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V This study Wes un@@rtak@a t@ d@t@rmin@ the ability
of @p@xy r@sin &dh@SiV@S o tramsf@r hgrizental sh@aring
';str@ss@s‘and t@ retain the composite unit a@ﬁi@n @f @@mposite
‘st@©1:@@n@r@@@ T-beamns, . Tests were carried out on tnr@@'
wa@ams using & @@mm@f@i&l @p@xy P@sino

| lt was f@und tmatg although @gmpl@t@ @@mp@gi@@ unit
action was n@V@? attain@d the @p@xy resim j@int asa
@ransf@r V@Py high sh@aring str@gsesoi This im@i@at@d that
th@ @p@xy P@sin adhesives have good pot@ntial as a sh@ar |
"@Onn@@tar and definitely d@S@PV@ fur@h@r @xp@fim@ntal
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~“Ghap@@r_m_ 
INTRODUGTION .
Imtr@du@ti@n i | |
R Briag@sg @amsisting of e g@ri@s of p&r&ll@l gt@@l

‘:b@&mg supp@rting & @@ntimu@u@ r&imf@r©@@ @@n@r@t@ slabg &r@

f @@mm@nly u@@@ im highway bri@g@ @@nstru@ti@ne‘ Th@ Lirst

'57j;u8@rs of these’ bridg@s a11©W@@ the sleb to rest fr@ely on

\ th@ t@p flang@s @f th@ steel b@&mso‘ L&terg bridg@s were

'A7ybuilt with th@ slab @@nn@@t@d rigi@ly 0 th@ st@®l b@ams

"lfto f@rm a @Oﬁp@@it@ wnite T@d&yg the composite beam bridge

s by far th@ more p@pular of the two typ@so

" To im@ur@ @@mp@@it@ a@tiong a wide vaﬁi@ty @f
x‘m@@hani@al @@nn@@torg have be@n used; As %h@ @@5@ @f using‘
“-m@@hanLQal @onn@@tors is @@nsi@@rableg redueing ovr entir@ly
 §@1imin&ting th@ir usg @@uld 1@&@ t@ gr@&t@r e@@m@myo This-
, stm@y uS@@ @p@xy reeim a@h@sives t@ r@pla@@ the me@hani@al
@@n@@@tor@o 7‘,* | o
| Undér ‘the sp@nsorship @f th@ Arizana Highw&y D@w ‘

”partm@nt th@ ‘Department of Gavil Engin@@ring of the Univer- . -

. si@y @f Arizona. has und@rtak@n r@gear@h r@gafding @h@ u@e "

"5fj @f @@oxy resins in reinfor@@@ @@n@reteo Th@ t@@t@ r@p@r@@df

h@r@ing relate 0 on@ phase of this reaear@ho



1.2 Objest

This study wes conecermed with the wse of @p@x& regin
adhesives as the shear @@nn@@tér~©f @@mpvsi@@ sté@lm@@n@rét@
T-beams, The objeet was to d@t@rmim@ the ability of %h@ .
r@gim &@h@@iV@S to develop goed joinery and o r@tain th@‘
@@mp@@it@.umit action of the T-beam whem it is subjescted to
load, Im‘aaditi@ng the tests were %o be aﬁaiyZ@@ to as@er@aim
| whétifa@%@rs“aff@@t this type of comstruction and what

Turther study i@_n@@d@do

Three gt@@iw@@ﬁ@r@t@ composite T-beams, @&@h‘having
amfép©xy resin shear connection, were fabrlecated and tested
@@&ti@ally to failure, Ea@h T-beem wee instrumented so
thet end slip, deflection, end concrete and steel strains

wWere measvresble thr@ﬁghQHt the ves8t,.

104 gggg Specimens

In designing the T-beams, consléeration wag given
to (1) obtaining & slab thickness lerge emough so that the
.usmalésiéé‘aggm@g@t@s‘@@ﬁl@'b@,uggdg.an@ (2) insuping thab
high shearing stresses developed in the epoxy Jjéinb b@f@ré
the T=beem falled, | | | |
| The @cb@am'd@sigﬁ used throughout the tests consisted
of & 40 inch wide comerebe sleb on & 10 ineh I-beam, 6 £t |
© 6 in, 1ong9 W@ighing 25,4 pounds per foot, Except for the
thickness of each slab, all three wa@&m@ had the same



dimensions, The three slab thicknesses were:

