.38 mm
DC2 measured 6.53-6.58 mm 4.28-4.32 mm
ORTH measured | 6.27-6.46 mm 4.22-4.41 mm

In general, the actual dimensions are slightly smaller than designed. For the DC samples,
this difference is small, with the rib height within 0.1 mm, and the rib width within 0.2 mm
of the designed values. For the ORTH samples the rib width has similar deviations, but the
rib height is occasionally over 0.3 mm smaller. This reduction in dimensions is accompanied
by an increase in fiber volume fraction, with a higher increase in the parts that show larger
reductions in dimensions. More details on the fiber volume fractions are given at the end of
section 7.3.2.

Another interesting point is that there is more scatter in the rib dimensions of the ORTH
samples. The highest reduction of the rib height is seen at the edge of the ORTH panel, in
the ribs that are also slightly bent.
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7.3.2 Microstructural quality

After testing, some small samples are cut from the test samples. These small samples are
used for either investigation under a microscope, or determining the fiber volume fraction.

Microscopy

Figure 7.11 shows the locations of which the microscope images will be discussed in this
section. The numbers correspond to the order in which they are discussed.

AN | / /\\\\
(a) From DC1 sample (b) From DC2 sample

Figure 7.11: Microscope samples cut from the attachment samples.

The microscopy samples are embedded in a resin and then polished to achieve the required
surface finish. An optical microscope with a camera ia used to capture multiple pictures of
each sample, which are then combined into larger pictures. This section only discusses the
samples showing the quality of the structure. The failure-related samples are discussed in
chapter 8.

(1) Transition of a rib into a node

Figure 7.12 shows a helical rib (left) as it crosses into a node (right), the visible plane is along
the length of the rib. It can clearly be seen that the plies in the node are mostly straight
and oriented along the length of the rib. Outside of the node this is different though. Here
the plies deviate from their intended orientation into a wavy pattern. This effect reduces at
a distance further away from the nodes.

The small brighter areas that can be seen just outside of the nodes are resin pockets. These
are present because the plies in the rib are wider and thinner near the nodes to make room
to accommodate the plies of the crossing rib. Since this transition can not be instantaneous
there is a small area outside of the node where the created space is filled by resin.

Another point of interest is that the amount of voids is very small, indicating sufficient
compaction pressure can be applied using the silicone rubber tooling.
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Figure 7.12: Microscopy image of a rib-node transition, 9 images combined.

(2) Interface of a full thickness laminate and a rib

The interface between a hoop rib and a laminate of equal thickness is shown in Figure 7.13.
Due to the location at which this sample is cut this image also shows the hat inserts and the
corresponding bondline.

Since the 90-degree oriented plies in the patch have the same orientation as the hoop rib,
these plies show the same color as the hoop ribs and are thus indistinguishable. The lighter
colored plies are the +45 and -45 degree oriented plies. The different distances that some
plies were to extend into the rib are easily distinguished. At the top and bottom of the rib
a set of plies is extending to the far side of the rib, and through the thickness several plies
extend halfway into the rib. The plies extending into the rib remain almost straight, the
small deviations that are present are due to the compaction that is applied by the rubber
tooling to the other side of the rib.

From the distance between the termination of the plies that do not extend into the rib it
can be seen that the horizontal distance between the leftmost and rightmost terminations of
these plies is around 0.6 mm, meaning that the accuracy of the manual layup in this area is
around +/- 0.3 mm.

This image also shows the bond between the aluminum inserts and the composite part. The
bondline has a constant thickness between 0.1 to 0.2 mm, as desired. This is attributed to
the accurately machined inserts and the addition of glass beads to the adhesive to control
the bondline thickness. The adhesive fillets that are formed at the end of the flanges contain
some relatively large voids, but since these areas are less highly loaded this is not an issue. In
the bondline some of the aforementioned glass beads can be seen, as can some small darker
spots. These spots can be either voids or locations where a glass bead was present, but was
pulled out by the sanding or polishing. Considering the number of these areas visible, and
knowing that only 1.5% by mass of glass beads was added it is likely that at least part of
these spots are small voids. Considering their size is usually the same as the glass beads,
their effect on the bondline strength is expected to be very small.
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Figure 7.13: Microscopy image of the interface of a thick laminate with a hoop rib, also showing
bonded inserts. 11 images combined.

(3) Interface of a partial thickness laminate and a rib

Figure 7.14 shows a similar interface of a partial thickness laminate into a rib. Since this
shows the interface with a helical rib, the difference between the 90 degree plies of the patch
and the plies in the rib can be seen clearly.

Most elements of this interface are similar, but some differences in behavior can be observed.
The extending plies curve into the rib, and remain less straight than was the case for the
thick laminate.

Another interesting point is the irregular surface of the laminate, which contains an imprint
likely caused by the tooling. A surface roughness was observed on the rubber tooling that
covered the laminate. In turn, this roughness was caused by the molds used to manufacture
the tooling. These are 3D-printed, so the surfaces are not completely smooth. While the
roughness on the vertical surfaces of the molds is only small, which can be seen from the
imprint left on the side of the ribs, the horizontal surfaces showed a higher roughness. The
depth of these imprints is still quite small though, approximately 0.1 mm, which is equal to
the layer thickness of the 3D-printed part.
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Rib Patch

Imprint of tooling

Figure 7.14: Microscopy image of the interface of a thin laminate and a helical rib. 10 images
combined.

Fiber volume fraction

Parts are cut from all three types of samples to determine the fiber volume fractions. The
parts cut from the DC1 sample are shown in Figure 7.15, the DC2 parts were cut from similar
locations. For the ORTH samples, the center parts of some ribs were used.

The method used for determining the fiber volume is to first determine the density of the
material. Knowing the individual densities of the fibers and the resin, the fiber volume
percentage can then be calculated. Results are shown in Table 7.2.

Table 7.2: Measured fiber volumes in the attachment samples.

Location | DC1 DC2 ORTH
Node 62.0% 61.8% -
Next to node | 56.6% 57.4% -
Rib 63.1% 63.4% 64.9%*
Patch 61.5% 61.6% -

* Average of 4 samples

Generally the differences between the DC1 and DC2 samples are very small, the largest
difference being in the area next to the node. Keeping in mind that the properties in this
area vary locally due to the fiber waviness and resin pockets observed with the microscope,
measuring a part cut in a slightly different location can easily result in a different measured
fiber volume fraction. The abundance of resin pockets in this area is also the explanation for
the significantly lower fiber content next to the nodes.

In all other areas, the measured fiber volume fraction is higher than specified by Hexcel.
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Figure 7.15: Parts of the DC1 sample used to determine the fiber volume.

59.9 vol% is specified, but values go as high as 65.5 vol% in the ribs of the ORTH samples.
Three possible reasons can explain this difference:

e Resin flows out of the sample during curings.
e Resin flows into resin-rich areas in the sample during curing.
e The fiber volume fraction of the pre-preg material is not as specified.

The latter is considered the least likely of the three. Resin-rich areas in the rib right next
to the node have already been identified. Additionally, small amounts of resin flowing out of
the sample during curing were observed.
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Chapter 8

Testing results and correlation

The manufactured samples were tested according to the approach described in chapter 6.
This chapter covers the results, the comparison with the analysis method from chapter 4,
and the resulting improvements that are made to the model.

8.1 Observed failure types and loads

This section gives a brief overview of the type of failure observed during the tests and the
loads at which these occurred. Comparison of these results to the expectations is left for the
following section.

8.1.1 ORTH tests

In all samples compressive fracture is observed in the ribs right next to the node. As can be
seen in Figure 8.1 the presence of a patch does not affect the failure type. In addition to the
shown rib fractures, occasionally a delamination extends from a fracture surface into the rib.
This also occurs irrespective of the presence of a patch.

The loads corresponding to the failures are shown in Table 8.1. Both the load at the first
audible sign of failure, and the highest taken load are given.

Table 8.1: Failure loads of the ORTH samples.

Sample ‘ First cracking sound | Maximum load taken | Expected failure load
ORTH-WO1 23.0 kN 27.0 kN 65 kN
ORTH-WO2 - 30.0 kN 65 kN
ORTH-WO3 - 23.5 kN 65 kN
ORTH-W1 25.0 kN 27.5 kN 60 kN
ORTH-W2 26.5 kN 31.8 kN 60 kN
ORTH-W3 22.5 kN 26.0 kN 60 kN
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(a) Without a patch (b) With a patch

Figure 8.1: Typical failure in the ribs of the ORTH samples.

Final failure usually occurred at the highest load, accompanied with a load drop to between
5 and 10 kN. Only the W3 and WO3 samples showed a somewhat more progressive failure
after the maximum load.

8.1.2 DC tests

All samples showed failure in the ribs underneath the patch, just outside of the node. The
type of failure is highly similar to that of the ORTH samples. Additionally the DC2 samples
showed some bearing damage in the laminate around the bolt.

In most cases the failure was not instantaneous, and some damage could be seen in the ribs
before final failure. The first visible damage was a crack forming in the rib just outside of
the node, on the side of the test fixture, this was usually accompanied by a small load drop.
From this initial crack, damage progressed further through the thickness of the rib, either
breaking through the entire rib, or causing delaminations along the length of the rib. A failed
sample can be seen in Figure 8.2, the remaining load after failure is still applied, making the
failed regions more clearly visible.

Beginning
Rib fracture
(poorly visible)

Rib fracture

Delamination

Rib fracture

Figure 8.2: A DC1 sample after final failure.
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The indicated delamination is exceptionally visible since its location close to the surface of
the rib allowed the remaining thin part of the rib to develop a large out-of-plane deflection.
The shown sample is the only one that showed this behavior, other delaminations were
further away from the surface. The directional nature of the ribs makes it easy for cracks
to propagate along the length. Also, this failure mode emphasizes the need for proper cure
pressure control in the ribs. With an insufficient cure pressure, the void content will increase,
which decreases the ILSS!%3] allowing delaminations to grow more easily. Considering the
low void content present in the samples, as identified in subsection 7.3.2, it is apparent that
the samples experienced sufficient pressure during curing.

The loads taken by the samples are shown in Table 8.2. Similar to the ORTH test results, the
first audible sign of failure and the maximum load are reported. Since several smaller load
drops were usually observed before final failure, the first occurrence of these is also reported.

Table 8.2: Failure loads of the DC samples.

Sample ‘ First cracking sound ‘ First load drop ‘ Maximum load taken ‘ Expected failure load

DC1-1 18.8 kN 21.2 kN 22.3 kN 19 kN
DC1-2 18.0 kN 21.5 kN 21.6 kN 19 kN
DC1-3 18.9 kN 19.7 kN 21.2 kN 19 kN
DC1-4 17.7 kN 21.1 kN - 19 kN
DC2-1 16.9 kN 21.3 kN 922.4 kN 8 kN (onset)
DC2-2 19.2 kN 21.7 kN 23.0 kN 8 kN (onset)
DC2-3 18.6 kN 22.0 kN 22.0 kN 8 kN (onset)
DC2-4 16.7 kN - - 8 kN (onset)

From both test series the fourth sample was not loaded to final failure. The DC1-4 sample
was loaded to the first load drop and then immediately unloaded. This allowed microscopic
investigation of the structure to find the location of initial failure. The DC2-4 sample was
loaded to only 17.5 kN to be able to see the extent of the bearing damage at a lower load.

