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SUMMARY

Three single section and cne trisecticr girders eight feet
long were fabricated and lcad tested to determine the deflecticn,
strain, and creep characteristics ¢f the members. One specimen
fabricated with stranded elements compcsed of Kevlar 49 instead
of glass exhibited improved stiffness properties. The maximum
load applied to a specimen was 600 psf uniformly distributed
over the top plate, which caused failure of the top stiffener
joints. A ratic of 107 fer live leocad tc dead weight was obrtalned
in this test. Partial lcading of the girder caused elastic
buckling of some web elements. Analytical studies shcwed that
buckling «culd be prevented by the addition of dead weight as a
concrete slab on the top plate. A center span deflecticn creep
test at a lcad of 150 psf indicated a secondary creep rate of
0.03 inch/year, with a terminaticn of primary creep after 30 days.

The test specimens just met the center span deflecticn re-
quirements of AASHTO fcr an 85 psf live lcad.

v Computations for strains and deflections based on elastic
strain-energy thecries were 20% and 30% higher than experimental
values for deflections and strains, respectively. Par*tial lcading
tests verified the application of the prirciple of superposition

in the analytical procedures.

It 1s recommended that a field study of a prototype pedest

rian
bridge be conducted to extend the findings of the labcratcry srudie
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FINAL REPORT

FURTHER STUDIES CF A TRUSSED-WEB GIRDER COMFOSED OF .
REINFORCED PLASTICS

by

Fred C. McCormick
Faculty Research Engineer
Virginia Highway & Transportation Research Ccuncil
and
Prcfessor of Civil Engineering
University of Virginia

and

Husamettin Alper
Graduate Research Assistant

INTRODUCTION

The investiga*ions conducted 1n this project were exten-
ns and modificaticns of studies completed in June 1974 and
cribed in a final report by McCormick. (1 The earlier study
indicated the relationship betrween a thecretical stress analysis

‘experimental fest results and provided perfcormance character-
cs for labcratory specimens when load tested. In additicon,
pfe”’OuS work provided insight for fabrication procedures
utilization of reinforced plastics for primary structural
components.

The current proiect extended from June 1, 1974 tc Octcober 1,
1975, A1l experimenfal and aﬂalytical work was focused upon the
came gecmetric configuraticn used in the previous studies. Figure
shcws the principal features of a typical test specimen. A de-
tailed descripticn ¢f modifications to the member is included in
a subsequent sectionr. The major effort was directed toward the
fabrication, testing, and analysis of a multisection test specimen
composed of three similar units jcined at their top flanges by a
glass reinforced plastic (GRP) cover plate. Other single speci~
men investigations included creep and fatigue tests.



Fop plate

Figure 1. Typical test specimen of a single unit,
triangular trussed girder.

OBJECTIVES

The specific work cbjectives are listed below in two cate-
gories: those growing out cf previocus work and these involving
expanded investigaticns.

A. Continuing Investigations

1. Revise the top plate assembly to improve the
strength development cof the flexural member.

2. Study the flexural creep behavior of typical
test specimens.

3. Study the geometric configuraticns of the
member 1n an effcrt to optimize the dimensiocnal
relaticnships of the triangular trussed girder
(TTG) arrangement.

B. Expanded Investigations
1. Survey the fatigue characteristics cof re-

infcrced resin materials systems in typical
highway service conditions.
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2. Fabricate, test, and analyze a multisecticn
TTG specimen with modifications from previous
design concepts as suggested by the findings
from the previcus investigation and the program
ocutlined in A above,

(4%}

Expand contacts and discussions with manufacturing
representatives relative to production ccsts and
fabrication techniques.

4. Provide recommendations for the feasibility of a
modest field installation and study of an experi=-
mental bridge composed c¢f reinforced plastics.

The achievement of these objectives is described aleng with
pertirent findings and recommendaticons in the sections which follcw.

MCDIFICATIONS IN JOINTS AND ELEMENTS

Revisions to Top Plate and Stiffener Ccnnecticns

The successful performance of the tcp plate connection for

the triangular trussed girder {(TTG) specimen number 5 (see Figure 2}
was reported previcusly. However, 1t was recognized that several
inefficiencies existed ir this connection due to the sequential
assembly steps required for complete fabricaticr.. Therefeore, as

a first effort in this study, the top plate connecticn at each

panel polnt was modifiled as shewn 1n Figure 3. The additicn of

cne bolt thrcugh the top plate and transverse stiffener tube
eliminated the wraparcund strands cf roving which atrached the

plate and channel. Alsc, the use of a small steel pir ar +he Jjeoint
between the web stifferner and the transverse tube eliminated ancther
grcup of glass strands connecting these elements. The sizes of the
steel belts and pins shown were used for convenience only. A non-
corrosive metal or nonmetallic material could be used for these
mechanical connectors equally as well. Prior to installation of the
bolt, the top plate was bonded to the transverse tube with poly-
ester resin. No resin was used in the connection for the tubes.

w
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cover plate

3/16"x1' opening for web strands

3/16" flange plate with sawed grooves
2 P to receive strands

) 5 strands glass roving to provide

5 strands glass stiffener support

roving to attach
channels to plate

Figure 2. Top-flange assembly details of specimen TTG-5.

4" countersunk bolt

A<«—— %' top plate

<«— 13" square transverse tube

0.11" steel pin

Figure 3. Modified connection at top plate of TTG-7,
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Revisicns to Stiffening Elements

cth the top plate and web stiffeners were changed 1in the
fabrication ¢f TTG-7 from thcose used in previous specimens. Fig-
ure 2 shows the criginal design used for TTG-5 and Figure 3 shows
details of TTG-7. Glass reinforced tubes with 1/8-inch wall
thickress were for the stiffeners in TTG-7 with scme decrease in
the cross secticral area. In addition, the necessity for pre-
cision machining of mating parts was eliminated with the use
cf the supplementary mechanical fasteners.

Attachment of Stiffeners to Lower Chord

A tee-shaped insert was designed and fabricated tc attach
*he twc web stiffeners together at the lower panel point. The
insert alsc provided a bridge between the two stiffeners on which
the strands c¢f the lcwer chord were built up (see Figure ua).
The shape <f the insert detailed irn Figure Lb was cbtained by
casting pclyester resin in an aluminum mcld whizh had been
icosely packed with glass mat to provide reinforcement. Suit-
able lengths were cut to slip into the open ends ¢f the stiffener
*ubes.



(@) Insert and portion of lower chord and stiffener.

3/411

\ 4

NS

&N /

\ \ / /~— Inside wall of stiffener tube

N\ /)

N

5/16"

(b) Details of cross section

Figure 4, Insert for connecting stiffeners at lower chord positions,



|
i

!

oS
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Specimen TTCE-7 was fabricated with the modificaricns
described irn the preceeding secticn and with width and depth
dimensions cf 16 and 17 inches, recspectively. The weight cof
thiz member was 26,1 pcounds, The \ddlflCn :f a bcnded cover
plate lsb-=inch thick ircressed the weight to 9.5 pounds. In
the fabricaticn of the girder, the ftransverse piate stiffeners
were attached tc *the ftop piate and the assembly vwhen was mocunted
on an eight=foot long plywscd mandrel by mears of screws. Verti-
cal stiffeners were atrtached to the plate s+ iffeners as shcwrn in
Figurea 3 and alsc anchcored to the mardrel with a singie screw.
The lower cherd inserts were then installed as shown irn Figure ua
ard manual winding 2f +he laower chord and web elemerts wag com-
pleted in approximately Two hours., (See Figure 5.) The tcotal
assembly and winding *ime for TTG-V was approximately the same
as that for TTG=F and 4. Howewver, the modificanicn made for
TTG=7 permitted hetter - rig of ~he aszembly steps and
eliminated one eliminary wlnd rg step, It was ~herefore
considered to an improvewment over The procedures used previcusly.
Ir &ddivion, yTica. stiffeners with larger
dimersicns 2 irements v strands durlng the
WINnZIng operat gin curing pericd of several
days at room t er ain gages were bonded 1c se=-
lect > and chord bsequently, a 1l /4u=inch thick
GRF plate was bo Top peate and, firally, & ccn=
cret b1l 1/8~:inche cast on vhe cover plate.

