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ABSTRACT

PRESTRESSING OF COMPOSITE STRUCTURES FOR ENHANCHIRSCTURAL
EFFICIENCY

By
Mohammad Sayyar Bidgoli
Due to their high strength-to-weight ratio, fibexinforced polymer composites are finding
growing applications in aerospace, automotive astfiucture and other structural systems. Fiber
reinforced polymer composites provide distincthghhitensile strength and modulus, which
cannot be matched by their compressive performaRmiersible stress cycles are also
detrimental to the fatigue life of composites. Hencompressive stresses tend to govern the
design of composite structures subjected to reblersstress systems, leaving their superior
tensile attributes largely under-utilized. This andines the structural efficiency of composite

structures, and carries important weight penalties.

The primary purpose of prestressing is to introdarcenitial stress system within the composite
structure, which counteracts the critical (compregsstresses developed in the structure under
service loads. Control of critical stresses unaevise loads benefits the structural performance
of prestressed composites, and enables designruwftises with enhanced performance-to-

weight ratios.

Initial proof of concept investigations focused design and experimental validation of the
benefits of prestressing to flexural performanceafposite box sections under quasi-static and
fatigue loading. Prestressing was used in thisiegupdn to improve flexural strength and fatigue
life by lowering peak compressive stresses. Thaalemodels were developed for design of
prestressed composite flexural members, and toaimd) methodologies were developed for

fabrication of prestressed composite box sectiBrperimental results indicated that about 90%



(based on one replicated test) gain in the flexstegngth of a specific composite flexural
elements could be realized with prestressing wisatiied a weight penalty of approximately
15%. Fatigue life of the composite flexural elemesats found to increase by over 100% (based

on replicated tests on two prestressed and twopnestressed specimens) upon prestressing.

More refined applications of prestressing were $eclion PRSEUS composite structures which
are stiffened composite panels with pultruded raiporated in their stiffeners for improved
structural efficiency. Use of these pultruded radgrestressing elements enables prestressing of
PRSEUS composite structures with no weight pendltye of the unilaterally reinforced
pultruded rods in conjunction with multiaxially rdorced constituents which govern failure of
PRSEUS leaves the pultrued rods under-utilizedadtre. Use of this reserve capacity of
pultruded rods towards prestressing eliminates wmyght penalties associated with the
application of prestressing force. The contributddrprestressing to performance characteristics
of an existing design of a rod-stiffened (PRSEU®mposite structure was investigated
analytically and experimentally. Experimental résumdicated 32% gain in average compressive
strength resulting from prestressing of stiffenethposite panels. The benefits of prestressing
were validated in application to PRSEUS componeftslifferent size and complexity. The
long-term stability of prestressing force was eatdd experimentally and improved under
sustained exposure to elevated service temperatumeésalso under exposure to freeze-thaw

cycles at elevated humidity.

Finite element modeling verified the contributioh pyestressing towards enhancement of the
structural performance of PRSEUS under compredsi@ds. The predicted failure mode and
ultimate strength of the stringer obtained throufghite element modeling agreed with

experimental results.
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Chapter 1. Introduction

Due to their high strength-to-weight ratio, comp@structures are finding growing applications
in aerospace, automotive, infrastructure, and oslygstems. [1]. Composite (and metal) aircraft
structural components are generally thin-walledesys which are prone to buckling modes of
failure in compression at stress levels which alew their tensile strength [2]. The reversible
nature of stress systems in the same thin-wallegttstes (e.g. aircraft wing and wind turbine
blade shown in Figure 1.a and 1b, respectivelys teads to designs governed by compression,

leaving the tensile strength of composites undiizedl.



Pushdown

(a) Aircraft Wing

Rotor f
alm*.l

Underground Elecirical Foundation
Connections (Front 'l.l"m::l {Siche Wiew)

(b) Wind Turbine Blade

Figure 1. Near-Reversible Loading of Aircraft Wiregsd Wind Turbine Blades.

1.1. Statement of Problem

Landing, takeoff and other maneuvers subject theradt wing structure to pull-up and push-
down forces of somewhat comparable magnitudesSigjilar reversible loading is observed in
other composite structures such as wind turbinddsld4], hydrokinetic turbine blades [5], and

composite bridge decks [6]. In aircraft structutes near-reversible loading condition produces



near-reversible stress systems within wing strestuFor example, the pull-up and push-down
forces applied to a wing structure would generatbecjpal compressive and tensile stresses of
almost comparable magnitudes at location “A” (Sgpuifé 1a) in the wing structure. This near-
reversible nature of the wing stress system leadmportant inefficiencies in design of wing

structures, as outlined below.

Composite (and metal) wing structural components tain-walled systems (Figure 2a)
which are prone to buckling modes of failure in @oession (Figure 2b) at stress levels that
are smaller than their tensile strength [2]. Somég in buckling strength of structural
panels can be achieved through introduction ofestérs (Figure 2a) and adjustment of the
element configurations [7-10] which carry importameight penalties. The effective
compressive (buckling) strength of a composite el@mdepends upon its geometry,
mechanical properties and support conditions, thefiguration of stiffeners and other
supporting elements, and the specific modes of Imgk The effective compressive
(buckling) strength is generally only a fractiontbé tensile strength. Experimental results on
the aircraft stiffened thin-sheet composite strregyfew examples are shown in Figures 2b-
2e) indicate that the effective (buckling) strengglgenerally less than tensile strength [11-
14]. The reversible nature of stress systems in thidedaling structures thus leads to
designs governed by compression, leaving the supemsile strength of composites under-

utilized.
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Figure 2. Buckling behavior of composite aircraftistures.



Figure 2 (cont’d).
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i. Composites in general (and carbon fiber compositgzarticular) offer inherently inferior
material properties in compression, which furthggravate the problems with their buckling
modes of failure. Figure 3a shows the inefficiermfycompressive (versus tensile) strain

transfer to fibers in composites (in spite of tmevention of the buckling modes of failure).



Axial fibre strain (%)

The compressive behavior of composites is markea pyonounced nonlinear behavior with
serious loss of (tangent) modulus and relatively kirength. The inferior performance of
composites in compression has been attributed doirttrinsically nonlinear compressive
behavior of (carbon) fibers, formation of low-modsil(interphase) zones within matrix in
the vicinity of fibers, gradual deterioration ofesin transfer efficiency in compression, and
formation of an unstable kink band (Figures 3b),clwvhis aggravated by the geometric
imperfections of fibers, producing matrix stressi@ntrations and debonding [17-21]. In
addition, composite laminates are prone to delamonadue to out-of-plane (low-velocity)

impact, manufacturing errors, vibrations inducedtly propulsion system, or many other

common events. Delamination further underminescthrapressive behavior of composites

[22, 23].
I
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(a) Fiber strain versus composite strain  (b) Fiber instability (kinking) in compresa

Figure 3. Inferior compressive behavior of carbibwerf composites [11, 12]

The reversible stress system developed in compo&itg structures is a major detriment to
their fatigue life due to rapid delamination grow¥]. Delaminations form as flaws in
composites during manufacturing or in service. Fegdia shows a delamination caused by
low-velocity impact. Under compression, delaminasiaindergo a mixed mode of buckling
(Figure 4b) which induces stress concentratiorhatdelamination front. Cyclic loading of
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compressed panels with delaminations (and henaategp delamination buckling) causes a
reduction of interlayer resistance as a resultahage accumulation at the tip. Therefore,
delaminations that would not propagate under staéiding may grow and cause failure after
a sufficient number of compression cycles. Delatam growth under cyclic compression
undermines the fatigue life of composite wing dinoes, and also causes deterioration of
their strength, stiffness and energy absorptionaciéyp These damaging effects are
particularly pronounced under reversible (compmss$ension) cyclic loads when compared
with non-reversible (tension-tension or even corsgian-compression) load cycles. The
delamination growth also leads to the initiationti@dnsverse cracks incorporating debris;
closure of these partially filled cracks under msuge stress systems generates compressive
stresses which further aggravate damage growthrutemsion-compression fatigue [25].
Figure 4c depicts the severe loss of flexuralrstifs (represented by load required to induce
a constant flexural deformation) of a composite gbasubjected to reversible load cycles
(when compared with non-reversible load cycles}igbdae models [26] predict about four
orders of magnitude reduction in fatigue life wha&rcomposite laminate is subjected to
repeated application of stresses ranging from -MP@ (compression ) to 300 MPa (tension

) versus stresses ranging from 0 MPa to 400 MBresi@n).

1.2. Proposed Solution: Prestressing
The approach devised in this research to resolgestiuctural inefficiencies described above
subjects the critical regions of the composite cdtme to a tensile prestress system which

controls the compressive stresses developed umdeics loads. This approach improves the



balance of compressive and tensile stress-to-dtramagjos, and also mitigates damaging stress

reversals under fatigue loading.

1.2.1. Application in flexural elements
A basic implementation of this approach is scheradili depicted in Figure 4 for an aircraft
wing structure, where the compression applied testpessing elements is balanced by the

tension developed in the wing structure.

m— i iy £

Win_g Tip

T
|
|

Tensile Prestress in_/

‘L Prestressing - gtructuratl Structural Composite
/" Element omposite
B Prestressing
Rod : Al
Cross-Section of Prestressed Wing Front Spar = Root
(a) Schematics (b) Use of spar webs to place thatq@ssing rods

Figure 4. Configuration of prestressing rods withing structures.

Prestressing is an established practice in infragire systems, especially in application to
concrete structures for overcoming the low tenwileompressive strength ratio of concrete
(compared against the low compressive-to-tensitength ratio of thin-walled polymer

composites). Conventional prestressing of conondtte steel tendons (Figure 5a) involves pre-
tensioning the prestressing tendons in order tolyappbalancing pre-compression to the
structure. Alternatively, prestressing can be useda circular configuration to apply a

hydrostatic pressure which counteracts the intepnassure of cylindrical structural systems,

thus reducing the hoop tensile stresses develop@mbncrete) structures under internal pressure.



Some common applications of prestressed concnetetstes include long-span bridges (Figure

5b), roof shells (Figure 5c), and cantilever stuoes (Figure 5d).

e Y —E ——= =

Reinforced (Non-Prestressed) Concrete Under Load Prestressed Concrete Prior to Loading Prestressed Concrete Under Load

(a) Prestressed concrete principles

(b) Prestressed concrete (c) Prestressed concrete roof (d) Prestressed concrete

bridge shell cantilever

Figure 5. Examples of prestressed concrete intreisire systems.

Furthermore, the approach to prestressing prophees improves the balance of compressive
and tensile stress-to-strength ratios, and als@atis damaging stress reversals under fatigue
loads. The pre-tension applied to the critica negiof the composite structure by prestressing
reduces the compressive stresses that would bdogedein the structure under external loads.
Given the relatively low compressive strength omposite structural elements, lowering of
compressive stresses by prestressing can improweettective load-carrying capacity of
structures, enabling design of structures of redugeight and improved service fatigue life).
Figure 6 schematically depicts the stress systesusldped in a non-prestressed structure under
service loads, the prestress system, and the logvesfi compressive stresses caused by

prestressin.
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Figure 7shows a simplified configuration of prestreig elements in the web of the wing t
section beam. The pmmpression force in the rods balances the preterisrce developed i

the composite box.
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force

Figure 7 Schematics of a simplified prestress systemaomposite box section bee

1.2.2. Application in composite panel
Aircraft fuselages are shifting from metallic sthures to composite to aeve lower weight thu
higher fuel efficiency [27] The composite stiffened panels are used in strestprone t

buckling under compressive service loads. In otdgrevent the early buckling modes failur
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panels are reinforced with stiffeners [28]. Thetdgmsckling strength of composite structures
largely depends on the stiffener geometric conijan and spacing. Different stiffeners types
such as J, I, and hat have been used extensivi#iycamposites following the example of metal
stiffeners [29-31]. The Pultruded Rod Stitched &&nt Unitized Structure (PRSEUS) concept
[32] has been introduced by Boeing and NASA as ficient stiffened composite panel
configuration. The highly integrated nature of PRISE(rod-stiffened) composite structures is
evident in the strategic placement of carbon fil{Ergure 8). The 0-degree fiber in pultruded rod
increases the local strength/stability of the ginsection while it also shifts the neutral axis
away from the skin to further enhance the overafligh buckling resistance. Frame elements are
placed directly on the skin surface, and are design take advantage of carbon fiber-tailoring
by placing bending- and shear-conducive layups /tieey are most effective. In its entirety,
this integral panel design is intended to firstlekghe orthotropic nature of carbon fibers, and
then to suppress the out-of-plane failure mode$ whrough-the-thickness stitching. Taken
together, these two features enable the applicaticmnew damage-arrest design approach for
composite structures [33, 34]. This research ptejéacuses on the application of prestressing
towards enhancing the resistance of PRSEUS conepssiictures against buckling modes of
failure. PRSEUS composite structures (Figure 8apaaiy high-modulus and high-strength
pultrudd rods in ‘stringers’ (Figure 8b). Figure 8epicts the weight savings realized by
replacing conventional composite structural systewita PRSEUS in application to blended
wing body aircraft. The uniaxially fiber reinforcquultruded rods are under-utilized in the
prevalent failure modes of PRSEUS, which are gaetoy material failures/instabilities of the
multiaxial fibre reinforced, thin-section composdenstituents. The reserve capacity, geometry

and positioining of pultruded rods in PRSEUS it use towards prestressing of the structural
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system without any weight penalty. Prestressing bbEnefits the fatigue life of composites by
mitigating detrimental stress reversals and congpresstress excursions under the fatigue loads

experienced by the structure in service [35].
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Figure 8. Schematics and comparative merits opteeus (rod-stiffened) composite structures
system [32].
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Under-utilization of the pultruded rod in PRSEUI® failure of which is prompted by that of the
multiaxial composite constituent, is schematicalgpicted in Figure 9a by compraing the
corresponding stress-strain curves. The prestiedemss in different constituents of PRSEUS
are shown in Figure 9b. As shown in Figure 9c, phestress sysem increases the ‘effective’
strength of the multiaxial composite constituenP&SEUS (using the under-utilized capacity of
pultruded rods) to realize a balanced failure whiohkes effective use of all PRSEUS
constituents. The prestress system shown in Fi§brean be conveniently developed using
simple tooling (Figure 10a) that is inspired by thay forces are transferred to a bicycle brake
(Figure 10b). Force is transferred to bicycle braleea wire that is surrouned by a plastic tube.
The wire tensile force is balanced by the tube aesgve force. This enables transfer of tension
without straightening of wire because interfacakes restore equilibrium (Figure 10c). In short,
the wire transfers tension to brake without streeghng because its tension is counteracted by
the compression developed in the tube; forceshare equilibrated at any point along the curved
wire, enabling it to transfer tension without sjfgening. By the same token, the prestressing
tooling depicted in Figure 10a can induce interpadstressing irrespective of the geometric
complexity and size (with due consideration giverfrictional losses) of the structural system.
The prestressing process involves pre-compresbim@ultruded rods while pre-tensioning the
multiaxial composite using end fixtures, followed@ lestablishing bond (via curing of an
adhesive film) between the pultruded rods and th#iaxial composites, and finally removal of

end fixtures (the prestressing tooling) for stteaasfer via interfacial bonds.
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(a) Scalable prestressing tooling

2, Lever Pulls Cable
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Tensioned Wire Confined by Colnpressed P!astu:: Tube

(b) Bicycle brake system (cuigrium of forces on a

wire segment

Figure 10. The prestressing tooling, and principi@sed on which it operates.

1.3. Research objectives

The primary objectives of the project were: (i) idasof prestressed composite structures,
development of prestressing methods for applicatocomposites, and experimental validation
of the prestressing benefits to the structural ggarhnce of composites; (i) assessment and

improvement of the stability of the prestressingcéo in composite structures; and (iii)
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development and validation of finite element modfds structural analysis of prestressed

composites.

The effects of prestressing, as a means of induisigess system which counteracts the critical
stresses developed under service loads, on coramsigictures are investigated. The benefits of
prestressing are assessed both experimentallyytmadl and numerical models are also
employed to explain the contributions of prestmgsito the structural performance of
composites. Different prestressed composite strestof growing size and complexity were
designed, fabricated and evaluated experimentallgrder to verify the structural benefits of
prestressing under loading conditions (quasi-stieBgure and compression, and flexural
fatigue). Finite element analyses of prestressaagposite structures were conducted in order to

provide further insight into the prestressing effemn composite structures.

1.4. Background

Applications of prestressing have been investigatedome composite structures in order to
improve their structural and/or aerodynamic perfamge. Pretensioniong of fibers has been
proposed as a way to minimize the residual stregedsto improve the mechanical properties of
composites [36-38]. Improvements in impact resistaof composite structures by pretensioning of
fibers have also been reported by Fancey [39]. lBchwroposed prestressing of carbon fiber

composites in order to enhance their resistanos\vease cracking [40].