All samples that were loaded to final failure showed a progressive failure, showing the ability
of lattice structures to take up additional load after initial failure. This is in line with
observations of high damage tolerance and redundant load paths in grid structures.[©

8.2 Comparison to initial model

The comparison with the initial model is made by comparing the measured displacements
and strains. Given the large amount of data, only some of the interesting comparisons will
be discussed. Additional displacement and strain gage data can be found in Appendix C.

The focus of the correlation is the patch and attachment point behavior, as well as the
effects caused by the presence of the patch. Although the base structure does influence the
measurements, its behavior is not the main focus of this research and correlation of all the
effects there is not a main goal.

8.2.1 ORTH tests

The goal of these tests was to see the influence of a patch on the strength and the stiffness
of a rib, this is necessary since far-field loads must be transferred through the attachment.
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Failure load and type

Overall, the actual failure load is lower than expected. With the prediction of failure at 60 or
65 kN and actual values between 23.5 and 31.8 kN, the difference is significant. It will later
be identified that the reduced strength is caused by an increase in strain just outside of the
node, leading to premature failure of the sample.

Noteworthy is also the relatively large difference in strength between samples of the same
design. With the data from Table 8.2 presented differently in Figure 8.3, it is clearly seen
that the second samples are noticeably stronger than the first and third from a series. This
can be attributed to the slightly bent ribs of the weaker samples. Since the second samples
are cut from the center of the panel, these samples have the straightest ribs.

W01 wi wo2 W2 w03 W3

35
30

Load (kN)
PR, NN
w o u o (V2]

o

m Up to first failure  m Additional load taken

Figure 8.3: Strengths of the ORTH samples, comparing samples cut from similar places in the
panel.

Comparing the samples from the same location in the panel it can be seen that the final
failure load of the samples with a patch is higher, but in two out of the three cases the initial
failure load is somewhat lower. Here, initial failure is determined as the load at which the
first audible cracking sound is heard. This is usually not yet accompanied by a load drop,
the first nonlinearity is at a higher load.

Given the similarity in the strengths, the effect of the patch on the strength of the ribs can
be considered small.

Overall stiffness

The relation between the load and overall displacement applied to the WO samples is shown
in Figure 8.4. The expectation from the initial FE model is also included.

Up to 5 kN the results show some settling, as expected, and from 5 kN up to the onset of
failure the samples show linear behavior.

The first and third sample show a somewhat lower stiffness than the second one, again this
can be attributed to the ribs being initially bent. This difference is less in the samples with
a patch, which can be caused by the stabilizing effect the patch has on the ribs. This reduces
the amount of bending under load, thus also reducing the difference in overall stiffness.

Looking at the slope of the graphs between 5 and 20 kN, the actual sample stiffness is less
than predicted by the FE model. An overview of these stiffnesses is given in Table 8.3.
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Figure 8.4: Overall stiffness of the samples without a patch, compared with FE expectations.
Table 8.3: Stiffness of the ORTH samples, compared with FE expectations.

Sample ‘ 5-20 kN stiffness ‘ Difference

WO FE 104 kN/mm —
WO1 79 kN/mm -25%
W02 86 kN/mm -17%
WO3 79 kN/mm -24%
W FE 106 kN/mm =
w1 84 kN/mm 21%
W2 90 kN/mm -16%
W3 82 kN/mm -23%

The large mismatch in stiffness, earlier doubts about the reliability of the LVDT data, and the
fact that the strain gage data does correlate well, resulted in the decision to test some samples
with DIC to obtain a secondary source of displacement measurements. A speckle pattern was
applied to the potting faces, and DIC was used to measure the relative displacement between
the top and bottom potting. A comparison of these measurements to the LVDT data from
the same tests is shown in Figure 8.5.

The displacements agree very well, showing that the doubts about the correctness of the
LVDT data are ungrounded. The measured stiffness mismatch is therefore also actually
present.

To be able to see if the patch has an influence on the error, the difference between the averages
of the two datasets is compared with predictions from both FE models. This is shown in
Figure 8.6.

Despite the large absolute error, the difference between the samples with and without patch
is very small. This shows that the presence of a patch only has a very small influence on
the stiffness of a rib. Furthermore, the difference agrees well with the difference seen in the
FE predictions. This makes it quite certain that the error in overall stiffness is caused by
something in the base structure, and is not caused by the patch.
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Figure 8.5: Comparison of displacements measured with LVDTs and DIC.

35
30
25
g 20 —FEW
? FE WO
L R O i s
average W
L 2 < B A, average WO
5
0
0,00 0,10 0,20 0,30 0,40

Displacement [mm]

Figure 8.6: Average displacements compared with FE predictions.

Strains

The effect of the initially bent ribs, which has been mentioned several times before, can be
clearly seen in the bending of these ribs under load. With strain gages on all sides of the rib,
bending shows as a difference between the measured strains. To illustrate this the measured
strains in the ribs of two different samples are shown in Figure 8.7.

In the left rib of the WO1 sample, a large difference can be clearly seen between the strains
on the left and right sides of the rib, indicating bending. In the straight rib from the W02
sample, the effect is a lot less visible, although some bending is still observed. Bending
increases the strain significantly on one side of the rib. While this could lead to premature
failure, the maximum observed strain is still below half of the material allowable of 1.2%
compressive strain. This alone is therefore not an explanation for the lower failure load.

It can be seen that, on average, the FE results over-predict the strain somewhat, although
the error is not as large as the overalls stiffness error. This is not only true for the WO
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Figure 8.7: Strain gage measurements in ribs of two samples without a patch, compared with

FE predictions.

samples, but also true for the W samples, which do contain a patch.

While a patch may stabilize the rib against bending in-plane, the asymmetry it introduces
may be cause for out-of-plane bending of the ribs. This effect showed in the FE predictions,
but as can be seen in Figure 8.8 the test samples hardly experienced this. The strains
measured on the front and rear of the ribs are almost equal.
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(a) Left rib (b) Right rib

Figure 8.8: Strain gage measurements in the ribs of the W2 sample, compared with FE predic-
tions.

It is suspected that this is caused by the more gradual distribution of the plies extending into
the ribs. As already identified in section 7.3.2 these plies curve into the rib, resulting in a
reduced stiffness difference over the rib height.

To find a reason for the early failure, the strain field found with DIC is investigated. A
comparison with FE results is shown in Figure 8.9. In this figure the results are mirrored
over the dividing line, that is: the leftmost side of the DIC results corresponds to the rightmost
side of the FE results.

Overall, the strain field is very similar, except for the area at the end of the rib just outside
of the node. There, a large increase in strain is seen locally. The strain at this location can
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Figure 8.9: Strain in the direction of the vertical ribs at 25 kN load, DIC measurement (left)
and FE results (right).

be extracted and plotted, as shown in Figure 8.10. Also shown in this graph is the strain as
measured by the DIC at the location of the strain gage, and the strain gage measurement
itself. These strains match very well, showing the accuracy of the DIC system.
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Figure 8.10: Comparison of strain measured by strain gage and DIC at the same location, and
DIC measured strains at the concentration next to the node.

The measured strain at the concentration next to the node is around three times higher than
strain further along the rib. Strain goes as high as 1% before failure occurs. This approaches
the material allowable, and when considering that increased transverse strain and shear are
also present in this location this explains failure at that location. Since this effect is identified
in both samples with and without a patch, it is clear that his is an effect of the base structure,
and therefore outside of the scope of the presented research.
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8.2.2 DC1 tests

The main goal for these tests was to show that a high-strength attachment point can be made
even in an unfavorable location. Furthermore the test data is used to correlate the model.

Failure load and type

The strength goal for these samples was set at 20.1 kN. All samples exceeded this strength.
As was already shown in subsection 7.3.2, the inserts, laminate and rib in the direction of the
load show no damage at all. Also the fit of the bolt in the insert is unchanged, there is no
noticeable additional play. This confirms that there is no damage in the attachment itself.

The predicted failure at 19 kN, either in shear-out or first-ply failure on the rib-patch interface,
did not occur. The higher shear-out strength can be attributed to the inserts. It was expected
that these would have a beneficial influence by spreading the loads over a larger area, but since
no reference data was available this was not taken into account in the predictions. And as
was already shown in section 5.2 the modeling method used for the interface is conservative,
explaining the higher strength there.

At the final failure load around 21 to 22 kN, an unexpected failure type occurred, the fracture
of the ribs next to the node. In the FE model predictions, the strain in the fiber direction
at the load and location of failure is around 0.6%, half of the allowable strain. In the
ORTH samples discussed earlier, the actual strength was also around a factor two lower
than expected. Since the type of failure and the location of failure are also very similar it is
therefore likely that the same effect causes the reduced strength in both sample types.

To investigate the origin of this failure one sample was loaded up to the first sign of damage,
and a microscope sample was cut at the failure location. Its location and the resulting image
are shown in Figure 8.11.

Rib Node

[~
[
||
| 1

Broken fibers Expected initial failure Small delaminations

=

(a) Location i

sample (b) Rib cross-section

Figure 8.11: Microscope image of the location of initial failure, 15 images combined.
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Damage can be seen in the wavy area just outside the node, both broken fibers and small
delaminations can be seen. The damage is local and does not extend outside of a small area.
This damage is thus not a propagation of damage from somewhere else (like the patch for
instance) but an isolated failure.

Overall stiffness

The overall stiffness of the attachment is investigated by comparing the applied displacement
to the expectations from the FE model. Figure 8.12 shows the measured displacement of
all four DC1 samples and the FE expectations. To allow a better comparison, the measured
displacements are corrected to be zero at 200 N.
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Figure 8.12: Overall applied displacement on the test setup with the DC1 samples.

The scatter between the samples is low, and all show a similar behavior up to the start of
failure (around 19 kN). A major point to note is the large difference in overall stiffness with
respect to the FE model. A linear part of the data is identified between 10 and 15 kN,
allowing for a stiffness comparison with FE predictions, which is shown in Table 8.4.

Table 8.4: Stiffness of the DC1 samples, compared with FE expectations.

‘ 10-15 kN stiffness ‘ Difference

FE 27.7 kN/mm -
DC1-1 18.8 kN/mm -32%
DC1-2 18.3 kN/mm -34%
DC1-3 19.4 kN/mm -30%
DC1-4 19.3 kN/mm -30%

At no less than 30%, the difference is significant. Since the displacement is measured by the
test bench, all components in the load path influence the measurement. A single responsible
is therefore not easily identified. To see if the extra displacement is taken up in the sample,
the displacements as measured by DIC are compared with the FE model, a side-by-side
comparison is shown in Figure 8.13.
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Figure 8.13: Vertical displacement at 15 kN in the test sample. As modeled (left) compared
with DIC measurements (right), corrected for initial offset.

Note that the scale for the DIC results is corrected for the initial offset, which is due to the
initial travel of the sample towards the lower plate of the test bench. The range of both scales
is identical. The displacements agree very well, so the cause for the difference is not found
in the sample.

At loads below 10 kN, some small nonlinearities are seen in the overall displacement. At
loads between 7 and 10 kN, depending on the sample, a small increase of around 0.03 mm
in displacement is seen. This displacement is of the same magnitude as the bolt clearance.
This, and the load at which the displacement occurs, make the expectation that this is the
settling of the bolt in the hole.

Additionally, there is a slight increase in displacement at 3.8 kN. Since the magnitude of
the displacement and the load at which this occurs is exactly the same for all four samples,
this is expected to be caused by an effect outside of the sample, so either in the test fix-
ture, test bench, or measurement equipment. This is indicative of effects outside of the test
sample influencing the displacement data, and lead to a possible explanation of the observed
differences.