XCE adhesion of @ 1o The civery plarte was achieved
by m of an expoxy ikadur Hi-Mod, manuifactured by
SIKA 1eal Corporat st, New Jersey} appized 7¢ the
late 11ﬁ‘ prior o pl norete. maTerieis used
1in the fabricarti:n of est spe iere as follows:
1, Glass f{:ber reinforcing, Type
marufactured by Owens Corning

?. Polysster resin
with a gel time
temperature cure
Rcckwell Cocmpany.,

z aECﬁf u5 m;nxte
marufacrured

3. Prefabricated plarss and shapes of EXTREN 500,
marufactured by Morriscon Mclded Fiber Glacss
ompany .
specimen TTC-9 was fabricared exactly as TTG=7 with the
excepticr that an organic syntheric fiber, Kevliar +9, manufactured
by the E. 1. DuPont Compary wss used ir place of glass roving for



AT

oL b i

the web and lower chord elements. The cross secticnal areas
of both members are the same. The strand area-to-density
ratio ¢f glass~to-Kevlar 49 was 1.06, so the weight cf TTG-9
without the cover plate was 36,0 pounds. The tensile mcdulus
of elasticity of Kevlar 49 is approximately twice that of the
glass, s¢ an improvement was anticipated in the overall stiff-
ness characteristics of the member.

Figure 5. Winding impregnated glass rcving to fcorm
lower chord and web diagonals of TTG-7.
Plywccd mandrel was rotated manually.

Load Tests

A series of uniformly distribured loads were applied through

an air bag to the top plate of the members tc cobserve the strain
and deflection behavior of the specimens. Details ¢f the instru-
mentation and lcading equipment are described 1in Appendix A.
Static lcads applied tc TTG=7 were as fcllows:

. As fabricated to 225 psf

1
2. With unbonded cover plate to 263 psf
3. With bended cover plate to 600 psf

|5

. With bonded concrete slab to 263 psf
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300 T T T T T

275 Specimen TTG-5 ,/3 1
with cover plate

Specimen TTG-9 /3/3 /4.
225 without cover plate>, ,://‘/- -
e
200 ,/A/ s
s
/ /

175 |
Specimen TTG-7

;/4://(
//A
150 |- // @
o’ / Without cover plate
195 F /ﬂy With cover plate

s With concrete slab

N\

Uniformly distributed load, psf

deflection limits

| 1

1 i
150 200 250 300 350 400
Deflection, inches x 103

Figure 6. Centerline deflection of girders with uniformly
distributed 1load.
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Experimental Strain Measuremen+ts

Measurements c¢f unit strains alcng the axial directicns of
selected tensiorn elements were made during the series of loads
described for the deflecticn measurements, The measured strains
may be transformed directly *¢ unit stresses by mul tiplying by
the tensile mcdulus cf 7 x 106 psi.

Figure 7 presents the lcad~stress results for specimen
TT6-7. The relaticnship was typically linear as demonstrated by
the peints plctted fcr the best fit curves of gages 4, 5, 6 and 8.
The data indicaved a pronscunced change in ~he sicpe of the curves
at a load of 300 psf. This change was obssrved with repeatred load
tests. The cause cf this behavicr is nov krown precisely, but it
may have been due tc a change ir *+he rvestra conditions cf a
joint cr at the end suppcrt. Thecreticazlly > strain irn gage 8
should be zerc, based on small dicsplacement rCiler support
assumptions. The indicated s*rain 1s belies = have resulted
frem frictisonal restraint of the end s+iffe in the supporrts,
from reacticn forces gererated by strands a ed from the ad=-
lacent panel, or from a combira*ion of all TS

Ideslly, all of the train 1d be ccocincident
in Figure 7 in crder fer ement R zed equally. The
close grgupingrof the web tra gag i, 2 3) repre-
sents an efficient use of lal in these eleme nd is
prcbably abcocut as effecti be posszible given design
and fabrication procedure e17her the groupin rela-
tive positicns of the zur ges 4, 5 and & are iderad
' be geod. A slight mod of ndirg seq of the
rovirg strands should prov de IMprovemen the
stress develcpment in the e '

Figure 8 shows the effect of the wvaricus cover plates upon
the strains in the most highly strained element f(gage 2) of TTG-7.
The performance of the same web elements in specimens TTC-5 and

= Y

or ot
TTG-9 are alsc compa d with “hese effec*s. The slopes cf +he
lead~strain curves are eccrded to previde a quarTitative measure
of differences in the s*rain effects, Frem +the five curves shown,
the strain was the greatest in TTG-7 wi*h the banded cover plate
and the least in TTG-7 with the concrere slab. Using the dif-
ferences in slopes as basis, the tests indicated that there
was a strain improvement of 18% with the additicn of the con-
crete slab to TTG-7; 11% with the substituticn of Kevliar for
giass roving; and 6% wi'h the jcint configuration of TTG-G,

(
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Stress Considerations and Safety Factors

As stated previously, the ultimate strength of TTG~7 was
determined by excessive joint deformation due to bending of steel
pins connecting the stiffeners. Figure 7 graphically compares
+he ultimate load of 600 psf with the lcad requirement of 85 psft
by AASHTO. This lcad ratic provides a safety factor cf 7. The
calculated stress in the mest highly strained element (gage 23)
was 4,480 psi at the 85 psf load level. This stress provides a
safety factor of 22 based on an assumed ultimate stress of 100,000
psi for the glass strands. The highest calculated stress was
35,000 psi (gage 3) when the lcad test was terminated. There-
fore, no determinaticn of the actual in-place strength of the
tension strands was made during the series of static lcad tests.
However, at the conclusicn of the cyeclic locad test of TTG-7,
broken fibers were cbserved where web strands passed over the
lower edge cf a stiffener. These fibers c¢bviously had been cut
by the sharp edge of the stiffener as the member underwent
repe+titive displacements.

Comparison of Analytical and Experimental Resulrs for TIG-7

Method of Analysis

Computations were made for strains In the truss elements
and for displacements at the jcints basaed orn linear elastic st
energy thecry. The scliution provided for three~d.mersicral tr
lation of joints, axial strains in the truss elements, and be
of the top plates. Direct application was made cf elastic co
stants determined frem labecratory tests for the varicus mater

used. Stiffness matrices were used to adapt the computations
soluticen by a digital cemputer. A detailed description of
computational procedure and computer program are 1lnciuded 1
Appendix A,

Comparison of Deflections

Figure 9 shows a compariscn between the analytical and
experimental results cf the vertical deflecticns at the centerline
of the span of TTG-7 with & bonded cover plate and a ccncrete slab.
The results in Figure 9 are within anticipated performance in view
cf the unknown stiffness characteristics of the actual joints,
some uncertalnty in the elastic constants of the materiais, and
the assumed restraint ccnditions cf the supports during testing.

Nc effort was made tc adjust the "fit" relationship of the thec-
retical sclution with the experimental data by use c¢f empirical
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constants or cther devices. Additicnal performance experience
with this type of structural member may justify future modi-
fication of the analysis tc acccunt for unknown factors and to
provide a better prediction of behavior for design considerations,
It should be noted that the predicted deflections for the member
with the cover plate only were greater than those measured experi-
mentally. This result would suggest that the Joints exhibited
some degree of rigidity during the lcad test in contrast with

the assumed pinned ccnditions.

Comparison of Strains

Figure 10 shows a compariscn between the aralytical and
experimental strains in the mcost highly strained tensicon element.
Similar compariscns were studied for the cther web and lower chord
elements, Deviations ranged from 20% to 28% for these elements,
which values are larger than thcse shown in Figure 10. As in the
case of the deflecticns, the curves shown 1in Figure 10 were un-
adjusted. Agreement of the strain data was not as close as for
the deflection data and perhaps should be ccnsidered unaczceptable.
However, the predicted strain values for all elements were greater
than the correspcnding measurcd values, which would result in a
somewhat ccnservative design if used directly for sizing the

areas of elements. It should alsc be noted that the stiffness
characteristics (deflections) of the girder wculd undcubtedly
contrcl the size of *he elements of the member. Therefcre, the
development of lower than predicted strains f{ard proporticnately,
stresses!) wculd imprcve the reserve strength c¢f the member and,

as long as eccnomlc consideraticons were nct exceeded, should
enhance the overall perfcrmance cf the girder.

16
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250 - TTG-7 with concrete slab:
Analytical

225 — Experimental

200 4% deviation)>
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150

«— 12% deviation

Experimental

Uniformly distributed load, psf
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Figure 9. Comparison of analytical and experimental centerline
deflections of TTG-~7.
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z TTG-7 with concrete slab
5125 Analytical
1<}
5 Experimental P\
_,Z 100 — /}’ TTG-7 with cover plate
[ ”~
] 75 P ’/\ Analytical T
= P
= P Experimental N
50 [~ _
e -
25 - Z T
0 L I L I 1 L 1 ) L
] 200 400 600 800 1000 1200 1400 1600 1800 2000

Strain, u inches/inch

Figure 10. Comparison of analytical and experimental strains in
a web diagonal of TTG-7.

