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ABSTRACT

This étudyrconcerns the development of a flexure gnd deflection
equation for use in the design of fiberglass reinforced,piastics. It
also includes the tests that were run on Beam specimens to compare the
actual with the theoretical results.

The reinforéement‘usedvin the specimens was a woven fiber glass
mat (a Pittsburg Plate Glass Company Product) while the matrix was made
up of a polyester resin. A'fiberglass reinforced plééfic cantilevered -~
beam waé subjected to various concentrated loads, and the corresponding
defleétionsAand matrix strains were recorded. Three béam'spedimens‘
having varioué thicknesées.and orientétions of reiﬁforcing fibers were
used in the teéting{‘ The'fesults‘obtained by theAegpe?iments Weré‘éém;
pared to the corresponding answers derived by théAﬁéW tﬁebry. It was

found that the flexure formula gave answers whose.average .error was 6

percent, while the deflection results were within 4 percent.

ix



CHAPTER I
INTRODUCTION

Reinforced plastics has been the subject of seVeral_books and
‘numerous shorter treatments in its field; however, there is little infor-

mation in these publications on design criteria for réihforced fiberglass .

ota
w

plastics in a form iﬁ which a civil engineer'may‘apply, In a review of.
the literature, it was nbticed that althbugh someldesign procedures are

'available for axial stress, there is no known publication that shows how .
to design a fiberglass,reinforced plastip'beam for flexure or deflection.
vThefeforé, the aufhor has chosen to conéenfréte on developing an adnalysis

whereby the stresses and deflections of fiberglaés reinforced plastic

beams can be evaluated with reasonable accuracy.

- Fundamental Concepts of Fiberglass Reinforced Plastics

"Fiberglass*réinforcedvplastics,”'occasionally abbreviated as.frp,
‘imﬁiiés that two matéfialé; one,conSisting_gf'a fibergiass reinforcement
-énd the other a fiber'imp;egnating matrix résin,.are combined to obtain
a compogite ﬁéferial. This comébéite poése$séé many of‘the‘desirabié
;éhéfaétefistics of each constituent material’?

. Fiberglass reihforcemént enﬁoﬁpassgsra wide field of-réinforce-'

ment. - At one end 'of the spectrum are the short chopped fibers added to:

ot

* Superscript numbers are citation of references shown on page 56.
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molding compounds to form such famiiia; shapes as boats, sports cars, and
patid roofing to mention a few. At the'opﬁogite extreme are the hfgh
'strength fprms of woven cloth in whichfglassffibers'prOVide_reinforcej
 ment in two directions at right angles to eééh Other; The 1a£ter type
of reinforcing‘ié the type of reinforéing that has been choseﬁ as the
subjeét of research for this thesis. ¥
Thelbonding'of'these‘reinforcing fibers is aécomplished by impreg-
‘nation with any of several possible res;ns.' The most common resins being
Ausedﬁére thg.epoxies'and.the polyésﬁefs (tﬁefﬁosetgiﬁg}. _Thé-resinlaétgAgi
as a binding matrix_tovprqvide“shape, stiffneés,fstreﬁgth to'hold tﬂef‘ 
fibefs together, and most of thé volume, It:algo,provideS’cdntinuity'
5etﬁeeh 1ayers of fibers and protectiqnvfor the fibers.2 A thermosetting
?poiYester resin was used throughout thiskStudyg
Using a woven cloth as the reinforCeﬁen;'and the.p§IYeStef>as fhé

métrix,.tﬁe-resulting mechaﬁiéal‘propérties‘depénd,on the directioﬁ‘at~.'
7 which-the'1oad is applied;'vThis:compqsitg, dr'léminéte,iis nén-isotropic.»” 
éndrnOnhoﬁogeneous. Variationrof-strength and other properties of the
ﬁateriél dépehd’on thé orientation of.loéa—t64difeétion;of fiber rein-
’forcement.» This‘results in a significaﬁtnmodification of the conventional
étfength of material eéugtions fof:reihfqréé&»sections;B  Certainﬂaspects‘
rélafing.to 1o§d ogientationvwill'bé diséﬁssed‘in depth in the following .

chapfer.

Advahtages_and Disadvantagés-of‘FRP
. Among the adVantagesfof this matérial are its resistance to cor- ..

> rosive_atmdsphere,‘high tensile.stfength'and highfstrength-to—weight



retios. Also beneficial are ite.excellent eleetrical properties, good-’
machihability and pleasing appearancefé Some of the disadvantages and
deterrents to its use include.iterlow'modqlde of elastieity;_Brittlea
‘ness, its dnknewn creeb, plastieTfloﬁ'and,fatigue characteristics, What
1s detrlmental from the engineer's point of v1ew however, is the lack
of standards in the plastrcs 1ndustry for etructural des1én. This is

mostly due to the lack of!suitable design Criteria,'

Plastics in'Construction Teday
The significance ot reinforced plastics as the constrdction'maf
terial of tderfuture is readily apparentvbyrexamining-its past growth.
dWithin the last 20 yeers, the piastic'industry’heé seeﬁ énrincrease'iﬁ'
productlon of 1,300 per cent. | Futﬁerﬁore, ﬁithin the past eigﬁt yeare
the per capita usage has 1ncreased from 32 7 lbs. to 70 1bs.4
The constructlon industry . is the mostrfertlle, relatlvely_ﬁn-
tapped market for'further epplicatioh ofnfibergless reinferced.elastiesg
Currently, the”ﬁserof plastics‘repreeente $SQO-million in;eontraets or .
» onebper;centiof.the totel‘use~5y the three cdn&entipnalrbeilding :
“@aterials; concrete;‘steel and wood, This.frgure wiil increase sharply -~
dover the hext.ten years as'tﬁe neeeseity for'pre-panelized pertial and
complete buildingjpackagesﬁwill tedrealizedwbecause of tﬁe.ekfrocketinét_

constructionfahdi.ei‘efc:tion’cOstS}.4 _

._Summary;ef Literature Researched

At this—time the most comprehensiVefstudies eflreihforced'plae-f

.At1CS are found in: the follow1ng references Englneerlng De51gn for

'Plastlcs edlted by Eric Baer , a handbook prepared by Syracuse Unlver51ty



for the'Uniged States Air Forées, and vFiberglass Reiﬁforéed Plastics"
by Ralph H;'Sonneborh,6

