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ABSTRACT OF THE DISSERTATION

SIMULATION OF THE VACUUM ASSISTED RESIN TRANSFER MOLDING
(VARTM) PROCESS AND THE DEVELOPMENT OF LIGHT-WEIGHT

COMPOSITE BRIDGING
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A continued desire for increased mobility in tHeamath of natural disasters,
or on the battlefield, has lead to the need forrowupd light-weight bridging solutions.
This research investigates the development of hoocAepoxy composite bridging

system to meet the needs for light-weight bridgifigpe research focuses on two main
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topics. The first topic is that of processing casipe structures and the second is the
design and testing of these structures.

In recent years the Vacuum Assisted Resin Trankfelding (VARTM)
process has become recognized as a low-cost mamuigcalternative for large Fiber
Reinforced Polymer (FRP) composite structures foil,cmilitary, and aerospace
applications. The success of the VARTM processfiete wet-out) is very sensitive
to the resin injection strategy used and the prqpacement of flow distribution
materials and inlet and vacuum ports. Predictimg flow front pattern, the time
required for infusing a part with resin, and thedirequired to bleed excess resin at
the end of filling, is critical to ensure that thmart will become completely
impregnated and desired fiber volume fractions eadd prior to the resin gelling
(initiation of cure). In order to eliminate costlyial and error experiments to
determine the optimal infusion strategy, this redegresents a simulation model
which considers in-plane flow as well as flow thgbuhe thickness of the preform. In
addition to resin filling, the current model is alib simulate the bleeding of resin at
the end of filling to predict the required bleeditige to reach desired fiber volume
fractions for the final part.

In addition to processing, the second portiorhefdissertation investigates the
design and testing of composite bridge deck sestwhich also serve as short-span
bridging for gaps up to 4 m in length. The reskdocuses on the design of a light-
weight core material for bridge decking as wellpasof loading of short-span bridge
sections in the lab and extensive field testingngis variety of wheeled and tracked

vehicles at different crossing speeds and crossingitions.
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CHAPTER 1

INTRODUCTION

As the desire for light-weight aerospace [1], maii2], military [3, 4, 5], and
civil structures [6, 7, 8, 9] continues to grow, mm@nd more applications are being
found for Fiber Reinforced Polymer (FRP) compositgerials. Currently, the Office
of Naval Research (ONR) is sponsoring a projethatUniversity of California, San
Diego to develop modular, light-weight, composit&lging for the US Military to be
used on the battlefield or in the aftermath of ratdisasters. Composites offer many
advantages over conventional metallic materialsl useexisting modular bridging,
such as reduced weight, increased fatigue life, iamptoved resistance to corrosive
environments. However, great care must be takemsare that primary load bearing
composite structures are fabricated in such a wai/the integrity of the structure is
not compromised.

FRP composites are a unique building materiahat there are a number of
different materials (fibers and matrix) and fabtica processes. It is imperative when
designing composite structures that the designeomy consider the structural design
but the materials and processing methods which béllused to achieve the final
product. One of the main focus points of this wako identify and investigate a
manufacturing process which is conducive for thenuf@cturing of composite bridge
components to be used in modular bridging. Althoutdpere are different

manufacturing methods for composite structures, tbsearch only considers methods



which utilize fabrics and are capable of creatiugé complex geometries. Based on
manufacturing costs and the quality of parts predudour different fabrication
methods were reviewed from which a manufacturirecess was selected for further

investigation.

1.1 COMPOSITE PROCESSING METHODS

The processes reviewed include, 1) wet layup, @%ifR Transfer Molding
(RTM), 3) Vacuum Assisted Resin Transfer MoldingA®RTM), and 4) Autoclave
processing. A description of each process inclyididvantages and disadvantages is

presented.

1.1.1 Wet Layup

The most basic processing method is wet layupis irfethod has been used
for many years in the boat building industry. Tinethod consists of laying dry
reinforcing fabric (preform) on a rigid mold suréa@and then applying resin using
hand tools such as rollers and squeegees to fbeceesin into the preform and to
remove any trapped air (voids). An illustrationtbis process is presented in Figure
1-1. One of the major advantages of this methatb&d. Due to the basic nature of
the process, tooling and material costs are vew. loUnlike some of the other
methods, the mold tool does not need to be ait tgeatly reducing tooling costs.
This process is conducive to using most preformenals and resins. The major

disadvantage to this method is part quality andosMpe to potentially harmful



emissions. The wet layup method is capable of flmdume fractions between 40%
and 45% with the quality (complete wetting) beirgpendent on the experience of the
fabricator. In addition, since this is an open ditedy process workers are exposed to

potentially harmful emissions from the matrix resin

Fiber Preform

Figurel1l-1 lllustration of the wet lay-up process.

1.1.2 Resin Transfer Molding

Industries which produce a large number of snmalhedium parts having the
same geometry primarily use the Resin Transfer MgIgRTM) process. The RTM
process uses two rigid matching mold halves. Tiyefider preform is placed in the
mold and high clamping pressure is used to holdwwemold halves together. With
the mold clamped together resin is injected inte thold cavity under positive
pressure typically between 50 and 100 psi. A \Jeoated in the mold allows air
within the preform to be forced out of the mold itgwas it is replaced by the injected
resin. Heated molds are used to quickly cure #ré aiter which the mold is opened

and the part is removed and replaced with the digkpreform. An illustration of the



RTM process is presented in Figure 1-2. The mdiaatage of this process is the
ability to quickly produce large numbers of patte consistency of part quality, and
containment of harmful emissions. Fiber volumetitms for the RTM process are
typically between 50% and 60%. Due to the higlkeahpn pressures used, the molds
must be extremely rigid to resist deformation dgrihe injection process. The mold
rigidity requirements limit this process to the gweotion of small to medium sized

parts and is cost prohibitive for producing largals bridging components.

Preform

Resin
injection port

Upper mold tool

Lower mold tool

Resin flow front

Figure1-2 lllustration of the Resin Transfer Molding (RTMjgzess.

1.1.3 Vacuum Assisted Resin Transfer Molding

The Vacuum Assisted Resin Transfer Molding Pro¢®¥sRTM) has taken
the concept of the RTM process and made it appédablarge structures which were
traditionally produced using wet layup. The VARTMocess consists of placing a
dry fiber preform in a rigid one sided mold and eorg the other side with a flexible

vacuum bagging material which is sealed around pgeemeter. Following the



placement of the bagging material, a vacuum pumyséxl to draw a vacuum within
the mold cavity and resin is injected into the pref under atmospheric pressure. An
illustration of the VARTM process is presented igufe 1-3. Due to the low driving
pressure, relatively large structures have beencttled with this process such as
boats and wind turbine blades [10]. The VARTM m@sg also provides a closed
system which reduces exposure to harmful emissidihe process is typically limited
to resins which have a viscosity below 0.4 aDepending on the reinforcing fabric,
the fiber volume fraction of parts fabricated usiigs process is typically 50% to

55%.

Resin

Inlet Port ~ Vacuum Bag

Sealant Tape Vacuum Port

Resin Distribution Mesh
Peel ply
= Fiber Preform

Resin Front

Resin Supply Vacuum Pump

Figure1-3 lllustration of the Vacuum Assisted Resin Trandf®lding (VARTM)
process.



1.1.4 Autoclave Processing

Autoclave processing is typically used in the apeme and sporting goods
industries. Parts fabricated using the autoclav@cgss use reinforcing fabrics
(prepreg) which are preimpregnated with resin amehtstored at below freezing
temperatures to prevent the resin from curing pterely. An illustration of the
Autoclave process is shown in Figure 1-4. From figere it is seen that the
preimpregnated preform is laid on a rigid mold deled by a layer of peel ply and a
layer of breather material. The mold is then cedewith a vacuum bag and sealed
around the perimeter. The entire assembly is tilaned in an autoclave which
applies heat and pressure to consolidate and barpart. During curing the vacuum
bag is connected to an external vacuum pump wisialséd to remove any volatiles
during out gassing of the resin. The breatherrlayevides uniform vacuum pressure
across the part surface as well as provides afpatixcess resin to bleed out of the
part greatly increasing the fiber volume fractidntlee part. Cure temperatures and
pressure are typically on the order of 300° F watimpaction pressures between 75
and 100 psi. Expected fiber volume fractions far &utoclave process are from 60%
to 65%. The autoclave process is capable of piodugarts of excellent quality,

however the cost of prepreg materials as well asatjpn of autoclaves is very high.



Autoclave

Sealant Tape

Vacuum Bag

Prepreg
Vacuum Preform

i\ Port \ Breather
Peel ply

Vacuum Pump

Figure1-4 lllustration of the autoclave process.

A comparison of each of the reviewed manufactunmegthods, based on
relative cost and part quality, is given in Tabld.1 From the table it is seen that
autoclave processing offers the best quality apeatability, however the associated
costs with materials, tooling, and autoclave precgs make this process
uneconomical for consideration in composite bridgin At the other end of the
spectrum, wet lay-up is very low cost, however dhality (fiber volume fraction and
repeatability) is very dependent on the fabricatwapabilities and variations occur
from part to part. In addition, unlike the otheetimods where the preform and resin

are enclosed in a mold, the wet layup process teangkers exposed to potentially



harmful emissions from resins. The RTM processrsffgood quality and high
production rates, however due to the high injecpogssures tooling large enough to
accommodate bridging components is impracticale VARTM process offers good
guality as well as low to medium costs and is canduto the fabrication of complex
shapes. Of the four methods reviewed the VARTMess was the selected based on

relative cost, part quality, repeatability, andesatfabrication.

Table1-1 Fabrication Method Comparison

Material  Equipment Fiber volume  Quality and

Process Cost Cost fraction Repeatability
VARTM Low Medium 50-55% Good
RTM Low High 50-60% Good
Wet Lay-up Low Low 40-45% Poor
Autoclave (prepreg) High High 60-65% Excellent

1.2 COMPOSITE STRUCTURES PROCESSING AND DESIGN

The quality of parts produced through the VARTMgass is dependent on
complete wetting of the fabric preform. Completettimg of the preform is very
sensitive to the location of resin injection andwam ports as well as the layout of the
resin distribution network (infusion strategy) witklationship to the geometry of the
part including varying laminate thickness. Forstineason it is critical during the
design phase to consider the strategy which wilided to infuse the part with resin.

A diagram illustrating this interdependence betwpestessing and structural design



is given in Figure 1-5. Although the diagram ithagses the development of the
composite modular bridge currently under invesioygtthe concepts apply to any

composite structure.

Composite M odular
Bridge Development

_______ Partl___Z_ S N 5
I/, \\\ ///’ \\\\
\ 7 \
Fabrication m{ Geometry Structural '
(VARTM) i Design
n

1
1
1 \
1 1
1 1
1 1
1 1
X Infusion " Assembly Connections | |
! Strategy 1
! M aterial '
1 \ Properties 1
: " Component :
. Flow Flow n Design and 1
! Simulation Experiments | Testing '
1]
! [ 1 :
! Preform " !
| R n Beam !
1 | Characterization " Deck :
1
1]
| | i |
: Resin n :
1 | Characterization n !
1\ 7
l‘ ! \\ //
\\ ,/ S e
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Figure1l-5 Diagram illustrating the supporting efforts tovdlp a composite
modular bridge.

From the diagram it is seen that there are twonnediiorts involved in the
development of the composite modular bridge. Tinst feffort (Part 1) is the
fabrication process (VARTM) and the other efforafPIl) is the structural design.

From the figure it is seen that these two efforts @mterdependent on each other
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through the geometry and material properties. Wdmrsidering the geometry of the
structural components the designer must keep iml mvimch geometries will offer the
highest probability of a successful infusion ofimeimito the part (complete wet out).
In addition to geometry, the material propertiesdug design are dependent on the
fiber volume fraction achieved as well as the dualf the parts (minimal voids).

The structural design effort (Part Il) of this easch includes the design and
testing of beam, deck, and joint elements. Thederidesign follows a building block
approach [11] in which material properties obtaifiesin coupon testing are used to
design each individual component (beam and dedach of these components is
individually tested prior to being tested as aneaddy. To date the bridge deck
system has been developed and extensively testadrbthe lab as well as the field.
The beam and joint components are currently undmreldpment and are not
considered in this dissertation.

The main focus of this dissertation is dedicatethe fabrication effort (Part I).
The focus is to further develop the VARTM procdssotigh better understanding of
preform material properties which influence resiowf and to develop improved
simulation tools for simulating the VARTM procesbrom Figure 1-5 it is seen that
the success of the VARTM process is dependent gsla@ng an infusion strategy
which will produce quality parts. To reduce thedheand expense of trial and error
experiments to determine the optimal infusion etygt this research presents a
simulation model to accurately simulate the VARTMogess as well as the

characterization of preform materials to be useftbiw modeling.



11

In accordance with the diagram shown in Figuretthebdissertation is divided
into two main topics. The first topic addressee #nhancement of the VARTM
process through characterization of resin and prefmaterials and the development
of a model to simulate both the resin filling amdin bleeding stages of the VARTM
process. The second part of the dissertationdgcdid to the structural design and
testing of the deck component of the bridge whilslo gderves as short-span bridging

for spanning gaps up to 4 m in length.

1.3 DISSERTATION OUTLINE

Part | of the dissertation is covered by chaptrhrough 7 and addresses
improved simulation tools for the VARTM process luding characterization of
preform materials to be used in simulation. A tdiescription of the contents of each
chapter is presented.

Chapter 2 presents a literature review of the lbgveent of the VARTM
process including a description of the many vasradiof the VARTM process which
are currently in use. A discussion of preform mateproperties which affect resin
flow are presented along with methods for measutingge properties is presented.
An overview of the methods for simulating resinwildhrough porous materials is
presented along with current methods for simulatimegVARTM process is presented.
The chapter finishes with a discussion of the nmagearch objectives of Part | of the

dissertation.
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Chapter 3 introduces the general equations usesimalate the VARTM
process as well as an explanation of the finitaneld/control volume (FE/CV)
method which is used to track the resin flow frdating the VARTM process. The
proposed model accounts for the changing preforroysovolume due to compaction
and relaxation of the preform allowing the bleedpise of the VARTM process to
be simulated in addition to the infusion.

Chapter 4 describes an alternative method for ungasthe permeability and
compaction characteristics of fiber preforms. Ewperimental procedure is outlined
along with development of permeability and compactconstitutive models which
are used in simulations.

Chapter 5 presents the validation of the develoff@a simulation model
through experimental studies. The validation expents consider resin filling and
resin bleeding for three different laminates witfiedent lay-ups as well as the use of
resin distribution layers.

Chapter 6 presents the case study of the infusfi@mbeam section used in the
composite modular bridge. The study utilizes thevealoped simulation tool to
develop an infusion strategy for fabricating thareusing the VARTM process.

Chapter 7 summarizes the conclusions of the VARE&learch considered in
Part | of the dissertation.

Part Il is covered by chapters 8 through 11 awtudes the design and testing
of the composite deck/short-span bridge develogepaat of the composite modular

bridge research.
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Chapter 8 describes the current mobile bridgingtesys used by the US
Military and presents the composite modular bridgsystem considered in this
research.

Chapter 9 describes the development and testisg\adral different structural
core materials which were considered for the comgodeck/short-span bridge
system.

Chapter 10 presents the development of the demkit/shan bridging system.
A list of performance, as provided by the US Armg, reviewed along with a
description of the design and fabrication of thekdleridge. Laboratory proof testing
of the system is presented along with extensiud festing including an investigation
of impact factors due to various military vehiclas different crossing speeds and
approach conditions.

Chapter 11 provides a summary of the conclusiorsved from the

development of the short-span bridge system.
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CHAPTER 2

BACKGROUND AND OBJECTIVES

In recent years the Vacuum Assisted Resin Trankfelding (VARTM)
process has become recognized as a low-cost mamurigcalternative for large Fiber
Reinforced Polymer (FRP) composite structures foil,cmilitary, and aerospace
applications. The success of the VARTM processftlete wet-out) is very sensitive
to the resin injection strategy used and the prggacement of flow distribution
materials and inlet and vacuum ports. Predictirgtime required for infusing a part
with resin, and bleeding excess resin at the erdliofy is critical to ensure that the
part will become completely impregnated during fitleng phase and desired part
fiber volume fractions are achieved through redeetling prior to the resin gelling
(initiation of cure). In order to eliminate costlyial and error experiments to
determine the optimal infusion strategy, numerisghulation codes have been
developed. The usefulness of these models is depewn the accuracy of the input
parameters such as the permeability of the fibefopm and viscosity of the resin.
This chapter presents a historical review of theettigment of the VARTM process
as well as a literature review of previous resedoclised on simulating the VARTM
process and methods for characterizing prefom madger Finally, the research
objectives in relationship to simulating the VARTIgrocess and experimental

methods for characterizing preform materials atéasth.

15
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2.1 HISTORICAL DEVELOPMENT OF THE VARTM PROCESS

Williams, Summerscales, and Gove [12] presentelistoric overview of
Resin Injection under Flexible Tooling (RIFT) in iwh they describe the development
of the VARTM process. The VARTM process, sometimeferred to as the Vacuum
Infusion Process (VIP) or Resin Infusion under H&x Tooling (RIFT), was first
introduced in 1950 and was referred to as the Marethod [13]. The Marco method,
developed for manufacturing boat hulls, consistethying up dry reinforcing fabric
over a rigid male mold and then placing a semi#fllexfemale tool over the surface.
Resin was placed in a trough around the perimdtdreomold which was then drawn
into the preform by application of vacuum pressiaréhe mold cavity. The method
was not widely used due to the preference of weidan the boat building industry.

An illustration of the Marco method is shown in g 2-1.

Vacuum port Upper mold

Vacuum pump

Preform

Resin trough

A W e W AW A A

Figure2-1 lllustration of the Marco method.
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In 1972 a method for producing FRP auto componeats patented by Group
Lotus Car Ltd [14]. The process consisted of a@tbmold composed of two halves.
Dry reinforcing fabric was placed into the mold lwia measured amount of resin
poured on the fiber preform after which the moldsvgaaled. Vacuum pressure was
applied to the mold to evacuate the air and draawlo halves of the mold together to
provide consolidation and diffusion of the resirthin the mold.

In 1978, as a response to the introduction of Hlealth and Safety Act to
reduce styrene emissions, Gotch [15] followed alamapproach to the Lotus Group,
replacing one half of the rigid mold with a sili@nubber bagging material. Again a
measured amount of resin was poured onto the pnefarrface followed by the
placement and sealing of the silicone vacuum bgay afhich vacuum pressure was
applied to consolidate the laminate and draw ogesx air. Gotch reported that the
quality of molded parts was higher than that aakge¥or wet lay-up with better
consistency due to the removal of the operator mempee required for wet lay-up.
Later in 1980 [16] and 1985 [17] Gotch revisitec throcess using the silicone
vacuum bag but now used vacuum pressure to drawethe into the dry preform
from a resin supply rather than pouring the resmioothe dry preform prior to
placement of the vacuum bag.

In 1990 Seemann patented the Seemann Composita Réssion Molding
Process (SCRIMP) [18] which is currently widely dsan manufacturing large
composite structures. The SCRIMP process is anvaof the VARTM process which
uses a highly permeable resin distribution mestclwvis placed on the surface of the

laminate preform allowing the resin to quickly flaeross the surface of the laminate
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and then permeate through the thickness (see Fiy@)e Full vacuum pressure is
applied at the outlet with the inlet hose closa&tthen the mold cavity is under full
vacuum the inlet hose is opened and resin is atoteeflow into the dry preform
under atmospheric pressure. The resin distributi@sh is stopped just short of the
vacuum outlet to prevent resin from flowing dirgathto the outlet and allowing the
preform to become completely wetted through thektess. At the end of filling
(resin reaches the outlet) the inlet line is clachprd excess resin is allowed to bleed
from the preform as the resin pressure reachedilegun. By placing a layer of peel
ply or release fabric between the laminate and rég®n distribution mesh, the
distribution mesh may be removed from the finak paltowing cure. Drawbacks of
the SCRIMP process are the increase in waste ralst€fiow distribution mesh and
peel ply) and print through of the distribution memnto the surface of the finished
part. To overcome this, Seemann developed reusagging systems which have a
resin distribution network printed into the surfafe¢he bag eliminating the need for a
resin distribution layer [19]. The introduction tife SCRIMP process has greatly

increased the use of the VARTM process over theagears.
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Vacuum Bag
Sealant tape

Flow distribution mesh

Resin inlet Outlet (vacuum)
Preform

Resin supply Vacuum pump Resin trap

Figure2-2 lllustration of the Seemann Composite Resinclipg Molding Process
(SCRIMP).

One of the unique features of the VARTM processdmparison to processes
which use a two sided rigid mold, such as the RTidcess, is the ability of the
preform to compact or relax under the flexible baggnaterial as the pressure within
the mold changes. During the SCRIMP process, poidhe inlet hose being opened,
the preform is under full vacuum pressure and thefopm is fully compacted
(minimum thickness). When the inlet hose is opethedesin coming into the mold is
near atmospheric pressure which results in theprefelaxing (thickness increase) as
the flow front progresses. Thus at the end ahfilithere is a pressure gradient from
the inlet to the outlet leading to a gradient ie thart thickness and fiber volume
fraction. By closing the inlet at the end of filj, excess resin is allowed to escape
through the outlet as the preform compacts andspresequilibrium is reached.
However, depending on the infusion strategy usedtithe required to bleed excess
resin could be very long, potentially resulting the resin curing before full

compaction is achieved. To reduce the time tocbteeess resin and achieve uniform
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preform compaction Rigas and Thomas [20] receivpdtant in 2006 for the concept
of applying vacuum pressure at the resin inlehateénd of filling to remove excess
resin. At the end of filling the inlet hose isaatihed to a resin trap with a vacuum
pump such that excess resin is removed through thethinlet and outlet allowing
preform compaction to be achieved more quickly Itesy in parts which have a
uniform laminate thickness.

Woods, Modin, Hawkins, and Hanks [21] received aept in 2008 for a
process entitled “Controlled Atmospheric PressuesiRR Infusion” (CAPRI) which is
used by Boeing to manufacture aerospace parts. pfbeess follows the same
procedure as the SCRIMP process with the exceptianthe resin is not injected at
atmospheric pressure. Prior to introducing thenrggo the mold a vacuum pump is
used to compact the preform fibers through sewsreks of applied vacuum pressure
to increase the final fiber volume fraction. Tointain the fiber compaction during
the infusion process a vacuum line is attachedhéorésin supply container such that
vacuum pressure can be applied independently htthetinlet and outlet (see Figure
2-3). As an example, while full vacuum (0 kPa)ajplied at the outlet only half
vacuum (50 kPa) is applied at the inlet to mainfdiar compaction. By maintaining
moderate vacuum pressure at the inlet, the congmaofi the fiber preform is able to
be maintained throughout the infusion. One ofdisadvantages of applying vacuum
pressure to the inlet is the reduced pressure ggragrovided to drive the resin into

the dry preform leading to longer processing times.
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Vacuum Bag
Sealant tape
Flow distribution mesh

Resin inlet Outlet (vacuum)
S Preform \ /—/
¥ X

Resin supply Vacuum pump Vacuum pump Resin trap
Figure2-3 lllustration of the Controlled Atmospheric PressiResin Infusion
(CAPRI) process.

In an effort to improve the quality (increasedefibvolume fraction and
reduced void content) of parts the Vacuum-Assigtaxtess (VAP) was developed by
Filsinger, Lorenz, Stadler, and Utecht and patebe&ADS Deutschland [22]. The
process uses a gas-permeable membrane to allowniéorm vacuum pressure
distribution and provides continuous degassing e tesin during the infusion
process. An illustration of the process is showrFigure 2-4. Like the SCRIMP
process, a flow distribution layer is placed on ebphe fiber preform to assist with the
flow of resin. Following the placement of the flaistribution layer the assembly is
sealed under a gas-permeable membrane. A brezdditiedayer is then placed on top
of the membrane with the outlet (vacuum) hose wisatovered with a final vacuum
bag layer which is sealed around the entire assenildhe breather layer allows even
vacuum pressure to be applied over the entire crfaoviding uniform preform
compaction as well as continuous degassing ofdhlm rduring the infusion process.

Li, Krehl, Gillespie, Heider, Endrulat, HochreinuBham, and Dubois [23] performed
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an evaluation of the VAP process comparing it vhia SCRIMP process. During the
evaluation they compared infusion times, changeshen preform thickness after
infusion and after cure, and fiber volume fracticarsd void fractions of finished
panels. The study showed the fill time and flowgression for both the VAP and
SCRIMP processes to be very similar, however thé?\fkocess was shown to be
more robust in terms of eliminating the formationdoy spots due to the ability to
continuously remove air through the gas permeahterl At the end of filling the
VAP panel showed uniform thickness along the lemjtthe panel while the SCRIMP
panel showed a thickness gradient from thickehatirtlet to thinner at the outlet. At
the end of the filling stage the inlet hoses wedosed and excess resin was allowed to
bleed from the preform. At the end of bleedinghbtite VAP and SCRIMP panels
showed uniform thicknesses throughout the paneh wthe SCRIMP panel being
thinner (higher fiber volume fraction) in compamsto the VAP panel. The authors
contribute the higher thickness of the VAP panedter filling of the mold since there
is no path for bleeding excess resin at the endillofg. A second panel was
fabricated using the VAP process in which the rasipply bucket was lowered 1.3 m
below the mold to reduce the pressure at the meltlting in a higher fiber volume
fraction. Fiber volume fraction and void conteesting in accordance with ASTM
D3171-99 and ASTM D2734-99 respectively were penfed on ten samples from
each panel. Fiber volume fraction and void contesues along with standard
deviations are shown for each panel in Table Z-tom the table it is seen that the
SCRIMP panel showed a higher fiber volume fractioncomparison to the VAP

process, however due to the ability of the VAP psscto continue to degas the resin
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throughout the process the VAP panels showed cerabtl lower void content.
Short beam shear testing (ASTM D2344) of the pasietsved the VAP and SCRIMP
panels to have similar strengths with the VAP pdmeehg slightly higher with a lower

coefficient of variation.

Sealant tape Vacuum Bag
Flow distribution mesh Breather

Outlet (vacuum)

A|r permeable

%R\esin inlet membrane\

¥ | %) ’.’I'i".".“;".".";".".“;'.".";".".";".“.";"."."; _.._..;._.._..;._.._..;._.._..;._.._..;._.._..; ..............
Preform
Mold
Resin supply Vacuum pump
Figure2-4 lllustration of the Vacuum Assisted Process (VAP).

Table2-1 Fiber Volume Fraction and Void Content

Fiber Volume fraction (%) Void Content (%)
Process Standard Deviation (%) Standard Deviation (%)
VAP 50.9/0.5 0.37/0.3
VAP 0w 54.0/0.3 0.6/0.3
SCRIMP 56.0/1.0 1.64/1.2

Many of the VARTM processes described incorporasn distribution or
breather layers which become saturated with reanng the infusion process and

become waste at the end of processing. In antdfforeduce waste, Walsh (U.S.
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Army Research Laboratory) [24] developed a proass received a patent for an
“Apparatus and Method for Selectively Distributimend Controlling a means for
Impregnation of fibrous articles”. The process h@some known as FASTRAC
which refers to Fast Remotely Actuated Channels. illstration of the FASTRAC
process is presented in Figure 2-5. The basiceminaf the FASTRAC method is
similar to the other VARTM processes described wilte exception that a flow
distribution layer is not employed. For FASTRAG threform is laid on a rigid mold
with inlet and outlet lines which are covered aadled by a primary vacuum bag. On
the surface of the primary vacuum bag a resinidigion tool (FASTRAC layer) is
placed. The FASTRAC layer has a network of chanfemed into the surface which
is in contact with the primary vacuum bag. A set@acuum bag is then placed and
sealed over the entire assembly. Vacuum pressuapglied to the preform through
the outlet and a second vacuum is applied to th8THBAC layer. By applying a
slightly higher vacuum pressure to the FASTRAC taye primary bag is lifted up
into the channels of the FASTRAC layer creatingsirr distribution network across
the surface of the preform. At this point resimliswed to flow through the channels
across the surface and then penetrate throughhitienéss of the preform. At the end
of filling the vacuum pressure applied to the FARIRIayer is released allowing the
primary bag to pull back down to the surface of pheform and compact the preform
as excess resin bleeds through the outlet. Byraling the vacuum pressure
differential between the preform and the FASTRAG@elathe rate of infusion can be
controlled. The primary advantage of this meth®the reduction in waste materials

since there is no distribution layer which becomeaturated with resin. Allende,
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Mohan, and Walsh [25] performed a set of experisiémtcompare the fill time of the
FASTRAC process with the SCRIMP process. The stmhgidered the infusion of a
panel 55.9 cm long and 41.1 cm wide consistingMfayers of 24 oz. weaved fiber
glass. The infusion was performed on a glass reotdh that the flow front could be
tracked on both the top and bottom surfaces ofpteel. The experimental results
showed the FASTRAC infusion time to be about 17%hef infusion time for the

SCRIMP process. The authors also point out thattduthe low resistance to flow
through the open channels created by the FASTRAEX Jaesins with lower viscosity

which would not be considered for conventional VAR Pprocesses could be used in

the FASTRAC process.

FASTRAC
vacuum control

Vacuum pump
Sealant tape Vacuum Bag

FASTRAC resin
distribution tool\

Resin inlet Outlet (vacuum)

Preform Mold

Resin supply Vacuum pump Resin trap

Figure2-5 lllustration of the Fast Remotely Actuated Chasn@FASTRAC)
process.



26

2.2 SSMULATION

There have been several variations of the VARTMcess developed for
fabricating composite structures. The successaoh ef these processes (complete
wet-out) is very sensitive to the resin injectiatwiork used and the proper placement
of inlet ports, resin distribution materials, angcuum ports. In order to eliminate
costly trial and error experiments to determinedpgmal infusion strategy, numerical
simulation models have been developed. In gentleeake simulation models are based
on the flow of an incompressible viscous fluid tgb a fibrous preform which is

modeled using Darcy’s Law [26] expressed as

q:-%vp, (2.1)

where,q is the superficial resin velocit)[zc] is the preform permeability tensqy, is

the resin viscosity, and is the pressure. The usefulness of these magldispendent
on the accuracy of the input parameters such apedimaeability of the fiber preform
and viscosity of the resin. The intent of the rardar of this chapter is to provide an
overview of the current flow modeling methods beimsed in literature as well as
methods for characterizing preform materials fonidation and finally establishing
the objectives of the current research. Additiatethils of the flow simulation model
considered in this research as well as methodsharacterizing preform materials are

presented in Chapter 3 and Chapter 4 respectively.
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2.2.1 RTM Simulation

Most current VARTM technologies are variants af RTM process. As such,
most models for simulating the VARTM process hawveerged from simulation
models developed for the RTM process. Therefoeerdiview of flow simulation for
VARTM begins with a review of simulation models eé&ped for the RTM process.

Based on conservation of mass Dave [27] presentiédhdied Approach to
Modeling Resin Flow During Composite Processingialihwith the correct boundary
conditions can be modified to describe a variety coimposite manufacturing

processes. The model is based on the followingnaggons:

1. There exists continuity for both the resin phas# @nphase at all times.
2. Resistance to flow due to air is negligible.

3. The individual fibers are incompressible.

4. The resin flow through a porous material obeys Parcaw.

5. The process is quasi-static.

6. Body forces such as self weight are negligible.

The unified model is expressed as

o(pyp)

P q-V(dyp) +(dwp)V-q=0, (2.2)
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where ¢ is the porositys is the degree of saturation or also known asithiaétor,
p is the resin density,is time, andj is the superficial velocity given by Darcy’s Law

(2.1). For the RTM process the mold thicknessxisdf such that the porosity remains
constant throughout the process. By making otbgicdl assumptions, such as the
resin is incompressible (constant density) andpieform behind the flow front is

completely saturated, the governing equation ferRA'M process reduces to

Veq=0. (2.3)

It has been shown by others [28] that for some riaeai fiber architectures complete
saturation behind the flow front may not be a vadissumption and the partial
derivative of saturation with respect to time oa kft hand side of Eq. (2.2) should be
considered. However for many materials the RTMcpss is adequately described by
Eq. (2.3).

To solve the governing differential equation (2&)variety of numerical
techniques have been used including finite diffeegj29, 30], boundary element [31],
and finite element methods [32-45]. Of the findlement methods considered the
Finite Element/Control Volume (FE/CV) is the mostialy used.

In the FE/CV approach [32, 33] the mold geomesryléscretized into finite
elements over which the pressure distribution magdlved using the finite element
method. The finite elements are further dividei ismaller sub volumes such that a
control volume is constructed around each node. illustration of the control

volumes associated with each node is given in Eiggi6. Each node (control
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volume) is assigned a fill facton/() representing the degree of saturation of the

control volume, where the fill factor is defined tae ratio of the volume of fluid in
the control volume to the total volume of the cohtrolume. The fill factor takes on
values from 0 to 1, where O signifies an empty minvolume and a value of 1
represents a completely filled control volume. Tiewv front is represented by
partially filled control volumes having a fill faat value between 0 and 1. Based on
prescribed boundary conditions (flow rate or pressthe flow rate at each unfilled
control volume at the flow front is calculated frdbarcy’'s Law. The shortest time to
fill one control volume is determined and the flint is advanced to completely fill
the control volume after which the time step isatbed. Following the advancement
of the flow front, the boundary conditions are nimdi to include the newly filled
control volume and the pressure is once again ddiveeach node where the control
volume is completely filled =1). This process is repeated until all of the calntr
volumes are filled or until the resin has gelled dlow is terminated. A flow chart

illustrating the numerical procedure is given iguie 2-7.

Figure2-6 lllustration of a finite element mesh showing nedelements, and
control volumes.
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1. Establish boundary conditions.

2. Calculate resin flow for each
control volume at the flow front.

3. Determine time to fill one contral
volume and advance the flow fron

4. Update fill factors and
corresponding boundary condition

1Y

5. Compute new pressure fighd
using the finite element methodl.

Resin gelled?

Mold filled?

Figure2-7  Flow chart of the Finite Element/Control Volumeeedure for
simulating the resin filling process.

Based on the continuity expression given in Eg3)(Several authors [34-40]
have used the FE/CV method to simulate the RTM gm®cfor two and three-
dimensional anisotropic performs. Typically in tR&M process the thickness of the
preform is very thin in comparison to the in-pladenensions and the through

thickness flow is neglected. In two dimensionsdyar Law is described by
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) 1|Ka Ky (aP/ax), (2.2)
a, Uk, Ky |\OPlOy

where «,, is the permeability in the direction, «,, is the permeability in theg
direction, x,, is coupling of the permeability in the andy directions, g, is the
superficial velocity in thex direction, andq, is the superficial velocity in thg

direction.
In general the preform is composed of severalriayath each layer having a
different principle permeability value and directio For two-dimensional analysis it

has been proposed [34] that an equivalent averpgedeability be used to represent

such laminates. The equivalent permeabili?yXis expressed by
- 13 |
K =—> hxj (2.5)
H 1=0

wherezc_ij Is the equivalent permeability tenséft,is the laminate thicknesh,is the

individual lamina thicknesses and the subsdriptthe lamina number.
Applying continuity (2.3) to the two-dimensiona{pression for Darcy’s Law

leads to
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The Galerkin finite element method is applied usingar shape functions leading to a

system of linear equations which can be expresged b
[K]{P}={b}. 2.7)

wereK represents the permeability “stiffness” matrix dnid the boundary condition
based on a prescribed pressure or flow rate. dhadary conditions consist of a zero
pressure condition at the flow front with a prelsed injection pressure or flow rate at
the inlet.

Bruscke and Advani [34] at the University of Bwhre presented a two-
dimensional flow model based on the described FEfZ&tedure to simulate the
RTM process under isothermal conditions using a neactive resin. The developed
code is referred to as LIMS (Liquid Injection Maidi Simulation) [35]. A set of four
experiments were conducted to validate the resoftghe simulation. A flat
rectangular mold having dimensions of 46 cm x 46vath a gap height of 5.5 mm
was used. A glass top plate was used to seal the sach that the flow front could
visually be monitored during the injection procesé Newtonian fluid (oil) was
injected at the center of the mold under constaedéqure. Four different experiments
were performed to validate the simulation code ackieve better understanding of

the physics of the process. The first experimesgdua preform of uni-directional
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layers oriented in different directions (f045/90/0/904 45/0]) to study the effects of
the ply orientations on the flow field. An equigat permeability based on Eq. (2.5)
was used in the simulation. The second experimsed a random glass mat preform
with an impermeable circular insert to study thiduence of the geometric complexity
on the flow field. In the third experiment the famen consisted of two separate pieces
of uni-directional material put together side bglesi The line where the two layers
meet is refered to as the cutline. The permeghdliong the interface of the two
pieces is different from the bulk permeability cice mat. The purpose of the
experiments was to study the effects of local pabtiey non homogeneity on the
flow field. The last experiment used random mats imold with two different gap
heights to study the effects of preform compacwvonthe flow field. In general the
simulations were in good agreement with the expemta results. For the third
experiment with the cut line it was observed thatftow along the direction of the cut
line was faster than predicted by the simulatioggesting that the permeability was
higher than predicted along the cut line. In & kexperiment the flow in the area of
the reduced mold height was much faster than thalation.

Young, Han, Fong, Lee and Liou [36] at Ohio Stdtaversity developed a
simulation code using the FE/CV method to investigavo and three-dimensional
flow for the RTM process. The authors considebedlibfusion of a rectangular mold
(20.32 cm x 80.01 cm) under isothermal conditiossm@ a non reactive fluid (oil).
Two sets of experiments were preformed using a amaibn of random fiber mats
and stitched bi-directional mats which were usedatidate numerical simulations.

The first experiment considered three differenaiagements of fiber mats. For the
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first case, six layers of random fiber mat filléx tentire mold having a mold thickness
of 0.58 cm. In the second case four layers of samdiber mat were placed in the
mold with two more layers of random fiber mat beiagded in two smaller

rectangular areas creating areas of local loweogtyr and permeability leading to a
mold thickness of 0.50 cm. In case three, fouelayf random mat and six layers of
bi-directional mat were placed side by side hasanmold thickness of 0.47 cm. For
each case the resin was injected at the centéreahbld at a constant flow rate. For
cases one and three, two runs were conducted eteame fiber mat configurations.
For one run a 2.5 cm hole was cut through the fibats such that there was no
resistance to flow through the thickness and tlmav flcan be treated as two-
dimensional. For the second run there was no podeided resulting in a three-

dimensional flow pattern. For the second set geexments 12 layers of random fiber
mat (R) and 8 layers of bi-directional mat (B) weised to study the effects of two
different stacking sequences,s[Bs/Rs] and [BJ/R12/B4], which were each 1.5 cm

thick. All experiments were performed using clearylic sheets such that the flow
front on the top and bottom surfaces could be ofesker For the first case of the first
set of experiments, the predicted flow field andssure correlated with experimental
measurements with and without the hole througHitie mat. The two-dimensional

and three-dimensional models gave similar resuitgssting that the pressure drop
through the thickness of the random fiber mat waggnificant. For the second case it
was observed that the flow front slowed as it pdigbeough the areas of local low
permeability created by the additional layers dfefi mat. The experimental

measurements and simulation showed good agreemiéot. the third case it was
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observed that resin flow was slower through thelitgctional fabric which has a

lower permeability than the random fiber mat. Agaimulation predictions showed

good agreement with experimental results. Forsémnd set of experiments it was
observed that the stacking sequence had signifeti@atts on the flow progression.

For the mat in which the bi-directional layers werethe top and bottom surfaces the
flow front on the two surfaces was very similar asftbwed good agreement with
three-dimensional simulations, however for the o#tacking sequence in which the
random fiber mats were on the top and bottom sasfabe flow front on the bottom

surface significantly lagged the flow front on tio@ surface. It was concluded that an
average permeability through the thickness wasadetjuate to capture the effects of
the stacking sequence.

Young, Rupel, Han, and Lee [37] used the modeklbped at Ohio State
University [36] to demonstrate the simulation ofrgdex geometries. In the study
they demonstrate the two-dimensional filling of amomotive hood with multiple
injection points. The model showed areas in whlolv fronts merged indicating
locations where vents should be placed to remogessxair from the mold cavity.

Calhoun, Yalvac, Wetters, Wu, Wang, Tsai, and [ conducted RTM
experiments at Dow Chemical to validate the simoaimodel developed at Ohio
State University [36]. The experiments were coneldicindependent of the flow
simulations to remove any bias. Isothermal fillioiga rectangular mold measuring
33.02 cm by 45.72 cm by either 0.28 cm or 0.56 omeither 7 plies or 14 plies of
fiber mat respectively was conducting using twdedédnt injection strategies. The

first injection was one-dimensional using a lingeation at one edge and line venting
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at the opposite edge. The second injection styates two-dimensional with flow
converging from the mold edges with a vent at theter of the mold. It was found
that mold filling times could be predicted withim éxperimental error but the pressure
field required scaling to match experimental datawas also noted that the model
was extremely sensitive to the preform porosity pedneability values used in the
simulation. By increasing the edge permeability 180 times the bulk preform,
permeability to represent the increased permegbidit the mold edges, the
experimental pressures could be closely predit¢texigh simulation.

Koorevaar [39] presented RTM-Worx, a commerciallyailble flow
simulation code based on the FE/CV method. Koaewhowed that rather than
determining the flow into each control volume usifarcy’s Law and then
determining the flow rate through each face of ¢batrol volume one can simply
multiply the permeability (stiffness) matrix by th@essure field to calculate the
residual flow at each node. A comparison of theusation predictions with analytical
one and two-dimensional solutions showed convergémthe exact solution.

Recognizing the need for three-dimensional sinmutadnd considerations of
nonisothermal effects and resin kinetics Young [4Q] National Cheng-Kung
University in Taiwan developed a three-dimensiorgimulation model for
nonisothermal mold filling for the RTM process. eltmodel utilizes the same FE/CV
method used by previous authors introducing heatster as well as resin reaction
through the appropriate choice of resin kinetic amgtosity models. Numerical
simulations were performed to demonstrate the mddel complicated three-

dimensional parts, however the model was not veddiay experiments.
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Trochu, Gauvin, Gao, and Boudreault [41, 42] abl&cPolytechnique,
Montreal, Canada, developed an RTM simulation acirg the FE/CV method with
nonconforming finite elements. The simulation cleeferred to as RTMFLOT [41,
42]. The RTMFLOT simulation code follows the sarR&/CV procedure for
advancing the flow front as previously describedhwihe exception that it is not
required to define control volumes around each nod@n illustration of a

nonconforming triangular element with interpolatingctionW s seen in Figure 2-8.

Figure2-8 Illustration of a nonconforming linear triangiEement.

Using the nonconforming element allows the elemesaif to represent the control
volume and the secondary work of formulating cdnb@umes around each node is
not necessary. A comparison between experimeegalts and numerical simulations
using RTMFLOT showed good agreement.

Mohan, Ngo, Tamma [43, 44, 45], and Shires [45Fkenéed an implicit “Pure
Finite-Element Based Methodology for Resin Tran$fetd Filling Simulations.” In

this formulation the mass balance is described by
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v _ v{fvp} (2.8)
ot 7

where the time derivative of the fill factor is givexplicitly as

n+l n

oy _y v (2.9)
ot At

wheren is the time step. Based on this formulation araiive method is used at each
time step until convergence is reached for thddidtor. The significant advantage of
this method highlighted by the authors is that ftmv front progression is
independent of the time step as opposed to théalion of the FE/CV where the time
step is limited to the filling of a single contradlume. However the authors do point
out that the pressure solution is dependent otirtiee step size. The authors went on
to expand the method to three dimensional perfanasdid a comparison between the
implicit pure finite element method and the expliEE/CV method showing good
agreement [44, 45].

The previous models considered have all treatedfltdw of resin through a
fibrous preform as saturated flow of a Newtoniandlthrough a single scale porous
medium. It has been shown by Pillai and Advani] [B&at this assumption of
saturated flow through a single scale porous mednay break down for the case of
woven and stitched fiber mats which exhibit chaastics of a dual scale porous

medium. A two layer model which considers intertand intra-tow flow was
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developed with these flows being coupled by a samkn which accounts for the loss
of resin due to unsaturated control volumes beliredflow front. The model was
demonstrated for a simple one-dimensional caseer Rillai and Advani [46] adapted
a pre-existing FE/CV code (LIMS) to model flow irowen fiber mats considering the
dual scale inter-tow and intra-tow flow enablingeadiw simulate unsaturated flow in
complex geometries representative of the RTM @m®ceSimilar to previous models,
this model is based on Darcy’s Law and mass coaserv (continuity). However,
where previous models have considered completeasiatn behind the flow front
leading to Eg. 2.3, the assumption of unsaturdtaa feads to the addition of a sink
term ) to describe the loss of resin behind the flowmfras resin penetrates the intra-

tow fibers. Thus the governing equation is exprdsss

Veq=S, (2.10)

where the sink termy is a function of pressure. Because the sink isrenfunction
of pressure, at each time step an iterative schemged until pressure convergence is
reached before advancing the flow front and gomtipé next time step.

In summary the Finite Element/Control Volume metkath Darcy’s Law has

been used extensively to simulate the RTM process.
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2.2.2 VARTM Simulation

VARTM differs from RTM in several aspects which ridse considered
during simulation. Unlike the RTM process, the chohvity thickness during the
VARTM process is not fixed and the preform thickmesries as a function of
pressure and flow front progression. Furthermbee relationship between preform
thickness and compaction pressure is material dkgperwhere the transient nature of
the preform thickness affects other dependent maaf@operties such as fiber volume
fraction and permeability. The compaction or raléon of the preform also leads to a
decrease or increase in porous volume which musbhbsidered if one is to simulate
resin bleeding for the VARTM process which has ordgently been considered in
literature [64]. A review of current techniques famulating the VARTM process is
presented.

To address the transient thickness during the VARJIrbtess Kempner [47]
presented a unified model to describe mass and mioimebalance between the resin

and the fibers. The model is given as

oV
i_f +ivvf .uf :v.q' (211)
v, ot v,

where V, is the fiber volume fractiony’ is the actual fiber velocity, anglis the

superficial velocity described by Darcy’s Law. Theodel accounts for the time

dependence of the fiber volume fraction (changiopwme) which may be important
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for accurately simulating the filling stage of tl&RTM process and is essential in
simulating the resin bleeding stage.

Using Kempner’s unified model, Kang, Lee, and H§8] developed a two-
dimensional model to simulate the Vacuum Bag Rd&sansfer Molding (VBRTM)
process. This process is a variant of the VARTRBEpsS in which no flow enhancing
layers are used. An illustration of the VBRTM pees showing the cross section of
the preform is given in Figure 2-9. Because a fthsgtribution layer is not used it is
assumed that the pressure and fiber volume fraetierconstant through the thickness
of the preform. In addition the model assumes/#ecity of the fibers in the plane of

the laminate can be neglected such that

oV
uxf=uf=@=—f~0 (2.12)
Y o0z oz
Based on these assumptions Eq. (2.11) is simpliéied
oV
AN flxlgp , (2.13)
V, ot U

where Darcy’s Law has been introduced. The rigamdhside of Eqg. (2.13) is
descretized using the finite element method andleftehand side is descretized

explicitly as
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V n _Vn—l
S (R (2.14)
VLA

wheren represents the current time step ardrepresents the previous time step. An
iterative approach is used at each time step goptivergence of the fiber volume
fraction and pressure field is achieved. Constiéumodels relating the fiber volume
fraction to compaction pressure and the permewhidit fiber volume fraction are
introduced to update the fiber volume fraction aedmneability at each time step. The
FE/CV method previously described is used to adwahe flow front. The authors
presented numerical simulations demonstrating tloelein but did not make any

comparisons with experimental results.

Vacuum bag

Flow front

/

Preform
thickness

Mold Preform

Figure2-9 lllustration of the VBRTM process showing the selion of the
preform.
Joubaud, Achim, and Trochu [49] arrived at the sagoeerning equation
derived by Kempner but expressed the fiber voluraetibn in terms of the laminate

height leading to
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18_h=v(mvp} (2.15)

where h is the height of the preform. The mass conseymagquation is then

expressed as

hnl_l ( " _Athn_lj - v(%vp} . (2.16)
The authors compared flow front progression andopme thickness predictions with
experimental results from the infusion of an irdagly shaped preform. The preform
consisted of a Rovicore fiber glass mat for whiatrnpeability and compaction
measurements were performed to provide the app@tepricompaction and
permeability constitutive models for the simulatiomhe flow front progression and
preform thickness predictions showed good agreemvéghtexperimental results. No
pressure data was recorded to assess the caphdity model to accurately predict
pressures. The authors note that the key issuebtaining good results is to provide
accurate constitutive models for both the permdgbés well as compaction
characteristics of the preform. The authors alsi® that the approach is limited by
the assumption that no flow occurs through thektiess of the preform.