17



] TS

>4

PRI 25 B

FLEXURAL CREEP BEHAVIOR OF GIRDER TTG~6

Flexural creep data were obtailned from a single specimen
(TTG~6) fabricated with the top plate joint configuraticn shown
in Figure 2. The specimen alcne weighed 50 pounds and was loaded
with a tctal of 1,200 pounds of dead weight distributed tc the tcp
plate through an air bag for an equivalent uniform load cf 150 psf.
This loading represents a 50% cverlocad based on a design lcad of
100 psf and was applied tc increase the creep rate. Figure 11
shows the specimen under lcad in a rcom in which the temperature
was 74 % 29 F over the test pericd. Measurements were made of
vertical displacements at three panel points and strains in
selected elements.

Figure 11. Creep test of TTG-6 lcaded to 150 pst.

All deflections were measured with mechanical dial indicatcrs
and strains were measured with bonded electrical resistance gages.
The 1,200-pound lcad remained undisturbed on the specimen for a
pericd cof 95 days.

Figure 12 preserts the deflecticn data for the center panel
point and shows the location of the varicus gages on the specimen.
Except for the elastic deflection values fcr dial gages 2 and 3,
which were smaller, the incremental increases of deflection with
time, including the range of scatter, were essentilially the same

S
as those for the center gage. These data indicate that all of

18
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the panel points displaced downward the same amount and at the
same rate. This indication would imply either a continual re-
distribution of stresses among the elements, which equalized
deformations, cor that all ¢f the creep defcrmaticn cccurred
within the end panels. This performance was not anticipated
even though the strain gages indicated that the diagcnals in
the end panels were the mecst highly stressed elements. Nc
satisfactory explanaticn can be offered for the magnitude of
the scatter of the deflection data. Rocm temperatures were
monitored with the thought that thermal variations might cause
reverse movement of the dial indicators, but nc correlations
could be established between the deflecticn readings and the
elight temperature fluctuations which occurred.

Unfortunately, the strain data offered little clarification
of the deflection behaviocr, because the strain indicatcr ceased
to funecticn after five days intc the test program. Because o
the nature of the indicatcr malfunction, all of the data must
be considered suspect. Nevertheless, the data indicated that
there was a stress relaxation (of approximately 2.5%) in the
lower chord elements of the center panels and increasing strailns
in both diagonals, the greater (6.8%) cccurring at gage locaticn 1.
The deflection reccvery characteristics cf the member appeared
quite good. Essentially all of the elastic displacement was re-
ccvered and approximately one-half of the creep after a period
of 27 days.

e
f

Should further study confirm that nearly all of the flexural
creep deformation cccurs in the end panels, the size of the diag-
onals in these panels can be increased tc offset the ilcong-term
creep effects. It should be noted that the highest elastic stress
computed from strain measurements was approximately 9,060 psi in
the end panel diagonal. If the rate cof creep shown in the sec-
ondary region remained constant, a deflection cof approximately
0.3 inch would occur in ten years. The effect of the movement
of Jjoints was an unknown factor and may have contributed signifi-
cantly to the overall deflections. Additional observations of
the creep phenomena would be required t¢ fully characterize the
anticipated behavior of the girder. The load-creep relationship
would be of particular interest to obtain performance data at
anticipated service loads,

19
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PERFORMANCE OF TRISECTIONAL STRUCTURE (TTG-8)

Fabrication

A test specimen consisting of three members identical to
these of TTG-7 was fabricated and designated TTG~8. A single
cover plate 4 feet wide by 8 feet lecng by 1/4 inch thick was
bonded simultaneously to the top plates of the individual girders
to provide a connection for the three units. No other lateral
connections were made tc tie the units together since it was
intended to observe the independent action cof each girder under
different lcad arrangements,

No particular problems were encountered during the fabrica-
tion of the total structure. The surfaces ¢f maring plates were
sanded, cleaned with alcohol, and coated with the pclyester resin
used in the winding cperation. 1In order to apply pressure nocrmal
to the tcp plates of the girders without deflecting the members,
the cover plate was placed on a resilient support and the girder
plates bonded with the girders in an inverted position. Pressures
of unknown magnitudes were obtained by dead weights placed at
various points over the structure (see Figure 13). Visual in-
spection of the joint before and after lcad testing revealed no
defects. No other inspecticn methods f(e.g., ultrasonic) were
used to evaluate the ccntinuity of the bonded joint. Figure 14
is an cblique view cof the completed three-secticned structure
pricr to lcad testing.

Figure 13. Joining procedure for bonding the ccver plate
and top plates of TTGm8.

21
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Figure 14. Oblique view of TTG-8 showing ccmpleted
structure prior to testing.,

Load Tests

Lecad tests were conducted with TTG~8 1n the same manner as
described previously for other test specimens. Strain and de-
flection instrumertation was arranged to facilitate data production
by u+ilizing the gecmetric symmetry cf the structure. Accordingly,
17 bonded strain gages, 9 vertical deflecticn indicatcrs, and 2
horizontal deflection indicators were used for displacement meas-
urements. The lccaticns of the strain gages and dial indicators
are shown in Figure 15.

Jertical static loads only were applied to the top plate
during the test series. The varicus lcad arrangements were as
follows:

1. Uniformly distributed lcad over one edge secticn
cnly.

2. Uniformly distributed lecad cver the twe edge sections
only.

3. Uniformly distr:buted locad over the center section
only.

4. Uniformly distributed lcad cver the entire surface.

22



5. Uniformly distributed lcad over the two-end
panels on both ends of the structure.

6. Line lcad (4 inches wide) transversely acrocss
the structure at the centerspan.

7. Line lcad (4 inches wide) *transversely across
the member at the seccnd panel position on cne
end only.

It was necessary to use twoc air bags to cover the entire
surface c¢f the structure for lcad arrangement 4. However, due
to the curvature of the inflated bag, a 9-inch wide strip alcng
the centerline of the structure was not in contact with the bags.
Therefore, the conditions of a uniformly distributed load over
the entire surface was ncot actually achieved for lcad arrange-
ment 4. Figure 16 shcws a typical uniform lcad test in progress.

Dial indicators

Strain gages shown as D shown as O
2
—5}H 3 i
5

0 3
81 LE}~ &) vz B e—&1

1 4 15

1.2 7 V3R 1414{v4 ‘ i1} R2
16, H1 2

Figure 15. Schematic plan cf TTG-8 showing positions
of indicateors and gages.
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Failure Mode (Buckling of Web Elements)

.

No ultimate lcad was determined for TTG-8, A maximum total
3,200 peunds was distributed over The entire suriace for
ajernt uniform lzcad of 100 psf. A maximum unit lcad cf
Was applied fcor the conditicn of the center secticn only
Higher lcads were nct applied ftc¢ prevent possible

1101

emen*ts befcre al nvestigaticns were completed. No
stress of any kind was cbserved in any of the joints
bu*t several lcud cracks were heard as the higher lcads

al lcading of the structure caused elastic buckling
;ag@ra7 elements at relatively iow lcads. Thig be-
cted due T¢ the reversal o! the panel shear fcrce

for lcads extending only partially over the end panels. When a
cingle edge secticn was lcaded, buckling cf scme elements was ob-
served in the unlcaded edge secticn. This behavicr suggested the
presence of torsional mcments transmitted *brﬁugh the ccver plate.
The buckling obserwvaticns are discussed further in the analytical
secticn. While indicative of a cordition of instability, all
evidence of buckling disappeared upon removal cof the lcad and did

not impair the performance of the structure in subsequent tests.

i
of some pf +he di
havior was expe

8

o4



41231

Experimental Deflection Measurements

Vertical Deflecticns

Vertical deflecticng of lower panel points were made at
the positions sheown as L and V in Figure 15 for the various load
arrangements listed previously. Comparative deflecticn data are
shown in Figure 17 for four of the loading conditions applied
over the indicated secticns for the full length ¢f the member.
Figure 17(&) compares the deflections of the loaded section or
sections with those of the unlcaded secticn or sections at the
center panel points (V2 or Vu4) and at the second intericor panel
(V1 or V3). Figure 17(b) shows the deflection profile for the
center panel pcints for the three sections. All of the data
shown are for deflections cf the indicated panelis relative tc
the corresponding first panel pcints (L1 and R1 cr L2 and R2).
Relative deflecticons were shown to eliminate the effect of
settlement of the ends of the structure in the supports. The
actual net deflecticns were therefore scomewhat larger than the
vatues shown in Figure 17, Efforts were made to monitor movement™
at the supports, but most of the cbservations were not considered
reliable. In general, the measured deflecticns were linear with
the magnitude of applied lcads. Data will be presented to indicare
t+his linearity in the following section which describes the ana-
lytical study.