The book edited by Eric Baer deﬁéteé.an entiré chapter to rein-
forced plastics using ofthotropié plate theofy. _First, an énalysis is .
giveh fdi,tﬁe solutioﬁ of the compoéite strésses in arparaliel-filamént
1amina£évl§aded in ténsion parallel to the filamehts. 'These stress ex-
pressions are used in deriving approximate values for the iaminate elas-
tic-coﬁétants invfhe pripcipa1 materia1_directionsﬁ"The analyéisris
extended tq include the evaluation of the material moduiﬁs and shéér
strain;fOr an orthotropic plate loaded with biaxial normal stress and
shearéstress in directipns different from the principalzmateriai direc-
tions. VThis procedure hés appeared severgl fimes in the 1itefature;5’6
Designtcohsiderations fdrv¢6mposi£é 1aminate$ ére'ﬁdfiiméiﬁaéétgg.this
text, ) |

VCertain design aspects of cpﬁﬁ§site laminéteé ére.&iscusséd,“how:
ever,.in‘the United States Air Force Hapdbook. The most pertineht sub-
jectyﬁentioﬁéd is desigﬁ for tensiie 1oéds.'.An anéiysié is given for a .
membéf composed of moférthan one 1aminate”bondéd togéthér:in»a_éoméosite»
_in such a way that oné,set of 1amipatés havé~their prpefEies oriéntated
in one direction, and a second settinigndthér difecfiqﬁ; .When'axiél |
load§~§fé épplied to,éﬁe»compbéite, thé:analysié shows how stresseé:in.
éachflaﬁinate'layer can be.evaluatedf sTﬁis approacﬁ éssuﬁeé that‘tﬁe‘
prbpefties‘of'the compqgiﬁes are known in the direCtidﬁ%of load. Tﬁé
.dgspfiptibn-of the.deéign?problem‘is vefy‘briéf'aﬁq'ié Yyitten-inﬁsuqﬁ:é.f

way that it is of little practical use to a civil-enginéér..



Ral?ﬁvH. Sonneborn's book contains valuable information regérdh
ing the éSsumptiqns that must bé made in desigﬁiﬁg with frp. (Part of
these assumptiéﬁs.were usedrin Chapter II of this thesis iﬁ dévelbping
the flexure and deflection équatiohs). Design examples are given,Vbﬁt
they dealVoﬁly,With'orthotropiciplates subject to'tenéilevloads.’_Theré’
is also a ééétién that discusseé computaﬁibn of,bendiﬁgvstresses in.éﬁ
isotroPid'composite'beam. This, however, canﬁdtvﬁe'appiied to thé'type
of frp beam used in this thesis since it has non—isotropic prqpertiés,_

In éonclusion then, it can be stated that most currént-publica;
‘tioné éoVér‘prinéipally fiberglassﬁréinforcedrplagtiCS'subjecf to ten%.}
bsile'loads ohly, ‘Désign for flexure, deflections,;éhear, load
cbmbinations, ioad duration,'shoft-time impact and creep have not at
this time béen developed.. The following chapter of-this study iﬁtroauqes

a design theory for calculatiohs of beam stresses and deflections on

fiberglassrreinfOrced plasticsis An experimenta15study'to verify the

theofy is presented in Chapter'III;



CHAPTER II
FLEXURE AND DEFLECTION THEORY FOR FRP

To develop a design theory fér fiberglass reinforéed piéstics,
certaiﬁ'imﬁortant assumptions must be made. The most basié one is that
the strains in the fiber and resin gre_equal; in other words; the elonga-
tién and- compression of fibers and of.fhe”resin are'égual.G This éésﬁmp—’
tiop iﬁplies that_a good Bond exists between thé fiber and.rééin; either
inherently or be;aﬁse of the surfaée treatmeﬁt of the glass, fof‘mechan—
ical inferldck.' It should be noted here that .due to fabfiéétion vari;

ables, an absolutely continuous bond may not exist.’ However,; if the

bonded pqints-are spéced close-enough to devélop.a combined reiﬂfércing
_actién, then é Satisféctory équi&alent'bond.will éxist; ,Furthermore,
this bénd;'whethér intefmittent‘or continuous, must prevent'aﬁy glippage3"
.betWeen‘teinforcemehf:énd matrix} It must also prévehf ény buckling of =
the réinforcement;6

The seéond"méjor=a$sumpti0n is that the coﬁpqsite material is
1inearly eiastié; that is, the material obeys Hooke's Law. 'Hen§e thé

strainsfare directly proportional to the applied stresses. 'ThiS'assump-_

tion is a close approximation of what actually occurs under an uniaxial

stréss‘cbndition’belbw the propoftionai.limit. However,. when frp is Sub-_ ;_"

jected to‘higher stresses,. the Secondiassumption breaks down. ;ihis5l
occurs because the material may experience a plastic flow condition,
especialiyjin the matrix, resulting in substantial creep. 'To;in¢1ude.i'



creep data as part of the design presents numerous hroblems. _The first
is that creep is a tiﬁe—dependent deformation,. A=cattesian.plot:of
strain"Vetsus:time demonstrates this behavior, but it is of little use
in describing creep over'long time intervals; Because creep-is non-

- linear, it is therefore difficult'te handle graphically and mathematic-

" ally. Futher complieatihg the design is the fact that creep involves a
number of other interacting variables (e.g. temperature and stress) which
require_complex organization and presentatiou.ot data;s. Thus the valid-
ity.of_theeseeonu eSSUﬂmtiQn is open_to_questtohrfer long time 1oading;

.butgit is reesqhabljvecCurate-for‘shurt'time;loeding;~: |

. The third'essumption that wes méde-ih develdpihg ejuesign‘theory
was that the fibers. were unstressed in thelr state prlor to 1oad1ng
The following sections attempt only to set forth the de31gn theory for:
stresses andfdeflectiqns due to bending alone.in EjfibErglass reinforced
plastie’beam{_uTime did:not permit.other'investigationsi As more_aesign‘
data becomes available fOr:thesefmaterials? the'design procedures.may be

mpdified'to include the combined effectS-of'flexure; Sheérgandﬁtorsidn.