Prestressing has been applied to composite flywio¢eis; this is accomplished via prestressing
of multiple rims to generate compressive radiadésges which counteract critical tensile radial

stresses generated in service normal to the dreaif fibers (Figure 11) [41]. In pressure
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vessels, metal liners have been prestressed (sedbjetd hoop pre-compression) via
pretensioning of an overwrapped composite [42].irilar concept has been used in light-
weight guns with a prestressed carbon fiber con@asierwrapping the gun tube in large caliber
weapons systems [43]. The prepreg overwrapping aygdied under tension resulting in a
favorable prestress in the composite jacket. Thegderesulted in a gun tube that was 93 kg
(corresponding to 10%) lighter than its all steelumterpart while maintaining the same
performance. Pre-tensioning of fibers during filatn&inding and curing of composites [37, 44,
45] has indicated that straightening of pretengioiii@ers benefits the structural performance of
composites. Prestressing has also been employaddace bistable composites [46-48] for use
in aircraft wing airfoils (Figure 12). It has beshown that it is possible to induce bistable
behaviour in symmetric laminates due to careflbtang of the residual stresses across the width
of the laminate. Almeida et al. investigated theakastic stability of flutter in aircraft composite
panels, subject to the effect of stress stiffermagsed by the piezoelectric actuator (PZT) [49]. A
significant increase of the aeroelastic stiffnesButter was achieved via piezoelectric actuation
(prestressing), with the piezoelectric actuator dmsh to the vibrating structure. The study
showed that it is possible to increase the aeradyn@ressure factor, therefore the airspeed,

upto72% under specific conditions.
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Figure 12. Development of Stress Distribution istBble Laminate Composites [46].
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Carbon fiber composite bars have been used ascegpént for steel tendons in prestressing of
composite structures; their corrosion resistan@bless external prestressing for upgrading and
repair of existing bridges (Figure 13). Prestressatbon fiber composite sheets anchored upon
concrete surfaces via adhesion and/or mechanichloasge are also used increasingly toward

upgrading and repair of bridges and other strustyf-52].

(a) Prestressing composite bars (b) Prestressing conigosheets
Figure 13. Repair/rehabilitation of a reinforcedustures concrete through external post-
tensioning using composite (a) bars; (b) sheetsg3]L
Some previous investigations have employed prestrgdo control flexural stresses or delay
local buckling of structural components. The mdirust of this research is to use prestressing
towards improvement of the structural performanue @fficiency of composite structures under
flexural (Chapter 2) and compressive (Chapters 31)&oading conditions. Finite element
modeling was employed in order to gain insight itite prestressing effects on the stress paths

and failure modes of composite structures (Chapter
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Chapter 2. Application of Prestressing to Enhancehe Flexural Strength of

Composite Beams

2.1. Introduction
Comprehensive analytical and experimental studiese conducted to assess the benefits of

prestressing to the structural performance of camgdox beams under flexural loading.

Nature has also resorted to prestressing to acleielranced load-bearing capacities. The trunks
and branches of trees carry internal stresseqéhatthem against external wing loads. If a trunk
is cut into planks, reassembling of the planks wit get produce the original trunk. The center
of the tree trunk is in compression, and the olagers are in tension (Figure 14a). This
prestressing configuration uses the superior cosspre strength of heartwood (core) to control
the damaging compressive stresses that would oedevelop in the outer layers under wind

loads.

The benefits of prestressing are not limited toisicant enhancement of structural efficiency
through control of compressive stresses and mibigadf stress reversal under fatigue loads.
Prestressing tailors the dynamic response chaistaterof structures [53, 54], and can be used to
enhance the aeroelastic stability of wing strucu®® somewhat related prestressing effect is
used by nature towards improvement of flight effiry. Turkey Vulture Gathartes aura
spreads its wings in the sun (Figure 14b); the deakhers absorb the solar energy, and the air
inside the shafts is warmed. The resulting increag@essure subjects the shaft body to a pre-

tension, which makes the feathers stiffer and bargefits the efficiency of its flight.
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(a) Naturally prestressed tree trunk  (b) Turkey vulture using solar energy to prestitsteather

shafts

Figure 14. Examples of prestressing in nature.

2.2. Basic Principles of Prestressing

The approach to prestressing devised here forwiegothe above structural inefficiency issues
subjects the composite wing structure to a tenpilestress system which controls the
compressive stresses developed under service |d&ds.approach improves the balance of
compressive and tensile stress-to-strength raéind, also mitigates damaging stress reversals
under fatigue loads. While the emphasis of thigaesh is on prestressing of the whole wing
structure after assembly, one may also prestresspar alone (prior to assembly) to enhance its
structural efficiency. The prestressing rod coukl ddded to the spar web by introducing

stiffeners (e.g., hat or box section) onto the wabthin which the rods could be placed.

2.3. Application of Prestressing to Enhance FlexutdPerformance

The work reported herein concerns enhancement effléxural performance of commonly

encountered beam elements in prestressing. Theepsen applied upon the wing structure by
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prestressing reduces the compressive stressesvtiéd be developed in the structure under
external loads. Since compressive strength conth@lgdesign of wing (thin-walled composite)
structural elements, the lowering of compressivesses by prestressing improves the effective
load-carrying capacity of wing structures (enabldesign of lighter structures). Typical effects
of prestressing on flexural stresses at a wingsesestion are presented in Figure 15. While the
non-prestressed wing section develops large comipeestresses, prestressing is shown to lower

the peak compressive stress levels.

. -Tensile Stresses
ompressive Stresses (Prestressing) ompressive Stresses
(Pull-Up) /(CPuII-Up + Prestressing)
—_— — 1]
Pull-Up I::]
6 ML
Compression Tension + Compression Tension — Compression Tension
—
L R A N i
Push-Down b = 3
;ompresaive Stresses Tensile Stresses \gno.::m fme:ssmg)
(Push-Dawn) (Prestressing)

Figure 15. Typical flexural stress distributionsion-prestressed and prestressed wing

structures.

This investigation focused on design of a simplagMox section (Figure 16) which was made
using carbon fiber reinforced epoxy (5-layer spéciarthotropic) laminates with 1.5 mm
thickness. Pultruded carbon fiber reinforced epmbes (with square cross sections) were used
as stiffeners; two of these tubes (in each boxim®ctcarried the prestressing rods. The
eccentricity of prestressing rods is noted ‘e’ ilgufe 16. This eccentricity as well as the
prestressing force applied via prestressing rodsldvbe selected to bring about improvements

in the structural performance of wing box sections.
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Figure 16. The composite box section.

2.3.1. A Preliminary Design of the Prestressed Composite Box Structure

Some simplifying assumptions were made for a piiakny design of the prestressed composite
box structure. The top flange of the box (Figur¢ Wés assumed to buckle as a plate which is
simply supported at edges under in-plane compredsading. The critical flange buckling load

per unit width can then be approximated using thstie laminate theory as follows [55]:
Nyer = (@?/L?).[m% D11 + 2 H.(L/bY+(Da/m?).(L/b)Y (1)

where, L is twice the cantilever length (see Figli&}, and m is an integer referring to the
number of buckled segments developed along lenlgghgoverning value of m minimizesdy.
Djj refers to the bending stiffness coefficients af taminated composite and H=1GD2Ds).

For the conditions shown in Figure 16, the buckbigss iss=Nxcr/thickness=104 MPa

In order to design the prestressing system, a 68i%ig a flexural strength of the box structure
was targeted. The simple box cross-section provadesrea of about 200 nirand a moment of

inertia, close to 23,000 nfnwith a section modulus of 1,900 MmThe non-pretressed nominal
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flexural strength (at flange buckling) is 198,000mh (corresponding to a force of 389 N
applied on the cantilever beam of Figure 7). Th&&fain in flexural strength upon prestressing
represents a nominal flexural strength of 317,008, corresponding to an applied force of
624 N. The design equations for deriving the valoésnitial prestressing force,Pand

eccentricity, e, would be as follows (derived tontrol peak axial-flexural stresses under

different loading conditions) [56]:

Initial Prestressing: {AA+P..e/S< oy, (991 MPa) & [PA-P.e/S>0,c(-104 MPa) (2)
Pullup Loading: 0.8/A+0.8R.e/S-M/S> o, & 0.8R/A-0.8R.e/S+M/S< oy (3)
Pushdown Loading: 0.8R+0.8R.e/S+0.6M/& oy & 0.8R/A-0.8R.e/S-0.6M/S> oyc (4)

where A, S, and | are section area, section modalhd moment of inertia of section,

respectivelyo,: andoyc are ultimate tensile and compressive stress dbdie

Substitution of A=200 mf S=1,900 mrhand M=317,000 N.mm in above equations yields:

Initial Prestressing: {R200+R.e/1,908991 MPa & [P200-R.e/1,900-104 MPa

Pullup Loading: 0.8f200+0.8Re/1,900-317,000/1,9660104 MPa &
0.8R/200-0.8Re/1,900+317,000/1,96991 MPa

Pushdown Loading: 0.8200+0.8Re/1,900+0.6x317,000/1,9€991 MPa &
0.8R/200-0.8R.e/1,900-0.6x317,000/1,98104 MPa

The above expressions can be simplified as follows:

Initial Prestressing: <1.88x16/P, -9.5 & e<197,600/P+9.5

Pullup Loading: 2149,625/R95 &  e-1.96x16/P+9.5
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Pushdown Loading: <®.11x16/P-9.5 & e<,-9,250/+9.5

The design of Figure 7 uses two prestressing rattsabbout 3.6 mm diameter. These two rods,
assuming an allowable (initial) stress of 600 M&m apply 12,000 N initial prestressing force

(P). Substitution of these values qfiR above expressions yields:
Initial Prestressing: €47 mm & &26 mm

Pullup Loading: e-3mm & e-154 mm
Pushdown Loading: 466 mm & e 8.7mm

The above constraints indicate that the acceptidels of eccentricity (e) for the initial

prestressing force (Pof 12,000 N can be met with an eccentricity ahB. These prestressing
conditions would increase the flexural strength coimposite sections by 60%. The two
prestressing rods (with 3.6 mm diameter) add 207 roross-sectional area (or 10%) to the

original (non-prestressed) cross-sectional arez06fmnf.

The peak stresses developed in the simple comsEsiteon under initial prestressing, and under

pullup and pushdown loads are summarized below if@xs5.
Initial Prestressing: {00+R.e/1,900 = 92 MP&991 MPa &
R/200-R.e/1,900 = 28 MPa-104 MPa
Pullup Loading: 0.8#200+0.8Re/1,900-317,000/1,900 = -94 MP&l04 MPa &
0.8R/200-0.8Re/1,900+317,000/1,900 = 190 MR&91 MPa
Pushdown Loading: 0.§R00+0.8Re/1,900+0.6x317,000/1,900 = 173 MEF3O1 MPa &

0.8R200-0.8Re/1,900-0.6x317,000/1,900 = -77 MR404 MPa
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The above calculations indicated that the stredseeloped in box flanges do not exceed the
ultimate stresses, with the prestressed systemdingv60% greater load-carrying capacity than

the non-prestressed system.

Given the adverse effects of compressive stresargxns on the fatigue life of composite
structures, the ability of prestressing to avoidenuce compressive stress development under
fatigue loads can be used to enhance the fatifgi®@ficomposite structures. The authors have
validated this benefit of prestressing through #malytical and experimental investigations
reported elsewhere [57]. These investigations painthe stability of prestressing force under

thousands of cycles of fatigue loading.

2.3.2. Experimental Program
The Schematics of a prestressed box beam systpredsented in Figure 17. The key structural
constituents of the system shown in Figure 18 oheleomposite box section, two composite

tubes that would incorporate the prestressing raad the titanium prestressing rods.

Rear Bearing Plate

Front Support Plate
Composite Tube

Prestressing Rod
. L s
7 [,

Prestressing L 0d L I ]

=

T
Bolts
Filled Epoxy

Figure 17. Schematics of the structure, the enth@age, and prestressing mechanisms.

27



S

———— Composite Tubes
———————————
== Titanium Rods

Figure 18. Key structural constituents of the syste

The first step in the manufacturing process inveleglhering the composite tubes inside the
composite box. These tubes would encore the pssstigerods at 5 mm eccentricity (above the
neutral axis). Adhesive films were used for adigtime tubes on the interior surfaces of the box
section. Wedges were used as tooling for applicatiopressure on the tubes during curing of
the adhesive film (Figure 19a). The composite bdth wibes adhered on its interior surface is
shown in Figure 19b. Support plates were then platethe two ends of box section (Figure
20a), followed by introduction of the prestressiogs (Figure 20b), prestressing bolts (Figure
20c), and anchorage bolts (Figure 20d). Filled ggavith discrete fiber reinforcement) was then
introduced at the box ends (Figure 20e), and cufdak role of epoxy is to transfer the

prestressing force from titanium rods to the contpd®sox section. By tightening the prestressing
bolts, titanium rods were subjected to compressidrich was equilibrated by the tensile force

developed in the box section. Composite tubes soding the rods prevent them from buckling.
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(a) Wedges used for application of pressure onsadddims (via smaller tubes) during curing

(b) Smaller tubes adhered onto the larger tube

Figure 19. Adhering of the smaller tubes on therint surface of the larger tube via adhesive

(c) Introduction of the prestressing bolts d) Placement of the anchorage bolts

Figure 20. Introduction of the prestressing roasl #tne end-anchorage and prestressing
mechanisms.
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Figure 20 (cont'd).

(e) Introduction of filled epoxy

The structure was instrumented with strain gagdscattions shown in Figure 21a. A picture of
the instrumented structure is shown in Figure 2% noted earlier, the prestressing force was
applied by simply fastening the prestressing b@tgure 21c), with strain gage outputs used to

monitor the level of pre-strain (and thus presirastually developed in the structure.
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(c) Application of the prestressing force by fagtgrthe prestressing bolts

Figure 21. Instrumentation and prestressing ottmposite structure.

The composite box sections were tested as cantitmams (Figure 22) subjected to uplift load
(concentrated at the free end). Tests were condatta constant (free-end) displacement rate of
0.1 mm/min with the values of deflection and foeewell as strains monitored throughout the

tests.
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Figure 22. A picture of the flexure test setup.

2.3.3. Load-Carrying Capacity of Non-Prestressed Composite Box Section With and
Without Titanium Rods

The experience we have gained throughout the grigdcto improved design and detailing of
the prestressed structure for application of ingireplevels of prestressing force. The level of
prestressig increased progressively to 100% ofgdelgvel (full prestressing condition). Test
data are presented here causes prestressing ¥eneds increased from 40% up to 100% of the

design level.

Experimental studies were conducted in order teerd@he any gains in the load-carrying
capacity of non-prestressed sections (incorpordtitagium rods which were only tightened
without application of any significant prestressingce). Comparisons were also made with the
load-carrying capacity of composite box sectionsl @hose of non-prestressed composite

sections which did not include the prestressing.rod

Four replicated non-prestressed composite boxagec{NN1, NN2, NN3, and NN4) were tested

as cantilever beams without introduction of titanitods. Their ultimate load-carrying capacities
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were compared against those of four replicated prestressed composite box sections (NR1,
NR2, NR3, and NR4). The mean values and standawibtans of the test results are
summarized in Table 1 and Figure 23. On the avethgeintroduction of titanium prestressing
rods (without application of prestressing force¢reased the load-carrying capacity of non-

prestressed composite box sections (tested ases@ntbeams) by 8% (464.8/428.5=1.085).

Table 1. Ultimate load-carrying capacity of nongtressed composite box sections tested with
and without introduction of titanium prestressiogls.

Specimen Status Ultimate Load, N
NR1 With Titanium 447
NR2 With Titanium 456
NR3 With Titanium 473
NR4 With Titanium 483
NN1 Without Titanium 440
NN2 Without Titanium 421
NN3 Without Titanium 431
NN4 Without Titanium 422

500

464.8

460 -

420 A

380 A

Ultimate Load, N

340 +

300 -

Without Titanium Rods With Titanium Rods

Figure 23. Mean values and standard deviationseotittimate load-carrying capacities of non-

prestressed composite box sections tested withvghdut titanium prestressing rods.
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2.3.4. Prestressing Effects on the Load-Carrying Capacity of the Composite Box
Section

In an effort to assess the benefits of prestressitgrms of strength-to-weight ratio, the ultimate
load-carrying capacity and weight of prestressedi@es were compared against those of non-
prestressed sections tested without introductiotitafiium prestressing rods. The comparisons
made in Table 2 and Figure 24 indicate that presing increases the average load-carrying
capacity of the composite box section tested is #xperimental program by approximately
~90% (based on one replicated test) noting thahtimeprestressed sections considered here do
not incorporate the titanium prestressing rods. Sittaring that introduction of the titanium
prestressing rods adds 15% to the weight of theposite box section, the average gain in
strength-to-weight ratio resulting from prestregsiwas 64%. When compared with non-
prestressed box section which did incorporate tiestpessing rods, the average gain in strength
upon prestressing was about ~75% (811/464.8=1.74)nailar weight. This experimentally
obtained gain in load-carrying capacity upon pessiing compares relatively well with the

theoretically predicted value of 60% presentediexarl

Table 2. Ultimate load-carrying capacity of pressed composite box sections versus non-
prestressing sections which did not incorporateptiestressing rods.