A one-dimensional analytical solution for the VARTprocess was developed

by Correia, Robitaille, Long, Rudd, Simacek, andv&d [50] and compared with
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simulation results using LIMS [35]. For the onemdnsional case the LIMS

simulation showed good agreement with analyticalilts. Again it was assumed that
no flow through the thickness of the preform wasspnt and only in-plane flow was
considered. The simulation model was not compavédd experimental results.

Based on the same assumption that through thickimssis negligible, other one-

dimensional analytical solutions have been develdpestudy the VARTM process
[51, 52].

Walsh and Freese [53] developed a simulation igdenfor the VARTM
process based on the pure finite element approachlaped by Mohan, Ngo, and
Tamma [43, 44] for simulating the RTM process. dugh the implementation of
compaction and permeability constitutive models #waulation accounts for the
transient thickness nature of the VARTM process.ikelLthe previous models
described, through thickness flow was neglected anty in-plane flow was
considered. A comparison of simulation predicti@mgl analytical results showed
good agreement, however no comparisons were madid wkperimental
measurements. The authors suggest that future isonked to validate the model
with experimental results and to extend the modehtlude through thickness flow
such that the use of flow distribution layers maycbnsidered.

The VARTM simulation work which has been reviewedscribes two
dimensional models in which the pressure and fisdume fraction are assumed
constant through the thickness. For thick lamimatéh flow distribution layers the
constant pressure and fiber volume fraction throtigh thickness are not valid

assumptions and a three-dimensional model is reduiSong [54] and others [55, 56,
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57] have implemented compaction and permeabilitystitutive models for selected
materials into an existing three-dimensional FE/GWhulation package entitled
3DINFIL [58, 59]. The model handles full three-dinsional flow as well as
incorporating resin kinetics (temperature and degrfecure). The model is based on
the governing equation for the RTM process giverEly 2.3 where the sink/source
terms are not considered. At each time step thaguility is updated in accordance
with a permeability constitutive model and a conjmec model is only used for
predicting the fiber volume fraction of the preforrf8ong [54] compared experimental
flow front progression experiments with simulati@sults to validate the model. Two
experiments consisted of rectangular preforms stingi of SAERTEX fabric and a
flow distribution layer. The first panel consistefl one layer of fabric having a
thickness of 19 mm and the second panel consistddayers of material having an
initial thickness of 82 mm. A comparison of thewl front progression of each
experiment was compared with simulation predictionghe simulation predictions
showed good agreement with the experimental re$oitshe thinner preform with
much greater error being observed for the thickefgom. It was also shown that the
inlet boundary condition significantly affected thienulation results.

Hsiao, Mathur, Advani, Gillespie, and Fink [60] @éyped a closed form
solution for flow during the VARTM process with tipeesence of a high permeability
flow mesh. The formulation assumes that the fleviuily developed where the flow
is divided into to a flow front region and a satedhregion. In the saturated region it
is assumed that that there is no cross flow betweeihigh permeability layer and the

preform and in the flow front region the flow issasned to flow in the plane of the
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high permeability layer and transverse into thefgre. The results from the
analytical solution are compared with simulatioref LIMS [35]. It was found that
the solution showed the lowest error when the lagddistanced) was much greater
than the preform thicknesk)((flow dominated by high permeability flow mesh).

Other work [61, 62, 63] in simulating the VARTM me&ss has been performed
to simplify the three-dimensional flow problem to tavo-dimensional in-plane
problem. Yoon and Dolan [61] proposed a model Whieduces the three-
dimensional flow problem to a two-dimensional floproblem by developing
equivalent in-plane homogenous permeability ancbgity values which are used to
simulate the flow front progression in an averagese. The equivalent permeability
and porosity properties are obtained from the cddsem solution proposed by Hsiao,
Mathur, Advani, Gillespie, and Fink [60]. The fldnont shape can be found at any
time during the filling simulation by recreatingetfilow front profile from the closed
form solution. The flow front location and fillmies showed good agreement with
three-dimensional simulations with errors incregsfor very thick laminates and
laminates in which the through thickness permeghilas very high.

Sun, Li, and Lee [62] investigated the flow in tBERIMP process when a
flow distribution layer is used. Visual observaounder various molding conditions
showed that the in-plane flow of resin was domiddig the flow distribution layer
and that the flow front lead-lag through the thieks of the preform remained nearly
constant during the filling process. A three-disienal model was employed to
simulate the flow of resin for experiments with amithout flow distribution layers. A

parametric study was performed to investigate tifleence of the flow distribution
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layer and the preform on the total filling timehel'study showed that the filling time
was a strong function of the permeability of thenfldistribution layer and was much
less sensitive to the permeability of the prefor@imulation results in combination
with experimental measurements demonstrated tleaintiplane flow in the preform
could be neglected when the permeability of théopne is much less than that of the
flow distribution layer and the length along thewl direction is much larger than the
thickness of the part. Based on these observatlmmsauthors presented a leakage
flow model which considers the flow as two-dimemsibin the plane of the flow
distribution layer with sink terms accounting ftvetresin flow through the thickness
of the preform. The leakage flow model reduced potation time by more than 90%
while still showing good agreement with three-disienal simulation results and
experimental measurements. Similar work was peréor by Ni, Li, Sun, and Lee
[63] to address SCRIMP based on grooves.

Song and Youn [64] recently proposed a one-dim@&asionodel to simulate
the bleeding of resin for the VARTM process. Theady uses a non-rigid control
volume to formulate the governing equation for #®ieulation. The governing
equation is based on work done by Loptnikov, Sirka€illespie, and Advani [52]
where the average fluid velocity is used and net shperficial velocity which is
typically considered in literature. It should beted that the since the fluid averaged
velocity is used one must divide the permeabilgytie porosity to to obtain results
consistent with other models from literature whigne2 superficial velocity is used [52].

The governing equation is solved using the finifeecence method where the results
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are used to investigate the effects of processargrpeters and different processing

scenarios during the bleeding phase of the VARTbtess.

2.3 PREFORM CHARACTERIZATION

The success of accurately simulating the VARTM pascis dependent on the
preform compaction and permeability constitutive dels which are used in the
simulations. Although analytical models have bed#roduced such as the Kozeny-
Carman model [65, 66] for predicting permeability @ function of fiber volume
fraction and Gutowski’'s model [67, 68, 69] for piaohg fiber volume fraction as a
function of compaction pressure these properties \@ry dependent on fabric
architectures and stitching and cannot be fullycdesd by analytical models. The
best results are obtained through empirical modated on measurements using the

actual materials under consideration.

2.3.1 Permeability

In general the permeability of a fiber preform nieeyanisotropic in which the
three-dimensional permeability of the preform maydescribed as a fully populated

third order tensor given by

XX Xy Ky,

[x]=|x (2.17)

A

yX yy KYZ ’

zX zy 2z
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By determining the permeability along the princidakctions only three independent
values are required. For an orthotropic preforntemia the principle directions are

along the fibers £,,), transverse to the fibersc{,) and through the thickness of the

preform (x,,) where the principal permeability tensor is gilsn

kK, 0 O
[<]=| 0 x, O] (2.18)
0 0 &gy

where the prime indicates the principle coordinaystem. By determining the
permeability in each of the three principle diren8 the permeability in any direction
may be determined by a simple coordinate transfooma Measurement of the
principle permeability values have typically beesrfprmed by one of two methods
which are based on Darcy’s Law.

The first method for measuring permeability is tlelvancing front
permeability measurement technique in which resinnjection into a dry fiber
preform. By applying a constant pressure diffaertAP) from the inlet to flow
front the permeability is determined by the flowrit location X) as a function of time

as given by

(2.19)
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where ¢ is the preform porosity andis time. Alternatively the volumetric flow rate

(Q) can be held constant in which case the perméabdi determined from the

derivative of the pressure at the inlet with resped¢ime as given by [70]

Ko = ﬁ(%vj (2.20)
ot ¢

whereh is the height of the preform amdis the width of the preform.
The preform permeability may also be measuredguaisaturated preform in
which flow has reached steady state. For the gtstaie case the permeability is

given by [70]

o =L
hwA P

(2.21)
wherel is the length of the preform. For this case tbemeability may be measured
by either applying a constant flow rate and measutine change in pressure over the
length of the preform or by applying a constansptee differential and measuring the
volumetric flow rate. Greater detail showing theridations for the permeability
equations for both advancing flow front and steathte methods are presented in

Chapter 4.
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Based on these two methods researchers have t@@és@ermeability
measurements for a variety of performs [70-80]. e Toermeability measurement
methods were primarily developed for characterizimgterials for the RTM process
where the test setup uses a two sided rigid motdlai to that used in the RTM
process.

Based on the described measurement techniqguesakawthors [78, 79, 80]
have investigated the effects of multilayer perfernThe findings have shown that the
permeability of these performs is dependent orfahec architecture of the individual
plies as well as the stacking sequence. Matesihich are less compressible and have
significant surface undulations showed higher ¢ifec permeability values when
multiple layers were assembled. The increased e¢adoitity is due to the large
interlaminar pores created between layers. Thenmate of the increase in
permeability decreases fractionally as the ratiommtdrlaminar regions to fabric layers
approaches unity. Additional findings showed thia@ high permeability layers
greatly increase the effective permeability witke thighest effective permeabilities
occurring when the high permeability layers areveein layers of the other fabric and
not at the top or bottom of the stack.

To address the need for permeability measuremémtsdifferent fabric
architectures and fabric types, Parnas, Flynn, &ad-Favero [71] created a
permeability database through the National Ingtitot Standards and Technology
(NIST). The database consists of permeability measents for both saturated and
unsaturated flows in glass fabrics for various ifalarchitectures. From their studies

the authors have shown that permeability measurenfen unstructured performs



52

such as random fiber mats may vary by as much & 8ile permeability
measurements for structured fabrics such as weawed stitched fabrics show
measurement variations which are typically 15%essl

In order to address the need of obtaining pernligalbheasurements over a
wide range of fiber volume fractions Stadtfeld, iBger, Bickerton, and Advani [70]
have proposed a method for continually measurimmeability of fiber performs as a
function of fiber volume fraction. The method ust® saturated measurement
technique where the test fabric is place in a rigmld in which the mold height may
be adjusted to provide a range of fiber volumetioas without replacing the test

fabric. Experimental measurements using the meshowed good repeatability.

2.3.2 Compaction

The VARTM process differs from the RTM procesghat it utilizes a flexible
vacuum bag with one sided rigid tooling allowing tlaminate to compress or relax
with changing compaction pressure. Tackitt and sia[81] performed an
experimental study to investigate the formationtluitkness gradients during the
VARTM process. The study investigated the infusdda 61 cm x 61 cm plate using
both line as well as point injections. The expetal results confirmed a gradient in
the thickness of the laminate from the resin itdethe vacuum outlet with reduction
in thickness gradient when the pressure at the w#s reduced (resin supply level

position lower than mold).
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In order to better understand the compaction cbariatics of fiber performs
for predicting part thicknesses and fiber volumactions, analytical compaction
models have been developed by several authors968292]. The proposed models
are primarily based on physical mechanics whichteeCcompaction pressure to fiber
volume fraction. While the analytical models pawia relationship between
compaction pressure and fiber volume fraction, tblationship is independent of
whether the preform is undergoing compaction ocaxation. Song [54] has shown
that the constitutive relationship between fiberdunee fraction and compaction
pressure can be very different depending on whetherpreform is undergoing
compaction or relaxation. Furthermore the relaiop between compaction pressure
and fiber volume fraction is dependent on whetler preform is dry or saturated.
Much higher levels of compaction are achieved fetted fibers due to lubricating
effects [54].

Robitaille and Gauvin [89] have developed compmexciressure versus fiber
volume fraction relationships for a variety of nré&ks in which a power lay curve is
fit to experimental measurements. From the tesiwegauthors observed that as the
number of layers increases the initial fiber volufnaction is increased and the
compaction stiffness is decreased. It was alsergbd that for repeated cycles the
stiffness decreased. Although analytical models mpavide general insight into
preform compaction behavior, experimental testimgequired to fully characterize

specific fabric architectures.
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2.4 RESEARCH OBJECTIVES

Several different models for simulating the VARTMogpess have been
reviewed. However the models [48, 49, 50, 53] Whaccount for the transient nature
of the preform thickness, do not consider throughkness flow which is critical in
cases where flow distribution layers are used, @ned models [54, 62] which do
consider through thickness flow do not considertthasient nature of the thickness.
While all of the models reviewed simulate the reBiling stage of the VARTM
process, the bleeding stage, which is critical lmaming final part dimensions and
fiber volume fractions, has received little attenti Furthermore there is a shortage of
experimental results, especially pressure measuntsiehich are needed to validate
these models.

Preform compaction and permeability characteristics material dependent
requiring experimental measurements to determicarate properties. Currently the
measurement techniques being used are based diTtfieprocess in which a two-
sided rigid mold is used. Measurement proceduf@shvmore closely represent the
physics of the VARTM process need to be investdjat®ased on the identified needs
for VARTM simulation and material characterizatiaie following research

objectives were identified:

1. Development a simulation model for the VARTM prazeshich
considers the transient thickness effects coupléud twough thickness

flow.
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2. Include the capability to simulate resin bleedinghe model.

3. Development an alternative method for charactegizipreform
materials which more closely represent the physicshe VARTM

process.

4. Validate the simulation model for both filling atdeeding stages of
the VARTM process through experimental measurememksch
include flow front progression, fill time, pressumgeasurements, and

preform thickness measurements.

5. Use the developed model to investigate infusiomtegies for

components to be used in composite bridging.

Each research objective is addressed in the folpwehapters.



CHAPTER 3

MODEL DEVELOPMENT

A three-dimensional simulation model for the VARTptocess has been
developed. The model accounts for transient pebitiyaeffects as well as transient
fiber volume fraction effects for full three dimemsal flow in which the flow through
the thickness of the preform is included. The nhaxlanplemented numerically using
the finite element/control volume (FE/CV) methodiethis predominately used in the
literature and will be described in detail. By jpeoly considering the transient nature
of the fiber volume fraction, one is not only aldesimulate the filling phase of the
VARTM process but the resin bleeding stage as wasliwill be demonstrated in
Chapter 5. A presentation of the general equatioaserical implementation using
finite elements and the control volume method aesgnted followed by a discussion
on solution convergence and verification of thewation code through simple one,

two, and three-dimensional flow problems for whastalytical solutions are available.

3.1 GENERAL EQUATIONS

The flow of resin through a fibrous preform is wgily modeled as flow
through a porous media in which the resin is carsid to be a Newtonian fluid and

the resin flow is described by Darcy’s Law given by

56
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q:-%vp, (3.1)

whereq is the superficial resin velocit)[K] is the permeability tensop is the resin

viscosity, andP is the pressure. Darcy's Law for full three dirsiemal flow is

expressed in matrix form by

P
Kyx ny Ky ox
qg=——|«x,, kK, K » (3.2)
,U yX yy yz ay ! '
Kox zy K4
oP

0z

where it is seen that for the three-dimensionaé dhs permeability tensor is a fully
populated third order tensor which is diagonalizelden the coordinate system is

aligned with the principle permeability directionsThe superficial velocityq) is
related to the interstitial resin velocity'() by

g=gu, (3.3)

where ¢ is the preform porosity. The porosity is defirmd

B V0|¢ (3.4)
Vol ' '
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whereVol is the total volume anifol, is the porous volume (total volume minus the

volume of fibers). The differential equation negde model resin flow through a
fibrous preform is obtained by applying conservatiof mass [93]. In general,

conservation of mass for resin flow in the presesfdéers may be expressed by

Rate of resin Rate of fibe Rate of resinl  atR of fiber
+ = +

mass increas mass increas mass inflo S ndsw (3.5)
Rate of resin Rate of fibey’ '

mass outflo mass outflo

where the rate of change in resin and fiber mass avVixed volume is equal to the
inflow of resin and fiber mass minus the outflow mfsin and fiber mass. An
illustration of mass conservation over a fixed votuis illustrated in Figure 3-1. The
control volume is defined bywAxAyAzwhere the resin and fiber mass inflow and

outflow fluxes through each face of the volume ltewn in Figure 3-1. Based on the

mass inflow and outflow fluxes the conservatiomasfin mass is expressed by

AXAYAZ

= AW {(m 3) ~(¢e: )

+ 807 (40,4, (90, 4)
+A><Ay[(¢pr g (40, 4)

z

o
MJ , (3.6)

A zj|

o(¢e:)
ot
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VA
f
prf Uz Z+Az
a
T ¢pruz 7+AZ
(x+§Ax, YV+AY, z+A %
: V, p,u
Inflow flux through : J Py Outflow flux through
the face ay Al o | theface ay+Ay
e S S E f
Vie: uy‘y Vipily y+Ay
a f
¢pruy y prf ux XtAX | ( 3 ¢:0ru){j1 y+Ay
a X! 1)
¢'0r UX X+AX /.' ----- y— ------------------------------- _ 5 y
/ |Vf piY, )
X dpu;
Figure3-1 lllustration of a fixed volume showing the consaren of mass.

where p. is the resin density and® is the absolute resin velocity which is the

summation of the fiber velocity(() and resin interstitial velocity{) given by

ul=u"+u'. (3.7)

The conservation of fiber mass over the controlira is given by
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o\V, p; . .
AXAYAZ (atp ) —ang( Vo 4)) (Voo f)

X

)
WM} , 3.8)

zZ+A z:|

where p; is the fiber density and; is the fiber volume fraction which is related te th

+AXAZ|:(Vf,0f @)‘y‘(\m J)

+AXAY|:(VfPf Lg)z_(\/fpf Li)

porosity (@) by

V, =1-4. (3.9)

Dividing both sides of Eq. (3.6) and Eq. (3.8) hg olume AxAyAz) and taking the

limit asAx, Ay, Az— 0 leads to

0 r 0 a 0 a 0 a a
=) S (9w)- o) = vHow). (310
and E =—&(Vfux)—a—y(vf|.{,)—a—z(\/f L{)=—V-(Vf lj) (311)

respectively. Summing Eq. (3.10) and Eq. (3.119ktain the conservation of mass as

given by Eq. (3.5) leads to

N | (1-V,)
ot at

+V-((1—¢)uf )+V-((¢)(u’ +u ))= 0, (3.12)
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where Eq. (3.9) is used to express the fiber volinaetion in terms of porosity and
vice-versa and Eq. (3.7) is used to express thelabsresin velocity in terms of the
fiber velocity and interstitial resin velocity. Alying the chain rule to the gradients

and summing like terms reduces Eg. (3.12) to

V-(uf )+V-(¢ur) 0. (3.13)

By applying the chain rule to Eq. (3.11) it is rgozed that

Ve(u')=--—L-— (Vv )u', (3.14)

and from equations (3.1) and (3.3) it is seen that

Ve(gu')= —v{ [’;] VPJ . (3.15)

Directly substituting Eq.(3.14) and Eq. (3.15) irEg. (3.13) leads to the equation

given by

_i%__l(vvf )uf =V{[K]VP]_ (3.16)
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This is the same expression which was developddemypner [47] and has been used
by several authors [48, 49] to model the VARTM @me& For the VARTM process
the amount of fibers within the mold cavity remaicenstant. Thus, in order to

preserve mass conservation the fiber velocity ikeddb the control volume considered
in Figure 3-1 must be equal to zero; (=u, = u; =0). Applying this assumption

leads to the governing equation given by

oV

EICATIR Mvp . (3.17)
V, ot U

Other authors [48, 49] have used the same goveraquation but have applied

assumptions which limit the models to two-dimenaldifow within the plane of the

preform and neglect flow through the thicknesshef preform laminate. The left hand

side of the governing equation may be expressedayvexplicit time step by

LV, _ 1 ViV (3.18)
V, ot VI At '

wheret is the current time step ard is the previous time step. Substituting Eq.

(3.18) into Eq. (3.17) leads to the governing eigumabdver an explicit time step given

by
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Vt _Vt—l
v{%vp}\%# =0 (3.19)
H f

To solve the governing equation the weighted rediduethod [94] is used in which
the pressure is expressed as an approximation lased combination of linearly

independent shape functiond { given by

P=NP, (3.20)

where P is the approximated pressure field. Introducimig approximation for the
pressure into Eq. (3.19) leads to an error or us8i@®) which is not zero due to the
inability of the approximated pressure to satisfe tequation. The residual is

expressed by

_ Vt _Vt—l
R:V{%V PJ+V%_1 fAtf . (3.21)
f

The method of weighted residuals seeks to deterthm@nknown pressure field such
that in an average sense Eg. (3.19) is satisfied e entire solution domain. This is
accomplished by multiplying the residual by lingaridependent weighting functions

such that the residual goes to zero when integatedthe domain as given by
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ij =0, (3.22)

where W are the weighting functions an@ is the solution domain. Applying the
Galerkin method [94], in which the weighting furtcts (W) are taken to be the same
as the previously defined shape functiond )( leads to a “weak form” of the

governing equation given by

fN{V‘(MVN) P+%\i} =0 (3.23)
Q H Vi

Integrating Eq. (3.23) by parts to reduce the sHapetion derivatives to first order

derivatives leads to a system of nonlinear equatiarinere the nonlinearity is due to

the dependence of the fiber volume fractioi X on pressure. The system of

equations is expressed by

[K]P=d+ f, (3.24)

where[K ] is the “stiffness” matrix expressed as

[K]=%IVNT [x]VN dQ. (3.25)
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The termd is the natural boundary condition (flow across Hwmeindary surface)

which is only non-zero at injection points and tlogv front and is given by

d=[(N"gpnd, (3.26)

wheren is the normal vector to the boundary surface.thin case of resin bleeding
simulations where the preform is already filled hwiesin,d is only non-zero at the
inlet or outlet. The “loading” term {) which accounts for resin flow due to the

change in volume of the preform resulting from cawtppn and relaxation is given by

Vt _V'(—l
f= [N| o= | do. (3.27)
VT At

An illustration describing this change in volumeedo compaction and relaxation of
the fiber preform is given in Figure 3-2. The imifpreform volume Yol°) consists of

the fiber volume Yol; ) and the initial porous volume&/6l?) such that the initial fiber

volume fraction is given by

o

Vol,
~ Vol°

(3.28)
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At time t the volume of the preform changes due to compadaiiorelaxation of the
preform as a result of a change in the appliedspres The fiber volumeMol, )

remains constant, thus the new volunwl{) is the sum of the fixed fiber volume
(Vol, ) plus the new porous volumb’(QI;) at timet. The fiber volume fraction is now

given by

Vol,
Vol

(3.29)

From Eq. (3.28) and Eq. (3.29) the current volutninaet can be related to the initial

volume by

t Vfo 0
Vol = 7VO| . (3.30)

f

This relationship will be used in the finite elerhetevelopment to relate the true

change in volume over the fixed element volumesuising that the preform is only
able to compact and relax in the thickness diredfi@ current preform thicknesk' |

is related to the initial thicknes&9) by

g (3.31)
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................................

: . I Vol'
: Vol :
! t !
VoI; Vol;
v X
VoIfI Vol
Time =0 Time =t
Figure3-2 lllustration showing the change in volume of do¢he compaction or

relaxation of the preform.

To gain additional insight into how much the prefiahickness (volume) varies due to

a change in the fiber volume fraction, a plot oé ttatio of the current preform

thickness to the initial thicknes!'( h°) versus the current fiber volume fractiow'{

for initial fiber volume fractions\(;’) of 0.4, 0.5, and 0.6 is given in Figure 3-3. As

the current fiber volume fraction approaches zbethickness ratio tends to infinity.
For an initial fiber volume fraction of 0.4 the ¢khess increases by a factor of two for
a current fiber volume fraction of 0.2. Similaftyr an initial fiber volume fraction of
0.5 the thickness doubles for a current fiber vaunaction of 0.25 and for an initial
fiber volume fraction of 0.6 the thickness doubiesa current fiber volume fraction
of 0.3. For the material considered in this rededine fiber volume fractions typically
range from 0.55 for fully compacted (initial fibeolume fraction) to 0.3 at full

relaxation (current fiber volume fraction). Thuseocan see that the thickness or the
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porous volume of the preform can vary widely duectampaction and relaxation

during the resin filling and bleeding phases of WA&RTM process.

2
= V;°=0.4
= 15
fe) Vf0=0.5
g V:°=0.6
0 Relaxation
(%)
oSN e I S e R
£ Compaction
(&)
2
I_
£
c 05 r
2
o
O L L L L
0.2 0.4 0.6 0.8 1

Updated Fiber Volume Fraction (V')

Figure3-3  Plot of thickness ratio versus updated fiber vaunaction for initial
fiber volume fractions of 0.4, 0.5, and 0.6.

3.2 NUMERICAL IMPLEMENTATION

Although there are several different approachestonerically solving resin
flow through a porous volume [29-43], due to eakenplementation and ability to
model complex geometries, the finite element/cdntadume method [32] is used in
this study. The implementation of the finite elenmethod is described followed by

a description of the control volume method whiclused to track the progression of

the resin flow front.
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3.2.1 Finite Element Method

The finite element method is preferred over otmemerical methods due to
the ability to model complex geometries using a loimration of one, two, and three-
dimensional elements. Examples of how differeatreints may be used in VARTM
process problems are presented. For a full thirmertsional model, as shown in
Figure 3-4, three-dimensional elements are usedmtmlel the preform, two-
dimensional elements are used to model the flowribligion mesh, and the resin
distribution line is modeled with one-dimensioniakel elements. In cases where the
preform is thin and the through thickness flow tanneglected (pressure through the
thickness is constant), the three-dimensional modelbe reduced to two dimensions
where the preform is modeled using two-dimensi@hainents as shown in Figure 3-5
[48, 93, 49]. In cases where the through thickifiess cannot be neglected but the in-
plane flow can be considered one-dimensional iptaee of the preform, as shown in
Figure 3-4, the three-dimensional model can be qeduo two-dimensional flow
through the thickness of the preform. In this ctmepreform is modeled with two-
dimensional elements, the flow distribution meshmisdeled using one-dimensional
elements and the resin distribution line is treaeda point source (see Figure 3-6).
This last case is used to validate and show thaltkies of the model in chapter 5.
The developed code incorporates a variety of difieelements which include one-
dimensional line elements (2 node), two-dimensiom@ngle (3 node) and
guadrilateral (4 node) elements, and three-dimeasitetrahedral (4 node), wedge (6
node), and hexahedral (8 node) elements. Illustratof each of these elements are

given in Figure 3-7. The code utilizes FEMAP gz@and post processor to develop
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finite element meshes and to view results withrttan FE/CV code being developed

in FORTRAN.

Distribution line

(1-D elements) Resin flow

Flow direction

distribution mesh
(2-D elements)

Preform
(3-D elements)

Figure3-4 lllustration of full three dimensional flow modghowing preform (3-D

elements), flow distribution mesh (2-D elementg) aesin distribution
line (1-D elements).

Distribution line Resin flow
(1-D elements) direction

A

Preform
(2-D elements)

Figure3-5 lllustration of reduced two dimensional flow modtidrough thickness

flow neglected) showing preform (2-D elements) eegin distribution
line (1-D elements).
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Flow
distribution mesh

\ (1-D elements)
. /
Preform
(2-D elements)

Distribution line

Figure3-6 lllustration of a reduced two dimensional flow neb¢in-plane flow
considered one dimensional) showing preform (2€ddnelnts), flow
distribution mesh (1-D elements), and distributioe (point injection).

(@) (b) (©) (d) (€) (f)

Figure3-7 lllustration of linear finite elements (a) twade line, (b) three node
triangle, (c) four node quadrilateral, (d) four eotdétrahedral, (e) six
node wedge, and (f) eight node hexahedral.

For ease of application to general finite elememtshes, isoparametric
elements are used in which simple geometric elesriard local coordinate system are
mapped onto more general geometric elements igldial coordinate system. As an
example we refer to the isoparametric triangle el@nshown in Figure 3-8 where a
local coordinate systenr,(s) is used to define the element. The triangle right
triangle with nodes at the origin (0,0), (0,1), &i¢d). The integral formulation for

this simple element can then be mapped to the meneral element in the global
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coordinate system given in Figure 3-9. In geneaxldevelop the stiffness matrix
given by Eq. (3.25) we need to integrate a functear the volume of the element
which consists of derivatives of the shape funaionterms of the global coordinate
system. Using isoparametric elements we are ablsolve this integral over the
simplified isoparametric element which is then nmexpfo the more general element in
global coordinates. For the purpose of explanatibe formulation of the stiffness
matrix using the triangle isoparametric elemenpiesented. Development of the

stiffness matrix for other elements is presentedippendix A.

S
01K
3 1
[ » I
(0,0) (1,0)

Figure3-8 lllustration of a three node triangle isoparancettement.
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2 (X Y,)
nP
na
(X3 Y3)
3
y
1
X nC (X11 yl)
Figure3-9 lllustration of a general three node triangle edeirin global

coordinates.

The derivatives of the shape functions with respeglobal coordinates and
y can be evaluated using the chain rule and arendiye

ON, _ON or ON s (3.32a)

oX or ox 0s OX’

N, _oN or oN s (3.32b)
oy or oy 0Osay

and

wherei goes from 1 to the number of nodes for the elepsrdN are the linear shape

functions expressed in local coordinatesnds, which for the triangle isoparametric

element are given by
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N,=r, (3.33a)
N,=s, (3.33b)
and N,=1-r-s. (3.33c)

For convenience the shape function derivatives fieg (3.32) are recast in the

following matrix form:

oN, 0N, _aNl aNl_

ox oy a s ||oroo
ON, ©ON,|_|ON, 0N, | ox ay ' (3.34)
ox oy or 0s || 0s Os
N, ON, | [ON; ON; || ox oy

| ox oy | Lo s ]

The shape function derivatives with respect to llamrdinates may be explicitly

computed and are given by

_% %_
or oS 1 0

N, N, =0 1], (3.35)
or oS 1

ON, 0N,

| or oS |
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However the terms in the far right matrix of Eq.3@ cannot be determined since we
do not have explicit expressions foands as functions of global coordinatesandy.

We do however have the inverse relationships goxen

X(r,s)=N(rgx= N(r 9 x+ N(r§x N rk; (3.363)

and y(r,s)=N(r,9y= N(r9y+ N(r3y+ N rpy (3.36b)

which enables us to calculate the Jacobian mathnixtwcan be expressed in terms of

global coordinates as

x ox
)= :[xl—xg xz—xs] (3.37)
vy Q/ yl_yg yz_ y3
o 0s
where
ox_ N @.38)
o o

The derivatives of global coordinates x and y whiespect to local coordinates r and

s is obtained by taking the inverse of the Jacobiatrix given by
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a a Yy X
o Y| il es s i{yl—ys Xs_xz:|

os os| 3| _ay ox| |9
oX oy or or

where|J| is the determinant of the Jacobian matrix. Téeninant of the Jacobian

matrix may be expressed in global coordinates as
3] ={4 = %) (%= W-(%= % ¥— BW}=2 4 (3.40)

where A, is the area of the element. The inverse of tikeklan matrix is substituted

into the right hand side of Eq. (3.34) to obtaie terivatives of the shape functions in
global coordinates. This leads to what is typicaéferred to in the finite element

method as the B-matrix given by

ON, ON, | ToN, 0N, |
oX 0
y or os (yz_yg) ()%_ XZ)

oN, oN,| |aN, oN,| .1
[B]T - axz ayz - 5[’2 asz [‘J] ‘= (y3_ M) ( X— )S) H (3.41)
N, ON,| | N, o, (-¥) (%=%)

X oy Lo &

For convenience in expressing the stiffness m#tnn closed form the terms in the B

matrix are expressed in compact form by
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a=%-X, (3.42a)
8, =%- %, (3.42b)
8= %X, (3.420)
b=Y,- Vs, (3.42d)
b, = Y= Wi, (3.42e)
and b,=y,- V., (3.42f)

where the B-matrix can now be expressed by

17b b b
[B]_Z/Jai N aj- (3.43)

The area of the elemerd] is given by

A=5(ah-ab). 349

The element stiffness matrix can now be expressedtégral form (integrating over

the isoparametric element) by

K], :iﬂ :j:j([B]T [«],[B]|9)h drs (3.45)
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where the permeability matrix is given by

KXX KX

[/c]e = { y} : (3.46)
KXV KW

In general the integral in Eqg. (3.45) can be solveonerically using Gaussian

quadrature [94]. However, for the linear triangllement considered, the shape

function derivatives are constant and a closed fsoiation can be obtained directly.

Substituting Eg. (3.40), Eq. (3.43), and Eq. (3.4 Eq. (3.45) leads to a closed

form expression for the element stiffness matrsegiby

[KI. 2%%{KXX[KXXL+KW[K MRSLAE (3.47)
where
b’ hb hh
[Kul.=|Bb, B bh), (3.48)
bb, bb §
a aa aa
[K,].=|aa & aal, (3.49)

aa, aa &



2abh  ab+ah ah+ ab
[Ky] =|ab+ah 2ab  ab+ ab|,
ab+ah ab+ab 23Rk

andheis the thickness of the element.
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(3.50)

The resin flow across the flow front boundary an¢he inlet and outlet given

by Eq. (3.26) is expressed for each element node by

h hd
d=—20erf +—5¢ rf,
L=t =g

I h|
d =h o P + b ﬁ?,
277, O+ 5 G

| hl
and d :M e +—2< g I,
3T, a 5 9

(3.51a)

(3.51b)

(3.51h)

wherel is the length of each side of the element migithe normal as given in Figure

3-9. The normal for each side of the triangleiveqg by

na=|1[(yz—y1) (%=%)].

a

nbf[(ys—yz) (%= %)],

and n°=%[(y1—y3) (%-x%)].

(3.52a)

(3.52b)

(3.52c)
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Substituting Eq. (3.52) into Eqg. (3.51) and utiizbe expressions from Eq. (3.42)

leads to a closed form expression for the bountlawy given by

b &
_h G
d.=>|b 2 [qy}. (3.53)

b &

The consistent load vector describing the ratehahge in volume of the element is

given by

1
3
1 1 Vt _Vt—l
fo=Ah, 3 (Vt‘l fmf , (3.54)
f
1
3

where one-third of the rate of volume change isgachat each node of the element.
For models in which two-dimensional elements aedus model flow in the plane of
the preform laminate, and through thickness floweglected, the current thickness of
the element may be expressed using Eg. (3.31}helitase where three-dimensional
elements are used, or two-dimensional elementsised to model flow through the
thickness of the preform, the element volumes atedfand the true change in
preform volume cannot be captured by the finitaneglst mesh. In this case it is

necessary to multiply the fixed element volume iy tatio of the initial fiber volume
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fraction to current fiber volume fractioWf /V, ) as given by Eq. (3.30) to capture the

true change in volume. The consistent load fohewxle () may also be obtained by
simply multiplying the fiber volume fraction changse by the control volume&Cy )

associated with each node as given by

f v cv |t ViV 3.55
Tyl Vv AL ] (3.55)
f f

The control volume is defined in the next section.

The element stiffness matrices from Eq. (3.47) aseembled to form the

global stiffness matrix where the assembly of tlnent stiffness matrices is given

by

nel

[Kloea = 2K],. (3.56)

e=1

wheree is the element number amgl is the total number of elements. The global
boundary flow vector and consistent loading veet@ assembled in a similar fashion

and are given by

nel

dGlobal = Z de’ (357)
e=1
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nel

and foropa = 2, fe- (3.58)
e=1

3.2.2 Control Volume Method: Resin Filling

The control volume method allows one to track teation of the free surface
of a fluid using a fixed mesh, eliminating the néedredefining the mesh as the flow
front progresses. In order to implement the mettibd mold cavity geometry is
descretized into elements which occupy the tot&ime of the mold cavity. These
elements may be one, two or three-dimensional elessrgepending on the nature of
the problem to be solved. For the sake of disoussi two-dimensional triangle
element will be considered here. Following elendistretization, a control volume
is associated with each node of the mesh. Thedaordlumes are defined such that
the entire mold cavity is captured by the controlumes with no overlapping of
individual control volumes. The portion of the mkent volume contributing to the
control volume associated with each node of a giemlement is shown in Figure
3-10. The quadrilateral defined by poidisc, d, anda (1cdg is the portion of the
control volume from this element which is assodatgth node 1. In a like manner
the quadrilateral defined bgbda is associated with node 2 and the quadrilateral
defined by3cdbis associated with node 3. The triangle elemedivisled into control
volumes by bisecting each side of the triangle Viites which are perpendicular to

the edges and converge at a point within the tleang@his method of dividing the



83

triangle element into control volumes requires tihat triangle has no interior angles

which exceed 90 degrees (limited to acute or rigahgles).

Figure3-10 lllustration of a triangle elements showing theaaof the control
volume associated with node number 1.

The area of each control volume within the trigngflement is expressed by

Cvelzg(l_{ rz_ﬁ}}fi{'_{ /rz_'_gn, (3.59)

2|2 2| 2 2 2

[ rz_QDJr_l['_b( rz_'_rfB, (3.59b)
2] 2 2 2

[ rz_ﬁDJr}['_{ r2_'_5U, (3.59¢)
2|) 2 2 2
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where CV; is the control volume contribution in which thebsaripte identifies the

element under consideration and the superscriphetethe node associated with the
control volume.| is the length of each side of the triangle whikxpressed in terms

of the nodal coordinates with the length of eade $ieing given by

|a=\/(X2—X1)2+(y2— y1)2 ) (3.608.)
lb =\/(X3_X2)2 +(y3_ y2)2 ) (3.60b)
and I :\/(xl— xg)2 +(y,— y3)2 : (3.60c)

The variabler is the distance (radius) from each of the nodehe¢opoint within the
element where the control volumes converge, wineie expressed in terms of the

lengths of each side of the triangle by

TN TT RS GO TR RS (3.61)

An illustration of a triangle element showing tlendth of each side as well as the
radius () is given in Figure 3-11. The total control volerassociated with each node
is determined by summing the contributing volumenfreach element which is

associated with a specific node as given by
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nel

Cvnode — z C\é node ) (362)
e=1

where nel is the number of elements which share the nodesrundnsideration in
common. A general finite element mesh using tiemiements showing the control

volumes associated with each node is presentejume=3-12.

(X3 Y3)

Figure3-11 lllustration of a triangle element with controllume subdivisions
defining the length of each side of the elememnwelt as the radius’)
defined by a circle passing through each poinhefdlement.
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/ Inlet node (prescribed pressure)

Element B  Filled region (w =1)

----- Controlvolume [ ] Partially filled region (0< ¥ <1)

(] Node [ 1 unfilled region (¥ =0)

Figure3-12 lllustration of general finite element mesh usingngle elements with
control volumes showing filled, partially filledné unfilled regions.

Alternatively the control volumes may be defingd division lines from the
mid-point of each side of the triangle to the ceidtisuch that one-third of the element
volume is associated with each node. In the césa equilateral triangle the two
methods result in identical control volumes. Hoamrwn the case of right triangles it

is observed that the alternative method using tfeenent centroids to define the
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control volumes is dependent on the mesh disctatizgFigure 3-13) whereas the
previously described method using division linesiowhare perpendicular to the
triangle sides results in control volumes which anelependent of the mesh
discretization (Figure 3-14). Further it is obssivfrom Figure 3-13 that the
distribution of the control volumes is not uniforwhen the element centroids are
used. Alternatively using perpendicular lines taidk the element volume results in
control volumes which are uniformly distributed @&s the mesh (Figure 3-14). The

control volumes for other element geometries aesgmted in Appendix A.

2A § 2A,
3 3
2 28, 27 A an A
3 3 3 3 T 3
(a) (b)
® Node —— Element  ---- Control volume

Figure3-13 lllustration of control volumes defined using #lement centroids for
two different mesh discretizations.
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A A A
2 2
(b)
® Node — Element  ---- Control volume

Figure 3-14 lllustration of control volumes defined using pemgdicular dividing
lines for two different mesh discretizations.

The flow front progression over a fixed mesh igked using fill factors which
are associated with each control volume. Thedittdrs ¢ ) range from zero (empty)
to one (completely filled) with partially filled erol volumes having a fill factor
value between zero and one. Initially all of thattol volumes are emptyy=0) with
the exception of the inlet nodes where the presssirprescribed =1). An
illustration of this flow front tracking method shown in Figure 3-12. The figure
depicts a partially filled finite element mesh whehe flow originates at the inlet
node. The dark shaded area represents contromneslwhich are completely filled

(w =1), the lightly shaded region represents contobdimes which are partially filled

(O<y <1) (flow front), and the unshaded region represeontrol volumes which are
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empty (¥ =0). An algorithm outlining the method for advamgithe flow front is

given in Figure 3-15 with the procedure being diésct by the following steps:

1. Establish solution parameters and boundary comditig, V;, P, and
4. The pressure is specified at the inlet and guilbere the pressure
at the inlet is typically atmospheric pressurRe5 101 kPa) and the

pressure at the outlet is full vacuum pressBre Q kPa).

2. Calculate the residual flow rated)(at the flow front (unfilled or
partially filled control volumes). the residuabW rates are calculated
from the derived stiffness matriX) and the known pressure fielB)(

as given by

[K]P=d (3.63)

3. Determine the largest time increment to fill exaathe control volume

determined by

, , ntrol volum
timeto fill control volume= contro’ volume (3.64)

residual flowrate

and advance the flow front filling exactly one aahtvolume.
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4. Update the fill factors where the control volumeiethwas completely
filled in step 3 is assigned a value of one andpmially filled control
volumes are assigned fill factor values in accocéanith the degree to
which they are filled. The boundary conditions arpdated in
accordance with the new fill factors such thatraltles which have a

fill factor equal to one are part of the soluticmahin.

5. Based on the updated boundary conditions comp@eé¢tv pressure
field using Eq. (3.24) (nodes with a fill factgr<1 are ignored). Due
to the nonlinearity introduced by the load vecto) (h Eq. (3.24) an
iterative approach is followed to determine thespuge field which
satisfies the load vectof  due to compaction or relaxation of the fiber
preform. An example of a constitutive model ddsog the

compaction of a fiber preform is given in Figurd@-

6. Check if all of the control volumes are filledsE1). If all of the

control volumes are filled the simulation is congle otherwise

continue to the next step.

7. Reassemble the stiffness matrix with updated pebitiga fiber
volume fraction, and viscosity values based on redteonstitutive
relationships and advance the time step then gk bacstep 1.

Examples of constitutive models for preform pernil@gband resin
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viscosity are given in Figure 3-17 and Figure 3+4H¥pectively.

Although this research assumes constant temperagmek only

considers the viscosity changing as a function iofef it is also

common for temperature to be changing during theRVK process

either due to an exotherm from the resin or prangss an oven. For

these cases a more complex model which relates botd and

temperature to the viscosity is required [95].

1. Input variableK 1, \(t1, pti ,t1

2. Calculate residual flow at flow fror|1t

3. Determine time to fill one control volume andradce flow front

4. Update fill factors and corresponding boundamyditions

Iterative process require

due to nonlinearity of

15 Compute new pressure figid

7. Advance time step an
updateP t, Kt Vit ut
based on constitutive

models

Compute new/; from
constitutive model

Input new
Pressure fieldP

Compute new load vectbbased on the

time increment to fill one control volume

Vfo 1 Vfl_\/fl—l
f f

Compute new pressur
field P which satisfies

D

Figure3-15 Algorithm for advancing flow front (resin filling).

Pressure convergence reachgd——— Yes —

6. All control
volumes filled
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The described method is quasi-static in thatpitessures remain constant at
each time step while the flow front is advanced .step 2 the residual flow at the flow
front can also be determined by computing the reslocity for each element using
Darcy’s Law and then summing the local flux acressh surface of the control
volume to determine the total flow into the contvolume [32]. However it has been
shown that the residual flow can also be determibhgda simple matrix vector

multiplication as shown in step 2, see referen8éfgnd [39].

100
80
60

40 r

Compaction Pressure (kPa)

0.30 0.35 0.40 0.45 0.50
Fiber Volume Fraction

Figure3-16 Compaction pressure versus fiber volume fractmmstitutive model
for uni-directional stitched carbon fabric.
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8.0E-10

6.0E-10 |-

4.0E-10

Permeability (mz)

2.0E-10

0.0E+00
0.36 0.38 0.4 0.42 0.44 0.46 0.48

Fiber volume Fraction

Figure3-17 Permeability versus fiber volume fraction consiite model for uni-
directional stitched carbon.

0.4

0.38

0.36

0.34

Viscosity (Pa s)

0.32

0.3

o

600 1200 1800 2400 3000 3600
Time (sec)

Figure 3-18 Viscosity versus time constitutive model for epaoggin at fixed
temperature.
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3.2.3 Resin Bleeding Smulation

The procedure for simulating the resin bleedingsehof the VARTM process
is similar to resin filling with the exception thitere is no flow front to track. During
the bleeding phase the preform is completely stadraherefore all of the control
volumes are filled § =1) and there is no need for calculating the lohgee to fill a
control volume or updating the boundary conditidvesed on fill factors. An
algorithm outlining the resin bleeding simulatian given in Figure 3-19 with the

procedure steps given as follows:

1. Establish solution parameters and boundary comditig, Vs, P, and

. At the beginning of the bleeding simulation thput parameters

are based on the conditions at the end of fillilRyescribe boundary
conditions for resin bleeding which may include wmam pressure
applied at the inlet or discontinuing flow at tiidei as well as reduced

vacuum pressure at the outlet.

2. Based on the prescribed bleeding pressure boundangditions
compute the new pressure field. Due to the noafiteintroduced by
the load vectorf() in Eq. (3.24) an iterative approach is followed
determine the pressure field with satisfies thallgactor { ) due to

compaction or relaxation of the fiber preform.



95

3. Check if pressure equilibrium is reached. If etpalim is achieved the

simulation is ended otherwise continue to the s&egp.

4. Reassemble the stiffness matrix with updated pebiiitya fiber
volume fraction, and viscosity values based on rredteonstitutive

models, advance the time step, and go back talstep

1. Input variablex t1, \4t%, ptl ,t1
and establish bleeding pressure
boundary condition

2. Solve pressure 4. Advance time step and
through iterative process updateP !, K*, V;!, ut
N S based on constitutive
‘ models

Compute new/; from
constitutive model

| g No
Input new :
P . Compute new load vectbbased|
Pressure fieldP . ) X :
on a prescribed time increment
C e : 3. Pressure
ooy LYV | equilibrium reacheg
SR VAN

Compute new pressur
field P which satisfies

(1%

No Pressure convergence reached;—— Yes

Figure3-19 Algorithm for simulating resin bleeding.
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3.2.4 Pressure Solution

For both the resin filling and resin bleeding siatidns an iterative process is
required to solve the pressure field due to thelinearity introduced by the load
vector € ). During this iterative process it is observidttthere exists more than one
solution to which the solution may converge. Ttdreunderstand the convergence of
the solution, a one degree of freedom model to Ilsitauresin bleeding was
investigated. The model consists of a two node Bement in which the initial
pressure at node 1 (inlet) is prescribed to be KPA and the pressure at node 2
(vacuum outlet) is prescribed to be 0 kPa. ArstHation of the model is presented in
Figure 3-20. At time zero the flow rate into nddés prescribed to be zero (clamped
inlet hose) and the resin is allowed to flow througe outlet (node 2) as the preform
compacts. Assuming a unit volume, the system aatgns describing the model is

given by

|:K11 KnH P, }z{fl} (3.65)
K21 Kzz P2:0 dz

Based on the prescribed boundary conditions thersysf equations reduce to
B=1f/K, (3.66)

wheref is described by
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VfO 1 Vft _ Vft—l
ZF(vHT - (3.67)
f f

The preform is assumed to have a fully compacteer frolume fraction of 0.5. For
this investigation the volume fraction is expresasds a linear function of pressure

given by
V, =0.5- 0.00P, (3.68)

such that the initial fiber volume fraction at thdet (node 1) is 0.4 and the fiber
volume fraction at the outlet (node 2) is 0.5. Etéfness parametel is given an

assumed value of 1.0e-3 m/(kRBa which is consistent with the materials considere
in this research. Substituting Eq. (3.67) into E2166) and rearranging leads to an

expression for the time increment as a functiopressure given by

1 (Vv Vv
M= | (3.69)
f f

It should be remembered that the fiber volume foacis also a function of the
pressure as given by Eq. (3.68). From Eqg. (3.68paof pressure versus time step
size is given in Figure 3-21. The plot shows tlata time step of 1 second the
pressure decreases to 74.6 kPa, for a time st2psetonds the pressure decreases to

58.7 kPa and for a time step of 3 seconds the regmes to 48.0 kPa. As expected,
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the pressure continues to decrease as larger taps are used. As the time step goes
to 0 seconds the pressure goes to 100 kPa whtble isitial pressure at time zero. It
is also observed that a second incorrect solutksteewhich is shown in Figure 3-22.
From this plot it is seen that for a time step &fetond the pressure is 1680 kPa, for a
time step of 2 seconds the pressure is 1070 kRfoara time step of 3 seconds the
pressure is 870 kPa none of which are achievableh®oVARTM process. As the

time step increment goes to zero the solution asyticplly goes to infinity.