Strains

Strain gages were placed on several ribs and on the fixture, their locations were shown in
Figure 6.11. Figure 8.14 shows the data from a strain gage on the rear side of a rib between
the patch and the potting, and from the strain gage on the side of the hoop rib at the point
where the attachment point is.

Both datasets show some scatter between the different samples, but overall differences are
quite low. A slight difference with respect to the FE results can be seen, but its magnitude
is also small. Other strain gage data shows a similar correlation, and is given in section C.2
for reference.
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Figure 8.14: Strain gage measurements in the test samples. (truncated at 19 kN)

The data from the strain gages on both sides of the fixture are shown in Figure 8.15. The
scatter between the different tests is very small, which is not surprising given that the same
fixture is used for all four tests. The correlation with the FE model is excellent for the strain
gage on the front of the fixture, but a large difference can be seen for the strain gage on the
back of the fixture. It was later discovered that this is due to an improperly bonded strain
gage, rendering this dataset useless.
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Figure 8.15: Strain gage measurements in the test fixture. (truncated at 19 kN)

The strain field on the patch interface is more complex than can be measured with strain
gages, therefore DIC was used to get the strains in this area. With the fixture blocking the
view of one side of the sample, the data is obtained from the visible side of the sample. This
side shows lower strains in general, but allows a larger area to be viewed.

Of high interest is the strain in the vertical direction, since failure occurs primarily in this
direction. The comparison of strains and FE results is shown in Figure 8.16. To facilitate the
comparisons, the FE results are first transformed to the same coordinate system as is used
for the DIC results.

Overall both the shape and magnitude of the strain field are very similar. Both the con-
centrations at the corner of the node, and the top of the rib-patch interface are captured.
On the interface of the patch and the hoop rib some differences can be seen, mostly in the
shape of the strain field, with the FE model showing a sharper transition. This is in line with
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Figure 8.16: Strain in the vertical direction at 15 kN in the test sample. As modeled (left)
compared with DIC measurements (right)

expectations, since the FE model has a very sudden transition from patch to rib, whereas
the test sample has a more gradual transition.

The other strains and displacements as measured with DIC show a similar level of correlation,
with the exception of the shear strains, which show a larger difference as can be seen in
Figure 8.17.

The FE results show high strain concentrations in the ribs on the interface, which are not
seen in the test sample. This is in line with what was seen in section 5.2, where more detailed
modeling of the plies extending into the ribs showed to reduce the shear strains significantly
in these areas. Aside from these areas, the actual shear strain is also lower in other locations
such as the node, patch edge, and ribs.

On the edge of some of the ribs the DIC data shows some local peaks in shear strain. These
are edge effects caused by the DIC software having difficulty calculating the strains on these
edges, and are not actual strains.
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Figure 8.17: Shear strains at 15 kN in the test sample. As modeled (left) compared with DIC
measurements (right)

8.2.3 DC2 tests

The goal of these tests was to show that an attachment point can be made as far away from
the ribs as possible, with the use of a patch. This also allows better studying of the patch
behavior since it plays a larger role in this attachment than it did in the DC1 case, where
the patch was smaller.

Failure load and type

The final failure type was the same as for the DC1 samples: fracture of the ribs just below the
nodes. Additionally, some bearing damage was observed as well. This is apparent from some
visible damage in the laminate around the insert and a noticeable increase of clearance of the
bolt after testing, indicating plastic deformation in the insert. Bearing failure was expected,
but the expected onset strength of 8 kN is vastly exceeded. While final bearing failure is
generally at a higher load than the onset, the observed strength is significantly higher, so the
onset can’t realistically have been at 8 kN.

The bearing onset load can not be easily seen from the overall displacement, since the
preloaded bolt suppresses any stiffness loss due to the initial damage. This makes it dif-
ficult to identify the failure onset load, however it is observed that the stiffness does decrease
slightly as damage accumulates. A single sample was loaded to 17.5 kN, which is well below
the final failure load, but at a load where a slight decrease of stiffness is already observed.
Microscopy samples were cut from both this sample and from one that was loaded to final
rib failure at 23 kN. The location of these microscopy samples is shown in Figure 8.18, it is
at the bolt hole in the direction of the load. The resulting images are shown in Figure 8.19.

The sample loaded to 17.5 kN shows some minor damage in the outer plies of the laminate,
next to the insert. Additionally, some plastic deformation is seen in the aluminum insert.
The 17.5 kN load corresponds to an average bearing stress of 685 MPa, but since the load is
applied offset from the plane of the structure, the peak bearing stress will be higher.
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/// A\\\
Figure 8.18: Location of the microscope images in the sample.

Laminate Insert Laminate Insert

Washer support

(a) Loaded to 17.5 kN (b) Loaded to 23.0 kN

Figure 8.19: Microscope images of the laminate loaded in bearing.

The damage seen in the sample loaded to 23 kN is much more extensive. Damage is seen
in all the plies of the laminate, and additional delaminations are present. Furthermore the
adhesive layer shows yielding and damage as well, and more plastic deformation in the insert
is observed. The damage in the laminate extends past the area clamped by the washers,
which results in the inability of the bolt preload to suppress the loss of stiffness due to
further damage. This is one of the reasons the displacement curve levels off at high loads,
the other factor influencing this is the initiation of failure in the ribs of the sample. The 23
kN load equals an average bearing stress of 900 MPa.

Comparing these images to microscopy images found in literature®64 it is estimated that
the 17.5 kN sample is around 10% past the onset of bearing damage. The 23 kN sample is
estimated to be at around 85% of final bearing failure. This makes the estimates for bearing
onset and final bearing strength 15.5 and 27 kN, or 600 and 1050 MPa when expressed as
average bearing stress. This is significantly more than the expected onset at 8 kN. Look-
ing back at the calculation method presented in chapter 4, several possible reasons can be
identified.
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The expected failure load was calculated from a base bearing allowable, and multiplied by
two factors to account for the insert and the load offset. It was already identified that the
influence of the insert was an increase in strength of between 20 and 55%. With a conservative
20% increase used for the analysis, this can account for up to a quarter of the difference. A
similarly small part can be attributed to the effect of layup, since laminates with more or
less equal portions of +45° and 90° plies show an excellent bearing strength.*” Since the
base allowable originates from a laminate that also performs quite well in bearing, it is not
able to account for the rest of the difference though. This leaves the effect of the load offset,
which was initially implemented by dividing the strength by a conservative factor of two.
Now considering the test results, it is apparent that this factor 2 is too high. Dividing by
1.5 is more realistic, yet still conservative. This can then explain the remaining difference in
strength. Since many factors influence the strength, it is not possible to identify exactly the
contributions of each of the separate effects until more test data is available.

The difference between the onset and final bearing load is exceptionally high. A possible
reason for this lies in the aluminum insert, which shows plastic deformation at higher loads.
This plasticity redistributes the load over the interface with the composite, thus reducing the
stress concentration on the side of the patch on which the load is introduced. This further
postpones failure.

Not only the expected bearing strength is exceeded, the expected shear-out at 20 kN, and
first-ply-failure on the interface at 23 kN did not occur. This is in line with results from the
DC1 samples, and similar reasons apply.

Noteworthy as well is that the strength of the attachment is so high that it approaches the
strength of the bolt.

Overall stiffness

The total applied displacements are shown in Figure 8.20
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Figure 8.20: Overall applied displacement on the test setup with the DC2 samples.

Similar to the DC1 results, a low scatter between the samples is seen. At 3.8 kN the small
displacement increase is again observed. Its occurrence also with different sample types
confirms that this is an effect outside of the sample.
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Since the bolt preload is significantly lower for these samples, any settling of the bolt shows
between 1 and 2 kN, so it is less clearly seen. Another difference is the less linear behavior up
to final failure, which can be explained by the bearing damage accumulating at higher loads.

Again, there is a large difference with the FE results, the magnitude of the overall stiffness
and displacement error similar to what was observed with the DC1 samples. A comparison
of the stiffness between 6 and 12 kN is given in Table 8.5.

Table 8.5: Stiffness of the DC2 samples, compared with FE expectations.

6-12 kN stiffness ‘ Difference

FE 28.1 kN/mm -
DC2-1 16.9 kN/mm -40%
DC2-2 16.1 kN/mm -43%
DC2-3 16.9 kN/mm -40%
DC2-4 14.9 kN/mm -47%

Strains

Both the strain gage data and DIC data show a similar quality of correlation as the DC1
samples, so these are not further elaborated on here.

Noteworthy though are the strains that are measured in the test fixture. On the DC1 fixture
one of the strain gages was not properly bonded, but the DC2 fixture did have both strain
gages installed correctly. The measured strains are shown in Figure 8.21, showing excellent
agreement with the FE model. This leads to the conclusion that the fixture is accurately
modeled, which is not surprising considering the simple geometry and material. This also
implies that the fixture is not the cause for the large difference in overall stiffness.
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Figure 8.21: Strain gage measurements in the test fixture. (truncated at 19 kN)
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8.3 Correlation goal and strategy

While the strains as measured by the strain gages match the model quite well, some im-
provements can still be made, especially on the rib-patch interface. Additionally, the overall
stiffness shows a significant difference. It was already identified that this is an effect in the
base structure and therefore not the main focus of the research. Nonetheless, some changes
are made to the models to investigate the cause for the overall stiffness. Here, obtaining a
perfect correlation of the overall stiffness is not the goal, these changes are only performed
to identify the likely cause for the stiffness difference.

If it proves impossible to reduce the errors to an acceptable level, the remaining errors should
at least be explained. Furthermore, the changes to the model should not result in a bad
correlation of the strains, since the correlation is good before the implementation of any
changes.

8.3.1 Correlation strategy

Given the lower complexity of the samples and test setup of the ORTH samples, less factors
will be influencing the results. Therefore these models are improved first.

The first step is changing the geometry of the ribs to the measured values, and correcting for
the higher fiber volume fraction. Since it is recognized that the fiber dominates the stiffness
in the fiber direction, the stiffness in that direction is changed linearly with the fiber volume
fraction. Because a strain gage is bonded on the rib-patch interface, the plies extending into
the ribs were already modeled for the ORTH samples, so there is nothing to be improved
there. As a final step, an attempt is made to include the fiber waviness next to the node in
the model.

If the changes to the ORTH model show to improve or change the correlation, these are also
implemented in the DC models. Additionally, another correction is made to the DC models
to more accurately represent the boundary conditions at the top of the fixture, where it is
clamped in the test bench. This is done because the top of the fixture is clamped between
circular pistons, whereas it is modeled as a straight boundary in the initial model. The
distance from the bolt to this boundary was also slightly larger in the tests than in the
models, so this is corrected as well. Additionally, the plies extending into the ribs will be
modeled, since it was shown earlier in section 5.2 that this leads to different results on the
rib-patch boundary.

8.4 Improvements made to the models

The improvements to the FE models are implemented as discussed previously in section 8.3.
The changes are presented in the order in which they were implemented, and afterwards their
applicability to the general modeling method is discussed.

8.4.1 ORTH models
The changes to the model are applied in several steps, to be able to see the effect of the
separate changes. The names used and the changes included in these models are shown in

Table 8.6.
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Table 8.6: Nomenclature used for the different ORTH FE models.

Name ‘ Changes to model

FE orig None, this is the original model

FE+DIM | Actual rib dimensions and fiber volume

FE4+WAV | FE4+DIM with additional soft area in ribs next to node

The improvements are shown only for a part of the datasets here, section C.1 contains all the
strain gage and displacement datasets, showing also the results from the initial and the final

(FE+WAV) models.