The Stress Equatieu

The type of reinforcing'useu'ih'the;deﬁélbpuentfof thtsvtheory was -
the woven cloth varlety ‘with relnforC1ng rov1ngs of equal area 1n two
pr1nc1pa1 dlrectlons (Flgure 1). These d1rectlons, 1ong1tud1na1 (warp):'
and transverse (f111) are at tight,angles to each=bther, The composite
structure is-ealled»orthotrepicyor aelotropic.t:“ | |

A tyuicalhteihfereed fibetglass~beambis showﬁhin Figure 2. It;is

essentiallysa multilayered beam withvlayers of rdvings~1eidfup'parallel.



Figure 1. Typical Glass Woven Roving Cloth
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d = Beam Depth

Isometric

Figure 2. Terminology for FRP Beams
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to each other and bonded together by the matrix to form the composite
éection, |
'Consider-nqw such a>¢omposite beam subjected to bure bending with .
a distfibution'of internal foréesras shown in*Figuré 3. Futhérmore, let
ﬂthis fofcé distributipn be made up;of inéfementéi P forces. 'Therefore,
if one of these P forces is examined in ﬁlan, a-distribution of férce(
;components between the fiber and matrix can be obtained (Figure 4).'
To arrive at an éxpressioﬁ.for tﬁe fiEer and matrix stresses, the
first step will be to sum forces. Refefriﬁg to Figure:A, thg_summation

of forces in the Y' direction will yield

;EFyl = 0N= Afosino<; Agst sing - R ¢ D)
' Using the relationship = 900 fu , (1)»caﬁ be rewrittgn as
‘ EEFY' =0 = Afsfsénu.— Afs% cosD(  “ o ...‘..T.,,;.(Z)

. From (2), a relation between the fiber stresses in the longitudinal -and

transverse directions can be obtained. The expression becomes

!
fi = sin® or “5%f = tanx Cesecaeaans .(3)
£ cos X £

Summing forces and components along-the.X' axis-gives
: ZEFX; =0= -Py f Afsfcosu§+ Afs% cosp.4iAmsm ) .......ﬁ...;(4)

To get the true representétioniof_the fiber .areas acting normal to the

. component loads, the aﬁglé drientafion of the fiber must’ be taken:intd



[ 'V

Distribution of Internal Forces

Figure 3. Beam Subject to Pure Bending



where:
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st

L

L
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Longitudinal Axis
of Beam

Beam Width

Orientation of Transverse Fibers With Respect to the Longitudinal
Axis of Beam

Orientation of Longitudinal Fibers With Respect to the Longitu-
dinal Axis of Beam

Matrix Stress
Fiber Stress in Transverse Fibers
Fiber Stress in Longitudinal Fibers
Force Component in Transverse Fibers
Force Component in Longitudinal Fibers
Resultant Force Acting at a Distance y From the Neutral Axis
in X direction
Force Component in Matrix
Net Cross-Sectional Area of Matrix in One Ply Thickness
Total Cross-Sectional Area of Fibers in One Ply Thickness Acting

in Transverse or Longitudinal Direction

Figure 4. Force Diagram



13
account.. Referring to Figure 5, the componént of area acting normal to
the force AgsgcosX would be

Af

cos X

Similarly the component of area acting normal to the force Afs% cos@ is

Af :

sin X -

Let us define Anlas the net cross sectional matrix area in one ply;

. therefore the following expression can be written.

Ay =bt - B - Af
cos & sineg

.Equation (4) can now be more conveniently rewritten as

Ag

= Afsfcosx + Afsftanxsinx + [bt - Af-

cose - sine |

Py

In order to find a solution for equétioﬁ (5), a second expression in- .

" volving sg and s; must be derived. This can be done using'the‘assﬁmp— -
tion that the X components of strain in the fiber and matrix are'equal,,"

In Figure 6, the foilowing relationships ére shown -

E = °m and E:>= v_sf
m - i - -
Em : _Epcos &t
1 1

b_;_»whére'Eﬁ'énd:Ef are tﬁe~Modu1i‘bf.ElaSticity forfthe matrix a’u’xd-f.iber'.'"~



cos K

Figure 5.

/ Afsfcos K

Typical Transverse Fiber

Typical Longitudinal Fiber

Orientation of Glass Fibers

14
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cose*

Fibers

Figure 6. Deformation Diagram

2Py

Center Line of
Symmetry

Figure 7. Distribution of Forces
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This can be simplified to give
E =51 and Eg-= St

2
€nm | . émcosr (24

Here &, represents the strain in the matrix, while émcosza(_ represents a
compatible strain in the fiber. Solving these expressions for &g, the

following rélationships are obtained

»
l

|

Sf

- .EfC‘OSZM

So'l'vinvgv equation (6) for s and substituting'~this value into equation (5).

yields

P = ArsccosiK + AgsctanKsinX + bt-lAf - Ag x'
y £°5F £f°f : " R S _
: o . ' cospk - sine

‘cqs%fo : : - . 7 ‘
Equation (7) repfesents the vaiue‘of a fqréé'P acting atAé distance y
from the netutral axis of the beamf If a seven ply'beam.ié used as an
example»(?igure 7), and the distéﬁce,to.each f‘force is represented by
the pl&'thickness t, then the.sﬁﬁmatiqn ofvmbments about tﬁe_neutral

A ééié:reéultérin the expressiop

M= [P t + 2P (Zt) + 3P (3t)] (neglectlng small contrlbutlon of'
, : middle- ply) '

The genei"alr expreséio_n for the moment- iAn'_the beam ‘could’ thus be written as



=}

<k - 1) 2Pt e . (8)
k=3,5,7 ' '
>whev_re n is the total number of plys in the beam depth. ~ Substituting
equation (7) into equation (8) gives the final equation of moment in-
volving only one unknoWn, Sg-

n: 2

! =Z(}§;‘l‘) Zt[AfS_f(COSK + tanxsin®) + .<bt - A L Af,\/SfEm“ \ .. (9)
5= | . o _ v

cosX Simf/\c-oszifo./

k=3,5,7...

It should be noted that sg is the fiber stress at a distance t from the
neutral axis of the beam. It is not the outermost fiber stress. Fur-
. thermore, equation (9) is valid only so.long as the allowable matrix

 stress is not exceeded.