Several Interesting behavioral characteristics were revealed
by the deflection measurements.

1. The inability cf the cover plate toc Ttransmit
loads from the lcaded to the unlcaded section
may be deduced by observing that the deflecrions
of the loaded sections for lcad arrangements 1, 2,
and 3 were very nearly the same. This result
indicates thar the ccver plate had little locacd
transfer effect and that the sections behaved
almoet independentliy of each other, even though
the total load on the structure for arrangement
2 was twice that fcr arrangements 1 or 3. Ob-
viously, the effectiveness of the cover plate in
transferring lcads from one sectilion to another
would vary with the stiffness ¢f the plate, and
in the case of a bridgs deck with a concrete
wearing surface several inches thick, better trans-
fer characteristics shculd be developed.
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2. The sensitivity of the structure tc load distribu-
tions was apparent from arrangement 4. As stated
previcusly, there was a separation of the air bags
at the center of the middle section which amounted
to approximately one-half ¢f the width of the secticn.
Therefcre, the similarity in the shapes of curves 2
and 4 in Figure 17(b) wherein the center section
deflected less than the edge sections, was to be
expected . Figure 17(a) indicates *hat the reduced
deflection of the center section occurred along the
entire length of the structure. It is also of interest
that the total load on the structure was 50% more for
arrangement 4 than for 2, but the deflections of the
loaded sections of arrangement 4 were only 27% higher
than those for 2.

3. The principle of superposition appears to hold rea-
sonably well when deflecticns due tc ccmbinations cof
load arrangement are used to check equivalent lcading.
For example, the sum of the lcads fcr arrangements 2
and 3 should equal that for arrangement 4. The sum
of the deflections in the edge span due to 2 and 3
equals 0.114 inch which compares favorably with 0.104
inch due to 4. The center span comparisons are not
as close due to the unlcaded portion of the center
section. Agreement between arrangements 1 and 2 1is
alsc good with deflecticns of 0.073 for 1 versus a
value slightly greater than 0.082 for 2. (The un-
locaded edge section deflection was not measured for
arrangement 1.) Verification of the applicability
of superposition was considered important because this
principle was used for the analytical study which will
be discussed later.

4, The presence cof torsicnal ccuples, cr warping »f the
structure, due to unsymmetrical loading of arrangement
1 was suggested by the negative relative deflection in
the unloaded center section. The numerical value of
the deflection was small and may have resulted from
shifting of the dial indicator or an unusual mcovement
of the suppeort frames. However, if accurate, this
behavicr represents an undesirable characteristic and
will be treated mcre fully in the discussicn of the
results of the-analytical study.

The structure responded to the symmetrical transverse lcads
as anticipated. -The uniformly distributed load over the four end
panels produced very little difference in the relative deflections
between the panel points discussed previously. The midspan line
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lcad prcduced differential deflecticns alcong the length of the
structure and a net center span value ¢f 0.1233 inch at & total
leocad ¢f 1,200 pounds. This value compares with a value of less
than 0.100 inch for a lcad of 100 psf distributed c¢cver the entire
surface (3,200 psunds tctal)., The nonsymmetrical transverse line
lecad, placed a* gage pesiticns V1-V3 (Figure 15), caused bucklirg
of a number of web elements ar lcads ¢f several hundred pcunds.

Horizontal Displacemsnts

The horizontal displacemerts of icwer chord panel pocints

were measured at *he positicns shown as Hl and H? in Figure 15.
The purpcse cf these measuremants was *tC ascertain the magnitude
of *the horizontal displacements which cocurred with lcad and to
provide information re* tive to the reed for lateral tlies cr
bridging betwe=sn individual sectiaons Results <f +the more inter-
esting of these medéuremeits are n Figure 18 Movement

of the edge secticn tecward the ce ~ricn was designated as
minus and mcvement away from the ct was designarted
as plus toc ccrrespond to the sign which would ewxist
in rigid lateral ccnnecticorns (1f SECTICNS.

The data shown are cemanis and it s presumed
+that there was nc lateral - center section for the
symmetrical lcads shown. linear displazements of
the edge secTions were due the fection 1n response
to torsicnal couples tTransm 1 the cover plate. The
directicn of the displacem firmed intuitive predictlions,
but the magnitude =f the displiacements for lcead arrvangement 4 was
larger than an**c;pated cernzidering that the load cowvered a porticn
of the rcenter secticn. Even if reduced by cre-vhird o correspond
to the total lcad applied for arrangement 7, the displacements
would =+i1ll abcu* equal thcese for arrangement 7. C derable
movement was cbserved for load arrangement 2, wh hasized
the strong influence of ~he cover plate 1in trans a torsichal
couple between sections., In comparing the verti horizontal
displacements for this lcading f{see Figure 17), worted that
the horizontal movement was approximartely three rhat of the
verticai. Time did not perm:t the installation terai cone-
nectors between the sections tTo investigate the magn tude of
ferces required to prevent free horizontal movement ¢f the sections
However, it appears that rigid tiec may be required tc maintain
lateral stability between the sections if heavier ccover plates or
wearing slabs are not effective in eliminating the horizonTal move=-
ments. While several efficiert schemes for lateral restraint coulid
be used, cne wculd be to artach a thin piate *c¢ the lower chords

that would cover +he entire bottom surface of the structure. The
ugse of a sclid plate would also be desirable in fie;d ;ﬁ=*331a+ions
tc protect the small, stranded elements

environmental vectors, nesting birds, and Jther sources Uf damageﬁ
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Figure 18, Horizontal displacements of edge section for various load

arrangements,
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Experimental Strair Measurements

In gereral, strains measured with the bonded electrical
resistance gages were linear with lcad as shcwn for TTG=7 in
Figure 7. The lccaricrn cof the gages as chown in Figure 15

provided a check ¢n the symmetry characreristics of the structure
and *he lcad distributicn., In general, there was good agreement
between symmetrically lccated gages for applicabie lcad cornditicns.
All gages were mounted on tersile elements except 15 and 16, which
were mounted cn the tubular stiffeners. Gage 15 indicated small
negative strains and gage 16 indicated nothing. It is believed
that these gages were subject to strains resuiting from combired
axlal and bending stresses and therefore did not provide a true
measure of the axial strains invclved. Future darva from thece
gages will have *o be corrected for the fiexural action cf the
stifferers.

Figure 19 shows the stra:in magnitudes of =zelacted elements
for distributed lcads =f 100 psf. The certer *wc bars in the figure
are for strairs in web z2nd 2hord elements fcr the icaded sections
and the outer *wo bars arse for strains in the adjacent unlicaded
secticns. All secricons were loaded in arrangement 4 ideally,
all elements in the lcaded secrmicons zhculd be strained equally To
achieve greatest efficiency of material uzage. o arvempt was
made to optimize the areas of elements for strain in TTC-8, sc
the measured strair differences were rat sidered a design
deficiency for this experiment.

The superposition < cad combinra-
tiong ccoinzide reascnably particular,
the strain in gags 1 for =gular, pcesibly
due *tc horizontal movement pesition.  This
load test was repeated fou arity indicared
by gage 1 irn Figure 19. 0O -t the strains
for gage 0 from lcoad arran inches which
cempares favorably with 86 rom ioad
arrangement 4. (Compariscn Der ,myo~9d values versus the
direct readings for the ch: rnts Tor the same lcaq arrange=
ments are in better agreeme , 525 wersus 500 u~inches for
gage 14 and 415 versus 37% for gage 12,

~

Comparisons c¢f strains between lcad arrangemenzts 1 and 7
shew the anticipated behavicr of gage 12 (twice +he strain fcr
twice the lcad) and nearly the same s*rain values in gages 13 and
24, The latter readings imply that a lcad in cne edge section
produces little strain in the elements in the unlcaded edge secticn.