Rib dimensions and fiber volume

The dimensions of the ribs are adjusted to 6.4 by 3.2 mm, which is within the range of actual
dimensions as were identified in subsection 7.3.1. The rib material properties are corrected
to a fiber volume of 64.9%, the average as identified in section 7.3.2. The material properties
in the patch are adjusted to 61.5% fiber volume.

The effect of these changes on the overall displacements is very small, showing only a very
slight reduction. The difference in the strains in the rib is more significant, as can be seen in
Figure 8.22 for the strains in a rib with a patch.
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Figure 8.22: Strains in the rib of a sample with a patch, original FE model compared with the

+MAT model.

Both the expected strains on the front and the rear of the ribs are reduced. On average,
the FE results are closer to the measured strains. While the changes also reduce the strain
difference between the two sides of the rib, the predicted difference is still larger than the

measured values.
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Waviness in ribs next to node

The wavy layout of the fibers in the rib next to the node presents quite a challenge to model
if all the actual fiber orientations are to be modeled. It was also observed that the waviness
varies from rib to rib, so the practical use of such an extensive modeling method can be
doubted. The waviness is therefore implemented as an area with reduced stiffness in fiber
direction.

Judging from the microscope images shown in Figure 8.11 and Figure 7.12, the size of the
reduced stiffness area is selected to be 5 mm along the rib length, starting right next to the
node. This area covers all the very wavy parts, but not much more.

The knockdown factor to use for the stiffness in this area is not easily determined since DIC
data showed that the strains in this area vary very locally. As was shown in Figure 8.10
the strains are up to three times as high as the strain further along the rib. Lacking further
details to determine a factor more accurately, a factor two is selected since it is the average
between the minimum and maximum. This factor also corresponds well with the samples
failing at around half the predicted load, since it will result in strains that are twice as high.

Implementation of these lower-stiffness areas results in a negligible change in the strains
halfway along the length of the rib. As might be expected, the overall stiffness is affected by
this change, as shown in Figure 8.23.
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Figure 8.23: Overall displacement of the ORTH tests, original model compared with the +WAV
model.

As can be seen in Table 8.7, the overall stiffness now matches quite well with the second
samples from both sets of samples. There is still a difference with the first and third samples.
The FE models do not take the effect of bent ribs (as are present in the first and third
samples) into account, explaining the difference between the individual samples.

While the accuracy of both the stiffness reduction factor and the area on which it is applied
can be doubted, this approach does show that the waviness is able to cause the overall stiffness
mismatch. Given the simple geometry of the samples and the fact that the strain in the ribs
matches well, it is not expected that other factors of significant influence exist.
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Table 8.7: Stiffness of the ORTH samples, compared with original and improved FE models.

Difference with FE

5-20 kN stiffness | Original +WAV

WO FE orig 104 kN/mm - -
WO FE+WAV 88 kN/mm - -
WO1 79 kN/mm | -25%  -13%
WO2 86 kN/mm -17% -2%
WO3 79 kN/mm -24% -12%
W FE 106 kN/mm - -
WO FE+WAV 90 kN/mm — —
W1 84 kN/mm -21% -7%
W2 90 kN/mm -16% 0%
W3 82 kN/mm -23% -9%

8.4.2 DC models

Again, the changes to the model are applied in several steps, the names used and the changes
that are included in these models are listed in Table 8.8. The effects of the changes are very
similar for the DC1 and DC2 models, hence these are not treated separately.

Table 8.8: Nomenclature used for the different DC FE models.

Name ‘ Changes to model

FE orig None, this is the original model

FE+DIM | Actual rib dimensions, fiber volume and fixture BC
FE+PLY | FE4+DIM with plies into ribs modeled

FE4+WAV | FE4+PLY with additional soft area in ribs next to node

Rib dimensions, fiber volume and fixture boundary

In a similar manner as done for the ORTH models, the rib dimensions and fiber volume
fraction are adjusted to the actual values as reported in section 7.3. Additionally, the shape
of the edge of the fixture, which represents the clamping by the test bench, is adjusted. The
change in geometry is shown in Figure 8.24.

These changes result in practically no change in strains at the strain gage locations. A slight
increase is seen in the overall displacement, but no other noteworthy changes are observed.
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Figure 8.24: Different geometries of the boundary of the test fixture, uncorrected(left) and
corrected (right).

Plies extending into ribs

The plies extending into the ribs are modeled using the method described in section 5.2. Just
as was observed before, the strains on the interface change noticeably as a result. Comparing
to the DIC data, this results in an improved correlation. This effect is most visible in the
shear strains, which initially had a poor correlation with the initial model on the rib-patch
interface. Figure 8.25 shows the comparison of the shear strain with both the original model
and the model with plies extending into the ribs.
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Figure 8.25: Shear strain in the test sample. DIC measurements (center) compared with the
initial model (left), and the model with plies extending into the ribs (right).

The large concentrations of shear strain present in the ribs of the initial model have been
vastly reduced by the improved model, and the overall correlation is improved. It is not
perfect however, still showing some shear strains around the node, which are not measured
in the sample.
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The difference is less noticeable for the other strains, mostly because the initial difference
was a lot lower, but some improvements are still seen.

Other than the strains at the interface, hardly any differences are seen. Both the overall
displacement and strains at the strain gage locations are not significantly changed.

Waviness in ribs next to node

The softer area in the nodes next to the ribs is implemented in the same way as in the ORTH
models. This reduced the difference in overall displacement somewhat, as can be seen in
Figure 8.26. There is however a large remaining difference, even with all the implemented
changes.
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Figure 8.26: Overall displacement of the DC1 tests, with predictions from the original and + WAV
FE models.

Around half of the gained improvement is attributed to the softer area outside the nodes,
the rest of the improvement is due to the other changes. The relative effect of the softer
areas outside the nodes is smaller here than it was for the ORTH model. This is due to the
longer ribs, so the part of a rib that is assigned softer properties is relatively small. Table 8.9
and Table 8.10 give a comparison of the stiffness differences for the DC1 and DC2 samples
respectively.

Strains at the strain gage locations are affected very slightly by this implementation, but the
difference is not noteworthy.
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Table 8.9: Stiffness of the DC1 samples, compared with original and improved FE models.

Difference with FE

10-15 kN stiffness | Original +WAV

DC1 FE orig 27.7 kN/mm - -
DC1 FE+WAV 25.6 kN/mm - -
DC1-1 18.8 kN/mm -32% -27%
DC1-2 18.3 kN/mm -34% -29%
DC1-3 19.4 kN/mm -30% -24%
DC1-4 19.3 kN/mm -30% -25%

Table 8.10: Stiffness of the DC2 samples, compared with original and improved FE models.

Difference with FE

6-12 kN stiffness | Original +WAV

DC2 FE orig 28.1 kN/mm - -
DC2 FE+WAV 25.7 kN/mm - -
DC2-1 16.9 kN/mm -40% -34%
DC2-2 16.1 kN/mm -43% -37%
DC2-3 16.9 kN/mm -40% -34%
DC2-4 14.9 kN/mm -47% -42%

Remaining differences

Despite the made improvements, a large difference in overall displacement still remains for
the DC tests, the difference being as large 0.4 mm at the onset of failure.

Several components exist in the load path, each of which is a possible cause for the higher
displacement, going from the bottom of the test setup upwards:

o The test sample. Comparison of the measured and predicted displacements in the

sample showed a good agreement even before improvements were made to the model,
as seen in Figure 8.13. So the difference is not here.

Adhesive used for the insert. Given that the bondline thickness is only a third of the
displacement error, this can’t be the cause.

The metal insert. The DC1 samples showed no signs of plastic deformation in the insert,
and the plasticity occurring in the DC2 samples shows as a nonlinearity. Furthermore,
the displacement error grows linearly with the applied load, whereas any plasticity
would show only after the yield load is reached.

The bolt. No permanent deformation is seen in any of the bolts. Almost half a millimeter
of additional displacement in the bolt should have caused some visible effect. So again,
this is not the cause. Clearance in the bolted connection also can’t be the cause, since
the typical bolt clearance is around 11pum.

The test fizture. As was shown in Figure 8.21, the strains in the fixture match excellently
with the model, so this is also not the cause.

This leaves the test bench itself. Some other influences outside of the components listed
above were already identified to be occurring at 3.8 kN, so it is considered plausible that the
other displacement mismatches are caused by the test bench as well.
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8.4.3 Analytical failure analysis methods

The analysis methods used for the bolted connection are not changed. The factors used to
account for the effects on the bearing strength are changed slightly.

As already discussed in subsection 8.2.3, the factor to account for the increased bearing stress
due to the load offset is overly conservative. It was initially set at 0.5, it is changed to 0.67.
While it is expected that several other factors can also be changed slightly, the combination
of several influences makes it uncertain if the change is justified.

The same argumentation applies to the calculations used for shear-out. While the current
strength is higher than expected, it is unknown if this is due to a higher base strength, or
due to the influence of the insert.

8.4.4 Applicability of changes to the general model

The discussed changes that are made to the analytical methods are definitely applicable to
the general model, and are also easily implemented. The changes made to the FE models are
partly specific to the test samples, and partly generally applicable.

The implemented changes of rib dimensions and fiber volume fractions are specific to the test
samples and are therefore not applied to the general model.

The modeling of plies in the ribs is applicable to the general model, and the relevance was
already identified before the comparison with test data. At the time it was decided not to
implement the detailed model of the interface in the parametric model, since including this in
the scripts presented difficulties. Not only is the number of interface areas dependent on the
patch shape and location, the properties are also different depending on the rib direction. To
implement this it would be required to have the script identify the different interfaces, and
adjust all following steps to take the varying number and properties thereof into account.
While this is considered possible, the amount of work required is prohibitive. Also, the
current method was shown to be conservative.

The necessity to implement the waviness next to the nodes is debatable since the waviness
itself is undesirable in the structure. So instead of implementing the effects in the model, it
is recommended to investigate the origin of the waviness, and explore possibilities to prevent
it from occurring. Should this prove to be impossible, implementation of areas of reduced
stiffness next to the nodes is relatively easy outside of the cell containing the attachment. In
the cell with the attachment, implementation difficulties similar to the ones outlined for the
plies extending into the ribs are expected.
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Chapter 9

Closing remarks

Based on the presented research and the observations that were made, conclusions on the
feasibility of the in-panel attachment method can be drawn. Some additional conclusions are
presented, followed by the recommendations for further research.

9.1 Main conclusions

As stated in chapter 1, the goal of the research was to develop a universal in-panel attachment
concept for fiber-placed grid structures, with a rapid analysis method for initial design.

The main conclusion that can be drawn is that the novel concept of adding a laminate patch
between the ribs is a feasible method for making in-panel attachments in grid structures, and
that rapid analysis is possible using an approach combining analytical and FE analyses.