Prestressing Force,
Specimen Status Ultimate Load, N
KN
NN1 Non-prestressed 0 440
NN2 Non-prestressed 0 421
NN3 Non-prestressed 0 431
NN4 Non-prestressed 0 422
PR-1 Partially 5.72 630
PR-2 Partially 7.73 657
PR-3 Partially 10.32 694
PR-4 Fully Prestressed 14.23 811
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Figure 24. Ultimate load-carrying capacity of corsp® box sections versus the prestressing

force level.

Figure 25 shows load versus tip deflection cureedtie fully prestressed and a non-prestressed
specimen. It should be noted that the governinguraimode for all non-prestressed and
prestressed specimens was buckling of compresiogd; prestressing delayed this buckling

mode of failure by pretension the flange.
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Figure 25. Experimental load-deflection curvesrfon-prestressed and fully prestressed

composite box sections.

Strain gages were installed (Figure 21a) priorrespessing in order to monitor development of
prestrain under loading, data form these strairegagere obtained in order to further insight into
the prestressing effects on structural behavioe §thain gage readings under load are presented
in Figure 26, pointing that the initial readings Zaro load) are the prestressing levels generated
by the prestressing effects. These strain gagengadlearly show that prestress was developed
in a section at opposing the negative (compressitra)n system developed under loads, which
is why prestressing delays failure of the compaositacture under load. It should be noted that

loading in this experiment was unilateral to faglur
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Figure 26. Strain gages reading of the fully pessted composite box sections.

2.4. Fatigue Life of Composite Structure

As mentioned earlier, performance of compositecttines under fatigue loads is greatly depends en th
direction of applied load. Caprino and D'Amore mepd a two-parameter model which predicts the

fatigue life under both compressive and tensilel$d26].

©®)

where N and N are fatigue life under tensile and compressivdicyoads, respectivelys;,, ando,, are
strength of specimen under monotonic tensile amdpcessive loading, respectively, and is stress

range of the cyclic load. It is expected thatta. andf; #B., because in general compressive strength
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decreases following a trend different from the ilenstrength. Under tension-compression fatigue

loading, the actual critical number of cycles tibuiee will be the minimum of Nor N..

Table 3. Values of the constantsand3; appearing in Equation (5), calculated for différen
values ofomin [9].

Opun oy £t
(ks1)

] 00838 0.153
—10 0.0423 0217
—16 0.0366 0238

The constants in Equation 5 depend on the strgss d@plied to the specimen. These constants
do undergo variations when a tension-compressitiguia loading is applied. Moreover, a clear
trend is can be derived from the data presentélthble 3; asgmin| increases; also increases,
but o; decreases. Equation (5), indicates that an inergaB; and a decrease i lower the

fatigue life of carbon fiber composite for high &Wf 6nax(i.€. omax >0.7 61g).

The adverse effects of reversible stresses in ceitgpaing structures noted above compromise
the structural efficiency and thus the weight atft wings. Mitigation or reduction of the
reversibility of stresses in wing structures wotldis yield benefits in terms of structural

efficiency and weight saving [58].

Fatigue is a progressive damage process which omges the structural qualities of composites.
Fatigue damage to composites generally involvesixnatacking, fiber breakage, fiber-matrix

debonding, void growth, and delamination. These atggnmechanisms degrade such key
mechanical properties of composites as strengthnaodiulus. As noted above, fatigue life of

composites is significantly lower under repeatetsi@n-compression than under tension-tension
loadings. The cyclic (pull-up/push-down) naturelo&ds applied to wing structures subjects
them to tension-compression fatigue loading, witiempromises the fatigue life of composites.
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One element of our approach to design of prestlessenposite (wing) structures involves
elimination of compression excursions under fatitnagling. The study reported herein employs
prestressing of composite structures to eliminadengressive excursions under repeated

reversible (simulating pull-up/push-down) loadiagd thus achieve improved fatigue life.

2.4.1. The Prestressing Approach to Resolve Fatigue Problem
As noted earlier, one aspect of the approach tiguled prestressed composite (wing) structures
involves elimination of compression excursions undatigue loads; the elimination of

compressive stresses enhances the fatigue lifenopasite structures.

The approach devised to resolve the above strughetliciencies subjects the composite wing
structure to a tensile prestress system which olenthe compressive stresses developed under
service loads. This approach improves the balahc®mpressive and tensile stress-to-strength

ratios, and also mitigates damaging stress reeusaler fatigue loads.

As noted earlier, one aspect of the approach tiguled prestressed composite (wing) structures
involves elimination of compression excursions undatigue loads; the elimination of
compressive stresses enhances the fatigue lifeowipasite structures. Figure 27 indicates

typical effects of prestressing on flexural stresseveloped under cyclic loads.
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Figure 27. Typical flexural stress distributionson-prestressed and prestressed wing
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structures.

This section focuses on experimentally verificataithe contributions of prestressing to the
fatigue life of composite structures. The fatigugeriments conducted in this project involve
repeated flexural loading/unloading of prestresssdl non-prestressed composite box sections to
a constant maximum deflection (which initially gested a fixed percentage of their
corresponding failure loads). The progressive lwoldf fatigue damage lowers the maximum
load corresponding to the (fixed) maximum deflectionder repeated loading. The rate of
degradation of maximum load under repeated loadimgading cycles provides a quantitative

means of evaluating the fatigue life of prestressadl non-prestressed composite structures.

2.4.2. Experimental Program
Composite beams with box sections, similar to thesed in quasi-static flexure tests, were

fabricated and tested under cyclic loading.

Two prestressed and two non-prestressed beam spesimere fabricated and subjected to
flexural fatigue loading. The fatigue loading invetl subjecting the composite box section,

tested as a cantilever beam, to a constant defteethich initially produced a load equal to
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approximately 70% of the ultimate load of the cosimosection, followed by full unloading of
the section. The repeated stress system develapdet this loading condition would be zero-
compression in non-prestressed sections, and tetesnsion in prestressed sections (which have

received an initial tensile prestress).

508 i (20 in) %I

B10 rrirm (24 in) "1 {2 )

Section A-A

Figure 28. Schematically setup of fatigue specieueah fatigue loading.

2.4.3. Test Results

The prestressed and non-prestressed compositersegiere subjected to a load equivalent to
approximately 70% of their corresponding ultimatad during the first application of the
repeated (constant) deflection. For the non-preséid specimens, this load produced a peak
compressive stress of 0.7x104=-72.8 MPa, which eltdpcni»=0 MPa upon unloading. In the
prestressed systems, due to the presence of pogtetisee stress system reache@,=9.7 MPa

upon loading, and,=82.5 MPa in unloaded state.

The initial loading for reaching the targeted defilen did not produce any buckling tendencies.
The non-prestressed composite section experienbebus buckling (Figure 29) of the top

(compressive) flange near the fixed end (at pedlect®n) after about 47,000 fatigue load
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cycles. When the loss of modulus compared to éyste (kycd/Fo) dropped to 0.7 (whereoF
and kye are the loads at peak deflection prior to andraétgplication of load cycles,
respectively). The prestressed composite box se&iperienced only minor buckling at the
same location after a large number of load cydies.the prestressed system, it took a larger
number of cycles (about 95,000) to experience #mesloss of modulus {fz/Fo=0.7) as the
non-prestressed system. Figure 30a and 30b showprdstressed box section (near fixed

support) in unloaded and fully loaded states (afbterut 95,000 cycles),

Figure 29. Buckling of the top (compressive) flamf¢he composite box section after 47,000

cycles of applying a constant deflection.

(a) Unloaded state (b) Fully loaded state

Figure 30. The prestressed composite box sectipeaspnce near the fixed end after 95,000

cycles in unloaded (a) and fully loaded (b) states.

42



The displacement developed in the non-prestressegasite cantilever beam under 70% of its
ultimate load (490 N) is 34 mm); fatigue testingloé composite beam involved repeated loading

to 34 mm peak deflection followed by unloading &temjuency of 4 cycles per minute.

Fig. 31 compares the degradation of peak loadsralmed with respect to their corresponding
first-cycle values) with the number of fatigue @&l for replicated non-prestressed and
prestressed composite sections. The results pessent Figure 31 confirm that prestressed
sections when compared with the non-prestressed pnevide a higher fatigue lives with

residual rate of stiffness loss.

14
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Figure 31. The trends in loss of (normalized) maximload at constant deformation versus the
number of cycles in fatigue tests for replicated-poestressed and prestressed composite box

sections.

In order to appreciate the deterioration effediatifjue loading, the specimens were subjected to
tip loading until failure. The ultimate tip loadsdst-fatigue strengths) of samples are presented

in Table 4. The average residual ultimate streofjftrestressed composite sections (after fatigue
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failure) is observed to be over ~50% greater tlatom-prestressed sections (based the tests on

two prestressed and two non-prestressed specimens).

Table 4. Post-fatigue (residual) ultimate load-giawg capacity of prestressed and non-
prestressed composite box sections.

Specimen Status Ultimate Load, N
Non-Prestressed 334
B Non-Prestressed 347
C Prestressed 542
D Prestressed 484
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Chapter 3. Processing of Stiffened Composite Panelith Pultruded Rod

Incorporated Into Its Stiffener

3.1. Introduction

As a part of this investigation, efforts were madeexperimentally verify the contributions of
prestressing to the performance characteristi@ afmposite structure. This experimental work
was conducted on an existing design of a stiffenechposite panel which incorporated a
pultruded rod within its stiffener (developed by diwg) [59]. This existing design was
developed without “prestressing in order to esshhiihe processing methods, and also compare
the structural performance of the specimen falett#at this investigation against those produced
by Boeing. This step allowed for validation of tpeocessing methods before assessing the

prestressing effects on structural performance.

Laboratory setups were established for processingh® composite structural component
(‘stringer’ specimen) schematically depicted in Ut 32. Tolerances and capabilities of the
processing system were evaluated. The end produetssubjected to axial tests, and the results

were compared with those reported in the literatoreimilar composite structural components.
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Uniaxial (Puloruded) Fiber Composite x
Multiaxial Fabric Composite V

Figure 32. Schematic depiction of the compositecstre.

3.2. Materials

The pultruded rods used in the ‘stringer specimead a diameter of 9.4 mm (0.375 in)

diameter, and a smooth surface texture. The pdtr@arbon/Epoxy rods were provided by Acp

USA, their elastic modulus and tensile strengthen®t0 GPa, and 2.3 GPa, respectively. The
ultimate elongation of these pultruded rods areomeg by the manufacturer at 16,500

microstrain.

This Warp-Knit Fabric (3-D dry fiber preform for FEUS) was constructed primarily from
warp-knit carbon fiber fabric. The multi-axial fabris produced commercially on a warp-
knitting textile machine in a continuous procesgFe 33). The machine consists of a flat bed
(or tenter frame), multiple tow placement devicesated over the open bed, a multi-needle
sewing machine, and large racks (or creels) fairgjdhe numerous spools of carbon fiber tow.
The tenter frame contains two endless chains spateal fixed distance with pins pointing
vertically upward. The tow placement heads are epiily computerized numerical control
(CNC) to lay down tows of fiber while moving backdaforth between the two rows of pins. The

heads wrap the carbon fiber around the pins. Thentation of the tows is specific for a given
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ply, and the number of plies in a fabric stack ates the number of lay-down devices required.
The carbon fiber is held under controlled tensmminimize draping as it spans across the width
of the tenter frame. The layers of carbon fiber @eanced forward to a multi-needle sewing
machine by the endless chains. A tricot stitchiegns is then used to sew the individual plies of
carbon fiber together with a very fine glass, oerthoplastic thread. The finished product is

wound on a support tube as the material exitseeng machine.

Figure 33. Warp-knit fabric machine.

Fabrics with up to seven plies have been produsedywarp-knitting machines. This process is
fully automated and cost-effective. It allows tladdring of material architecture for a specific
application. Fiber type, weight, and orientatiangiach discrete ply can be specified so that the
end product is a customized fabric (Figure 34). W#n established supplier base and
applications in Boeing and Airbus aircraft, thisagd of fabrics has been thoroughly

characterized.

The PRSEUS panel which is the focus of our projesgis warp-knit fabric with nine plies of

carbon fiber orientated at -45°, +45°, 0°, 0°, 90%, 0°, +45°, and -45°. The separate layers of
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fibers are held together with a 76dtex polyestearnsg thread. The seams of tricot stitching were
spaced 5 mm apart. The residual seam thread teisslonse for enabling the material to form

near-90° angles for stiffener and frame details.

Basic Warp-knit
Fabric Architecture

Figure 34. Example of multiaxial warp knit fabric.

The epoxy resin used here was HexFlow VRM-34 sedpty Hexcel. VRM-34 is a structural
epoxy for aerospace applications and customize@ARPRI process. Its long pot life of 4 hours
facilitates infusion of large structures. The hg#rformance core foam used in frame specimens
was WF-110 supplied by Rohacell. The fabric, resid foam were identical to those used in

Boeing’'s PRSEUS.

3.3. PRSEUS ‘Stringer’ Composite Specimen

3.3.1. Processing
The Controlled Atmospheric Pressure Resin Infu¢APRI), developed by Boeing, was used
for processing of composite specimens. CAPRI @maxess for resin infusion of a dry fiber

preform in a mold cavity under vacuum. The unigetire of this process is that resin is under
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less than one atmosphere pressure during infuaimhthus a pressure differential between the
inside and the outside of the mold tool is mairgdimipon completion of infusion (Figure 35).
Once the mold and preform are completely filledhwiésin, and infusion has stopped (inlet and
outlet lines closed off), this pressure differelnfieopduces a net force applied to the vacuum bag
and the preform lying underneath. This force ketyaspreform in a consolidated (de-bulked)
condition, and produces higher fiber volume fraggiavithin the cured laminate than normally
achieved in a conventional vacuum assisted resamster molding (VARTM) process.
Application of a controlled vacuum on the feed posures that: (i) the preform is always under
a net compaction pressure, and will be held in tmwsion the forming surface; and (ii)
adjustments can be made in the net compaction yreess order to compensate for thickness

variances and also ambient pressure variances [60].

Figure 36 shows the steps taken in our laboratorypfeparation of ‘string’ specimens. The
process starts with cutting and kitting of the pligf dry fabrics that make up the skin and
stringer components of specimens. A 50-inch widapaknit multi-axial carbon fiber fabric was
cut into individual details, and placed into kifavo 3.4x20 in, one 6x20 in and one 10x20 in
piece fabric were used to assemble the stringecirgpa. The detailed were then joined by
stitching, with two rows of stitching placed alotige edges of stringer wall and flanges (Figure
36a). The assembled preform was the transferrea tigid tool (outer mold) (Figure 36b).
Vacuum (outlet) and resin line (inlet) were coneedcto the preform, and the epoxy resin was
pre-heated and degassed for 15 minutes &tF2%Dnce the desired vacuum level was reached,
resin was introduced into the flow media (whicht @s the inner surface of the part) to rapidly

move across the part surface before finally miggathrough thickness. After thorough infusion
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with resin at 25€F, the cure cycle was implemented at B5(Figure 36¢). Figure 37 shows the

stringer specimen after removal from the vacuurmasian bag.

Vacuum  Distribution
bag media  Preform  Resin inlet

Vent

Seal

Mold

I

Vacuum cum
pump

Sealed lid
Infusion
Resin bucket
trap Resin
Scale
S /
~ -

Figure 35. Schematic of the CAPRI process setup [61
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(c) Infusion and curing setup

Figure 36. Fabrication setps.
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Figure 37. The stringer specimen.

3.3.2. Compression Tests for Process Validating

Specimens were prepared for compression testsshglling end (potted) plates (Figure 38).

The end plates provide a fixed support conditiora@ddition to transfer of compression via shear
stresses. The end plate was 25 mm thick, with Aaped piece cut into it for insertion of the
specimen end. After the specimen was inserted tim® cut segment of the plate, the gap
between the metal plate and the stringer specimes fiked with a high-performance epoxy.
The end condition created by end plates simuldtesattual support conditions of PRSEUs

stringer in service environment.
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Figure 38. End (potted) used in compression tasBRSEUS stringer specimens.

A servovalve-controlled hydraulic test system waed for performance of compression tests on
stringer specimens (Figure 39). In order to sinaulsile conditions of a stringer within the

structural system (where continuity of the pan@dpices lateral constraint), two side restraints
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were used to prevent edge buckling of the string@ecimens. Tests were performed in
deflection-controlled mode, using a deflection rateD.1 mm/sec. Loads and deflections were

monitored throughout compression tests.

Figure 39. The setup for performance of comprestasts.