Tobeam Ble = = = =4 1/4 inches

Tobeeit B2= = = = <4 1/2 inches

 T=beam B3 = = = m@ 3/4 inches

In order to 1ift and move the slabs, speclal sye bold holders
were eest im the slebs, Hach slab had % by 6 by 6 ineh
‘welded wire fabrie r@inf@r@@mént.pla©@d 1% iﬁ@h@s from 118
top, This ?@iﬁf@?@@m@nt s@rv@@ two purpeses: Lirsbt, it
pr@via@@-m@@h@ni@al an@bgrag@ for the eye bolt h@l@@rsg'se@@ndg
it agsured that the slab could withstend the megative bende
img‘gﬁp@SS@s ineurred in 1ifting the slab out of its formg
third, it served as shrinkag@,r@iﬁfOf@@m@n@o |
| Although it wes desivable o develop hish shearing
stresses in the epoxy j@int-b@f@f@'th@ T-beam failed, the
d@velopmént of high shéaring»str@sseg early in bthe test was
‘ u@d@sirabl@o It was b@li@V@d'%h&tg With@ut modifying the
chosen steel beam, these early high stresses would exlst.
Th@r@fargg‘an eight imeh @@véraplat@'wag welded to the top
flenge of cach steel beam, thereby inecveesing the shear
area end deereasing the @h@éringvs@r@sseso |

All the wa@ams were tested with a @ﬁ@ point loed
nked by two 18% inch

r@@ulting im & 30 inch flexure spen fla

shear span@o This loading scheme is gh@wn in Figo 1olo
During insp@@tigm ef the I=beams, priex to th@ir

comneetion t@.th@481absg‘it was found that the top flange






of each I-beam was “@ut of square® a significant amount,
This 48 shown in Fig, 1.2, Th@fmamn@r in whieh this find-
ing affected the tests will be discussed later in this thesis,

1,5 Related Past Work snd Findinss

Laboratory studies invglvi@g compoglite beams were
begun in ﬂ9é2ﬂa These early studies were primarily coneerned
with eneased beams in whieh bond provided the interaction
between the steel beam and the comerete, Later, as pra@ti@@ 
moved toward a slab supported on the top of the steel b@ams;
emphasis was placed upon using mechaniecal @@nn@@ti@nrb@twe@n
the @an@réte and the steel, To date, approximately 185 T=
beans hav@ been tesved, OF these, four classes of connectors
h@v& been used: spiralsg hooks and stiff connectors, flexible
connectors, and natural bond cONREcLOTSs.,

Past tesbssod, have well esteblished some general
@hara@t@rigﬁi@s of the b@haviér of ecomposite stesl-conecrete

T-beams with mechanical comneetors. .

ﬂI M, Viest, “R@vi@w of Research on G@mpgsit@ Steel=
Conerete B@amsg" unpublish@d report, Po 1.

2N M, Newmark, C,P., Siess, and I.M, Viest, "Studies
of Slab and Beam Highway Bridges, Part IIIL: Smallws@al@ Tests
of Shear Connectors and Composite T=Beams,® Univ, of I1l,
Eng, EBxp, Sta. Bul, 396, 1952, p, 11277,

= 2§ .M. Newmark, C.P, Siess, I.M, Viest, and J.H,
Appleton, "Studies of Slab and Beam Highway Bridges, Part

IV: Full=Scale Tests of Channel Shear Connectors amnd Composite

T-Beams,® Univ, of I1l, Eng, Exp, Sta, Bul, 405, 1953, p.

139%¢F,
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Note
"out of square

exaggerated for
clarity>*

Pig. 1*2 TI-Beam Section Defect



_Th@se are°:
(i) @@mpl@t@ iﬁtera@ti@n is n@V@f @ntirely at%aimed
f wh@n th@ slab and steel b@am ar@ im%er@@nne@t@d @nly by R
1 me@hani@&l @@nn@@t@rgg ,‘ | |
(2) defl@@ti@ns and str&ims are V@?y ne&rly id@mti@al
t@ thOS@ @@?r@gponding t@ @ompl@te intera@ti@ng ’ |

(3) @nd slipg be@auS@ it is mor@ sensitiV@ 0 @hange .