1
®

P, P,

o~

1
o

Figure 3-20 lllustration of one-dimensional resin bleeding raldith one degree of

freedom.
100
I 74.‘6 kPa
80 | / 3 !
F o . 58.7kPa
E 60 I % / :
3 IS BN . 48.0kPa
o o 5 i
a % o o )
g 40 ! 1'2 g Correct Solution
ol 0! I
-~
: £ &
20 S
. E
! =
0 i

0 1 2 3 4 5 6 7 8 9 10
Time step (sec)

Figure3-21 Plot of pressure versus time step showing theecbsolution.
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Figure3-22 Plot of pressure versus time step showing thevaloes for which the
solution converges.

To further study the solution convergence, theattee process described
previously in the resin bleeding section (see Fg8H19) for solving for the pressure
field was carried out using time step sizes of, Bl 3 seconds. A plot of pressure
versus the number of iterations for each time sgpesented in Figure 3-23. For all
three time step® is equal to zero at the first iteration resultingzero flow ¢ = 0)
because the equivalent fiber volume fraction atitiigal time step 1) and current
time step 1) are equal. For the 1 second time step the presdithe second iteration
exceeds 200 kPa and continues to diverge untibriverges to the wrong solution
(1680 kPa) after 10 iterations. For the 2 secame step the solution diverges at a
slower rate but still converges to the wrong solut{1070 kPa). For the 3 second

time step the solution converges to the correcitsnl of 48 kPa.
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Figure3-23 Plot of pressure versus the number of iteratitmgeach pressure
convergence (alternate solution) with no averaging.

To achieve convergence to the correct solutioavamaging technique is used.
The averaging technique keeps the newly calculaiessure field closer to the

previously known pressure field preventing diveiggefrom the correct solution. The

averaging method is given by

P« (3.70)

where P;.; is the known pressure from the previous iteratiom P; is the solved
pressure for the current iteration andis the number of averages to be taken for
which P; is updated. For example at the beginning of tietion P;.; is equal to 100
kPa and the first solution fé? is O kPa. Taking one average leads 8 a 50 kPa,

two averages leads 8, = 75 kPa, and three averages leads to 87.5 kPare M
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averages can be taken to bring the pressure soldiiser to the know solution from

the previous time step. The proper numlmy ¢f averages can prevent the solution
from diverging, leading to convergence to the adreolution. A plot of pressure

versus the number of iterations for a time stepladecond using 1, 2, 3, and 4
averages is presented in Figure 3-24. From theipls observed that using one
average causes the solution to converge after afibiterations (numerically under

damped) where using two averages convergences onitevations (numerically

critically damped). Using a higher number of agea(3 and 4) still converge to the
correct solution but takes several iterations dudding numerically over damped.
For a time step of two seconds a plot of pressarsus number of iterations is given
in Figure 3-25. From the plot it is observed tfat one average convergence is
achieved in 3 iterations where for higher numbérsverages the solution takes longer
to converge due to being over damped. Althougbahgiroblems to be solved have
many more degrees of freedom, and the fiber volfrastion to pressure constitutive

relationship is much more complex, this methodwdrages proves to be effective in
achieving solution convergence at each time skap.the problems considered in this
research typically 6 to 10 averages are suffictendchieve convergence. It should
also be noted that taking a higher number of aweratpan necessary leads to

convergence but the computation time may be inegeamgnificantly.
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Figure3-24 Plot of pressure versus number of iterationg#xin convergence using
one, two, three, and four averages for a time steme second.

110

100 ¢
3 Two Averages

Three Averages

Four Averages

Pressure (kPa)

e e 58.7 kPa

F One Average
40 :
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Figure3-25 Plot of pressure versus number of iterations &aheconvergence using
one, two, three and four averages for a time st&éywmseconds.
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3.3 MODEL VERIFICATION

One, two and three-dimensional flow simulationsigdixed permeability and
fiber volume fraction were performed and comparét analytical solutions to verify
the developed code. Depictions of the-one dimemsiiow, two-dimensional radial
flow, and three-dimensional spherical flow are showFigure 3-26, Figure 3-27, and
Figure 3-28 respectively. The black areas reptesentrol volumes which are
completely filled ¢ =1), the gray areas represent control volumes warehpartially
filled (O<y <1), and the white areas represent control volumbgh are empty
(v =0) The analytical solutions for one-dimensionaw] two-dimensional radial

flow, and three-dimensional spherical flow for ctamg pressure are [39,44]

2
t:ﬂ, (3.71)
2x P,

tsz_“(ﬂﬂzm[ﬁj{ﬁf_ } | (3.72)
4P\ r r r

and t= ¢/’l(R3 — r3) _ (P,U(Rz_ r2) , (373)

3xrP, 2P,

wheret is the fill time, ¢ is the preform porosityy is the fluid viscosity] is the flow

distance,x is the preform permeabilityy, is the inlet pressure,is the inlet radius

andR is the flow front radius. A summary of fill time®rmalized with respect to the
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analytical fill times are presented in Table 3-the numerical fill time predictions all

show convergence to the analytical solution.

Figure3-26 Finite element model of one-dimensional flow usimgee node triangle
elements.

XK
o "?" %

1

-

-

Figure3-27 Finite element model of two-dimensional radialWlusing three node
triangle elements.
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Figure 3-28 Finite element model of three-dimensional sgtaflow using four
node tetrahedral elements.

Table3-1 Analytical vs. Numerical Flow Results

Flow 1D 2D 3D

Analytical fill time (sec) 1.0 1.0 1.0

Simulation fill time (sec) 1.0 0.99 0.96
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3.4 SUMMARY

The development of a three-dimensional model taukite the VARTM
process has been presented. The model considesiemt permeability and fiber
volume fraction effects due to preform compactiothaut neglecting flow through
the thickness of the preform. By considering ta@sient nature of the fiber volume
fraction, the change in preform volume is accouriteécallowing one to simulate the
bleeding phase of the VARTM process as well asfiliag phase. Simulation
algorithms for both resin filling as well as resileeding have been presented with the
introduction of an averaging technique which isduse obtain convergence of the
pressure solution due to the nonlinearities intoedu through the transient fiber
volume fraction. Finally the developed simulatimodel has been verified with one,
two, and three-dimensional flow studies for whiclalgtical solutions are available.

The next chapter discusses a procedure for clearznog preform and resin
materials to develop permeability, fiber volumecfran, and viscosity constitutive

models which are used in the simulation.



CHAPTER 4

MATERIAL CHARACTERIZATION

It has been established that the flow of resimubh a fibrous preform is

governed by three material properties: (1) the jaitiity of the fiber preformx; ),
(2) the fiber volume fraction\{; ), and (3) the viscosity of the resiw §. The purpose

of this chapter is to discuss the procedures fasueng these material properties and
to introduce an alternative method for charactegzhe preform material which more
closely represents the VARTM process. The gent#itabry for determining the
permeability and compaction properties of fiberfpens is presented followed by a
description of the experimental procedures useatii;wresearch for characterizing the
fiber preform and resin. Finally, there is a dsgion about the material
characterization results and presentation of thpeementally developed constitutive

models which will be used for simulation in theléoVing chapters.

4.1 PREFORM CHARACTERIZATION

VARTM simulation requires two preform material natsl which describe: (1)
the relationship between the preform permeabilitg ¢he fiber volume fraction and

(2) the relationship between the fiber volume fiatand the compaction pressure.

107
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4.1.1 Permeability

In general, for an anisotropic preform the thramethsional permeability

tensor is fully populated and expressed as

XX Xy Ky,
[c]=|x, &, K, (4.1)

zX zy 2z

A

To characterize the material one needs to determime permeability values. By

assuming the preform is orthogonal and symmeticrthmber of values reduces to
six, i.e. x; =x; if i=] [70]. However by determining the permeability rdothe
principal directions only three independent valaes required. For an orthotropic
preform material the principle directions are aldhg fibers ;,), transverse to the
fibers (x,,) and through the thickness of the preform,,§J where the principal

permeability tensor is given by

kK, 0 O
[«]=] 0 x, O] (4.2)
0 0 &y

where the prime indicates the permeability along frincipal directions. The
permeability tensor[x] in the general coordinate system is obtained by th

transformation given by
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[x]=[c] [+1[c]. (4.3)

where[C] is the matrix of direction cosines of the genemrdinate axes, y, zwith

respect to the principal axgs y’, z'. [97,98]. Parnas [99] has shown good correlation
between permeability tensors obtained from tramsédions of principal permeability
tensors and experimental infusion experiments. aBgning thez and z’' axes the

permeability in the general coordinate systemveigiby

k,COS O+K,, SITO  (x,+K,,)Si0 co8 O
[x]=| (K, +K,,)sinf coP  «,, siAO+x,, cOD Q. (4.4)
0 0 Kas

where 6 is the rotation angle in reference to the princimees [99]. Additional
transformations to alige’ with z are given in Appendix B.

The general theory to determine the principal meipility values is presented.
Permeability measurements for composite reinfordislgrics have been primarily
accomplished by one of two methods. The first methonsists of monitoring the
flow front of the resin under a constant pressuffergntial from the inlet to the flow
front and recording the progression of the flownfras a function of time. This is
referred to as advancing flow front or unsaturated [100]. The permeability is

calculated from Darcy’s Law which is expressedme dimension by
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k. dP
g, =———, (4.5)
udx

where q, is the superficial velocity in the direction, «,, is the permeability in the
direction, x is the resin (test fluid) viscosity, arfdl is the resin (pore) pressure. The
superficial fluid velocity €,) is expressed in terms of the interstitial fluidlocity

(u,) and the porosityd) of the preform material by

q, = ux¢:_¢' (46)

Substituting Eq. (4.6) into Eqg. (4.5) and expregsihe pressure gradient in thke

direction as the difference in pressure over thesed length leads to

. j 4.7)

where P is the pressure at the inle®, is the pressure at the flow front, ahds the

infused length. An illustration of unsaturatedwla@ondition showing the infused
length and inlet and flow front pressures is givanFigure 4-1. By applying
separation of variables and integrating the leftchside from time zero to the time for
the flow front to reach lengthand the right hand side from zero to the lengtthef

flow front leads to the following expression



111

t udl I
K ot = P Ojdx. (4.8)

(o] 1

Carrying out the integration and solving for thempeability (x,, ) leads to

o Vug
XX 2APt » (49)

where AP is the pressure differential between the inlet #émel flow front. For
constant viscosity, pressure differential, and pityothe infused length can be

measured as a function of time to determine thepability.

Flow front
P, P, at timet
/
© Flow / %
£ — o
- .
I(t) Preform

Figure4-1 lllustration of the unsteady (unsaturated) flomdidion.
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The permeability may also be determined by plgtti"r;uqﬁ/(ZAP) versus time

(t) where the permeability is given as the slope ha ine. An example of the

described plot is given in Figure 4-2.

|*ug
2AP K

v

t

Figure4-2  Plot 0f|2,u¢/(2AP)Ve|’SUS time where the permeability is given by the
slope of the line.

The second method for measuring the permeabifitg @ber preform is a
steady-state condition in which the preform is ctetgly saturated and the flow rate
has reached steady-state [100]. By applying saparaf variables to Eg. (4.5), at

steady-state, Darcy’s Law is expressed in theollg integral form

[}

q,u IJ.dx= —KXXPJ. dp. (4.10)
0 R

On the left hand side integration is carried owtrawe length of the saturated preform

and on the right hand side the integral is takemfthe pressure at the inl&)(to the
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pressure at the outle®Pd). Following integration the permeability for teeeady-state

flow condition is expressed as

K, =) (4.11)
AP

wherel is now the total length of the perform an@ is the pressure differential from
the inlet to the outlet. At constant viscosity gmmeéssure differential the volumetric
flow rate Q) is measured to determine the permeability. Tdlenetric flow rate is

related to the superficial flow ratgy] by

O ="1"" (4.12)

where h is the thickness of the preform amdis the width of the preform. An
illustration of the steady-state flow condition shog the preform dimensions and
inlet and outlet pressures is given in Figure 4¥Be expressions for the permeability
from EqQ. (4.9) and Eq. (4.11) are dependent oneali pressure field from the inlet to
the outlet. The validity of this assumption is simoto agree well with experimental
measurements as will be shown in the results sectio

It is well known [68, 69, 82] that the permealyilibf a fiber preform is
dependent on the fiber volume fraction of the pmato Thus to fully characterize the

permeability of a given preform material, measunetmemust be performed over a
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range of fiber volume fractions which are repreatw of the VARTM process. Due
to the need for repeated testing, the saturateddgtstate) method is often preferred
over the unsaturated method for permeability meamsants because the same preform
sample can be used throughout all of the testindifedrent fiber volume fractions
while a new preform sample is required for eachsueament using the unsaturated

method.

Preform

o
= @
Q Flow = |w
= — 3

Figure4-3 lllustration of the steady-state (saturated) flmmdition.

Both of these measurement methods assume th#bwheate is uniform and
constant across the width of the preform sampklas dondition can be verified during
the first filling of the dry preform. If the floviront is linear then the flow can be
assumed to be uniform with constant flow rate acrtee width of the preform.
However if a parabolic flow front is observed thiglicates the presence of non
uniform flow rate across the width of the preformhis may be due to edge runners
(open channels) or other conditions which may tesulinaccurate measurements.

This condition will be further discussed in the exmental procedure section. An
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illustration depicting uniform flow with constanofv rate versus parabolic flow due

to non uniform flow rate across the width of thefprm is presented in Figure 4-4.

Flow front Flow front
/

Flow / Flow

Preform Preform

Figure4-4 lllustration of one-dimensional flow with constaesin velocity (linear
flow front) versus non uniform resin velocity retsogd in a parabolic
flow front.

Several models have been proposed to describeskgonship between the
permeability and the fiber volume fraction [65, 86,1-103] with the Kozeny-Carman
[65, 66] model being the most commonly used. Hawelue to the permeability
dependence on fabric architecture, empirical ctriste models developed from

experimental measurements offer the highest acgurac

4.1.2 Compaction

In addition to a constitutive model to relate thermeability to the fiber
volume fraction, a second model is required toteelae preform fiber volume fraction
to the compaction pressure. This relationship dsn determined by first

understanding the pressures which are presentgdthien VARTM process. During



116

the VARTM process atmospheric pressure is actinthervacuum bag surface which
is held in equilibrium by the resin (pore) pressanel the stress (compaction pressure)

within the fiber preform. This equilibrium conditi is expressed by

P

atm

- P+P, (4.13)

where P

o 1S atmospheric pressurel.is the fiber preform stress (compaction
pressure), andP is the resin pressure. An illustration showing tpressure
equilibrium within the mold is given in Figure 4-5At any time during the VARTM
process the atmospheric pressure acting on theuwadeag surface must be in
equilibrium with the resin pressure and the presstarried by the fiber preform.
Typically full vacuum pressure is used to infussimeinto the dry fiber preform.
Initially when there is no resin in the preformgirepressure is zero) the stress in the
fiber preform is equal to atmospheric pressure. ré&sn is infused into the preform
and the resin pressure increases and the preforesss{compaction pressure)
decreases in accordance with Eg. (4.13). The preéets as a spring such that as the
preform stress (compaction pressure) decreasquef@m increases in thickness and

as the compaction pressure increases the prefocneat®s in thickness. The fiber

volume fraction is related to the preform thicknbgs

_ Areal weight

Vi
hp,

(4.14)
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whereh is the preform thicknessy, is the fiber density, and thferial weightis the

weight per unit area of the preform.

P.m K Vacuum Bag

byt byt by b4

g,

/ Preform

™

Mold

Figure4-5 lllustration of the relationship between atmosphpressure, preform
stress (compaction pressure), and resin pressutedd ARTM
process.

Song [54] has shown that the relationship betwpesform compaction
pressure and fiber volume fraction is very différdepending on whether the preform
is undergoing compaction or relaxation. An illasiton of this is shown in Figure 4-6.
Although only the relaxation curve is needed durithg infusion process the
compaction curve is important if one is to consiter compaction of the preform due
to the bleeding of excess resin at the end ohglli It has also been observed that
saturated fiber preforms undergo greater compadtiocomparison to dry performs

due to the lubricating effect between wetted fijéd.
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Figure4-6  Plot showing relationship between preform commaxcénd fiber
volume fraction during preform compaction and rat#n.

Several authors [67-69, 82-92] have examined caotiga effects on fiber
volume fraction and proposed different models felating compaction pressure to
fiber volume fraction. There are two compactiondels commonly used in the
literature [67-69, 89]. The first model was deywad by Gutowski [67-69] and is

given by

=

where A is an empirical spring constany/, is the fiber volume fractiony, is the

(4.15)

—

unloaded fiber volume fraction, and, is the maximum possible fiber volume

fraction. The model is based on the compactioa tdyer of uni-directional fibers.

The author notes that if the fibers are all straighd aligned that the observed
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compaction behavior cannot be explained. Howeyeadsuming that the fibers have
an assumed small curvature then the observed coimpdehavior can be explained.
Gutowski’'s model is based on the assumption thel éder is initially curved and
partially restrained at the ends to transverse anotiAs the fiber is compressed it
buckles forming two arches with the double arch rmeing 16 times stiffer than the
initial arch. As compaction continues the archestioue to divide resulting in
progressively higher stiffness.

The second model is a simple power law fit use®Roblitaille et al. [89] which

is given by

(4.16)

whereB is referred to as the stiffening index which iguated to fit experimental data.
The accuracy of these models in predicting fibdum® fractions for the materials
considered in this research will be shown in trsalte section. Alternatively one can
directly develop resin pressure versus fiber voldmaetion constitutive models by
fitting curves consisting of a combination of pabynials and exponential terms to
experimental data for both preform relaxation adl we preform compaction. This

research uses the latter approach for relating fibkime fraction to resin pressure.
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4.2 RESIN CHARACTERIZATION

For simulation of the VARTM process it is requiredknow the relationship
between the resin viscosity, temperature, and @egfecure over time. For this
research the resin viscosity is measured usingna/ptate viscometer (Brookfield).
The viscometer has a hot plate such that the vigcess measured over a range of
temperatures. For the VARTM process the idealogiy is typically considered to
be less than 0.4 Pa [104]. For the permeability measurements comsdlén this
study corn oil having a viscosity of 0.06 #aat room temperature is used. The oil is
used for two reasons: (1) The oil exhibits constasttosity at a fixed temperature and
(2) the oil is not harmful to the pressure transisic A plot of viscosity versus
temperature for the corn oil used in this reseasclgiven in Figure 4-7. For the
fabrications considered in this research EPON &ihrwith Lindride 6 hardener is
used. A viscosity versus temperature profile fus tresin is given in Figure 4-8.
From the plot it is observed that ideally this resiould be used at a temperature
greater than 90° F to achieve a viscosity less tharras.

In addition to temperature dependence, the viscadi epoxy resin is also
dependent on the degree of cure. A plot of visggagrsus time for EPON 862 epoxy
with Lindride 6 hardener at a constant temperatofe85° and 120° F are given in
Figure 4-9 and Figure 4-10 respectively. Fromplus it is observed that at 95 F the
viscosity remains near linear over entire measunénperiod while at 120 F the
viscosity remains linear for only the first two leu It is also interesting to observe
that over the first two hours the viscosity of tiesin increased at a faster rate at 95° F

in comparison to 120° F.
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Figure4-7  Plot of viscosity versus temperature for corn oil.
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Figure4-8 Plot of viscosity versus temperature for EPON 8p&xy with Lindride
6 hardener.
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Figure4-9  Plot of viscosity versus time for EPON 862/Lirldr 6 epoxy at 95 F.
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Figure4-10 Plot of viscosity versus time for EPON 862/Lirldr 6 epoxy at 120 F.
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4.3 EXPERIMENTAL PROCEDURE

Preform permeability measurements have typicaéigrbperformed using a
two sided rigid mold, similar to the RTM processthva fixed mold thicknesshf
representing known fiber volume fractions [70-78}n illustration showing a fiber
preform between two rigid tool surfaces with a @éxdicknessk) is given in Figure
4-11. Permeability measurements are performed aveange of fiber volume
fractions (preform thicknesses) which are repredem of the VARTM process.
Additional measurements are then performed to eethe preform fiber volume
fraction to compaction pressure. These two dats @ used to develop preform
permeability and compaction constitutive relatiapstwhich are used to simulate the
VARTM process. Unlike the RTM process, the VARTNbpess uses a single sided
rigid tool with a compliant vacuum bag on one scefgdFigure 4-12). From the
illustration in Figure 4-12 it is seen that theenfiace between the compliant vacuum
bag and preform fiber tows is different than theeiface between the rigid mold
surface and the preform fiber tows (Figure 4-1This chapter presents an alternative
experimental method for developing permeability anchpaction relationships using
a measurement procedure and test fixture which ilosely represents the conditions
of the VARTM process and allows the compaction gues, permeability, and fiber
volume fraction to be related in a single experitaesetup. A description of the
measurement procedure along with a demonstratidgheoprocedure is presented to

study repeatability and to understand some ofithidtions of the method.
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Rigid mold
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/

Fiber preform tow Rigid mold

Figure4-11 lllustration of a typical rigid matched mold tésture for measuring
preform permeability.

Vacuum bag
w _T_
Fiber preform tow Rigid mold

Figure4-12 lllustration depicting the conditions during th&RTM process.

The experimental procedure consists of placiné@rhm x 190 mm preform
sample on a rigid aluminum plate having a machicleghnel along one edge of the
preform serving as the fluid inlet channel and haothannel along the opposite edge
serving as the fluid outlet channel (see Figure84td Figure 4-14). The inlet and
outlet channels have a tapered slope such thadipes of the preform do not become
blocked by the vacuum bag at the inlet or the o(flee Figure 4-15). Three Omega
PX 302 pressure transducers mounted to the undeosithe mold with 3 mm holes
through the mold are used to record the fluid presat the inlet, outlet and at the
center of the preform sample. A vacuum bag isqaaaver the preform sample and

sealed around the perimeter. A vacuum pot filleth whe test fluid is connected to
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the fluid inlet channel and a second vacuum pattached to the fluid outlet channel.
A volumetric measuring cylinder is placed in thesédetween the outlet channel and
the vacuum pot which is used to measure the volienow rate of the test fluid
through the preform sample. Three 10 mm displacétnansducers are mounted on a
strut at a fixed height above the aluminum moldase allowing the thickness of the
preform sample to be measured at three locatidie displacement transducers are
located at the center of the preform and 60 mmeeitide of center. Prior to the
placement of the preform sample the displacemamistiucers are set to zero at the
surface of the mold such that the thickness optiréorm sample plus the vacuum bag
thickness can be measured directly. A pressurterdiftial is established by
controlling the pressure in each vacuum pot inddpetty. Once a pressure
differential is established the fluid inlet line apened and the test fluid is allowed to
flow through the preform sample. It was observadrdg) the first experiment that the
test fluid raced along the edges of the preformulteeg) in a parabolic flow front
leading to superficially high permeability valueghis problem was solved by placing
modeling clay along the preform edges which prex@mesin from racing down the
open channels along the edges (Figure 4-14). §ubsé experiments using the
modeling clay resulted in linear flow fronts. Agqibgraph of the complete test setup

is shown in Figure 4-16.
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Figure4-13 Side view of setup for measuring in-plane pefroieg for saturated
(steady state) flow.
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Figure4-14 Plan view of setup for measuring in-plane petoigg for saturated
(steady state) flow.
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Vacuum bag Inlet channel Preform

Resin inlet

Figure4-15 lllustration of the cross section of the inlet shal showing the edge of
the preform sample.

Figure4-16 Photograph of permeability measurement fixture test setup.



128

Once one-dimensional uniform flow has been cordomthrough visual
inspection during the initial filling of the dry gform sample, one can begin making
measurements using the saturated preform basedjoidE1l). The procedure is

described by the following steps:

1. Establish constant pressure differential from thletito the outlet and record
the average pressure from the three pressure tregrsd The pressure
differential should be small enough that a consfaessure gradient can be

assumed along the length of the preform.

2. Determine the volumetric flow rat€) by measuring the time to fill a known

volume in the volumetric measuring cylinder.

3. Record the average preform thickness from the measants of the three

displacement transducers.

4. From the preform thickness use EqQ. (4.14) to daternthe fiber volume

fraction for the given pressure level.

5. Based on the thickness of the preform and the knewdth of the preform

sample, determine the superficial velocity X from Eq. (4.12).
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6. With the calculated superficial velocity, known gsare differential, and

known fluid viscosity use Eq. (4.11) to determihe permeability.

7. Repeat the procedure for the full range of compacgressures (0-100 kPa)
which are representative of the VARTM processthia study the flow rate at
each pressure level was measured a minimum of timgs to assess the

variability of the measurements.

In each case the measurements were made by hegirti the highest
compaction pressure levels and progressively takingasurements at lower
compaction pressures. It was observed by Staddeldl [70] that measurements
beginning at low compaction pressures and goindpither compaction pressures
resulted in hysteresis in the permeability datan ekample of resin pressure intervals
which are used is shown in Table 4-1. At low coaotipa pressure levels the fiber
volume fraction and permeability are very sensitvechanges in pressure, therefore
as seen in Table 4-1 at the higher pressure |€§elad 7) smaller pressure increments
are used. Note that the compaction pressure iglifference between atmospheric
pressure and the resin pressure as given by H@)(4By measuring the permeability
in each of the principle directions (along the fdband transverse to the fibers) the
permeability in any direction in the plane of thefprm can be determined through a

coordinate transformation of the permeability ter(&m. 4.4).
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Table4-1 Resin Pressure Measurement Levels

Pressure Level Ret (kPa) Rutiet(kPa) Pavg
1 40 30 35
2 60 50 55
3 70 60 65
4 80 70 75
5 90 80 85
6 95 90 92.5
7 100 95 97.5

Following the in-plane permeability versus fiberolwme fraction
measurements the relationship between the compaptiessure and fiber volume
fraction is obtained by slowly cycling the compaatipressure from zero compaction
to full compaction (101 kPa) and then relaxing pinessure back to zero. During the
cycling the pressure and preform thickness arerdech The thickness data is then
converted to fiber volume fraction using Eq. (4.1rdm which the compaction versus
fiber volume fraction relationship is established.

The through thickness permeability is measuredairsimilar manner as
previously described for the in-plane permeabilityA highly permeable flow
distribution layer is placed above and below thefggm, as shown in Figure 4-17,
allowing the fluid to flow across the surface o¢ freform and then permeate through

the thickness. Again a volumetric measuring cy@mdttached to the fluid outlet is
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used to measure the volumetric flow rate. Modetlay is placed along the edges to
prevent any racing of the fluid around the prefoeaiges. The permeability is
determined from Eq. (4.11) where now the lengdjhg the thickness of the preform
which varies with compaction pressure and must éerchined at each pressure

interval and the superficial velocity() is found from

g, == (4.17)

whereb andw are the preform in plane length and width respebti The pressure
differential across the thickness of the preforntaisen from the measured pressure
from each vacuum pot. Therefore it is importanémsure that the fluid surface in the
inlet vacuum pot is at the same level as the rieda point to minimize the pressure
difference between the vacuum pot and the resgét pdint. The same steps presented
for measuring the in-plane permeability valuesfalewed for the through-thickness
directions where the flow length) s determined from the compaction pressure versus

thickness data obtained from the in-plane permigaipileform sample.
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Figure4-17 Setup for measuring through thickness perméwgbiflor saturated
(steady) flow.

4.4 COMPACTION AND PERMEABILITY RESULTS

To demonstrate the developed measurement procegereneability and
compaction measurements were conducted for a vetttinal stitched carbon fabric.
Permeably measurements were performed in the pimeeiple directions: Parallel to

the fibers (,,), transverse to the fibersy, ), and through the thickness of the preform
(x3). To investigate the repeatability of the methodasurements were performed

on two different samples for each in-plane prireigirection with three measurements
being performed on each sample. The material 668 kg/nf 24k tow stitched
carbon fabric (C-LA 1812-7) supplied by Vectorphcl(for complete fabric details

see Table 4-2). To prevent damage to the testréxtegetable oil having a viscosity

of 0.06 Pas at room temperature (7B) was used as the test fluid.
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Prior to making any permeability measurements phessure gradient at
several pressure levels was measured to verifythieapressure field along the length
of the preform was linear. Figure 4-18 shows @i pressure versus sensor location
for a saturated preform sample. It is seen froenpiot that the pressure is essentially
linear along the length of the preform sample facle pressure level. The
measurements confirm the constant pressure gradisatimption used in the
development of Eq. (4.9) and Eq. (4.11). From ghat it is seen that for the resin
pressure interval from 95 to 100 kPa the “R-squaxedue is the lowest having a
value of 0.97 which still shows a very good lindd&r R-squared is a statistical
measure of how well a regression line approximabgserimental data points R-
squared ranges from zero to one where a value @firaticates an exact correlation

[105]. R-squared is defined by

R =13 (4.18)
SS.

whereS&,:is the total sum of squares given by

SS.=>.(y-. (4.19)

where y; are the experimental measurements andis the is the mean of the

experimental measurement &8, is the sum of the squared error given by .
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ss. =Y (y- #. (4.20)

wheref; are the model or curve fit values. As will be séem the compaction testing

later in the section the preform thickness is vepnsitive to pressure at low
compaction (high resin) pressure and less sensitivieigh compaction (low resin)

pressure. Based on the results given in Figur8 #-kias determined that the a linear
pressure field was a valid assumption when usiegsure differentials not exceeding
10 kPa.

During initial experiments is was observed thalcat resin pressure (high
vacuum) that any dissolved air within the oil uvadent significant growth as it
migrated toward the fluid outlet resulting in fluftbw rates which were difficult to
measure. This problem was reduced by degassingltheor to infusion, however at

resin pressures below 20 kPa measurements werdif§icult to obtain.
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Figure4-18 Plot of pressure gradients for six pressurel$éeranging from 0 to 100
kPa.

The in-plane permeability measurements were preddrusing three plies of
the preform material and the through thickness pabiity measurement was
performed using six plies of the material FigurgAshows the compaction pressure
versus fiber volume fraction for the saturated @mef It is observed that the
compaction and relaxation curves are highly noalin@ith much higher levels of
compaction for the compaction pressure range fram 40 kPa and less compaction
occurring at higher pressure levels. Figure 4-2@ d&igure 4-21 show the
repeatability of the experimental method for the-directional material. At each
pressure level two preform samples were testea ttimees each resulting in a total of
six tests at each pressure level. Figure 4-20wshbe permeability vs. fiber volume

fraction in the direction parallel to the fibertn the plot legendk,, (1/1) represents
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the principle permeability £,,) in the fiber direction of test one of the firgieform
sample andx,, (1/2) represents the principle permeability of the firsst of the

second preform sample. Figure 4-21 shows the pabilitg vs. fiber volume fraction
for the direction transverse to the fibers. Itokserved for both plots that the
measured permeability values show the greatesdti@riat low fiber volume fractions
(low compaction pressure) where the fiber volunaetion is very sensitive to small
variations in pressure. At higher compaction press the fiber volume fraction
becomes less sensitive to changes in pressurehanefdre leads to more repeatable
measurements. From Figure 4-20 it is seen thatethe some variation in
measurements at high fiber volume fraction (lowrnrggessure). As was discussed
previously, at very low resin pressures, measurénéecome more difficult as

dissolved air in the resin expands making flowsatd#ficult to measure
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Figure4-19 Compaction pressure versus fiber volume fracfmmsaturated uni-
directional carbon preform.
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Figure4-20 Uni-directional preform longitudinalx(,) permeability versus fiber
volume fraction showing measurement repeatability.
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Figure4-21 Uni-directional preform transverse permeability,,) versus fiber
volume fraction showing measurement repeatability.

Figure 4-22 shows the through thickness permigabiersus fiber volume
fraction at each pressure level for the uni-diai material. It is observed from the
plot that the through thickness permeability igéy independent of the fiber volume
fraction in comparison to the in-plane permeabhili§ome increase in permeability is

observed for low fiber volume fraction values.
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Figure4-22 Through-thickness permeability.£) for uni-directional fabric.

To investigate the effects of the deformable vacinag mold surface, a piece
of acrylic was cut to the size of the preform sasrghd placed over the preform prior
to the placement of the vacuum bag. Three perrialtheasurements were
performed using the same uni-directional preforrm@a along the fiber direction
with and without the acrylic plate. Modeling clayas used along the edges of the
preform and acrylic plate to eliminate any racirighe test fluid along the edges. The
permeability measurements for each case are showigure 4-23. It is observed that
the presence of the acrylic plate resulted in pabii¢y values which were slightly
higher than the permeability of the sample withth& presence of the acrylic plate.
The presence of the acrylic plate does not allogvvtacuum bag to conform to the

surface of the preform resulting in additional amels between the fiber tows at the
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interface between the preform and the acrylic plaleis expected that this effect
would be less apparent in preforms having architest with smooth surfaces.
However, using a rigid surface to measure the pabiity of flow distribution

mediums, which have a very rough surface, wouleéxmected to significantly alter

the permeability measurements.
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Figure4-23 Uni-directional preform permeability versus fibelume fraction with
and without the rigid acrylic mold plate.

To assess the validity of the saturated flow peaimigy measurements a
comparison was made with permeability measurenaditned using the unsaturated

approach from EqQ. (4.9). Unsaturated permeabitigasurements were performed

longitudinal (x;,) to the fibers as well as transverse,(). Plots Oflz,u¢/(2AP)
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versus time for flow longitudinal and transversdhe fibers are shown in Figure 4-24
and Figure 4-25 respectively. The slope of thedmcurve fit for infusions at five
different fiber volume fractions represent the peafnlity at each fiber volume
fraction. Figure 4-26 shows a comparison betwbenmteasured permeability values
using the saturated and unsaturated flow conditiohss seen from the figure that
there is good agreement between the two measuremetitods. The saturated
measurement allows the same preform sample to bd tlwoughout the entire
procedure where as the unsaturated case requeagxdparation and placement of a
dry preform at each pressure level measuremeningUbe saturated measurement

significantly reduces time and effort to charaaerthe permeability of a material.
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Figure4-24 Plot Oflz,u¢/(2AP) versus time for five different fiber volume

fractions where the slope of the linear curvedpresents the
longitudinal permeability £;,).
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Figure4-25 Plot 0f|2,u¢/(2AP) versus time for five different fiber volume

fractions where the slope of the linear curvedjinresents the transverse
permeability (,, ).
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Figure4-26 C-LA 1812-7 permeability vs. fiber volume compam between
saturated and unsaturated measurements.
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4.4.1 Preform Materials

Compaction and permeability constitutive modele aeveloped for two
different preform materials and a laminate prefaromposed of these two preform
materials. The preform materials consist of (li}directional stitched carbon fabric
and (2) triax stitched carbon fabric. The prefdaminate is composed of 3 plies of
triax material and 10 plies of uni-directional nréksuch that the longitudinal fibers
of the uni-directional material are transverse le tongitudinal fibers of the triax
material. A description of each preform matergagiven in Table 4-2. Photographs
of the uni-directional material showing the fromtdaback surface of the fabric are
given in Figure 4-27 and Figure 4-28 respectivedfyom the photos it is observed that
the stitching on the top surface runs transvergbediber tows while the stitching on
the bottom surface runs parallel to the longitubiiteer tows. It is also observed from
the back surface that the fiber tows are stitcleed tight mat of random fiberglass
fibers to hold the carbon fiber tows together. tBfgmphs of the front and back
surfaces of the triax material are shown in Figth29 and Figure 4-30 respectively.
From the figures it is observed that on the togaser the stitching runs transverse to
the longitudinal fiber tows. On the back surfasbgere the fibers are oriented at a 45
degree angle, it is observed that the stitching marallel with the longitudinal fiber
tows. The uniftriax  laminate  preform layup is give by
[triax/unig/triax/uniy/triax/uni], where 33% of the laminate thickness consistgiak
material and 67% of the thickness is uni-directionaterial. The preform represents
half the thickness of a symmetric laminate whichcansidered in the following

chapter.
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Table4-2 Preform Materials

Laminated Carbon o o
Preform Ply WA:arl]t Percent by Fi%er :?bSer
Material Thickness (k /2?) Weight Tvoe/Size Tvoe/Size
(mm) 9 (0°/+45°/90°) ' YP yp
Uni 0.76 0.69 100/0/0 Tenax NA
24kSTS/24k
Triax 1.27 1.23 50/50/0 T700/24k  T700/12k

Figure4-27 Photograph of the top surface of the uni-direclonaterial showing
the orientation of the fibers and stitching.
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Figure4-28 Photograph of the bottom surface of the uni-dioeet! material

showing the chopped fiber mat and the orientatidh® stitching.
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Figure4-29 Photograph of the top surface of the triax maktshawing the fibers in

the longitudinal direction as well as the stitching
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Figure4-30 Photograph of the bottom surface of the triax matshowing the
fibers oriented at 45° as well as the stitching.

4.4.2 Compaction Models

Compaction models were developed for the thrdereifit preforms: (1) Three
plies of uni-directional stitched carbon, (2) toviep of triax stitched carbon, and (3)
the uni/triax laminate consisting of 33% triax ctiéd carbon and 67% uni-directional
carbon. To investigate the accuracy of existinglet®, experimental measurement
were compared with curve fits using Gutowski’s mdé&] Eq. (4.15) as well as the

power law model Eq. (4.16) previously describeche Tompaction experiments are

performed using saturated preform samples. Pfotsmpaction pressure?() versus

fiber volume fraction for each of the preforms simggvboth compaction as well as
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relaxation is given in Figure 4-31 through Figuré88& For each preform the
experimental compaction and relaxation resultscamapared with Gutowski’'s model
and a power law curve fit. From the plots it isetved that the relationship between
the compaction pressure and fiber volume fract®mary dependent on whether the
preform is undergoing compaction or relaxation.isTis important to note since the
fibers are undergoing relaxation during the regiimd stage of the VARTM process
and then undergo compaction during the resin bhgeditage. Therefore it is
important to have models for both compaction ardxegion curves. From Figure
4-31, Figure 4-33, and Figure 4-35 it is obserdsst Gutowski's model does a very
poor job of matching the experimental compactiotadaHowever from the same
figures it is seen that the power law curve fit sie good job of matching the
experimental data for all three preforms. Althougitowski’'s model was developed
for preform compaction, from Figure 4-32 and Figdf86 it is seen that Gutowski’'s
model does a fair job of matching the experimem&éxation data for the uni-
directional and uni/triax laminate preforms whilrh Figure 4-34 it is seen that
Gutowski’'s model does a poor job of matching thpesinental relaxation data for the
triax preform. It is also observed that the povesv curve fit does a poor job of
matching the experimental relaxation data for ahyhe preforms. The parameters

used for Gutowski’'s model as well as the power ¢avve fit are given in Table 4-3.
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Figure4-31 Plot of compaction pressure versus fiber voluraetfon for uni-
directional stitched carbon showing experimentahpaction results as
well as power law and Gutowski’'s models.
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Figure4-32 Plot of compaction pressure versus fiber voluraetfon for uni-
directional stitched carbon showing experimentkxa&tion results as
well as power law and Gutowski’'s models.
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Figure4-33 Plot of compaction pressure versus fiber voluraetfon for triax
stitched carbon showing experimental compactionltess well as
power law and Gutowski’'s models.
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Figure4-34 Plot of compaction pressure versus fiber voluraetfon for triax
stitched carbon showing experimental relaxationltess well as
power law and Gutowski’'s models.



150

100
T 80 :
o H Gutowski Model
° I
> L
§ 60 L Power Law
E L
p |
L 40 . .
5 Experimental Compaction
g I
€
5 |
O 20 +
: Omw/gﬁ'wpooz
0 lescuw-002 —

0.36 0.40 0.44 0.48 0.52
Fiber Volume Fraction

Figure4-35 Plot of compaction pressure versus fiber voluraetion for uni/triax
laminate showing experimental compaction resultselsas power
law and Gutowski’'s models.
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Figure4-36 Plot of compaction pressure versus fiber voluraetion for uni/triax
laminate showing experimental relaxation resultel as power law
and Gutowski's models.
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Table 4-3 Compaction model parameters

Preform Material A Vo Va B
Uni-directional 0.63 0.32 0.6 0.087
Triax 0.019 0.43 0.7 0.084
Uni/Triax Laminate 0.048 0.36 0.6 0.070

To increase the accuracy of the simulations tqoédormed, manual curve
fitting for both the compaction and relaxation cfer each material was performed
using a combination of polynomials and exponent&xins. Plots showing the
experimental measurements with the curve fits fxhepreform type are given in
Figure 4-37 through Figure 4-39. It is seen frdm plots that the curve fits match the
experimental data very well. The expression fazheaf the curve fits is given in
Table 4-4. For convenience for simulation the eufits are expressed in terms of
resin pressure rather than compaction pressureis dlso observed that the triax
preform (Figure 4-38) shows a much higher degreleysferesis in comparison to the
uni-directional preform (Figure 4-37). Not surpmig, the uni/triax which is composed
of 67% uni-directional material, shows a hystergsadterns (Figure 4-39) which
closely resembles that for the uni-directional mate It is also observed that the triax
material achieves much higher fiber volume fractievels in comparison to the uni-
directional material. The effects of the highebefi volume fraction on the

permeability of the material will be shown.



Table4-4 Compaction and Relaxation Constitutive Models

M odel Uni-directional Ea.
Compaction 3
V, =0.486- 0.03€1j— o.o{sij +( 26”77 ( 10 (4.21)
100 100
Relaxation P
V, =0.486- o.oaé—j +( 2 10Y) (4.22)
100
M odel Triax Ea.
Compaction 2 3
V, =0.605- o.osfi} o.oc{sij - o.o%sig +( ) 19) (4.23)
100 100 10
Relaxation 2 4 9
V, =0.605- o.oEij - o.o{sij - o.o{ﬁg +( 2" 1Y) (4.24)
100 100 10
M odel Uni/Triax Laminate Ea.
Compaction P P \?
V, =0.498- o.osé—J— 0.04(6—j +( 2 ( 16) (4.25)
100 100
Relaxation 3 8
V, = 0.498- o.oo3éij— o.oz(siJ + o.{zﬂg +( )1 (4.26)
100 10

100

[A°])
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Figure4-37 Compaction pressure versus fiber volume fractigh wurve fits for
the uni-directional carbon preform.
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Figure4-38 Compaction pressure versus fiber volume fractigh wurve fits for
the triax carbon preform.
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Figure4-39 Compaction pressure versus fiber volume fractigh wurve fits for
the uni/triax laminate preform.

As has been shown there are separate curvesrigramtion and relaxation of
the preform. Additional compaction experiments vghihat there are an infinite
number of compaction and relaxation curves for epoéform bounded by the
compaction and relaxation curves shown in Figui@/ 4hrough Figure 4-39. To
reveal these other curves additional compactiorex@nts were performed using the
saturated triax preform. For this experiment thefgrm was compacted under full
vacuum pressure at which point the compaction pressvas partially reduced
allowing the preform to relax before being compddaegain under full vacuum. This
was repeated for several compaction pressure leweth the experimental
measurements being given in Figure 4-40. Fronptbetwo observations are made.

First it is seen that as the preform goes throuatheadditional compaction cycle
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greater compaction occurs leading to higher ultenfidter volume fractions. Secondly
it is observed that for each new starting poinbegaction curve exists which does
not follow the original compaction or relaxationree. To better understand this
observation the additional compaction from eacHecig subtracted from the data to
create a common ultimate compaction level. Theltesre plotted in Figure 4-41.
For clarity the compaction cycles from Figure 4-dk illustrated in Figure 4-42.
From the figure it is seen that for each startingspure corresponding to points B
through F a different compaction curve exists wlodginates on the relaxation curve
and goes to the maximum compaction level at pointSsnilarly as shown in Figure
4-43 there are an infinite number of relaxationvesr which originate along the

compaction curve and go to the unloaded fiber veldiraction given by point A.

100 —
- Increasing fiber volume

fraction with each cycle
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o
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(e2}
o
T

Compaction Pressure
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N
o
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Compaction Pressure (kPa)

20

0.44 0.49 0.54 0.59 0.64
Fiber Volume Fraction

Figure4-40 Experimental measurements showing alternative eatign curves for
stitched triax carbon preform.
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Figure4-41 Experimental measurements showing alternative eatign curves for
stitched triax carbon preform with common ultimetenpaction point.
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Figure4-42 lllustration of alternate compaction paths for ¢iéched triax carbon
preform.
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Figure4-43 lllustration of alternate relaxation paths for #tgched triax carbon
preform.

Additional compaction experiments were conductesingl the uni/triax
laminate preform to study the effects of compactoyealing of dry performs and
saturation. The dry preform was cycled five tinle®ugh full compaction followed
by one compaction cycle after being infused with & plot of compaction pressure
versus fiber volume fraction for the dry and weinpaction cycles is given in Figure
4-44. From the figure it is observed that verilditadditional compaction occurs for
compaction cycling of the dry preform with signdit additional compaction
occurring for one compaction cycle of the wettedf@m. As has been shown by
others [54,55], saturated preforms show higher I¢ew# compaction due to the

lubrication of preform fibers.
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Figure4-44 Experimental compaction measurements for a drysatarated
preform sample of the uni/triax laminate.

4.4.3 Permeability Models

Permeability versus fiber volume fraction modebtsvén been developed for
each of the three preforms. Permeability modeleweveloped for all three principal

directions (,, x,,, and x,,) for all three performs (uni, triax, and uni/trjax

Photographs of the test setup for the triax anéinax laminate preforms are shown in
Figure 4-45 and Figure 4-46 respectively. FronuFegl-45 it is seen that a thin metal
shim is attached to the surface of the vacuum baggdvide a smooth surface for the
displacement measurements. The thickness of the s accounted for in

determining the fiber volume fraction of the prefor From Figure 4-46 it is observed
that due to the thickness (11.41 mm) of the uaitlaminate preform, flow springs

having a diameter of 12.5 mm were used at the et outlet to provide in-plane
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flow across the total thickness of the laminatieis hlso observed from the figure that

the flow front is uniform across the width of theeform during initial filling.

Figure4-45 Photograph of the test setup for measuring ingf@@rmeability for the
triax preform.

Modeling Clay

Figure 4-46  Photograph of the test setup for mé&aguine in-plane permeability of
the uni/triax laminate preform.
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To verify that the pressure field is linear alotige length of the preform
sample in accordance with Eq. (4.11) a plot ofrtteasured resin pressure at the inlet,
center of the preform, and outlet for each measargérat each pressure level for the
triax and uni/triax performs are presented in Fegdid7 and Figure 4-48 respectively.
As was observed for the uni-directional materiad, pressure field is shown to be very

near linear at each pressure level for both pedorm

105

95 8
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ol

75 8 R? = 0.9992
65 - R? =0.9997

55 5 R? =0.9995

Resin Pressure (kPa)

45

35

25
0 80 160

Position (mm)

Figure4-47 Plot of the resin pressure along the length otiilag test sample at
each pressure level.
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Figure4-48 Plot of the resin pressure along the length otthériax laminate test
sample at each pressure level.

Plots of experimental permeability measurementagleith the curve fits for
each preform material are presented. The principiplane longitudinal £;,),
transverse £,,), and through-thicknessc(,) permeability measurements for the uni-
directional preform are given in Figure 4-49, Fgu#-50, and Figure 4-51
respectively. The principle in-plane longitudirial,), transversex,,), and through-
thickness f,;) permeability measurements for the triax prefoma given in Figure
4-52, Figure 4-53, and Figure 4-54 respectivelyhe Pprinciple in-plane longitudinal
(xy,), transverse £,,), and through-thicknessx{,) permeability measurements for

the uni/triax preform are given in Figure 4-55, Ug 4-56, and Figure 4-57
respectively. Each permeability model is describgdan exponential curve fit [70].

The curve fit expressions for each material aremiw the plots as well as Table 4-5.
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Figure4-49 Uni-directional material longitudinalk{,) permeability versus fiber
volume fraction.
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Figure4-50 Uni-directional material transverse.{) permeability versus fiber
volume fraction.
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Figure4-51 Uni-directional material through-thickness.{) permeability versus
fiber volume fraction.
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Figure4-52 Triax material longitudinal £,,) permeability versus fiber volume
fraction.
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Figure4-53 Triax material transversect,) permeability versus fiber volume

fraction.
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Figure4-54 Triax material through-thickness(,) permeability versus fiber
volume fraction
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Figure4-55 Uni/Triax laminate transversec{;) measured and derived effective
permeability versus fiber volume fraction.
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Figure4-56 Uni/Triax laminate transversec{, ) measured and derived effective
permeability versus fiber volume fraction.
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Figure4-57 Uni/Triax laminate through-thickness.{) measured and derived
effective permeability versus fiber volume fraction

Due to the need for permeability data for the mawvgilable fiber architectures
the National Institute of Standards and Technol@g\5T) has developed a database
of permeability measurements for different matsrial Currently the database is
limited to glass materials [71]. However for compan purposes a uni-directional
glass fabric (ACC57) has a permeability along therfdirection of 1.6e-10 frat a
fiber volume fraction of 0.45. A different uni-éictional glass fabric (MDSRO06) has a
permeability transverse to the fibers of 2.0e-ama fiber volume fraction of 0.52.
This same material has a through thickness pertitgabf 4.0e-12nf at a fiber

volume fraction of 0.5.