Figure 40 presents average of compressive loaohsh@havior of four stringer specimens
fabricated and tested in this investigation. Therage peak load obtained here (185 KN) is
~93% (with 95% level of confidence) of the corresgiog peak value obtained in stringer
specimens fabricated and tested by Boeing. Therdifite between our stringer specimen and
that produced by Boeing, which can explain theedéhce between their compressive strengths,
can be attributed to the diagonal stitching at \skio-joint in Boeing stringer yields improved

structural integrity of the web-skin joint area.
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Figure 41 Average peak compressive loads reported by Baidgobtained in the proje

55



Figure 42 shows the prestressed specimen afterdaivhich initiated by lateral buckling of the
stringer web and pulturded rod, and was followed fajure of the multiaxial composite

wrapping of the pultruded rod.

Buckling of stringer web followed by
failure of the multiaxial composite wrap

Figure 42. Prestressed PRSEUS stringer compo®t#en after failure under compression.
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3.4. Fabrication of the PRSEUS Frame Composite Staiures

In order to evaluate the prestressing effect otedeap PRSEUS structures, the frame specimen
comprising a frame, two stringers and skin will fabricated and tested for evaluation of the
prestressing effects. Because of the complexityhefframe structure, its fabrication process
must be carefully established, and the final prbduast be checked against the minimum

PRSEUS criteria.

3.4.1. PRSEUS Frame Composite Specimen

CAPRI process was employed for resin infusion ortie” PRSEUS specimens. Assembly of
the dry fiber preforms for processing the PRSEU&Bpen starts with cutting and kitting of the
plies of dry fabric that make up the skin, thenger and the frame components. The 50-inch
wide warp-knit multi-axial carbon fiber fabric wasit into individual details, and placed into
kits. Three pieces of 3.4 x 20in, one piece of Zdxand one piece of 32x20in fabric were used
to assemble the PRSEUS frame specimen. The foaenwas CNC machined with all the detalil
features required to support the frame plies (Egt8a), carbon fiber rods and resin infusion
processing. The fabric plies for the frame werermitas described above including the keyhole
features required at stringer intersections. Thaildewere then joined by stitching in order to
create a preform assembly. The completed prefosanalsly was then transferred to a rigid tool
(outer mold) (Figure 43b). After attaching the wvacu (outlet) and resin line (inlet) to the
preform, the epoxy resin was pre-heated and degjdss&5 minutes at 258. Once the desired

vacuum level was established, the resin was intrediunto the flow media (which rests on the
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inner surface of the part) where it rapidly movedoas the part surface before finally migrating
through the thickness. Once the part was filledhwiésin at 250°F, the cure cycle was
implemented at 350°F (Figure43c). Figure 44 shthwesframe component after removal of the

infusion vacuum bagging.
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(a) CNC machined core foam

(c) Infusion and curing setup

Figure 43. PRSEUS frame fabrication steps.
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Figure 44. The PRSEUS “frame” specimen.

Alternative Infusion Configurations

Due to the greater complexity and relatively lagjee of the PRSEUS frame composite
specimens, when compared with the PRSEUS striqgegirsens fabricated and tested earlier,
various options exist for positioning of the in{egsin line) and outlet (vacuum line) for realizing
thorough infusion of the fabric. Different inlet caroutlet positioning configurations were
evaluated, and the preferred configuration whicbdpced a more thoroughly infused final
product was identified. The three configurationaleated are introduced in Figures 44a, 44c and
45e. The first configuration (Figure 45a) employ® anlet and one outlet at opposite ends, and
is similar to that used successfully for infusiofi BRSEUS stringer component. This
configuration produced a partially infused specimehere the upper areas of the frame
component were not infused (Figure 45b). The secomdiguration (Figure 45¢) employed one
inlet line along the top of the frame component &mo outline vacuum lines at opposite ends.
This configuration also did not yield a fully infe$ end product; some dry areas were detected in

skin areas occurring between the frame and stsn@géigure 44d). The third configuration
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(Figure 45e) employed to inlets at opposite enasare outlet along the top of the frame; this

configuration yielded a fully infused specimen (g 45f).

oasssssssssmmm —» Outlet

Not infused
area
ol S S A &
oasssssssss—— <« |nlet
Config. 1
(a) (b)
Not infused

area

Config. 2

(c) (d)

Figure 45. Different inlet/outlet positioniing cagdirations for resin infusion of “frame” stringer

specimens.
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Figure 45 (cont’'d)

aEaasssmmm—— <« |nlet
S 'SR B
Outlet

A A
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Config. 3

(e) (f)

3.4.2. Compression Tests for Process Validating

Compression tests were performed in order to askesguality of the processed specimens. To
prepare the frame specimen for compression teginggpotted plates were used as end fixtures.
They produce fixed support conditions, and alsovalfor load transfer to specimen via shear
mechanism between the end grips and the PRSEU® fi@aoiding application of direct bearing
pressure which could locally damage the composif.shown in Figure 46, a steel plate 25
mm in thickness, with a T shaped piece cut out,afanstitutes the end fixture. The gap between
the end plate cut-off and the specimen is filledabhigh-performance epoxy to simulate the

actual support condition of PRSEUS under serviedso

A PRSEUS frame specimen was subjected to compreksading to at a constant displacement
rate of 0.1 mm/sec. During compression tests, fiptiedd load and the crosshead displacement

were recorded using a computer-based data acquisiistem. As noted above, this test was
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performed in the direction of the frame (as perfednby Boeing for their frame specimens

order to compare the test results on our specimeh thidse reported by Boeing. Figure

shows the compression test se

Specimen 55 mm—{—=—=—
Epoxy\
End Plate
200 mm
45 mm
End plates

Figure 46 End fixtures (potted plates) used in compresgsts on PRSEUS frame specim
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Figure 47 Compression test setup

The compression test result generated for the #tapecimen fabricated at MSU was compared
against the compression test results generatecbbn®. Figure 48 presents a comparison of the
average peak loads for Boeing and MSU PRSEUS figmeeimens in compression tests. The
peak load for our PRSEUS specimens was 335 KN,wikie-95% (based on one test) of that of
the Boeing PRSEUS specimens (355 KN). The somelohatr values achieved in our test can
be attributed to the fact that diagonal stitchirigghee web-skin joint in the Boeing PRSEUS
renders higher integrity (and structural contribn§) at the critical web-skin joint area. The
failure mechanism of the frame specimen involvad jbint area. Failure started with buckling
of the skin, which was followed by failure of thent between the frame constituent of PRSEUS
and the skin. The final step in failure of the f@PRSEUS specimen involved buckling of the

frame constituent. The failure path and trend vieeesame as those reported by Boeing for their
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frame specimens subjected to compression teststeHP shows the failed frame specimen after

compression test.

355
350 + 335

300

250

200

150

100

Compressive Strength (kN)

50

Boeing PRSEUS Technova PRSEUS

Figure 48. Compressive load-carrying capacitieBading versus technova PRSEUS frame

specimens.

Failure started with skin buckling, W
follwed by damage to the frame- __§}
skin juncture, and finally buckling
of the frame.

Figure 49. Failed PRSEUS frame specimen after cesspyn test.
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3.5. Physical Characteristics of the PRSEUS Specime

In order to assess infusion conditions of PRSEU&ME” specimens, the fiber volume fraction
and the void content of the resulting compositeenassessed, and were compared with those of
the PRSEUS composite specimens produced by BoEiregfiber volume fraction in composites
was assessed through digestion of polymer matrith wen acid. Following ASTM D371
(Procedure A), which is used for carbon fiber epoagnposites, three specimens were cut from
different areas of the PRSEUS composite “frame”afn@let and outlet zones). The initial
weight (M) and volume (Y of each specimen were measured; they were tla@eglin separate
beakers containing 30 mL of 70% nitric acid. Thaksss were heated on a hot plate (Figure 50)
for six hours until all the epoxy portion of theegpmens were digested by the acid. The matrix
was considered fully digested when no trace of rifiaforcement/matrix laminate could be
detected. The content of the beaker was subseguétdied into a pre-weighted (Msintered
glass filter under 28 KPa vacuum. Fibers were wasti¢gh distilled water three times, and then
washed with acetone. This procedure was appliedatth specimen separately. Subsequent
drying of specimens was accomplished in an ovd®&C for 1 hour. The filter was then cooled

down to room temperature, and the specimen arbitker were weighed.

Figure 50. digestion of the polymer matrix of speens cut from PRSEUS composite frame.
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The fiber volume fraction, Vr, was calculated usihg following expression:

Where,r . andr , are the density of composite and reinforcemergpeetively, M is initial

weight of the specimen, and; M final weight of the specimen after digestion.

For Specimen #1, with measured values ¢EOB379 gr and €M0.5622 gr, using 1.405 and

1.28 gr/cm as densities of fiber and composite, respectivthly above expression yields:
V,=(0.5622/0.8379)1.28/1.405%100=61.1%

The void content, in percent, can be calculated as:

V,=100-V{-Vm

Where, \;, is the volume of matrix, in percent, which is caéted as:

Vm=(Mi-M¢)/M; xr /r mx100

Wherer  is density of matrix which is equal to 1.12 grfdior the epoxy used in the project.
For specimen #1, the matrix volume fraction carddeulated as:
Vm=(0.8379-0.5622)/0.83%2.28/1.12100=37.6%

The void content is thus:

V,=100-61.1-37.6=1.3%

Similar calculations were performed using the tieda produced with other specimens cut from
the PRSEUS composite frame. Table 5 summarizeghtysical properties of all specimens. The
average calculated fiber volume fraction was 62%ijctv is close to the 60% fiber volume

fraction of the PRSEUS specimens fabricated by BpeThe average void content for the three
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specimens was ~1.5%, which is within the range (<@#%asured for Boeing specimens. Figure
51 presents mircroscopic images of the specimehghwpoint at the thoroughness of resin

infusion.

Table 5. Fiber volume fraction and void content tesults for specimens cut from PRSEUS
composite frame.

M; (gr) M (gr) V% V,%
Specimen #1 0.8379 0.5622 61.08 1.35
Specimen #2 0.7253 0.4898 61.40 1.56
Specimen #3 0.5501 0.3822 63.54 1.45
Average 62.01 1.45

Figure 51. Microscopic images of PRSEUS compogiezisnens.
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Chapter 4. Processing and Experimentation of Prestissed PRSEUS

4.1. Introduction

In rod stiffened composite structures, the unidyiedinforced pultruded composite constituents
(rods) provides a higher compressive strain capaciten compared with the quasi-istotrapic
composite constituent of the structure. At failushich is dominated by that of the multiaxial
composite constituents (wrapping part and web ef gtiffener), pultruded rods would thus
remain under-utilized. The ultimate failure stramcompression of pultruded rods is 11,000
microstrain, while that for the multi-axial fibeeinforced composite is 4,500 microstrain. A
comparison of stress-strain curves for rod stiffesinger and the pultruded rod in Figure 52a
demonstrates that failure of rod stiffened strinfgoverned by the failure strain of the quasi-
istotropic laminated/stitched composite) leaveeserve strain capacity in the pultruded rod (i.e.,
the pultruded rod is under-utilized in this systemjestressing (Figure 52b) is an attempt to
produce a prestrain system in the structure whicdbles effective use of the pultruded rod as
well as the multiaxial (stitched laminate) compestionstituent towards achieving enhanced
structural efficiency. In our approach to prestggsof PRSEUS composite structures, the
prestressing force is transferred from the pultduded to the multiaxial composite via the
interfacial bond. Figure 53 shows the distributadrihe prestress system at a cross-section of the

PRSEUS stringer.

The experimental work conducted in this investatisought to verify gains in structural
performance of rod stiffened stringer upon prestirgs The processing of pre-tensioned rod

stiffened stringer was slightly modified accordirig different situations of prestressing
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mechanism. Since the pultruded rod is under corsjmest is vulnerable to buckling prior to the
prestressing load transferring step. The pultrudeds subjected to compression and it balances
with tension in multiaxial composite. In order teepent the pultruded rod against buckling the
rod must be confined by an external mean. The gsitg was modified in order to confine the
pultruded rod using the multiaxial composite. Ire thrst step of processing the multiaxial
composite was infused and cured while there wasdamd between the rod and multiaxial
composite. At the second step, prestressing dteppre-compressed pultruded rod was bonded

to the multiaxial composite using an adhesive agent

A A

Pultruded Rod

Stress
Stress

Pultruded Rod
Prestressed PRSEUS

PRSEUS Quasi-Isotropic

Quasi-Isotropic

Strain Strain

Figure 52. Typical compressive stress-strain befrafiPRSEUS, and its pultruded rod and
quasi-isotropic (stitched) composite constituents.
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Figure 53. Distribution of prestress system on PBSIEtringer.

4.2. Prestressing Transfer

The approach devised to pre-tensioning the congasitictures relies upon pre-compression of
pultruded carbon fiber composite rods. Upon reldhge pre-compression (after curing of the
composite), the prestressing force is transfemetthe structure via interfacial bond stresses. For
pre-tensined specimen the prestressing load isfeaed to the multiaxial composite after
establishing the bond between the rod and the retaaof the structure using an adhesive agent.
The end-anchorage used for application of eithergempress or pre-tension to pultruded rods
should be capable of transferring the requireditepsestress (prestrain) to the rod, and should

also be reliable, lightweight, convenient and ecoital.

Due to the relatively small transverse (compregssteength of pultruded (uniaxially reinforced)

carbon fiber composite rods, the wedges and baneiors commonly used for tensioning metal
rods cannot be applied directly to carbon fiber posite rods. Serrated wedges will tend to
crush the matrix and eventually fracture the fibbesore any significant tension could be

developed in composite rods. Several methods aagahle to circumvent this problem; some
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protect CFRP rods with a metal sleeve or sheatimghe approach used here (Figure 54), a
thick metal tube with an internal diameter lardeart that of the rod is used around the rod over a
prescribed length. The gap between the tube andothes filled with a bonding agent. This
agent could be a high-performance epoxy resin {(dered here), or a molten alloy that is die-
cast onto the composite rod before attaching thalméoe. In this approach, force is transferred
to the pultruded rod via interfacial bond stresdeseloped between the rod and the bonding
agent. For this purpose, the tube is gripped witttiching wedges, or it can be threaded (on
outside surface) and anchored using a nut..Theugdgd rod is threaded via sandblasting (Figure
55), with an indentation depth of 2 mm (spaced atn). It is worth mentioning that temporary
end fixtures are required at both ends of the pddd rod. The modified surface of rods
produces mechanical interlocking effects which [lies¢ress transfer via the epoxy filler. The
tube used here was made of cold-drawn steel; aimetier and wall thickness were 25 mm and 4
mm, respectively, producing a 3 mm gap betweeritbe and the pultruded rod (to be filled by
high-performance epoxy). The epoxy resin used heits room-temperature curing, and has a
relatively low viscosity for convenient and thordufijling of the gap between the pultruded rod
and the steel tube. In order to improve interfab@hding of epoxy to tube, the inner surface of

the metal tube was also threaded.

A D End Fixture Pultruded Rod Steel Tube
/ Epoxy
A D Section A-A

Figure 54. Configuration of the anchorage systenpfe-compressioning the pultruded

composite rods.
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The bond lengths between pultruded rod and endréxtonsidered in experiments were 100,
200 and 300 mm. The 9.4 mm (0.374 in) diameterrypdétd rods used in the experimental
program were supplied by AcpUSA. The elastic moslaind tensile strength of these rods were
140 MPa and 2.3 GPa, respectively. The high-perdoca epoxy used as the bonding agent was
MarineEpoxy 300. The two components of this highigrenance epoxy were preheated t6G0

for 15 minutes, mixed in equal volumes, and deghésel5 minutes under vacuum. The resin
was injected through a hole at the end of the sl€¢®ibe) after the rod was aligned vertically and
centered inside the tube (with its lower end blackg a rubber stopper). Due to the small gap
between the rod and tube, the tooling used instieis (Figure 56) was designed to assure that the
rod is centered parallel to tube. The metal tulze Willed with epoxy resin, and then kept
stationary for 48 hours at room temperature to tueespoxy. A similar procedure was followed

for application of the fixture to the opposite esfdhe pultruded rod.

Figure 55. Rods without (left) and with surfaceatraent.
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Figure 56. Resin-filled tube encasing pultruded rod

All specimens were tested in tension to failurengsa servovalve-controlled hydraulic test
system at a constant displacement rate of 0.1 nemise the performance of tension tests, the
end-anchorages were placed within modified gripguifeé 57) which reproduced the end
conditions of pultruded rods during prestressingarfiposite structures. During tension tests, the
applied load and the crosshead displacement wererded using a computer-based data
acquisition system. The strain developed in thérpdéd composite rod was also recorded using

a strain gage attached to the mid-height of the rod

Figure 57. Tension test setup: end grip (left), anerall view (right).
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All specimens failed by pullout of the pultrudeddsofrom the end-fixture. Interfacial bond

strength thus determined the failure load (in béthe pultruded rod rupture strength). The mean
value of interfacial bond strength to modified é@haded) pultruded rods, for the bond lengths
considered here (100, 200 and 300 mm), was 9.38. MRa bond strength test results for
specimens without and with surface modificatiorrg#iding) are compared in Figure 58. The
average bond strength of epoxy to pultruded roddserved to increase by 40%, with 95% level

of confidence, (from 6.59 to 9.38 MPa) upon modificn (threading) of rod surfaces.
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Figure 58. Average of Bond shear strengths of pgHermance epoxy to pultruded rods
without and with surface treatment (threading).