- in d@gr@@ of int@ra@ti@n than d@fl@@tiens and strainsg gives By

th@ b@st physi@al m@asur@m@nt @f imp@rfe@t int@ra@tiang @nd

(&) as yi@lding o@@urs Ty th@ steel b@amg r@tati@n

 ”,ab@ut th@ plasti@ hing@ @&uﬁ@s 1&?@@ def@rmati@ns mhi@h tend @;“Lf 

s' t@ S@parate the 31&@ ff@m th@ b@amo R

' Th@ afar@mention@d @h&r&@t@risti@s Will be diseusse@

.~in m@re @@t&il later in thi@ th@sis in @@mparing th@ findings:f’_7

of th@ tests herein r@p@rted and past testso: '
The investigati@ns using a n&tural bond @@nne@ti@n

fhave Sh@wn %hat natural bond ig a V@ry g@@d sh@ar @@nﬁ@@t@ro .

In fa@tg @@mpl@t@ intera@tion is @bt&in@d with this typ@ of: {f

'conn@@ti@no— Neverthel@ssg as b@nd is weak in tensi©n9 it

‘g ¥@an b@ @aaily br@k@n if th@ al&b t@nds t@ S@parat@ fr@m @h@

'7beamo Th@r@foreg b@nd @ann@t insnr@ @omplete intera@ti@n u@
%o @n@‘ultima@e-lgadc~.Hence9 b@nd»is an unreli&blgvsh@ar

 eomnegtor, - .-



Ghapt@r‘e
MATERIALS

-_~2;®  Gon@r@t@ Uateriele

AriZ@na Typ@ I P@@tl&n@ G@m@nt w&s MS@QO, Th@ aggreef».A‘-

'gaﬁeg used were th@se whi@h were available in th@ 1&b@rat@?yo

':; The. absarption @f Wat@r of th@ @oarse and fine aggr@gat@s

| %iwag Q. 98 and 009@ p@r@@nt r@sp@@tivelyg Th@ m@@h&mi@@l

 analysig of th@ aggr@g&@es iS given in Table Io |

o 2 2 G@m@r@t@ Mixes amd Strength

. High B@r@ngth @@ﬂ@?@t@ wa.s used for a1l three slabs, =

‘“Th@ &@sign pr@p@rtions are given in Table IIov The resulting
strangth and m@dulua of elastieity for @a@h @lab as d@%@rmin@d
‘{<;fr@m stamdard 6 by 18 in@h @ylind@r t@sts is present@d in
 7mab1@ 111 | -

.,2 3 Str@SSnStpain Diagrams @f G@n@r@t@
‘ Figur@s 2 ﬂ 2.2 &n@ 2.3 sh@w the str@55astrain

j relati@nship@ @f th@ @@ﬁ@rete @@ntrol @ylind@rso' As the

”:‘@urv@s are linear over WOt of th@ir l@ngthg the modulus of

'” @lasti@ity wos @@termin@d a8 th@ sl@p@ of the Btraigh@

fproporti@n @f @a@h @u?V@o



TABLE I

SIEVE ANALYSIS OF AGGREGATES

Coarse Aggregate

Fine Aggregates

Sieve Percentage Retained Sieve Percentage Retained
11/2" 0. Noo L 0012
" 16 No, 8 9.2
3/ 58 No, 16 32,3
1/2" 86 " Hoo 30 6li. 6
3/8" 95 No, 50 90,8
WO, L 99,9 No, 100 98,7

Fineness Modulus 2,96




£>% A

TABLE II

. CONCRETE MIX DESIGNS

T-bean | Slab Thickness |Wat er/Cement | Proportions (1b/cu yd of édnc'raeté;) S1ump
o ( ineheé ) (gal/sack) Gravel| Sand |Cement ‘?Iaw‘: er (inches)
BL Ibo1/b lo72 1918 | 1062 | 699 | 322 2 1/2
B2 b 1/2 6,50 1945 | 1305 | 508 293 | 2
B3 . 6050 1945 1 1305 | 508 3 1/2

3 3/h4

293

01



i1

TABLE IIX ' =
PROPERTIES OF CONCRETE

T-Beam No, | Slab Thickness | Ult, Strength | Mod., of Elasticity

(Inches) (psi)  (pst x 107
B1 b1/l 6860 | 14085
B2 |  hi/e ~ 5190 Loy

B3 3 3/l 5500 beb2




(ksl)

Unit Stress

Pig.