This is supported by the following sub-conclusions:

e The manufacturability of parts with a laminate patch is proven by the manufacturing
of multiple samples, with different grid and patch shapes.

e For a reference case, an attachment point has been shown to be able to take the highest
required loads without any sign of damage in the attachment, even at an attachment
location which is considered undesirable. For the point in the grid that is furthest away
from the ribs, it is shown that making an attachment point is possible using a laminate
patch. This makes it plausible that an attachment point can be made at any location
in the grid.

e The effect of a patch on the rib stiffness and strength was investigated by compressive
testing of ribs with and without a patch attached. The differences in strength and
stiffness are very small, proving that far-field loads can be transferred through the
attachment zone.

e Both the analytical and FE analysis methods can be fully parametrized, so changes
to an attachment design are easily made. Combined with the limited runtime of an
analysis, this allows a rapid design. Further acceleration of the initial design is possible
by using design graphs which can be constructed for a given combination of materials.
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9.2 Secondary conclusions

Several other conclusions can be drawn that do not directly relate to the feasibility of the
concept, but do result from the performed research. This includes some conclusions and
observations that are outside of the focus of the research.

0.2.1 Attachment-related

The following conclusions can be drawn regarding the modeling, manufacturing, and behavior
of the attachment point:

e Modeling the strain concentrations on the rib-patch interface using FE methods is
troublesome, since that area occasionally shows singular behavior. This is likely caused
by the sharp stiffness transitions in this area. At the singular points the results are
unreliable.

e The shape and layup of the patch can be tailored to reduce the strains on the interface
with the rib.

e By extending the patch plies to the far side of the rib, the shape of adjacent cells
is changed slightly. By extending the patch plies halfway into the rib, the shape of
adjacent cells is unchanged. Therefore extending patch plies halfway into the rib is
preferred. This does require an accurate placement of the plies, which might increase
cost.

e The patch plies that extend into the rib remain almost straight when a full thickness
patch is used, with a partial thickness patch the plies slightly curve into the rib.

e In general, the lightest initial design is the one with the smallest possible bolt diameter,
since the bolt is heavy compared to the laminate patch.

e Ribs which are slightly bent are stabilized by a patch, resulting in less bending and
stiffness loss when loaded in compression.

e Bearing failure is very progressive when a ring insert is used, and the stiffness loss
after initial failure is low when a bolt preload is applied. This results in significant
load-carrying capability after the onset of bearing failure.

e For the attachment point tests, the obtained strength exceeds the goals and expec-
tations. The loads at which bearing, shear-out, and first-ply failure on the rib-patch
interface were expected to occur are exceeded. This is attributed to conservatism in
the used analysis methods.

09.2.2 FE model correlation

Before implementing any changes in the FE models, the strain gage data already correlates
well with the models. The horizontal and vertical strains, as measured with DIC, also cor-
relate quite well. Exceptions are the strains in the rib-patch interface, where the measured
strains show a smoother transition than the FE model results, and the rib area just outside of
the node. The overall magnitude of the shear strain as measured by DIC is lower than in the
FE models, and in the rib-patch interface it shows some additional differences. The overall
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displacement as measured during the tests is higher than the displacements obtained from
the FE models. This difference in overall stiffness is largest for the attachment test samples.

The following effects were identified as being possibly responsible for the differences:

e The modeling method for the rib-patch interface, which does not model the plies into
the ribs. The method is inaccurate but gives conservative results on the interface,
results at a distance from the interface are not affected.

e The dimensions of the ribs and the thickness of the patch are slightly smaller than
designed.

e The ribs, nodes, and patch have a slightly higher fiber volume fraction, likely caused
partly by resin flowing into resin-rich areas during curing, and partly by resin flowing
out of the sample.

e There is significant fiber waviness in the ribs next to the nodes. This causes the stiffness
in the rib to be reduced locally, resulting in strains up to three times higher than further
along the rib. Although some strain concentration is expected at this location, the
severity far exceeds expectations. Due to the higher strains, fracture occurs in the ribs
just outside of the node, this failure is seen in all test samples. For the rib test samples
this was the expected failure mode, but due to these effects it occurred at a significantly
lower load than expected. For the attachment test samples this is an unexpected failure
mode. Microscopic investigation of the failure location confirmed that this is an isolated
failure, and not a propagation of damage from elsewhere.

The latter three are defects and other effects in the base grid structure. And although these
are not the focus of this research, these did have a significant influence on the test results.

Several changes are made to the test sample FE models as a result of the identified sources:

e A more detailed modeling method of the rib-patch interface, also modeling the plies
that extend into the ribs. This leads to a better correlation of strains on the interface,
but has little effect on results elsewhere.

e Changing the dimensions to the measured dimensions and correcting the material prop-
erties for the higher fiber volume fraction. This results in only a very small change,
since the stiffness changes due to these two effects mostly cancel out.

e The waviness is implemented in a simplified way, by applying an overall reduction of
the stiffness in these zones. This affects the overall sample stiffness and results in higher
strains in the changed areas.

With all the changes implemented, the rib test FE models still show a good correlation of
the strain gage data. With the implementation of the waviness, the overall displacement
now also shows a good correlation. Although the accuracy of the method used to model the
waviness can be doubted, it does show that the waviness can be responsible for the overall
sample stiffness error.

The attachment sample models show an improvement in correlation of the strains on the
interface due to the more accurate modeling of the plies that extend into the ribs. The error
in overall displacement is reduced somewhat, but the remaining difference is still significant.
However, it is identified that this difference is not caused by an effect in the test sample,
since the displacement field measured with DIC shows a good correlation with the model.
The bolt, insert, bondline and test fixture are ruled out as well. This implies that the
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Closing remarks

remaining difference is caused by an effect that is well outside of the scope of the current
study, and is probably related to the test bench.

9.3

Recommendations

Based on the observations and conclusions of the current research, the following recommen-
dations for future research are made:

Expand the bolt and pull-out failure calculations, since those are rather basic in the
current method. This will make the model better applicable to cases where these failure
modes become of influence.

By testing, obtain more accurate allowables and multiplication factors for use in the
analysis. These multiplication factors are used to take the effect of inserts, load offset,
preload and other influences into account, and are currently known to be conservative.

Implement the more detailed modeling method for the rib-patch interface in the para-
metric model.

Implement more advanced failure criteria in the FE model.

Test attachment samples using another measurement technique for the overall displace-

ment, to be able to correlate the stiffness behavior of the attachment point, including
the bolt.

Test the effects of a patch on the strength and stiffness of a rib just outside of a node,
to see if a patch has an effect there.

Test attachment points with other typical load combinations, including out-of-plane
loading.

Improve the surface quality of the silicone tooling, since the current approach results
in a poor surface quality, leaving imprints on the ribs and patch.

Investigate the cause of the fiber waviness in the ribs, and investigate possibilities to
prevent it. If this proves impossible, look into methods to predict it, and more accurately
model it.

Improve manufacturing process understanding and control, to be able to better predict
and control the dimensions of the structure. The improved understanding will also
allow refinement of the manufacturing constraints.
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Appendix A

Concept selection

This appendix gives an overview of the trade-off that led to the selection of the used concept.
Both the used approach and an overview of the results are presented.

A.1 Approach taken

The first step was the identification of possible attachment methods. Since it was recognized
that a solution that is also applicable to GSS would have additional value, this search was
not limited to lattice structures alone. A few concepts were found from literature, and many
others were thought up. This resulted in a large group of concepts, either applicable to both
GSS and lattice structures or only one of these.

The concepts were evaluated on multiple criteria, in a quantitative way where possible, and
qualitative elsewhere. The following criteria were considered the most important and were
driving the selection:

o Far-field load continuity, the ability of loads on the base structure to transfer across the
attachment. This can also be seen as the influence of the attachment on the strength
of the base structure. This is evaluated by investigating the changes made to the base
structure. Since it consists of highly directional composite ribs, interrupting or moving
any fibers there is expected to lead to a loss of strength.

e Obtainable strength of the attachment point. This is evaluated by simplified calculations
of the in-plane and out-of-plane strengths. The in-plane loads on the attachment points
of the SCT are usually an order of magnitude higher than the out-of-plane loads. This
is considered when comparing the strengths, giving the in-plane strength a larger influ-
ence. While the actual loads are rarely in one direction only, calculating the strength
under combined loading requires significantly more effort and adds little value since
the obtained values are for comparison purposes only. In case the strength depends
on the dimensions of the base structure, the dimensions from the SCT are used for
reference. Above a certain strength level there is little added value since it already is
strong enough to be used for all points on the SCT.
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o Mass efficiency, or the required mass per unit of strength. Since this would require a
more or less completed design for each concept, a simplified method is again applied.
Performance in this field is based on the specific strengths of the used materials, taking
into account that a weak link in the load path has a large influence on the overall
strength thus lowering the mass efficiency.

o Manufacturability. A relative score based on how difficult the additional parts of the
attachment are to make. This also takes any changes that need to be made to the base
manufacturing method into account.

e (Cost. This is a relative estimation, and includes the cost of materials, manufacturing
process, and tooling required specifically for a concept. The cost of launching any extra
mass into space, or the cost of required development are excluded.

Several more criteria were used, but these did not drive the selection. These served mostly
to increase the understanding of the concepts, also reducing the chance of some factors being
overlooked.

A.2 Results overview

Taking a step back and looking at all the considered concepts, it was recognized that most are
variations of some more general ideas. This allows the concepts to be grouped, so the results
can be presented in a more organized overview. Instead of going into all the fine details, an
overview of the results is presented, focusing on the lessons learned from the trade-off.

A.2.1 Hole in the base structure

In case enough strength will be left to carry the far-field loads, a hole can be drilled through
the unchanged base structure, and a bolt can be used to attach another part. Additionally,
a bonded insert may be used to increase the bearing or pull through strength if necessary.
The most suitable locations would be in the skin, and while it is possible to drill a hole in a
node or rib, the structure’s strength will probably decrease too much as a result.
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Figure A.1: Some early drawings of the hole in base structure concept.

Strength

Quantifying the strength, even on a very basic level, is not really possible since the achievable
strength is not only dependent on the dimensions of the base structure but also on the far-
field loads that need to be transferred. Their magnitude determines the maximum size of the
hole, since it greatly influences the strength of the structure.
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Other disadvantages made it quite clear that this was not a good concept, so even if the
strength was high it would not have been selected.

Advantages

e The attachment can be added after manufacturing of the grid, meaning no changes will
have to be made to the manufacturing method.

e This is a very easy method of attaching, no complex steps are required. This means
that the cost will probably be low as well.

e Since barely any material is added, this is a very light-weight solution.

Disadvantages

Strength of the attachment is highly dependent on the base structure.

The attachment likely negatively influences the strength of the base structure.

The practical applicability is limited to structures with a skin, since drilling a hole in a
rib or node will result in a severely reduced strength of the base structure.

This method is applicable to only a limited number of locations, this is especially true
for lattice structures.

A.2.2 Clamped metal part

A metal part consisting of two pieces with some flanges that at least partially grab around
a rib is placed. A bolt can then be used to keep the parts in place, while simultaneously
attaching to the part that needs to be attached to the grid structure.

Figure A.2: Some early drawings of the clamped metal part concept.

Strength

Again, it is hard to give any numbers. This is because of the large role friction plays in the
attachment. Since this is so dependent on bolt preload, surface roughness and other factors
it is considered unreliable. This is especially true in systems where temperature differences
are high since thermal expansion might result in a change in the clamping force, and thus
the load-bearing capability.

Like the hole in the base structure, the apparent disadvantages made it clear early on that
this was a bad concept.
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Advantages

e The attachment can be added after manufacturing of the grid, meaning no changes will
have to be made to the manufacturing method.

e Expected to have no influence on the strength of the base structure.

e This is a very easy method of attaching, no complex steps are required, only machining
of a metal part and attaching it to the structure. This means that the cost will probably
be low as well.

e The metal parts can easily be removed if necessary.