Figure 59 compares the peak tensile strains deedlap pultruded rods (with unmodified and

modified surfaces) during pullout tests from enxture with different embedment lengths.
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Increased bond lengths as well as surface moddicaif rods are observed to produce higher
peak tensile (pre-)strains in pultruded rods. Therage peak strain in modified specimens with
200 mm bond length was 6,240 microstrain, which wd8% higher than the peak strain of
4,427 microstrain developed in unmodified rod wsimilar bond lengths. The average peak
strain in modified rods with 300 mm bond length vedso ~30% higher when compared with
unmodified rods of similar bond length (10,323 wsrs7,302 microstrain). Modified rods with

300 mm bond length thus provides peak prestraids82B microstrain).

12000
B Specimen with Treatment

10000

B Specimen without treatment

8000 -

6000 -

(microstrain)

4000 -

Rod Peak Tensile Strain

2000 -

Specimen with bond length Specimen with bond length
of 200 mm of 300 mm

Figure 59. Average of peak tensile strains developédreated and untreated pultrued rods of

different bond lengths.

The 300 mm long fixtures with modified surfaces avesed for the purpose of prestressing as

they provide sufficient capacity to apply a presigeof 8,000 microstrain.
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4.3. Evaluation of the Bond Strength Between Pultrded Rod and Multiaxial Fiber
Reinforced Composite

Prestressing of composite structures is accompligheur approach by precompressioning of
the pultruded rod, followed by curing of the mutiel composite, and finally release of the rod
precompression for prestressing the composite. Uptease of the rod precompression, the
prestressing force is transferred to the multiag@hposite via the bond developed between the
putruded rod and the multiaxial composite duringirg of the composite. An experimental
study was conducted to ensure that the bond stres@dequate for transfer of the prestressing

force from pultruded rod to multiaxial fiber comjtesstructure.

Rod pull-out tests were conducted which yield betrdngth as a basis to determine the required
development length, Lc, for full transfer of theegiressing force from the pretensioned rod to

the multiaxial fiber composite (Figure 60).

Prestressing
Force

Lc  Pultruded Rod

Force
Transferred

Le Lc

Figure 60. Load transfer mechanism at the pultruddemultiaxial fiber composite interface.

The pull-out test specimen comprised a pultrudedsandwiched between two stacks of multi-
axial fabric, which were stitched together (usimg trows of stitching) and then infused with
resin using the CAPRI process. This pull-out tgstcgmnen is shown on the left hand side of

Figure 61. After resin infusion and curing, thet tiesdure shown on the right hand side of Figure
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61 was prepared for igping the pultruded rod during p-out. This fixture is a steel tul
encasing the pultruded rod, with a r-performance epoxy (AeroMarine) filling the gap ¢

bonding the pultruded rod to the steel tu

Multiaxial Composite
/ ultruded Rod Fikture Tibe poxy
] Pultruded Rod
AF>
X Steel Tube

130 mm i

A SECTION A-A

~—50 mm—+—50 mm— 200 mm

Figure 61 Schematicconfiguration of Pull-out specimens.

Figure 62 presents the pictures taken during peneg®f the pu-out test specimens. Figure €
shows the pultruded rod sandwiched between twkstatmult-axial fabrics stitched togeth
and placed on the one sl mold. Figure 63b shows the vacuum bagging mduntethe dry
perform. Figure 63c shows the specimen during resfasion (after which curing we
accomplished at 358 over 2 hours). In order to perform the -out test, the fixture at the fre
end ofthe pulturuded rod was mounted. As noted earlias, fixture consists of a steel tu
filled with high-performance epoxy. The steel tube length is 250 imhgs an outer diameter
25 mm and a wall thickness of 5 mm. In order toag@e the bonding kween filled epoxy an
the steel tube, the inner surface of the tube Wemsatled. Figure 64 shows the free end of
pultruded rod placed inside the steel tube foinfilwith epoxy. Pu-out tests were performed

displacementontrolled mode at a r¢ of 0.1 mm/sec (Figure 64).
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(a) Dry perform (b) Specimen under vacuum bagc) Specimen during infusion

Figure 62. Processing stages of pull-out test speai

\

Pultruded Fixture
Rod

i Multiaxial
Composite

T2 T2

Figure 64. Pullout test setup.
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The pullout load-deflection test results (Figure @binted at a linear elastic behavior up to
sudden failure by pullout of the putruded rod, whicas marked by a sharp drop in pullout load
followed by a more gradual decrease in load witlieasing pullout deflection. After completion
of the pullout process (Figure 66), the multiaxidler composite seemed to remain intact,
suggesting that failure was predominantly by ieidl debonding and frictional pullout. The
average (peak) shear bond strength in pullout #eg$s26.8 MPa, and the peak strain reached in
pultruded rod during pullout was 9,420 microstralihese results indicate that a 75 mm bond
length is adequate for reaching the teargetedléepsestrain of 8,000 microstrain in pultruded
rods. An evaluation of experimental results basedracture mechanics principles [62] yielded

an interface fracture toughness of 373)/amd a peak debond stress value of 33.2 MPa.
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-U‘ Specimens
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Displacement, mm

Figure 65. Pullout load-displacement esrv
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Figure 66. Multiaxial composite after pullout oflfyuded rod.

Experiments were conducted for evaluating the bsinength between pultruded carbon fiber
composite rods and the multiaxial fiber reinforceenposite used in PRSEUS structural systems
when low-creep adhesive agent is employredcessing of the multiaxial composite started with
cutting and kitting of the plies of dry fabric. Twi® x 5 in. pieces were cut, and then joined by
stitching in order to create a preform assemblyorbter to make a hole for later insertion of the
pultruded rod, a Teflon rod was sandwiched betwkemultiaxial fabrics; two rows of stitching
were used to stitch the stacks together. The thusad for stitching was Kevlar Tex69 supplied
by The Thread Exchange. The procedure for procgg$sifowed that of PRSEUS, as explained
in previous reports. Figure 67 shows the multiaxiamposite after resin infusion of fabric,

curing, and removal of the Teflon rod.
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Figure 67 The multiaxial composite after removal of thddefrod

The pultruded carbon fibegexy rod wrapped with the Ic-creep adhesive film Figure 68 w
inserted into the hole of the multiaxial composéed the adhesive film was cured in an ove

the recommended temperature of °F over 2 hours in order to establish the bc

Figure 68 Pultruded rod wrapped with the I-creep adhesive fil

Experimental Results

The loaddeflection curves produced in pullout tests arenshim Figure 69. The pullout load
observed to increase linearly with displacemeritufe by pullout is sudden, causing a sudk
drop in load, that is followed by increasing dig@ment (i.e., further pullout) at a relative

constant load level (indicating frictional pullowfter bond failure).Figure 70 shows |
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multiaxial composite component of the pullout tepecimen after complete pullout of the

pultruded rod. Failure seems to occur at the iaterfleaving the composite specimen intact.

W
o
|

Load, KN

Displacement, mm

Figure 69. Pullout load-displacement curves.

Figure 70. The multiaxial composite component ef plllout test specimen after complete
pullout of the pultruded rod.
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Pullout test results are summarized in Table 6. g@liout (debonding) load is used to calculate
the average bond strength as.B/L (where P is the maximum load, and L and Dthesbonded
length of rod and its diameter, respectively). Fspecimen PADH-1, for example,
Tave=38900/(x0.0094x0.05)=26.4 MPa. The average bond strength measured 25.1 MPa.
Considering the targeted prestrain of 8000x° 40 pultruded rod, the prestressing foce is
calculated as P= &.o0.Aro= 140 GPa x 8000 x10x 69 mnf= 77,280 N. The bond length
required for transfer of this prestressing fora@frthe pultruded rod to the multiaxial composite

can thus be calculated as:
L= P/(tayet.D)=77280/(25.% = x9.4mm)= 104 mm

The above calculation indicates that a ‘developiength of 104 mm is required for transfer of

the full prestressing force from the pultruded todhe multiaxial composite.

Table 6 Pullout test results

Specimen | Pullout Load, KN | Average bond Strength, t,,., MPa
PADH-1 38.90 26.4
PADH-2 35.96 24.4
PADH-3 35.84 243
PADH-4 37.39 25.3

Pullout tests were reported earlier where the pdéd rod was bonded to the multiaxial
composite via infusion and curing of the epoxy me&iluring processing of the multiaxial
composite — as is done in non-prestressed PRSEQtfgron). The average interfacial bond
strength in these specimens was 26.8 MPa, whicbrigparable with the bond strength of 25.1

MPa obtained here with the low-creep adhesive fligure 71 compares the mean values and
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variations of the bond strength obtained via ep@sn infusion versus that achieved with low-

creep adhesive film.

30

25 A

20 A

15

10 A

Bond Strength, MPa

Bond Via Bond Via Low
Infusion Creep Adhesive Agent

Figure 71. Interfacial bond strengths producedceiaventional resin infusion versus use of low-
creep adhesive film.

4.4. Pretensioned PRSEUS Stringer

4.4.1 Adjustments in Processing
As mentioned earlier, processing of the pretensiawa-stiffened stringers was performed in

two steps: (i) processing of multiaxial composigd (ii) prestressing. In the first step,
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processing is similar to that of non-prestressedtstdfened stringer except that the bond
between the rod and the multiaxial composite ctrett of the specimen is prevented by a
Teflon tube covering the rod during resin infusi@nce the infusion and curing cycles are
completed, the pultruded rod is withdrawn from #ignger specimen, and prepared for the
subsequent prestressing step. Figure 67 showstiihges component after infusion vacuum

bagging and removal of the pultuded rod.

Figure 72. Stinger after removal of the pultruded.r

After resin infusion and curing of the multiaxialiric constituent of PRSEUS, the pultruded rod
was removed from the specimen, and the Teflon suib@unding the rod was taken off. The rod
was then wrapped with a high-performance epoxy sidédilm. The adhesive film would help
establish onaerospace-quality bonds between thauget rod and the multiaxial fibric
constituent of the rod stiffened stringer. Figug& ghows the pultruded rod wrapped with the

adhesive film.

e —e—

Figure 73. Pultruded rod wrapped with epoxy adhesglmn.
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4.4.2. Prestressing tooling

In earlier efforts, different prestressing toolingere designed and employed. None of them
could be employed to prestress large specimenshwiad a frame component intersecting the
stringers. Also, the heavy weight of the toolingspéoyed earlier was a major disadvantage.
Design of a light-weight and efficient prestressiogling was an important objective of the

project. A key factor contributing to the efficignof the new prestressing tooling is the direct
balancing of the pre-compression in prestressiegehts (pultruded rods) with the pre-tension
in adjacent structural elements (which are the tmesing tooling prior to curing and the

multiaxial composite after curing); this balanciong forces developed in adjacent elements

effectively restrains the prestressing elementreggdiuckling, as explained in the following.

Figure 74a shows self-equilibrating compressivecderdeveloped in adjacent elements. We
analyzed the effect of the prestressing fdfaan the buckling load of the prestressed element (P
= Pp+Psin Figure 74b, wher@, andPs are the compressive forces developed in the pesatige
and structural elements, respectively). The foeggdied to the buckled prestressed panel shown
in Figure 74c include the axial forég+F at ends, and the transverse fogeeOur theoretical
analysis confirmed that the resistance against Imgckprovided by this transverse force
compensates for the effect of the end compressiree F. Hence, prestressing does not lower
the buckling resistance of the system. In Figure, Tde prestressing element is subjected to the
axial forceP+F at its ends, and also to the transverse distribfdeceq, = F/p applied by the
structural element due to the curvatur=w"(x) as the system deflects. The differential

equation for the deflectionw(x) of the prestressing element is:

(EW")” + (P#F)W” = q
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For small curvatures) = -g, = Fw” (negative curvature makgsegative). Substitution into the

preceding differential equation yields:
(Elw”)” +P,w” =0

which is the same as the differential equation For= 0. Hence, application of the pre-
compression forc& on the prestressing element does not cause itdilgicThis analysis is
contingent upon the prestressing elements beinge@lan contact with the structural elements

without free play.

Prestressing Element
Structural Element
FI2F ,

@)

Figure 74. Buckling of the prestressed panels.

The above concept, which requires contacting prepressed and pre-tensioned elements, was
used to develop a new prestressing tooling (Figade The tooling is small and lightweight; it is
installed (gripped onto the skin) only at the partls, and applied compression to pultruded rods
using a bolt. The tensile force transferred to skanthe grip is balanced by the compressive
force applied to pultruded rods by the bolt. Thelitgy weight as a fraction of the part weight
decreases as the part size grows. In the case dfaime PRSEUS specimen shown in Figure 3,

the weight of the tooling installed at each enthefspecimen is 3 Ib.
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Grip
Bolt

i

(b) Prestressing of the frame prseus specimentidimew tooling

Figure 75. The prestressing tooling, and its apgibn towards prestressing of the frame
PRSEUS specimen.

The pultruded rod was subjected to pre-compresssomg the light-weight prestressing tooling
described earlier. The pre-compression load istesred from the tooling to the fixture tube via
bearing action, and then transferred to the wathefend fixture. The load is finally transferred
to the pultruded rod via interfacial shear betw#enepoxy filled end fixture and the rod. The
pre-compression load is marked by red arrow in feégi6; it is balanced by the pre-tension
forced developed in the skin (blue arrows in Figé&3. Pre-tension is transferred to skin via

grips which are part of the prestressing toolinlgege grips are similar to those used in tension
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tests. The prestressing process is monitored usiraggn gages which are mounted on the

pultruded rod and the multiaxial fiber compositastituent of PRSEUS.

Specimen

Figure 76. The lightweight prestressing tooling] &8 mechanism of action.

The rod was pre-compressed by tightening contrgatunts until the rod strain reached 6200
micro-strain. With this pre-strain retained, the okéh system was placed in an oven, and
subjected to the curing cycle of the epoxy adhefives. The whole system was retained at
30C°F for 1 hour in order to develop bond between thétrpded rod and the multiaxial

composite constituent of PRSEUS. After curing & #uhesive film, the prestressing force was
released for transfer to the multiaxial compositee pre-compression in rod induces a balancing
pre-tension in multiaxial composite, which is Issgrear the wrapping area in the stiffener web.
Figure 77 shows the prestressing and bonding stgpeparation of the prestressed PRSEUS

specimen.
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Figure 77. The prestressing and bonding step ipgoagion of the prestressed stringer specimen.

The initial pre-strain developed in the pultruded was -8000 micro-strain (just prior to release
of prestressing). After the prestressing force vesased, the pre-strain in rod (outside of the
specimen) was lowered to 0, and the pre-strairp@tisien reached 2050 micro-strain (which

corresponds to 100% of the targeted prestressua)le

4.4.3. Experimental Results

Prestressed specimens were prepared for comprdssiomng as explained in Chapter 3. The test
setup and loading conditions were similar to thosed with non-prestressed specimens. During

compression tests, the applied load and the cradstiisplacement were recorded continuously
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using a computepased data acquisition system. The strains dewlopthe PRSEUS string:
specimen at its mitleight was also recorded using strain gages atfathe¢he skin and th

stringer web.

The measured values of ultimate compressiads of prestressed and norestressed PRSEL
stringer subcomponents are compared in Figure r&&tie@ssing enhancece (buckling) failure
load by (32 12)%with 95% level of confidenc. The mean value of peak loads for the-
prestressed PRSEWHinger subcomponent was 185 KN, which was ine@ds 243 KN witF
application of the targeted prestress level (withany weight penalty). The failure moc
observed in recent tests were similar to thosergbdeearlier, involving lateral buckling the
stringer web and pultruded rod followed by failwfethe multiaxial composite wrapping arou

the pultruded rod.

300

250 ~

200 1

150 ~

100 +

Compressive Peak Load (KN)

50 ~

Non-Prestressed Prestressed

Figure 78 Failure compressive loads of I-prestressed and prestressed PRSEUS sti

subcomponents.
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The initial compressive prestrain developed inpghéruded rod wa-8000 microstrain (whicl
was balanced against the tensile force develop#ukitooling). After release of the prestress
force to the multiaxial composite constituent of tiod stifened stringer, a tensile prestrain
2,050 (corresponding to 100% of the targeted leveds developed in the stiffener w

(multiaxial composite).

280

240 +

200 +

160 7

120 +

Load (KN)

7 ——Prestressed

80 - 4 - - -Non-Prestressed

40

0 T T T T
0 2000 4000 6000 8000 10000

Strain (x10°®)

Figure 79. Compressive loa&eérsus strin for prestressed and ngnestressed FSEUS stringer

specimens.