2,1

12

E=Wgx 10b psi

= 6860 pal
(average of three)

2 4 6 8 10

Unit Strain (Inches/inch x 10

Stress-strain diagram for concrete of T-beam Bl1,



(ksl)

Unit Stress

Fig. 2.2

13

E=x»bx x 10b psl

ft =5190 psl
(average of four)

2 6 8 10

Unit Strain (Inches/inch x 10 4)

Stress-straln diagram for concrete of T-beam B2.



(ksl)

Unit Stress

Fig.

2.

3

14

E =14,62X 10° psl

. f£t =5500 psl
(average of three)

2 4 6 8 10

Unit Strain (Inohes/lnch x 10™-)

Stress-straln diagram for concrete of T-beam B3.



i3
2.4 FEpomy Resins

Ep@@y resins are thermosetting adhesives that cuwre
by the ehemieal reaction of a base with a haf@@nero Hence,
unlike obher r@éinous-adh@sivesg the epoxies @ure'withaub,
relsasing wabter or othér condensation by-products. This
makes it'@&ggibi@ to bond epoxiééwét’only contact presSﬁééy
or with no pressuf@ at all, Also, since there is no water to
remove and no vélﬁtile solvent, the epoxies can easily bond
to the impervieus surfeces of metals, Most epoxies curse withe
in 2L hours at room temperature and in iess time ab highar
_tém@@waﬁure$o Thus, since they are ome hundred per cent
@élidsg and éince they are pesis%ant to @oyrosion; dilute
acids, alkalies and many solvents, spoxy resins are desirable
adhe31ves‘for @onstru@tionl 2
A8 specific proportions of base and hardener are re-
qﬁi@@d to agsure a complete reaction, the somponents are
usually premmeasuféd and stored in separste containers.,
Prlor to this investigation, the shear and tensile
prop@rties @f twenty-~Lfour @ommer@ial epoxy resins were
;det@ﬂmined in the Materials Testing Laboratory at the Univer=

sity of Arizona, Based on these tests, a suitable P@Slns

was selected fop uS@ throughout the investigatbion,

11, Skeist, Epoxy Resins, p. 3ff.
EHQ Lee and K. N@Vill@g Ep@xy Resins, po 7fo

BSika Epoxy Pat@hlng Compound9 produesd by Bika Chemi@&l
Corporation, Passai@g New Jersey,
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.;lThé £@ﬁ§iié @ﬁ@wSﬁé@F @@rémgﬁh 6f‘ﬁhié"@p@xy reSin9 @a@hL ERe

- ' @@termine@ as an averag@ of t@m t@s@sg were 3683 an@ 1355
E:prsi ?@spe@tivelyo‘ | ) o :

o At the time @i“ jaining @a@h sla:b and 1=-b@am9 three

t@nsil@ @p@@im@ns w@r@ made cf th@ @poxy mixture use@o Thuggﬂ

1% @culd b@ aSQQrtain@d Wh@th@r or not a go@d r@a@ti@n was

Ej\@btaine@o I@ was ﬁ@und that g@@d Pea@ti@na were. @btained

' throughout th@ @mtir@ t@stimg pr@gramo The t@nsile str@ngths E
of these epoxy @@ntrol sp@@im@ns ar@ given im th@ App@mdixo
‘AaFor;reasans that will,be:dig@mssed in section 3,2,

. fillers Were‘mixed with‘%he epOxy r@gin mix@ur@@ uS@@.in

"%ijining‘t%@ @f'th@ three Tmbeamgo F@r one of these tW@ Tm,

"yb@amsg @1@an @ttawa ‘sand was use@ as th@ filler@ Th@ @th@r

Tub@&m wes j@in@d msimg an @xpande@ sili@a fill@ro



Chepter 3
'PREPARATION AND Imsraumzﬁiamzom‘gﬁ‘zgsr SPECIMENS

\‘ 3;1 Pourlng and Guring Slahs |
- Reusable f@rms W@re mad@ for @asting ﬁh@ slabso
- Fig, 3. ﬂ is 8 pi@ture @f'one @f the forms ready f@r p@u?o‘
“fTh@ sid@ b@ards W@r@ bolt@d to the f@rm b@tt@me This
"81mplifi@@ the remeval of th@ slab from the f@rmo Ea@h slab
was pour@d on a diff@rent dey, ' _' e
‘a Muller 6mS portable @on©r@t@ mixer was usedo Aitérf'