Disadvantages

e Clamping forces might be unreliable and/or offer limited strength. For instance if this
method is used to attach to a single rib, the metal parts can slide along the rib at a
relatively low load.

e For the strength it provides, this is a relatively heavy attachment method.

e Only usable for open lattice structures, and limited to locations near one or multiple
ribs unless large and heavy metal parts are considered acceptable.

A.2.3 Bonded metal part

As an alternative to clamping a metal part, one can also bond a part onto the base struc-
ture. Since this no longer relies on clamping forces, different shapes can be used, and this
attachment is no longer limited to open lattice structures only. For instance, a thread with
a wide flange on one end (also known as an onsert %) can be bonded onto the structure, or
a part can be bonded around a node. Another possibility is to use the metal parts from the
clamped metal part concept, but additionally use adhesive.

Figure A.3: Some early drawings of the bonded metal part concept.

Strength
For the strength estimation it is assumed that the metal part can be made strong enough, so
the limiting part is the adhesive layer between the metal part and the grid structure.

Consider a threaded part with flanges on the side of a rib, as shown in the rightmost of
the sketches in Figure A.3. A cross-section of such an attachment, and FBDs used for the
strength estimations are shown in Figure A.4.

Assume the flanges cover the rib over 40 mm along its length. Calculating the out-of-plane
strength then is quite easy. Neglecting the contribution of the adhesive part being loaded
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Threaded metal part

(a) Different parts (b) In-plane load (c) Out-of-plane load

Figure A.4: FBDs of a bonded metal part subjected to out-of-plane and in-plane loading.
Red: applied load or normal force. Blue: shear force

in tension to be conservative, the area of adhesive in shear is just over 500 mm?. At 25
MPa shear strength, typical for an aerospace-grade adhesive, this results in an out-of-plane
strength of over 13 kN, way more than loads present in the SCT. The differences in CTE likely
reduce the strength at the elevated or reduced temperatures which are often encountered in
space. However, given the high strength a significant strength will still remain after taking
this into account.

Calculation of the in-plane strength is more complicated, since the offset of the load from the
rib results in a more complex load on the adhesive layer, with some parts in combined shear
and compression or tension. Despite these additional secondary effects the in-plane load is
expected to be quite high as well. Knowing that the strength might be further increased by
using differently shaped metal parts, this makes it a feasible method for most attachment
points on the SCT.

Advantages

e The attachment can be added after manufacturing of the grid, meaning no changes will
have to be made to the manufacturing method.

e Expected to have no influence on the strength of the base structure.

e This is an easy method of attaching, no complex steps are required, only milling of a
metal part and bonding it to the structure. This also means that the cost will probably
be low as well.

Disadvantages

e Relies heavily on adhesive, which is relatively weak and thus limiting strength. Addi-
tionally, thermal cycling requirements may impose difficulties.

e Some bonded metal parts will have a thread extending out from the structure, this is
not usable for all types of attachment zones.

e Requires accurate grid structure dimensions, small deviations can cause a change in
bondline thickness, reducing strength. Especially the dimensions of the nodes show
some variation.
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A.2.4 Insert in or between ribs

If there is a small gap between some ribs, or if they are moved slightly to the side, a part
can be added in this space. This part contains a hole, possibly threaded, and can be made
of practically any material as long as it is compatible with the manufacturing method, and
adhesion to the structure is not compromised. This part can be co-cured with the base
structure.

Figure A.5: Some early drawings of the insert concept.

Strength
A possible cross-section of an insert placed in the structure is shown in Figure A.6, along with

two FBDs showing the forces acting on the insert when loaded by an in-plane or out-of-plane
load.

Insert
~ t
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(a) Different parts (b) In-plane load (c) Out-of-plane load

Figure A.6: FBDs of a co-cured insert subjected to in-plane and out-of-plane loading.

For the calculations assume that the length of the interface between the insert and the
composite is 40 mm, this results in an interface surface of 264 mm?

The out-of-plane strength is strongly influenced by the adhesion between the insert and the
composite. A single value can not be given since it depends on the selected material for the
insert. However with the assumed interface area a shear strength as low as 5 MPa is already
sufficient to take the highest out-of-plane load present in the SCT. This makes it likely that
any well-picked combination of materials results in a sufficient strength.

When loaded in-plane, parts of the interface are loaded in shear, compression, tension, or
a combination thereof. The ratio between these is dependent on the insert shape and load
direction. Compared to shear and tension, compression is a relatively strong component.
Since the insert is surrounded by composite ribs, some part of the interface will always be
in compression, this makes the overall in-plane strength considered to be high. The in-plane
strength might be limited by the surrounding ribs, since their unidirectional layout makes
them poorly loadable in shear. But again, this is dependent on the layout of the structure
locally.
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Advantages

e No additional significant steps are required after curing of the structure. Before curing,
the only extra steps are making and placing the insert.

e Can be made quite strong.

e Because of very little added material, the attachment total weight will be low.

Disadvantages

e Ribs have to be moved to make room for the insert in the SCT design. This will
complicate manufacturing.

e Moving the ribs possibly influences the strength of the base structure.

e Compaction of the ribs in contact with the insert is applied from only one side, perhaps
resulting in poor local properties.

e Only applicable to a limited number of locations, at or in between ribs.

A.2.5 Add a skin patch

Locally, a small patch of skin is added on top of the grid. This patch can be used to attach a
part, by either drilling a hole and using a bolt and possibly an insert, or by bonding a metal
part to the patch. This is a method which allows one to attach to points where there is no
structure present. This does have some similarities with the hole in base structure concept,
the difference being that a piece of skin is added specifically for the attachment. In case a
skin is already present, the usefulness of this concept can be questioned since one could also
attach to the already present skin if that can provide the required strength.

Figure A.7: Some early drawings of the skin patch concept.

Manufacturing method

Before discussing (dis)advantages of this concept, the manufacturing method is discussed
first. Three options are available:

e Co-cure the skin with the grid. This has the advantage of curing the entire structure
in one cycle, but this would require expensive changes to the hard tooling that is used
since it would need to accommodate the local skin.

e Co-bond the skin onto the already cured grid. This has the disadvantage of requiring
two curing cycles, with associated extra tooling, complex vacuum bagging, significantly
increasing cost while having no strength advantage over co-curing.
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e Bond the cured skin onto the cured grid. This has many advantages regarding manu-
facturing, it does not change the method used for the base structure, it is easier, and
requires less additional or adapted tooling. However, the strength will be lower since
the adhesive strength is usually less than the interlaminar strength.

Considering the above, and recognizing that better co-cured options are available (a laminate
patch), the most suitable choice is to bond the patch onto the grid.

Strength

Consider a skin patch between two ribs as shown in Figure A.8, with a bolt used to introduce
the load into the patch.

Bolt hole
Skin patch
AN

N

Ribs

Figure A.8: Cross-section of a skin patch between two ribs.
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(a) In-plane load (b) Out-of-plane load

Figure A.9: FBDs of a skin patch subjected to in-plane and out-of-plane loading.

Now assuming that the weak point of the attachment is the bondline between the rib and
the patch, the FBDs shown in Figure A.9 can be drawn.

Looking at the in-plane load case, this shows a shear load in the adhesive layer. When
assuming that the patch covers 50mm of each of the ribs, this results in an adhesive area
of 440 mm?. With a shear strength of 25 MPa the overall strength then is 11 kN. This is
more or less equal to the highest in-plane load present in the SCT, but a combined load will
likely fail the adhesive layer at a lower load, especially since the out-of-plane load will result
in tensile stresses in the adhesive. These tensile stresses are not very high on average, the
highest out-of-plane load (around 1200 N) results in an average stress lower than 3 MPa.
However, the load is rarely evenly spread, resulting in a higher peak tensile stress.

Despite falling just short of the highest strengths, this is still a feasible method for most of
the attachment points.
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Advantages

e The attachment is added after manufacturing of the grid, meaning no changes have to
be made to the manufacturing method.

e Widely applicable and flexible concept, almost all locations on the structure are suitable.

e Expected to have no influence on the strength of the base structure.

e Quite easy to make.

Disadvantages

e Adhesive limits the maximum strength.
e Use of this concept in case a skin is already present is questionable.

A.2.6 Add a sandwich patch

Similar to the skin patch, one could make a local sandwich patch with facesheets on either
side of the grid. In case a skin is already present, it can be used as one of the facesheets. As
core materials, honeycomb, foam, and balsa are considered. Honeycomb has the advantage in
strength and weight, with foam as a second choice, balsa is relatively heavy while offering only
limited strength. Considering the application, honeycomb is the preferred choice. Different
options exist for the insert, but a single best choice can not be given.
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Figure A.10: Some early drawings of the sandwich patch concept.

Manufacturing method

Again, multiple manufacturing methods are possible, the same as for the skin patch. The
(dis)advantages are similar, with an additional disadvantage for co-curing since rib com-
paction will be difficult for ribs with core material on one side. This is especially true for
honeycomb core. So again, bonding is chosen as the best manufacturing method.

Strength
Given the similarities with the skin patch concept, most parts of the analysis are also similar.
The FBDs shown in Figure A.12 also show some similarities with the ones of the skin patch.

The in-plane load is again transferred through the adhesive layer, but since the sandwich
patch has facesheets on both sides of the ribs the strength is doubled. This makes this concept
strong enough to take the highest loads occurring in the SCT. While the core material is also
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Figure A.11: Cross-section of a sandwich patch between two ribs.
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Figure A.12: FBDs of a sandwich patch subjected to in-plane and out-of-plane loading.

connected to the ribs, the multiple orders of magnitude lower in-plane stiffness of it makes
the load being almost fully taken by the facesheets.

The out-of-plane shear stiffnesses are a lot more similar, resulting in the core material trans-
ferring a part of the out-of-plane load into the ribs. Combined with the additional facesheet,
this makes the out-of-plane strength more than high enough as well.

Another part possibly limiting the strength is the insert and its placement in the sandwich
panel. Since current SCTs are often a sandwich structure, it is clear that inserts do not limit
the applicability of the concept.

Advantages

e The attachment is added after manufacturing of the grid, meaning no changes will have
to be made to the base structure manufacturing method.

e Widely applicable and flexible concept, almost all locations on the structure are suitable.

e Can be made very strong.

e Expected to have no influence on the strength of the base structure.

Disadvantages

e The introduction of loads into a sandwich panel usually requires densification of the core
to improve stability and strength. This adds more mass and additional manufacturing
steps.

A.2.7 Add a laminate patch

An alternative is to co-cure a patch within the height of the grid with plies interweaving with
the rib plies, resulting in a very large interface area through which loads can be transferred
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into the structure. This patch can be any thickness up to the height of the grid, which is the
upper limit.

In case a skin is already present, this concept can be combined with the hole in base structure
concept. A patch can be added between the ribs on the skin to provide some reinforcement
in case the skin alone can not provide enough strength.

This is the concept that is selected.

Figure A.13: Some early drawings of the laminate patch concept.

Strength

Focusing again on the interface with the rib, FBDs are shown in Figure A.15.

Bolt hole Plies extending
Laminate patch into ribs

Ribs

Figure A.14: Cross-section of a laminate patch between two ribs.
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Figure A.15: FBDs of a laminate patch subjected to in-plane and out-of-plane loading.