4.4.4 Statistical Analysis of Test Resull

Table 7 shows the peak compressive loads obtaméekis on nc-prestressed and prestres
specimens. The normalized strength (strength irh dast divided by mean value) is a
presented because the variations of the test datdifferent groups ¢ specimens need to |

compared considering the mean value for each gobdpta.
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Table7. Summary of experimental results

Specimen  Compressive Strength (K Normalized Streng
Non-Prestresse Prestressed (Strength/Mear
1 194 231 1.05 0.9t
2 187 248 1.01 1.02
3 181 239 0.98 0.9¢
4 177 255 0.96 1.0t

Statistical analyses of the compression test datie \werformed using the SYSTAT softwi
[63]. Figure 80 shows the distribution of test resutis prestressed and r-prestressed
apecimens. Comparison of mean values of the testltsewas performed using th-test
procedure, with theesults summarized in Table 8. Statistical analgbswed that the mean

value pertaining to prestressed specimens exchatlsftnol-prestressed specimens at 0.05 ¢

of significance. Table 8 shows the analysis redaltprestressed and r-prestessed specimen

One-Sample t-Test One-Sample t-Test

>—{ — —] —

Count
Count

L op o, .0 oD o o o

170 180 190 200 230 240 250 260
NONPRESTRESSED PRESTRESSED

Figure 80 Statistical analysis of experimental res
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Table 8. Statistical analysis of data for presedsand non-prestressed

Standard 99-00% Confidence Interval

Variable N | Mean t df [p-Value
Deviation

Lower Limit |Upper Limit

PRESTRESSED 4.000[243.250/10.468  |226.593 259.907 46.474,3.000(0.000

NONPRESTRESSEDJ4.000/184.750/7.411 172.958 196.542 49.861{3.0000.000

The standard deviation of the measured valued ak pompressive load for prestressed
specimens was higher than that for non-prestregsecdmens. However, since the mean value of
peak loads for prestressed specimens was alsorhigae that of non-prestressed specimens,
comparison of variatios was conducted using thenabzed values of strength. Equality of two

variance test [64] was performed with the null hyyesis, Ho, and alternative hypothesis, H1,

defined as:

Ho: Sd1=Sd2
H1: Sd#Sd2

where, Sd1 and Sd2 are standard deviations of thmatized values of strength for non-

prestressed and prestressed specimens, respectively

Table 9 summarizes the results of the “equalitywad variance test” for significance levek
0.05. The results indicate that the p-Valte>0.05. Hence, the null hypothesis cannot be
rejected, and it can not be concluded that theatran of the normalized strength values for
prestressed specimens is higher than that for nestrpssed specimens. In short, considering the
rise in mean compressive strength with prestres#imgvariances of peak compressive loads for
non-prestressed and prestressed PRSEUS stringesrspbnents are statistically comparable.
Figure 81 shows the distribution of the normalizttength values for prestressed and non-

prestressed specimens.

95



Table 9 Results of the equality of two variance

\Variable PRESTRESSINGS$N Mean|Variance
No 4.000/1.000[ 0.002
STRENGHT_RATIO|
Yes 4.000/1.000[ 0.002
95.00%

Variable PRESTRESSING$/Confidence|F-Ratio| Df |p-Value

Bound

No
STRENGHT_RATIO| 0.094 0.875 |3, 3| 0.542
Yes

Equality of Two Variances

1.06 1.06

Ol
1.04 | <+ l 4104

=]
[=]
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!
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(=]
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=
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PRESTRESSING$S
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Count Count

Figure 81. Distributions adhe normalized strength values for prestressechar-prestressed
PRSEUS stringers.

96



4.5. Pretensioned PRSEUS Frame

In order to evaluate the prestressing effects o8HBS structural components of increasing size
and complexity, frame specimens comprising a fratwe, stringers and skin were fabricated
without and with prestressing, and subjected toession loading along the stringer direction.
Because of the complexity of the frame structusrecowas taken to establish its fabrication

process, and the final product was checked agdiashinimum PRSEUS criteria.

Stitching
—7 Runs
V4
Stringer Tear Strap

> /

Stitching
Runs

_— Btitching
Runs

Stringor o
Stacks —— Frame Cap
Stacks

\— Stitching

Runs

cL
Exploded View of Preform Assembly

Figure 82. The PRSEUS frame structure.

Figure 83 shows the CAPRI process setup for “fraRPRSEUS specimens. Assembly of the dry
fiber preforms for processing the PRSEUS specintamsswith cutting and kitting of the plies of

dry fabric that make up the skin, the stringer Hreframe components. The 50-inch wide warp-
knit multi-axial carbon fiber fabric was cut intedividual details, and placed into kits. One piece
of 3.4 x 20 in, two pieces of 3.4 x 40 in, one pi@ 20x40 in and one piece of 20x50 in fabric
were used to assemble the PRSEUS frame specimerfodim core was CNC machined with all
the detail features required to support the frariespcarbon fiber rods and resin infusion

processing. The fabric plies for the frame weremitas described above including the keyhole
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features required at stringer intersections. Thaildewere then joined by stitching in order
create a preform assembly. The completed prefosanalsly was then transferred to a rigid t
(outer mold) (Figure Ba). After attaching the vacm (outlet) and resin line (inlet) to tl
preform, the epoxy resin was -heated and degassed for 15 minutes atR23Dnce the desire
vacuum level was established, the resin was intedunto the flow media (which rests on
inner surface of the partvhere it rapidly moved across the part surfaderedinally migrating
through the thickness. Once the part was filledhwiésin at 250°F, the cure cycle v

implemented at 350°F (Figur&8).

_ Outlet

(a) Tooling

Figure83. PRSEUS fabrication steps.
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Figure 83 (cont'd).

e =
uum

;;Vaq

e

(c) Infusion step

As noted earlier, bonding of the pultruded rodgshe multiaxial constituent of PRSEUS was
prevented during resin infusion by a Teflon tubeerng the rods. Once the infusion and curing
cycles were completed, the pultruded rods were dsgtlvn from the wrapping (multiaxial)

stiffener constituent, and prepared for the subsegprestressing/bonding step.
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4.5.1. Prestressing of PRSEUS Frame

The rods were wrapped with the non-creep, highgperdnce adhesive film. The adhesive film
would help establish aerospace-quality, thermatple bonds between the pultruded rods and
the multiaxial fabric constituent of PRSEUS, whesthibit minimum creep deformations. After
inserting the pultruded rods into the holes of shifeners (stringers), the prestressing fixtures
(introduced in previous reports) were mounted atehds of the pultruded rods. Each fixture
comprises a steel tube filled with high-performaepexy. The steel tube length is 250 mm; it
has an outer diameter of 25 mm and a wall thickeé€& mm. The inner surface of the tube is

threaded in order to enhance bonding betweenlted &poxy and the steel tube.

The pultruded rods were subjected to (pre-)compres$oading using the light-weight

prestressing tooling introduced earlier. The corsgike load is transferred from the tooling to
the fixture tube via bearing action, and then tiamed to the wall of metal end fixtures. The
load is finally transferred to the rods via inteitd shear between the epoxy filled end fixtures
and the pultruded rod. The pre-compression loahawvn as red arrows in Figure 84. The rod
pre-compression is balanced by the pre-tension loleed in the multi-axial composite

constituent of PRSEUS (blue arrows in Figure 84hisTpre-tension is transferred by the
gripping mechanism between the prestressing toahtythe specimen during the application of
pre-compression. The grips used here are similathtse employed in tension tests on
composites. The prestress level was monitored taynsgages mounted on the pultrudeds rod
and the multi-axial composite constituent of PRSEUSe targeted compressive pre-strain
developed in the pultruded rod was 8,000 micrastrdhe pre-compression in pultruded rods

and the balancing pre-tension in multi-axial conifgowere retained, and the whole system was
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placed in an oven where it was subjected to thenguwycle of the epoxy adhesive film. Ti

curing cycle comprised one hourexposure to 30F.

Figure 84 Application of the compressive prestrain to thérpded rods using the ne
prestressing tooling, with balancing -tension developed in the muéikial composite
constituent of PRSEUS.

Once the curing cycle was completed, four stragegavere mounted on the PRSEUS specil
and connected to the data acquisition system. Tégessing force in pultruded rod was tl
released from the external support system, andsfemed to the muaxial fiber composite

constituent of PRSEUS via interfacial bond shed&wvben them

4.5.2. Specimen Preparation, and Compression Test Procedures

To prepare the specimen for compression test, ttteg plates were used as end plates. The
plates prodce fixed support conditions, and also allow faddransfer to specimen via sh
mechanism between the end grips and the ends ®?RSEUS frame specimen. As showi
Figure 85, a steel plate 25 mm in thickness, wilfiTashaped piece cut out of constitutes the

end plate. The gap between the end plat-off and the stringer specimen is filled by a I-
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performance epoxy to simulate the actual suppantition of PRSEUS stringer under serv

loads.

End Plates

Figure 85End potted plates constraining the PRSEUS frameimga ends in compressi
tests.

PRSEUS frame specimens were subjected to compneksading to failure in a servova-
controlled hydraulic test system at a constant ldcgment rate of 0.1 mm/sec. ling
compression loading, the applied force and thestresd displacement were recorded usil
computerbased data acquisition system. Compressive force applied along the string

direction. Figure 86 shows the compression tesip
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Figure 86 Compression test setup

4.5.3. Experimental Results and Discussion

The measured value of peak compressive load fatnessed the PRSEUS frame specimen was
387 KN which was approximately ~25% (based on ompéicaed test) higher than that of the
non-prestressed specimen (301 KN). Figure 87 shbegesults of compression tests on non-
prestressed and prestressed PRSEUS specimensilline ihechanism in compression initiated
from the conjunction area of the stringer and slaading to failure of the stringer web followed
immediately by failure of the wrapping multiaxiabraposite. The failure path and mechanism
were similar to those observed in compression testsnon-prestressed PRSEUS stringer

specimens reported earlier. Figure 88 shows adffiitane specimen.
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Figure 87 Peak compressive loads of prestressed v-prestressed prseus frame specin

Figure 88 Prestressed PRSEUS frame specimen after fafluremjressior

4.6. Evaluation of the Stability of Prestressing Forceover Time in Prestressec
PRSEUS

Stability of the prestressing force is important fpreserving the structural benefits
prestressing over the life of structure. A compreiee experimental work was conduc

towards determining and mitigating any excess cieformations and loss¢of prestressing
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force. Also, effects of thermal cycling at high ridity on prestressed structures was

investigated in order to assure stability of pesstimg under repeated freez-thaw cycles.

4.6.1. Creep

Creep is the time-dependent deformation of a nedtander constant stress. While all materials
exhibit an initial elastic strain when stressedaisttends to increase over time under sustained
stress. If a material is perfectly elastic, eitleear or nonlinear, strairg) will not increase over
time, and will be a function of stress)(only, as expressed below (the following equations

assume that environmental conditions such as teatfyerand moisture are held constant).
e =1 (o) 1)

Elastic solids store energy when they are loaded,use this energy to return to their original
shape when unloaded. Liquids, on the other harelyv&cous in that they flow when loaded
externally, and the extent to which they deformtime-dependent. However, if a material
exhibits a behavior that is a combination of viscand elastic responses to external forces, it is
considered viscoelastic (with time-dependent respoto stress). The strain developed in a

viscoelastic material is a function of both strasd time:
e=f(o, 1) (2)

A viscoelastic material can be characterized deeelinear or nonlinear with respect to stress. In
Eq. (2), fo, t) can be expressed in terms of two componentsgdependent on time, h(t), and the
other dependent on stressg)g(implying that the stress- and time-dependenofestrain are

separable):
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€ =90).h® @)

Assuming that the material is linear viscoelagtig function g§) would be linear with respect
to stress. Likewise, if the material is non-lingacoelastic, then g would not be linear. For a
linear viscoelastic material, the constant assediatith g6) could be included with h(t) in a

newly defined function, S(t), which is called cremmpliance. Therefore, Eq. (3) becomes:
£ =S(t)o (4)
Rearranging Eq. (4), creep compliance can be es@ess:

S(t) =(t)/o ®)

If the material is linear viscoelastic, the cregmepliance, S(t), will be identical for any given
constant stresg; =o, . However, for a material that is assumed to bealr elastic (strain does
not increase with time), creep compliance is singhby=1/E, where E is the elastic modulus of
the material. For a nonlinear viscoelastic mategampliance would be dependent on both time
and stress:

S(t, o) = €(t, 0)/o (6)
Creep compliance, S(t), is determined through perémce of creep tests that measure strain as a
function of time for a given level of sustainedess, regardless of whether the material is linear
or nonlinear viscoelastic. In contrast to straitadalone, creep compliance is normalized with

respect to stress, allowing creep data producéskis at differing stress levels to be compared.

Under sustained stress, the inherent creep defamsadf PRSEUS structural components (rod
and multiaxial composite) combined with the creefpdnation within the bond region between
the two lead to losses of the prestressing for@r tine. Typical experimentla data reported in

the literautre on creep deformations of carbonrfd@oxy composites at different temperatures
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(Figure 89a) and under different sustained stegsld (Figure 89b) indicate that creep strains of

composites are relatively small, and occur mostithiw few days of application of sustained

stress. Creep strains tend to increase slightly iwitreasing temperature.
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(a) Strain Rise Over Time Under Sustained TengiesS of ~25% the Ultimate Strength [65]
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(b) Effect of Sustained Stress Level (expresseml@ercent of ultimate tensile strength — UTS)

on Compliance (invese of elastic modulus) 8C2[56]

Figure 89. Typical creep test results for carbberfiepoxy composites.
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Under sustained stress, creep deformations of csiepatructures combined with stress
relaxation of prestressing rods produce lossesrestgessing force over time. The approach
devised in this research to prestressing of PRS&dposite structures starts with prestressing
of pultruded rods against an outside support. Uptease of this prestress after curing of either
composite or the bond between pultruded rods aadnthltiaxial composite, the prestressing
force is transferred from external support to thaltimxial fiber composite constituent of

PRSEUS via interfacial bond. The bond between theyged rod and the multiaxial composite
should be capable of transferring the prestress fpultruded rods to the multiaxial fiber

composite constituent of the PRSEUS composite tsireic

The fact that the interfacial bond region betwelea pultruded rods and the multiaxial fiber
composite in PRSEUS is generally non-reinforced eaakis region susceptible to excess creep
deformations. The relatively small thickness ofstliegion, on the other hand, limits the
contributions of its relatively large creep defotimas to the losses of prestressing force over
time. The creep strainy(t) ,occurring in the bond region between the puléd rod and the

multiaxial fiber composite can be expressed as:
v(t) =AL(t) / h

where, h is the thickness of the bond region, ab() is the time-dependent shear deformation
within the bond region. In addition, the averageaststresss, acting along the bond length can

be computed as follows:

t=P/A ()
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where, A is the interfacial bond area responsibiesfress transfer, and P is the prestressing force
in pultruded rod. The normalized creep compliadge), of the bond region can be computed as

follows [67]:

J(D=(1/3(0)).¢(®)/7) (8)

Where, J(0) is the elastic compliance, af{t/ is the creep compliance.

4.6.1.1 Evaluation of the Compressive Creep of Pultruded Rod in Prestressed PRSEUS
(Stringer) Specimen

The creep phenomenon occurs in the pultruded hedmultiaxial composite, and the interfacial
bond region of PRSEUS composite structures. Expariai investigations of the creep attributes
of these PRSEUS constituents started with evalnatidghe long-term creep deformations of the
pultruded rod under sustained loading. Creep tgsts conducted at room and elevated®(85

temperatures over a time period of 120 hours.

Figure 90 shows schematics of the creep test s@&uppultruded rod under sustained
compressive loading. The rod, which was wrapped witnon-friction release film (which
prevents any physical bonding or mechanical int&ittg of the rod) is supported against lateral
buckling by a multiaxial composite; the rod is saiwhed between two stacks of multiaxial
composite. The non-friction release film interfagihe rod and the multiaxial composite assures

that no portion of the applied force, P, is trangf@ to the multiaxial composite.
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Figure90. The pultruded rod creep test setup.

Strain values were recorded over time for each mmjpambient and elevated temperatt
Figure 91 shows results of creep tests performedh qguuitruded rod subjected to sustai
compression. Generally, in both tests at room deslated temperaturethe bulk of creej
deformations occurred within a short time periogafhe test began. Then rate of creep red
until creep deformations approached a constantevalis expected, creep deformations
elevated temperature were larger than those at temperature. Creep strains at ro
temperature produced abalfe (based on one testjse in elastic strains (with the rod str
increasing from 8000 to 8105 microstrain over 18Qrk). This rise wa~5% (based on one te

at elevated temperature (withe pultruded rod initial strain of 8000 microstrancreasing t
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8360 microstrain over 120 hours). The relativelyw loompressive creep strains observed

can be attributed to the effect of lateral suppbthe multiaxial composite which prevenocal

buckling of fibers in the pultruded rod under coegsion. This positive feature also exist:

PRSEUS composite structures where pultruded radswpported against lateral buckling by

multiaxial composite constituent of PRSEUS. Preitamng d the multiaxial composite great

benefits its confinement/lateral support actionewhompared with the test specimen of Fic

90.
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Figure 91 Compression creep test results at room and el@vtamperatures for pultruded r

supported against lateral buckling by multiaxiainpmsite

The compressive creep test data for pultrudedmambinditions (conservatively) simulating thc

in PRSEUS indicated that the compressive creepri@fitons of pultruded rod are negligit
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even at elevated temperatures. Hence, losses stirggsing force cannot be attributed (to any

large extent) to the creep deformations of pultducels.