167

Table4-5 Permeability Model Expressions

Material Constitutive Model Eq.
Uni-directional K= (11277 )(107) (4.27)
(3 9% 175’f) 107) (4.28)
=(1 38 )(10") (4.29)
Triax (2 “‘“Vf) 10%) (4.30)
=(1 87 %" )(10°) (4.31)
=(6 30e‘8wf) 10™) (4.32)
Uni/Triax Laminate (2737 )(107) (4.33)
Ky = (1.87e‘22'2“f )( 10°) (4.34)

(3 87 2% )(1010) (4.35)

A “Rule of Mixtures” [106] approach may be useddirive effective in-plane
and through-thickness permeability values for prafo consisting of multiple layers
having different permeabilities. For in-plane flotlve flow rate Q) in each layer will
differ depending on the thickness$) (@and the permeability ) of each layer.
Considering a preform consisting of two differeaydrs as shown in Figure 4-58 the

flow rate in each layer is described by
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_tx, dP

4.36

Q 1 dx (4.36)

and Q, =2 dP. (4.37)
u o dx

The effective flow rateQes) for the preform is the summation of the flow rétem

each individual layer expressed as

Qeff = Ql + Q2 (438)

The effective flow rate is expressed in terms @& tbtal preform thickness and an

effective in-plane permeability given by

tK oy E

Qeff = /,[ dX

(4.39)

By substituting equations (4.36), (4.37), and (%i8® (4.38) and recognizing that the
pressure gradient and viscosity in each layer qualethe in-plane effective

permeability is expressed by

Ko =—K‘1+tTK‘2. (4.40)
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Figure4-58 lllustration of in-plane flow for a preform withuttiple layers having
different permeability.

The through-thickness effective permeability isiek by recognizing that the

superficial flow rate ) is constant through the entire preform thickn@sshown in

Figure 4-59 and is expressed by

_K AR _ Kk, AR, Ker AP

(4.41)
utooout uot
The pressure change across each layer is given by
AR = 9L (4.42)
K
and AP, _ (4.43)
K>

The pressure drop across the entire thicknespigessed by
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ap 2 it

Keff

, (4.44)

where the effective through-thickness permeabisityntroduced. The total pressure
drop through the thickness of the preform is theasation of the pressure change

across each layer given by

AP=AR+AB. (4.45)

Substituting equations (4.42), (4.43), and (4.44) i(4.45) and recognizing that the
superficial flow rate and viscosity are equal fack layer, the effective permeability

is expressed as

— =t (4.46)
K K Uk,

Figure4-59 lllustration of through thickness flow for a pemio with multiple layers
having different permeability
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By using the Rule of Mixtures the effective inipdaand through-thickness
permeabilities were calculated for the uni/triamiaate preform and compared with
experimental measurements. The effective pringg@ameabilities for the uni/triax
laminate are shown in Figure 4-55 through Figurg74- The predicted effective
permeability values show good agreement with th@eemental measurements with
the longitudinal effective permeability showing treatest discrepancy.

For comparison purposes the curve fits for eachcimle direction for each
preform type are plotted at the same scale. Theedis for the uni-directional, triax,
and uni/triax laminate preforms are given in Figd+@0, Figure 4-61, and Figure 4-62
respectively. From Figure 4-60 and Figure 4-6% @bserved that the permeability of
the uni-directional material is considerably greatean that for the triax material.
From looking at the slope of the curves it is atdserved that the triax material is
much more sensitive to fiber volume fraction. Fréme compaction results it was
observed that the triax preform fiber volume fragtwas much higher than the uni-
directional material explaining the difference iarmeability for the two materials

For the uni-directional material it is seen thag tbngitudinal permeability &;,) is
slightly higher than the transverse permeabiliky,{. For the triax and uni/triax
performs the longitudinalxf,) and transversex{,) permeabilities are very similar.
The through-thickness permeability,() for each preform is found to be much less

sensitive to fiber volume fraction in comparisorthe in-plane permeability values.
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Figure4-60 Plot of permeability versus fiber volume fractisimowing curve fits for
all three principle directions for the uni-directad preform.
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Figure4-61 Plot of permeability versus fiber volume fractidrosving curve fits for
all three principle directions for the triax prafor
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Figure4-62 Plot of permeability versus fiber volume fractidrosving curve fits for
all three principle directions for the uni/triaxaianate preform.

4.4.4 Flow Distribution Mesh

In addition to characterizing the preform compactand permeability, the
permeability of the resin distribution mesh mustoabe known to simulate VARTM
processes such as SCRIMP which use flow distrindagers. Several different types
of flow distribution mesh may be used in the SCRIpiBcess, ranging from highly
porous random fiber mats, knitted nylon materidsppen mesh materials. The first
two types of flow distribution materials are comgsibdle similar to fiber preforms
whereas the open mesh materials are relativelycoampressible unless several layer
are used in which case some compaction may occaertalunesting. This research
considers non compressible open mesh flow distabhuayers. A photograph of the

flow distribution mesh considered in this studgigen in Figure 4-63.



174

L.

Figure4-63 Photograph of the flow distribution mesh showimiggple directions
1, and 2.

Due to the inelastic nature of the distributionsimeéhe thicknesshf of the
mesh remains constant under increasing compactemsyre. An illustration showing
the cross section of a layer of distribution mestwieen a rigid mold and vacuum bag
with no compaction pressure applied is shown inufegd-64. Due to the elastic
nature of the vacuum bag material the bag deforsngaguum pressure is applied
reducing the porous volume within the flow disttibn mesh layer (Figure 4-65).
Although the overall thickness of the distributionesh remains constant under
vacuum pressure the thickness of the porous rdggbomeen the mesh fibers is reduced
as vacuum pressure is applied. Furthermore theupomarea within the flow

distribution layer becomes further reduced wheiber foreform is present. Due to the
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deformable nature of the preform under compactimssure the flow distribution
mesh nests into the preform further reducing theymarea (see Figure 4-66).

To study these effects three different permegbitieasurement experiments
were performed as follows: (1) One ply of flowtdisution mesh without a preform,
(2) one ply of flow distribution mesh with a trigxeform and a layer of release fabric,
and (3) two plies of flow distribution mesh withtragax preform and a layer of release
fabric. A photograph of the test setup with ongetaof flow distribution mesh, triax
preform, and release fabric is shown in Figure 4-B@r each of the three experiments
the flow mesh was oriented such that the perméphitas measured in the transverse

direction (x,,). The results of the experiments are shown iurféigt-68. From the

figure it is seen that as compaction pressure asa@® and the vacuum bag conforms to
the distribution mesh the permeability decreased smains near constant for
compaction pressures above 35 kPa. It is alsonad$drom comparing experiments
one and two that the presence of the fiber prefgreatly decreases the permeability
of the flow distribution mesh. For the third expsent, where two plies of flow
distribution mesh are used, a greater range of @abitity is observed likely due to
nesting of the flow distribution plies. Howeveredio the presence of the preform, the
permeability values are similar to those for thietfexperiment where only one layer
of distribution mesh is used without the present@a @reform layer. Due to the
difficulties in measuring the actual fiber volumadtion of the distribution layer due
to the conforming of the vacuum bag and nestinthefpreform, the permeability of
the flow distribution layer is related directly tthe compaction pressure. The

relationship between the permeability and compactgressure for the flow
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distribution mesh in the presence of a preform agethe longitudinal &;,) and
transverse £,,) directions is given in Figure 4-69 and Figure 4r&Spectively. The

permeability versus compaction pressure constéutielationships for the flow

distribution mesh are given in Table 4-6.

Vacuum bag

J_h
_T_

Flow
Distribution mesh
Figure4-64 lllustration of resin distribution mesh betweegidimold surface and

pliable vacuum bag without vacuum pressure apsleniving porous
cross section.

Rigid mold

Vacuum bag h

Flow
Distribution mesh
Figure4-65 lllustration of resin distribution mesh betweegidimold surface and

pliable vacuum bag with vacuum pressure appliedvstgpreduced
porous area.

Rigid mold

Preform Vacuum bag

/ Flow

Rigid mold * pistribution mesh

Figure4-66 lllustration of resin distribution mesh with prefio layer between rigid
mold surface and pliable vacuum bag with vacuurssaree applied
showing reduced porous area.
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Modeling Clay

tlet

Figure4-67 Photograph of the test setup for measuring theaability of the flow
mesh with release fabric and triax preform.
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Figure4-68 Flow distribution mesh transverse permeability,( versus
compaction pressure.
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Figure4-69 Flow distribution mesh permeability(; ) versus compaction pressure
constitutive model.
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Figure4-70 Flow distribution mesh permeabilitky{,) versus compaction pressure
constitutive model.
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Table4-6 Flow Mesh Permeability Models

Orientation Constitutive M odel Eqg.
Longitudinal (x;,) K, =(10.3- 1.33I(R))( 10) (4.47)
Transverse£;,) K, =(9.4-1.69I(R))( 10°) (4.48)
45 SUMMARY

An alternative method for characterizing the coatip and permeability
characteristics of fiber performs has been intreduc The method was used to
develop compaction pressure versus fiber volumetitna and permeability versus
fiber volume fraction constitutive models to be diga simulations. The studies
showed that the fiber volume fraction versus cortipacpressure curves during the
compaction and relaxation stages are very diffesmd must be represented by
separate constitutive models.

Permeability models were also developed for tbe tistribution medium in
which it was observed that the presence of theoprefvith the flow distribution mesh
significantly affected the permeability measurersemnd must be taken into
consideration. Due to nesting effects betweemtleérm and flow distribution mesh
the permeability of the flow distribution layer waggnificantly reduced with the
permeability varying as a function of compactioegsure.

In addition to characterizing the preform material constitutive models was
developed for the epoxy resin considered in thseaech which is also used in the

simulation.



CHAPTER S

MODEL VALIDATION

To validate the developed simulation model a sené& experiments were
performed in which the experimental results aregamd with numerical simulations.
The experiments include: (1) one-dimensional flomotigh a uni-directional stitched
carbon preform, (2) two-dimensional flow, includititgough the thickness flow, for a
thick uni-directional stitched carbon preform laat® in which a flow distribution
layer is used, and (3) two-dimensional flow, inchgdthrough the thickness flow, for
a thick preform laminate consisting of uni-directb and triax stitched carbon layers
and a flow distribution layer. The experiments amdulations include resin filling as
well as resin bleeding. Comparisons of filling éisn bleeding times, pressure fields,
and laminate thickness and fiber volume fractionsing) the filling and bleeding
stages are made with simulation results to aseesgalidity of the simulation model
and to gain further insight into the VARTM process.

A description of the test setup and procedureefmh experiment along with a

comparison of experimental and simulation resugl{gresented.

5.1 ONE-DIMENSIONAL (UNI)

Experiments were performed and compared with sitraris to investigate
one-dimensional resin flow. The simulations emplbg previously established

compaction and permeability constitutive modelsstmulate the resin filling and

180
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bleeding stages of the VARTM process. A descriptdthe experimental setup and
procedures is presented followed by a presentaifothe experimental results and

comparison with simulation predictions.

5.1.1 Experimental Setup

The flow experiment was performed using a prefoonsesting of three plies
of uni-directional carbon fabric with the flow bgirparallel to the direction of the
fibers. The properties for the preform materia¢ @iven in Table 4-2 with the
compaction and permeability models being given iabl& 4-4 and Table 4-5
respectively. The thickness of each ply underdaipaction was approximately 0.75
mm with the total thickness of the preform bein@22mm. The preform was 0.2 m
wide and 1.0 m long with a flow spring connectedatoinlet hose at one end and a
second flow spring connected to an outlet hoseebpposite end. The preform was
placed on a mold instrumented with 11 pressuresthacers (Omega PX 302) spaced
at 0.1 m on center. An illustration of the plamwiof the mold with the preform
showing the dimensions of the preform and locatiohshe pressure transducers is
shown in Figure 5-1. A side view of the test setsiiven in Figure 5-2 and a
photograph of the bottom surface of the mold shgwtme pressure transducers is
given in Figure 5-3. A vacuum bag is placed owver preform and sealed around the
perimeter with the inlet and outlet hoses each@attached to vacuum pots such that
the pressure can be controlled independently ab bwe inlet and the outlet. A
photograph of the complete experimental setupas ge Figure 5-4. The experiments

were all performed at room temperature in whiclaml having a viscosity 0.06 Pa
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was used as the infusion fluid. In all of the expents oil is used in place of epoxy

resin to prevent damage to the pressure sensors.

Inlet Preform Pressure Port Outlet

. N W A A e e

vt et e e e e e e e o e e e el oo et ol e o o N oo e o Nl

Mold Surface

Vaccum Pots

Figure5-1 lllustration of the plan view of the one-dimensabflow experiment
showing the dimensions of the preform and locatmiitte pressure
transducers and resin inlet and outlet lines.

Inlet Vacuum bag Preform Outlet (vacuum)

e S K i, © N e

Mol
old P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11
I'_’I Pressure transducer
0.1lm
Figure5-2 lllustration of the side view of the one-dimensbfiow experiment

showing the spacing of the pressure sensors.
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Figure5-3  Photograph showing the pressure transducers eonb®side of mold.

Inlet Preform Outlet

Figure5-4  Photograph showing the dry fiber preform on thédsorrface covered
with a vacuum bag. Pressure sensor ports canrsgdyedue to
presence of preform.

5.1.2 Experimental Procedure

It is common practice in VARTM processing to irduparts at full vacuum

pressure after which the vacuum pressure is rediccatiout 50% of full vacuum at
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the end of filling to minimize the presence of miaoids due to any dissolved air in

the resin. In addition to reducing the vacuum gues at the outlet, vacuum pressure
may be applied at the inlet to remove (bleed) excesin in order to increase the fiber
volume fraction of the part and achieve uniformikzete thickness [20].

The one-dimensional flow experiment considerechltbe resin filling and
bleeding stages of the VARTM process. For thénfilistage the resin inlet hose is
closed while full vacuum pressure (0 kPa) is appéethe outlet. When full vacuum
is achieved within the mold cavity the resin irbesse is opened and the oil is allowed
to flow into the preform under atmospheric presgifd kPa). The progression of the
flow front is visually monitored using a stop watahd marking the location of the
flow front. A photograph of the resin filling stags given in Figure 5-5. From the
photograph it is seen the flow is uniform acrosshdth of the preform. In addition
to visually monitoring the flow, the pressure withthe mold cavity is also recorded at
each pressure sensor location. At the end afdjithe pressure at the outlet is reduced
to 50 kPa and the pressure within the mold is aldwo reach equilibrium. Once the
pressure has reached equilibrium, vacuum pres$@ kiPa is applied at the inlet and
excess oil is bled from the mold cavity as the q@maf compresses. Pressure
measurements at each sensor location are recdmtedyhout the bleeding process. A
summary of the initial pressure conditions at thletiand outlet prior to resin filling
and bleeding as well as the inlet and outlet pressduring the resin fill and bleeding

processes are given in Table 5-1.
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Flow Front

Inlet

Figure5-5 Photograph of the one-dimensional flow experingowing the
progression of the flow front.

Table5-1 Inlet and Outlet Pressures

Initial Conditions Process Conditions
Process Inlet (kPa) Outlet (kPa) Inlet (kPa) Oufle®a)
Resin Filling 0 0 101 0
Resin Bleeding 101 50 50 50

5.1.3 Results and Discussion

Resin filling and bleeding simulations were pemied using a finite element
model consisting 100 one-dimensional line elementée finite element model is

shown in Figure 5-6. The simulations are performegsing the established
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permeability and compaction constitutive modelstha uni-directional material. The
results of the experimental measurements and siiogafor both the resin filling and

resin bleeding experiments are presented.

Node Element

]
1 }
L. L L e e L o o, o o 2 2 T L e L e ) L ) L P P L |
a 005 01 015 02 05 03 0.3 04 045 05 055 0B 085 07 0.5 08 085 03 035 1

1]

Figure5-6  Finite element mesh used to simulate resin flod/l@eeding for the
uni-directional laminate without flow mesh.

Resin Filling

To illustrate the difference between the RTM (fixereform thickness) and
VARTM (transient preform thickness) processes, $atons of each process were
performed using the material properties from the-dimectional material. The
simulations are performed using the preform relaxatonstitutive model for the uni-
directional preform as well as the previously elshled permeability constitutive
model. A comparison of the predicted pressure@l$i@long the length of the preform

are shown in Figure 5-7. From the figure it is@ted that the pressure field for the
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RTM process is linear due to the fixed preformkhe&ss and permeability. Due to the
transient nature of the preform thickness during WARTM process the pressure is
highest at the inlet and decreases in a nonlingsttidn to the outlet. Plots of the
normalized fiber volume fraction versus locatioorg] the length of the preform as
well as normalized permeability versus locationg@iven in Figure 5-8 and Figure 5-9
respectively. From the plots it is seen that du¢he reduced compaction pressure
near the inlet the fiber volume fraction is decesaand subsequently the permeability
increases. However, for the RTM process the pmeftrickness is fixed and the
permeability and fiber volume fraction are constaloing the length of the preform.
Based on the permeability value at full compactdrthe preform, a comparison of
the flow front location versus fill time for bothé VARTM and RTM processes is
given in Figure 5-10. From the plot it is seentttiee filling time for the VARTM
process is less than half the time as that forRA# process due to the transient

nature of the preform thickness.
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Comparison of pressure versus normalized locdtiothe VARTM

and RTM processes.
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Comparison of normalized fiber volume fractionstes normalized
location for the VARTM and RTM processes.
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Figure5-9  Comparison of normalized permeability versus ndizad location for
the VARTM and RTM processes.
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Figure5-10 Comparison of flow front location versus fill tinfier the VARTM and
RTM processes.
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In addition to comparing the VARTM and RTM processeparametric study
was conducted to understand the effects of pretbiokness and resin sinks due to
the relaxation of the preform during filling. Aset thickness of the laminate increases
the cross sectional area over which the resin flewscreased. For one-dimensional
flow this thickness can be accounted for by updgtire thicknessh() of the elements
in the finite element model as given in Eq. (3.4Furthermore as the preform relaxes
and the porous volume increases resin sinks aratectewhich account for the
increased resin volume as given by Eq. (3.54). study the effects of these
parameters, five different cases were consideredhich different combinations of
the parameters were implemented. In each cash, thwét exception of case 5, the
permeability is updated as a function of fiber vokifraction (Table 4-5). For the
first case the thickness is held constant anditileterms are neglected. These are the
same conditions considered by Song [54]. For do®rsd case the transient preform
thickness is considered with the sink terms negtecfor the third case the sink terms
are considered with the thickness held constanbr dase four both the transient
thickness as well as sink terms are consideredhndie the conditions considered by
Kang, Lee, and Han [48], Joubaud, Achim, and Tropt8], Lopatnikov, Simacek,
Gillespie, and Advani [52], and Walsh and Freez8].[5These are also the same
conditions considered in the current research wihenthrough thickness flow is
neglected. When through thickness flow is congideand elements through the
thickness are required the model in the currerganeh is represented by case 3 where
the sink due to volume changes are consideredhleuthianging preform thickness in

the stiffness matrix is neglected. Finally thehfitase, reprenting the RTM process,
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considers the condition in which the permeabilisy held constant at the initial
compacted value and the changing thickness and te&inks are neglected. A
summary of the five cases is given in Table 5-2.plé&t of the flow front location
versus fill time for each case along with experitaéresults is given in Figure 5-11.
From the plot it is seen that case 2 resulted e ghortest fill time while case 5
resulted in the longest fill time. The consideyatof the transient thickness in case 2
leads to a gradient in the element thicknesses framinlet to the outlet where the
thickness is greater at the inlet and lower atdb#et leading to higher flow rates.
Consideration of the sink term in case 3 resulted reduction in the resin flow rate
due to the additional resin consumed by the sirtkases 1 and 4 predicted similar fill
times which showed good correlation with the expental results. It appears that the
increased flow rate due to considering the tramstbickness of the preform is
countered by the decreased flow rate when the tnks are considered. As
expected, case 5 which held the permeability fiaédhe initial compacted value,
showed the longest fill time. The actual fill tiniom the experiment was 780
seconds. The fill time for each case along with percent error is given in Figure
5-3. From the table it is seen that the maximuraoras 61.5% for case 5 while the
other four cases had errors less than 7%. Fronpdhemetric study it is shown that
for resin filling the consideration of transientdkness and sink terms has little effect
on the predicted filling times especially when ooensiders that permeability

measurements are reported to have an uncertamitgsast 15% [71].
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Figure5-11 Plot of the flow front location versus filling tencomparing the four
different simulation cases with experimental result

Table5-2 Active Simulation Parameters

Case Thickness Sink
1 no no
2 yes no
3 no yes
4 yes yes
5 (fixed permeability) no no

Table5-3 Simulation Fill Times

Case Fill Time (sec) Error (%)
1 780 0
2 728 -6.7
3 818 +4.9
4 767 -1.7
5 1260 +61.5
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In addition to measuring the flow front progressithe pressure at each sensor
location (P2 through P10) was also recorded. At b the experimental
measurements along with the predicted pressuracit gensor location as a function
of filling time is give in Figure 5-12. The pretic pressures are based on a filling
simulation which considers both the transient theds of the preform as well as the
sink terms (case 4). From the figure it is seat that the predicted pressures show

very good agreement with the experimental measurame

100
!‘lllllllllll*lll‘ll)_l}jlll' o)
nlu““
8818
E |“|“ulu““u
.8
é s u-'“n
E ““ |lll‘l
> '.
| 88,
8 ‘.“.-“
— “.'
| .l,""
d O
. -u"‘“
e
““ P10
SeTe: ‘

Time (sec)

Figure5-12 Plot of pressure versus filling time for the umiedtional preform
showing the measured and predicted pressure atseasbr location.

Resin Bleeding
Although consideration of the transient nature bé tpreform thickness
(volume) had little effect on the filling phase thfe VARTM process it is vital in

simulating the bleeding phase. Using the estadadishigorithm for resin bleeding,
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pressure predictions from simulations are compainéd experimental measurements.
At the end of filling the pressure at the outletswaduced to 50 kPa at which time a
pressure of 50 kPa was applied at the inlet todoéeess resin. A convergence study
was performed to determine an appropriate timeement to be used in the
simulation. A time history plot of pressure versuse for time steps ranging from 1
to 20 seconds is seen in Figure 5-13. From theipls seen that for time steps less
than 5 seconds the solution converges very quickiythe current study a time step of

2 seconds is used for the resin bleeding simulstion
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Figure5-13 Plot of pressure versus time showing curves fverl bleeding
simulations using time steps ranging from 1 to @€osds.
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A plot of the experimentally measured pressureaah sensor along the length
of the preform combined with simulation resultsb&eding times of 0, 30, 60, and
120 seconds is given in Figure 5-14. From the flos seen that the predicted
pressures match the experimental results very widibwever as the bleeding time
increases above 60 seconds the simulation giveamasymmetric pressure field about
the mid point (0.5 m) of the preform while the esipeental results are non symmetric
with higher pressures toward the outlet end ofpteform. Since the same pressure is
applied at both the inlet and the outlet one woakpect that as the bleeding
progresses the pressure field would become synmmmalrout the mid point of the
preform. This is true if one assumes that theeease to one relationship between the
preform compaction pressure and the fiber voluraetion. However, as has already
been established, the relationship between congragtiessure and fiber volume is
dependent on whether the preform is undergoing estign or relaxation and
furthermore is dependent on the initial startingpas it transitions from relaxation to
compaction or vise versa. To better understarsdghenomenon a plot of compaction
pressure versus fiber volume fraction for the ureational material showing the
location of each pressure sensor on the relaxatiove at the end of resin filling is
given in Figure 5-15. Remember that compactiorsguee is the difference between
atmospheric pressure and resin pressure. At tdeogfilling the outlet pressure is
reduced to 50 kPa and the preform continues ta keitl the points representing each
pressure sensor moving down the relaxation curveeas in Figure 5-16. Finally
after the pressure has reached equilibrium a presgub0 kPa is applied at the inlet

and the preform undergoes compaction. During teeding process the simulation
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uses the compaction model and assumes that alpdhes follow this curve and
eventually arrive at the same point. However aditg, as shown in Figure 5-17, each
point starts at a different location on the reletatcurve and follows a compaction
curve with lies somewhere between the relaxatiowecand the compaction curve
with each point arriving at a different fiber volenfraction corresponding to a
pressure of 50 kPa. Higher fiber volume fracticalues correspond to lower
permeability through the permeability versus fibaslume fraction constitutive
relationship. Thus, even though the inlet andetwdte at the same pressure level the
preform permeability is higher near the inlet andidr near the outlet resulting in a
non symmetric pressure field as the resin bleegingresses.

In addition to validating the bleeding model wetkperimental measurements a
comparison was also made with the one-dimensiormemproposed by Song and
Youn [64]. Upon recognizing that the fluid averdgeelocity is used in the
formulation and dividing the permeability by therpsity as noted by Lopatnikov,
Simacek, Gillespie, and Advani [52], it was disc@cethat the system of equations
produced by the finite difference approach use®byg and Youn are identical to the
system of equations arrived at using the finitenglet method in the current research.
Thus the simulation results from the current redeare identical with those of Song

and Youn for the one-dimensional model.
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Figure5-14 Plot of pressure versus location at different dileg times for the uni-
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Figure5-15 Plot of the compaction constitutive model for thre-directional
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at each sensor location at the end of filling.
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Figure5-17 Plot of the compaction constitutive model for thre-directional
material showing the compaction versus fiber voldraetion path for
each sensor location following the application 0fk®a pressure at the

inlet.
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Realizing that the true constitutive relationshgs somewhere between the
relaxation and compaction curves, the bleeding kitimn was performed using both
the relaxation as well as compaction curves and peoed with experimental
measurements. A time history of the pressure duttie bleeding process for each
pressure sensor P2 through P10 is given in Figuds 3hrough Figure 5-26
respectively. P1 and P11 are at 50 kPa througtimittest and are therefore not
shown. From the plots shown in Figure 5-18 thro&giure 5-20 it is seen that the
pressure predictions based on the compaction csime&vs much better agreement
with experimental measurements than pressure pi@wscbased on the relaxation
curve. This is not surprising since, as was seeRigure 5-17, these three points
follow curves which are more representative of ¢tbenpaction curve than the other
points which are closer to the outlet. For theai®rimg sensor locations (P5-P10) it
appears that some combination of the predictedspres using the compaction and
relaxation curves shows the best fit with the expental measurements.

Using FEMAP as a post processor the predictedspresfield as well as
predicted fiber volume fractions at bleeding tines2, 20, 40, 60, 90, and 120

seconds are given in Figure 5-27 and Figure 5-88awively.
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Figure5-18 Plot of pressure versus bleeding time at pressemsor P2 (0.1 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.
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Figure5-19 Plot of pressure versus bleeding time at pressemsor P3 (0.2 m)
showing experimental measurements as well as siimlegesults using
both the relaxation and compaction models.
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Figure5-20 Plot of pressure versus bleeding time at pressemsor P4 (0.3 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.
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Figure5-21 Plot of pressure versus bleeding time at pressemsor P5 (0.4 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.



100
95
90
85
80
75
70

Pressure (kPa)

65
60
55
50

Figure5-22

100
95
90
85
80
75
70

Pressure (kPa)

65
60
55
50

Figure5-23

202

Simulation (Relaxation)

Simulation (Compaction)

o

40 80 120 160 200 240
Time (sec)

Plot of pressure versus bleeding time at pressemsor P6 (0.5 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.
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Plot of pressure versus bleeding time at pressemeor P7 (0.6 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.
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Figure5-24 Plot of pressure versus bleeding time at pressemsor P8 (0.7 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.
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Figure5-25 Plot of pressure versus bleeding time at pressemsor P9 (0.8 m)
showing experimental measurements as well as siimnleesults using
both the relaxation and compaction models.
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Figure5-26 Plot of pressure versus bleeding time at pressemeor P10 (0.9 m)
showing experimental measurements as well as siimnleesults using

both the relaxation and compaction models.
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Figure5-27 Contour plots of resin pressure for the uni-die@l laminate without
flow mesh at (a) 2 seconds, (b) 20 seconds, (seé0bnds, (d) 60
seconds,(e) 90 seconds, and (e) 120 seconds.
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Figure5-28 Contour plots of fiber volume fraction for the tdirectional laminate
without flow mesh at (a) 2 seconds, (b) 20 seco@<10 seconds, (d)
60 seconds, (e) 90 seconds, and (f) 120 seconds.
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5.2 TWO-DIMENSIONAL (UNI)

To study the effects of flow distribution layers tao-dimensional flow
experiment was performed using a thick laminatesstimg of the uni-directional
material and one layer of flow distribution mesA. description of the experimental
setup along with the procedures is presented feltbvioy a discussion of the

experimental and simulation results.

5.2.1 Experimental Setup

This experiment used the same mold and pressusoisethat were used for
the one-dimensional flow study. In addition to tlpeessure sensors, three
displacement transducers were used to measuréitkaess changes of the preform.
The locations of the pressure sensors as well asdisplacement transducers in
relationship to the preform are given in Figure %-2The uni-directional laminate
consisted of 30 plies of the uni-directional matknesulting in a fully compacted
laminate thickness of approximately 24 mm. Theitete was 0.6 m long and 0.2 m
wide. The laminate was oriented such that the flowarallel to the direction of the
fibers. A layer of peel ply was placed over théirenaminate followed by a single
layer of flow distribution mesh which was 0.55 mndpand 0.2 m wide. The flow
distribution mesh was oriented such that the flomswn the transverse direction, for
which a permeability constitutive model was pregiguestablished (Table 4-6). The

flow mesh ended 0.05 m before the end of the lat@inA flow spring was in contact
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with the flow distribution mesh at the inlet withet vacuum (outlet) hose being placed
at the end of the preform. Vacuum pots were att@ddio both the inlet and outlet

hoses such that the pressure could be controlleshet end of the laminate. The
locations of the preform, flow distribution mesimdainlet and outlet lines are seen in

Figure 5-29. Photographs of the test setup arengiv Figure 5-30 and Figure 5-31.

0.04 m l: :!: 0.23m :!: 0.23m :!: 01m >
Displacement
transducer
Inlet hose Vacuum bag
\ Flow mesh Laminate 0.05m Vacuum
O / f— hose
Mold
P1 P2 P3 P4 P5 P6 P7 Pressure
transducer
0.1m 0.1m 0.1m 0.1lm 0.1lm 0.1lm

Figure5-29 lllustration of the test setup for the uni-directal laminate with flow

distribution mesh showing the locations of pressum@ displacement
transducers.

Figure5-30 Photograph of the test setup for the uni-direaidaminate with flow
distribution mesh showing inlet and vacuum (outtet3es as well as
displacement transducers.
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Figure5-31 Photograph of the test setup showing the vacuata with the inlet
and vacuum (outlet) hoses.

5.2.2 Experimental Procedure

Four different experiments were performed using uhi-directional laminate
with flow distribution mesh. The first experimesdnsisted of resin filling in which
the inlet line was closed while full vacuum pressuas applied at the outlet. When
the mold cavity was at full vacuum the inlet linesvopened and oil was allowed to
flow into the preform under atmospheric presswesual inspection was used to track
the flow front progression along the top surface tre pressure sensors where used to
track the flow front along the mold surface andrécord the pressure data. The
displacement of the laminate surface was measwgd) the displacement sensors.

At the end of filling the outlet pressure was reglilito 50 kPa and the pressures within
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the mold were allowed to reach equilibrium priorttee beginning of the second
experiment.

With the outlet pressure reduced to 50 kPa therskexperiment consisted of
applying a vacuum pressure of 50 kPa at the imet @lowing oil to be removed
(bled) through the inlet. Pressure and displacendata were recorded until an
equilibrium pressure of 50 kPa was achieved througthe preform.

The third experiment began with the same initi@sgure conditions as the
previous bleeding experiment (50 kPa at the oathet 101 kPa at the inlet). With the
pressure at equilibrium the inlet hose was closeprévent oil from flowing into the
preform. The oil was bled through the outlet haséll a pressure of 50 kPa was
achieved throughout the preform. Again pressuri& deas recorded during the
bleeding process.

Unlike the previous two bleeding experiments thaurth experiment
investigated the flow of resin into an already sateed preform due to relaxation of the
preform. The experiment began with a pressure8dRa applied at both the inlet and
outlet with a uniform pressure of 48 kPa throughttvat mold cavity. Next the inlet
hose was opened allowing oil to flow into the prefaunder atmospheric pressure as
the preform relaxed (thickened) due to the redwoedpaction pressure. Pressure and
laminate thickness measurements were recorded prggsure equilibrium was
achieved. A summary of the initial pressure caodg and pressure conditions during

the experiments are given in Table 5-4.



Table5-4 Inlet and Outlet Pressures
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Initial Conditions

Process Conditions

Process Inlet (kPa) Outlet (kPa) Inlet (kPa) Oufld®a)
Resin Filling 0 0 101 0
Resin Bleeding 101 50 50 50
Resin Bleeding 101 50 Closed 50
Preform Relaxation 48 48 101 48

5.2.3 Results and Discussion

Simulations of each experiment were performedgusiriinite element model

consisting of 287 nodes and 523 elements. Onerdiioeal line elements were used

to simulate the resin distribution mesh as welledge effects at the ends of the

preform. Two-dimensional triangle elements weredu® model the preform. During

the filling experiment it was observed that thewfloate along preform/vacuum bag
interface at the ends of the preform was faster tha measured flow rate through the

thickness of the preform. To account for this @ased permeability along the

laminate edges one-dimensional line element haaipgrmeability of 1e-10 frwere

used. An illustration of the finite element mediowing the extent of the flow

distribution elements is given in Figure 5-32. Hmaulations are performed using the

established permeability and compaction constiéutivodels for the uni-directional

and flow distribution mesh materials (Table 4-4pl€a4-5, and Table 4-6).

results of each of the four experiments along wsimulation predictions are

presented.

The
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Figure5-32 Finite element mesh showing the extent of the flbesh elements and
boundary nodes.

Resin Filling

During the resin filling experiment the flow froptogression along the top and
bottom surfaces were recorded and compared withlatian results. A plot of flow
from location versus filling time for the top andttom surfaces of the laminate is
given in Figure 5-33. Two simulation cases wenesadered. The first case neglected
the sink terms due to the changing volume reprasigatof the model used by Song
[54] and the second case considered the sink tdwuasto the changing volume as
presented in the current research. In Figure %88g’'s model is shown by the
dashed line while the current model is depictedheysolid line. From the plot it is
seen that the predictions are very similar, witlomty a 1% difference in predicted fill
times. Again this suggests that for resin fillsighulations considereation of the sink
terms has little affect on the predicted fillinghe. From the plot it is observed that

the simulation results show good agreement with ékperimental measurements.
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The experimental measurements show a maximum l@gah between the flow front

location at the top and bottom of the laminate rikarinlet reducing to 0.14 m as the
flow becomes established. The simulation showsagimum lag of 0.23 m near the

inlet reducing to 0.18 m as the flow becomes estiabtl. Contour plots showing the
predicted flow front shape and location for fillitignes of 20, 60, 120, 200, and 240
seconds are given in Figure 5-34. Although the ehpdoposed by Song agrees well
with the current model it is not capable of simuigtthe bleeding of excess resin at

the end of filling since the transient preform valelis not considered.

o
\l

Experimental (top)

o
(o]
T

Numerical (top)

0.5
Eoal
< I
= Experimental (bottom)
© 0.3
3

Numerical (bottom)
0.2
0.1 f
0 )
0 50 100 150 200 250 300
Time (sec)

Figure5-33 Plot of flow front location versus time showingperimental and
simulation results.
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Figure5-34 Resin filling simulation of the uni-directionalgform showing elapsed
times of a) 20, b) 60, c) 120, d) 200, and e) Zkbads.

The recorded pressure at each sensor during i fprocess is compared
with the predicted pressures from the simulatiofrigure 5-35. From the plot it is
seen that the simulation and experimental resuitsvsgood agreement with the
exception of sensor P1 where the pressures areg preldicted by about 8 kPa. The
discrepancy at sensor P1 may be explained by thdHat the permeability along the

edge of the preform at sensor P1 is unknown andsbemed value may be too low.
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Figure5-35 Plot of Pressure versus filling time at each pressensor (P1-P6)
comparing experimental measurements and simulatgults.
In addition to pressure, the predicted laminatiektiess during the filling
process is compared with the experimentally measudhéckness. Through the
compaction versus fiber volume fraction constitativelationship previously

established the predicted laminate thickness majebermined. From the initial fiber

volume fraction ¥/;) at full compaction and the initial preform thigdss (°) the

current average fiber volume through the thickridsthe laminate may be used with
Eq. (3.31) to determine the current laminate theden The initial fully compacted
fiber volume fraction was found to be 0.486 witk thitial thickness being 24 mm. A
comparison of the predicted and experimentally messlaminate thickness at sensor
locations D1, D2, and D3 during the filling procésshown in Figure 5-36. From the
figure it is seen that the predicted thicknesseas measured thicknesses show good

agreement.
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Figure5-36 Plot of laminate thickness versus filling time siag experimental
measurements as well as simulation predictionadt displacement
transducer location.

Resin Bleeding (50 kPa Applied at I nlet)

For the first bleeding experiment, in which a pree of 50 kPa was applied at
the inlet, plots of the experimental and predicpedssures along the length of the
preform at different bleeding times are given irg¥e 5-37 and Figure 5-38
respectively. The plot in Figure 5-37 shows sirtiata results obtained using the
compaction curve from the constitutive model andufé 5-39 shows simulation
results using the relaxation curve from the cousté model. It is observed that the
compaction model predicts pressures which arealhitiiower than experimental
values but come closer to matching experimentalsoremnents at longer bleeding
times. On the other hand the relaxation model dogsod job of matching initial

pressure measurements but over predicts pressuoegar bleeding times.
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Figure5-37 Plot of experimentally measured pressures aratligted pressures
using the compaction curve from the constitutivedelozersus location
at different bleeding times for an applied pres@irg0 kPa at the inlet.
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Figure5-38 Plot of experimentally measured pressures aradligted pressures
using the relaxation curve from the constitutivedeloversus location
at different bleeding times for an applied pressifrg0 kPa at the inlet.



218

Plots of the pressure time history for pressursees P1 through P6 are given
in Figure 5-39 through Figure 5-44 respectivelyaclt plot shows the experimental
measurements along with simulation predictions gidoth the compaction and
relaxation constitutive model curves. As was nqiegliously, the predictions using
the compaction curve underestimate the initial swess but do a good job of
capturing the pressures at longer bleeding tinkegem the plots it is observed that the
simulations using the relaxation curve capture itigal pressures very well but
slightly over predict the pressures at longer blegdimes. During the filling stage
the preform undergoes relaxation therefore theigied pressures at the end of filling
and the beginning of the bleeding phase are the sard are be best predicted using
the relaxation curve from the constitutive moddduring the bleeding stage the
preform undergoes compaction and the simulatidizesi the compaction curve from
the constitutive model. However, as was seengurei5-17, there are infinitely many
unique compaction curves which are dependent onsthding point from the
relaxation curve. In reality the correct presssrbased on curves which fall between

the established relaxation and compaction const#uiurves.
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Figure5-39 Plot of pressure versus time at pressure sen$o(OPm) showing
experimental data as well as numerical resultsgusalaxation and
compaction constitutive models.
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Figure5-40 Plot of pressure versus time at pressure selR20(0.1 m) showing
experimental data as well as simulation resultmguselaxation and
compaction constitutive models.
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Figure5-41 Plot of pressure versus time at pressure sét%@0.2 m) showing
experimental data as well as simulation resultsgistlaxation and
compaction constitutive models.
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Figure5-42 Plot of pressure versus time at pressure selR40(0.3 m) showing
experimental data as well as simulation resultmguselaxation and
compaction constitutive models.
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Figure5-43 Plot of pressure versus time at pressure selRSo0(0.4 m) showing
experimental data as well as simulation resulteguselaxation and
compaction constitutive models.

95

90

Simulation (Relaxation)

/ Simulation (Comaction)

Experimental

Pressure (kPa)

=

So o
S o W

S S
SSSSER8000

o

20 40 60 80 100 120
Time (sec)

Figure5-44 Plot of pressure versus time at pressure sét&@.5 m) showing
experimental data as well as simulation resultsgistlaxation and
compaction constitutive models.



222

Plots showing the pressure field and correspondiibgr volume fractions
within the preform for elapsed bleeding times o0, 20, 30, 40, and 60 seconds are
given in Figure 5-45 and Figure 5-46 respectivelrom Figure 5-45 it is observed
that at the beginning of the bleeding process thesgure gradient through the
thickness is minimal. However, due to the pressymglied at the inlet a significant
pressure gradient is created through the thickng&#ise laminate causing oil to flow
from the preform into the flow distribution meshdatinen out through the inlet hose.
Bleeding through the inlet hose leads to a verytdileeding time (100 seconds).

The fiber volume fraction plots given in Figure46-are used to predict the
thickness of the laminate at each of the displacérmensor locations D1 through D3.
Plots of the predicted displacement using bothctmapaction and relaxation curves
from the constitutive model are given in Figure Btlrough Figure 5-49 respectively.
From the plots it is observed that the experimentabsurements lie between the
lower thickness predicted by the relaxation curwel &igher thickness prediction
using the compaction curve. The predicted thickessshow the correct trends,
however in general the total predicted changeiokiiess at each location exceeds the
actual measured change in thickness. A summattyegpreform thickness changes of
the preform at each displacement sensor locatigivien in Table 5-5 at the end of
this section. From the table it is seen that thedigted thicknesses based on the
relaxation curve shows the best agreement with rexpatal measurements.
Surprisingly the experimental measurements at sdasation D3 showed no change
in the thickness of the preform while a thicknebarmge of 0.5 mm was predicted.

This discrepancy could be due to deformation ofrttedd as vacuum is applied to the
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vacuum bag (the mold is only 3 mm thick) or it ntag/ due to the thickness of the
preform. The compaction constitutive model for tin@-directional preform was
based on measurements performed on a preform tiagses three plies of material
while the preform under consideration consists @fples of material. It has been
shown by others [86, 87, 89, 90, 91] that the nurolb@lies of the material affects the

relationship between compaction pressure and fiblerme fraction.
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Figure5-45 Contour plots of resin pressure for the uni-di@aal laminate using
the compaction model with vacuum pressure appli@aet showing
pressures at (a) 0, (b) 10, (c) 20, (d) 30, (e)x4d, (f) 60 seconds.
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Figure5-46 Contour plots of fiber volume fraction for the tdirectional laminate
using the compaction model with vacuum pressurdéexppt the inlet
showing pressures at (a) 0, (b) 10, (c) 20, (dX&8P40, and (f) 60
seconds.
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Figure5-47 Plot of thickness versus bleeding time with 50kBplied at the inlet
comparing the predicted laminate thickness at sdd$awith the
experimentally measured thickness.
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Figure5-48 Plot of thickness versus bleeding time with 50kBplied at the inlet
comparing the predicted laminate thickness at sdb8awith the
experimentally measured thickness.
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Figure5-49 Plot of thickness versus bleeding time with 50kBplied at the inlet
comparing the predicted laminate thickness at sdd3awith the
experimentally measured thickness.

Resin Bleeding (I nlet Closed)

The second bleeding experiment is identical tofitst bleeding experiment
with the exception that rather than applying vacuyuessure at the inlet, the inlet is
simply closed and oil is allowed to exit througte thutlet hose only. A plot of the
predicted pressures based on the compaction cromethe constitutive model along
with experimental measurements at different blegdimes is given in Figure 5-50.
From the figure it is seen that for all bleedingnés the predicted pressures

underestimate the measured pressures.
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Figure5-50 Comparison of experimental and predicted pressuusing the
compaction curve from the constitutive model verdasation at
different bleeding times with the inlet hose closed

Time history plots of the pressure versus bleedinge for each pressure
sensor are given in Figure 5-51 through Figure 5-5&ach plot shows the
experimentally measured pressures along with thdigied pressures using both the
compaction and relaxation curves from the constiutmodel. From the plots it is
seen that both predictions using the two diffecamtstitutive curves show very similar
results with the relaxation curve predicting sllghtigher pressures at the beginning
of the bleeding process. In all cases the simdlptessures under predict the actual
measured pressures with the simulation reachingiledgum (50 kPa) much sooner
than experimental data. One explanation may bevihan the inlet hose is clamped

there still remains some excess oil in the flowirgp@at the inlet which continues to
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flow in to the preform as the vacuum bag compressesind the spring. The
simulation does not account for any resin comirtg the preform after the inlet hose

is closed.
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Figure5-51 Plot of pressure versus time at pressure seR$of0 m) showing
experimental results as well as simulation resusiag both relaxation
and compaction models.
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Figure5-52 Plot of pressure versus time at pressure selR20(0.1 m) showing
experimental results as well as simulation resusiag both relaxation
and compaction models.
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Figure5-53 Plot of pressure versus time at pressure selR80(0.2 m) showing
experimental results as well as simulation resusiag both relaxation
and compaction models.
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Figure5-54 Plot of pressure versus time at pressure sét%@.3 m) showing
experimental results as well as simulation resigtag both relaxation
and compaction models.
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Figure5-55 Plot of pressure versus time at pressure selRS0(0.4 m) showing
experimental results as well as simulation resusiag both relaxation
and compaction models.
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Figure5-56 Plot of pressure versus time at pressure sens(®.B6n) showing
experimental results as well as simulation resigtag both relaxation
and compaction models.

Pressure as well as fiber volume fraction contplats of the preform at
bleeding times of 0, 20, 40, 60, 90, 120, and K®sLds are given in Figure 5-57 and
Figure 5-58 respectively. From Figure 5-57 it é&$ that throughout the bleeding
process the pressure gradient is predominatelygaloam length of the preform with a
very small pressure gradient through the thicknd3se to the nature of the pressure
gradient the flow of resin is predominately takipigce within the preform with the
flow distribution mesh doing little to aid in théeleding process. For this bleeding
experiment the time to reach equilibrium was appnately 500 seconds compared to

100 seconds for the case when vacuum pressurelis@pt the inlet.
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Figure5-57 Contour plots of resin pressure for the uni-diewl laminate with the
inlet closed showing pressures at (a) 0, (b) 204Q¢ (d) 60, (e) 90, (f)
120, and (g) 180 seconds.
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Figure5-58 Contour plots of fiber volume fraction for the wdirectional laminate
with the inlet closed showing pressures at (apP20, (c) 40, (d) 60,
(e) 90, (f) 120, and (g) 180 seconds.

From the predicted fiber volume fractions the laate thicknesses are

predicted at each displacement sensor locationgubioth the compaction and
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relaxation constitutive models. Plots of the pecestl thickness along with
experimental measurements for sensors D1, D2, @a&rP shown in Figure 5-59
through Figure 5-61 respectively. At all three s@nlocations the final laminate
thickness is best predicted by the compaction @tian. Again the predicted trends
match the experimental results however at all thoeations the simulation predicts
larger overall changes in thickness in comparisoith wthe experimental
measurements. Unlike previous observations, tiperaxentally measured thickness
at D1 is not bounded by the compaction and relaragpiredictions but exceed both
curves. This is most likely due to an offset ie theasurement due to disturbance of
the sensor or offsets in the data acquisition. mFfigure 5-47, Figure 5-48, and
Figure 5-49 it is observed that when the presssineniform (50 kPa) at the end of
bleeding the thickness measurements at each séwsaiion are nearly the same
(D1=2.51 mm, D2=2.49 mm, and D3=2.49 mm). Howdvem Figure 5-59, Figure
5-60, and Figure 5-61 it is seen that at a unif@messure of 50 kPa at the end of
bleeding the thickness measurement at D2 and D8raferm at 2.51 mm while the
thickness at D1 is much higher having a measurezkrtess of 25.8 mm. 1t is
believed that the measurements at D1 are approgiyn@ié to 0.7 mm too high. A
summary of the measured and predicted thicknessgeisaare given in Table 5-5 at
the end of this section. From the results it ensthat while the compaction curve best
predicts the final thickness the relaxation coositie model best captures the change
in preform thickness. Again the discrepancy in soseements and predictions may be
due to the thickness of the preform in comparisothé thin preform used to develop

the compaction constitutive model.
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Figure5-59 Plot of thickness versus bleeding time with tHeticlosed comparing
the predicted laminate thickness at sensor D1 thigrexperimentally
measured thickness.
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Figure5-60 Plot of thickness versus bleeding time with tHeticlosed comparing
the predicted laminate thickness at sensor D2 thigrexperimentally
measured thickness.
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Figure5-61 Plot of thickness versus bleeding time with tHeticlosed comparing
the predicted laminate thickness at sensor D1 thigrexperimentally
measured thickness.