[&¢]
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This character:stis f vhe strusture was verified by readirgs in

gage 14 versus thcse for gage 12 for l2ad arrangement 1, in which

strains in gage 1% were berwsen 5% ard 10% <f those ir gage 13

fer lcad magnitude ps e nts of strains icr

the web elements wers e 1 1 were lcrated in

end panels of the T serginive vhar
=3

SR
O o

i

the gages ir tre ¢
ternal supports or
£ the cbservad dis
attributed to these
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The maximum chserved srtrair during ali of the
was 1,200 v=inches. :
mu4:¢p 1ied by the
maximum tensil
2,500 ps:. This

member , TTG-

T -y

pyne N
4
(o

.
N

. Sl @
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The deviaticns of strains in the web diagonal elements, as a
group, were higher than thcse fcr the lower chord elemernts. In
nearly every element, whether a web diagonal or a chord, the ex-
perimental value was less than that predicted by the analysis.
This was true for both strain and deflection measurements. Frcm
a behavicral standpcint, these results indicate that the jcints
undoubtedly transmitted some mcment and provided mere stiffness
tc the structure than was assumed for the analytical mcdel.

From a design standpoint, the consistency ¢f the higher pre-
dicted values would permit an empirical adjustment tc the
theoretical model to account for the indeterminant stiffness of
the joints and thereby bring the theoretical and experimental
values into closer agreement. A comprehensive study of empirical
modification to the analytical model was not made in view of the
Physical modifications which should be made to reduce relative
lateral movement of the sections under loads. These mcdificaticns
would change the stiffness characteristics of the structure and
produce different sets of data from those cbtained i1in the current
investigation. Alsoc, a time limitaticn for the complevion ¢f *he
major goals of the project precluded interesting studies of this
rnature.

Partial Lcading and Buckling of Elements

It was mentiocred previcusly that some of the web diagonal
elements buckled when a lcad was applied over a portion <f the
plate surface. This was anticipated in view cf the single diagcnal
tenszicn element present in each panel. A rnumber of nonsymmetrical
partial lcad arrangements were studied by means of the computer
program to ascertain which tensicn elements would undergce stress
reversal and be subject to buckiing.

One experimental locad test was conducted to check the ana-
lytical results. This test consisted of a live lcad applied across
the structure at the second panel position frem an end support.
Figure 22 i1s a plan view of one-half of the structure showing which
members were predicted to buckle and which members actually buckled
due tc the load. Other web elements appeared to retaln some tensile
stress even though the strains were small. Figure 23 shows the
deflection profile of the lower chord in the center secticn, which
clearly indicates an upward mcvement of the girder. This move-
ment was apparently due to buckling of the top plate in an upward
direction between the load position and the support, and cccurved
when the compressive stress in the plates exceeded the critical
buckling value for that element.
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123
Table 1
Dead Load Requirement to Offset Effect
of Partial Live Loads at 85 psf
Type of Partial Load Critical Section/ 5lab Thickness,
Element*® inches
Uniferm load on center section Edge /UCLL 0.7
Transverse line load at U2 on Edge /U3L4 0.3
both ends
Uniform load over two Dpanels at Edge/U2Ln 0.1
both ends
Longitudinal line load at center- Edge/UQL1 0.u
line
Poirt load at center Edge /UOLL 0.1
Uniform load on transverse Edge/U3L4 6.5
one-half Center/UJ3Lu 5.5
Transverse line lcad at U2 con Center/UZLu 7.3
cne end Edge/U3LY 6.4
Uniform load over two end Center/U3Lku 3.4
panels at one end Edge /U3LY 3.0
Uniform load on longitudinal Edge/UCL1 0.7
cne~half
Uniform load on one edge section Edge/ULL? 0.3

*See Figures 22 and 23 for element lccations.
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Studies ¢r Ccnfigurational Optimizaticon
The present configuraticn of the ftrussed girder was based
partially cn intuitive arguments, (3,%) and as has been mentioned
previously, the stress distributicn in “he elemen*s was nat ideal.
Therefore, studies were conducted for arn cprimum configuraticon
which might yield a mcre econcmical member., A literature review

revealed that little

work had been

done

the configuraticon of urknown *cpclegy.
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However, the ccnfiguraticn and areas of web and lower chor
elements needed to be cptimizedu Nene of the above methods
provided a direct, practical solution tc this problers

Opfimizatioﬁ methods based cn mathematical programming
search for the c¢ptimum c:n;ingation in a purely empirical
manner. A set of rules is established which will guarartee a
continuous and menoteonic decrease 1n a prescribed cbijective
function withcut regard to the nature of that function. The
path to the optimum is shcwn, but no predicticons concerning the
optimum are specified, apart from the criterion that it is im-
possible cr uneccnemical to go en. Both the strength and weak-

ness of mathematical programming reside in this formulaticn: 1ts
strength being the generality which this indeperdence of problem
type imparts, whereas 1its weakness arises from no use LeA@g made
of any characteristics cf the problem which would permit a more
efficient scilution. Therefcre, ;*h\ugh these methods are wel'-
defined mathematically, they are severely limited by probiem ¢ .ze
and computational complex1tyg As the number of wvariabtlecs zage
the number c¢f searches also increases and the computaticr St
per cycle increases rapidiy. Th limitaticn 1s attribu T
only to the greater ogt of larger analyses but also t ed

tc com utre derivarives of congtraints with respect to
ables, (12?

Therefcre, in rezent years much attenticn has been focused

o cptimality criteria methods where, in direc* cor nu-
merica. search methods, conditicns are established basis
cencerning the nature of +he cprtimal design. e 14
provide the basis of a simple recursion relatior used for redesign
For these reasons, an optimality criteria methcd was chosen for

Pedersor pointed cut that for a single loading conditicn the
optimum truss 1s a statically determinate one. (13} Therefcre, 1
was +'hcn*gh’r that starting with a ground structure cbtained by inter=~
connecting a network of possible node locations and modlfylng the
areas ¢f elements to satisfy the coptimality condition, some ele-
ments ccu1d be deleted. For a three-dimensional study, cnly a

very small number <f node lccations could be considered because
the number c¢f elements would increase rapidly with the add:ition
¢f new nodes and quickly excesd the capacity of the computer.
Therefcre, the study was confined to planar trusses. The resul*ting
truss weuld then be considered one face of the *riangular trussed
girder.

b1
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with 6,

panels

(14)

A computer program written by Victory Perry was
modified to serve these specific needs. It can handle 95 ele=-
ments and 9% degrees of freedom. The fcliowing steps were used
to explcre

1

* s

Thes
8,

an c¢ptimum cconfiguraricn.

Given a certain span length, select the number
of panelc de51 ed and ske*cb a network of possi-
ble node lccations in the twc-dimensicnal plane.

Interconrnect these ncdal peints such that a ground
truss of not more than 95 elements i1s obtained.

Use ar optimality cri*teria methad for optimizing

the areas of a truss to delete scme of the slements.
Te avoid ge*flng n ill-conditicned stiffness matrix,
assign a minimum area constraint of 0.00001 sq. an.
rather than zerc. Consider elements with this area
deleted.

Fick the nodal points where most of the remaining
elements are clustered, at the same time trylng to
maintaln a Pratrt truss configuraticn by grouping
some elements tcogether.

Select the width and the thickness of the +cp plate.

Analyze the resulting structure using a three-
dimensicnal finite elements method and scale the areas
of web and lower chord elemerts such tha*t the iarges=t
deflection of the structure 1s equal to The maximum
ailowable deflection.

Repeat the procedure for a different number of panelis

and caliculate the volumes of elemernts,

e steps were tried for the design of glrdefC 8 feet long
and 10 parels and girders 30 feet long with 8 and 10

- A uniformly distributed lcad of 100 psf on the top plate
was used in all determinations. The iteraticns ccould not be
carried far encugh in any of these combinations to reduce the

~ground truss tc a stratically determinate crne. However,

column of nodes, which indicated the favored node.

in
cases, the heagvier elements were clustered arcund cne node in each

ail

Figures 24 and 25 show the different steps iIn the design of
the 8-fcot, 10~panel member. Figure 24 1s the ground =russ of 91
elements and 26 nodes. The same ground structure but with dif-

ferent dimensions

was also used for the design of a 30-fcot,

Mg
N
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10-parel member. In order to consider a more general network

of elements and ncdes, the gecmetric symmetry of the structure

and loading arrangements were utilized. Figure 25 shows the final
shape of the plane truss with these nodes. The elements shown are
the sums of the areas of similar elements grouped together.