The strength of this concept exceeds that of the other concepts. The load is transferred
through interlaminar shear, which is usually stronger than adhesive. Additionally, the surface
over which this is done is many times greater. Consider a full thickness patch, consisting of 52
0.127 mm thick plies and assume that 20 plies extend halfway into the rib. Over an interface
length of 2 x 40 mm this then results in an interface area of 7040 mm?. If one were to look
only at the interlaminar strength, using an interlaminar shear strength of 70 MPa, typical
for the material used for the SCT, this would result in an in-plane strength of 493 kN. This
is a strength that can not be obtained since the laminate itself will fail well before this load.
Still, with a maximum thickness of 6.6 mm, this laminate can also be made more than strong
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enough to take the highest loads, even when considering that at the interface the load has to
be taken by a part of the plies. With out-of-plane loads being much lower, the out-of-plane
strength is also not a problem.

Advantages

e Relatively few manufacturing steps, the composite structure is cured at once, and af-
terwards only a few relatively easy steps are required.

e Very widely applicable and flexible concept, almost all locations on the structure are
suitable.

e Can be made very strong, since the only limit is the available space within the height
of the grid. The area through which stress is transferred into the ribs is very large, and
is thus not limiting the strength.

e Since the obtainable strength is very high and the used materials are lightweight, the
mass efficiency is also high.

e No changes to the solid outer tooling are required.

e Expected to have little to no influence on the strength of the base structure.

Disadvantages

e Some changes need to be made to the base manufacturing process.

A.2.8 Miscellaneous other concepts

Some concepts are not related to any of the previously mentioned groups and will be shortly
mentioned here. These concepts all perform poorly due to various reasons. Currently, the
following concepts do not fit in other groups:

e A metal part with small pins that is co-cured with the structure, placeable on a rib
or a node. This has many disadvantages, the most important one is that the pins can
impact rib or nodal compaction, and fibers might be damaged when placing the part.
Required adapted outer tooling is another big disadvantage.

e A metal plate embedded in the skin, with a thread attached.[%667) Difficult manufac-
turing, required adapted tooling, and risk of delaminations are the main disadvantages.

e Adding one or multiple short rib(s) in order to be able to use a solution that usually
only works next to a node or rib in another location. This adds unnecessary complexity
for a location where better solutions are available.

Figure A.16: Some early drawings of concepts that do not fit into other groups.
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Appendix B

Finite element model particularities

B.1 Mesh convergence

An essential step for a finite element analysis is to determine the point at which the mesh is
sufficiently fine such that the results are converged. The taken approach and the obtained
results are presented in this section.

Two parameters are chosen to determine the mesh of the entire model. The first is an overall
mesh size based on the number of elements in the width of a rib. The second parameter
controls the aspect ratio of the elements in the ribs that are not adjacent to the cell containing
the laminate patch. A higher value of this parameter results in elements that are longer in
the direction of the rib, while the number of elements in the rib width and height remain
unchanged.

While the use of only two parameters may result in a mesh which is finer than required in
some locations, this quite general approach ensures that the found mesh size is applicable to
other patch designs as well, not only to the design for which the mesh study was performed.
An additional benefit is that it is easily implementable in the scripted model.

A combined in-plane, out-of-plane and moment load was applied to an attachment point
using the simplified method explained in section B.4. Then, to determine convergence, the
following results are compared:

e The total internal energy of the model.

e Displacement of a load introduction point, which is coupled to several surfaces at the
bolt interface. The point for the out-of-plane load is used, since it is slightly offset from
the plane of the structure, thus also capturing bending effects. This point is labeled
OOP.

e Displacement at a point on the edge of the patch. This point is labeled TOP.

e Strains at the point N1, a point in the rib next to the patch.

e Strains at the point N2, a point in the rib away from the patch, next to a region where
the aspect ratio of the elements is changed.

The aforementioned points are shown in Figure B.1. In this image, the number of elements
in the width of the ribs is 2, and there is no change to the aspect ratio of the ribs.
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(a) Size of the used model. (b) Detail showing the points from which results were used.

Figure B.1: Locations at which displacements or strains were extracted for the mesh convergence
study.

Initially the overall mesh size is reduced while keeping the length multiplier for the elements
in the rib set at one. The amount of elements in the width of the rib was varied from 2 to 10.
This was not increased beyond 10 since solving a more refined model required more memory
than was installed in the computer, thus resulting in an excessively long calculation time.

Since no analytical reference values are available, the results are normalized to the results
obtained from the finest model for comparison. An overview of the normalized results is
shown in Figure B.2. It must be noted that there is no strain data for odd numbers of
elements in the rib width, since in those cases there are no nodes from which the data can
be extracted at the points of interest.
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Figure B.2: Graphs showing the convergence of results from the full-thickness patch model as
the overall mesh is refined.

Looking at the displacement, it can be seen that it is within 1% of the final value with four
elements in the rib width, at which point the total internal energy is within 0.7%. The strains
however need eight elements in the rib width before they are close to the final values.

Considering that many designs for space applications are stiffness driven, the use of a coarser
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mesh can greatly reduce computation time if strength is not driving the design. Depending
on the required accuracy, one can go as low as 4 or even 3 elements in the rib width. Since
the overall mesh density influences the element size in all directions, a reduction from 8 to 4
elements in the rib width will result in a reduction of the amount of elements by a factor 8.

Since strength is of interest in the current research, the number of elements in the rib width
is set at 8, at this mesh density there is still a 3.5% difference in strains with respect to the
finer model but this is considered acceptable.

To determine the value for the aspect ratio of the rib elements, the overall mesh density is
kept constant at 8 elements in the rib width, and the aspect ratio is increased. The results
are again normalized, and are shown in Figure B.3. Note that in these graphs the finer mesh
is towards the left side.
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Figure B.3: Graphs showing the divergence of results from the full-thickness patch model as the
aspect ratio of the rib elements is increased. The number of elements in the rib width is 8.

The effect of increasing the aspect ratio of the rib elements is rather small, as it can be
increased up to 8 without excessive deviations from the results obtained with a fine mesh.
However, a conservative value of 3 was selected. This already reduces the amount of elements
from 388490 to 230739, a 40% decrease. Further increasing the aspect ratio to 10 would
decrease the number of elements to 194835, offering only an additional 9% reduction. Part
of the converged mesh is shown in Figure B.4.

The same approach was taken to perform another mesh convergence study on a model with
a thin patch, a different bolt location, and another combination of loads. The results were
very similar, showing displacements and internal energy within 1% of the results from the
finest model at 4 elements in the rib width, and strains requiring 8. Again, the aspect ratio
of the rib elements was of little influence on the results.
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Figure B.4: The converged mesh

B.2 Layup discretization error minimization

A possible source for errors lies in the way Abaqus handles composite layups in laminates
modeled using solid elements. These are modeled by applying the specified layup in every
element, with the ply thicknesses corrected so the total thickness is unchanged.

To illustrate, consider a composite laminate with a layup [0/90],, if this were modeled in
Abaqus with 4 solid elements through the thickness, this would result in the modeled layup
being ([0/90/90/0]s)4, with plies being a quarter of the actual thickness. This approach
places 90 degree oriented plies in the outer elements and 0 degree plies in the inner elements,
whereas this is not the case in the actual part. Since this approach does not change the
ratio in which the separate orientations are present, the A-matrix is unchanged and the zero
B-matrix remains zero. However, since the distances of the plies to the neutral plane are
modeled differently than they are actually placed, this results in an error in the laminate’s
D-matrix, which determines the bending behavior of the laminate. In this example the error
will be large, since the stiffnesses of the 0 and 90 degree oriented plies differ by an order of
magnitude.

Now applying this to the layup of the laminates of the test samples, which consist of equal
parts of +45, -45 and 90 degree plies. A [(45/-45/90),]s layup, with n dependent on the
required laminate thickness, could be a possible choice. If a [45/-45/90] layup were specified
in Abaqus, this would then result in a model representing a ([45/-45/90]s)., layup, where m
is the number of elements through the thickness. Due to the modeled layup being dependent
on the number of elements through the thickness, the mesh density will influence the error.
By calculating the D-matrix of both the actual and Abaqus’ layup, using dimensions from
the thick patch in the DC1 samples, the error that arises in the elements of the D-matrix
can be found. The results depending on the number of elements through the thickness can
be seen in Figure B.5.

It can be seen that all elements of the D-matrix show a significant error, especially the D16
and D26 values have a relatively large error, although the absolute value of that error is
similar to that of other components.
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Instead of adjusting the analysis method, the layup for the parts to be made was slightly
changed to ([45/-45/90]s),. As can be seen this reduces the error greatly. There is however
a requirement on the minimum number of elements through the thickness for the error to be
small. Depending on the required accuracy, between 5 and 8 elements through the thickness
should be taken as a minimum. Considering that the mesh convergence study shown in
section B.1 resulted in a mesh with 12 elements through the thickness, this condition is
satisfied.
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Figure B.5: Errors in the elements of the D-matrix as a result of Abaqus’ interpretation of layup
in solid elements.
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B.3 Node modeling

An encountered difficulty lies in the modeling of the node areas. The height of the nodes is the
same as the ribs, but where the ribs cross, the plies of both the ribs overlap. To make room
for the plies of the crossing ribs, the plies from the ribs widen at nodes, thus reducing their
thickness. Since the change in width is not instantaneous, the plies already start widening
near the nodes. This local change in geometry is accompanied by an increasing resin content
towards the nodes, and some fibers steering away from the rib direction at small angle in
order for the tows to widen. Modeling this geometry would result in a very complex model
with material properties varying per element in the rib just outside of the node. Since this
is very hard to implement it is instead chosen to model the nodes with constant width ribs.
The geometrical layout of this approach is shown in Figure B.6, it also shows the directions
in which the fibers are oriented in the node.
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Node laminate
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Figure B.6: Orientations of fibers in the nodes.

Three areas where plies overlap can be identified, these are modeled as composite laminates,
whereas the ribs are modeled as a homogeneous anisotropic material. The areas with over-
lapping plies are referred to as ‘'node laminates’ hereafter.

Modeling the node laminates using ply properties of the rib material gives rise to an error,
since then only half of the cross-sectional area is given the properties in the direction of
each of the intersecting ribs. Practically, this means that in a node half of the material in
the direction of a rib is replaced by material with another orientation. Since the stiffness of
the composite material is an order of magnitude lower transverse to the fiber direction, this
results in a lower than expected stiffness of the node, and thus a higher strain under loading.

This effect can be easily seen when loading a node in the direction of the helical ribs. As
can be seen in Figure B.7a, the resulting strain shows to be significantly higher in the node
laminates, indicating a lower stiffness in these areas. This is against expectations because
all fibers are continuous through the node, and since these have a dominant effect on the
stiffness it is not expected to show a large change in stiffness through the node. If anything,
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a slight increase in stiffness would be expected as a result of the additional material from the
crossing rib.

Now recognizing that only half of the material in the node thickness has to account for the
stiffness of an entire rib, a correction to the material properties can be applied. Since the
width of the ribs is constant in the model, a factor two correction on the stiffness in the fiber
direction is applied, while the properties in the other directions are unchanged since these
are dominated by matrix properties. When loading a node with this applied correction it is
seen that the strain through the node is a lot more constant, even showing a slightly lower
strain where the plies overlap, as expected.
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(a) Uncorrected material properties (b) Double stiffness in the laminates

Figure B.7: Strain in fiber direction in nodes loaded in compression along the helical ribs, with
and without corrected properties.

B.4 Bolt load introduction

For the SCT reference case the loads are specified at points on the neutral plane of the
structure, and further details about the interfaces are unknown. The lack of this informa-
tion however has the benefit of requiring a more general solution, which will also make the
developed model more widely applicable.