Preform Relaxation (Atmospheric Pressure at I nlet)

The final experiment for the uni-directional pnefo with flow distribution
mesh consisted of allowing resin to flow back itite preform from an initial uniform
pressure of 48 kPa. Oil was allowed to flow bauk ithe preform under atmospheric
pressure at the inlet. A plot of the pressure glibve length of the preform during the
relaxation process is given in Figure 5-62. Thet pkhows experimental
measurements as well as simulation results usiegréhaxation curve from the
constitutive model for elapsed times of 0, 10, &% 60 seconds. From the plot it is
seen that the simulation does a very good job eflipting the pressures except near
the inlet. Again this is likely due to using toowl of a permeability along the

preform/vacuum bag interface near the inlet.
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Figure5-62 Comparison of simulation and experimental pressersus location at
different times during relaxation of the preform.

Time history plots of pressure versus time forspuee sensors P1 through P6
are given in Figure 5-63 through Figure 5-68 retipely. Each plot shows the
experimental measurements as well as the simulatesults using both the
compaction and relaxation constitutive models. Hi\fite exception of sensor P1 the
simulation results using the relaxation model shawy good agreement with the
experimental measurements. This is not surprisinge the preform started at a

uniform constant pressure and then underwent retaxa
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Figure5-63 Plot of pressure versus time at pressure seR$0(0.0 m) showing
experimental results as well as simulation restdtsboth relaxation
and compaction models.
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Figure5-64 Plot of pressure versus time at pressure sensofOR2m) showing
experimental results as well as simulation residtsboth relaxation
and compaction models.
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Figure5-65 Plot of pressure versus time at pressure sensofOR3m) showing
experimental results as well as simulation residtsboth relaxation
and compaction models.
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Figure5-66 Plot of pressure versus time at pressure senso0B4m) showing
experimental results as well as simulation residtsboth relaxation
and compaction models.
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Figure5-67 Plot of pressure versus time at pressure seRSo0(0.4 m) showing

experimental results as well as simulation restdtsboth relaxation
and compaction models.
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Figure5-68 Plot of pressure versus time at pressure senso0B6m) showing
experimental results as well as simulation residtsboth relaxation
and compaction models.
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Contour plots of predicted pressure and fiber mmufraction during the
relaxation process for elapsed times of 0, 10,30),40, 60, and 120 seconds are

shown in Figure 5-69 and Figure 5-70 respectively.
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Figure5-69 Contour plots of resin pressure for the uni-dicewl laminate during
relaxation showing pressures at (a) 0, (b) 102Qc)Xd) 30, (e) 40, ()
60, and (g) 120 seconds.
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Figure5-70 Contour plots of fiber volume fraction for the wdirectional laminate
during relaxation showing pressures at (a) 0, (X&) 20, (d) 30, (e)
40, (f) 60, and (g) 120 seconds.
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From the predicted fiber volume fractions the laate thicknesses are
predicted at each displacement sensor locationgubioth the compaction and
relaxation constitutive models. Plots of the pecestl thickness along with
experimental measurements for sensors D1, D2, @a&rP shown in Figure 5-71
through Figure 5-73 respectively. From the plots seen that for sensor locations D2
and D3 the relaxation simulation does the bestgblpredicting the final laminate
thickness. At D1, although the relaxation simwatunder predicts the magnitude of
the thickness it does a good job capturing thedtiirthe experimental data as well as
the total change in thickness. Looking at theiahineasured thickness at time zero
(50 kPa uniform pressure) the measured thickneB4 & 25.7 mm which is about 0.7
mm higher than the thickness measured at D2 and Afain it is believed that the
curve should be shifted downward 0.7 mm such thatetxperimental measurements
are more closely represented by the relaxationecutvis observed that the predicted
thickness change at D2 and D3 are large in conpariwith experimental
measurements.  Again, as discussed previously, dbmpaction constitutive
relationship was developed from a preform congystih3 plies of material while the
preform used in these experiments was 30 pliek.thi@ased on experimental
measurements performed by others [86, 87, 89, 9DtH&@ compaction constitutive
model is dependent on the thickness of the prefofnsummary of the measured and
predicted thickness changes is given in Table S&erall for all three experiments
the predictions based on the relaxation constguthodel showed better agreement
with measured preform thickness changes in congrarte predictions using the

compaction curve from the constitutive model.
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Figure5-71 Plot of thickness versus time during relaxatiomparing the predicted
laminate thickness at sensor D1 with the experiaignineasured
thickness.
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Figure5-72 Plot of thickness versus time during relaxatiomparing the predicted
laminate thickness at sensor D2 with the experiaignineasured
thickness.
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Figure5-73 Plot of thickness versus time during relaxatiomparing the predicted
laminate thickness at sensor D3 with the experiaignineasured
thickness.

Table5-5 Summary of Thickness Predictions

D1 D2 b3
At Error At Error At Error
Case (mm) (%) (mm) (%) (mm) (%)
Bleed (50 kPa @ Inlet)
Experimental 24 NA 0.9 NA 0.0 NA
Compaction 3.4 +25 2.9 +122 0.8 NaN
Relaxation 2.6 +8 1.4 +55 0.5 NaN
Bleed (Inlet Closed)
Experimental 2.9 NA 1.1 NA 0.1 NA
Compaction 3.4 +17 2.0 +82 0.8 +700
Relaxation 2.6 -10 1.4 +27 0.5 +400
Relax (100 kPa @ Inlet)
Experimental 2.5 NA 0.9 NA 0.0 NA
Compaction 3.4 +36 2.0 +122 0.8 NaN

Relaxation 2.6 +4 1.4 +56 0.5 NaN
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5.3 TWO DIMENSIONAL (UNI/TRIAX)

To study the effects of plies with differing perabdity values a two-
dimensional flow experiment was performed usingiektlaminate consisting of uni-
directional as well triax materials with a layer @bw distribution mesh. A
description of the experimental setup along with pinocedures is presented followed

by a discussion of the experimental and simulatesults.

5.3.1 Experimental Setup

This experiment used the same mold, pressure ignand displacement
transducers which were used for the previous expmi. The locations of the
pressure sensors as well as the displacement tregrsdin relationship to the preform
are given in Figure 5-74. The laminate consiste@@ plies of the uni-directional
material and 6 plies of the triax material. The Ugp was such that the uni-directional
material was sandwiched between the triax matewdls 3 plies of triax material on
either side (Figure 5-75). The uni-directionalepliwere oriented 90° to the flow
direction and the triax plies were oriented witle tbngitudinal fibers parallel to the
flow direction (Figure 5-75). The orientations weaxhosen to best represent laminates
which are to be infused as part of the developroétite composite beam sections for
the composite modular bridge. The resulting lat@nwas approximately 20 mm
thick under full compaction with two-thirds of thhickness consisting of the uni-
directional plies and one-third of the thicknessgdriax. The laminate was 0.63 m

long and 0.2 m wide. A layer of peel ply was pthoger the entire laminate followed
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by a single layer of flow distribution mesh whictasv0.59 m long and 0.2 m wide.
The flow distribution mesh was oriented such the flow was in the transverse
direction. The flow mesh ended 0.04 m short of ¢hd of the preform. Like the

previous experiment a resin flow spring was in achtvith the flow distribution mesh

at the inlet with the outlet flow spring being pgaicat the end of the preform. Vacuum
pots were attached to both the inlet hose as wellha outlet hose such that the
pressure could be controlled at each end of thenten The locations of the preform,
flow distribution mesh, and inlet and outlet hosee seen in Figure 5-74. A

photograph of the test setup is given in Figuré5-7

|0.07 m 0.23 m 1 0.23 m [ 0.1m
< > e i
Displacement
transducer
Inlet hose Vacuum bag
\ Flow mesh Laminate 0.05m Vacuum
f—> hose

P1 P2 P3 P4 P5 P6 P7 Pressure
transducer

0.1m 0.1lm 0.1m 0.1lm 0.1m 0.1m

Figure5-74 lllustration of the test setup for the uni/triaminate showing the
locations of pressure and displacement transducers.
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Figure5-75 lllustration showing the lay up of the uni/trisaninate.

Figure5-76 Photograph of the test setup showing the inletaurtbbt lines,
laminate, flow distribution mesh and displacememis®rs.

5.3.2 Experimental Procedure

This study repeats the same four experiments wiviete used for the two-

dimensional flow experiment using the uni-direceibpreform. Namely: resin filling,
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resin bleeding with vacuum pressure applied aifrileg, resin bleeding with the inlet
hose closed, and preform relaxation with the iijeéned to atmospheric pressure.
The pressure conditions applied during the experimmand simulations is given in

Table 5-6.

Table5-6 Inlet and Outlet Pressures

Initial Conditions Process Conditions
Process Inlet (kPa) Outlet (kPa) Inlet (kPa) Oufld®a)
Resin Filling 0 0 101 0
Resin Bleeding 101 50 50 50
Resin Bleeding 101 52 Closed 52
Preform Relaxation 50 50 101 50

5.3.3 Results and Discussion

Simulations of each experiment were performedgusiriinite element model
consisting 288 nodes and 530 elements. One-dimaasine elements were used to
simulate the resin distribution mesh and edge t&ffat the inlet and outlet ends and
two-dimensional triangle elements were used to mibaepreform. Like the previous
experiment a permeability of 1e-10°rwas applied at the preform/vacuum bag
interface at each end of the preform. In this gtsichulation results using layerwise
permeability values are compared with results usiegsured effective permeability

values for the laminate. An illustration of theogeetry of the laminate is given in
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Figure 5-77. The model is divided into six diffetdayers which may be assigned
different permeability and compaction constitutretationships. For the layerwise
simulations, layers 1 and 6 are assigned triax pahitity and compaction properties
and layers 2 through 5 are assigned uni-directiggeameability and compaction
properties. For the effective permeability simwas all six layers are assigned
uni/triax laminate effective permeability and corofpan properties. The compaction
and permeability constitutive models for each makeare given in Table 4-4 and
Table 4-5 respectively. An illustration of theifenelement mesh showing the extent
of the flow distribution elements as well as thietirand outlet nodes is given in Figure
5-78. The results of the experimental measuremants simulations for each

experiment are presented.
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Figure5-77 lllustration of the model geometry showing eachhef different layers.
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Figure5-78 lllustration of the finite element mesh showing thcations of the inlet
and outlet nodes as well as the flow distributicgsm

Resin Filling

Resin filling simulations using both the layerwiss well as effective
permeability models were performed and compared \experimental results in
Figure 5-79. From plot it is seen that the prestictlow front using the layerwise
model matches the experimental results for bothtdipeand bottom surfaces of the
preform up to a fill time of 200 seconds at whiatirp the flow front at the mold
surface lags behind the experimental results.s lalso observed that the effective
model does a fair job of predicting the flow frgambgression in the flow distribution
layer (top surface) but does a poor job of predgctihe flow front along the mold
surface. The relaxation curve from the constitutimodel was used for the filling
simulations. A photograph of the laminate durihg filling process is given in Figure

5-80.
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Figure5-79 Plot of flow front location versus time for theptand bottom surfaces
of the laminate using layerwise and effective msdel

Contour plots showing the flow front profile forotth the layerwise and
effective models as well as photos of the flow frprofile at 30, 120, and 240 seconds
are given in Figure 5-81. From figure it is sebattthe flow front profile for the
layerwise model looks very similar to the actuabfppe from the flow experiment.
However from the effective model it is seen tha finedicted flow front greatly lags

behind the experimental results.
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Laminate Edge Flow Front

Figure5-80 Photograph of the uni/triax laminate showing flfsant profile through
the thickness of the laminate during filling.
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Figure5-81 Photographs of the flow front at 30, 120, and 24€onds are
compared with simulation flow front results usingtibthe layerwise
and effective models.
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Measured pressures at each sensor location dumandiling operation are
compared with predicted pressures using both therwase and effective models in
Figure 5-82. From the plot it is observed that phedicted pressures from the Layer
wise model at sensor P1, P2, and P3 show goodragrtavith experimental results.
The predicted pressures at P4 through P6 undericprédte actual pressure by
approximately 5 to 10 kPa. Pressure predictiorsethaon the effective model lags
behind experimental measurements.

A plot of measured laminate thickness and preditaeninate thickness using
both the layerwise and effective models at disptesr® sensor locations D1, D2, and
D3 during filling is shown in Figure 5-83. Frometlplot it is seen that the predicted

thicknesses agree well with experimental measuresnesing both models.
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Figure5-82 Plot of Pressure versus filling time at each presssensor (P1-P6)
comparing experimental measurements with simulatesults using
the layerwise and effective models.
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Figure5-83 Plot of predicted laminate thickness during tienfi phase.

Resin Bleeding (50 kPa Applied at I nlet)

This section compares experimental measuremerits sunulation results
when a pressure of 50 kPa is applied at the ioldiléed excess oil. A plot of the
predicted pressures using the layerwise model gapdrementally measured pressures
along the length of the preform at different blegdtimes is given in Figure 5-84.
The simulation uses the compaction curves fronuthedirectional and triax material
constitutive models (Table 4-4). Overall the préslicpressure field at each bleeding
time shows good agreement with the experimentakaoreaents. However the initial
(t=0) pressure is significantly lower than the expental measurements. A plot of
predicted pressures using the effective model esgmted in Figure 5-85. From the
plot it is observed that the effective model doegoad job of predicting the initial

pressure field but does a poor job of predictirgspures during the bleeding phase.
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Figure5-84 Plot of pressure versus location at different sroemparing
experimental measurements and layerwise simuladisults for an
applied pressure of 50 kPa at the inlet.
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Figure5-85 Plot of pressure versus location at different Sraemparing
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applied pressure of 50 kPa at the inlet.
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A plot of the pressure time history for pressueasdrs P1 through P6 are
given in Figure 5-86 through Figure 5-91 respetyive Each plot shows the
experimental measurements along with simulationdiptens using both the
layerwise and effective models. From the plots dbserved that the layerwise model
shows good agreement with the experimental resutite the effective model over
predicts the pressures at each sensor locatiorainAgis observed that the initial
predicted pressure at each sensor location is lothan the experimental
measurements. It is difficult to identify the ekaause for the under prediction of the
initial pressure for sensor locations progressiveither from the inlet. It is likely due
to errors in the predicted permeability based om ¢bnstitutive models. For the
layerwise model the permeability values are basedthe individual constitutive
models of the uni-directional and triax materialé 8o not consider any interaction at
the interface between these materials. It has lsbewn by others [79] that the
permeability of a preform consisting of multipleyéais of different fiber architectures
is dependent on the stacking sequence of the lay€éhss is due to the increase or
decrease in flow at the layer interfaces due téasarundulations. It is possible that
the permeability at the interfaces between thedingietion and triax material us
higher than the bulk permeability of the individwmahterials. Under prediction of the
permeability would be one cause for under predigiegbsures. In order to fully
understand the issue additional pressure measutereneeded at the bag surface to

understand how the pressures are changing thréwegthickness of the preform.
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Figure5-86 Plot of resin pressure versus time at sensor BB (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 50 kPa.
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Figure5-87 Plot of resin pressure versus time at sensor B3 @) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 50 kPa.
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Figure5-88 Plot of resin pressure versus time at sensor 23 @) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 50 kPa.
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Figure5-89 Plot of resin pressure versus time at sensor B8 (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 50 kPa.
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Figure5-90 Plot of resin pressure versus time at sensor B3 (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 50 kPa.
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Figure5-91 Plot of resin pressure versus time at sensor B@ (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 50 kPa.
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Plots showing the pressure field and correspondiibgr volume fractions
within the preform for elapsed bleeding times 0f20, 40, 60, and 90 seconds are
given in Figure 5-92 and Figure 5-93 respectivelfe plots are based on simulations
using the compaction curves from the material ctuiste models. As was seen for
the uni-directional preform, it is observed thattret beginning of the bleeding process
the pressure gradient through the thickness ismahi Due to the high permeability
of the flow distribution layer, as pressure is aggplat the inlet there is a significant
pressure drop in the flow distribution layer cregtia pressure gradient through the
thickness of the preform. This pressure gradierdugh the thickness allows resin to
flow from the preform into the flow distribution sle and then out the inlet hose
greatly reducing the bleeding time. From the prdi fiber volume fraction seen in
Figure 5-93 it is observed that the fiber volumaction in the triax layers is much
higher than that for the uni-directional materidhis insight is lost when the effective
model is used.

From the predicted fiber volume fractions the khess of the laminate at
sensor locations D1, D2, and D3 are predicted angpared with experimental results
in Figure 5-94 through Figure 5-96 respectivelyn all three cases the measured
thickness falls between the thicknesses predicsatyithe compaction and relaxation
curves of the constitutive model. At sensor lawadiD2, and D3 the magnitude of the
measured thickness as well as the general shaihe @urve seem to best match the
predictions using the relaxation model. A summaithe predicted and measured
change in thickness at each sensor location isngiv8able 5-7. From the table it is

seen that the layerwise model using the relaxatanstitutive relationship shows the
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best agreement with the experimental measuremeititsenors ranging from O to

33% with the maximum error at D3.
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Figure5-92 Contour plots of pressure for the uni/triax lanténduring bleeding
with an applied pressure of 50 kPa at the inletvshg pressures at (a)
0, (b) 20, (c) 40, (d) 60, and (e) 90 seconds &bh bayerwise and
effective models.
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Figure5-93 Contour plots of fiber volume fraction for the finax laminate during
bleeding with an applied pressure of 50 kPa atrtle¢ showing fiber
volume fractions at (a) 0, (b) 20, (c) 40, (d) 80d (e) 90 seconds for
both layerwise and effective models..
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Figure5-94 Plot of thickness versus bleeding time with 50kBplied at the inlet
comparing the predicted laminate thickness at sdd$awith the
experimentally measured thickness.
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Figure5-95 Plot of thickness versus bleeding time with 50&PBplied at the inlet
comparing the predicted laminate thickness at sdb8awith the
experimentally measured thickness.
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Figure5-96 Plot of thickness versus bleeding time with 50&PBplied at the inlet
comparing the predicted laminate thickness at sdd3awith the
experimentally measured thickness.

Resin Bleeding (I nlet Closed)

For the second bleeding experiment the inlet h@sdosed and oil is only bled
through the outlet hose. A plot of the predictedspures for the layerwise model
along with experimental measurements at differée¢ding times is given in Figure
5-97. The predicted pressures show good agreemgmexperimental measurements
with the exception of the prediction at O secondsplot of the predicted pressures
using the effective model is given in Figure 5-9Brom the plot it is seen that the
effective model does a good job of capturing thiain(t=0) pressure field but does a

poor job of predicting the pressure field duringdaling.
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Figure5-97 Plot of pressure versus location at different srdaring resin bleeding
with the inlet closed comparing experimental measuents and
simulation results using the layerwise model.
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Figure5-98 Plot of pressure versus location at different srdaring resin bleeding
with the inlet closed comparing experimental measunts and
simulation results using the effective model.
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Time history plots of pressure versus bleedingsirfor each pressure sensor
are given in Figure 5-99 through Figure 5-104. tEat the plots shows the
experimentally measured pressures along with tedigied pressures using both the
layerwise and effective models. From the plots iseen that the layerwise model
does a much better job of predicting the pressummmparison to the effective model.
As was observed for the first bleeding experiméet initial pressure predictions at
sensors P3 through P6 using the layerwise modekrupdedict the measured
pressures. Again this is likely due to errors I tpermeability values due to

neglecting the multi-layer effects of the preform.
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Figure5-99 Plot of resin pressure versus time at sensor BB (@) comparing the
experimental measurements with the layerwise afedtefe models
with the inlet closed.
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Figure5-100 Plot of resin pressure versus time at sensor B3 (@) comparing the
experimental measurements with the layerwise afedtefe models
with the inlet closed.
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Figure5-101 Plot of resin pressure versus time at sensor 3 (@) comparing the

experimental measurements with the layerwise afedtefe models
with the inlet closed.
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Figure5-102 Plot of resin pressure versus time at sensor B8 (@) comparing the
experimental measurements with the layerwise afedtefe models
with the inlet closed.
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Figure5-103 Plot of resin pressure versus time at sensor B3 (@) comparing the
experimental measurements with the layerwise afedtefe models
with the inlet closed.
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Figure5-104 Plot of resin pressure versus time at sensor B@ (@) comparing the
experimental measurements with the layerwise afedtéfe models
with the inlet closed.

Pressure as well as fiber volume fraction contplats of the preform at
bleeding times of 0, 60, 120, 240, and 360 secamdsgiven in Figure 5-105 and
Figure 5-106 respectively. From Figure 5-105 i$een that through out the bleeding
process the pressure gradient is predominatelygaloam length of the preform with a
very small pressure gradient through the thicknd3se to the nature of the pressure
gradient the flow of oil predominately occurs withthe preform. For this bleeding
experiment the time to reach equilibrium was appnately 600 seconds compared to
150 seconds for the case when vacuum pressure pplischat the inlet. It is also
observed that while the effective model show smaathitours through the thickness

of the preform the layerwise model shows a changée contour profile as it moves
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from the uni-directional to triax layers. Agairettayerwise model is able to show the
difference in the fiber volume fraction for the fdilent layers while the effective
model treats the preform as a single material.

From the predicted fiber volume fractions the laate thicknesses are
predicted at each displacement sensor locatiorgusath the layerwise and effective
models with both the compaction and relaxation ttuisve relationships. Plots of
the predicted thickness along with experimental suesments for sensors D1, D2,
and D3 are shown in Figure 5-107 through FigureD8-tespectively. Again the
experimental measurements fall between the pretmtessures using the compaction
and relaxation constitutive models. The final kiniess at all three sensor location is
best predicted by the relaxation constitutive madéh the effective model best fitting
the shape of the experimental curve. A summaryhef predicted and measured
changes in thickness of the preform are presemtélchble 5-7. From the table it is
seen that the layerwise model using the relaxatonstitutive relationship best
matches the measured change in preform thicknebstie prediction errors at D1,

D2, and D3 being 5%, 0%, and 33% respectively.
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Figure5-105 Contour plots of pressure for the uni/triax lanténduring bleeding
with the inlet clamped showing pressures at (4060, (c) 120, (d)
240,and (e) 360 seconds for both layerwise and®@ffemodels.
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Figure5-106 Contour plots of fiber volume fraction for the inax laminate during
bleeding with the inlet clamped showing the fibelwne fraction at (a)
0, (b) 60, (c) 120, (d) 240, and (e) 360 second®dth layerwise and
effective models.
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Figure5-107 Plot of thickness versus bleeding time with tHetislamped
comparing the predicted laminate thickness at sdd$awith the
experimentally measured thickness.
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Figure5-108 Plot of thickness versus bleeding time with tHetislamped
comparing the predicted laminate thickness at sdd2awith the
experimentally measured thickness.
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Figure5-109 Plot of thickness versus bleeding time with tHetislamped

comparing the predicted laminate thickness at sdd3awith the
experimentally measured thickness.

Preform Relaxation (Atmospheric Pressure at the I nlet)

The final experiment is the relaxation of the pref. A plot of the pressure
along the length of the preform during the relao@tprocess for is given in Figure
5-110. The plot shows experimental measuremenigeldsas simulation results from
both the layerwise and effective model using thaxagion curves from the respective
constitutive models (Table 4-4). The plot showes pihessures for elapsed times of 0,
10, 20, 30, 60 and 120 seconds. From the plat geen that the simulations using
both the layerwise and effective models do a falir f capturing the shape of each
pressure curve but consistently under predictartagnitude of the pressures. Again

this is likely due to error in the permeability vas.
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Figure5-110 Plot of pressure versus location at different srdaring resin bleeding
with 50 kPa applied at the inlet comparing experitabmeasurements
and simulation results.

Time history plots of pressure versus relaxatiometfor pressure sensors P1
through P6 are given in Figure 5-111 through FighvEL6 respectively. Each plot
shows the experimental measurements as well agrthdation results using both the
layerwise and effective models. The predicted saness for sensors P1 and P2 show
good agreement with experimental measurements thighlayerwise model best
representing shape of the experimental curve.eAsars P3 through P6 the layerwise

model still does a good job of capturing the shapthe pressure versus time curve

but under predicts the pressures.
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Figure5-111 Plot of resin pressure versus time at sensor BB (@) comparing the

experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 101 kPa.
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Figure5-112 Plot of resin pressure versus time at sensor B3 @) comparing the

experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 101 kPa.
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Figure5-113 Plot of resin pressure versus time at sensor 23 @) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 101 kPa.
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Figure5-114 Plot of resin pressure versus time at sensor B2 (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 101 kPa.
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Figure5-115 Plot of resin pressure versus time at sensor B3 (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 101 kPa
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Figure5-116 Plot of resin pressure versus time at sensor B@ (@) comparing the
experimental measurements with the layerwise afedtefe models for
an applied inlet pressure of 101 kPa
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Contour plots of predicted pressures and fibeuwa fractions during the
relaxation process for elapsed times of 0, 20,640,and 120 seconds are given in
Figure 5-117 and Figure 5-118 respectively. Fromn pressure contours it is again
observed that while the effective model shows sim@ointours the layerwise model
gives contour curves which have discontinuitieshi@ slope as it transitions between
the different materials. Again the layerwise modehble to predict the fiber volume
fractions for the different materials while theesffive model treats the preform as a
single material.

From the predicted fiber volume fractions the laate thicknesses are
predicted at each displacement sensor locatiorgusith the layerwise and effective
models with the compaction and relaxation constéutmodel curves for the
respective materials (Table 4-4). Plots of thedjted thickness along with
experimental measurements for sensors D1, D2, &drB shown in Figure 5-119
through Figure 5-121 respectively. From the plitss seen that the predicted
laminate thickness using the layerwise model arel riflaxation curve from the
constitutive model show excellent agreement withdgkperimental measurements. A
summary of the predicted and measured changeseforpr thickness are given in
Table 5-7. From the table it is observed thatpiegliction error at sensor D1 and D2

did not exceed 5% with the error at D3 being 33%.
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Figure5-117 Contour plots of pressure for the uni/triax lanténduring relaxation
with the inlet open to the atmosphere showing pressat (a) 0, (b) 20,
(c) 40, (d) 60, and (e) 120 seconds.
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Figure5-118 Contour plots of fiber volume fraction for the inax laminate during
relaxation with the inlet open to the atmospheeshg the fiber
volume fraction at (a) 0, (b) 20, (c) 40, (d) 6Adde) 120 seconds.
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Figure5-119 Plot of thickness versus time during relaxatiomparing the predicted
laminate thickness at sensor D1 with the experiaignineasured
thickness.
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Figure5-120 Plot of thickness versus time during relaxatiomparing the predicted
laminate thickness at sensor D2 with the experiaignteasured
thickness.
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Figure5-121 Plot of thickness versus time during relaxatiomparing the predicted
laminate thickness at sensor D3 with the experiaignineasured
thickness.

It is also of interest to note from Table 5-7 thlhé measured change in
thickness progressively decreased at D1 for eactmeofexperiments. For the first
bleeding experiment the change in thickness was2i3which reduced to 2.1 mm for
the second bleeding experiment and finally 2.0 nomthe relaxation experiment.

This confirms nesting of the layers as the prefanndergoes repeated compaction

cycles.
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Table5-7 Summary of Thickness Predictions

D1 D2 D3

At Error At Error At Error
Case (mm) (%) (mm) (%) (mm) (%)

Bleed (50 kPa @ Inlet)

Experimental 2.3 NA 1.2 NA 0.3 NA
Layerwise

-Compaction 3.0 +30 1.8 +50 0.7 +133
-Relaxation 2.0 -13 1.1 -8 0.4 +33
Effective

-Compaction 3.3 +44 1.9 58 0.8 +167
-Relaxation 2.6 +13 1.1 -8 0.5 +67

Bleed (Inlet Closed)

Experimental 2.1 NA 1.1 NA 0.3 NA
Layerwise

-Compaction 3.0 +43 1.8 +64 0.7 +133
-Relaxation 2.0 -5 1.1 0 0.4 +33
Effective

-Compaction 3.3 +57 1.9 +73 0.8 +167
-Relaxation 2.6 +24 1.1 0 0.5 +67

Relax (100 kPa @ Inlet)

Experimental 2.0 NA 1.1 NA 0.3 NA
Layerwise

-Compaction 3.0 +50 1.8 +64 0.7 +133
-Relaxation 1.9 -5 1.1 0 0.4 +33
Effective

-Compaction 2.9 +45 1.6 +45 0.7 +133
-Relaxation 2.2 +10 0.9 -18 0.4 +33

To gain further insight into using layerwise maekrsus effective models
additional simulations were performed. The simal& consider the filling of a

preform consisting of two materials in which thepiane and through thickness
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permeabilities of the two materials differ by attacof 10. A typical example of this
is the triax and uni-directional materials previgusonsidered in this study. To
simplify the study, the first material (Matl) isfohed by the uni-directional material
with the flow parallel to the fibers where the campon and permeability constitutive
models are given in Table 4-4 and Table 4-5 reppygt The second material (Mat2)
is defined by multiplying the permeability constine model of Matl by a factor of
0.1. The preform is comprised of these two matesach that the upper half of the
preform thickness is composed of one material dmedlower half of the preform
laminate is composed of the second material. Tesinrfilling cases are considered.
The first case compares the layerwise and effectiodels when no flow distribution
layer is used and the flow is introduced at thefgsre edge, and the second case
compares layerwise and effective models when a fistvibution layer is used.

For the first case study the layerwise model rggmes a preform in which the
upper half of the preform consists of Matl andltweer half is Mat2. An illustration
of the layerwise model is given in Figure 5-122heTeffective permeability for the
preform is obtained by the “Rule of Mixtures” wheltge in-plane permeability is

defined as 0.55 times the in-plane permeability, )( of the uni-directional material

and the through thickness permeability is define@.482 times the through thickness

permeability (,,) of the of uni-directional material. An illustran of the effective

model is given in Figure 5-123. The same finitengént mesh used for the previous

study is used in this study (see Figure 5-78).



289

‘
1
Matl 2
[ 3
4
Mat2 < \ 5
6
Resin flow
—
—> NN \Il\\I‘\|I‘\|\‘I|\‘IWI\\I|\|I

o o3 0os o0e a12 o1s o1g o 024 027 03 033 038 0x 042 045 048 051 054 os? 06 0e3

Figure5-122 lllustration of the layerwise model in which awlalistribution mesh is
not used where Matl is on top and Mat2 is on thtobuo
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Figure5-123 lllustration of the effective model in which aWaistribution mesh is
not used.

Contour plots of the flow front at filling times &0, 60, 180, 420, and 600
seconds are given in Figure 5-124. From the comtmis it is observed that the flow
fronts for the layerwise and effective models aeeywdifferent. The layerwise model
shows a lead-lag of approximately 0.2 m betweerfltve front at the top and bottom

surfaces of the preform. Due to the nature ofdfiective model it is incapable of
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capturing this lag through the thickness of thd@ra. However the effective model
does a good job of predicting the location of tleevffront in an average sense. The
predicted fill time for the layerwise model is 788conds where the fill time for the
effective model is only 648 seconds (142 secondstest). Although the flow front
for the layerwise model reaches the end of theopmeffirst it takes a considerable
amount of time to finishing wetting out the Mat2yda which has very low
permeability.

Contour plots of the pressure field for fillingnes of 30, 60, 180, 420, and 600
seconds are given in Figure 5-125. From the ptots observed that near the flow
front the pressure fields are very different foe tayerwise and effective models.
However, looking at the pressure field behind tlosvffront it is observed that the
layerwise model shows constant pressure througkhtbleness of the preform and the
layerwise and effective models are very similar.

The second case considers the same preform irhvahilow distribution layer
is used. Two layerwise models are considered iiclwtine Matl and Mat2 layers are
interchanged. lllustrations of the two layerwisedals are given in Figure 5-126 and
Figure 5-127 respectively. These two models arepaved with an effective model
utilizing the same flow distribution layer. AnuBtration of the effective model is

given in Figure 5-128.
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Figure5-124 Plot of resin flow front during filling comparingyerwise and effective
models at (a) 30, (b) 60, (c) 180, (d) 420, and5(¥) seconds.
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Figure5-125 Plot of resin pressure during filling comparingdawvise and effective
models at (a) 60, (b) 300, (c) 600, and (d) 90@sds.
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Figure5-126 lllustration of the layerwise model with flow digtution layer in which
the Matl material is on top and the Mat2 mategain bottom.
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Figure5-127 lllustration of the layerwise model with flow digtution layer in which
the Mat2 material is on top and the Matl matedain bottom.
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Figure5-128 lllustration of the effective model with flow drgtution mesh.
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Contour plots of the flow front for the two layase® models and effective
model at filling times of 60, 120, and 300 secoads given in Figure 5-129. From
the contour plots it is observed that for the layse (Matl/Mat2) model the lead-lag
of the resin front is approximately 0.5 m. For Bagerwise (Mat2/Matl) and effective
models it is seen that the flow of resin reachesed of the flow distribution mesh
well before the resin has penetrated through thekriess of the preform indicating
that the lead-lag of the flow front through thecimess of the preform is longer than
0.6 m (the length of the flow mesh). It is preddatthat the lead lag for the layerwise
(Mat2/Matl) model would be approximately 1.0 m \ettihe lead-lag for the effective
model would be 0.8 m. This large lead-lag is doethte low through thickness
permeability of the Mat2 material which significhnstifles the flow of resin through
the thickness of the preform. The total fill tifer each of the models is given in
Table 5-8. The effective model over predicts titletime by 155 seconds when the
Matl material is on top and under predicts thel tiitang time by 38 seconds when
the Mat2 material is on top. The effective modeldicts the location of the flow front
in an average sense but is not able to capturextieme difference in the lead-lag of
the flow front when the Matl and Mat2 materials amerchanged. The ability to
predict the lead-lag of the flow front is espegialhportant when considering flow
from a thick laminate to a thinner laminate in whresidual air can become trapped at
the mold surface due to the lead-lag phenomenaomth&r consideration will be given
to the infusion of laminates of varying thicknessthe next chapter. Based on the
observed filling patterns and predicted fill times seen that using a layerwise model

which considers the specific lay up can be veryartgmt.
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Figure5-129 Plot of resin flow front during filling comparingyerwise models with
the effective model at (a) 60, (b) 120, and (c) 866onds.

Table5-8 Resin Fill Times

Model Fill Time (seconds)
Layerwise (Matl/Mat2) 410
Layerwise (Mat2/Matl) 603

Effective 565
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Contour plots of the pressure field for fillingnies of 60, 120, 300, and 500
seconds are given in Figure 5-130. From the plassobserved the flow of resin near
the flow front as well as behind the flow frontviery different for each of the models.
Since the flow is driven by the pressure graditd,direction of the flow is normal to
the contour lines. For the Layerwise (Matl/Mat2)dal it is seen that the flow in the
top layer (Matl) is largely along the length of greform while the flow in the Mat2
layer is predominantly through the thickness. (uosgly for the layerwise
(Mat2/Matl) model it is observed that the flow imettop layer (Mat2) is largely
through the thickness while the flow in the lowayédr (Matl) is along the length of
the preform (see contour plot at 500 seconds). hBaerwise models show
discontinuities in the slope of the contour linesthey move across the interface
between the two different materials. The contoned for the effective model are
smooth and continuous through the thickness opth&orm. Again, as with the flow
front profiles, it is observed that the pressuedds are very dependent on the preform
lay up. It is clear from the pressure plots thainé desires to predict the pressure field

during filling a layerwise model must be used.
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Figure5-130 Plot of resin pressure during filling comparingdavise models with
the effective model at (a) 60, (b) 120, (c) 300J &h 500 seconds.
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This study has investigated the extreme case 2ply non-symmetric layup
where it is observed that the order of the layymificantly affects the flow front
profile through the thickness of the preform. dtdommon practice in composite
design to almost always use symmetric layups irerotd eliminate extension-shear-
bend-twist coupling. Additional flow studies arerfprmed to investigate the viability
of the effective model for symmetric layups givery hMatl/Mat2},s and
[Mat2/Matl},s wheren equals 1, 2, and 3. It is expected thanascreases (plies
become more blended through the thickness) thatethdts of the layerwise models
will more closely match the effective model. Thetdifferent layups ([Matl/Matg}
and [Mat2/Matl)) are considered to study the effects of the higlat(1) and low

(Mat 2) permeability layers when they are the optess of the laminate.

Flow Distribution Mesh

v Inlet Node /\
‘T/ | |

8 Layer Finite Element Mesh 12 Layer Finite Element Mesh

Figure5-131 lllustration of the finite element model showirgtinlet and outlet
nodes as well as the 8 layer and 12 layer mesezbin the study.

In order to allow the lead-lag in the flow fromt tully develop the model is

extended to 1 m in length with the thickness bé&ifi®4 m and the flow mesh running
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the full length of the preform. An illustration tife finite element model showing the
inlet and outlet node locations as well as the rextoé the flow distribution mesh is
given in Figure 5-131. The 4 and 8 ply layups ({MB&lat2), [Matl/Mat2}s,
[Mat2/Matl]), and [Mat2/Matl]s) are modeled using an 8 layer finite element mesh
and the 12 ply layups ([Matl/Matland [Mat2/Matljy are modeled using a 12 layer
finite element mesh (Figure 5-131). The effectmedel uses the 8 layer finite
element mesh. To assess the viability of the sifeanodel the predicted fill time,
lead-lag distance, and pressure distributions @fefifiective model are compared with
each of the layerwise models. A summary of thal tiit times and lead-lag distances
for each model as well as fill time and lead-lagmalized by the effective model is

given in Table 5-9.

Table5-9 Summary of Fill Timesand L ead-L ag Distances

Lead-Lag Flow Mesh

Total Fill Normalized Distance Normalized Fill Time
Model Layup Time (sec) Fill Time (m) Lead-Lag (sec)
Effective 1016 1.00 0.55 1.00 470
[Matl/Mat2) 962 0.95 0.45 0.82 530
[Mat1l/Mat2}s 982 0.97 0.48 0.87 517
[Matl/Mat2ks 987 0.97 0.50 0.91 494
[Mat2/Mat1] 1070 1.05 0.65 1.18 442
[Mat2/Mat1}hs 1049 1.03 0.63 1.15 450
[Mat2/Mat1ks 1034 1.02 0.62 1.13 433

A comparison of the flow front profiles for eacaylp using the layerwise

models is compared with the effective model in Fégb-132. Each model shows the
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flow front at the time in which the resin reachles end of the flow mesh where these
times are given in Table 5-9. For viewing conveonethe thickness of the model has
been scaled by a factor of 3. From the figure geen that asincreases the lead-lag
distance and flow front profiles of the layerwisedrls more closely match that of the
effective model. It is also observed that whentilgh permeability layer (Mat 1) is
on the outside the lead-lag is shorter than thatlipted by the effective model and
when the low permeability layer (Mat 2) is on thetsade the predicted lead-lag is
larger than that predicted by the effective modelots of normalized fill time versus
n and normalized lead-lag versumsare given in Figure 5-133 and Figure 5-134
respectively. From both plots it is seen that ascreases (more blended) the total fill
time and lead-lag distance converge toward theceffe model. It is also observed
that the permeability of the outside plies playsla in the fill time as well as the lead
lag distance where the high permeability layer (IMabn the outside leads to shorter
fill times and lead-lag distances and the low pexiéy layer (Mat 2) on the outside
leads to longer fill times and lead-lag distancé whe effective model doing a good
job of capturing the average of the two.

Pressure contour plots for each of the layerwiselets and effective model
are given in Figure 5-135. Like the flow front pl® illustrations, each pressure
contour plot is taken at the time in which the mesaches the end of the flow mesh.
From the figure it is seen that asncreases the pressure distribution of the laysswi
models more closely match that of the effective etodLike the flow front profiles, it
is observed that the presence of the high or lommpability layer on the outside

affects the pressure distribution. A plot of ptessversus fill time at the mid-length
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of the preform on the bottom surface is given igufe 5-136. The plot shows the
pressure history for each layerwise model as welihe effective model. From the
plot it is observed that as increases the pressure history converges toward th

pressure history predicted by the effective model.

[Matl/Mat2)

[Mat1l/Mat2}ps

[Mat1l/Mat2}ks

Effective

[Mat2/Mat1ks

[Mat2/Mat1ps

[Mat2/Matlk

Figure5-132 lllustration of the flow front for each of layers@ model along with the
model using the effective properties. The imagessaaled by a factor
of 3 in the thickness direction for clarity.
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Figure5-133 Plot of normalized lead-lag versus n for the casaghich the top and
bottom plies are Mat 1 and when the top and bofibes are Mat 2.
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Figure5-134 Plot of normalized fill time versus n for the case which the top and
bottom plies are Mat 1 and when the top and botibes are Mat 2.
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Figure5-135 Contour plots of pressure when the flow front hescthe end of the
flow mesh for each layerwise model and the effecthodel. The
images are scaled by a factor of 3 in the thickad@gstion for clarity.
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Figure5-136 Plot of resin pressure versus fill time at the +eidgth of the preform
for each layerwise model and the effective model.
This last study has shown that for symmetric lsyap effective model may be
a viable tool for predicting fill time, flow fronprofiles, and pressure distributions for
performs where the layers of differing permeabilgye interspersed through the

thickness of the preform.

5.4 SUMMARY

This chapter has presented experimental resuitstifee different flow
experiments which were compared with simulatiorultss The Experiments were
designed to study one-dimensional flow, two-dimenal flow through a preform
consisting of one material type, and two-dimendiofiew through a preform

consisting of more than one material with differpgymeabilities.



305

From the one-dimensional flow study it was obsérfeat including transient
thickness and fiber volume fraction effects durthg filling phase had very little
affect on the flow front progression or filling ten Pressure predictions during the
resin filling phase showed excellent agreement experimental measurements. The
predicted pressures during the bleeding phase shaysed agreement with the
measurements, however while the predicted pressassnear symmetric about the
mid point at bleeding time of 60 seconds, the mesbspressure field was non
symmetric with higher pressures toward the outhet ef the preform. It was shown
that this is likely due to a non symmetric perméghiield since each point along the
preform is following a different compaction curvéieh lies between the established
compaction and relaxation constitutive curves usedhe simulation (see Figure
5-17).

The second experiment was performed to studyanghbnd through thickness
flow when a flow distribution layer is used. Dugithe filling phase the predicted
flow front progression along the top and mold scefashowed good agreement with
experimental measurements. The predicted presduragy the filling phase showed
good agreement with measurements with the excemtiaimne sensor location (P1)
nearest the inlet where the pressure was undeicprdd It was observed that the
permeability along the vacuum bag/preform interfaear the inlet was higher than
the general through thickness permeability of thefqym and must be considered.
During the bleeding experiments simulation whiciiagd the compaction curve from
the constitutive model showed good agreement wkpeemental measurements

except at time zero where the pressures were redicted. It was observed that
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simulations which were run using the relaxatiorveurom the constitutive model did
a good job of predicting the initial pressureshat beginning of the bleeding stage but
were not as good as the bleeding progressed.alityreach point along the length of
the preform follows a different compaction curveiethoriginates along the relaxation
curve and falls somewhere between the establisbegbaction and relaxation curves
depending on the starting point (see Figure 5-17).

The third study considered two-dimensional flowotigh a preform consisting
of two different materials having different permaiéies. Simulations of flow during
filling and bleeding were performed and compareiigi$wo different models. The
first model was a layerwise model which modelechaaaterial layer as separately in
the preform and the second model was an effectivdaimwhich treated the preform
as a single material having an effective permdgbilihich represented the lay-up
under consideration. A comparison of experimefitihg results and simulations
using both the layerwise and effective models shibthe layerwise model to best
agree with the experimental measurements. Theviege model did a much better
job of predicting the experimental measurement&émh of the bleeding experiments.
The layerwise model did a good job of predicting thickness of the laminate for all
of the experiments when the relaxation curve froedonstitutive model was used. A
short study was performed to determine the negessilising layerwise models. The
study showed that for performs consisting of twifedent materials in which the in-
plane and through thickness permeability are vefferént the use of a layerwise
model can be critical in determining not only tiegat fill time but the length of the

lead-lag of the flow front through the thicknesslod preform. It was also shown that
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when layers of differing permeability are intersgset through the thickness of the
preform the effective model does a good job of @spnting the layerwise model and

may be a viable tool for modeling the VARTM process



CHAPTER 6

VARTM SIMULATION APPLICATIONS

This chapter presents the application of the flsimulation model in
developing resin infusion and bleeding strategoestie beam hull section to be used
in the composite modular bridge. A photograph ofamnpleted composite beam
section with attached deck is shown in Figure 6Fhe beam is 5 m long (197 in) and
consists of a hull section with bulkheads and aptiape. The focus of this chapter is
on the processing of the hull section. The beathitiwf particular interest since it
consists of both thick and thin laminates in whibk flow between these laminate
thicknesses must be considered. A descriptiohehull section is given followed by
an investigation of both infusion and bleedingtstgges which will yield quality parts.

Finally a summary of the findings is presented.

Figure6-1  Photograph of a composite modular beam with attéhcleck.
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6.1 BEAM HULL DESCRIPTION

The beam hull section is 5 m (197 in) long and80n3 (15 in) wide at the
bottom. The total width at the top is 0.74 m wi#&® in) with flanges which extend
0.18 (7 in) out on either side. The total depthhe section is 0.81 m (32 in). The
section consists of three main regions: the tensin sidewalls, and flanges. The
tension rail, which is 23 mm (0.9 in) thick, is marily composed of uni-directional
fibers oriented at 0° along the length of the beancarry bending loads. The
sidewalls are 7 mm (0.25 in) thick and are domiddne + 45° oriented fibers to carry
shear loads and 90° oriented fibers to resist lmgkl The flanges are a continuation
of the sidewall laminates and provide a surfaceaftachment of the beam top plate
and deck. An illustration of the cross sectiorttef beam hull is given in Figure 6-2.
Each region of the hull section is composed of diréctional and triax fabrics for
which permeability and compaction characteristiagenbeen established. The tension
rail consists of 20 plies of uni-directional maatrand 6 plies of triax material where
the layup is given by [triax/ugiriax/uni/triax/unp]s. The sidewalls and flanges
consist of 2 plies of uni-directional material afdlies of triax material where the
layup is given by [triax/uni/triax] The triax layers from the sidewalls are contirsiou
through the tension rail. An illustration of theam hull corner showing the transition

of the layup from the sidewalls to tension raigigen in Figure 6-3.
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Figure6-2 lllustration of the beam hull cross section shapwimmensions.

The beam hulls are fabricated using the SCRIM#tgss where a series of
photographs outlining the fabrication process avergin Figure 6-4. The process
begins by placing the fiber reinforcing layers fpren) on a female aluminum mold.
Great care is taken to ensure that each ply optarm is properly placed to avoid
excessive wrinkling of the fibers when vacuum puesss applied. Following the
placement of the fiber preform, a layer of relefad®ic is placed followed by the flow
distribution mesh, flow springs, and inlet and wamuoutlet) hoses. Finally the entire

assembly is covered with a vacuum bag which iseseafound the perimeter of the
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mold. Vacuum pressure is applied to the mold gaadter which resin is allowed to
flow into the preform under atmospheric pressufellowing the completion of resin
filling, excess resin is removed through resin dieg and the part is cured at an
elevated temperature (180° F cure with 250° F past). Following final cure, the
vacuum bag, flow distribution mesh, and releasei¢adre removed and the final part

is removed from the mold.

mmm— Triax

== Uni Sidewall
[Triax/Uni/Triax]q

N

Tension Rail
[Triax/Uni,/Triax/Uni,/Triax/Uni,)g

Figure6-3 lllustration of the beam hull corner showing thgup of the tension
rail and sidewall laminates.
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Figure6-4  Photographs of beam hull fabrication: (a) Mold, glacement of fabric
(preform), (c) placement of release fabric, flowstmeflow springs, and
hoses, (d) placement of vacuum bag and infusigrnygeuum bag and
consumables removed, and (f) beam hull removed fraia.
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In order to ensure that the final beam hull sect®ofully saturated with resin
and air voids are minimized, an infusion strateggeveloped through simulations of
the filling process. In addition to an infusiomaségy a method for removing excess
resin must be determined so that excess resineaanboved in a timely manner such
that the resin does not cure before the desireal faart fiber volume fraction is
reached. The following sections develop infusionl dleeding strategies based on

insight provided by resin filling and bleeding silations.

6.2 INFUSION STRATEGY

As a rule of thumb, for the resin filling stage thie VARTM process it is
desirable to have the resin inlet at the loweshtpoi the part and the vacuum (outlet)
lines at the highest points since any air trappethe resin will have a tendency to
migrate upward. Based on this fundamental rule dvfi@rent infusion strategies are
investigated to determine the strategy which veiult in the shortest fill time and still

offer a robust infusion which will minimize the gence of voids.