The top chord elements of the plane truss obtained by pro-
jecting the girder cntc a vertical plane were much heavier than
the web and lcwer chord elements. To make sure that the web and
lower chord areas did not decrease to an unrealistic value, large
minimum area constraints were used for these elements. Because
cf this, the areas reached their minimum limit at the end of the
first computational iteraticn and therefore were inactive for the
remainder cf the iteraticns. Thus the width and thickness of the
Top plate did nct affect the results until step 6 of the procedure
outlined abcve. At this point, widths of 16 inches and 48 inches
and thicknesses of 0.5 inch and 2 inches were selected for the
top plates of the 8 foot and 30 fcot long members, respectively.
The resulting structure was then analyzed in three dimensions ard
the areas of web and lcwer chord elements increased proportionally
until the largest deflecticn of the member became 1/1000 of the
span .ength. In the 8-fcct, 10-panel girder, scme of the diagcnals
develcped compressive stresses; but since they were incapable of
carrying any compressicn, *they were eliminated a+ this pcint.

The final design of the 8-foot, 10-panel member is sketched in
Figure 26.

In a comparative study, the areas of web and lower chord
elements of the configuration cf TTG-7 were computed bty the cpri=-
mization procedure. The idealized areas aleng with the actual areas
of TTG~7 are presented in Table 2. Volumes c¢f the web ard lower
chord elements of the several girders were calculated and are sum-
marized in Table 3., It is evident that a significant reduction in
volume of material was achieved in going from the actual aveas of
TTG-7 to the optimum areas for the same span length. Conversely,
for the same volumes of material used in the present configuration
and the optimized versicns of TTG-7, the maximum deflecticns should
be substantially reduced in the cptimum shape.

The practical aspects cof fabricating an optimized ccnfigura-
tion have not yet been explored.
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Figure 25, Intermediate shape and areas of elements of the plane truss

with the 8-ft,, 10-panel design. (Numbers on the elements
are the areas in sq. in.)

9.6" 9.6" 9.6" 9.6" 9.6"

Figure 26. Final shape of the 8-ft,, 10-panel design,
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Table 2
Compariscn ¢f Lengths and Areas of Web and Lower

Chord Elements of the Actual and Optimized
Configurations of TTG=-7

Element Element Actual Area Cptimum Area
Number* Length (in.) (in.?) (in.?)
1 18.788 . 8760 .33u48
2 22.293 L0433 2200
3 12.000 .0020 .0001
b 18.788 L4380 3133
) 22.293 L0295 .1858
6 12.000 . 0433 .1267
7 18.788 4380 2548
8 22.293 .0177 1440
9 12.000 .07728 2346
10 18.788 L4380 <2087
11 22.2932 L0079 .08232
12 12.000 .0905 L3214
13 18.788 .2190 .00528
i
2 5 8 11 | 13
1 b4 7 10 g,
3 6 9 12 b

*Location of elements in TTG-7.
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Table 3
Total Veclumes of Web and Lower Cheord Elements
in the Various Designs

NEN

Member . Max, Deflecticn (in.) Volume (In:)*
Actual TTG-7 Specimen L1717 168.66
Optimized TTG-7 Configuration 095 166.22
8 ft. - 6 panel .096 58,88
8 ft. - 8 panel .096 86,42
& ft. - 10 parel 096 57.27
30 ft. - 8 panel . 280 308,21
30 ft. - 10 panel 20 4618.42

CONTACTS WITH MANUFACTURERS AND CTHERS

angular trussed girders were contacted.
limited

Scme manufacrturers with capabilities
E

visits to firms cutside of

valuable contacts were maae win atteﬁdceﬁ

the Society

D.

made at the

C.

Other and

N

ntacts of bo*% genera
licwing meetings:

co
fo

the state

or ftabrizatin
Budgetary res-ri
cof Virginia.
at *h@ ﬁfnuq,

pecific natures were

1. ASCE/EIC/RTAC Joint Transportaticn Engineering
Meeting, Mcntreal, July 1974,

2. ASCE Naticnal Structural Engineerirg Convention
and Expcsiticon, New QOrleans, April 1975,

3. ASCE Research Ccuncil on Structural Plastics,

New York, January 1975.



A4 A)f"" «
i e !

Technical papers describing research progress in the TTG program
were presented at the first two meetings listed. A fruitful con-
tact with the E. I. DuPont Company (manufacturer of Kevlar u49)

was made at the third meeting. (A portion of the required travel
funds were provided by Virginia Highway & Transportation Research
Council for only *the first meeting listed.,) One specific confer-
ence was held with management personnel of the Baker Equipment
Company of Richmond, Virginia, concerning their interest in pro-
viding fabrication services for the trussed girders. In this

case, qualified interest was expressed dependent upon scheduling
and volume requirements. A long established contact was maintained
with a representative of the Owens Corning Fiberglas Corpocration
in Granville, Ohio, with the receipt of helpful advice and technical
information.,

Additional contacts were established with Eli Ron, Chief
Engineer, Public Works Department of Tel Aviv, Israel; and Professor
Y. Tene of the Israel Institute of Technology, Technion City, Haifa,
Israel. Information was obtained by letter and telephone conver-
sation with these contacts relative tc the erection of a reinforced
Plastic pedestrian bridge in Tel Aviv in November 1972. Details
related tc this structure are given below.

1. Superstructure has a span of 79 feet, a width of
6 feet, and a total weight of 2.5 tcns.

2. Erection time was 15 tc 30 minutes at night. The
superstructure may be removed intact from abutments
and mocunted on wheels for towing to another site.

3. No maintenance is anticipated for 20 years.

4. Entire structure was shop fabricated of an assembly
of glass-reinforced plastic panels in light steel
frames. Connections were made with both adhesives
and welds in the steel frames. The GRP panels
were hand lay-up construction.

5. A safety factor of 4 was used for the design of the
GRP panels; a safety factor c¢f 2 was used for the
steel.

6. A fire-retardant polyester resin was used with
additives to inhibit ultraviolet degradation.
These additives increased the resin material cost
by approximately 2%.

7. Initial design calculations provided for three=
dimensional stress development. Laboratory tests
on models were used to verify design calculations.
Ultimately, a one-half scale model was load tested
in a laboratory without failure. Both static and
cyclic loads were applied.
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12.

The design live lcad was 93 psf.

The light weight of the structure dces not provide
sufficient damping to prevent deteﬁflon cf vibration
by the pedestrians. The live lcad deflecticn was
the limiting design factor.

Weathering of the resin is expected to be the prlmary
source of detericraticn of the bridge. The climatic
exposure 1s similar tc that of Flerida except for
lower prevailing humidities. The weathering effects

are to be monitcred by lead testing a labcratory speci-

men of ore-half scale after five years cf expcosure tc
the same climatic conditions as those experienced by
the bridge.

Only one bridge was fabricated and erected due tc¢
changed economic circumstances. AT the completicon of
the 1initial design, the ccst of the GRF s+ructure was
20% less than that of a reinforced ccncrete bridge;
at the time of erecticn, 17 was 10% more. The final
cce* of the GRP zupers TruPT1rﬁ was $17,500 and the
total ccst cof the bridge, including design, was
LE,000.

¢

the model afrter
am to monitcr
l"\

~
five years, *here 15
+ tinuing basis.

the performance of

CONCLUSIONS

The fcllowing corclusions are based on the findings of the
research studlies ccnducted.

1.

Modificaricns to the top plate and stiffener assembly
simplified the girder fabrication procedure withcut
sacrificing lcad performance.,

n relaticrnships were

Load~deflection and load-strai
& test range,

essentially lirear over th

Use of heavier cover platres or higher mcdulus mater
for the stranded elements decreased the defeormation
characteristics ¢f the member.

The ultimate streng*h of the mcdifised ngryLe g3

rde
was 1in excess of a 600 psf uniformly distributed

ioad

o

&1

P
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2. Obtain dead welght creep data over a period
of several months to compare behavior with
that of TTG=6.

3. Add concrete slab and determine behavior under
static load arrangements used previocusly.

4. Conduct cyclic load tests to study fatigue be-
havicr,

o

Determine an ultimate static lcad and mode of
failure.

Efforts to improve the vertical and transverse stiffener
assembly shculd be continued. Preliminary work on a single, rigid-
frame configuration tc replace the four parts now used has been
enccuraging and should provide considerable advantages. One or
more single uni+t test specimens similar tc TTG-7 shculd be fabri-
cated to verify the results of the modified stiffeners.

Additicnal study should be made cf *he use of Kevlar 49 as
a substitute for glass roving. The single specimen fabricated
was not representative of the best fabricating techniques nor of
the geometric configuration applicable tc this material. Refine-
ments of these factcrs are likely to enhance the efficiency of
the girder considerably.