Several different approaches are compared in order to find the most suitable method. In order
to provide the most relevant comparison, the loads are a combined in-plane, out-of-plane and
bending load, as well as a bolt preload.

At the base of this comparison is a model of a single cell with a relatively large patch, with
pinned boundary conditions applied to the edges of this cell. The size of the model is shown
in Figure B.8. The mesh of this part is kept the same for all the compared methods, to
exclude any possible effect a different mesh may have on the results.
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Figure B.8: Size of the model used for comparison, with the pinned boundaries highlighted.

B.4.1 Compared approaches

Six different approaches are compared, which are discussed hereafter.

Solid bolt

The approach that is considered closest to reality is to model a solid bolt, with contact defined
between the bolt and the part.[58 70 Since the loads are specified on a point, this point is
coupled to the face of the bolt at a distance from the actual interface, in order to allow the
bolt to distribute the load into the structure.

The bolt preload is applied by making a section cut in the shaft of the bolt, and applying
a ’bolt load’ in the first step. This load is a special load that can be applied in Abaqus, it
shortens the bolt until the required preload is applied. In the following step, where the other
loads are applied, the bolt is fixed at its current length.

Since this model most accurately represents the transfer of loads at the interface, it is used
as a reference case for the rest of this comparison.

Spider bolt

An approach that is often taken to simplify bolts is to model the bolt shaft with a beam
element, and replacing the bolt head and nut by coupling the ends of the beam to the
respective contact surfaces, either with rigid elements, couplings, or beams. 68-70] Dye to its
appearance this is known as a spider bolt. The resulting model is shown in Figure B.9

Figure B.9: Spider bolt model showing the bolt shaft and surface couplings.
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This method allows the bolt preload to be applied in the same way as it is for the solid bolt.
And since the bolt shaft coincides with the points on which the load is defined, the loads can
be applied directly to the shaft.

Two of these models were used in the comparison. One used structural coupling, which is
a distributing coupling and leaves freedom for the influenced nodes to move relative to each
other. The other model uses kinematic coupling, which is a rigid coupling eliminating relative
movement between nodes on the affected surface.

Structural surface couplings

Alternative methods exist that do not model the bolt at all, but use only coupling constraints
to model the load transfer. [0

Recognizing how the individual load components act on the different surfaces in the bolted
connection, the loads are applied separately to the corresponding surfaces using structural
couplings. The in-plane load is coupled to the half of the hole surface in the direction of the
load, so it is basically acting on the bearing surface. The out-of-plane load is coupled to the
surface that is clamped by the bolt. The moment is coupled to both the hole surface and the
clamped surface. These couplings can be seen in Figure B.10. The bolt preload is applied as
a pressure load on the area that is clamped by the bolt.

(a) In-plane load (b) Out-of-plane load (c) Moment load

Figure B.10: Coupling of loads to surfaces to simulate a bolt load introduction.

Combined surface couplings

To reduce flexibility in the joint a slightly modified approach is also included in the compari-
son. The couplings in this approach are the same as in the previously discussed approach, but
the moment coupling is changed to a kinematic coupling. The other couplings are unchanged,
since more than one kinematic coupling on a surface resulted in numerical problems when
solving the model.

Structural surface couplings with additional constraints

This approach uses the same load introduction methods as the structural surface coupling
approach mentioned earlier, but with two additional constraints that ensure the surfaces that
would usually be in contact with the bolt head or nut remain plane.
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B.4.2 Deflection and overall deformation

Differences in the behavior of the load introduction methods are most clearly seen in the
overall displacements. These are shown for the compared methods in Figure B.11.

In this image and in further comparisons the numbering is as follows:

Solid bolt.

Structural surface couplings.

Combined structural and kinematic surface coupling.
Structural surface couplings with additional constraints.
Spider bolt, kinematic coupling.

Spider bolt, structural coupling.
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(a) Approach 1 (b) Approach 2 (c) Approach 3
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+3.0002-04
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(d) Approach 4 (e) Approach 5 (f) Approach 6

Figure B.11: Comparison of the displacements for several different methods for load introduction
at the bolt hole. Displacements are amplified. The solid bolt used in model 1 is removed for
clarity.

Keeping in mind that the solid bolt (approach 1) is used as a reference, several things can be
observed:

e The approaches 2 and 6, which rely on structural coupling without additional con-
straints, show displacements that are higher overall. The area around the hole is also
deformed in an unrealistic way that would interfere with the bolt if it were present.

e The approaches 3 and 5, which have a kinematic coupling that restricts movement of
nodes in the affected areas, have lower displacements overall. This might be attributed
to this method modeling some areas more rigidly than they actually are.

e Approach 4, which uses structural coupling for the introduction of loads and additional
constraints to enforce a more realistic deformation around the bolt hole, has almost
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exactly the same deformation as the model with the solid bolt. The difference in the

deformation at the edge of the patch is only 1.2%, and the displacement field is highly
similar overall.

B.4.3 Stress in the laminate

Since the differences in overall displacements were high for all but one of the methods, com-
parison of the stresses is focused only on comparing the solid bolt model and method 4, which
uses structural couplings and additional constraints. The other methods were compared as
well but again showed large differences, and are thus not presented here.

v
s, 511
PATCH2 (rniddle)

5. 511
PATCH2 (middle)

(a) Stress along the fiber, in a 0 degree oriented ply.

¥
5, 511 ,
PATGHO (middle) PATGHO (middle)

(b) Stress along the fiber, in a 45 degree oriented ply.

¥
§, §11 )
RATCH3 (middle) RATCH3 (middle)

5141
-6.5002+08

-6.5002+08

(c) Stress along the fiber, in a 90 degree oriented ply.
Figure B.12: Stress in laminate plies, from the model with a solid bolt (approach 1) on the left,

coupling with additional constraints (approach 4) on the right. Areas around the bolt hole are
removed, since FE results are not used to predict failure in these regions.
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The stress in the fiber direction in the 0, 90, and 45 degree oriented plies is compared. While
there are also -45 degree plies in the laminate, the results are practically symmetric with the
45 degree plies. The comparison between the results is shown in Figure B.12. In the shown
plots the part of the laminate at the bolt location is removed, since FE results in this area
are not used for failure analyses, as was discussed in section 4.2.

Although some differences in magnitude are present, these are only small. The overall distri-
bution is also very similar, so the coupling with constraints method is considered a suitable
substitute for the solid bolt model.

B.4.4 Computational time

Some significant differences are noticed in computational time and memory required to run
the model. Especially the solid bolt model stands out, requiring around 19 minutes to run,
using as much as 5.6 GB of memory at its peak. In contrast, all other methods required
only 1.5 minute and 2.5 GB of memory. The vastly higher computational time is not only
caused by the increased number of elements in the bolt, but also by the numerous iterations
necessary for contact initiation and stabilization. That all other methods require practically
the same time and memory indicates that their performance is dominated by the structure
itself, and the load introduction method is of little influence.

Considering the vast difference in computational time, using one of the faster methods is
preferred. Of these, method 4 is by far the best choice.

B.4.5 Limits of applicability of the simplified method

There are some limits imposed by the way the load introduction is modeled though. Since
the selected simplified method includes constraints to keep the contact surfaces flat it can
not be used for cases where the bolt pretension is not high enough to prevent separation,
since in those cases the laminate has some room to deform into a non-flat shape. However,
the separation is undesirable in most designs, so this limitation will hardly ever be limiting
the use of the simplified method.

Furthermore the equal distribution of the preload over the contact surface implies that the
laminate surfaces must be flat and parallel, since the preload would otherwise have an unequal
distribution.

B.5 Singular behavior on the interface

In some of the first FE studies on the behavior of the structure the point on the location where
the patch, ribs and node meet was found to locally show a very high strain concentration, as
shown in Figure B.13.

Not only was there a locally very high strain, but the strain energy density in the element
with the highest strain is almost a factor two higher than the neighboring elements in the
node laminate. This is undesirable and a reason to refine the mesh in order to reduce the
differences in strain energy density between adjacent elements. However, as the mesh was
refined locally, the strains did not converge. This is shown in Figure B.14. For this graph the
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Figure B.13: Location of the singular point, the strain and strain energy density around it.
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Figure B.14: Failure indexes in the singularity, as the mesh is refined locally.

strains are first divided by the allowable values to get the failure index. Note that the finer
mesh is towards the left side of the graph.

It is clear that the strains are not converging to a stable value, instead they show divergent
behavior by increasing ever further as the mesh is refined. The relative difference in strain
energy density between the most highly strained element and the adjacent elements also did
not decrease noticeably. Singular effects like this are not uncommon for FE models, and are
often observed in models with sharp corners or material discontinuities. [7%:72

Since the material discontinuities are a direct result of the structural layout, no changes are
made there. Geometrically, adding a fillet to remove the sharp corner is also a known method
to solve the singular behavior.[™? Since there are multiple sharp corners at the singular point
several different local changes are tried in an attempt to resolve the issue. For each of these
changes, the mesh convergence was analyzed. The changes in geometry, and the corresponding
mesh convergence are shown in Figure B.15.
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(a) Adding a fillet to the node laminate and the patch.
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(b) Adding a fillet to both ribs at the singular point.
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(c) Adding a fillet to only the lower rib at the singular point.
Figure B.15: Changes to local geometry and corresponding failure indexes at the singular point.
As can be seen these changes do not solve the singularity, most cases even show a faster
divergence than the original geometry. As a result, it is chosen to keep the original geometry,

keeping in mind that the obtained strain and stress results at the singularity can not be used
for further analysis.
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B.6 Used material properties

Table B.1: Properties of the base composite material, as used in FE analyses. Given values are
for a fiber volume fraction of 60%, when a different fiber volume fraction or another correction

is applied, the E1 stiffness is changed accordingly.

Hexcel 8552/IM7

E1l
E2
E3
Nul2
Nul3
Nu23
G12
G13
G23

145 GPa
11.5 GPa
11.5 GPa
0.32

0.32

0.45

5.2 GPa

5.2 GPa

3.1 GPa

Table B.2: Properties of the isotropic materials, as used in FE analyses.

Part Material Young’s modulus Poisson’s ratio
Fixture 1.2510 tool steel 200 GPa 0.33
Bolt Grade 12.9 steel 200 GPa 0.33
Insert Aluminum 7075 72 GPa 0.33
Potting  RenCast 2418 5.0 GPa 0.33
Adhesive 3M Scotchweld 9323 2.2 GPa 0.37
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Appendix C

Strain gage and displacement data

This appendix gives all the strain gage and displacement data gathered during the tests.
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(a) ORTH-WO test samples, without a patch.
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(b) ORTH-W test samples, with a patch.

Figure C.1: Measured displacements of the ORTH tests, with both initial and final FE results.

CONFIDENTIAL



Load [kN]

Load [kN]

Load [kN]

138 Strain gage and displacement data
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Figure C.2: Strain gage data of the ORTH-WO samples, with both initial and final FE results.
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Figure C.3: Strain gage data of the ORTH-W samples,
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Strain gage and displacement data
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Figure C.4: Overall displacement data of the DC1 samples, with both initial and final FE results.
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Figure C.5: Strain gage data of the DC1 samples (truncated at 19kN), with both initial and

final FE results.
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Figure C.6: Overall displacement data of the DC2 samples, with both initial and final FE results.
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Figure C.7: Strain gage data of the DC2 samples (truncated at 19kN), with both initial and
final FE results.
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