6.2.1 Resin Fillingwith SingleInlet

The first infusion strategy investigates the plaeatmof a single inlet line
along the length of the hull section centered antdnsion rail with continuous flow
distribution mesh extending up the sidewalls of lodl section and ending near the

ends of the flanges were the outlet lines are &mtatAn illustration of the infusion
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strategy showing the locations of the inlet anduume (outlet) lines is given in Figure
6-5. The inlet and outlet lines are created uslagy springs such that during the
infusion process the resin quickly flows into thesin inlet line and then flows
transverse to the length of the beam section. uthe nature of the flow, the
simulation model is reduced to a two-dimensionawflmodel where the flow
transverse to the inlet line and through the thedenof the preform are considered.
An illustration of the two-dimensional model as ina$ the finite element mesh are
shown in Figure 6-6. Due to symmetry it is reqdite only model half of the beam
hull section. The finite element model uses twmahsional triangle elements to
represent the preform and one-dimensional line ehsn representing the flow
distribution mesh. The model consists of 749 el@and 443 nodes with the tension
rail and sidewalls being modeled with three elemédhtough the thickness of the
laminates. A mesh refinement study comparing neodath three elements through
the thickness to a model using six elements thrahghlaminate thickness showed
good convergence using three elements throughhtbkeness. The higher resolution
model having six elements through the thicknesssed to study the flow at the hull

section corner.



315
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Flow Spring
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Vacuum pump Resin trap I Preform

Resin supply

Figure6-5 lllustration showing the infusion strategy in wiia continuous flow
distribution mesh is used with a single resin ititet. Mold and
vacuum bag not shown for clarity.
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Figure6-6 lllustration of (a) the hull cross section showthg infusion strategy in

which a continuous flow distribution mesh layeuged with a single
inlet as well as (b) the finite element mesh.

For purposes of simulation the permeability andnpaction constitutive
relations for the uni/triax preform are used foe ttension rail portion of the hull
section and the rule of mixtures is used to develm permeability constitutive

relationships for the sidewall and flange laminat&ased on constitutive models for
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the uni and triax materials (Table 4-5) and thekhess fraction of each material in
the sidewall laminate (23% uni and 77% triax) timeplane (;,) and through

thickness f,,) constitutive models are given by

i, = (2,287 )(10%) (6.1)

Kege = (7.56°7)(10™). (6.2)

The resin used in the composite beams is EPONMB2LINdride 6 hardener
which is infused at a temperature of 95° F. Tooaat for the thickening of the resin
as a function of time the viscosity versus timestiuative relationship given in Figure
4-9 is incorporated into the model. All fillingnsulations assume full vacuum (0 kPa)

pressure at the outlet and near atmospheric pee€s00 kPa) at the inlet.
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Figure6-7  Contour plots showing the location of the flowrftat (a) 300, (b)
1250, and (c) 3500 seconds for the case when aoons flow mesh

is used with a single inlet.

Contour plots of the flow front during infusionmes of 300, 1250, and 3500

seconds are given in Figure 6-7. The total predi¢illing time for the first infusion

strategy is 3792 seconds. From Figure 6-7a ieenghat that due to the lead-lag of

the flow front through the preform thickness, dillang time of 300 seconds the resin

has already penetrated through the thinner side laalinate before the thicker

tension rail laminate has become completely sadrafThis is of concern since any

residual air remaining in the tension rail does Ima¢e a path to the vacuum (outlet)

line leading to the formation of voids within thension rail laminate.
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Flow Distribution Mesh

Inlet Node

- Q

Figure6-8 lllustration of the beam hull corner finite elenh@model used to
investigate the flow from the thick tension raiiimate to the thin
sidewall laminate for the infusion strategy in whiez continuous flow
mesh layer is used.

To further investigate the entrapment of resigualn the tension rail laminate
a higher resolution model of the corner betweertehsion rail and sidewall laminates
was created. The model consists of 546 elements8@h nodes in which six element
are used through the preform thickness to provigkdn resolution of the flow front.
An illustration of the model showing the extenttbé flow distribution mesh as well
as the location of the inlet node is given in Fgar8. Contour plots of the flow front
for filling times of 120, 280, 400, and 500 secoads given in Figure 6-9. From the

figure it is seen that there is a significant lagween the flow front at the preform
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surface and the mold surface. At a time of 40@msds it is observed that due to the
large lead-lag of the flow front the resin has sateed through the thickness of the
sidewall laminate while the resin front in the tensrail laminate has still not reached
the mold surface. Since a true vacuum cannot b&aed there is now residual air
trapped in the tension rail laminate which canrsstape through the sidewall due to
the sidewall laminate being saturated with resiks the resin continues to fill the

tension rail laminate the residual air becomes ncoreentrated until a point at which
the pressure of the residual air is equal to th#teresin and voids would form in the

tension rail laminate (Figure 6-9d).

(©) B i ()

Figure6-9 lllustrations of the flow front for the filling sitegy using continuous
flow mesh showing the flow front at (a) 120, (b)028&) 400, and (d)
500 seconds.
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To verify that the sidewall is becoming saturafgibr to the tension rail
laminate a simple flow experiment was set up wiaeflat panel was infused in which
the flow went from a thicker laminate to a thinhe@minate. Illustrations of the plan
and side views of the test setup are given in E@4L0 and Figure 6-11 respectively.
The test setup uses the same mold which was usé#uefexperiments described in the
previous chapter such that the flow font alongrtited surface can be measured using
the pressure transducers. The thicker portioh@fdaminate was 0.38 m long with the
layup being the same as that for the tension 28ilnhm thick). The thinner laminates
extended out 0.31 m on either side of the tensaaddaminate with the layup being the
same as that for the sidewalls (7 mm thick). Layef release fabric and flow
distribution mesh were placed over the preform wta flow mesh ending 50 mm
short of the end of the preform. The infusion vpesformed using oil having a
viscosity of 0.06 Pes. The oil was injected at the center of the thpoktion of the
laminate with a vacuum outlet at each end of thefgom creating a symmetric
infusion.

The infusion was perfumed with the full vacuumgstiee (0 kPa) applied at
the outlets and the inlet open to atmospheric presd01 kPa). During the infusion
pressure data was recorded at each pressure selkdbreshold pressure of 10 kPa
was used to determine when the flow front had redch given pressure sensor. A
plot of the pressure at each sensor location veisws is given in Figure 6-12. A
summary of the time at which the flow front reackash sensor is given in Table 6-1.
Although the flow should have been symmetric it vedsserved that the flow was

much faster for the right half of the preform (s@anB6-P11) in comparison with the
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left half of the preform (sensors P1-P6). This Wwakeved to be due to a crease in the
flow mesh on the left half of the preform at théetrlocation. Although the flow was
not symmetric the effects of flow from a thick tart laminate are still observed in

both halves of the preform.

Outlet Inlet
End of Flow Mesh N Pressure Port Outlet
\ _/
/ Mold Surface \

0.2m

&E?EEE@?
sssssss%

03lm 0.38m —*— 031lm —
Thin (7 mm) Thick (20 mm) Thin (7mm)

"~

Vaccum Pot

Figure6-10 lllustration showing the plan view of the experimted setup to
investigate resin flow from a thick laminate tchantlaminate when a
flow distribution layer is used.

Flow Mesh Preform (Tension Rail)

Outlet (vacuum) Preform (Sidewall)

Inlet
Vacuum bag

Outlet (vacuum)

MOI/IIII\IIIIIII

P10 P11

Pressure transducer
0.1m

Figure6-11 lllustration showing the side view of the experited setup to
investigate the nature of the flow front as therrésavels from a thick
to a thin laminate.
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Figure6-12 Plot of pressure versus time for sensors P1 thrétid. showing the
time at which the resin front reaches each pressenesor location.

Table6-1 Summary of Flow Front Arrival at each Pressure Sensor

Sensor Time (sec) Laminate Thickness Right ordf elfilet

P8 63 Thin Right

P9 65 Thin Right

P4 75 Thin Left

P6 89 Thick Center

P7 92 Thick Right

P5 93 Thick Left
P10 98 Thin Right

P3 100 Thin Right

P2 138 Thin Right
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From Figure 6-12 and Table 6-1 it is observed ttieg flow front has
penetrated through the thickness of the laminateasors locations P8 and P9 on the
right half of the preform and P4 on the left halftbe preform prior to the thicker
laminate (P5, P6, and P7) becoming fully saturatgtthis point the path for residual
air in the thicker laminate to escape to the vacoutet has been cut off forcing the
residual air to remain in the thicker tension raminate. It takes an additional 20 to
30 seconds for the thicker tension rail to becoatarated (see P5, P6, and P7). From
Table 6-1 it is seen that the flow front reache$® B 98 seconds while it takes an
additional 40 seconds for the flow front to rea¢h Fhis is due to the nonsymmetric
flow rate observed in the two halves of the preforfine experiment confirms what is
observed in the simulation results that residualn@y become trapped in thicker
laminates when a continuous flow distribution meshsed where a transition from a

thicker to thinner laminate occurs.

6.2.2 Resin Filling with MultiplelInlets

To overcome the problem of residual air becomnagped in the tension rail
portion of the hull section a second infusion ggatis investigated in which multiple
inlets are used and the continuous flow mesh a¢hesgansition from the tension rail
to sidewall laminate is eliminated. For this in@usstrategy the inlet at the center of
the tension rail is preserved with the flow disttion mesh in the tension rail area
terminating short of the hull corners. Additiomalets are located on each sidewall at
0.1 m from the bottom of the beam hull. From {hignt a layer of flow distribution

mesh extends up each sidewall ending 50 mm bef@evdacuum outlet lines. An
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illustration of the infusion strategy is given imglre 6-13 with a cross section view
being given in Figure 6-14. For purposes of dismrsthe inlet at the tension rail is
referred to as inlet 1 with the sidewall inletsrigereferred to as inlet 2. The infusion
is performed by allowing resin to flow in at inlétwhere the resin flows across the
surface of the tension rail and then permeatesugfirdhe laminate thickness after
which the flow front progresses to inlet 2. Whée ttension rail and sidewall
laminates are completely saturated up to inleteBe¢hsecondary inlets are then opened
and resin is allowed to flow up the sidewalls aodHe outlet lines. To study the
saturation of the tension rail area the high resmtumodel of the hull corner was
used. The model is given in Figure 6-15 where ékent of the flow distribution
mesh elements and inlet node are shown.

To study the effects of the width of the flow distition mesh on the flow as it
moves from the thicker tension rail laminate tonttar sidewall laminate, simulations
were performed for three different flow mesh widdswell as a line infusion down
the center of the tension rail. Flow studies udlag distribution mesh widths of 300
mm (12 in), 200 mm (8 in), 100 mm (6 in) were peried. Due to symmetry only

half the flow mesh width is considered in the mgd@eyure 6-15).
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Vacuum (Outlet) Lines

Flow Distribution Mesh

Flow Spring

Vacuum pump Resin trap Preform

Inlet 1

Resin supply

Figure6-13 lllustration showing the infusion strategy in wiia discontinuous flow
distribution mesh is used with multiple resin inlaes. Mold and
vacuum bag not shown for clarity.
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Inlet 2
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Flow Mesh \\‘
— ¢ Inlet 1 ;
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Corner Detail
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Figure6-14 lllustration of (a) the hull cross section showthg infusion strategy in
which a discontinuous flow distribution mesh laigeused with
multiple inlets as well as (b) the finite elemerdsh.
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100 mm
Flow Mesh J

I
200 mm Flow Mesh

Inlet
NOd\ 300 mm Flow Mesh

Figure6-15 lllustration of the beam hull corner finite elenh@model used to
investigate the flow from the thick tension raiilimate to the thin
sidewall laminate for the infusion strategy in whieg discontinuous
flow mesh layer is used. The flow mesh dimensiepsesent half of
the total width of the flow mesh.

Contour plots showing the progression of the ffomnt using the 300 mm, 200
mm, and 100 mm wide flow distribution meshes awegiin Figure 6-16, Figure 6-17,
and Figure 6-18 respectively. lllustrations of flewv front for a line infusion are
given in Figure 6-19.

From Figure 6-16 it is observed that when the 800 wide flow distribution
mesh is used the lead-lag of the flow front isl #ignificant as the flow moves
through the corner from the thick to the thin laaten Due to the magnitude of the
lead-lag of the flow front it is observed that thes still potential for residual air to

become entrapped in the tension rail laminate (€i@ul16c).
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From Figure 6-17 it is seen that by reducing thdtlwof the flow mesh to 200
mm the lead-lag of the flow front is greatly reddaes the flow front moves through
the corner of the hull section. From Figure 6-it1s seen that although there is still a
small lead-lag in the flow front at the corner thés no entrapment of residual air.

The risk of entrapping air is further reduced g even a narrower flow
distribution mesh as seen in Figure 6-18. Fromillhgtrations it is seen that the lead-
lag of the flow front is even further reduced whka 100 mm wide flow distribution
mesh is used. The smallest lead-lag in the flmmtfis observed for the line injection
shown in Figure 6-19. From these illustrationis iseen that the risk for air becoming

trapped in the laminate is extremely low.
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Figure6-16 lllustrations of flow front locations using a 36tm flow mesh for
filling times of (a) 120, (b) 540, (c) 670, and (20 seconds.
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Figure6-17 lllustrations of flow front locations using a 26@m flow mesh for
filling times of (a) 120, (b) 540, (c) 960, and (20 seconds.
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() (d)

Figure6-18 lllustrations of flow front locations using a 16@m flow mesh for
filling times of (a) 600, (b) 1330, (c) 1650, art) 400 seconds.
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Point Injection

(@) (b)

© (d)

Figure6-19 lllustrations of flow front locations using a poinjection for filling
times of (a) 2400, (b) 3500, (c) 4200, and (d) 56@€onds.

Although the use of narrower flow distribution éatg on the tension rail reduce
the risk of voids due to air entrapment it alsoré@ses the required time to fill this
section of the beam hull. For the 300 mm wide flmgsh a filling time of 1225
seconds was required to reach full saturation. Mthe 200 mm wide flow mesh was
used a fill time of 1643 seconds was required ariitl Eme of 2498 seconds was
required for the 100 mm wide flow mesh. The lingection required a fill time of
5781 seconds to reach full saturation. A ploteftequired fill time versus flow mesh
width is given in Figure 6-20. From the plot itabserved that the required fill time

becomes increasingly greater as the flow mesh vddtneases.
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Figure6-20 Plot of flow mesh width versus filling time forgtbeam hull corner.

To study the filling of the complete hull sectiosing this infusion strategy the
model from Figure 6-14 is used where full vacuuraspure (0 kPa) is applied at the
outlet with atmospheric pressure (100 kPa) appditeshlet 1. Based on the study of
the different flow mesh widths a flow distributidayer of 200 mm is used. At the
time when the resin flow front reaches inlet 2 atpieeric pressure is then applied at
inlet 2 and resin progression continues until tmefg@gm is completely saturated.
Contour plots showing the progression of the floant at 1020, 1700, and 3260
seconds is given in Figure 6-21. From the plots ibbserved that the resin front
reaches inlet 2 at a filling time of 1700 secondw/laich time inlet 2 is opened. The
total predicted filling time for this infusion steay is 4077 seconds. Although the fill

time is only 285 seconds longer than the fillingnei for the first infusion strategy
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(3792 sec) it is much more robust in terms of elating the presences of voids in the

tension rail laminate.

Outlet Outlet Outlet
Inlet 2 Inlet 2 Inlet 2
Jlnlet 1 Inlet 1 Inlet 1
(@) (b) ()

Figure6-21 Contour plots showing the location of the flowrftat (a) 1020, (b)
1700, and (c) 3260 seconds for the case when ardisaous flow
mesh is used with multiple inlets.

6.3 BLEEDING STRATEGY

At the end of resin filling it is common practitereduce the vacuum pressure
at the outlet to about half vacuum (50 kPa) and ttee allow excess resin to be
removed from the part. The most common methoddaroving resin is to simply

close the inlet hose(s) and allow excess resinlgedbthrough the outlet. However
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depending on the location of the inlets, outlets] low mesh layers the bleeding time
may be extremely long. Based on the second infusiiategy using multiple inlets a
bleeding strategy is developed through simulationsThe study considers four
different bleeding scenarios which investigate corations of closing and/or applying
vacuum pressure at the different inlets.

The first bleeding scenario considers closing boksts and allowing resin to
bleed through the outlet. The second scenaricsitgeges closing inlet 2 and applying
vacuum pressure at inlet 1 to bleed excess redme. third scenario closes inlet 1 and
applies vacuum pressure at inlet 2 and the foudnario considers applying vacuum
pressure at both inlet 1 and inlet 2. A summaryhefbleeding scenarios along with

the conditions applied at each inlet and the oiglgtven in Table 6-2.

Table 6-2 Summary of Bleeding Scenarios and Predicted Bleeding Times

Bleeding Bleeding Time
Scenarios Inlet 1 Inlet 2 Outlet (min)

1 closed closed 50 kPa 340

2 50 kPa closed 50 kPa 73

3 closed 50 kPa 50 kPa 122

4 50 kPa 50 kPa 50 kPa 18

To investigate the resin bleeding process thexrne@ssure at seven locations
along the hull section are considered. Each ofstween points is on the outer side
(mold surface) of the hull section. An illustratiof the beam hull section showing
the seven reference locations is given in Figug26-From the figure it is seen that

points 1 and 2 are in the tension rail laminatdnyibint 1 being directly below inlet 1
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and point 2 being at the corner. Points 3 throigine along the sidewall with point 3
being directly below inlet 2 and point 7 is on flenge at the end of the flow mesh.
Using these seven locations as reference pointsulaiions were performed and

evaluated for the four different bleeding scenarios

Vacuum Outlet

—| 0.05m 0.13m \
Q. sssssssssesenns . EIYTOTTTPPOOTIS -
A 6
7
0.23 m
15
Flow Mesh
0.23 m
14
Inlet 2 0.23m
Flow Mesh
® Inlet 1 o|-; 3
\
............... S N 0.1lm
v R Y v
0.18 m
1 2

Figure6-22 lllustration of the beam hull section showing lbeations at which the
pressures were monitored during the bleeding sitouis
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6.3.1 Bleeding with Inlets Closed

Pressure contour plots for the first bleeding acenare shown in Figure 6-23
with pressure contours at 0, 8000, and 17000 sacbeuhg given. At time zero the
pressure in the preform between inlet 1 and inlistniform at atmospheric pressure.
After the inlets are both closed a pressure gradsdeveloped from inlet 1 to the
outlet and all the resin is bled through the outl€be total bleeding time is predicted
to be 20400 seconds (340 min) where bleeding isidered complete when the
pressure is below 55 kPa. A plot of the pressime tistory at each of the seven
reference points is given in Figure 6-24. As exgecit is seen that point 1, which is
furthest from the vacuum outlet, is the last tocre&5 kPa while point 7, which is

nearest the outlet, is the first to reach 55 kPa.
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Figure6-23 Contour plots of resin pressure for the bleedirgpaahen the inlets are
closed showing the pressures at bleeding timea)df,((b) 8000, and
(c) 17000 seconds.
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Figure6-24 Plot of pressure versus time at locations 1 thnotigvhen the inlet
hoses are closed and resin is allowed to bleedgirthe outlet hose.

6.3.2 Bleeding with Pressure Applied at Inlet 1 with Inlet 2 Closed

Pressure contour plots for the second bleedingasime in which 50 kPa is
applied at inlet 1 and inlet 2 is closed are giwerFigure 6-25. The plots show
pressure contours for bleeding times of 0, 800, 24@D seconds. A time history plot
of the predicted pressure at each of the six reé&@oints is presented in Figure 6-26.
From the figures it is observed that due to theuuat pressure applied at inlet 1 the
pressure in the tension rail laminate (points 1 anhduickly approach 50 kPa. The
vacuum pressure applied at inlet 1 allows the résibleed through the thickness of
the tension rail laminate and then out throughftbe distribution mesh. As seen

from Figure 6-26 the pressure in the sidewall daddge (points 3-7) decreases much
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more slowly as the resin travels through the sididasinate to inlet 1 without the aid

of a flow mesh layer. The total bleeding time fois scenario is 4380 seconds (73

min).
Outlet Gl Outlet
Inlet 2 Inlet 2 Inlet 2
Inlet 1 Inlet 1 Inlet 1
e = %;
(@) (b) (©)
100000 90000, 80000, 70000, GO000. B0000.

Figure6-25 Contour plots of resin pressure for the bleedageovhen vacuum
pressure is applied at inlet 1 and inlet 2 is aosi®owing pressures at
(a) 0, (b) 800, and (c) 2400 seconds.
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Figure6-26 Plot of pressure versus time at locations 1 thnotigvhen inlet 2 is
closed and vacuum pressure is applied at inlethleted excess resin.

6.3.3 Bleeding with Pressure Applied at Inlet 2 with Inlet 1 Closed

Pressure contour plots for the third bleeding adenin which 50 kPa is
applied at inlet 2 and inlet 1 is closed are giwerFigure 6-27. The plots show
pressure contours for bleeding times of 0, 700, 4#@D seconds. A time history plot
of the predicted pressure at each of the sevemnerefe points is presented in Figure
6-28. From the figures it is observed that duthéovacuum pressure applied at inlet 2
the pressure in the sidewall and flange lamingiem{s 3-7) quickly approach 50 kPa.
The vacuum pressure applied at inlet 2 allows #senrto bleed through the thickness
of the sidewall laminate and then out through tloevfdistribution mesh. As seen
from Figure 6-26 the pressure in the tension moir{ts 1 and 2) decreases much more

slowly as the resin travels from the tension rai dahrough the lower portion of the
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sidewall without the aid of a flow mesh layer. Ttbtal bleeding time for this scenario
is 7320 seconds (122 min), almost twice as longvhsn inlet 2 was closed and

pressure was applied at inlet 1.

ﬁl J—
Outlet Outlet; Outlet
Inlet 2 Inlet 2 Inlet 2
Jlnlet 1 Inlet 1 Inlet 1
(@) (b) (c)
100000, 90000, 20000, 70000, G000, R0000.

Figure6-27 Contour plots of resin pressure for the bleedageovhen vacuum
pressure is applied at inlet 2 and inlet 1 is aosi®@owing pressures at
(@) 0, (b) 700, and (c) 4700 seconds.
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Figure6-28 Plot of pressure versus time at locations 1 thnotigvhen inlet 1 is
closed and vacuum pressure is applied at inleteted excess resin

6.3.4 Bleeding with Pressure Applied at Inlet 1 and Inlet 2

Pressure contour plots for the fourth bleedingnade in which 50 kPa is
applied at both inlets is given in Figure 6-29. eTlots show pressure contours for
bleeding times of 0, 400, and 800 seconds. A tinstoty plot of the predicted
pressure at each of the seven reference pointesemed in Figure 6-30. From the
figures it is observed that applying vacuum pressatr both inlets allows resin to
quickly bleed from the preform due to the aid o fltow mesh layers. From Figure
6-30 it is seen that the tension rail corner (p@nis the last place where the pressure

reaches 55 kPa. This bleeding scenario predictiabthe shortest bleeding time at

1050 seconds (18 min).
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Figure6-29 Contour plots of resin pressure for the bleedirgeaghen vacuum
pressure is applied at both inlets (inlet 1 andti@) showing pressures
at (a) 0, (b) 400, and (c) 800 seconds.

A summary of the bleeding time for each scenaigiven in Table 6-2. From
the table it is observed that just closing thetifilees leads to a very long bleeding
time (340 min) which for the case of the beam Haltfirication is unacceptable. The
shortest bleeding time (18 min) is achieved by wppl vacuum pressure at both
inlets. It should be remembered that the fillimgl dleeding times are proportional to
the viscosity of the resin and may be reduced bysing and bleeding resin at higher

temperatures.
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Figure6-30 Plot of pressure versus time at locations 1 thinodigvhen vacuum
pressure is applied at inlet 1 and inlet 2 to bleeckss resin.

6.4 FIBER BRIDGING

The compaction of fibers during the VARTM procesan lead to some
anomalies for complex geometries such as the conofahe beam hull. It is observed
from a cured hull section that although the tensimihand sidewall thicknesses are
uniform the areas near the corners show non unifinickness where the laminate
thicknesses increase as they approach the cos@hotograph of a corner showing
the non uniform laminate thicknesses is given iguFé 6-31. This non uniform
thickness is due to the interaction between thedmahd preform during the
compaction process. As vacuum pressure is apphiedvacuum bag clamps the
tension rail and sidewall fibers against the sidéshe mold where friction forces

prohibit them from moving in the plane of the laaties. Due to the high in-plane
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stiffness of the fibers the preform is not abletmform to the corner of the mold and
bridging occurs. Understanding this bridging pheeoon is necessary to properly
predict the final laminate thickness in these assawell as to predict the permeability

of the preform in these regions.

Figure6-31 Photograph of the beam hull section corner showhegion uniform
laminate thickness of the tension rail and sidewadir the corner.

To provide additional insight into the bridgingtbe preform layers across the
hull corner a finite element model was develop@étie finite element model showing
the applied boundary conditions and loading is wjiire Figure 6-32. The through
thickness stiffness of the preform was given a@ai500 kPa which was determined
to mimic the compaction of the fibers under fullcuam pressure and the in-plane

stiffness was given a value of 80 GPa representiagapproximate in-plane stiffness
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of the preform laminate. A compaction pressur&@ff kPa was applied normal to the
surface of the preform with the outer surface ef pneform being fixed. The ends of
the tension rail and sidewall laminates are alsediagainst translation in the plane of
the laminate to simulate the clamping of the filaglers under vacuum pressure. An

illustration showing the absolute compaction disptaents is given in Figure 6-33.

Figure6-32 lllustration of the finite element model to stuitig bridging of the
reinforcing fibers at beam hull corner.
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Figure6-33 Finite element results of preform compaction ungeuum pressure
showing the non uniform thickness at the cornghefhull section.
Contours show absolute deformations.

From the model results it is observed that thesiten rail and sidewall
laminates exhibit a uniform thickness with the gt of the area near the corner
(Figure 6-33). Due to this bridging effect it ibserved that no compaction takes
place at the corner where the laminate thicknegsly increases. This phenomenon
is not only important in predicting the final gedmnyeof the part but it may also affect

the flow in this region due to the increased pdyo@ncreased permeability). Further
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investigation is warranted to study the effectsiloér bridging on permeability and to

develop fabrication methods to eliminate the oanee of fiber bridging.

6.5 SUMMARY

This chapter has demonstrated the applicationhef simulation model in
developing resin filling and bleeding strategies dobeam hull section to be used in
composite modular bridging.

Two different bleeding strategies were investigate The first strategy
considered a continuous flow distribution mesh aitkingle resin inlet where the flow
mesh was continuous from the thicker tension mmhihate to the thinner sidewall
laminate. The second strategy used multiple infetghich the flow distribution mesh
was not continuous over the transition from thesiem rail to sidewall laminates.
Simulations of the first strategy revealed that tuthe long lead-lag of the flow front
the potential for residual air becoming trappedhia thicker tension rail laminate was
very high. This was confirmed through experimerstaidies. The second infusion
strategy using multiple inlets proved successfuimimimizing the possibility for air
becoming trapped in the laminate.

In addition to filling simulations, bleeding sinailons were performed to
develop a bleeding strategy for the beam hull sacti Four different bleeding
strategies were considered in which different corations of closing and/or applying

vacuum pressure at the inlets was considered. bldesling simulations showed that
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the shortest bleeding time could be achieved byyapp vacuum pressure at both
inlets.

Following the fabrication of a beam hull sectidnwias observed that the
tension rail and sidewall laminate thicknesses weilitorm except at the area near the
corners where the thickness gets progressivelkehimoving toward the corner. A
finite element study revealed the bridging of fdbeacross the corners. Further
investigation is needed to understand the affectdber bridging on the permeability

of the preform in these areas.



CHAPTER 7

PART | CONCLUSIONS

This section of the dissertation has presented diéneelopment of a flow
simulation model capable of modeling both therfdliphase as well as the bleeding
phase of the VARTM process while considering thewflof resin through the
thickness of the preform.

Chapter 3 focused on the development of the stioulanodel which accounts
for both the transient nature of the fiber volumacfion during the VARTM process
as well as the transient nature of the permeab#gya function of fiber volume
fraction. Algorithms which incorporate the finiedlement/control volume method
were presented for both the resin filling and resieeding stages of the VARTM
process.

Fiber volume fraction and permeability constitetmodels were developed in
Chapter 4. An alternative method for characterigedorm materials was presented.
The method utilizes a single sided rigid mold wahvacuum bag more closely
representing the conditions during the VARTM praeces comparison to other
measurement techniques currently used in literat@@mpaction and permeability
models were developed for several performs to beidered in simulations. The
study also found that it was critical to considesting affects of the flow distribution
layer with the preform when developing the permiggbconstitutive model for the

flow distribution mesh.
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In Chapter 5 the resin flow model was validatetbtigh a series of flow
experiments which considered one-dimensional flomd d@wo-dimensional flow
(including through-thickness flow) for preforms sisting a single material as well as
a preform consisting of more than one material.e $imulation model showed good
agreement with the experimental results as welsiasilation models proposed by
others. However only the current model is capablemulating the bleeding process
for cased in which flow through the thickness isigsidered. Additional simulations
were performed to assess the viability of usingeaive preform properties for
performs composed of more than one material typepa®sed to using a layerwise
model which considers the properties of each layEhe study showed that as the
different material become more blended throughpitegorm thickness the layerwise
model and effective model converge to the simitdntsons.

Chapter 6 presented the application of the sinaranodel for developing an
infusion strategy for a beam hull section to bedusecomposite bridging. The study
revealed that due to the change in thickness opteéorm from the thicker tension
rail laminate to the thinner sidewall laminates th@ential for air entrapment was
high. The entrapment of air as resin flows frorthiaker to thinner laminate when a
flow distribution layer is used was confirmed thgbuan experimental study. A Series
of simulations in which different flow mesh confrgtions were used revealed a resin
filling strategy which minimized the risk for aireboming trapped in the laminate.
The simulation model was also used to study rekading strategies to achieve the

desired final fiber volume fractions for the part.
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This research has demonstrated the developedaiorumodel and found it to

be a viable tool in developing infusion stratedmscomposite structures.
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COMPOSITE MODULAR BRIDGING
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CHAPTER 8

INTRODUCTION

A continued desire for increased mobility in theeahath of natural disasters,
or on the battlefield, has lead to the need forrouged light-weight bridging solutions.
This chapter describes current deployable bridgystems used by the US Military
and introduces a new light-weight composite bridgsiystem designed to address the
Military’s entire gap crossing needs. As part loé hew composite bridging system
currently under investigation this research is fsxlion the development of composite
bridge decking which is also designed to satistyrishpan (4 m) gap crossing needs.
The design and testing of a composite bridge dedtem with short-span gap
crossing capabilities is described.

Deployable bridging falls into three general catégg based on the mission
which they are designed to accomplish. The fiesegory is assault bridging which is
designed to be rapidly emplaced to move militaonfiine forces ahead as quickly as
possible. Assault bridging is typically less ttZhm (82 ft) in length and emplaced in
less than 10 minutes by an armored launch vehichaihimize exposure of troops in
hostile environments. Examples of assault bridgasently in use by the United
States are the Armored Vehicle Launched Bridge (BYland Wolverine Heavy
Assault Bridge. The second category is tacticialdamg which may be used to replace
assault bridges which are required at other lonatior to cross gaps which are too

wide for available assault bridges. Tactical hbindgis composed of light-weight
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modular components which are assembled to spanugafms40 m (131 ft) and can be
emplaced in less than two hours. Tactical bridgash as the Medium Girder Bridge
(MGB), may be completely built and launched withtlwe aid of special launching
equipment. Alternatively, as in the case of thgy Bupport Bridge (DSB), special
equipment to assemble and launch the bridge maydpgred. The last category of
bridging is line of communication (LOC) bridging wh is semi-permanent bridging
used to producing routes for supply lines providingl, water, and other supplies.
LOC bridging, such as the Bailey bridge producedviabey Johnson, may be used
with intermediate piers to cross gaps of any lengéhdescription of each of these

bridges currently in use by the US Military is prated [107].

8.1 CURRENT MILITARY BRIDGING

Within the US Military the Marines and the Army ocemtly utilize five
different bridging systems to meet their bridgiregeds. To satisfy the need for assault
bridging the Marines and Army use the AVLB with themy more recently acquiring
a number of Wolverine Heavy Assault Bridges. Tts$atactical bridging needs
both the Marines and Army use the MGB with the Anmmagently putting the DSB into
service. Finally to fulfill line of communicationeeds both the Marines as well as

Army rely on the Mabey Johnson “Bailey” bridge.
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8.1.1 Armored Vehicle Launched Bridge (AVLB)

The AVLB, manufactured by General Dynamics Landt&mys, is currently in
use by both the Marines and Army [107]. The systamsists of a scissor bridge
mounted on a modified M60 tank chassis with a laumg system. The bridge is
composed of aluminum alloy having a length of 118.230 ft) and an overall width of
4.0 m (13.1 ft). The bridge consists of two palalieadway each being 1.75 m (5.7
ft) wide. At a clear span of 18.3 m (60 ft) thédige has a Military Load Class (MLC)
rating of 60 (54,430 kg, 60 tons). The AVLB hamaximum depth at the mid span of
0.94 m (3.1 ft) and weighs a total of 13,290 kg,829 Ibs). Photographs of the
AVLB mounted on the launch vehicle as well as thenching of the bridge are shown
in Figure 8-1 and Figure 8-2 respectively.

The AVLB takes only three minutes to launch and t& recovered from
either end of the bridge. Recovery times are betw20 minutes and one hour
depending on the site conditions. The biggestddimatage of the AVLB is the MLC
rating (MLC 60). The M1A1l Abrams tank currently use weighs 60,780 kg (67
tons) and therefore cannot cross the AVLB undem@abrcrossing conditions. The
M1A1l is only allowed on the AVLB when a shorted spd 15.3 m (50 ft) is used and
the tank performs a “cautionary crossing” at reduspeed. The Army is currently

investigating solutions to increase the load cagyapacity of the AVLB.
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Figure8-1  Photograph of an AVLB.

Figure8-2  Photograph of AVLB being launched.
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8.1.2 Wolverine Heavy Assault Bridge (HAB)

Due to the deficient MLC rating of the AVLB, theSUArmy has acquired
several Wolverine Heavy Assault Bridge systems rfentured by General Dynamics
Land Systems and MAN Mobile Bridges [107]. Thedgimg system consists of a
Leguan bridge provided by Man Mobile Bridges modma the Wolverine launching
system (General Dynamics Land Systems) which iedas a M1 Abrams Chassis.
The bridge is composed of aluminum alloy havingtaltlength of 26 m (85 ft) and an
MLC rating of 70 (63,500 kg, 70 tons). The bridgmsists of two parallel treadways
each being 1.6 m wide with a total bridge widthdah (13.1 ft). The bridge height is
0.9 m (3 ft) at the mid span and weighs 10,750283700 Ibs). Unlike the AVLB, the
Wolverine launches in a horizontal fashion redudimg visible profile during launch.
A photograph of the Wolverine during launch is shaw Figure 8-3. The wolverine
offers a higher MLC rating with increased gap cmgdength and reduced weight in

comparison to the AVLB.

Figure8-3  Photograph of the Wolverine Heavy Assault Bridgang launched.
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8.1.3 Medium Girder Bridge

The Medium Girder Bridge (MGB), manufactured by IN&ms Fairey
Engineering Limited, entered service in 1971 andcusrently used by both the
Marines as well as Army to serve their tacticatigimg needs [107]. The MGB is a
two-girder aluminum alloy bridge with decking supieal between the two girders
having a 4 m (13.1 ft) roadway width.

The MGB has a maximum MLC rating of 70 (63,500 K@,tons) depending
on the length and configuration. The MGB can beltbin three different
configurations: Single-storey (Figure 8-4), doublerey (Figure 8-5), and double-
storey with link reinforcement (Figure 8-6). Fdretsingle-storey configuration the
MGB has a height of 0.56 m (1.8 ft) and an MLC @afing for spans up to 9.9 m
(32.5) in length. For the double-storey configimathe MGB has a height of 1.65 m
(5.4 ft) and an MLC 70 rating for spans up to 3182 ft) in length, and when the
link reinforcement is used, gaps up to 45.8 mimgth can be crossed with an MLC 70
rating. The link reinforcement hangs approximaim (6.6 ft) below the bottom of
the double storey bridge. The MGB can be laundhed crew of 25 soldiers in 45
minutes. Unlike other bridging systems, the MGBynb@ assembled and launched
without the need of specialized assembly or laumghequipment. All of the
components with the exception of two are light egio(less than 230 kg, 500 Ibs) to
be carried by four men with the other two composarguiring six men. A 45.8 m
(150 ft) double-story bridge with link reinforcentemeighs approximately 30,850 kg
(68,000 Ibs). A full MGB bridging asset (doublexgty with link reinforcement) can

be packaged on 16 shipping pallets which are 561t{in length.
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During launching the MGB uses a launching noserbatiached to the front of
the bridge such that as the bridge is constru¢tesdnnoved across the gap over rollers
on the near bank utilizing the bridge weight a®anterbalance. Once the launching
nose beam reaches the far bank a soldier crosst#ge daunching nose and sets us a
roller on the far bank to bring the bridge acrdss gap. The bridge may be pushed
across by hand or using a truck available at ttee $A photograph of the MGB being

launched is given in Figure 8-7.

Figure8-4  Photograph of MGB single-storey configuration.
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Figure8-5 Photograph of MGB double-storey configuration.
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Figure8-6  Photograph of MGB double-story configuration wlittk
reinforcement.
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Figure8-7  Photograph of the MGB with launching beam showhegbridge being
pushed across the gap.

8.1.4 Dry Support Bridge (DSB)

The Dry Support Bridge (DSB) has recently beenpéetb by the US Army to
replace the MGB [107]. The DSB is an aluminumaliwo girder bridge with a deck
spanning between the girders. Each bridge moduéem long, 4.3 m (14.1 ft) wide,
and 1.19 m (3.9 ft) high. The deck attaches togihgers through hinge connections
such that the girders fold under the deck for gferand transportation. A photograph
and illustration of a single bridge module beintyléal open for assembly are shown in
Figure 8-8 and Figure 8-9 respectively. Taperedoranodules are used at each end to
bring traffic on and off the bridge. The DSB hasmaximum clear span of 40 m (131
ft) with an MLC rating of 80 (track) and 100 (wheahd a total weight of 37,110 kg
(81,820 Ibs). The DSB requires a special laundhcke (Figure 8-8) for assembly and
launching of the bridge. The bridge is launcheditsy placing a launch beam across
the gap from which the assembled modules are sdsdesnd moved across the gap.

A photograph showing the launch beam and suspehddde is shown in Figure
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8-10. A crew of 8 can launch the bridge in lesnt®0 minutes. In addition to the
launch vehicle the 40 m (131 ft) DSB can be caroned4 Palletized Load System
(PLS) flatracks. Two modules, when stacked fongpertation are approximately
equal to the size of a 6.1 m (20 ft) ISO contamed therefore can be carried by most

flatbed vehicles and trailers.

Figure8-8 Photograph showing the DSB and specialized laweticle.

Figure8-9 lllustration showing launching and retrievaleobridge module.
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Figure8-10 Photograph showing the DSB being launched acrgspa

8.1.5 Mabey Johnson Bailey Bridge

The Bailey bridge is a steel truss type bridgehweither steel or timber
decking [107]. The Bailey bridge can be built wahroadway width ranging from
3.43 m (11.3 ft) (single-lane) to 7.23 m (23.7 (fwo-lane). The Bailey bridge is
designed to support MLC 80 (track) vehicles at anspf 39 m (128 ft). The bridge
may be used with intermediate piers to cross gapsylength. With 22 men a 39 m
(128 ft) single lane bridge can be constructedlandched in 10 hours. Similar to the
MGB, the Bailey bridge is launched using rollersl &ime bridge as a counterweight to
move the bridge across the gap. No specializegeoant is required for construction

or launching. A photograph of a Bailey bridgehswn in Figure 8-11.
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Figure8-11 Photograph of the Mabey Johnson Bailey bridge.

8.2 MODULAR COMPOSITE BRIDGING

To increase mobility in the aftermath of naturadaditers, or on the battlefield
and to reduce the need for multiple bridging assetsneet gap crossing needs,
improved light-weight bridging solutions are beimgvestigated. One proposed
concept currently under investigation at the Ursitgr of California, San Diego,
through funding provided by the Office of Naval Rasch, is a family of bridges
which utilize common components to satisfy assatéctical, and line of
communication bridging needs. In an effort to @ weight and increase the service
life, the bridge is composed of carbon/epoxy contpasomponents. As seen from
the plot in Figure 8-12 carbon/epoxy compositesrasignificant increases in strength
and stiffness over conventional metallic materiated in current bridging. The
composite bridging asset would consist of threéchasilding components which may

be configured to meet the entire militaries gapssimg needs. The components
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consist of tapered end ramp beams for access omfarnle bridges, interior beams
serving as the main load bearing elements, and slections attached to the tops of
the beams. Each of the components is seen ind-Byi8. The components are to be
interconnected through metallic hinge joints whialhow the components to be
assembled in different configurations to satisfysaadt, tactical, and line of
communication bridging needs. lllustrations oftea€ the bridges produced within
the family of bridges are given in Figure 8-14 heTreduced weight over conventional
metallic bridges increases the capabilities ofdpamting the bridges by air and ground
as well as the ease of launching. In addition,ube of composites with appropriate

manufacturing processes lends itself to potenifield manufacturing.

0.14
3 Autoclave AS4
Tg 012 | carbon/epoxy [0]
g
= 0.10 +
g 008 | VARTM carbon/epoxy [0]
E L
= r
S 0.06 ; Autoclave AS4 carbon/epoxy [0/90]
5 0.04 r VARTM carbon/epoxy [0/90]
% ' A E-glass/vinylester [0]
@ r
(% 0.02 Aluminum 7005-T635
a @ High carbon steel
000 1 1 | 1 1 1 1

0 2 4 6 8 10
Specific Stiffness (Million Meters)

Figure8-12 Plot showing the comparison of specific streng#rsus specific
stiffness of common alloys used in military bridgiwith carbon/epoxy
laminates.
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Figure8-13 lllustration of the basic building blocks to ctmust the proposed
composite modular bridging; (a) ramp beams, (bgriot beams, (c)
deck sections.

(@) (b) (c)

Figure8-14 lllustration of proposed composite modular fanaif bridges: (a)
assault, (b) tactical, and (c) line of communicasio
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The use of composites in the development of mobildging is not new.
Since the mid nineties the US Army has been intedesn developing new light-
weight mobile bridging systems to replace existig@vier mobile bridging systems
which are near the end of their service life. Astf this bridge replacement effort
the Army desired a new bridging system which wgsabée of crossing gaps up to
12.2m (40 ft) in length while supporting track awtieel vehicles up to MLC 100
(90,700 kg, 200,000 Ib). To meet this need, adimmg system known as the
Composite Army Bridge (CAB) was developed and tbsée the University of
California, San Diego. The bridge is composed o&idon/epoxy superstructure with
a balsa core sandwich deck. During this bridgestbgment program, an extensive
research effort was performed to develop a lighgtte high strength, deck core that
was comparable with existing aluminum extruded decRlthough a wide range of
cores were considered, none performed as well Bs lteased upon weight, shear
strength, and cost. The CAB proved to be a lighternative to existing bridging
systems of the same load class and to date hasemged 20,000 actual or simulated
crossings with no signs of damage. For more detiout the Composite Army
Bridge refer to papers by Kosmatka et al.[108,n8, 409]. A photograph of the CAB
as well as illustration showing the different compnts of the bridge are given in

Figure 8-15 and Figure 8-16 respectively.
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Figure8-15 Photograph of an M1 Abrams tank crossing the Cawomy Bridge
(CAB).

ALLWINUM TOE FIECE
END CLOBE OUTS
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CARBON COMPOSITE
BE A8 EUPERETRUCTURE

Figure8-16 lllustration of the Composite Army Bridge (CAB).
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More recently the US Army has expressed a neea fshort-span bridging
system for crossing gaps up to 4 m in length supgpMLC 30 (track) and fully
loaded Palletized Load System (PLS) trucks. Ineprib address this short-span
bridging need, the family of bridges concept isaged such the bridge deck sections
may be used for short-span bridging. A descripbbnhe development of the deck
system followed by the development and testinghefghort-span bridging system is

presented in Chapters 9 and 10.



CHAPTER9

DECK DEVELOPMENT

Over the past 15 years there has been a sigrifiaarount of research
investigating the use of fiber reinforced polym&RP) decks for replacement of
existing deteriorated bridge decks and for newdwidonstruction [6, 7, 8, 9, 110,
111, 112, and 113]. The current research invdsgan alternative high performance
FRP deck system which is defined by a high stretapfreight ratio and performance
under extreme loading conditions. Based on theesscof the CAB program the
research utilizes a similar carbon/epoxy sandwiate system looking at alternative
core systems which will offer increased strength e¢duced weight in comparison to
balsa

The research evaluates the performance of fiferdifit deck panels consisting
of FRP webbed cores and compares them to the hadmisa core deck used in the
CAB. The design of the webbed cores as well astaildé description of each of the
five deck specimens is presented. Following a ri@smn of the core specimens,
shear and compression testing procedures are editfollowed by a summary of the
testing results. A finite element analysis is perfed followed by design
recommendations for FRP webbed deck systems. I¥iaal overall weight and
performance comparison is made between the FRRPtoEadkway systems tested and

conventional extruded aluminum decking currentlgcug/ithin the military.
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The FRP webbed cores considered in this studyirareed to cores in which

all of the webs are oriented in a single directrdth webs at approximately 51 mm
(2.0 in) on center in which only one way bendingosisidered. For most applications
one way bending is sufficient, thus significantngeerse bending stiffness is not
required. Based on the loading requirements anititig the overall deck thickness to
95 mm (3.75 in) (US Army requirement) it was detierad that for one way bending a
cross sectional shear strength of 5,100 kPa (740apdg a compressive strength of
9,240 kPa (1,340 psi) are required to match thiopaance of the baseline balsa core.
To maximize the shear strength and stiffness of dbee, the web laminates are
predominately af 45] lay up. Based on a 51 mm (2.0 in) web spaeimdj required
cross section shear strength and compressive #trénig calculated that each web
must carry a shear load of 259 kN/m (1,480 Ib/ingl @ compressive load of 469
kN/m (2,680 Ib/in). Based on assumed laminate ¢ntogs obtained from previous
testing (see Table 9-1) minimum web thicknesseswletermined to meet the shear
and compression load demands. It was determiradatminimum web thickness of
0.8 mm (0.03 in) is required for shear and a wabktiess of 2.5 mm (0.1 in) is
required for compression. From a strength perspedtis evident that compression
will govern the thickness of the web laminates. atidition to strength, the buckling
capacity of the webs is also considered. A plathefdeck compressive strength and
buckling loads for carbon and E-glass webs at 51 (21 in) centers is shown in
Figure 9-1. Buckling load curves are given fortbcarbon and E-glass webs with and
with out foam infill. The webs are treated as bsam elastic foundations where the

buckling load for a beam with fixed ends is givgnbl4]
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2
Pcr =4”|Ebl + kfoamEbI ’ (91)

where E; is the flexural modulus of the web laminatejs the moment of inertia of a
unit length of the webk, ., is the stiffness of the elastic foundation orhistcase two

times the elastic modulus of the foam since thenfemon both sides of the web,is

the depth of the web, ang, is the buckling load. The foam used in the deakgts

is 48 kg/ni (3 pcf) polyisocyanurate foam having a modulus,620 kPa (1,250 psi).
Setting the foam stiffnedsamto zero leads to the buckling solution without astc
foundation (no foam infill). The bending modulused for the carbon/epoxy and E-
glass/epoxy webs is given in Table 9-1. From tlo¢ ip Figure 9-1 it is shown that
for carbon webs with foam infill a thickness of 2m8n (0.11 in) is required to achieve
the compressive strength of the balsa baselinilé8ly a thickness of 3 mm (0.12 in)
is required for E-glass with foam infill, a thiclsgof 3.65 mm (0.14 in) is required for
carbon without foam infill, and a web thickness3d85 mm (0.15 in) is required for E-
glass without foam infill. Based on the web bueglioad capacity, the thicknesses of
the webs for the five different core test specimemge from 2.4 mm (0.1 in) to 4.2
mm (0.17 in). A detailed description of each o #tore specimens is given in the

following section.
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Table9-1 Web Laminate Properties

Shear Compressive
Laminate Modulus K Strength Strength
Type (GPa) [Msi] (MPa) [ksi] (MPa) [Kksi]
Carbon/epoxy 14.0 [2.03] 380 [55] 186 [27]
E-glass/epoxy 12.1[1.75] 345 [50] 172 [25]
25000 [
+ Critical Buckling:
20000 B E-glass w/ foam infill

Critical Buckling:
i Carbon w/ foam infill

15000 - )
r Web crushing

i strength (carbon)

10000 | Baisa Compressive Strength >

v\ Critical Buckling:
’ E-glass w/out foam infill

Compressive Strength (kPa)

5000 |

Critical Buckling:
Carbon w/out foam infill
0
0 1 2 3 4 5 6

Web Thickness (mm)

Figure9-1  Analytical compressive strength vs. web thiclenés carbon and E-
glass | 45] web laminates at 51 mm (2 in) on center.