the . forms wer@ filled, the @en@r@te wes vibratea and fl@atedo

 1_.At 1@&3@ thre@ 6 by 12 im@h @entf@l @ylind@rs wer@ @ast

E Wlth ea@h slabo _ o

» After the @@n@r@te haa set wat@r soak@d burlap sacks
'5wer@ pla@@d aver th@ slabsol A @onstant flow ‘of Wat@r was .}u'
maintain@d,@n the alab by perf@rat@@ hose sprinklers 1aid
.on top of the sa@kso3 T@ @nabie b@tﬁer @uringg th@ slabs werer
 ‘removed fr@m the f@rms one week aft@r th@i? pour, Ea@h slab
was moist @ufed for twentym@ight days and then air dri@d
‘umtil it was tgat@dg | | | o

'392 Bonéing Siab t@ I-Beam | |
ln preparing th@ sp@@im@na f@r b@ndingg “the b@n@ing

i



Fig. 3.1

Form ready for pour,

18
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surface @f each slab wes @1@aﬁ@d.by brushing & diluve seluti@m
of muriatiec acid over the area with & stiff bristle brush.
The resulting 1@65@ material and spent acld were then removed
by rinsing with elean water, Since sandblast cleaning of
- steel beams is doms in @@nstfu@tiong it was decided to clean
the bonding plate welded to the I-besm with & portable hand
grinder, The grinding clesned the plate of all its rust,
: bm@ n@'@ff@rt wWas mede to ais@ remove &1l of the mill seales
,Pfiar to bonding, each I-beam was placed on the slébi
to detevitine how well the bonding surfaces mebt, Only one
| of the three speeimens, B2, had bonding surfaces that met
each other sufficiently thr@ugh@u@ the entire bonding area.
The bonding suffa@és @f B1 W@E@.S@?@f@%@@ % inch at the @@h@@r 
of the span; the b@ﬁ@img Surfa@@é,éf_BB were separated % |
inch &t the ends of the span, These £aps 0@@ﬁrr@d besause
the slab had W@ﬁp@@ a small amaunt while air @ryimg and thus
the sleb bonding surface @@uld not9 over the @ntir@ span,
meet the steel plete which had e pleme surface,
Wh@n Bl was bomnded t@g@th@rg clean Ottawa sand was
a@@@d to the epoxy resin mix@mr@o This enebled a layer of
@p@xy %0 be builtu@p @m the pl&t@ of the Iob@amo Then, as the
slab was lowered on the I-bsam, the excess epoxy mixture was
squeezed oub, leaving the gep filled, To keep the slab in
‘position on top of the I-beam while the epoxy cured, clamps

were applied at both ends of the beam,
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 Bince the bonding Surfa@es.of B2 met well, no £11ler
was added to its epoxy. The thi?d T=bean, B3, was bonded
using an expended siliea filler, This filler ineressed the

|

viscosity of the resin @n@ugh g0 that & % inch thick layer

éf @p@ky eould be builtmup; rh@ procedure of pla@ing the

slab on top of the I-beam was the same as pr@vi@uély‘stat@d

for Bl, | |

Fig, 3.2 shows T-beaus B2 and B3 held in position as
the epoxy resin eonnection eures, Fig, 3.3, which is another

view of T-beam B2 held in position, shows the epoxy joiat,

3.3 Electrig Strain Gages
- Bach T-beam was instrumented at its midspan with thirty
8R=4 electrie stéain}gag@so The position of the gages is
shown in Fig, 3.4, ?h@‘typ@s of gages used were A-1 and
retz, | -

?riar to bonding the geges o the specimen, the gagéa
loeation surfacesg were ground smooth with & portable grinder
and cleaned with acetone, Duco cement was used as the bond-
ing agent., ALfter allowing one day for the cement to dry, the
gages were wired with soldered comnections to the gage’l@adso
Two dummy gages for temperature compensation were mede: one
.W&S m@ﬁnt@d on an uostressed steel bar and the @th@f-wés
mounted on aﬁ unstressed concrete cube, |

Two Baldwin 20-point switch-box units were used to

. facilitate easy reading of the thirty strain gages, Strains



Fig.

Fig.
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3.2 T-beama B2 and B3 held In position as epoxy resin
connection cures.