4.6.1.2. Creep Deformations within the Interfacial Bond Region

As noted earlier, the non-reinforced bond regiorvufnerable to excess creep deformations.
Efforts were made to employ an adhesive agent mitiimal creep deformations. Thus, creep
tests on the interfacial bond region in PRSEUS wemneducted using three different adhesive
bond agents: (i) bonding form via infusion of theltaxial constituent of PRSEUS with epoxy

resin; (i) Redux 312 adhesive film; and (iii) AB2-2A adhesive film. The processing steps
involved in formation of PRSEUS stringer specimerith these interfacial bonding conditions

were explained in part 4.5. For the infused bonsigecimens (first set) interfacial bonding is

established simultaneously with the infusion of tindtiaxial composite.

Once the curing cycle was completed, four stragegavere mounted on the PRSEUS specimen,
and connected to the data acquisition system. &i§@rshows the prestressed specimen, after
transfer of the prestressing force, that is subptb creep tests. The strain values recorded by
strain gages were recorded over a 36-hour peri@néiient and elevated (85) temperatures.

The reference strain gage (Figure 92) was usedtuotor the losses of prestressing force.
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Reference Straingage

Figure 92Creep test setup

Experimental Results and Discussion

Figure 93 presents the valuesstrain, measured at room and elevate®C) temperatures, c
top of the stringer specimen (at 1-span) versus time. The losses of prestress arevellst
occur at a relatively fast rate within few hourteatransfer of the prestressing force. r about
24 hours, the prestressing force tends to stabilzenoted earlier, we have attributed th
losses primarily to creep deformations within tlwymeric interface of the pultruded rod a
the multiaxial composite constituent of PRSEUS c8ith¢ (uniaxial fiber composite) pultrude
rod experiences less creep, which would have afremgurred during the time period it
prestressed against an external support, its cfeg@xation) is not expected to make ¢
important contribution to the losof prestressing force after it is transferred te thultiaxial
composite constituent of PRSEUS. The contributiohsreep within the multiaxial compos
constituent of PRSEUS to losses of prestressingefare also secondary when compared

those otthe interfacial bond regic
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Figure 93. Strain versus time at different tempees for prestressed PRSEUS stringer

specimens.

The creep test results summarized in Table 10 atelithat the low-creep adhesive filar{162-

2A) controls losses of the prestressing force. Anaihgrestrain of 4,950 microstrain dropped to
4,740 microstrain after 36 hours at room tempeeafcorresponding to ~4% loss of prestressing
force, based on one test) when the AF-162-2A loeeg adhesive film was employed. As
expected, the loss of prestressing force was momopnced at the elevated temperature 8€85
(22% over 36 hours based on one test), from 4,840340 microstrain. The levels of creep loss

observed with other bonding agents were signiflgamgher than the upper creep threshold of

~20%.
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Table 10. Summary presentation of creep test datar§eus stringer specimens.

Total Creep
Bond Agent Room Temperature | Elevated Temperature (85°C)
Infusion-Based 14% 47%
Redux 312 Adhesive 29% 55%
AF-162-2A Adhesive 4.0% 22%

4.6.2. Environmental Effects

Since aircraft experience thermal cycling duringhetake-off from a warm airfield, which can
turn into freeze-thaw cycling in the case of takefimm a warm and humid airfield, stability of
the structure and the prestressing force undezdrdgaw cycles is a concern. Freeze-thaw
cycling aggravates any adverse effects of thermpeing due to the expansive stresses applied
by freezing water absorbed in constrained areasilé&i effects of freeze-thaw cycles on
prestressed concrete structures have been investi§8, 69]; some investigations have also
undertaken on the stability of pultruded (FRP) coenig reinforcement and concrete under
freeze-thaw cycles [70-72]. These studies conclutatfreeze-thaw cycles can deteriorate the
bond between concrete and composites. Abdol andarAgtonducted an experimental
investigation of the performance of adhesive joimééween composite parts under temperature
cycles [73]. Single-lap shear tests indicated teatperature cycles insignificantly lower the
shear strength of adhesive bonds between composites also increase the deformation at

failure (by lowering the elastic modulus) of adivesbonds by 20%.
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The fact that the interfacial bond region betwelea pultruded rods and the multiaxial fil
composite in PRSEUS is generally -reinforced makes this region potentially suscegptiiol

degradation under thermal cyclir

Experimental work

In order to ewluate the stability of prestressing under fr-thaw cycles, one prestress
PRSEUS stringer specimen was subjected to repestdds of freezing and thawingEach
cycle comprised 8 hours of freezing-30°C followed by 8 hours of thawing at °C temperature
and 100% relative humidity. In order to preventrtha shock upon transition from freeze
thaw step, the sample was kept at room temper&tum@e hour after the freeze step. Thtal
duration of each cycle was 18 ho The temperature timeistory for each free--thaw cycle is

shown in Figure 94. The specimen was subjecte@ fioekz-thaw cycles.
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40
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Figure 94 Temperature tin-history during one freezitaw cycle
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The prestressed PRSEUS stringer was fabricatedoeesiressed. Once the curing cycle was
completed, four strain gages were mounted on tH&HRFS specimen, and connected to the data
acquisition system. Then the thermal cyclic stamédle the specimen was transferred into
freezer for 8 hours followed by 8 hours of thawstgp in humidity chamber. Figure 95 shows

the specimen during freezing and thawing step.

(a) Freezing step (b) Thawing step

Figure 95. Freeze-thaw test setup.

Figure 96 presents the values of strain versus, tmeasured during the freeze-thaw cycles with
a strain gage placed on top of the stringer spati(ae midspan). The losses of prestress are
observed to occur at a faster rate within the fiest cycles after transfer of the prestressing
force. After 24 hours, the prestressing force teladstabilize. We have attributed these losses
primarily to two phenomena: (i) partial degradatafrthe polymeric bond at the interface of the

pultruded rod and the multiaxial composite constituof PRSEUS under freeze-thaw cycles;

and (ii) creep deformations within the polymerimbaegion at the elevated temperature 650

(corresponding to the thaw step in freeze-thawes)cl

Experimental results indicated that an initial pne&s of 4,970 microstrain dropped to 4,310
microstrain after 10 cycles. (corresponding to ~5@lloss of the prestressing force based on

one test). Although this loss of prestressing fasceithin the acceptable level of 20% assumed
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in design, the freezlraw loss can be mitigated by selecting an adhesgent which offer:
improved stability in humid environments when exgbto temperature cycles. It should
noted that the adhesive agent used here was skleated on its strucal performance an

hightemperature creep behavic
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Figure 96. Prestrain timieistory in prestressed PRSEUS specimen subjectegbéated fre:-

thaw cycles in humid environme

Chapter 5. Analytical and Numerical Modeling

This chapter presents an analytical model to ptetie contribution of prestressing towa
delaying the buckling of the web of the PRSEUSger subcomponent. Finite element anal
of the stringer subcomponent is also reviewed. Gompns are madbetween analytice

predictions of prestressing effects versus experiaieesults
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5.1 Analytical formulation

Experimental observations indicate that failureRRSEUS is governed by the buckling of
stringer, which involves initial local buckling afs web (multiaxial component) followed by

failure of the wrapping multiaxial wrapping aroutine pultruded rod, which leads to buckling of
the pultruded rod due to loss of confinement. Thigrpded rod, which is under-utilized here,

can carry more load if local buckling of the webulkb be delayed. A prestress system
comprising pre-compressing of the pultruded rod mredtensioning of the multiaxial composite

delays local buckling in compression of the (pmestened) web. This prestress system is

schematically depicted in Figure 97.

Figure 97 Schematic depiction of the prestress system comgr@e-compression in pultruded

rod and pre-tension in the web.

5.1.1. Analytical Formulation

Since failure occurs at the web of the PRSUS string simplified analytical model was
developed for the buckling failure mode of this gument. The web was modeled as an
orthotropic plate restrained along the four edget) edges along y-axis subjected to a linear

uniform load (Figure 98). The effect of the pulteddrod was modeled as an elastically flexible
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support whose with a stiffness that reflects tleedtal stiffness of the pultruded rod. A camped
support condition was assumed at the conjunctiaghetkin and the web. This simplified model
reflects presence of a relatively thick skin tigastitched to the web plate. Other edges along the

y-axis are assumed to be simply supported.

Nx Flexible

—f
i

ey

w i

Figure 98. Model of the stiffener plate under umiccompressive loading.

The prestressing effect was modeled as externaadinoading calculated using classic
prestressing equations (Figure 99). An expliciuBoh was developed for calculating the local
buckling of the prestressed composite plate. Ryesitng was be considered as a parameter in

analysis of composite plate structures.
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Figure 99. The prestress (Npre) and compressivke(ldg) systems applied to the stiffener web

plate.

5.1.2. Variational Energy Formulation

In order to analyze local buckling of the web pldke first variational principle of total poteritia
energy was employed [74]. In general, the totaéptél energyI(l) of a plate structure is equal
to the summation of the strain energy) Gtored in the plate and the flexible restrairgesg and

the work §) done by external loads. It can be expressed as:

I1=U +V (5.1)

where,V = 2N, g , andU =U( gj) . Thus,

II=- ZNi g+ U(Sij) (5.2)

For linear elastic problems, strain energy is esgped as

1
U = EfVO-ij gijdV (53)
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The stationary state for a system correspondsdacsthite where the first variation of the total

potential energyd(1 ) is zero. Hence, the condition for state of efjritim can be expressed as
oIl = —ZNl6ql + fV O'l'j Ei]'dV =0 (54)

A variational formulation of the Ritz method [75]p#/ then applied to solve the elastic buckling
problem of the elastically restrained orthotroplat@ subjected to non-uniform, in-plane axial
load (i.e.,NxandNpre). The plate was elastically restrained with trestt translational restraint

stiffness coefficient& along x-axisat Y = b (see Figure 99). In the variational form of thézRi

method, the first variation of the elastic stranmemgyy stored in the plat®e), the strain energy
stored in the elastic restraints along the rotatigrestrained boundaries of the plab&J{), and

the work done by the in-plane biaxial for@/j are computed by proper selection of the out-of-

plane buckling displacement functiong)( The elastic strain energy in an orthotropic @léte)

is expressed as

1
Ue = Efg f{DnW,?x + DZZW;y + 2D1pWyxWyy + 4D66W9?y} dxdy (5.5)

where,Di (i, j = 1, 2, 6) are the coefficients of the plate bagditiffness (Jones 1999), afids

the area of the plate. Therefore, the first vasial form of elastic strain energy stored in the

plate @Ue) becomes

U, = fo{Dllwxx5Wxx + DWWy + D1z (Wax SWyy, + Wy, W) + 4D66ny5ny} dxdy

(5.6)
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The strain energy stored in the translational a@std edge (L) is equal to the energy stored in

the pultrueded rod as flexible support of the platel can be expressed as:
Up == [ El(Wyxly=p)?dx (5.7)

where, E and | are the elastic modulus and the momkinertia of the pultruded rod. The

corresponding first variation of strain energy stbm the elastic restraints along the translationa

restrained boundary of the plad)) can thus be calculated as

8Ur =[5 ElWaxly=p) 8 Waxly=p)dx (5.8)
The work ) done by the in-plane non-uniformly distributedadocompressive forceNg, Npre )
(Figure 98) can be written as

V =N, [f,w# dxdy — 2 Nyre_p [[,(1 + a2)w? dxdy

(5.9a)

where, Nx is the uniform compressive force per ueitgth and Npre-b is the prestressing
(tension) load at the level of y=0, ands defined to reflect the non-uniformity of presting

load along the y-axis, expressed as

a = (Npre—u_Npre—b) (59b)
Npre—b

Hence, the first variation of work done by the iafn® biaxial force becomes
8V = N, [f, wy Swydxdy — Nyrep ff, (1 + a%)wx(SWx dxdy (5.10)
Using the equilibrium condition of the first vaii@tal principle of the total potential energy (see

Eq. (5.4))
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8Tl = 86U, + 6Up — 8V =0 (5.11)

and substituting the proper out-of-plane displacgnfienction (v) into Eq. (5.11), the standard

buckling eigenvalue problem can be solved by ttie Rethod.

5.1.3. Out-of-Plane Displacement Function

Choice of a proper out-of plane buckling displacetrfanction (v) is very important in solving
the eigenvalue problem. Several shape functiongpaneosed in the literature based on either
combined sinusoidal or polynomial functions [76-78Jao proposed a combined harmonic and
polyniomial function for plates with a free edg®].7This shape function develops one harmonic

shape along the free edge and polynomial shapeg #henedge perpendicular to that.

For the particular case of the first buckling moedich develops one half-wave and one
polynomial shape along the X axis and Y axis, respely, of the plate was considered in this
study to obtain the explicit local buckling solutiof the plate. The general form of the buckling

displacement is

2 3 4
w(x,y) = w, ((%) +1M; (%) +1, (%) )sin%x (5.12)
By properly choosing the weight constantsn&f, the novel displacement function in Eq. (5.12)
provides an approach to account for the effechefftee edge of the plate.

As shown in Figure 98, the boundary conditions g@ltme restrained and loaded edges can be

written as

w(0,y) =0 (5.13a)
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w(a,y) =0 (5.13b)

M, (0,y) = —D1y (ZZTVZV)FO =0 (5.13c)
My(a,y) = —Dy; (%) =0 (5.13d)
w(x,0)=0 (5.13¢)
6(x,0) = (‘2,—”y”)y=0 =0 (5.13f)
M, (x,b) = —D,, (ZZTZ)yZb =0 (5.13¢)
0y=~Dan[53] | —EITGEP =0 (5.13h)

By applying the boundary condition of general fotime coefficients will be obtained, and the

shape function will be expressed as

wiey) =wo((2) —2(2) +2(2) )sinZ (5.14)

5.1.4. Explicit Solution

By substituting Eq. (5.14) into Egs. (5.6), (5.8d&5.10), and summing them up according to
Eq. (5.11), the solution of an eigenvalue problemidcal buckling of the prestressed, elastically
restrained plate subjected to uniform, in-planealbgompressive load is obtained. After some
symbolic computation, the local buckling coeffidigior the elastically restrained plate (see

Figure 98) can be explicitly expressed as:
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: 6480A*bD22 — 6480a’bm + 2592A*bD11m + 2880A*b D66T* +

X 7 405a2b 12 [

a%b (405 + 301a)Npep + 1080EIT] (5.15)
where,A = a/bis the aspect ratio of the platejs defined in equation 5.9a.As shown in eq. 15,

the presence of prestressing increases the budkkaagof the plate.

In order to assess the effect of the pate geonoetrihe prestressing effects, the above equation
was solved for a plate structure resembling the @f@PRSEUS stringer. The assumed input data
reflected the material properties and dimensionghefstringer web. The prestressing load was
considered to be the resultant stress system pedduncthe web of the prestressed PRSEUS

stringer. Table 11 shows the parameters used iatialysis.

Table 11. Properties and the prestressing loakdeoPRSEUS stringer web.

a (mm) 380
b (mm) 35
| 10.9
D11 (GPa-mn) 10.44
D22 (GPa-mm) 6.75
D66 (GPa-mn) 5.18
E (Gpa) 1.40E+11
| (m*) 4.04E-10
NpreTOP (N/m) 4.38E+0b
NpreBOT (N/m) 1

By substituting the above values in Eq. 5.15, thekbng load of prestressed and non-
prestressed plates were calculated as 58.8 andkdN,.Bespectively. This corresponds to ~25%

enhancement of budkling load via prestressing.
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In orderto assess the effect of aspect ron theperformance of prestressed and-prestressed
plates under compressive ptane loaing, and also determinthe correlation betweethe
prestressing benefits artle plateaspect ratio, the buckling loads foreptressed and n-
prestressed platedth Table 1linputs were calculated, with the outconpessented in Figur4.
These results indicatthat prestressing is more effective as the aspict mcrease, while it
becomes negligible for plates with high aspecbs. Figure 5 presenthe predicted benef of

prestressing versus the plaspect ratic
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Figure 100 Buckling loads versus aspect raticprestressed and ngmestessed plates.
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Figure 101 Prestressing benefits vershe plate aspect ratio.