The Deflection Equation

Although the effect of creep upon th‘e ‘d'eformetion of the m'ételfiel
is an- 1mportant conSJ_deratlon for 1ong time defo‘rmet'ion,_ itrwould ‘_ﬁeces- R
V‘sitate a long time tes'ting‘prcfg'ran; 'f01" creep data. The au_thcr 'ﬁill,
therefore, _'test‘ri.ct the development of a <_:"le"-rf1ection equat'ion"fof the
.subject of this‘ thesis to.th"at of",srrhor't' time loading of'e. VCanti;]._'evered
" beam.
| Figii'r‘e 8 ~si10'ws t>WO> fibe‘rs'-' ffomv an frp beam orientat'edA at "ahv angle
ofo( and @ w1th respect to the longltudlnal axis - of the beam ‘As'Was de;

, r1ved prev1ously in equatlon (9),. the force component in the flbers is.

F-:_= Afsf'(cosu + tanKsinx)



COSCK

Figure 8.

F = Afsf (cos &K+ tanctsimx)

AfSf (cos

Neutral Axis

where: s = Outer Fiber Stress

St = Fiber Stress at Level 1

Figure 9. Stress Distributions

Fiber Force Resulting in Deformation

+ tantsin*)
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Referring to Figure 9, the momeht'at the neutral axis of the beam could
be represented by

Yn - .
ZE yAfsf(cosK-+ tanus1nﬂ) ) ,__;_,_,,.;(10)

-yn

Furthermore by using similar triangles, the following relationship can

be written

'S]_,.z" s or s =517 , ceseeeesea. (1)

Substituting this value of fiber stress into equation (10) gives

Yn .
My = Sl (cose + tand31nw)zz:y2Af ’ A ¢ V3 §

i ST L

'Thé,quantityljzgjyzAf representsgan”effective'moment of‘inertia I for
the fibers about. the néutral axis. 'Thereforé équation (12) can be sim-

plified to obtain

MX= i]_. (COS.D(‘[‘ - tans{sino():[f Where If Zy Af ---4-..,-.-..(13‘)
yi oo _ R S 4 o] '

Also according to Figure 9, the foliowing-angular'expressionvexists

ap = €n S S L (14)
y1 ' ’ |

Furthermore in Figure 8 it can be observed -that"

| .é&ff; eﬁ¢°$%*
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‘where éo(f is the fiber strain in the ® direction. Since

we can state that

- &, - s
ém— «<f = £

cos2 x Efcoszﬁ

Substituting this final value of ém into equation’.(ll;) yields

.dp = Sf ' where si = sg at level 1
Efcos ®Yq : :
so that
v : : 2 .
b_/x_x_ = %1 (cosx + tanxsinw) LeEgcos’yyy - or
a9 vy L sy
Ex_ = (cos®t + tandsin) C.OS-zp(v-Ifth " - and .
dap ' E
dp = o My o o but since M, = Px

(cosmx + tanvﬁsipo() C‘OSZD(vaEf V(cantllevergd end 1Aoad). o

’ L
. dg = ‘ Px A and since /\ = 5 dpx
‘ (cosx f’tanusi.nx)"COSZD('I»fE : . 0

f

the resultant deflection of the fiber=’s" can be written as
L

A P or
(cos X+ tanxsin«) co:sga(If-Ef _

0
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- Ag = pL3 * B ¢ N

3(cos™® + tanksink) coszm.IfEf

To obtain the deflection of the matfix, consider the matrix acting as a
homogeneous material. The maximum matrix deflection for a cantilevered

" beam is given by
\

| L | ,- o - 7 : 0
= PL : .- T e e aane . (16)
A L | ' o
- 3B, ‘ ' :
The'féciprocal of the deflection of a composite beam can furthermore be

represented by

1 =E111+E212 : N : : . e .,...(17)10

A wo?  woaw? B

~ where ﬁ,isAthe total momen#-téken by thglbeam; L is the 1eﬁgth-off§hg L
beé@; Ei-and'Ez_are.the fespectiVe Elastic Moduli of>thé-materiais;'%§&:i 
lIljénd 12 afe;the reépective moments of inertia. The téfm'K repreéen£s>'
a cénstant'depending upon the conditioh-of loading. Substituting the
appropriate terms from equations (15) and (16) into equation (17), yields

the reciprocal of the resultant deflection for a cantilevered beam

.16éde§ at the end,

_ | Lo . ) |
1= SEm;m + 3(§osuif tanxsink) c93p4.IfEf |

P ¢ £-) I

7  whéfe>'Im = bd3 - va
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z

cos X,
distance from neutral axis to centerline of fiber

the reciprocal of the deflection for a cantilevered frp. beam
(maximum end deflection).



CHAPTER III

NATURE AND SCOPE OF TESTING -

The previous chapter discussed the derivation of a stress and a

deflection equation. To verify these theoretical expfeséions, the fol-

lowing testing procedure was planned:

1.

A tension tesﬁ would be conducted on both a single roving of '
glass fibef:and on a bar of resin,. Frém.tﬁese tééts; the
respeétive ﬁoduli of Elasticity éould be determined.for’each
of the mgterials;

A cantiiéveredrfré beam would be~1oaded:ﬁith a concentrated
load aﬁ theifféebend;:énd the matrix-étrgiﬁé measure&.

Having obtainedfthe‘valueé of E, Eg, éHP equation (9) could
therefore be solved . for the_theofetical'moment! _This answver i
would then be compared Witﬁ the actual'bending—mément.»

The maximum -deflections would be measﬁred'at tﬂe.point of
10#&iﬁg éndhthese results would be cdmpared:to,the theoreti-

qalfresultslby‘using equation (18).

Description of Test Specimens- and Méteriélstsed

In equation (9), the elastic constants E¢ and Em‘afenemployed.

Rather than'fely on approximations. for these wvalues, tension tests were

" made on glass roving and polyester resin specimens to determine each

" Modulus of Elasticity. Having'obtained the data;xthefmatrix strain could

~
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be measured from an frp beam-specimen. The exact value of equation (9)

could thus be obtained.

Glass Fiber Specimen

One roving fiber. was removed from a fibrous mat (Figure 1) for:
tension testing., This roving was made up of numerous individual strands
composed of ?ittsburg Pléfe Giéss (6oz. cloth No. 58502) having a total
net area of .000208 square ipches per roving., Each end of thelroving
was embedded in a resin.bloCk.(Figure 10) to provide a grippiﬁg surface

for the tension test apparatus.