9.1 CORE DESCRIPTION

Five different sandwich deck panels, each havingdiferent core
configuration, were fabricated and tested. Eaate ¢gpe is approximately 76 mm
(3.0 in) thick and is composed of either carbon¥gpwebs or E-glass/epoxy webs
with 10 mm (0.375 in) carbon/epoxy face sheets.e Tirst three core types are
fabricated using an automated winding process whicdps dry fiber tows around

rectangular foam beams and then consolidates ftiigidnal beams and applies a
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tackified scrim layer to the top and bottom surfaadich holds the beams together to
form a sheet of webbed core material [115]. Thalftwo core types are fabricated by
hand wrapping and/or hand placing woven or stitdaedc between foam beams.

The baseline balsa core from the CAB project «iasof two sheets of 248
kg/m® (15.5 pcf) balsa each being 38 mm (1.5 in) thidthwan 0.61 kg/rh (18 oz/yd)
layer of woven carbon at the mid plane. During @B project it was shown that
thinner sheets of balsa contained less defectdhamidhe shear strength of the balsa
core could be increased using thinner plies ofébalgh carbon splitters between the
plies [108]. A matrix of holes was drilled througte core to allow the resin to infuse
the splitter ply and face sheets during the VARTMa@ess. The balsa surface was
treated with a sealant to prevent any moisture pasgathe balsa during the curing
process. The final density of the core is appratety 290 kg/m (18 pcf). Test
results showed the balsa core to have a sheagdtren 3,100 kPa (450 psi) and a
compressive strength of 9,240 kPa (1,340 psi). Dhésa core is essentially
transversely isotropic and serves well in applaratiin which bi-directional bending
stiffness and strength is required. An illustrataf the balsa core is shown in Figure

9-2a.
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Top skin Splitter ply

#

Balsa

Bottom skin

(A) Balsa

Continuous fiber wrapping
around foam beams

Foam beam

—————

Bottom skin

(B) C1-WCH and C2-WCL

Continuous fiber wrapping

Top skin around foam beams

Foam beam

Discontinuous

Bottom skin web filler plies

(C) C3-WE and C4-TC

Continuous ply wrapping
around three sides of foam beams

Foam beam

Discontinuous

Bottom skin
web filler plies

(D) C5-CC

Figure9-2 lllustrations of the different core design cagpuiiations.
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A description of the five FRP webbed core tyegiven as follows:

Core 1: Wound Carbon Heavy (C1-WCH).

The first core was fabricated using an automatedivwg process which wraps
fiber tows around rectangular foam beams at presdrivinding angles. The foam
used in this core is a 64 kgin{4 pcf) polyisocyanurate foam with a service
temperature of 149° C (300° F) which is required ttoe processing temperatures
during the final cure. The foam beams have cresia dimensions of 50 mm x 76
mm (1.95 in x 3.0 in). A 24k, T700 carbon tow wasund around each beam
creating a f 45]; laminate around each individual beam. Followihg winding of
the individual beams they are assembled togetbesatidated, and held in place with
a scrim layer which is applied to the top and batsurfaces of the assembly to create
a sheet of webbed core material. The assemblyeobéams results in web laminates
[+ 45]s having a dry areal weight of approximately 2.5&g(76 oz/yd) and a final

thickness of 3.4 mm (0.13 in). An illustrationtbfs core is shown in Figure 9-2b.

Core 2: Wound Carbon Light (C2-WCL)

The second core, fabricated by the same windinggss, is identical to the
first core with the exception that 48 kg8 pcf) polyisocyanurate foam was used and
half of the 24k tow was replaced with 12k tow réisgl in webs which are 2.4 mm
(0.094 in) thick having a dry areal weight of 1.R&/m? 57 oz/yd). Core 2 (C2-
WCL) is used to investigate the effects of the foamthe buckling capacity of the

webs under compression.
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Core 3: Wound E-glass (C3-WE)

The third core was fabricated using the same windorocess and foam
dimensions as the first two cores with 48 kyj(Bipcf) polyisocyanurate foam. Core 3
(C3-WE) was wound with E-glass roving, having aldsief 500 m/kg (247 yd/Ib),
creating a single layerq45] 0.54 kg/m (16 oz/yd) around each foam beam. Four
layers of 0.81 kg/Mm(24 oz/yd) [+ 45] stitched E-glass fabric were inserted as arfill
between each of the wrapped beams to build uphibkness of the webs for buckling
stability. Following the placement of the fillexylers the core proceeded through the
consolidation and scrim processes as previouslgribesl. The final result of the
process is a web dry fiber areal weight of 3.78%g(128 oz/yd) and a final web
thickness of 4.0 mm (0.16 in). An illustrationtbis design is shown in Figure 9-2c.
The use of E-glass along with filler layers as aggabto all winding is investigated as

a low cost fiberglass alternative to the carbofofe 1 (C1-WCH).

Core4: Triax Carbon (C4-TC)
The fourth core consists of hand wrapping onerlaj®.41 kg/m (12 oz/yd)

[+ 45] stitched carbon fabric around 48 kgd/(8 pcf) PVC foam (Baltek Airex R63)
beams. Again the foam beams are rectangular hawmgnsions of 50 mm x 76 mm
(2.95 in x 3.0 in). Special care was taken during wrapping process to avoid
wrinkling or bunching of the fabric. A spray adiveswas used to hold the fabric in
place during wrapping. Following the wrapping bt tfabric, two layers of 1.22
kg/m? (36 oz/yd) [0/+45] stitched carbon triax material were placed leemnvthe

beams to build up the thickness of the webs foklg stability. The 0° fibers in the



379

filler layers were oriented perpendicular to thereccsurface to increase the
compressive strength of the core and provided beittd stability as will be shown.
The final web dry areal weight is 3.26 kg/(86 oz/yd) with a final web thickness of

4.0 mm (0.16 in). An illustration of this designshown in Figure 9-2c.

Core5: Corrugated Carbon (C5-CC)

The fifth core consists of 96 kg(6 pcf) polyisocyanurate foam beams
having a trapezoidal cross section with one p0 @1 kg/nf (18 oz/yd) balanced
weave carbon fabric oriented at 45° wrapped ardhnee sides of the beam. The
foam beam dimensions are 60 mm (2.35 in) and 35 (@B6 in) at the wide and
narrow edges respectively and 76 mm (3.0 in) ddep. ease of fabrication the fabric
was only wrapped around the two vertical sidesh& trapezoid and the narrow
horizontal surface. Three plies of weaved carlaini€ oriented at 45° were placed
between the assembled beams to build up the weknéss. The final dry areal
weight of the webs is 3.81 kgfnf90 oz/yd) and the final web thickness is 4.2 mm
(0.17 in). An illustration of this design is shownFigure 9-2d. A summary of the

materials used in each core type is given in Takle
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Table9-2 CoreDesign

Core Fabrication Configuration

Type Method Material (Figure 9-2) Wrap Fiber Filler Fiber
C1-WCH Winding Carbon B T 700 NA
C2-WCL Winding Carbon B T 700 NA
C3-WE Winding E-glass C E-glass E-BX 2400
C4-TC Hand Carbon C C-BX 1200 C-TLX 360G
C5-CC Hand Carbon D G519 G519
Balsa Hand Balsa A NA G519

2Vectorply;°Fabric Development IncSSplitter ply

Carbon skins were applied to each core and thellERrocess (a variant of
the VARTM process) [18] was used to infuse the spens with resin. Each of the
specimens was cured at 82° C (180° F) and postatré21° C (250° F). Since the
purpose of this study is to evaluate the sheangtheof each of the core designs the
top and bottom skin laminates were designed torenthat the panel would fail in
shear as opposed to bending. Fiber volume testiogved the fiber volume fraction
of the webs for each specimen to be between 40%4&f6. The fiber volume
fraction measurements were performed by matrix lige using nitric acid in

accordance with ASTM D3171.

9.2 TEST PROCEDURE

The main focus of this research is to quantify #wteear strength and
compressive strength of the five different coré® assess the shear strength of the
cores a three point bending test was performedfanthe compressive strength a

compression test was performed. The shear straidtie deck specimens was only
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considered for one way bending with the webs ruppiarallel to the length of the test
specimen. The specimens were cut from fabricase@ls which were 762 mm x 762
mm (30 in x 30 in) using an abrasive diamond tdey such that the dimensions of
each specimen are approximately 159 mm (6.25 idgWwly 762 mm (30 in) long with

each specimen have three webs with the exceptid@oog 5 (C5-CC) which is 208

mm (8.20 in) wide such that the core cross seai@ymmetric with four webs. The
exact specimen width, depth, web thickness, welbisgaand core areal weight are

presented in Table 9-3.

9.2.1 Shear

The three-point bending test was conducted usid@@®kN (110 kip) MTS
machine with a reaction beam held in the bottonpsgrivhich supported the test
specimen by two roller supports with rubber padsced at 610 mm (24 in). A 152
mm x 254 mm (6 in x 10 in) steel loading nose vatB0 mm (2 in) thick rubber pad
was held in the upper grips and used to applydhd ht the mid span. Initial testing
of Core 1 (C1-WCH) used a 50 mm x 254 mm (2 in xif0loading nose which
resulted in local crushing of the webs directlydvelthe loading nose. This result
prompted the use of the wider loading nose to alaedl crushing of the webs. A
photo of the test setup is shown in Figure 9-3total of three specimens were tested
for each core type. Three 10 mm (0.4 in) straigegaand six displacement
transducers were applied to each specimen as simokigure 9-4. Two displacement

transducers were used at each support as welkawgithspan to measure the relative
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displacement of the mid-span to the support digoents as well as to detect any
twisting which may occur during the test. The raibpads were used to prevent the

steel loading nose and roller supports from cutimg the skin laminate surfaces.

Table9-3 Specimen Dimensions

Width Deptt Web Web Core Areal
Core (mm) (mm) Thickness  Spacing Weight (Kg/m)
Type [in] [in] (mm) [in]  (mm) [in] [psf]
C1-WCH 160[6.30] 98[3.86] 3.4[0.13] 53 [2.09] .193.22]
C2-WCL 158[6.21] 95[3.74] 2.4 [0.09] 53 [2.07] 172.07]
C3-WE 160 [6.30] 92 [3.62] 4.0 [0.16] 53 [2.09] 143.00]
C4-TC 164 [6.45] 97 [3.82] 4.0 [0.16] 55 [2.17] 542.97]
C5-CC 208 [8.20] 96 [3.78] 4.2 [0.17] 52 [2.05] 6.83.81]
Balsa 181[7.13] 92[3.62] NA NA 22.0 [4.50]

@ depth including face sheets.

Figure 9-3

Photograph of the three-point bending test.
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Figure9-4 lllustration of the three-point bending tesasirgage and displacement
transducer locations.

9.2.2 Compression

For the compression test two specimens from ehtiedive core types were
tested to failure. In addition, two specimens fr@Qore 1 (C1-WCH), Core 2 (C2-
WCL), and Core 3 (C3-WE) were tested without thenfanfill to study the effects of
the foam on the web buckling load. For the spensnested without foam infill the
foam was simply removed from the specimen priottdsting. The compression
specimens were each the same width as the three Ipending test specimens and
152 mm (6 in) long. The compression specimens wested using a 2,670 kN (600
kip) SATEC compression machine. Hydrostone wadieghpo the non mold surface
of the specimens to ensure that the top and bagtofaces were smooth and parallel.

The compression machine consists of upper and lpla¢ens where the upper platen
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is on a swivel to ensure that the load is evenBtrihuted. A photograph of the

compression testing setup is seen in Figure 9-5.

Figure9-5 lllustration of compression test setup.

9.3 TEST RESULTSAND DISCUSSION

The results of the shear and compression testangrasented.

9.3.1 Shear

Shear failure of FRP webbed decks consist of fmtential failure modes: (1)

interlaminar shear between the core and the skfdailure at the joint between the
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webs and the skins, (3) shear failure of the wahd, (4) shear buckling of the webs.
Of the four potential modes only two were observé&bre 1 (C1-WCH) and Core 5
(C5-CC) both failed in interlaminar shear betwesa ¢ore and skins, Core 3 (C3-WE)
and Core 4 (C4-TC) failed in shear at the cornéween the webs and the skins, and
Core 2 (C2-WCL) did not experience shear failure faded in local crushing of the
webs directly below the loading nose. The webeaufh of the core specimens were
adequately thick to eliminate web shear failureveb shear buckling. An illustration
of the two observed shear failures is presentedignre 9-6. A plot of load versus
deflection for each core type showing the relastié&ness of the cores is given in
Figure 9-7. From this plot we see that Core 1 Y&QH) is the stiffest and the E-glass
core (C3-WE) is the softest. A summary of the ¢lpeint bending test results as well
as the strength ratio of each core compared wethbtiisa baseline is given in Table
9-4. The shear strength reported is the averages @ectional shear strength and is
determined by dividing the ultimate shear load bg total cross section of each

specimen.

Web/skin joint e

shear

Interlaminar

shear S

Figure9-6 lllustration of potential shear failure mechanss
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Figure9-7  Plot of applied load versus deflection for eacle type.

Table9-4 Three-Point Bending Test Results

Failure Shear Shear Strength
Load Strength Normalized wrt
Core Type (kN) [kips] (kPa) [psi] Failure Mode Balsa
C1-WCH 315[72.8] 10100 [1460] Interlaminar shear 233
C2-WCL 148 [33.3] 4930 [716] Local web crushing a.5
C3-WE 160 [35.9] 5430 [788] Web/skin joint 1.75
shear
C4-TC 191 [42.9] 6000 [870] Web/skin joint 1.93
shear
C5-CC 201 [45.1] 5020 [729] Interlaminar shear 1.62
Balsa 103 [23.2] 3100 [450] Core shear 1.0

Core 1 (C1-WCL) and Core 5 (C5-CC) failed in ind@ninar shear between the

core and the skins. A photograph of a cut crosiseof Core 5 (C5-CC) showing
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this failure is seen in Figure 9-8. This type aflire occurs when the webs and
web/skin joints have adequate strength to resisarsBtresses and the interlaminar
shear strength becomes the weakest point. Frdme T4 we see that the shear
strength of Core 1 (C1-WCH) (10,100 kPa, 1,460 msiabout twice that of Core 5
(C5-CC) (5,020 kPa, 729 psi). The difference m shear strength between these two
cores can be explained by the illustration sedfiganre 9-9. From the illustration it is
observed that for Core 1 (C1-WCH) the shear lodd fram the webs into the skins is
equally distributed in each direction transversehi webs while the corrugations of
Core 5 (C5-CC) allow the shear to be transferrethéoskins in only one direction
thereby increasing the concentrated interlaminaasistress by a factor of two and
thus decreasing the shear strength by approximatedyhalf compared to Core 1 (C1-
WCH). It is expected that modifying Core 5 (C5-Qgy) wrapping fabric around all
four surfaces of the foam beams to allow the shead to be transferred in both
directions would greatly increase the shear stren@tore 1 (C1-WCH) represents the
maximum shear strength for a web spacing of 51 &ym)( The shear strength could
be increased by decreasing the web spacing theledrgasing the required shear load

to be transferred from each web into the skins.
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Interlaminar
Shear Failure

Figure9-8 Photograph of the cross section of Core 5 iaistg the interlaminar
shear failure.

| ]
1 LI LI \
(a) (b)
Figure9-9 lllustration of the shear flow from the webshe skins for (a) Core 1

(C1-WCH) and (b) Core 5 (C5-CC).

Core 3 (C3-WE) and Core 4 (C4-TC) both failecsiear at the joint between
the webs and the skin. Both of these cores coogwmsebs in which a portion of the
web thickness is produced by filler fabric whiclhméates at the web/skin joint and
only a portion of the web thickness is continuaute ithe skin laminates. As a result
the effective (continuous) web thickness at the/glgb joint is only a fraction of the
total web thickness and therefore a location faleptal shear failure. For Core 3

(C3-WE) and Core 4 (C4-TC) the effective web thiegs at the web/skin joint is 25%
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of the total thickness resulting in an effectivebwthickness of 1.0 mm (0.04 in) for
each core. If we take all of the shear load tacdeied in the webs and we use the
effective thickness to determine the shear strassie web laminate we find that the
web/skin joint of Core 3 (C3-WE) fails at a sheaaess of 345,000 kPa (50 ksi) and
Core 4 (C4-TC) fails at a shear stress of 414,0P@ k60 ksi). These values
correspond with the shear strength reported prelyaf 345 MPa to 380 MPa (50 ksi
to 55 ksi) for a f 45] laminate having a fiber volume fraction of 40%he shear
strength of Core 3 (C3-WE) is 5430 kPa (788 psg #re shear strength of Core 4
(C4-TC) is 6,000 kPa (870 psi). By increasing effective thickness of the webs the
shear strength could be increased up to the poattie failure mode transitions from
web/skin joint failure to interlaminar failure beten the core and the skins.
Increasing the effective web thickness of Core 3-\&ZE) by a factor of 1.85 would
increase the effective shear stress to 10,000 kR&(Q psi) which is the shear stress at
which interlaminar shear failure occurs as was see¢he case of Core 1 (C1-WCH).
Similar results can be obtained for Core 4 (C4-DB§)increasing the effective web
thickness by a factor of 1.67.

Core 2 (C2-WCL), which was identical to Core 11{@CH) with the
exception of the webs being 33% thinner, failedoral web crushing directly below
the loading nose and shear failure was not achie®ated on this result we can say
that Core 2 (C2-WCL) has a minimum shear strenfith@B0 kPa (716 psi).

A plot of the shear strength versus effective webtkness for webs spaced at
two inches on center is given in Figure 9-10. @a plot the solid line represents the

maximum shear strength where the failure mode i¥/jaw@t or web shearing and the
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dashed line represents the upper shear strengthalirwhich the failure moves from

web failure to interlaminar shear failure betweesm ¢ore and skins.

30000
25000 -
s i
x 20000
= r Web shear
= F strength (carbon) Core to face sheet
o 15000 r AW interlaminar shear strength
® 10000 f 00K alCL-WCH]
e -
n -
F C4-TC
5000 - a[czwet] o[c5Cc]
oL
0 1 2 3 4 5

Effective Web Thickness (mm)

Figure9-10 Plot of the shear strength versus effective tintkness for each core
type with the predicted web shear strength.

9.3.2 Compression

The compression tests resulted in two differeiitifa modes: (1) crushing of
the webs and (2) buckling of the webs. Core 1 \@H), Core 2 (C2-WCL), and
Core 3 (C3-WE) were each tested with and withoatfttam infill to study the effects
of the foam on the stability of the webs. CoreC4+{TC) and Core 5 (C5-CC) were
tested with the foam infill. A summary of the camgsion testing results including
the compressive strength ratio of each core typk thie baseline balsa core is given

in Table 9-5. A plot of the compression test resulith the analytical prediction of
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web compression strength and web buckling loadvisngin Figure 9-11. The solid

square symbols represent the experimental resutts faam infill while the open

squares represent finite element results with faafifl. Similarly the solid circles

represent experimental results without foam i the open circles represent finite

element results without the foam infill.

Table 9-5 Compression Test Results

Failure Comp. Comp. Strength
Load Strength Failure Normalized wrt

Core Type (KN) [kips] (kPa) [psi] Mode Balsa
C1-WCH w/ foam 307 [68.9] 12600 [1830] Crushing 6.3
C1-WCH w/out 238 [53.5] 9770 [1420] Buckling 1.06
foam
C2-WCL w/ foam  115[25.8] 4780 [693] Buckling 0.52
C2-WCL w/out 64.1[14.4] 2670 [387] Buckling 0.29
foam
C3-WE w/ foam 257 [57.8] 10600 [1530] Buckling 1.14
C3-WE w/out 233[52.4] 9590 [1390] Buckling 1.04
foam
C4-TC w/ foam 400 [90.0] 16100 [2330] Crushing 1.74
C5-CC w/foam 242 [54.5] 15300 [2220] Crushing 1.66
Balsa 254 [57.1] 9240 [1340] Crushing 1.0
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Figure9-11 Plot of the compressive strength of each core tyfh the analytical

and finite element predicted web compressive strerand web

buckling strength for 51 mm (2 in) we

b spacing.

The Core 1 (C1-WCH) specimen with the foam irfailed in web crushing at

a stress of 12,600 kPa (1,830 psi).

Notice thamfrFigure 9-11 the predicted

buckling load is just slightly higher than the wedimpressive strength agreeing with

the observed failure. The specimen without thenfdailed in buckling at a load of

9,790 kPa (1,420 psi).

The presence of the ligbight foam eliminated the web

buckling failure mode so that the much higher walsking failure was the critical

load. Photographs of the failed specimens are iseleigure 9-12.
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C1-WCH w/ foam C1-WCH w/out foam

C2-WCL w/ foam C2-WCL w/out foam

C3-WE w/ foam C3-WE w/out foam

Figure9-12 Photographs of compression specimens C1-WCHoawhf C1-WCH
w/out foam, C2-WCL w/ foam, C2-WCL w/out foam, C3BM/ foam,
and C3-WE w/out foam.
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The test results for Core 2 (C2-WCL) showed thanfoinfill to have a
significant effect on the buckling capacity of thwebs. The compressive strength
without the foam is 2,670 kPa (387 psi) and inaesdsy a factor of 1.8 to 4,780 kPa
(693 psi) with the foam present. Photographs ef tdst specimens are shown in
Figure 9-12. From the photographs it is observed the buckled shape resembles
that of a beam with fixed ends.

Core 3 (C3-WE) was also tested with and withdwat toam infill with both
tests resulting in buckling failure of the webs. ithMgut the foam the compressive
strength is 9,590 kPa (1,390 psi) which agrees weh the predicted compressive
strength (see Figure 9-11). An increase in congresstrength to 10,500 kPa (1,530
psi) is observed for the specimens with the foaAs discussed previously, at the
location where the webs meet skins only a portibthe web fibers are continuous
and the remainder of the web is composed of fidgers which terminate at the web
skin interface. It is believed that this discontty of fibers from the web to the skin
reduces the stiffness of the web/skin joint (seigid) resulting in a buckling load
which is slightly less than the condition with ftkends. The difference between the
predicted and experimental compressive strengttuéesto the thickness of the edge
foam as will be explained in the finite elementlgsia section of the paper.

Core 4 (C4-TC) and Core 5 (C5-CC) both failedcmshing of the webs.
From Figure 9-11 it is observed that both of thesees fail near the web crushing
strength for their respective web thicknesses. aRétat the webs of Core 4 (C4-TC)
have some uni directional plies oriented perpendicto the deck which slightly

increases the capacity of the webs.
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9.4 FINITE ELEMENT ANALYSIS

A finite element analysis was performed to compaeasured deflections and
strains from the three point bending test with éhobtained from the finite element
model to assess the reliability of the model foalgring larger more complex FRP
webbed deck structures. In addition finite elet@eralysis of the compression testing
was conducted to study the effects of the foantl ioffi the web buckling. The models
were created and analyzed using MSC NASTRAN. Tkia Eminate and web
laminates were modeled using four node quadrilatecenposite laminate shell
elements and the foam was modeled using solid eiglie brick elements with
isotropic material properties. The webs are matleds [ 45]s laminates. The
carbon/epoxy and E-glass/epoxy lamina properties urs the model are presented in
Table 9-6. For the (3 pcf) polyisocyanurate foarMaung’s modulus of 8,600 kPa
(1,250 psi), a shear modulus of 1,724 kPa (25Q psidl a Poisson ratio of 0.04 are
used. Foam mechanical properties were obtaired the manufacturer and an
average of the compressive and tensile moduluadh direction was used. Each core
was analyzed using the same model by adjusting wikb thickness, material
properties, and skin laminate offsets to accuratgbyesent each specimen. The mesh
was refined until convergence was achieved regulim an element size used

throughout the models of 12.7 mm (0.5 in).
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Table9-6 Lamina Properties

E11 = G12 Poisson
Lamina (GPa) [Msi] (GPa) [Msi] (GPa) [Msi] Ratio
Carbon/epoxy 80.0[ 11.6] 6.2 [0.9] 4.1 [0.6] 0.3
E-glass/epoxy 34.5[5.0] 6.2 [0.9] 4.1 [0.6] 0.28

9.4.1 Shear

For the three-point bending finite element mogeined boundary conditions
were applied at the locations of the roller supp@nd the load was applied as a
uniform pressure over an area equivalent to thdihganose used in the testing. A
pressure of 5,943 kPa (862 psi), or 138 kN (31 )kiptal load, was applied to the
model for comparison to the experimental data. | &b7 presents a comparison of
the experimental strains at the mid-span and qupdiats as well as the deflection of
each test specimen with values obtained from theefelement model. From the table
it is seen that the model shows good agreementthatiest data for the deflection and
the quarter point strains (11.5% difference or)legish the exception of Core 5 and
fair agreement for the mid-span strains which hditierences that are 20% or less.

Core 3 showed the best agreement with a max difteref 6.3%.

Table9-7 Experimental and FE Three-Point Bending Test Results

Deflection Mid-Span Strain %/, Span Strain
Core Exp. FE Diff. Exp. FE Diff. Exp FE Diff.
Type (mm) [in] (mm) [in] (%) (He) (He) (%) (M) () (%)

C1-WCH 2.08[0.082] 2.13][0.084] 2.4 2730 2280 -16.5 -116a1030 -11.2
C2-WCL 2.62[0.103] 2.46[0.097] -4.6 2830 2430 -14.1  -9971070 7.3

C3-WE 3.10[0.122] 3.12[0.123] 0.8 2770 2630 -5.1-960 -1020 6.3
C4-TC 2.87[0.113] 2.54[0.100] -115 2940 2370 .419 -1000 -1080 8.0
C5-CC 2.39[0.094] 2.21[0.087] -7.4 2610 2370 -9.2-773 -1080 39.7
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9.4.2 Compression

For the compression test finite element modelbibittom surface elements are
fixed against translation in the direction of laagliand at the top and bottom surfaces
two corner nodes are fixed against translatiorha pilane of the skin laminates. A
unit pressure is applied uniformly over the topfate and a buckling analysis is
performed. A model of the compression test is showFigure 9-13. The buckling
analysis showed the foam to play an important noléhe buckling capacity of the
webs. A comparison of the measured buckling céipacivith the buckling capacity
determined by the finite element analysis is presgem Table 9-8. A plot of the finite
element results with the experimental results carsden in Figure 9-11. From the
table it is seen that the finite element analysiskbing loads showed good agreement
with the measured buckling loads (less than 20%emdifice). However it was noticed
that the buckling loads determined from the firstement model for the foam filled
specimens was significantly lower than that prextidby the analytical solution. The
analytical solution assumes that each web recéitesupport by the foam from each
side. Looking at the actual test specimens thevesius had approximately 25 mm (1
in) of foam which was unconstrained on the outsid®.finite element study was
performed to investigate the effects of unconse@ifoam thickness and stiffness on
the buckling load of the web. A non dimensionalt@howing the ratio of the critical
buckling load with foam to the critical bucklingdd without foam R./(47°El/1?))
versus different foam width to web height ratia®l) for different foam to web

stiffness ratiosk) is given in Figure 9-14. The web stiffness ragidefined as
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K =t (9.2)

The foam used in the test specimens (48 Rglofyisocyanurate) is represented by the
stiffness ratio curvé& = 700. From this curve it is noted that a foanckhiss greater
than 80 mm is required to reach the maximum bugktapacity of the web. The
actual foam thickness of 25 mm used in the testispns contributes only a small
degree of additional stability to the webs. If affet foam is used along the
unconstrained edge, for example 2,000, an equivalent web buckling capacity can
be obtained by using an edge foam infill which mya20 mm wide. In cases where
the edge foam of the deck is unconstrained, foath wihigher stiffness should be

used to eliminate premature buckling of the edglkswe

Figure9-13 Finite element model of compression test showinckled webs.
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Figure9-14 Plot of critical buckling load ratio versus foamdth to web height
ratio for various foam to web stiffness ratios.

Table9-8 Experimental and FE Compression Test Results

Buckling Load

Exp FE Diff.
Core Type (kPa) [psi] (kPa) [psi] (%)
C1-WCH w/out foam 9770 [1417] 9610 [1400] -1.6
C2-WCL w/ foam 4780 [693] 5620 [815] 17.6
C2-WCL w/out foam 2670 [387] 3180 [461] 18.4
C3-WE w/ foam 10600 [1530] 12300 [1780] 13.6
C3-WE w/out foam 9590 [1390] 10500 [1520] 8.5
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9.5 DESIGN RECOMMENDATIONS

Based on the results of the shear and compresssting as well as the finite
element analysis several recommendations are peesdor the design of FRP
webbed core sandwich composites.

From the shear tests it was shown that Core 1 (CHWailed in interlaminar
shear between the core and the skins. As wassdieduthis type of failure represents
the highest load which can be carried by this etrthe given web spacing. If higher
shear strength is required the web spacing shaldebreased to lower the shear load
transfer demands for each web to the skins. Ama@bs are used the thickness of
the webs can also be decreased while still coriagl@reb stability.

Core 5 (C5-CC) also failed in interlaminar sheameen the core and skins at
about one half the load of Core 1 (C1-WCH). Aslbesn discussed this failure was a
result of having continuous fibers from the webska in only one direction. 1t is
recommended that fibers be wrapped around all sifi¢se foam beams to provide
shear load paths in both directions transverskaavebs.

It was shown that Core 3 (C3-WE) and Core 4 (C3-b@h failed in shear of
the web at the joint between the web and the sBiecause these two cores used filler
fabric, only a portion of the fibers from the welisre continuous into the skins. In
designing FRP webbed cores it is important to gleddequate continuous plies from
the webs to the skins to carry the desired shead.loFor design purposes the
thickness of the webs considered for shear is thdy portion of the plies which are

continuous from the webs into the skins.
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From the compression testing it was observed ttlafoam infill can have a
significant effect on the buckling capacity of thebs. In cases where weight savings
is critical, consideration should be given to usimgh modulus low weight foams in
combination with thinner webs. Core 4 (C4-TC) whicsed filler fabric with fibers
oriented perpendicular to the deck surface alsoqurceffective in increasing the
compressive capacity of the core.

To aid in core selection, a plot of the sheamgjtie, compressive strength, and
density of each core is given in Figure 9-15. Frbw figure we see that all of the
cores with the exception of Core 2 (C2-WCL) meet exrcceed the shear and
compressive strength requirements. Core 1 (C1-W@Hjch has the highest shear
strength, exceeds the shear strength of the balgaby a factor of 3.2 at a weight
which is 28% lighter than the balsa.

A plot of the strength to weight ratio of eache&ds seen in Figure 9-16. For
weight critical structures this plot is useful irtdrmining which core offers the
highest performance at the lightest weight. Fromftgure we see that Core 1 (C1-
WCH) offers the greatest shear strength per unigjtevhile Core 4 (C4-TC) offers
the highest compressive strength per unit weidhis also noted from the plot that
removal of the foam greatly increases the sheangth to weight ratio with Core 1
and Core 2 while little change was seen in the gesgive strength to weight ratio.

All of the cores exceeded the strength to weigtid It the baseline balsa.
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9.6 PERFORMANCE CRITERIA

A comparison between the FRP decks consideredhia s$tudy and
conventional extruded aluminum decking currenthedisn the military is made to
show the potential weight savings which can be izedl through using FRP
composites. The existing decking considered ismftbe Wolverine Heavy Assault
Bridge developed by MAN Technologies of Germany @&weheral Dynamic Land
Systems of the U.S [107]. The deck has an ovdegdth of 79 mm (2.9 in) with 5 mm
(0.2 in) thick webs spaced at 69 mm (2.7 in) ont@ewith 5 mm (0.2 in) thick skins
top and bottom (see Figure 9-17). The materiadl iis¢he deck is 7005 T6 aluminum
with properties given in Table 9-9. With the extoep of Core 2 both the aluminum
deck as well as the FRP composite decks meet alhefshear and compression
strength requirements. The areal weight of thenalum deck is 44 kg/m3 (9 psf) and
the composite FRP decks have an areal weight rgrigim 44 to 49 kg/m3 (9-10
psf). Thus, the composite decks are weight contata the existing aluminum deck
design, but the existing aluminum deck can onlyansp 1.2 (48 inch) distance
between supports and is not capable of spannang th gap of the currently designed
composite FRP decks. In order to make a direcghtecomparison between an
aluminum deck and current FRP decks, the alumineick vas redesigned to meet the
current 4m gap requirement and overall deck thiskmequirement by increasing the
overall depth of the aluminum deck to 95 mm (3./Ap and increasing the skin
thickness to 10 mm (0.375 in). Thus, the redesigal@minum deck has the same
depth and matches the bending stiffness of theotufRP decks. The FRP deck skin

laminate properties are given in Table 9-9. Thsulteng areal weight of the
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aluminum deck is 68 kg/in(14 psf), which represents a 30-35% weight saviogs

the current FRP decks over equivalent aluminum idgck

Table9-9 Material Properties

Elastic
Modulus  Shear Ult Ult Shear
Ex Modulus Strength  Strength  Density
(GPa) (GPa) Poisson’'s (MPa) (MPa) (kg/nt)
Material [Msi] [Msi] Ratio [ksi] [ksi] [1b/in
AL7005T6 71[10.3] 27[3.9] 0.33 350 190 2800
[50.8] [27.6] [0.10]
Skin 74 [10.7] 10[1.4] 0.37 607 NA 1600
Laminate [88.0] [0.058]

Skin

Figure9-17 lllustration of the extruded aluminum deck witlmdinsions.
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The chapter, in part, is a reprint of the matesibich appears in théournal of
Composites for ConstructioR008 volume 12 issue 3 pages 344-354 titled “Light
Weight Fiber-Reinforced Polymer Composite Deck Pafee Extreme Applications.”
The dissertation author was the primary investigatod author with advisor J. B.

Kosmatka as co-author.



CHAPTER 10

SHORT-SPAN BRIDGING

Currently within the US military there is a need f light-weight bridging
system for crossing short-span gaps up to 4 m {ipih length. This bridge must
also have a low profile constant thickness of 100 (4 in) or less, such that it can be
used for other applications including decking famd span modular bridging, roadway
matting, overlays for damaged bridge decks, anditgaramp systems for aircraft and
ships. Moreover, it is required that the bridgsygtem support Military Load Class
30 (MLC 30, 27,000 kg, 60,000 Ibs) track vehicled ®alletized Load System (PLS)
truck vehicles under extreme environmental and bauogport conditions. For
comparison purposes the HS-20-44 truck prescrilyethé American Association of
State Highway and Transportation Officials (AASHTR)L6] would have an MLC
rating between 25 and 30 resulting in maximum mdsand shears which are about
10% lower than that produced by an MLC 30 ratedolerand 15% less than a fully
loaded PLS truck.

To address the need for short-span bridging, MAbbN& Bridges, located in
Germany, has developed a commercially availableilmdiidge known as the Short
Track Bridge (STB) which is capable of spanninggap to 4 m in length while
supporting MLC 30 vehicles [107]. The bridge isngmsed of two parallel treadways
fabricated using high strength aluminum. Each tnegdis 5.2 m (205 in) long and 0.6

m (24 in) wide, with the bridge depth varying alotig length having a mid-span
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maximum depth of 0.28 m (11 in). A single treadwesighs 250 kg (550 Ibs) with
the full bridge weighing 500 kg (1,100 Ibs). A pbgraph of the Short Track Bridge

is shown in Figure 10-1.

Figure10-1 Photograph of the Short Track Bridge developeIBWN Mobile
bridges.

Recently Wight et al. [117] presented the develepihand testing of an FRP
short-span bridge developed for the Canadian FdfZes The bridge consists of two
treadways fabricated from pultruded fiberglass tsbetions and sheets which are
bonded together to form a tapered box beam (tregdwhich is 4.8 m (189 in) long
and 1.2 m (48 in) wide. As with the aforementiodAN bridge, the bridge depth
varies along the length from 0.1 m (4 inches) atehds to 0.5 m (20 inch) at the mid-
span. A single treadway weighs 500 kg (1,100 #vg) is designed to carry a vehicle
weighing 27,000 kg (60,000 Ibs). This weight dows include a wear surface or

launching hardware. While both the MAN aluminundaWight composite bridges
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are different approaches for light-weight shortrspanergency portable bridging, due
to their large mid-span section depths neithehesé¢ satisfies the current US Army's
requirements for low-profile, constant depth, vélsabridging considered in this
study.

Based on the success of the webbed cores preyiowsistigated, this research
utilizes an FRP webbed core which offers increasteghgth at a reduced weight in
comparison to balsa. The development of full sdaielge treadways using the

webbed core is described in this study.

10.1 REQUIREMENTS

The design of the bridge treadway system is driv®n performance
requirements provided by the US Army and outlinedhie Trilateral Design and Test
Code for Military Bridging and Gap-Crossing EquipméTDTC) [118]. The TDTC
is a design and test code for military gap-crossqggipment which was developed
through a cooperative effort between the UnitedeStaGermany, and the United
Kingdom. The intent of the code is to provide anomon set of design and testing
procedures as well as requirements which allowspeggnt (bridges) tested in one
country in accordance with the TDTC to be suitdbleinternational acceptance. The
requirements are (1) the bridge treadways mustighe €nough to be handled by
military personnel without the assistance of heliftipg equipment such as cranes or
forklifts, (2) the treadways need to support botbQYB0 track and PLS truck vehicles

over a 4 m (157 in) gap, (3) the treadways shalkeh@a maximum constant depth of
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100 mm (4 in), (4) the treadways must be wide ehaiagbe safely crossed by the
prescribed vehicles, (5) the maximum deflectionthaf treadways under full working
load is to be limited to 152 mm (6 inches) (to nmaizie weight savings, allowable
deflections for military bridges are significantiygher than those for civil bridges),
(6) a minimum safety factor of 1.5 with respecBttasis material strength properties
shall be maintained for all components of the e, and (7) the treadways must
be capable of performing under temperatures ranfgorg —46° C (-50°F) to 71°C
(160° F). Additional gap crossing site criteria foundtive TDTC [118] require that
the bridge be designed to perform at sites in wh{ithThe bank soil maximum
bearing pressure is 380 kNIr(8 kips/ff), (2) the slope from the near to far bank is
+1:10, and (3) the transverse slopes of the nedrfanbanks are up to 5% (10%
relative slope if each banks slope in oppositectiivas). Due to the short length of
the treadways the transverse bank slope requiremastrelaxed to a total relative

slope between the near and far banks of 5%.

10.2 DESIGN AND ANALYSIS

The design of the treadways involves first detemgnthe critical vehicle
loads, followed by calculating the critical intermaoment and shear distributions and
finally performing a detailed finite element anays

The design vehicles nominal axle loads and axkxcisg are presented in
Figure 10-2 (MLC 30) and Figure 10-3 (PLS trucue to the limited length of the

treadways it was determined that the three reasaxd the PLS truck represented the
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critical load case (see highlighted axles in Figl@e3). The maximum (or working)
axle loads are obtained by increasing the nomirla l@ads to include the effects of
(1) vehicle dynamic impact, (2) the bridge placed & transverse slope which
increases the loads on the lower (downhill) treadesad (3) the vehicle wheel load
pads not centered with the treadway center linenfaonly called eccentric loading).
The impact (1.2) and side slope (1.05 MLC 30 am@ab3.PLS) load factors are
included based upon TDTC requirements [118], whesethe vehicle eccentricity

effects are included within the finite element micalgplied loading.

445kN 445kN 445kN 445kN 445kN 44.5kN

oXoXoXoXoXo

0.67m ' 067m' 067m ' 0.67m "' 0.67m

Axle Spacing
ooesm__ [} I
—T_ |<-o.46 male——— 1.62m ———»|«¢0.46 m->|
[« 2.54m >

Single Axle Track Spacing and Contact Area

MLC 30 Track

Figure10-2 MLC 30 track nominal axle loads, spacing, andkraantact areas.
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Figure10-3 Fully loaded PLS truck nominal axle loads, spgcand wheel contact
areas.

The bridge length was determined to be 5.6 m (B2Buch that the bearing
pressure at the bank seats due to the maximum lgeload does not exceed the
allowable bearing pressure given by the requiremeriach bridge treadway width
was determined to be 0.76 m (30 in) such that dgsegd vehicles can cross with 0.15
m (6 inches) clearance from either side. Due ®ghort crossing distance the US
Army deemed the 0.76 m (30 in) treadway width t@atequate for safe crossing. The

dimensions of a single bridge treadway are givefigure 10-4.
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Figure 10-4 lllustration of treadway dimensions, gap geomeind PLS truck
locations for max bending and shear stress.

In accordance with the TDTC [118] the design sisailaken to be the distance
between the centroid of the bearing area at eack. bBor a 4.0 m (157 in) clear span
and a total bridge length of 5.6 m (220 in) theiglespan is 4.8 m (189 in) (see Figure
10-4). Based on the design span, maximum momettabsolute shear envelopes
were produced for each design vehicle working Ig@dure 10-5). The moment and
shear envelopes were created by finding the maximament and shear created by
each vehicle at each position on the treadwayis #een that the PLS truck is the
critical vehicle for design producing a maximum nerhof 120 kNm (88.5 kft) and

a maximum shear of 122 kN (27.4 kips).
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Figure10-5 Plot of maximum moment and shear envelopes.

In order to meet the weight and bending stiffnresgiirements, the treadways
have upper and lower skins consisting of carbondgpgaminates and a celled core
composed of E-glass/epoxy webs spaced at 51 mm) (@ni center. The core (C3-
WE) was selected from a number of FRP webbed cpresiously tested and
evaluated. The core was shown to have adequatw sktrength and compressive
strength to resist global loading as well as logheel or track loads. The core is a
fiberglass webbed core which is produced by windfigerglass roving around
individual foam beams which are assembled togetitr filler fabric between the
beams to increase the web thickness [115].

Based upon extending well correlated models ofwtbbbed core deck a finite
element model of a single treadway was createcaaatyzed using MSC NASTRAN.

The model was created using four node composité sleenents for the skins and
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four node single ply orthotropic elements for tlegtical web core. See Figure 10-6.
The material properties used in the model as wseliha B-basis allowable strength
properties given in Table 10-1 are based upon pusvexperimental testing of the
carbon/epoxy skin laminates [108] and the E-gl@&s{g core. The carbon/epoxy top
and bottom skins were sized as 11 mm (0.43 in) &mdm (0.3 in) thick, respectively,
in order to meet the maximum deflection requiremmeft152 mm (6 in), where the
different thicknesses are a result of the differiagsile and compression strength of
the carbon epoxy (see Table 10-1). A minimum $kminate thickness of 8 mm (0.3
in) was used to prevent puncture failure due toceatrated rock loads based upon
previous studies [108]. The skins consist of alk§/nf (18 oz/yd) five harness
(5H) satin weave and 0.61 kdfifi8 oz/yd) unidirectional (uni) carbon. The layup of

the treadway skins and core is given in Table 10-2.
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Bottom Skin

Figure 10-6 lllustration of a cross section of the finite elsm model showing the
treadway skins and webs. End cap is not showaol#oity.

Table10-1 Material Properties (B-basis Strength Properties)

5 Harness Satin Unidirectional
Property Weave T300C-12k Toho-24k
Ex (GPa) [Msi] 65.0 (9.4) 105.0 (15.2)
Exc (GPa) [Msi] 58.0 (8.4) 91.0 (13.2)
Ey: (GPa) [Msi] 67.0 (9.7) 8.0 (1.1)
Ey: (GPa) [Msi] 57.0 (8.2) 8.0 (1.1)
Gyxy (GPa) [Msi] 4.0 (0.6) 5.0 (0.7)
V12 0.04 0.32
Xt (MPa) [ksi] 616.0 (89.3) 883.0 (128.0)
X¢ (MPa) [Kksi] 381.0 (55.3) 536.0 (77.8)
Y. (MPa) [ksi] 580.0 (84.1) 17.0 (2.4)
Y. (MPa) [ksi] 378.0 (54.8) 79.0 (11.5)

S (MPa) [Ksi] 39.0 (5.6) 32.0 (4.7)
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Table 10-2 Deck Layup

No. of plies Material Thickness (mm) Orientation
1 (top) 5H 0.7 0
1 5H 0.7 45
4 Uni 0.8

1 5H 0.7

4 Uni 0.8 0
1 5H 0.7 45
1 5H 0.7 0
2 Uni 0.8 0
core 76.0 0
2 Uni 0.8 0
1 5H 0.7 0
1 5H 0.7 45
2 Uni 0.8 0
1 5H 0.7

2 Uni 0.8

1 5H 0.7 45
1 (bottom) 5H 0.7 0

Several load cases were investigated using thie fielement model to
determine the maximum stresses produced in the skid the core. The critical load
case for the skins (maximum bending stress) idi® truck located at the treadway
mid-span with the wheels located along one edgée dritical load case for core
shearing is the PLS truck located such that thdimgawheel is at the support with the
wheels located along one edge. An illustratiorthaf critical load cases is seen in
Figure 10-4. Recall that the loads consideredHerPLS truck are the rear three axles

of the PLS truck. In addition to the vehicle loadaaditional mud load of 0.75 kNfm
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(16 psf) is added per TDTC [118]. Both load cases combined with 2.5%
transverse bank slopes in opposite directions iagatvisting in the treadway. A
safety factor of 1.5 was used throughout the desigmg with experimentally
measured B-basis allowable material propertieaflocomposite laminates. From the
critical load cases a ply by ply analysis using mmasm stress criteria with respect to
B-basis allowable material properties showed thgeugkin to have a margin of safety

(MS) of (+0.48) and the lower skin to have a margisafety of (+0.92), where

MS=
o, -FS

Ta }—1. (10.1)

Here o, is the allowable stress for a given lamina (B-Basliowable), o, is the

stress in a given lamina at working load, &%is the factor of safety (1.5). The shear
load case showed the webbed core to be the crimalponent having a margin of
safety of (+0.13). A summary of the critical lamis&resses, allowable B-basis
strength properties, and margins of safety for eafckhe treadway components is

given in Table 10-3.

Table 10-3 Margins of Safety

B-basis Max Stress Margin
Location (MPa) [ksi] (MPa) [ksi] of Safety
Top Skin -536 (-77.8) -243 (-35.2) 0.48
Bottom Skin 883 (128.0) 307 (44.5) 0.92

Webs (shear) 73 (10.6) 43 (6.3) 0.13
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The bridge treadway ends experience high impazdas vehicles enter and
exit. To increase the treadway end durability,rarh (0.1875 in) thick aluminum end
cap was installed with a 9.5 mm (0.375 in) sadgfitapered end ramp. The end cap
extends 915 mm (36 in) on the bottom surface toeptdhe bearing surface and 760
mm (30 in) on the top surface to protect againsicle wheel impact. In addition to
the aluminum end caps, a 3 mm (0.125 in) thick pathane wear coating is applied
to all surfaces of the treadways to protect théaaiepoxy laminates. During the
CAB project 14 different wear surface coatings wiexgted at extreme environmental
conditions with numerous vehicle crossings with engrerforming as well as the

polyurethane [5].

10.3 FABRICATION

Two treadways (one bridge) were fabricated ushey $eemann Composite
Resin Infusion Molding Process (SCRIMP) [18] methadvariant of the Vacuum
Assisted Resin Transfer Molding (VARTM) processheTreadways are fabricated by
laying up the top skin fabric on the mold followleg the core and then the placement
of the bottom skin fabric plies. The plies fronettop skin are interleafed with the
bottom skin plies to provide a continuous load pfatim the top skin to the bottom
skin along the treadway edges. Following the ptaard of the dry performs and core
the assembly is covered with a layer of peel pljoweed by a highly permeable
SCRIMP layer and vacuum bag. The resin inlet &@dl at the top of the treadway

assembly and the vacuum outlets are placed alengdbes. One advantage of using
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the webbed core is that it provides a path forrésen to get from the top laminate to
the bottom laminate without the need of drillingédsor providing other flow paths
through the core thickness. An illustration of ®€RIMP process showing the cross
section of the treadway is seen in Figure 10-hefFvolume fraction measurements of
sub scale samples in accordance with ASTM D317ivetiahe skins to have fiber
volume fractions from 50-55% and the webs to haberfvolume fractions from 40-

45%.

Resin Inlet
Vacuum Bag K SCRIMP Layer Peel Ply

Vacuum
Outlet

Skin
Laminates

Mold

Fiberglass Foam

Webs
Figure 10-7 lllustration of SCRIMP process for infusing ofadevays.

To satisfy the extreme temperatures which thedweg/deck must operate
EPON 862 epoxy with Lindride 6 hardener is usedcWwhihas a glass transition
temperature exceeding 98 (200°F) when properly post cured. Following the
infusion of the treadways they were cured at a tvatpre of 82 C (180° F) and then
post cured at 212 C (250° F). The resulting weight of each carbon/epoxydvesy
was 204 kg (450 Ibs).

Following the final cure of the treadways the alum end caps were bonded

to the treadways using a high strength adhesivesqH$394), where each aluminum
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end cap weighed 28.5 kg (62.5 Ibs). At the endheftreadway where the end caps
are installed a layer of fiberglass was placed e qurface during the infusion to
eliminate potential galvanic corrosion betweendasdon/epoxy and the aluminum.