5.2. Finite Element Modeling

5.2.1. Introduction

The PRSEUS stringesubcomponen were analyzed using th@BAQUS package[80]. The
analysis accountetbr geometric nonlinearities but not sticity. Structural constituents we

modeled using quadrilateral shell elem, except for pultruded compositeds which were
modeled as solid elements attached to top of the stiffener webs. hFougl-the-thickness
stitches werenot modeled as their effe on numerical analysis not significan{81, 82]. The

buckling loads and mode shajwere analyzed using the Eigen-value metl8%j. |
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The finite element model for a rod-stiffened PRSE#&ger specimen is shown in Figure 102;

this model has 50380 nodes and 46284 elementsdddrees of freedom on the specimen edges
and the boundary conditions were defined to reflbet specimen end restraints and edge
supports. For a region of one inch from each emd, inside the potted region, all degrees of

freedom were restrained except for that allowingsfwortening of the specimen.

Figure 102. Finite element model of the PRSEU®1@&t subcomponent.

5.2.2. Eigen-Value Analysis

Linear elastic analysis was used to identify thekbog mode of the stringer subcomponent
under compressive loading. In order to obtain amginic loading pattern, the middle of the
specimen was restrained, and unit load are apfdi¢gte ends of the model. It is noteworthy that

by restraining just one end of model and applicatibload to the other end, the distribution of
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load will not be uniform. The reason is that at support end displacement is uniform (zero),

while at the loaded end the applied force but hetdisplacement is uniform.

The potting material was not modeled. Each configan was first analyzed to determine the
linear, nonlinear and buckling behavior using assdinproperties for each individual ply.
Buckling loads and modes were derived based oneadiprebuckling stress state. Figure 103

shows an example of the buckling mode shaper dPBRSEUS stringer subcomponent.

Figure 103. Buckling mode shape of the PRSEUSg&risubcomponent.

5.2.3. Nonlinear Analysis

A nonlinear analysis was conducted with an assumiédl imperfection in the shape of the
buckling mode corresponding to minimum buckliige imperfection mode with amplitude of
0.025 mm (approximately 1/100 of the thinnest skir@s input to trigger nonlinear behavior.

Load was applied to the specimen in the form opldsement equal to 10 mm at each end.
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Analysis was performed using Ritz method, initilpacement increment set at 0.01 mm and
minimum and maximum increment of displacement logdset at 0.01 and fomm,

respectively. These limits decide when the changaternal load is significant, and reduce the
increment in loading (noting that loading is innteof displacement) accordingly. Properties for
each ply in each stack were used in failure analyBhe assumed ply properties for the rod-

stiffened specimens are given in Table 12.

Table 12. Material properties used for finite elatanalysis [32].

Longitudinal Stiffness, GPa 144
Transverse Stiffness, GPa 5
Shear Stiffness, GPa 2.5
Poisson Ratio 0.35
Ply thickness, mm 0.14

Failure compressive longitudinal strgir6500x10°

Failure tensile longitudinal strain 1100051LD

Failure compressive transverse strain 6500x10

Failure compressive transverse strain 11000X10

Failure Shear Strain 20000x910

The axial strains throughout the specimen, detexchfrom finite element analysis, are shown in

Figure 104.
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Figure 104. Strain distribution in the PRSEUS sgeinsubcomponent.

5.2.4. Progressive Failure Analysis

In order to evaluate the effect of failure of eaii on the system behavior, the progressive
failure method was employed. In this analysis, casgive loading was applied incrementally to
the specimen, and the damage index of each plycalaslated at each increment; once the ply
reached to its ultimate capacity, it was removeenfthe model, and loading was continued on
without the failed plies. Hashin model was usedrder to take the material degradation into
account [84, 85]. The ultimate load obtained framté element analysis was 201 KN. This

value is in good agreement with experimental peakl lof 185 KN for non-prestressed PRSUS
stringer subcomponents. The finite element analysasliction of failure load was ~9% higher

than the experimental value (compared to experiah@asults performed on 4 specimens). This

difference could be attributed to the assumed ptigggeand support conditions used as inputs to
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the finite element analysidof example,end potting plates may not create fully clam
conditions in experimentsFigure105 shows the@xperimental and numerically predictload

versus longitudinal strain of neprestressed PRSEUS stringer subcomponent.

o

Figure 105. Loadrersus longitudinal straiobtained through finite element analysis

compression testing of the PRSEUS stringer subcos.

5.2.4. Finite Element Analysis of the Prestressed PRSEUS Stringer Subcomponent

The analysis was performed tthe stringer subcomponewith application of prestressing. T
prestressing load was applied by defining a theiexpansioncoefficient,a, for the pultrudec
rod with that of the remainder the structure set at zero. Thermal loadifg, was applied to
cause prestraining of the pultruded: epre=u.AT. The thermal expansiaoefficient wasset to

102 1/C, and ahermal load of 8 (was applied (with initial temperature s#t0 C) in order to
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simulak prestressing of the PRSEUS stringer subcomp. Subsequent analysis of t

subcomponent under lodlaus reflected the prestressing ef.

The interfacial bond regiobetween theultrudedrod and the multiaxial composite winitially

modeled as a thin elastdastic materia analysis, howeverdid not converge. Since failu
occurred at mid-spangabserved in experime), tie interaction was useab the interface zone
between the pultrudecbd and the multiaxial composite. FigL106 shows stres distribution
after the prestressing stdfinite elemer analysis verified development td@nsile stress profil

within the stiffenerconstituent of the PRSEUS stringer subcompc.

LE, Maz. [n-Planz Principal
SMEG, [Mactian = -1.0), Layar = 3
[#eg: 7EH)

+1.501=-0
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Figure 106 Stress distribution aft¢he prestressing step.

The loading step was performed on the specifollowing the analysiprocedures used with tl

non-prestressed modeloading was continued until the model did not cogeerFigurel07
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shows the ultimate straidistribution within the pestressed PRSEUS stringer subcompc.
Finite element analysis of tipeestressesubcomponent yielded an ultimatempressivdoad of
279 KN. This is ~1% higher than that obtaindn experiments. The differencan be attributed
to imperfections and cep deformationin the interfacial areaf experimental specimens, whi
lead to loss of the prestressifogce and thudower the effectiveness of prestressing. Accorc
to theoutcomes of finite eleme analysis, prestressing enhanced the ultinatepiessive load-
carrying of the PRSEUStringe subcomponent by ~40. Because of the reass explained
above, the gaim structural performance with prestres: in the experimental work was low
than thatpredicted by finite element analysis. The finiteement analysis prediction ai
experimental relationships of compressive versus longitudinal strain ashown in Figure

108.
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Figure 107 Longitudinal strain for prestressed PRSEUS sén
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Figure 108 Experimental versus finite element analysis mtsah of load versus strai
relationship foithe prestressed PRSEUS stringebcomponer
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Chapter 6. Summary and Recommendation

Fiber reinforced composites offer particularly degiperformance characteristics under tensile
loading; their compressive properties, however,egaly fall short of than in tension. The

generally inferior material properties of compasite compression together with the buckling
modes of failure in compression tend to goverrufailof composite structures, leaving their high
tensile properties under-utilized. An approach tespressing which generate a pre-tension in
composite structures was investigated in an eftodelay the compressive modes of failure in

order to effectively utilize material propertiestension.

6.1. Summary

Throughout this research, comprehensive experirheartd numerical investigations were
conducted in order to evaluate the contributionpastressing towards enhancement of the
structural performance of composite structures wunitkxural and compressive loads. A

summary of these investigations is presented below.

Analytical and experimental results demonstrated finestressing can benefit the efficiency of
composite structures by inducing a stress systenthwlounteracts the critical stresses
developed under service loads. The tensile styetera developed in composite structures upon
prestressing favorably shift the stress range ogeel under flexural loading to delay

compressive stress excursions, under service ldhds, benefiting the ultimate load carrying

capacity of composite structures. Flexural testdopmed on replicated non-prestressed and
prestressed composite box sections confirmed tlestnessing increases the flexural strength of

the composite box section by inducing a tensilestpess system. Prestressing of the composite
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box sectionincreased the peak load by ~90% ((based on onewldd it added only ~15% to
the weight of the structure. The gain in strengthweight ratio upon prestressing was ~65%

(based on one prestressed and 4 non-prestresged tes

1. Experimental results demonstrated the damagingtetie repeated compressive stress
excursions during fatigue loading (i.e., tensiompoession fatigue) on the service life of
composite structures under fatigue loading. Presilng of composite structures can
introduce tensile stress systems which favorabift she stress range developed under
fatigue loading to avoid compressive stress exouossiand ensure a tensile-tensile fatigue.
This shift can significantly improve the fatiguéeliof composite structures. Flexural fatigue
tests performed on non-prestressed and prestresseposite box sections confirmed that
prestressing, by shifting tension-compression tegitp tension-tension fatigue, significantly
reduced the rate of stiffness loss under fatigaeliftg. Prestressing of the composite box
section doubled the number of load cycles requicegproduce 30% stiffness loss when
compared with similar non-prestressed sectionxufé testing of composite box sections
to failure indicated that, although the prestresssstion were subjected to twice the number
of load cycles applied to non-prestressed sectithres,ultimate load carrying capacity of

prestressed sections was over ~50% more thanfthaheprestressed sections.

2. A refined fabrication process for prestressing loé tPRSEUS composite structure
employing the under-utilized pultruded rod was deped, which did not impose any
weight penalty.The setup for fabrication of PRSEUS ‘stringer’ speans via the CAPRI
approach to resin infusion was established. Ther filolume fraction and void content of the
resulting PRSEUS composites were measured, and wemgpared against those of

PRSEUS composites produced by Boeing. The measwie@ of fiber volume fraction
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(62%) was comparable to the 60% fiber volume foactof Boeing specimens. The
measured value of void content (~1.5%) was alsoimwithe range (<2%) reported for
aerospace composite structureght-weight and efficient tooling was introduceato the

PRSEUS fabrication process for application of trespessing force.

3. The structural performance of PRSEUS under compeedsads was enhanced by
employing prestressing. The prestressing was imgieed via application of the preexisting
pultruded rod which leave the structure being pessed with no weight penalty.
Fabrications processes of non-prestressed andrgeesti composite structures were
established to produce pretentioned PRSEUS. Nastrpesed and prestressed pretentioned
PRSEUS “stringer” specimens with different levelpoéstressing were fabricated, and were
subjected to compression tests. The contributidnea@stressing to structural performance
of PRSEUS composite systems were verified in cosgioa tests. The experimentally
observed enhancement to buckling strength dueastnessing effects increased by increase
of level of prestressing. The maximum level of messing which corresponded to exploit
of 100% of reserved capacity of the pultruded rdwbvwed 32% (with 95% level of
confidence) gain in postbuckling strength of thesmen. Prestressed and non-prestressed
PRSEUS frame specimens were subjected to compnesssbs in order to evaluate the
contribution of prestressing towards enhancementhef compressive strength of the
relatively large and complex PRSEUS frame specinteath PRSEUS frame specimen
comprises two stringers (stiffeners) and one frasmaponent. The enhancement realized in
the compressive strength of frame specimen thrqughtressing was over 25% (based on

one test).
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4. The long-term stability of the prestress systemettgpyed in PRSEUS composite
structures is important for preserving the struatinenefits of prestressing over the life of
structural systems. The negligible creep deformatiobserved in creep tests conducted on
pultruded rods and further analyses of the mulllagomposite constituent of prestressed
structures suggested creep deformations occurlyaatj¢he interfacial bond region between
the pultruded rod and the multiaxial composite.sThegion is not reinforced, and thus
relatively large deformations of the polymeric bamgion (in spite of the relatively small
thickness of this region) tend to govern lossestha& prestressing force. Steps were
implemented to reduce the losses of prestressirgg foy limiting the creep deformations
within the interfacial bond region in PRSEUS commostructures. Several attempts made
in order to reduces the losses of prestressing fimough use of creep-resistant adhesive
bonds between the pultruded rod and the multi-acaahposite constituent of prestressed
PRSEUS composite structures. A low-creep adhegyemtawas found to perform well in
ensuring the stability of prestressing force oweretat extreme temperatures. Two similar
pretressed PRSEUS specimens were fabricated wish (&F-162-2A) adhesive agent,
which were subjected to room temperature antiC88.85F) temperature over extended
time periods. The creep deformations occurred lgrgéthin 36 hours. The prestressing
force experienced losses of about ~4% and ~22% d@pB8rs at room temperature and at
85°C temperature, respectively. It should be notetdtti@mapproach developed in the project
to design of prestressed PRSEUS composite strgdia assumed effective prestress levels
(after losses) of 80%. Hence, the loss of 22% predwnder extended exposure to the

extreme service temperature of°85is very close to the assume level of 20%. Given t
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relatively rapid rate of creep deformations in mogrs and composites, the prestress level

tends to stabilize after 36 hours, and limited éssare expected to occur thereafter.

5. In order to evaluate the stability of prestress&5PUS under thermal cycling, freeze-
thaw test was conducted. For this purpose, a pssstd PRSEUS stringer was fabricated
and processed and subjected to freez-thaw cyclesspecimen was subjected to 10 cycles,
each cycle consisted of 8 hours at freezing tentyeraof -300C followed by 8 hours at
50°C and 100% humidity. The prestressing level wasnded during the throughout the
test. The results showed that level of initial messing was dropped by ~10-15% (based on
one test) which was combination of creep loss aeezfthaw effect. However, the 10-15%

loss is still under the assumed prestressing [b26%.

6. An analytical approach was developed in order &ess the benefits of presstressing
toward increasing the buckling threshold of plaf@se first variational principle of total
potential energy was employed to explicitly exprimgsbuckling load of the plate structures.
The explicit expression included prestressing asirgut. As expected, the predicted
buckling force increased with prestressing. Anabjtievaluation of the buckling load for
plates with different aspect ratios indicated tha¢ benefits of prestressing are more
pronounce for plates with aspect ratios close tél4o, analytical investigations indicated

that prestressing can raise the critical buckloaglof the PRSEUS web by ~25%.

7. The contributions of prestressing to the structyraiformance of PRSEUS stringer
subcomponent was evaluated by finite element moglelfwo cases were evaluated: (i)
non-prestressed; and (ii) prestressed (where thstrpssing effect was induced using a
thermal expansion coefficient mismatch between phaéruded rod and the muliaxial

composite constituents of PRSEUS). The ABAQUS diretement analysis package was
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employed for numerical modeling of prestressed ramulprestressed systems. Eigen-value,
non-linear, progressive failure analysis proceduese employed in order to find the peak
loads of the prestressed and non-prestressed moadelsr compressive loading. The
ultimate compressive load-carrying capacities @spessed and non-prestressed PRSEUS
stringer subcomponents were found to be 201 andKXN9respectively, indicating 38%
gain upon prestressing. These values are somewigaerhthan the corresponding
experimental results; the predictions of finiteneét analyses were ~9% and ~15% higher
than experimental values for non-prestressed aastnessed subcomponent, respectively.
These deviations from experimental results wergated to the imperfections in interfacial
bonding of pultruded rod to multiaxial compositeogessing of PRSEUS, and loading and

support conditions during experiments.

6.2. Recommendations
The following subjects need to be addressed inrdutvworks as this investigation would not

cover them thoroughly.

Stability of Prestressing
In order to consider uncertainty sources associatgd material and prestressing system,

replicated tests on the following experimental vgonkust be implemented:

i.  Creep of specimens at both room and elevated tetyper

ii.  Thermal/freez-thaw cycling
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The above tests can help to select more compatidéerials (adhesive agents) for the

prestressed composite structures with more stabktrpssing system.

Fatigue
Also, the above tests should be performed on segledpecimens to evaluate stability of

prestressing in more complex structures.

Another issue should be addressed is performanpeesfressed rod-stiffened panel under cyclic
load. Moreover, the effect of cyclic loading on epgen with impact damaged is a critical issue

which should be addressed by experimental work.

The fatigue life of more complex specimens is inior and should be considered for future

experimental works.

Realistic Loading and Larger Specimens

In order to assess efficiency of prestressingrgdd@RSEUS panels, fabrication and prestressing
of full scale panel is required. The final goalppéstressing is to enhance structural efficiency of
large panels under all load combinations. As PRSEJ8nder both compressive loads and
internal cabin pressure, the prestressed largee quahel should be loaded according to its

designs loads.

New Design

Within this investigation the prestressing was eyetl to enhance structural performance of the
available PRSEUS design. In order to realize thghveaving realized through prestressing, a

new design of prestressed PRSEUS for the servamslahich the PRSEUS was designed based
on and considering the prestressing should be mmaed. A comparison between the new

design and current PRSEUS design will show presittgdenefits in term of weight saving.
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Comprehensive Numerical Study and Optimization

The finite element modeling used in this study baremployed and expanded in order to predict
behavior of more complex specimens (structure withtiple stringers and frame componenets)
under more complex loading. Effect of initial daraag different constituents of the model and
prediction of damage propagation under static, dyoaand cyclic loads should be evaluated
numerically. Also, ballistic impact load on diffeteconstituents of the large structure can be

numerically evaluated.

By using numerical analysis on models with différeayup and material properties, optimum

design for prestress PRSEUS (and other rod-stiffg@amels) shall be assessed.
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