Composition and Manufacture of Fibefs. ‘As With-other_forms_of
‘glass; the bésic ingrediént of glass fiber is silica or silicon dibxide
. (Sioz);'which in the puréAS£éte-is colorless to white. To ménufacture
the basic fibéf,‘silica is mixed with 1ime,:a1uﬁina3 énd boron trioxidé.
It is then fed intp*a fﬁrnaquwhere it is heated to.the molten state.
The batch of molten glassris_theh‘rolled into $mall marbles which are
fed‘into‘spinnerettés.'.From,here the.molten élass‘is drawn into‘the

final glass filament and bundled to form roving.

Resin Specimen

The resin used tﬁrdughdUt thié expérimental study was a poly;
_ester thermosétting resin, Thermosetting materials are those that unaér;
go g'cheﬁiéal polymerization reaétion when heated. Reheating doés nét'
Teverse thé‘prbcesé,ﬁ .The épprgXimaté dimensiqns,of the resin.material‘J

used in the tension test are*showﬁfin’Figure 11.

Characteristics of Pdlyesteerésins} The resins may be formu-

lated from a variety'of alcohols, acids, and*érqss—linking monomers.,



25

10
3/4"
Glass Roving
Resin Block Centered in Resin
Each End Block
Figure 10. Fiber Tension Test Specimen
his
! = ’» |

Polyegfer Resin

Figure 11. Resin Tension Test Specimen
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Therefore, they can take many “forms: the most commonvbeing referred to

as "general purpose polyesters.!" The following are some‘characteristics-

6

of this type:
Colo* « + « . « « .. . . . . water-white
Viscosity @ 75°F . . . . . 600 to 2500 cp
_Specific Gravity @ 75°F . . .1;1 to 1.2
Solubility .. . . . . . . insoluble in water; soluble in ke-

tones and a few other organics

Beam[Specimen'
| SuCéessiVé layers of reinforcing‘mat’fibers and polyester reéint_
were laid up to form the beam spécimené an_iliustrated in Figure 12.
Bécnuse of the length of time involved .in securing omne of these qomposite
beams from the manufacturer, only three sample types ﬁere]obtéinéd. The
variables introduced wereithe total ply thicknéssﬂof.the beém and thé

orientation of the mat fibers. The width and Iength’dimensions, however,

were kept constant for each test specimen.

Tension Test and Instrumentation

Theltesting apparatus was a Tinius-Olsen Universal Test Machine

(Figure 13). For the glass fiber specimen, a dial indicator was used to

mea3ure_théAincreménta1.change in‘length‘in‘éomputing the{ﬁttain?lfin
thelgnse;nf}the resin specimen, hqwevér, a clampfonftﬁd incn_meénénical
strainzindiéator»géyénditection>téadings of strain in ten-thouéands_of
antinch.,.In each of.the tests ntéforméd;lthéyﬂlow range";écaléfon the
Tinius-Olsen was used to_give.incremgnts pt.twé'pquhds,nerrdia} division;v

Three. test samples, each of resin and fiber, were used in the tension



Specimen 1. = .1025 in. (11 Ply)

45°

d
X

Specimen 2. d = .250 in. (25 Ply)
X = 45°

Specimen 3. d .250 in (25 Ply)
a= 30°

Figure 12. Typical FRP Beam Specimens



Figure 13.

Tension Test Apparatus
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N tests. All testing was performed at room temperature. The following

procedure was used for testing both materials:

1. The specimens were secured to the:Wedge?typekclampingideQ_7

vice furnished with the Tinius-Olsen apparatus.
2. The load and strain indicators were zeroed.

3. Load was applied at a uniform rate of -approximately one

pound per second, while strains,wefe'read at each one-hundred .

and two pound increments for the resins and glass fiber re-

spectively. .

4. Step (3) was continued until enough readings were made _ .to

plot a stress-strain curve,

Stress Test and Instrumentation

A typical test setup .is éhown in Figures 14 and 15. An‘ffp_beam

was securely clamped at-one end.and subjected to various concentrated

loads at the free end. By use of strain gages and indicator, the matrix

strain at the outermost top fiber was measured. Throughout the testing,

'SR-4, 120-ohm paper strain gages were employed. These gages were bonded

to the beam with a uniform coatiﬁg of "Duco Cement'" and allowed to set

for 24 hours before conducting any testing.

The basic principle of operationpof'these'strain:gages,isvsimplé.

When a load is.applied to the beam, the outer “fibers expand causing

strain in the material. If a-grid of wire is bonded to that objecti it

wi11~stretch'or be straimed exactly as the surface of the test specimeﬁ.

 A reading of the strain déh;be~caiibrétéd éléctrohicaily when an elec<

tric current is allowed to.pass through»the,filament grid to an



Figure 14. Strain Test Apparatus



Wheatstone Bridge
Model 205 Digital Strain Indicator

Dummy Gage (120 ohms)

FRP Beam Samples

Active Gage
(120 ohms)

Concentrated Load

Clamping Device
(Fixed End)

Figure 15. Schematic of Strain Test
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appropriate indicatpr. - The change in resistance of the stretched gage
wire is proportioﬁal to the strain on the surface of the pest‘member,

The simple form of a Wheatstone Bridge.used in theltestiﬁg'hés
one serious defect. The SR-4 gage ﬁsed has filament wires_that are
temperature-sensitive as well as strain-sensitive. To canpél out any
effect of temperature on,the.gage wire, a circuit 1like phat shown in
Figure 16 was used. This arrangement employs two gagés.as"adjacént arms
of the bridge. Theréfgre in this experiment, one of these, the ”aptivé”
gage A, was mounted_oﬁ thg stressed material. The other, fhe_ﬁdumﬁy":':
gage B,.Was attached to an ﬁnstressed piece of the‘saﬁe material. As
shown.in'Figure 14, the' two gages are locatéd élose together so that
bo;h are subjected-to substantially the same temperature. In order to
measpre the distribution of_strain across the width of the beam, three
gagespwere atﬁached to thé twenty—five_piy-spepimgps;aﬁgshoWn in Figﬁre-
17. The eleven-ply speciméﬁ‘had Qne,strain gage'ﬁopntédigﬁ the cénper“
only (Figure 18).