Finally all surfaces (top, bottom, and edges) lué treadways were sand
blasted, cleaned with a solvent, and then the upethhane wear surface was applied
by spraying a number of thin coats, where the fowdt included embedded fine
aggregate for improved traction for both foot ti@find vehicles. The thickness of the
wear surface is 3 mm (0.125 inch) and the addedyiwas 80 kg (175 Ibs) per
treadway. The final weight of each bridge treadwsa$40 kg (750 Ibs). In the
current study 24 strain gages were applied diretlythe treadway carbon/epoxy
surfaces before the wear surface was applied dotliegt would be protected from
crossing vehicles.

In cases where the treadways are for temporaryandehe wear surface and
aluminum end caps are not required, the weightiohéreadway may be significantly
reduced. The skins could be reduced to 7 mm (0.8p and bottom with the depth
of the treadway still being limited to 0.1 m (4 miying a margin of safety of (+0.05).

The estimated weight of each treadway is 177kg (BSD

10.4 STRUCTURAL PROOF TESTING

Structural proof tests were performed on each wegdat the Powell
Structural Laboratories on the University of Califia, San Diego campus to ensure

that the performance requirements and design geats achieved. The US Army
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specified proof test requires that the critical kwog load moment and shear be
reproduced as well as an overload (1.33 x workoeg) moment and shear. The
working and overload shear loading is applied usingS Army supplied six-point
whiffle tree fixture, where as the working and dead bending moment distribution
is applied by converting it to a two-point loadtfire. See Figure 10-8 for the load
distribution produced by each of the load fixturéghe load pads are 0.66 m (26 in)
long by 0.18 m (7 in) wide. To achieve the PLS vilogload moment (120 kixh) and
overload moment (169 khh) 128 kN and 170 kN loads respectively were applie
using the two-point load fixture. To achieve theSPworking shear (122 kN) and
overload shear (162 kN) 221 kN and 277 kN loadpeesvely were applied using the

six-point whiffle tree load fixture.

0.5P 0.5P

Two-Point Whiffle

0.2P 0.09P 0.21P 0.15P 0.24P 0.11P

Six-Point Whiffle

Figure 10-8 lllustration of two-point bent and six-point wié load fixtures.
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Each treadway was instrumented with sixteen (6 riimepar strain gages and
eight strain gage rosettes, where the strain gages installed prior to the application
of the polyurethane wear surface. The strain d@acpggions are shown in Figure 10-9,
where strain gages are located on the top andrbattafaces at the mid-span and
guarter spans. Gages are located both along ¢hdviay center line as well as on
either side of the center line to document unbadnoading or treadway twisting.
The rosettes located at the upper and lower treadwdace center points were used
to measure longitudinal and transverse bendingedisas in plane skin surface shear.
Three rosette strain gages were also located aanly side edge of the treadways to

measure the shear strain at the supports and rard-sp

1/4 Span Mid Span 3/4 Span
1
- Iﬁ -
B o) S O _— __|Center Line| |
0.25m i
- + -
| 1.2m | 1.2m |
[ | | = |inear
Top and Bottom ® Rosettes
I e ® e 1]
I|= 234 m | 2.34 m I
[
Sides
Strain Gage Locations
Mid-span
i
. H .
|
B Y R —— il N R - __|Center Line/,|
0.25m| i
. . .
08m_ | 08m |,  08m 08m | 08m_J 08m
— !
0.3m

Displacement Transducer Locations

Figure10-9 Strain gage and displacement transducer locations



423

Each treadway was supported on floor mounted hawdvblocks and 38 mm
(1.5 in) thick rubber bearing pads. The distaneéwvben the inside faces of the
support blocks and rubber pads was the design gp@&mm (189 in). Thirteen linear
potentiometer displacement transducers having a @@ (12 in) stroke were
positioned as shown in Figure 10-9, where transgueere located along the center
line to capture longitudinal treadway bending adlves along the mid-span to
document treadway transverse bending and twistinjloreover, displacement
transducers were located on either side of the @tgppo measure compression or
permanent settlement of the rubber bearing padssapgort blocks. All test loads
were applied with a 500 mm (20 in) stroke 660 kNQ(kip) actuator attached to a
large overhead reaction frame. See Figure 10-1& US Army specified proof test as
described in the TDTC [118] requires that the beidgeadways first pass a working
load test followed by an overload test without gmgrmanent set or nonlinear
response. The working load test involves applymgeasing load increment cycles
with two minute holds, up to the working load. Tdweerload test consists of four load
applications. The first application involves ingseng load increments, with two
minute holds, up to overload where a 30-minute hsldequired. The second and
third load cycles go from zero load to overloadhw@ two minute hold and then
unload. The fourth load application is a repeaths# first load application. The
working load and overload tests were performedanhdreadway using both the six-
point and two-point load fixtures. A diagram showithe loading protocol for the
bending proof test (two-point) is seen in Figurell0 A plot of the load versus mid-

span displacement for all ten cycles of the twapdoad test is shown in Figure
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10-12, where both treadways behaved linearly thiaihg entire proof test with the
finite element model slightly over predicting theadway stiffness by about 7%. The
treadway displacement at each load increment ®itwlo-point test is given in Figure
10-13, where the maximum displacement for the wagrkoad was 123 mm (4.8 in)
and 160 mm (6.3 in) for the overload. The maximuspldcement requirement was
not exceeded. Strain and displacement measuremielnt®t indicate any twisting or

unbalanced loading throughout the testing.

Figure10-10 Photo of proof test using whiffle tree.
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Figure 10-11 Bending proof test loading protocol.
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Figure 10-12 Plot of Load vs. mid-span deflection for two-pigmmoof test.
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Figure 10-13 Two-point bend test measured deflections.

Comparisons of the working load moment and sheaglepes for the MLC 30
and PLS truck vehicles with the actual moments sivehrs achieved during the proof
testing is seen in Figure 10-14 and Figure 10-$peetively. From Figure 10-14 it is
observed that the PLS truck working load moment acseved at the center section
of the treadway using the two-point fixture. Aseomoves toward the ends of the
treadways it is observed that the two-point loadufie falls just short of reaching the
PLS working load moment, however the six-point ifixture is able to reach the
working load moment in these regions. In a simideshion, looking at Figure 10-15,
it is seen that the maximum working shear is addeat the ends of the treadways
using the six-point whiffle fixture and the quarfeoints using the two-point load

fixture. Although the working load shear is nohi@wved along the entire length of the
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treadway the design is unchanged along the lenfytheotreadway, thus the same

bending and shear strength can be assumed aloegtihe treadway length.
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Figure 10-14 Plot of moment diagrams for design vehicles amiptesting.
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Figure 10-15 Plot of absolute shear diagrams for design vehkiahd proof testing.
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To validate the finite element model used in thsigh a comparison between
the measured and predicted strains along the cenéeof the treadways as well as
mid-span deflections are summarized in Table 1@# of the measurements with the
exception of the mid-span strain on the top surfstoew differences which are less
than 10%. In general the deflections were undedipted and the top skin strains
were over predicted while the bottom skin straiesewunder predicted suggesting that

the material compressive moduli used in the mods} be slightly high.

Table 10-4 FE Moddl vs. Proof Testing Strains

Treadway 1 Treadway 2

Diff. Diff.
Measurement Location Model EXxp. (%) EXxp. (%)
Y4 point top us) -1400 -1317 6.3 -1346 4.0
Y4 point bottom s) 1660 1803 -7.9 1667 -0.4
Center top s) -2450 -1955 25.0 -2172 12.8
Center bottom fS) 2900 2948 -1.6 3122 -7.1
¥, point top us) -1400 -1278 9.5 -1369 2.3
¥, point bottom f:s) 1660 1833 -94 1822 -8.9
Center disp. (mm) 114 123 -7.4 123 -7.2

105 FIELD TESTING

Field testing of the treadways was performed at Abberdeen Test Center
(ATC), Aberdeen Proving Grounds, Maryland during 8pring of 2007. the focus of

the field testing was two-fold. First, the treagwiatigue performance was studied
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using fully loaded Palletized Load System (PLSgksicrossing at speeds between 5
mph and 7 mph. 1,600 crossings were performed aveday period. The second
testing phase involved determining the dynamic ichp@ad factors of the treadways
as a function of vehicle type, crossing speed,aitdtie bank (abutment) preparation.

A crossing site, which was prepared using earth ingpequipment, was
located in virgin soil with the gap measuring 20 (8nin) deep and 4.8 m (189 in)
across. At each edge of the gap, a 20 cm x 208cim X 8 in) timber abutment was
emplaced such that it was level with the undistdrbal surface. 10 cm x 10 cm (4 in
X 4 in) separator timbers were placed between hgnzents timbers to prevent any
relative displacement between the two abutmentsglwehicle crossings. The two
bridge treadways were placed on the abutments avdhp between the treadways of
122 cm (48 in). The treadway spacing was deterihioeallow the selected vehicles
to cross safely with adequate inner and outer afe= from the treadway edges. The
treadways were anchored to the soil at each cdmgrevent them from moving
during vehicle crossing. An illustration provididgnensions of the crossing site and
treadways is seen Figure 10-16.

Each treadway is instrumented with 18 linearistgages. Nine of the gages
are located on the top surface with three gagessadhe width at the Ys-span, mid-
span, and %s-span locations with corresponding gagased on the bottom surface of
the treadways. These are the same strain gagewé¢na used in the proof testing.

See Figure 10-9 (upper).
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Figure 10-16 lllustration of the test setup showing the bridgadways and gap
dimensions.
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Initially a PLS truck was slowly driven across tineadways and stopped for a
period of 10 seconds with each axle positionedhat tteadway mid-span (Figure
10-17). In Figure 10-18, a plot of the bottom mmhn skin strain is presented, where
it is observed that the maximum strain occurs wtherncenter of the rear three axles is
at the mid-span. Prior to testing, the fully lodd®LS truck was weighed at 382 kN

(86 kips) which is within 1% of the design PLS t#uc

Figure10-17 Photograph of PLS truck on treadways.
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Figure 10-18 Plot of strain versus time for a fully loaded Pic&ck with each axle
positioned at the mid-span to obtain static stnagasurements.

A comparison between measured strains and finéiment predicted strains
are presented in Table 10-5, where the strain memsnts are taken with the PLS
truck parked on the treadways with the rear thsdesacentered (critical design load).
From the table it is seen that overall the measstexins and predicted strains show
good agreement with the exception of the centelatap s bottom gages on treadway
2 which show differences from 17% to 22%. Simd#ferences were observed for
the proof testing performed in the laboratory. fuw case of the top center gage it is
located directly below the center tire which mafeetf the measured strain. It should
also be observed from Table 10-4 and Table 10-6thiwafield test measured strains
are lower than the laboratory measured PLS workeagl strains by a factor of
approximately 1.2, which equals the assumed TDTI8][Hlynamic load factor which

is not present when the vehicle is parked (staad).
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Table 10-5 Finite Element Model versus Field Testing Strains

Treadway 1 Treadway 2
Diff. Diff.
Measurement Location Model EXxp. (%) Exp. (%)
Y, point top us) -1290 -1310 -1.5 -1170 10.3
Y4 point bottom s) 1530 1520 0.1 1510 1.3
Center top (s) -1940 -1870 3.7 -1590 22.0
Center bottom fS) 2270 2620 -13.4 2340 -3.0
¥ point bottom f:s) 1530 1420 7.7 1310 17.0

10.5.1 Fatigue Testing

At the end of each test day, the PLS truck wakquhwith the center of the
rear three axles located at the treadway mid-spgaplot of the strains on the bottom
surface of the treadways at the Y4-span, mid-spaspan, and the top surface at mid-
span versus the total number of PLS crossings asepted in Figure 10-19. 1t is
observed that the measured strains remain relgto@hstant throughout the 1,600
crossings period, where the slight scatter is npogbably a result of vehicle load

shifts, fuel burn, or vehicle placement on the deid
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Figure 10-19 Plot of ¥-span, mid-span, and ¥s-span strain vetasnumber of
PLS crossings.

10.5.2 Dynamic Impact Testing

The second phase of the field testing involve@mheining the dynamic impact
factors for the treadways as a function of vehiglge, crossing speed, and bank
(abutment) preparation Due to the low mass of amjitand emergency response
bridging systems the dynamic impact loads imparsd crossing vehicles can
significantly increase the stresses within thecstme beyond those experienced under
static loads. The TDTC [118] requires that nomivnahicle loads be increased by a
factor of 1.2 to account for dynamic impact. Poex work by Franklin et al. [119]
investigated the dynamic loads on portable timbedge systems with vehicles

crossing at different speeds under both rough amabth road conditions. The study
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showed both the speed of the vehicle as well asoid@ conditions (smooth or rough)
to greatly affect the dynamic loads experiencedti®y bridge systems. The study
showed deflections which were 1.13 times highen thiatic deflections for smooth
road entrance conditions while rough road entraimelitions resulted in deflections
which were 1.44 times greater than the static dedie.

Five different vehicles were used during impastitgy of the treadways, four
wheel type vehicles and one track vehicle. Theicket used were the 1) M113
Armored Personnel Carrier (track), 2) High MobilMultipurpose Wheeled Vehicle
(HMMWYV), 3 Stryker, 4) Common Bridge Transport (CBRnd 5) Palletized Load
System (PLS) truck. Photos of each of these vehiate seen in Figure 10-20. All
vehicles were tested fully loaded with the PLS krbbeing tested both loaded and
unloaded. Prior to testing, each vehicle was adlyefveighed to obtain both the total
weight of the vehicle as well as the weight of eagle. A summary of the weights
and axle spacing for each vehicle is given in Tdllleés with Figure 10-21 showing
the generic axle weightsi(P= 1-5) and axle spacingi(lL = 1-4).

Testing was conducted under both rigid soil supponditions as well as soft
soil conditions with the approaches being unprepdi®® mm ramp toe height) or
prepared. The approach was prepared by buildintpeiarea in front of the treadway
ramp toe with gravel creating a smooth transitioont the road to the treadway
surface (see Figure 10-22). The field testing wanducted over a two day period.
On the first day crossings were conducted withftily loaded PLS truck and M113
Armored Personnel Carrier under rigid soil condioand unprepared approaches.

Between the first day and second day of testingetheas a significant amount of
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rainfall greatly softening the soil supporting gdeutment timbers. Following the rain
it was observed that the bank support timbers wefiecting as much as 37 mm (1.5
in) as the fully loaded PLS truck crossed. Undlese conditions the fully loaded PLS
truck again was tested along with the HMMWYV, Stiyk@BT, and unloaded PLS. A
matrix summarizing the vehicles tested with coroegjing crossing speeds, soil
condition, and approach condition is given in Tallle7. The vehicles crossed speed
at increments ranging from 8 kph (5 mph) up to p K25 mph) with three crossing
performed at each speed increment. The fastessiog speed for each vehicle was
dictated by the confidence level of the driver.eTinst day of testing the temperature
was 68 F with 78% humidity and the second day the tempegatvas 66 F with

92% humidity.
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(€)

Figure 10-20 Photos of crossing vehicles: a) M113 Armored &amsl| Carrier, b)
HMMWV , c) Stryker, d) CBT, e) PLS (loaded).
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Table 10-6 Vehicle Axle Spacing and L oads

Spacing/Loading  M113 HMMWV STRYKER CBT PLS (untyade PLS (loaded)
L1 (m) [in] 0.66 [26] 3.35[132] 1.22 [48] 1.52 [pO 1.52 [60] 1.52 [60]
L2 (m) [in] 0.66 [26] 1.42 [56] 3.81[150] 3.4335] 3.43[135]
L3 (m) [in] 0.66 [26] 1.22 [48] 1.52 [60] 1.5095 1.50 [59]
L4 (m) [in] 0.66 [26] 1.52 [60] 1.52 [60]
Width (m) [in] 2.51[99] 2.08[82] 2.59 [102] 2.394] 2.39 [94] 2.39 [94]
P1 (kN) [Ibs] 24.2 [5440] 22.5 [5060] 52.1[11720] 60.5 [13600] 57.8 [13000] 75.1[16880]
P2 (kN) [Ibs] 24.2[5440]  26.6[5980]  53.2[11950] 63.6 [14300] 57.8 [13000] 73.9 [16620]
P3 (kN) [Ibs] 24.2 [5440 66.7 [14990] 77.3[17380 42.7 [9600] 60.8 [13660]
P4 (kN) [Ibs] 24.2 [5440 66.3 [14900] 76.7 [L7240  42.7 [9600] 86.3 [19400]
P5 (kN) [Ibs] 24.2 [5440 - - 42.7 [9600] 86.7 {ED]
Total (kN) [los] ~ 121[27200]  49.1[11040] 2383 D] 278.1[62520]  243.7 [54800] 382.8 [86040]
P1 P2 P3 P4 P5
Front o | e | s |
< < pie pie pie >

Y. A

Figure 10-21 lllustration of generic axle spacing and axledma

/ Treadway

Prepared approach
gravel fill
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e e,

Abutment timber

Figure 10-22 lllustration showing gravel fill area for prepdrapproaches.
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Table 10-7 Vehicle/Condition Matrix

PLS
M113 HMMWV Stryker CBT (unloaded) PLS(loaded)
Condition (kph) [mph] (kph) [mph] (kph) [mph] (kph) [mph] (kph) [mph]  (kph) [mph]
Rigid/unprepared 8-24 [5-15] - - - - 8-11 [5-7]
Soft/unprepared - 8-32[5-20] 8-40[5-25] 8-24[5}1 - 8-24 [5-15]
Soft/prepared - 8-32 [5-20] 8-40[5-25] 8-32[5-20]8-32 [5-20] 8-32 [5-20]

Prior to beginning the crossings, a static stragasurement was taken for each
vehicle. Each vehicle was slowly driven acrosstteadways stopping with each axle
located at the mid-span for a period of time towalthe strains to reach equilibrium.
Strain measurements were recorded to determin@axénum static strain created by
each vehicle. Measurements were taken at a sagrfpliquency of 100 Hz allowing
the natural frequency of the treadways as a funaiforehicle position to be obtained
as well. An example of the static strains and r@tniequency measured for the fully

loaded PLS truck on soft soil is shown in FigurelB)

10.5.3 Impact Factors

Impact factors (ratio of dynamic strain to staiain) as a function of speed as
well as strain time histories were obtained forheaehicle. For this study the strain
measurements were taken on the bottom surfaceeatcdhter mid-span of each
treadway. The crossing speed was determined lygtdke sum of the length of the
vehicle and the length of the treadways and digdoy the crossing time. Three
crossings were performed at each speed from whiehaverage crossing speed and

impact factors were determined. Error bars inglags indicate the maximum and
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minimum impact factors at each crossing speed.mRfe calculated speed of each
vehicle an illustration of the of the axle posisoon the treadways is shown in each of
the strain histories along with the maximum stattcain of each treadway A

description of each test vehicle and resulting icbactors is discussed.

M113 Armored Personnel Carrier
Having a cruising speed of 66 kph (41 mph), thel®l1s a fully tracked,

lightly armored vehicle used to transport personniehe vehicle is 488 cm (192 in)
long, 269 cm (106 in) wide and 221 cm (87 in) hinglving a curb weight of 10,830 kg
(23,880 Ibs) and a maximum weight of 14,060 kg@8Q@,Ibs). The M113 crossings
occurred on rigid soil and unprepared approachfeglot of the impact factor versus
speed for each treadway is seen in Figure 10-28m Rhe plot it is observed that the
impact is negligible up to a speed of 10 kph (6 Jnjpbm which point the impact
factor increases to a maximum of 1.12 at a sped® &fph (11 mph) and then reduces
below 1.0 at speeds exceeding 22 kph (14 mph).loAgd the time history of the
strains during the M113 crossing at a speed of A8 (@1 mph) is shown in Figure
10-24. The shape of the strain response profilenshanged for lower and higher
speeds. Due to the close axle spacing (0.66 m)aautdistribution of the track, the

M113 shows a single strain impulse for each crassin
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Figure 10-23 M113 Armored Personnel Carrier speed versus itrfpator for
unprepared approach on rigid abutments.
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Figure 10-24 M113 mid-span strains versus time at a crossiegsépf 18 kph.
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High Mobility Multipurpose Wheeled Vehicle (HMMWYV)

The MMMWYV is a light, tactical, two-axle, wheeledehicle used for
command and control on the battlefield and trarntspiosupplies up to 2,000 kg (4,400
Ibs). The vehicle is 457 cm (180 in) long, 213 @4 in) wide, and 183 cm (72 in) tall
having a curb weight of 3,500 kg (7,700 Ibs) anahaximum fully loaded weight of
5,500 kg (12,100 Ibs). The vehicle used in thiglgtwas 91% of maximum weight at
5,000 kg (11,040 Ibs). The HMMWYV has a cruisinggegh of 55 mph. The static
strain measurements showed the maximum statioigwasccur when the rear axle is
at the mid-span. Crossings were performed on saft with both prepared and
unprepared approaches. A plot of the impact faetosus speed for each treadway
under both prepared and unprepared approach comslits seen in Figure 10-25.
From the plot it is observed that the maximum imfactor of 1.7 occurred at a
crossing speed of 17 kph (11 mph) and unpreparpaph conditions. For prepared
approach conditions the maximum impact factor461.1t is also observed that as the
HMMWYV crossing speed increases above 17 kph (11)ntph impact factors
decrease significantly approaching impact factaarrl.0 at 30 kph (19 mph). Itis
also noted that treadway 2 experienced signifigamtjher impacts in comparison to
treadway 1. This is most likely due to the vehiotg being centered during crossings
or static measurements. Time histories of thanstrare given in Figure 10-26 and
Figure 10-27 for unprepared approaches at crosgiagds of 17 kph (11 mph) and 30
kph (19 mph) respectively. From Figure 10-26 itoisserved that there are two
distinct strain impulses as the front and rear @xdess over the mid-span of the

bridge, however from Figure 10-27 it is observeat tht higher speeds there are many
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low magnitude impulses with the maximum strainsuodng when neither axle is at

the mid-span.
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Figure 10-25 HMMWYV speed versus impact factor for prepared anprepared
approach on soft abutments.
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Figure 10-26 HMMWYV mid-span stains versus time at a crossimeesl of 17 kph.
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Figure 10-27 HMMWYV mid-span stains versus time at a crossipged of 30 kph.

Stryker

Having a road speed of 100 kph (62 mph), the $tryk a four-axle, wheeled,
all-terrain vehicle designed to fulfill a variety missions from personnel carrier, to
assault vehicle, to a medical evacuation vehidlee Stryker is 700 cm (275 in) long,
272 cm (107 in) wide, and 264 cm (104 in) tall mavia curb weight of 14,060 kg
(31,000 Ibs) and a maximum weight of 18,730 kg 3aQ,lbs). The Stryker used in
this study was an armored reconnaissance vehidighimg 24,300 kg (53,560 Ibs),
which is 130% of the listed maximum vehicle weigfthe static strain measurement
showed the maximum static strains to occur wherttimd axle was positioned at the
mid-span resulting in a measured natural frequesfc§.35 Hz. The Stryker was

tested on soft soil with both prepared and unpespapproaches. A plot of the
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impact factors versus speed is given in Figure 80-Brom the figure it is observed
that impact factors of approximately 1.12 are obsérfor treadway 1 under both
approach conditions at 10 kph (6 mph) and 20 kghngph) with a maximum impact
factor of 1.21 occurring at the maximum crossingespof 40 kph (25 mph). It is
observed that the approach condition has littleatffon the maximum observed
impact factors. Similarly as seen for the HMMW\Weotreadway shows higher
impact factors than the other. Again this is fkdle to the vehicle not being centered
during crossings. A time history of the impacttéas for each treadway at a crossing
speed of 40 kph (25 mph) with unprepared approaishesen in Figure 10-29. From
the figure it is observed that the strain respdos&s like one large strain impulse
with individual axle effects being minimal. Simileo the M113 vehicle, the Stryker
has closely spaced axles (1.2 m and 1.4 m) whghiteein a strain response which is

similar to that observed for the M113 tracked vishic
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Figure 10-29 Stryker mid-span strains versus time at a crgssjpreed of 40 kph.
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Common Bridge Transporter (CBT)

The CBT is a modified Heavy Mobility Tactical Tku¢HEMTT) with a Load
Handling System (LHS) having a maximum speed okBR (57 mph). The CBT is
designed to transport military bridging assets frRbon Bridging (RB) to Heavy
Dry Support Bridging (HDSB). The CBT is 1,020 cA01 in) long, 244 cm (96 in)
wide, and 284 cm (112 in) tall having a curb weightl7,600 kg (38,800 Ibs) and a
maximum weight of 27,600 kg (60,800 Ibs) (10,000p&eyload for a maximum grade
of 60%). The CBT considered in this study weigB8¢360 kg (62,530 Ibs) (102% of
listed maximum weight). The static measurementvgabthe third axle centered at
the mid-span to produce the maximum static strath w natural frequency of 1.56
Hz. A plot of the impact factor versus speed foft soil conditions with both
prepared and unprepared approaches is presenkeguire 10-30. From the plot it is
seen that for speeds ranging from 10 kph (6 mpH7dkph (17 mph) the impact
factors exceed 1.4 with a maximum of 1.5 occuramd@7 kph (17 mph). For low
speed (7 kph) and high speed (35 kph) very low ohfectors are observed. Strain
time histories for crossing speeds of 10 kph (6 hgvid 27 kph (17 mph) are given in
Figure 10-31 and Figure 10-32 respectively. Atslmver crossing speed (10 kph) it
is observed that there are four distinct strainule@s corresponding to each axle at
the mid-span resulting in strains which are neagxareed the measured static strains
with the maximum strain occurring for the secondbst axle. At the faster speed (27
kph) it is seen that there are two strain impulsbgh approach or exceed the static

strains corresponding to the second and last axles.
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Figure 10-30 CBT speed versus impact factor for prepared apdapared approach
on soft abutments.
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Figure 10-31 CBT mid-span strains versus time at a crosspegd of 10 kph.
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Figure 10-32 CBT mid-span strains versus time at a crossiegspf 27 kph.

Palletized Load System (PLS) Truck

The PLS truck is a five-axle supply transporterihg a maximum speed of 92
kph (57 mph). The truck is 1,095 cm (431 in) lo2g4 cm (96 in) wide, and 328 cm
(229 in) tall having a curb weight of 24,830 kg (B0 Ibs) and a maximum weight of
39,280 kg (86,600 Ibs). The PLS used in this meteavas tested both unloaded
(24,830 kg) and fully loaded weighing 39,030 kg ,®B® Ibs). The static
measurements of the unloaded PLS showed the maxistatio strain to occur when
either the first or second axle is located at thdspan with a natural frequency of 2.0
Hz. The loaded PLS produced maximum static strathen the fourth axle was
located at the mid-span with rigid soil giving aural frequency of 1.67 Hz and soft

soil giving a frequency of 1.27 Hz. The decreas&eaequency confirms the softening
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of the soil. A plot of the impact factor versugsg for the unloaded PLS is shown in
Figure 10-33. From the figure it is seen thatrtteximum impact factor (1.34) occurs
at a speed of 23 kph (14 mph) with the impact desing) at higher speeds. A strain
time history for the unloaded PLS is given in Fggli0-34. From the plot it is seen
that an impulse for each axle is observed withHigest strain occurring when the
second axle is located at the mid-span. A plahefimpact factor versus speed for the
fully loaded PLS under both rigid and soft soil diaions as well as prepared and
unprepared approaches is seen in Figure 10-3i5. also observed that the maximum
impact factor (1.71) occurs at a speed of 9 kpmh) under the rigid soil conditions

and unprepared approaches. It is observed thataosinall increase in speed (12 kph)
significantly reduces the impact factor to 1.24 plAt of the strain time history for the

rigid soil case is seen in Figure 10-36. The plaiws distinct impulses for each axle,
with three of the impulses exceeding the statiaiiss; and the other two being only
slightly less than the static strain level. Thexmmaum strain occurred when the

second to last axle was located at the mid-spaom FFigure 10-35 it is observed that
for soft soil conditions the maximum impact fac{@r25) occurred at a speed of 23
kph (14 mph). The strain time history at a crogsspeed of 23 kph (14 mph) and
unprepared approaches is given in Figure 10-37 slfain time history at this speed
is much different that observed for the rigid sz@ke at 9 kph (6 mph) with impulses
not always corresponding with axles at the mid-spad the maximum strain

occurring when the last axle is a the mid-span.
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Figure 10-33 PLS (unloaded) speed versus impact factor fqugmexl approach on
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Figure 10-34 PLS (unloaded) mid-span strains versus timecabssing speed of 23
kph.
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Figure 10-35 PLS (fully loaded) speed versus measured angtsealimpact factors
for prepared and unprepared approach on soft grilgoil abutments.
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Figure 10-37 PLS (fully loaded) mid-span strains versus tirha erossing speed of
23 kph.

A summary of the maximum impact factor for eachieke is given in Table
10-8. It is observed that the strain build-up foe tracked M113 appears as one
impulse with the effects of individual axles beumhfficult to detect (Figure 10-24). In
comparison, the strain build-up in the treadwaysnfrthe wheeled vehicles is very
different, where the strain response of each iddizi axle is clearly observed. At
specific crossing speeds the HMMWYV (Figure 10-Z&BT (Figure 10-31), and PLS
truck (Figure 10-36) all produce strain responsewhich each axle creates a distinct
strain impulse where the strains exceed or are sligitly less than the maximum
static strains. This knowledge is of importanceaatessing the number of fatigue
cycles over the bridge life. For example, theistrasponse of the fully loaded PLS at

low speed, on rigid soil, should be treated as $gparate load cycles. Similarly the
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HMMWYV should be treated as two load cycles and@B3 should be treated as four
load cycles. In comparison, due to the close aplgcing of the four-axle wheeled
Stryker, the strain build-up profile appears tcab®mbination of the observed tracked

vehicle and wheeled vehicle and results in a silogld cycle (Figure 10-29).

Table 10-8 Maximum Impact Factor and Vehicle Speed

PLS
M113 HMMWV  Stryker  CBT (unloaded) PLS(loaded)
Condition (kph) (kph) (kph) (kph) (kph) (kph)
Rigid/unprepared 1.12 (18) - - - - 1.71 (9)
Soft/unprepared - 1.70 (17) 1.20(40) 1.49(27) - .23123)
Soft/prepared - 1.46 (15) 1.21(40) 1.50(27).34 (23) 1.25 (23)

It is observed that the maximum impact factorstfe HMMWYV (1.7), CBT

(1.5), and PLS (1.71) are all significantly highlkean the design impact factor of 1.2
prescribed by the TDTC. While the impact factansthe wheeled Stryker (1.21) and
the tracked M113 (1.12) agree with the TDTC assionpt From the impact factor
results it is observed that the approach condi{mepared versus unprepared) has
very little affect on the impact factor with theoeption of the HMMWYV which shows
an impact factor increase of 16% for the unprepampgroaches. The vehicle
configuration (weight and axle spacing) and cragsipeed prove to be the parameters
having the greatest effect on the dynamic impa&iom the M113 and Stryker it is
observed that tracked vehicles, or vehicles witdselaxles spacing similar to tracked
vehicles, have the lowest impact factors. In additt is observed that the impact is

very dependent on vehicle speed. For example #@ramum impact for the Stryker
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occurred at it's fastest crossing speed (40 kph)lewthe HMMWYV, CBT and
unloaded PLS all show impact factors which are rie@rat their fastest crossing
speeds while showing impact factors much greatan thO at slower speeds. The
most critical loading on the bridge was producedhgyfully loaded PLS on rigid soil
at a crossing speed of 9 kph (6 mph). As was nptediously, a slight increase in
speed greatly reduces the impact factor. Furdéstimty is required to determine if the
fully loaded PLS traveling slower across the bridgesoft soil would produce similar
results. The extreme impact factor of the PLSigidl soil is further considered in the

following section.

10.5.4 Analytical Study

It was observed that the greatest impact factmrshie loaded PLS occurred at
very low crossing speeds. To aid in understanthiege high impact factors a simple
analytical solution of a point load moving acrossiaply supported beam is used

[120]. The dynamic response is expressed by

2P 1 [ Y gt t<L A (10.2)
mL o, —(zv/ D L oL
Z(1) =

_2p, (27rvla;n L) COS('onzL % )Sin[a)n t-L/2v)] t=L/iv (10.3)
mL o —(zvl D
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wherez(t) is the displacement response as a function of, fhgyes the moving point

load,mis the mass per unit length of the bridges the length of the bridgey, is the

fundamental bending natural frequency of the bridgelv is the velocity of the point
load. The response while the moving load is onbifidge ¢ <L/v) is expressed by
Eq. (10.2) and the response after the load hassedoshe span (free vibration)

(t>L/v)is given by Eq. (10.3). The solution assumes e mass of the vehicle is

negligible in comparison to the mass of the bridgaich is true for most civil

structures. However in the case of the short-dpadge considered in this study the
mass of the bridge is small in comparison to thesmat the vehicle. To apply the
solution an equivalent mass for the treadways Isutated based on the flexural
stiffness of the treadways and the measured nafie@liency from the static strain

measurements. The equivalent treadway mass isyde&z by

(10.4)

wherekEl is the flexural stiffness of the bridge. The totsponse of the bridge due to
vehicle crossing is found by superimposing the @asp of each individual moving

axle load. The total displacement response isessed by

u(x, t)=i 4(t)sin”TX, (10.5)
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whereu is the displacement at any locatw@along the treadway length at any instant
in time, andk is the total number of axles of the vehicle.

Using the published solution, the impact respoof¢he fully loaded PLS
truck is investigated. From previous static logdof the treadways the flexural
stiffnessEl was determined to be 2,152 kiW® (7.5e8 Ibin? and the measured
natural frequency for the PLS truck on rigid sodsvfound to be 1.67 Hz. Using
equation (3) the equivalent mass of the treadwags found to be 3,583 kg/m. The
displacement response for a crossing speed of $&piph) was determined from Eq.
(10.5) and divided by the calculated maximum stdgflection to give an analytical
impact factor as a function of time. The analytigalpact factor time history is
compared with the measured impact factor time histor the PLS truck in Figure
10-38. From the plot it is seen that the experitaleand analytical results match
reasonably well. Analytical impact factors versugssing speed are compared with
experimental results in Figure 10-39. For the soit conditions the measured natural
frequency was 1.27 Hz with the equivalent mass &yi95 kg/m. From Figure
10-39 it is observed that for the rigid soil coraht the peak measured impact is
captured by the analytical solution quite well.isltalso observed that for soft soil a
maximum impact was predicted at even a slower speedmparison to the rigid soill
conditions, however no experimental data was aviailat this speed to confirm the
analytical results. Further understanding is gaibg recognizing that at a crossing
speed of 9 kph (6 mph), due to the typical axkcspy (1.52 m) of the PLS, the wheel
loads are coming onto the treadway at a frequericy.@¥ Hz which matches the

measured natural frequency of the treadway regpitira resonance of the treadways.
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Similarly for the soft soil conditions at a speeld7okph (4 mph) the wheel loads
would be coming onto the treadways at a frequericy.2/7 Hz which again would
result in a resonance of the treadways. It is ge@ed that this solution has
limitations in that the mass is changing as thdadlelprogresses and that inertial and
damping effects are not included which could baificant especially for the soft soil
conditions where settlement (friction) of the abaebhhtimbers was observed. It was
also seen that for higher speeds, above the Bsinance described, the analytical
solution greatly over predicts the impact factorsAlthough the solution has
limitations, valuable insight may be gained conoegrthe high impacts observed at
slow crossing speeds. The results show that fyiven bridge flexural stiffness and
soil stiffness the impact response can be veryclerand speed dependent when

excitation of resonant vibrations is considered.
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Figure 10-38 Comparison of Experimental and analytical imgactors for the PLS
truck crossing at 9 kph.
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This chapter, in part, is a reprint of the matesihich appears in théournal of
Bridge Engineerin2008 volume 13 issue 4 pages 388-397 titled “Dmwelent of a
Short-Span Fiber-Reinforced Composite Bridge foeEgancy Response and Military
Applications.” The dissertation author was thanany investigator and author with

advisor J. B. Kosmatka as co-author.



CHAPTER 11

PART Il CONCLUSIONS

This research has described the development atidgef five different FRP
webbed core systems which are compared to anrexistilsa core system developed
as part of the Composite Army Bridge project. Tiegv core system was used in the
development of short-span bridging which underwsghnificant laboratory and field
testing to prove the design.

All of the cores with the exception of Core 2 (CZ2\)) meet or exceed the
shear and compressive strength requirements. Cq@1l-WCH), which has the
highest shear strength, exceeds the shear strefifiie balsa by a factor of 3.23 at a
weight which is 28% lighter than the balsa. Inmter of strength-to-weight
performance it was found that all of the cores ercthe performance of the baseline
balsa core.

Finite element modeling of the webbed deck shogeatl agreement with the
test results and may be considered a viable tagbredicting deflections and strains
as well as web buckling for larger more complex gxbcore structures.

This research has shown that FRP webbed coresxtalnit increased strength
and compressive properties at a significant wesglvings in comparison to the balsa
core used as the baseline for this study. In moidit has been shown that weight
savings up to 35% can be realized by using FRP eghiecking in place of

conventional aluminum decking.

460
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The performance requirements for a short-span aqgagsing bridge system
have been set forth along with a description ofdésign, fabrication, and testing of a
carbon/epoxy sandwich core treadway bridge systeburing the design of the
treadways several load cases were studied to detrthe critical load cases for
design. The analysis of the final design showesitpe margins of safety for all of
the components of the treadway with the criticahponent being the core having a
margin of safety of +0.13. Laboratory proof tegtimas performed to ensure that the
performance requirements were achieved and toatalidhe finite element model used
in the design. The proof testing showed the tregdwo behave linearly without any
sign of permanent set or damage. A comparisohetdst results and finite element
model showed the model to be a very good represemtaf the treadway structures.
Field testing of the treadways, consisting of 1,800ssings of fully loaded PLS
trucks, showed no decrease in stiffness or damagee study has shown that the
bridge treadways are capable of supporting velhoads up to MLC 30 including PLS
vehicles and are a viable light-weight versatilelging solution for use in emergency
response and battlefield environments where sipant-gaps are encountered.

Measured dynamic impact factors for five differemtitary vehicles revealed
values (for example, 1.71 for the fully loaded PIo®)ch greater than the 1.2 design
impact factor prescribed by the TDTC. Moreover 8study showed that tracked
vehicles and wheeled vehicles with closely spacgesasuch as the Stryker, result in
impact factors which are 1.2 or less. The obsestein response for the HMMWYV,
CBT, and PLS revealed that each axle can produdsstact strain impulse which

comes near to or exceeds the maximum measured sti@ins. For these cases each



462

axle should be considered as a separate load cyties accessing the number of
fatigue cycles over the life of the bridge. Foamwle, the strain response of the fully
loaded PLS on rigid soil and low speed (9 kph) $thdwe treated as five separate load
cycles. An analytical study revealed that for @egi vehicle weight and axle spacing
vibration resonance of the treadways can be actiiagethe frequency of the axles
coming onto the treadway at a specific speed mattihe natural frequency of the

bridge.



APPENDIX A

ELEMENT AND CONTROL VOLUME FORMULATION

The finite element formulation for two-node lindements, four-node
guadrilateral elements, four-node tetrahedral etésesix-node wedge elements, and
eight-node hexahedral elements is presented. Jd@arametric element approach
described in Chapter 3 is used to derive the pdbititgya“stiffness” matrix for each

element type.

A.l1 LINE ELEMENT

An isoparametric two-node line element is showfigure A-1. The element

uses linear shape functions given by

SRR
Nl =| 1 (A.1)
2 =(1+r
~(1+)
with the shape function derivatives given by
an |t
dr\_| 2| (A.2)
dN, 1
dr 2
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Following the isoparametric approach the elemefihess matrix is expressed by

[K].=

%}wfqugm, (A3)

whereA¢ is the cross section area of the element. Reezwgnihat the shape function
derivatives are constant and assuming the cros®isaes constant over the length of

the element, the stiffness matrix is given by

K 1 -1
(K], =—A‘*[ } (A4)
uL|-1 1
whereL is the length of the element.
1 2
° : ° > I
(-1) (0) (1)

Figure A-1 lllustration of a two-node isoparametric line etarh

The division of the line element into control vimlas is given in Figure A-2.
The shaded region of the element defined by pdirdada illustrates the portion of

the volume with contributes to the control volunssaciated with node 1.
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Figure A-2 lllustration of a two-node line element showing tontrol volume
associated with node 1.

A.2 QUADRILATERAL ELEMENT

An isoparametric four-node quadrilateral elemsrghiown in Figure A-3. The

element uses linear shape functions given by

Yanas)
:11(1+ r)(1-s)

Z(en)(1+9)

:11(1—r)(1+s)_

with shape function derivatives given by

[ ON,
o
N,
or
N,
or
N,

| or

(A.5)

(A.6)
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Following the isoparametric approach the elemefihess matrix is expressed by

[K]. = ﬂ([sf [«][B]| ) hdrd (A7)

1
U

Assuming that the thickness of the elemég} is constant the integral is solved using

numerical integration (Gaussian quadrature) andtiffeess matrix is given as
he Nint T
[K]e=;Z[B(n.s)] [<][B(r. $)]| . 8) W (A.8)
i=1

whereniy represents the number of integration points havowdinatedr,,s ) and

associated weighia/.
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Figure A-3 lllustration of a four-node isoparametric quadatal element.

The division of the quadrilateral element into wohvolumes is given in
Figure A-4. The shaded portion of the elementrafiby pointdl, a, c,andb (1ach
represents the portion of the element which coute® to the control volume

associated with node 1.
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Figure A-4 lllustration of a four-node quadrilateral elemshbwing the volume of
the element which contributes to the control voluamssociated with
node 1

A.3 TETRAHEDRAL ELEMENT

An isoparametric four-node tetrahedral elemerghiswn in Figure A-5. The

element uses linear shape functions given by

N, r
N S
2= (A.9)
N, t
N 1-r—-s-t

where the shape function derivatives are constanen by
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ON, ON, ON, |
o o5 o
N, oN, oN,| |1 0 O
o s ot 0 1 0

= . (A.10)
N, 6N, oN,| |0 0 1
or oS ot -1 -1 -1
N, 6N, oON,
L or 1) ot |

Following the isoparametric approach the elemefihess matrix is expressed as

Kl-o ;[;f;f([B]T [][8]| 3] drdsct (A11)

Since the shape function derivatives are consttmsintegration can be solved

directly where the element stiffness matrix is gy

Vol,

p [B]' [«][B]. (A.12)

[K]. =
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Figure A-5 lllustration of a four-node isoparametric tetratae@lement.

The division of the tetrahedral element into cohw#olumes is given in Figure
A-6. The tetrahedral is divided into four hexaladrolumes with each hexahedral
contributing to the control volume associated veiith of the four nodes. The shaded
portion of the element volume (hexahedral) defibgdcorner pointd, a, |, f, ¢, g, K,
andi represents the volume of the tetrahedral whichrdmrtes to the control volume

associated with node 1.
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Figure A-6 lllustration of a four-node tetrahedral elemerdwimg the volume of
the element which contributes to the control voluamasociated with
node 1

A.4 WEDGE ELEMENT

An isoparametric six-node wedge element is showrFigure A-7. The

element uses linear shape functions given by
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w

2 2 z2=z22 2
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S

%(1—r—s—t+rt+st)
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; (A.13)
—(1+t
G
S
—(1+t
NeJ 2
1(1—r—s+t—rt—st)
L2 i
with the shape function derivatives given by
[ON, 0N, 0N, | ‘1(1_0 0 ]
o os ot 2 2
ON, ON, ON, 0 1(1—t) s
o os ot 2 2
My Ny N1 L gy Loy Lresog
o o6s ot |_| 2 2 2 (A.14)
ON, ON, ©ON, £(1+t) 0 r
o os ot 2 2
ON;  ON; ON; 0 1(1“) s
o os ot 2 2
MNe ONg ONg| | L vy “ Loty Lar—s
L or o8 at__2(+) 2(+) 2( )_

Following the isoparametric approach the elemefihess matrix is expressed as

K],

1
2y

m ([B] [<][8]|J]) drdsd:

(A.15)
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The integral is solved using numerical integrati@aussian quadrature) and the

stiffness matrix is expressed by

[K]. =iﬁ2[8(m¢)f [x][B(r,$,0)]| IGr, s, t) W (A.16)

wheren;,; represents the number of integration points hagowdinateqr,,s ,t) and

associated weight#/.

6 4
(0,0.1) 201D (1,0,1)
(0,0,0) >
3 1
(0,0.-1) (1,0.-1)

Figure A-7 lllustration of a six-node isoparametric wedgenedat.
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The division of the wedge element into controlwogs is given in Figure A-8.
The wedge is divided into six hexahedral volumethwach hexahedral contributing
to the control volume associated with each of tkensdes. The shaded portion of the
element volume (hexahedral) defined by corner pointa, d, c, e, f, kand |
represents the volume of the wedge which contribtdgehe control volume associated

with node 1.

1

Figure A-8 lllustration of a six-node wedge element showimg olume of the
element which contributes to the control volumebasged with node 1
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A.5 HEXAHEDRAL ELEMENT

An isoparametric eight-node hexahedral elemesh@wvn in Figure A-9. The

element uses linear shape functions given by

S (2-s)(1-1

%(1+r)(l+s)(l—t)

S-n)(rs)(-1)
FERICRL IR
=|7 (A.17)

§(1+ r)(1-s)(1+t)

é(1+ r)(1+s)(1+t)

N =

w

~ o a1

222222272

[e9)

S(@-r)(2rs)(14)
1

g(l—r)(l—s)(1+ t)

with the shape function derivatives given by



476

MM [Ln gag ey Hen(rs)
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aa'\r‘s aa':s aa'\tl3 —2—13(1+s)(1—t) %(1—r)(1—t) —é(l—r)(ﬁs)
82:4 8524 6(;\:4 _ _%(1_5)(1_0 _%(1_ US _%(l_r)(ks) (A.18)
e o B (GRS E R CLIEE
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Following the isoparametric approach the elemefihess matrix is expressed as

[K]. = ” ]l([B]T [«][B]| ) drdsch (A.19)

1
M3

The integral is solved using numerical integrati@aussian quadrature) and the

stiffness matrix is expressed by

[K]e =%§[B(E'S't)]T [«][ B(rw?"it)“ ‘](ir’islitj W (A.20)
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whereniy represents the number of integration points hawowdinateqr,,s ,t) and

associated weighta/.

A S
6
(1,1,1)
5
(-1,-1,1) (1,-1,1)
(0,0,0) o
3 2
(-1,1,-1) (1.1,-1)
4 1
(-1,-1,-1) (1,-1,-1)

Figure A-9 lllustration of an eight-node isoparametric hexdthkéelement.

The division of the hexahedral element into cdntmumes is given in Figure
A-10. The element is divided into eight hexahedmllumes with each hexahedral
contributing to the control volume associated wetlich of the eight nodes. The

shaded portion of the element volume (hexahededlhed by corner points, a, c, b,
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f, g, j, andi represents the volume of the element which cortgitio the control

volume associated with node 1.

Figure A-10 lllustration of an eight-node hexahedral eleméwtrgng the volume of
the element which contributes to the control voliassociated with
node 1



APPENDIX B

COORDINATE TRANSFORMATION

For models which use two-dimensional elements,ravtire flow is in the
plane of the element, it is necessary to transfioom the global coordinate system to
the local element coordinate system. This transédion occurs through a rotation
about thex-axis followed by a rotation about tlyeaxis such that the elemertxis
coincides with the element normal. An illustratioinan element showing the surface
normal with the global coordinate system is giverFigure B-1. The normal vector

(n) is expressed in global coordinates by the coatdmof the three corners by

oo (B X)(% %) ®.1)
(% = %)% (%~ %))
where X are the coordinate vectors given by
x(i)
X =1y(); =123 (B.2)

2(i)

First the rotation about the-axis is determined such that the element nornes i

within thex-zplane. This rotation angle is given by
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0X=cos{ nE) J (B.3)

JN(B)? + n(2)

The transformation about thxeaxis is given by

n'(1) 1 0 0 n(1)
nN'(2);=0 cog, - si®, |<n (2}, (B.4)
n'(3) 0 sing, cog n (3

X

where the prime indicates the normal in the tramséal coordinate system. Next the

required rotation about theaxis is given by

1 n'(3)

0 =
y =08 («/n’(1)2+n’(3)2]

(B.5)

By combining the transformations about thandy-axis the transformation from the

global coordinate system to the local element coatd system is given by

X cosy, - sy, si, - sid, cod, |[Xx
y'tr=| O coy — Sirg, y (B.6)
z

X

sing,  sind, co®, co8, cap, ||z
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o

. X

FigureB-1 lllustration of a two-dimensional element showthg element normal
in relationship to the global coordinate system.
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