Experimental test specimens should be studied ¢ confirm
the results of the optimization studies described earliier. Thesea
studies could be conducted jeintly with the modifications to the
stiffener assembly and with the use of combinations of materials.

Recommendations for a Fileld Installarion and Study

Considerable information and knowledge has been acquired over
the past several years relative to the properties c¢f the GRP, tri-
angular trussed girder through development studies, laboratory
experiments, and industrial contacts. A full body of knowledge of
this subject is certainly not complete and much more insight can
be gailned by further analytical and experimental work in the labo-
ratory. At the same time, there can be no effective substitute
for field studies in which all interactive variables are present,
including feorce, temperature, moisture, sunlight, and user abuse.
Therefore, it is recommended that serious thought be given tc a
field study of an in-service structure which would provide the
opportunity fcr an evaluation of the behavicr of the materials
and performance of the overall structure under field conditions.
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There are several factcrs which support this recommerdation
at this time:

1.

o
o

The lead time for the verification, acceptance, and
utilizaticn of new materials and ccncepts 1s lengthy
when dealing with structures invoclving public welfare
and safery. In additicn, the aCﬁumulation of muzh cf
the performance data needed for acceptance e.g., in=-
fermation on the envircrmental effects upen structurail
detericraticn, requires long pericds of time. Accelw~
erated data coliection programs, when used, have nct
always produced accurate predictions of ti mﬁ-uependen
phenomena. Any anticipated adopticon of new materials
or untried procedures therefcre should take into con-
sideraticn the numbef of years which normally elapse

(

)

4;

L

r

between the start and finish of a develcpmental prciect.
Compesite materials technolegy 1s convtinuing to develop
at a rapid rate with discoveries <¢f new procducts and
prccesses. Production statistics for materials and
preducts have increased substantially each year feor

the past decade (recessicn pericdf excepted) and con-
siderable industrial expansicn i1z now under way *o meet
anticipated future demand. Basic and applied research
efforts continue to be strong in mest areas of the re=-
inferced plastics industry. Growing emphasis has beer
apparent in recent morths in the area of structural
applications bcth within and cutside <f the reinfcrced
plastics industry. It is reascnable tc expect that

many cf the technological advancemerts T7¢ be made in

the next several years will be applicable and beneficial
to highway structures. For example, there has been z
recent advancemen* 1in the Technalogy cf injection molding
tc Include chepped-glass reinfcrced peolyester resin which
por*epﬂw brcad Teplaﬁem@n* cf structural metallic mate-
rials. (1%} Cost savingz of 22% have been demcnstrated
To date with this method cof production for at least cne
industrial product. It 1s antlripated that the grcwth
of injection molded GRP will triple in five market areas

aleone by 1980,

Public awareness of the rcie of synthetic materials in
scciety is at an all time high, The use of plastic
products by consumers and producers alike has reached
a ccndition ¢f near dependency upon these materials
for cenvenience and pcectential ccost reduc*ticrn in almost
every facet c¢f the naticnal lifestyle., The image of
procduct reliability and endurarce has nct yet been
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established fcor plastics zs well as it has been

for other more conventicnal materials thever,
the anreau4ng frequency of successful ilization
of synthetic compesites for majer constru ucrion pur-
pcses should enhan“p the public ccnfidence and

acceptance cf these materiais., fcr example, the
decisicn tc erect the predominately plastic pedestrian
bridge in Tel Aviv was an expressiocon of ccnfiderce by
Israel 1n an acceprable eccnomic and functicnal per-
formance ¢f this material system.

While it wculd be preferable tc have the bridge superstructure
fabricated by a ccmmercial firm, it is reccgrized that scme of the
unique features of the TTG member would make it difficult for a
manufacturer tc minimize & cost estimate for single bridge unit.
In the event that nc suitable firm wculd be will urndertake
an experimental program of thi ure up to 20
feet in length could be fabr at the
University c¢f Virginia. W by a com-
mercial firm, it 15 appare congtrusted

manually.

It wcoculd be essential that a locat:ion be selected for the
bridge which would permit freguent visits and easy access for in-
specticn and monitoring ¢f applicable inztrumentation. Ideally,
the site shcould be located i1n the Ccunty of Albemarle, the City
of Charlotte¢v*lle, or perhaps on the Crounds of *he Universizty.
Planring and site selection may beneficially be incoerperat !
the current bfudles for bicycle travel ways in the local oo
munity.

The propesed study for a field installaticn wculd necessarily
extend cver a pericd of time t¢ include site selescticn, arrange-
ments for subs*ructure design and construction, superstructure
fabricaticn, costs estimates for materials, labricatizn and con-
struction, coordination between participating organizations, and
plans for monitcring the performance of the completed srructure.
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APPENDIX A

EXPERIMENTAL TESTING

Irstrumentation

Test specimens were instrumented to cbtain data for vertical
deflections and strains in selected elements durihg loading. All
deflection measurements were made with conventicnal dial indicators
with least readipgs 2f 0.001 inch. Srrains were measured by means
of electrical resistance strain gagec bended to the surface of the
web and chord elements., CGages supplied by the Micro~Measurements
Company, type EA-06-250 BF-350, were borded with M-bond 200 adhecsive
to all specimens. Strains were reccrded by means of a 50 channel,
Mcdel 2085 indicator and Model 30% switching system made by Wllk*am T.
Bean, Inc.

Load Testing

All lcad testing was perfcrmed in the structural labocratory
cf the Department of Civil Engineering at +the University of Virginia.
Test lcads were applied with hydrau?ic cylinders connected to a
Riehle/Los pumping conscle which provided lcad cortrel tc the rearest
20 pounds per cylinder. Air bags, 3 x 9 x 1l-foct deep, made by the
Unircyal Company, were used to spread the lcad uniform.y over the
top piate of the members. Suppcert was provided at the ends of the
test member by wcoden frames built tc fit the trianguiar shape cof
cress secticn. A 1/4-inch thick etrip of elastcmeric material was
attached t¢ the suppoert frame to ensure distributed contact along
the sides of the "V" cf the support frame and the ver+ical web
elements at the ends of +the member. N2 measurements were made to
determine the amocurnt of rotaticn which cccurred at the supports
during load appi*CQtlﬁns, 1.e., tc ascertain the degree cf restraint
at the suppcrt, but visual cbservaticns of the member indicated that
nc cobvicus end restraint was present. No effort was made to control
the envirconmental conditicne of the laberatery during the pericd of
lcad testing. In general, the rtemperature ranged frocm 68F to 75°9F
and the relative humidity from 45% to 65%.

The



STRESS ANALYSIS AND DESCRIPTION OF COMPUTER PROGRAM

Axial stresses in the web and lower chord elements and
displacements at the joints were computed theoretically by the
finite element methcd utilizing plate bending elements to repre=-
sent the top plate and space truss elements for the web and lower
chord. The relaticnship between the fcrces and displacements at
the nodes c¢f an element is

o1 3

q. = k..d.
1 . i
3 1 |
where gi is a force in directicen ij; the stiffness coefficient,
kij’ is the force that must be applied ir direction i1 to produce
a Unit deformatiocrn in direction j when no other deformations occur
in the element; and d4 is the deformatien in direction j. Ex-

pressed in matrix notaticn, the relaticon becomes

{q} = [k] {4}

The stiffness matrix [k]leof a space truss element, with
reference to the glcbal cccrdinates as shown in Figure A-1, is

2
Im m™ symmetric
7
. AE 1r mn n
[k, = —
L 5 o
-1 =1m ~-1n 1
-1m —m2 -mn 1m m2
-1ln -mn —nz 1n mn n2
X X Y, =~ Y Z. -~ A
‘ _ b - Ta, m = b a, n = Db a
where 1 = — T —T — T

The stiffness matrix for the rectangular plate bending element
shown in Figure A~2 was taken from Przemieniecki.(18) 1t was derived
using a displacement functicn that ensures both deflecticon and slope
compatibility cn adjacent elements.
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Figure A-1. Global and element axes for space truss element,
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X, ¥, z are plate axes
The number sequence indicates the order
of direction for each element,

Figure A-2. Rectangular plate bending element,



The stiffness matrix [K] fcr the entire structure (cne or
more girder secticns) 1s generated by superposition ¢ the matrices
of each element. If the external forces and corresponding dis-
placements of the joints in the truss are denoted by {Q} and {D}
respec*lvely, the matrix equaticn for the lcad~displacement re-
spectively, the matrix equaticon for the load-displacement relaticn=-
ship of *the entire structure may be shown as