The indicator used was thevBEC—ZdS Digital Strain Indicator. It
gives a directfreadoutsof strain in»microiﬁches;per incﬁ from the envi-'
ronmental resistance chapges'of the straiﬁvgages; pDigital readout is
_¢0mp1éﬁély'élegtronic withva luminpus‘display of fouf,digité plus.Poiar_

v_ity. .

. DeflectioﬁvMeasurements )

Since the.deflectibns obtained_ﬁere,relatively large, thetsiﬁpleﬁﬂ

zapparatus"shown in Figure 19 was dsed‘to give direct réadings.riAnfiﬁi:' -

tiél.point was marked on the graph paper by aﬁslight indentation-of the f.



Resistor

Gage "A R1)

Resistor
(R2)

Gage "B

Power Input

Figure 16. Bridge Circuit

oo



Figure 17. Attachment of Gages to 25 Ply Beam



Figure 18. Attachment of Gage to 11 Ply Beam
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Steel Rod

Marking Needle Glued to
Top of Beam
Graph Paper

Measured
Deflection

Concentrated Load 1% x % Pine Board

°

Steel Channel Base

Figure 19. Deflection Measuring Apparatus
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‘marking needle, After applying.the load and allowing the beam to defieét
to its maximum positibn, the finél indentatiqn was made. 'Thrge trail
deflections were meésured for each 1Qad-ap§11ed. The actual_deflections,
were measured froﬁ the indentation on the.graph paper Withva—calipér;:
The deflections were measured on each side of the spegimén to determine

if there were any significant torsional strains,



CHAPTER IV
TEST RESULTS

Glass-Fiber Tension Test Results.

It was not possible to arrive:dt a test value forrthe Modalusiof
Elasticity of the glass roving because‘of bonding failures Withia the
. individual glass fibers.r The fault was in the test_procedure;fthat ié,
’there was na matrix material surrounding:the glass tovings to provide
for the continuity needed. When the glass'royings act in tension as .-
part of a fiberglass reinforced beam,; they are prevented from ffaying by
the tesin'matria. Thus, the integrity ofithe glass toving»isvﬁdt af-:
fected. However, without this matriis as in the case of tha tension
test, the glass fibers lack coptinuity and hence fail at.ﬁuch lower
strass levels. Therefore, due to a lack af teat data, an approximation
of 7,000,000 psi was used as the Modulus of ElaSttéity’fér the‘g'lasvs;2
Figure 20 shows a typical tension:failﬁre_(note the frayed,ends'of'the

glass fiber).

Resin IenaioqlTest Results '

Figure 21 shows the stresé*strain carves derived for the three
>specimens:tésted. It should be noted that it requlred approx1mate1y 200,f
pounds of ten311e force before any data Was obtalned It was expacted
that-this would occurfaince there'was»an.initial period- when soﬁéfsiiﬁl

vpage and aet occured at the tlme the 1oad was flrst applled The tﬁrée
' l.re51n specxmens-experlenced a brlttle fracture at-a load of 1300 to 1400':

38



Figure 20.

Typical Tensile Failure

- Glass Fiber
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pounds (Figure 22). ‘Sincé the cross;Séctional‘areas.of the specimens
':were .290-iﬁ.2, the resulting maximum teﬁsile stréngfh was

S ax = %%g% = 4800 psi
This v;lue of stress does not appear in Figure 21 since the stréin gage
was removed prior to failure of the speciﬁen. The maximum ténsile ‘
strength could have been increased somewhat if the resin specimen was
vibrated during its "setting time'; that is, vibraéion could have elimi- -
" nated some of the air bubbles and inﬁreasgd the tensile strength. -
Referring to Figure 21, the resin's Modulus of Elasticity Wqé

calculated as follows:

171,000 psi

Ey = 2420 - 692 = 1728 =
_0125 - .0024

E, = 1730 - 692 = 1038 = 175,000 psi
70083 - 0024 0059

Ey = 2080 - 692 = = 177,000 psi
0102 - .0024 .0078

Therefore, the average Modulus of Elasticity was Ej = 174,000 psi.v

Stress and Deflection Test Results

.Tables I, II, and III show the correlation of test data and the
theéfetical,analysis as computed by equationsv(Q) and (18).,,fhevcom-
bined results bf the three test speéimensvghowed that fhére was’a_6% .
>§ve£égg‘efrér-f§r fhe'stress equation'and,a_é%:average errofAfor the.de- 
fledinn-quatibh.,lThese-Small'deparfﬁrespﬁay'have been»&ﬁé ﬁb:inédéﬁ;~g -

rate fabrication of the beams ‘and a lack of uniform distribution of



Figure 22. Typical Tensile Failure - Resin



Table I. Stress and Deflection Results - Specimen No. 1

Eqg. (9) % Eqg. (18) %
P ~m sm sm sf M %a Error 1\51 1/Aa 1/Aa Error
M in.

1lbs. in. psi psi psi in.-1b. in.-1b. in. 1/in. 1/1in.

.066 94 16.4 2.96 59.5 .63 .59 4.0 .072 13.90 13.90 .000
.132 183 31.8 5.80 117.0 1.28 1.19 6.6 .145 6.90 6.95 .725
.200 270 47.0 8.55 173.0 1.86 1.80 3.0 .218 4.60 4.59 .222
.266 362 63.0 11.50 232.0 2.56 2.40 7.5 .288 3.48 3.46 .575
.330 450 78.2 14.20 286.0 3.09 2.97 6.8 .357 2.80 2.79 .358

o°

Error Average 5.6 Error Average .376%



P m
/+in.

1bs. in.
.33 87
.60 157
1.03 280
1.30 352
1.53 422
1.80 494

Table II.

psi

15.
27.
48.
61.
73.

86.

psi

1.21

10.50

12.5

Stress and Deflection Results

st

psi

24.6

44 .2

79.0

100.0

120.0

140.0

Eqg. (9)

in.-1b,
3.50
6.31
11.30
14.30
17.10

20.10

Error Average

10.

13.

16.

18.

.—1b.

.46

.25

80

60

10

90

%

Error

.97

Aa

.055
.100
.181
.226
.266

.326

- Specimen No. 2

1/Rha

1/in.

18.00

10.00

5.50

4.40

3.76

3.08

Error Average 3.0

Data: 0(= 45°

d

b

Af

.250 in.

2.95 in.

Eqg. (18)
1/Aa

1/in.

17.80
9.94
5.74
4.54
3.86

3.28

.00750 in.”

o)

o

Error

o°



1lbs.

.33

.60

7lin.
in.

68

120

212

268

315

370

Table III. Stress and Deflection Results - Specimen No. 3

psi
11.
20.
36.
46.
54.

64.

Eqg. (9) % Eqg. (18) %
an Sf Ma M Error A a 1/ha 1/Ra Error
psi psi in.-1b. in.-1lb. - in. 1/in. 1/in. -
.94 28 3.77 3.46 8.95 .050 20.00 21.00 5.0
1.67 50 6.70 6.25 7.20 .093 10.80 11.60 7.4
2.94 88 11.70 10.80 7.60 .164 6.10 6.71 10.0
3.72 111 14.80 13.60 8.80 .206 4.85 5.33 9.9
4.37 131 17.70 16.10 9.90 .242 4.14 4.53 9.4
5.13 153 20.50 18.90 8.50 .285 3.50 3.84 9.7
Error Average 8.40% Error Average 8.50
10.50
Data: o(= 30
d = .250 in.
12.50
b = 3.00 in.

Ajr = .00895 in,



4,6,'_
. materials thréugh the beam's thickness. These are problems Eﬁat shoulé
be investigated in the future study of this work.
Some eXplanation’bf the datgvpresénted in Tables I, ITI, aﬁd IIT
- is necessary. First, equatidn (9) has only 6ﬁe.unknown, Sg- This term-
was evaluated as follows:
1. The matrix strain at the outermost top fiber, &, was mea-
" sured by the strain gages (column 2 of Tables). This.
measuremeht was takenAét the center of the beam, since it .
was found that there was only a 5% variation in'strain a—v'
cross the beam width (on both 25 ply SPec:iménS)—.
2. The matrix stress, sg, was thenVCOmputed by multiplying'é£‘
. by the métrix Modﬁlus‘of Elasticity, Ep (column 3). |
3.4 The value of sj was then multipiied'by the appropriate-ratio
to'give the matrix stress at a level .t ffom,the neutfal axis,
sy (column 4). This ratio.was 2/11 and 2/25 fér fhe.il and"rr
25 plyrspecimens respectivély. | |
4, .Finally,athevcorresponding‘fibgrfstress,'Sf,.was computéd by

using the relationship from equation (6):.

mCos o<_£

'Sf=S
These values are presented.in colummn 5. Having now evaluated
sg, the theoretical moment M<waS'gomputed by'substitutioh v
into equation -(9). -The value df this moment and the actual
moment M, are 'shown in columns 6 and 7. _(Mé_s'P x L),

It should be noted that the values of the beam'length:L.Wéﬁe.differenf
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in the computation of the stress and'deflection equations. Thé value of
L:ﬁséd for ‘the stress_eqﬁation was measured. from the center of-thé strain
- gages 'to tHé point of loading.: Howevep'forwfhe defleétidnrequétibn,nL
was measured from the point-where thevbeam_wasrfixed to the point of
1§ading. ~Refer'to illustrétibns shown ﬁith Tables I, II, and III;for

further clarification of specimen data used.

'Analysis and Conclusions

" Figure 23 shows the felatiénshiplbetween load and stfa@n for . .
each of the thfeé~specimens.. Comparing the c@rves for ﬁhe llrply and 25
ply beams, if is éléarly shown-fﬁét by increasing the beam depth by a
féctor of 2;3, the load carrying'caPACity'is inéreésed 5y évfactor,of'
5.5; fhis is not surprising-considéring fhe fact ﬁhatxthe'sectiah
Modulus of the beam effectively véries‘as.the square of the»depthlﬁAHOW—
ever, ﬁote the gpparent differénce in stréin.bétween the second and third
Vspecimens, Specimen 3 with &= 300 SEéws 33% lowerIStrains Ehaﬁ.tha;'of-
speciﬁen12‘witﬂ = 45°. This is because the third specimén has more .
fiberjarea'pefAbeam width ;han'doés ﬁhe:éécond. With an'e¢ of 300, the
center-to-center spécihg of fi#ers'is ;d695 in.2 This résults in a fiberj
area of .00895 in.2, as'comﬁared to a éeﬁtér;td?éehter spaqing of'{085
:in..énd an area.of .0075 in.z.fbr é Spécimen.Witﬁ'o(of 459; Hence, the‘_.
1argéf the‘percéﬁtage,oﬁ,fiberé aétiqg;in_a dirgction of 1oédiﬁg, the
higher the load caéaqity}of'the_cQﬁpQS;te~BéamLi¢(Theﬁggthor¢;¢¢ognize$.
thé fa§t1tHat4thelnﬁmber-of;tests Were.limited-and‘that'oéhé£ éﬁg1é;_of'

* o¢should be testedvin'the future over a wide range).
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Figure 23. Load-Strain Curves



Figure 24{showsh§hé‘curves obtained ffom therload-dgfleétion daga.
'TheAsame typé of oBservations regardiﬁg.léad~carrying capaqity'cgn,ﬁe .-
, dérived from fﬁéée EurVgsf Namely,'that;by increasing_beam depth and ;~ 
. fiﬁer*area, deflections are reducedléecordingly;‘«Comparing Ehé'CUrVeS-