{Q} =[xl {D}

Figure A-3 shows schematically the set of directions by which
the forces and displacements were defined. Two planes of symmetry
permitted use cf only cne-quarter of the structure in the analyses,
and thereby reduced the number of the numerical calculaticns. For
a given load vectcr {Q}, this set of linear simultanecus equations
may be sclved for {D}. Thereafter, the deformation vector (dyyz)
cf each elemen; can be cbtained. Subsequent multiplication of
{a yz} { ,} gives values for {q 4,,} as desired. The final

al fﬁrcc g each bar 1g c¢btained by Transfyrmlrg the xyz components
‘0 the element axes (cr uvw directicn) by

AT

ax
int

p

{g [T] {q}

;.(_
[
q

Xy Z

where [T] is a transformaticn matrix as defined below:

[t]

m
R = 0
Q Q
[t} = 1 m n
-ln -mn
o ¢ °
o - Wi
For vertical bars, Q is zerc because n = X 1, and some quartities
in [t] become indefinite. Therefore, for vertical bars
o -1 o
[t] = o o n
-n o o

j (Reference 17)

A-u
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stresses and strains,

Final computations are printed as axial stress and strain
fcr each element and the deflections of each panei pcint. A
compiate listing cf the computer program is incliuded in the
following pages.
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AFPENDIX B

THEQRY OF OPTIMALITY CRITERIA FOR STRUCTURAL DESIGN

(This secticn is taken from Reference 12 with scme medificaticns.)

The appl caticon of cptimality criteria apprcaches t¢ struc-
tural optimizaticn inveolves deriving optimality criteria fcr the
specified design ccnditions and establishing an iterative prc-
cedure for achieving the optimum design. In contrast to mathematical
prcgramming methcds, & characterizaticn of the optimal state cf the
structure 1s pr@vided but no preferred path for reaching that state
is given. Direct intuitive procedures are used for the structural
resizing necessary tc achlieve the optimal design. Such apprcaches
usually invclve simple recursion relations which are very efficient
ard easily prcgrammed for the computer.

Derivatiors c¢f the Oprimality Critericn

The objective Is t¢ minimize the welght of the structure
while satisfying the desired stiffness characteristics under spec-
ified lcading conditicns. The cenfigurarion of the structure is
assumed to be fixed and the toral structure is discretized intc

finite elements, Fer a truss the only design variables are the
areas of the elements. Under these conditions the total weight
¢f the structure may be expressed as

(A-13

R

1 A T

where pj is the mass censity, Aj 1s the area, and &; 1s the
length of iT™h element.

By the principle of minimum potential energy, the structure
is in equilibrium when

(U + V) =0 (A-2)
where

U=% {r} (K1 {r} (A-3)
is the total strain energy of the structure, and

V:=o= {R}Y © ip) (A-b)
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is *the pectential energy of applied loads. Then the equilibrium
constraint is

t

5 (% v} (K] {r} -~ 1R} © {r} S (A=5)

where [K] is the structure stiffness matrix, {R} is the vecter of
applied loads, and {r} is the structure displacement vector.

Constraints con minimum element areas can be expressed as

Ai > a. (A-6)

where a; 1s a constant. This equality can be converted intc an
equality ccnstraint by introducing a vector of slack variables X

A, - a. - x2 =0 (A~7

o. £ o (A=8)

where ¢i 1s the effective stress in the element and opgy is the
maximum allowable stress. For a truss the effective stress would
be the axial stress in the element. Introducing ancther vector
of slack variables yi, the stress constraints can be expressed as

2 (A-9}

~ The cptimizaticn problem can now be written as finding the
minimum value of

: m
W (A) = : E ) 0 Ai Qi (A-10)
subject to the constraints
el UK fed - (R} T {r} - o
B} - Tab - {x’} = 0
fo} - Cax " {yi} = 0 (A-11)

A-18



According to the fheory of the calculus ¢f several variables,
when the equaj“fy constraint equaticns are added to the objective
functions using Lagrange multipliers, the prcblem reduces tc finding
the staticnary value of the functicnal ¢ such that

m +
g I oA, k. - A; [% it " [K] {r} -~ {R} © {r}
. 1 7171
1 =1
Sl 2
- A2 [ {A} - {a} = {x"}
- A, [{o} -~ ¢ - y2 (A-12)
3 T max o
Here 2 is a functicn of the nodal displacements {r} the design
variables {A} , the slack wvariables {x?} and {y?2} and the Lagrange
mn1*1p iers A1, Ay, and Ana To determine the staticnary value of
the functicnal ¢, the variaticns with respect tc the sbove vari-

ables shculd be cbtained and set equal t¢ zerc. The variation cf
¢ with respect ftc the displacements gives

(8}

o, T A, [[K] {r} - {R}] = (A-13)

which 1s the equ

ilibrium equaticn cf the structure. The variaticn
cf ¢ with respest

tc the slack variables gives

i

b, 0% 2 h, dx) s oo (A-1w)

e = 2 3, Iyt = ¢ {(A-15)

¥ =

When either +he strese cr the minimum area constraints for
an element are achtive, no fgrther reduc*ticn 1in 1ts area can occur,
sc the slack variable for thece constraints are zerc. Hecwever,
when neither constraint 1is ac:ime, further mcdificatricn in 1ts
area 1s possible, and Sla”k variables are nct zerc. Therefcre,
from equaticns A-14 and A=-1% the Lagrange mul*tipliers associared
with *hem must vanicsh. Thus equaticn A-1? reduces tc

1 o t , +
£ = b pA. L. - A ,:1/ fr}t> [K1 {r} - {R} ~ {rl,] (A-16)
Poe o1 101 1
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The variation of ¢° with respect tc the design variables
gives

1 K o
8y = 0, = Ay [1 fpy T2 {r}—’ S (A=17)
R o . AL a Ai i

The stiffness matrix of the structure can be expressed as the sum
of the stiffness matrices of its elements as

[K]

H

m
X [K.] (A-18)
< 1

1 = 1

. . . .th .
where Kj 1s the stiffness matrix of i element 1n global co-
ordinates. Since only the stiffness matrix cf i™h element is
affected by a change in Ai

s F T -1
aAa aA, (A-19)
1 i
and for a truss
s [Ki1 1
22 - = [K.] -
Substituting equation A-20 intc equaticn A-17 gives
5 frb UK )
= = £ = 8§ = ccnstant (A=21)
L. A. A
11 1

The statement of the optimality critericn fcllows from
equation A-21: +the optimal structure 1s one in which the strain
energy density 1s the same in all its elements that are nct affected
by the stress or minimum area constraints.

Venkayya(l3>1u> pcints cut that for statically determinate
structures this optimality criterion is a necessary and sufficient
condition for global optimality. However in the case ¢f statically
indeterminate structures, it 1s usually possible tc find more than
one design which satisfies the optimality criterion. Each of these
designs represents a relative minimum.

A=20



The next step is the develcpment of a numerical procedure

Formulaticn cf the Optimization Algorithm

et

for arriving at a design which satisfies the optimality critericn.

Ass

domain.

where A is equal to the largest element c¢f the design vector {A}.

ume *that there is a design vector {A} in the feasible

This vector can be ncrmalized such that its largest ele-
ment takes cn a value of unity:

1 {A} (A=272)

The element stiffness matrix and displacement vectors can be
ncrmalized similarly as

and

Thus

which

and

als
%

N 1
frid = M) (A-24)
t
i > S
Ui 2 (Cay  IK1gmyy 1
B3 = 3 + £ % R (A-25)
. Y d{r.} - K.l {r.}
i i i 1
may be written as
U;’:
i, = aS
i A (A-256)
The expressions for the volume of the ith element are
7 = R . -7
v, e A R (A-27)
Vi = OAi £ (A-28)
v, A.
-~ = = A (A-29)
v A

A-21

Ay

y
W

]

el
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The coptimality criterion derived requires that the strain
energy density of each element attailn an average or ccnstant value
as follows:

u. U,
V. v (A~30)
i i avg
which may alsc be expressed as
W, U.
LAl (A=31)
vi A V.
or
m:‘.
L - (A=32)
(n.>)_.
1 avg
where ¢

Yo Y.
; and ( 1)avg are the element

strain energy density and
average strain energy density of the structure.

Multiplying bcth sides of the equation by A% and taking
the square root

The recursicn relation can now be written as

B N ES
O R | = (A=34)
(”i) avg

where v and v + 1 correspond to present and next cycles of design,
respectively.