fpr é?ééimeﬁs 2 and>é, it_is Shown thét:even though each specimen héd
itﬁe same grbss cross sectional area; specimen 3 défleéfed 14;5% 1esé.
This-ié aftribﬁtablé-aéaih”tonﬁhe iﬁcfeaéed"fiber'aréair
| inspection:of'therpepcentageiofjefror figuf§s_iﬁiTables i, II;
and IiI shows'aﬁqther>significan£ conclusion. ‘It is that,the;best re-.
sﬁlts-were'bbtéihed'with specimené_having unifprm{cQﬁstructibn charage
'tgristidsr(specimeﬁs numberll,and 2){711hat.ié;'tﬁe third'specimEn wasi._fx
Vobsefved‘to bavé a,sliéht variation in tﬁe-gngl@ o on‘thé top as com-
Vparedywith fhe bottom of fhe’beaﬁ.7-Proﬁafly_és‘a:conSequencé;_ifghadr
fherhighéét.pefcénﬁage of error. The?efoée’ ih of&érzfor eqﬁa£ion§;(9)
and'(iB) to be valid in anffrp beam, iE is iméerétivé-ﬁhaf-eaéh glasé
“fiber mat be'1aidfdownfuﬁiform1ybfhféughoﬁt.rr |
| ﬁp to now, equation (9) has been réferfed téZQS'the:sfféss'eﬁua-
 ,tion.'”H6wéVef; it‘is*not'in"a[form‘that égn;be uséd‘to éﬁalﬁatertheJ
.fiber stress, given a.Bending-moment Mﬁ. If.equgﬁibn (9) is’sbived-forv 
sf, theﬁ'thé fofmﬁia féf the ﬁaﬁi@um'figer gtféss in.a'caﬁtilevé#edv   

fiberglass reinforced béam is given by -
s.c= o MXR e L(19)
. '{_ZCE“{Af(gosm§+ ﬁanﬁéins);+(%t -:mAf‘»-g Af ) 1

cosng

ii:where'g ;'propbrtiqnalifadtor-for cogVerting fiber,stréss=at11évé1't to-

IS




/\(in.)

Maximum Deflection,

Concentrated Load, P (lbs.)
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‘maximum outermost fiber stress:

R = total number of plys and

2
C = :ES ' k-l) . where n is the number of plys in the
- k=3,5,7..% 2 beam depth. - And :
H=Eg
Em

Equation'(lS) is in a usable'form,and cén be used directly to solve for
the maximum reéiprocalrbéam.deflections. (The reader should-?éfer to
the Appendix for sample calculatiohsfinvalving equations (9) and (18).
Thus, - equations (9) andf(18) are aéceptable design equations for flexure
.and deflection due to uniaxial léading on an frp beam subjected to short
time 1§ading. |
Qbsefvation of the~def1e¢tion data shoﬁs some additional final
_conclusions: |
| 1. Measureménts‘bn bothvsides of fhe 25 ply beams éhowéd that
no significant torsio@al‘straiﬁs océurred. Tﬁis is reason-
éble since the reéqltaht transverse componént of . fiber
forces is zero in_any layer.
2. From the deflection calcplétions, it was found>that mosf of

the load (approximately 85%) was carried by the'reinforcing.'



CHAPTER V
RECOMMENDATIONS FOR FUTURE STUDY

Tﬁe'topics Qf study in reinforcéd fiberglass plastics are numerous
and éhallenging. One sequel of this thesis éhéuid be the study.of éime
dependent stress-strain feiatiohships»and-their effeqts upon the.stress

.and deflection equations. Under static loading conaitions, the internal
~accommodations of the material to plastic flow (créep) influences the
breéking strength in a way that cammot be predicted by the type of short
time test that were incorpofated in'this étudy. Tberefore,‘creep-rupture
tests could be run on frp to evaluaté a valid gritefia for strepgth prop-
erties of fibefgléss reinforced plasticé. |

_ Anothef topic for continued-study}éhouid be the development of an
equagiOn for torsion. Torsion exists as a'résﬁié of the shear component
of the fiber:streSS in the transverse difection:df the'beam;v Alfhough
little twisting was observed in our épeéimens,.the:e could 5e.aisitﬁation
Wheré-éignificént torsion Qould occur.

Other possible areas of investigatibn in the field of frp include
the-fqllowing:

1. Find the Modulus of Elasticity of a single rovihg of glass
fiber. Impregnation o£>phé>glasS inia matrix of polyester -
resin!haviﬁg'a smaii;diamétef;ié é sugge§ted method.

2. _Invasfigate the use of.cbt£0n fabric in place of‘fiberglass“'
?é the rgigfé;cing'matérial;>
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Investigate the strength properties of an frp beam made up of

randomly orientated roving fibers.

Deveiop design equations for shear. -
* Conduct -a study on the impact resistance of fiberglass rein-

forced plastics.

Conduct a study on adhesive bonding'ofbfrp to other structural

parts such as wood, steel, eté. = =



APPENDIX

- SAMPLE CALCULATIONS OF STRESS. AND DEFLECTIONS

i

The calculations shown in this section are for specimen number 2.

The solution of equation (9) is presented first.

| Beam data: o = 45° Ep = 174,000 psi
' d= .25 in.  Eg=7,000,000 psi
b= 2.95 in. L = 10.5 in, (éq- (9))'
n = 25 plys . - L = 12.5 in. (eq. (18))
Af = .00750 in.?

Since d = .250 in., and there are 25 plys in the beam déﬁth, then

t = .250 in. = 0100 in.
25

- Direct sﬁbstitution.of data into equatidn-(7),giVes the solution of Py.'

P sf((.0075 x .707) + (.0075 x 1 x .707)) + ...

y
oo (2.95 x .001 - .00750 x 2) s, - or
.707 :
Py = .0106s¢ + .007sy

Therefore, given the teét.values-offsf.and-sm, a numerical' answer may be
obfaingd for Py; '(Refef-to Table II forhstress data). Now the expression-

for equation (9) becomes
M s 2(,001)p§ [}2,+ 22 + 3%+ ...+ 112 +-123J,- or
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.‘M = 2(.001)Py(650) f'13'O.Py
Thus for any wvalue of By; the value of the theoretical moment can be

evaluated, Now to arrive at a solution for the reciprocal of the beam .

deflection (equation (18)), first solve for I%.

- 2 . ) 2 2]
IL =2 x .0075 [}2(.01) + 1100 + ... + 2¢.01) + 1(.01{J

.707.

]

.0212(.0650) = .00138 in.%

 The matrix moment of inertia I, is then

I, = 2.95 x .250% - .00138 = .00246 in.%
12

The term If can next be evaluated

I, = .0075(.0650) = .00069 in.*
) 707 |

Substituting the appropriate terms into equation (18) gives

1 = (3)(174 000) (.00246) + (3)(1 414) (. 7072 (.00069) (7, ooo 000)
At P x (12.5)3" P x (12 5)3
1 = .65+ 5.25 = 5.90

At P P P

© Thus given the value of P (in pounds), the reciprocal of the maximum beam .

deflection can be solved,
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