3.3 T-beam B2 during cure of epoxy resin joint



Note:

The exact locations
of the side concrete slab
gages are shown on the

Strain Gage Location

figures presenting the
test data.

Fig. 3.4 Location Of Electric Strain Gages

8%
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were read to the pearest 5 milliomths with & Baldwin Type
N SR-4 Strain Indicator.

3.4 Deflectlon and End Slip Indicators

- Deflections at midspan end at 17% inches from the end
reactions were measured with 0,001 inch Starrett dial
indicators,  This seme type 6f inéi@ator was also used to
peasure relative slip at the ends of the T-beams. The de-
fleetion indicators were mounted on posts atbtached to a
deflection frame which spénn@@ between the end reactions of
the T-beams The position of each d@fl@éti@n indieator is
Sh@wm in“Figo 3.5, Special framgsg clamped ©o0 the web of
the iab@amg'smpported the end s8lip indicators., Fig, 3.6
shows an end slip indi@ator in p@sitieno The p@siti@n of
each emd slip indlcator is shown on the figures presenting

the test data,

3,5 Loading Apparatus
A1l the T-beams were tested in & loading frame

employing two 50-ton capaelty Simplex hydraulic rams-opéra@@é
by a Ri@hle Console with’a 10,000 psi capacity., A 4 inch
wide steeél crane rail was placed between each ram and the
slab to distribute the load ecress the width of the slab,

| As pf@vi@usly stated, the I-beams were “out of square"
a, signifi@aﬁt‘am@unto..H@n@eg when the slabsg were in place |
on top of th@‘zab@amsg the slabs were not normal to the steel

seb axls. . Therefore, in order to apply e load in the plane
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Fig.

3.5

6 6

Location of deflection dial indicators.
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Fig. 3.6 End slip indicator in position and ready for test

Fig. 3.7 End view of T-beam Bl ready for test

25



Fig. 3.8

Sid® view of T-beam Bl ready for test
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of the @teel webg a. surface nermal t@ the web a@r@ss the top
of the slab was mad@ on whi@h the crane rail could bear,

_G@n@r@t@_@ylinder @apping @@mp@und wag used-to makevthis:

-   s@rfaeeg‘ Figo 3.7 is &n end view of T-bean Bﬂ ready for

k bestiﬁg¢ The sl@p@ of the slab and the @hanging thi@kn@as
u:df the;@apping_egmp@und under the P&ilg @an;belseen,in‘this, -
pietureo “‘ ”; S . R o
| As shown in Figo 3 8, the ‘I=bean was test@d with its
:ends P@S@ing dlre@tly on to@ of the supporting Iwb@am withe ‘

'“*::out ‘the usual rgller or knifemedse bearingso The @ff@@tsf

of this fa@t were given @onsideration in the analysis of tne‘

.,'test dataa,



Chapter 4
TESTS, RESULIS, AND‘DIS@USSION

4,1 Test Progediure

On the day of each t@étg the corresponding concrete
eontrol cylinders and épbxy tensile specimens were tested.
A compressometer was used in testing the @ontr@l @ylinders

to determine their m@dulus of elasblelby.

4,1,1 T=beanm Bﬂ,

Two 30-ton Simpl@x raps were employed for applying_v
1load., .Lgaa iﬁ@r@m@ﬁts of 1956 1bs corresponding to 300 psi
pump pressure were applied during the test., The term ®load®

refers o the l@advappli@d by each ram, D@fl@@ti@ng end |
slip, and sﬁfain-gag@ readlngs were @bt&in@d for each load
1evelo The time increment b@@W@@n 1oading levels averag@@
fiV@ minvbes. |

Afver 31 r@adings had be@n obtained, the T-beam still
did not show any signs of impending Tallure; that is, no
eracks had developed in the concrete slab and the epoxy j@i@t
W&é intact, Nevertheless, this 31st increment had brought
the pump pressure to 8,900 psio Sinee the @apa@iﬁy of the
Riehle G@nsole is ﬂOQOOO psi, 1t was decided %o waload the -
T-beam and stop the t@sto |
| 28



, Two days &ft@? th@ £irst. test9 with the BOQton r&mg‘“

jfr@pl&@@d by Bact@n r&m@ ‘the T=b@am was again test@do .mhi@j;'

;  tim@ SSE@ 1b in@r@m@nts @@rr@sp@nding 2] 50@ p@i pump

;73pr@ssur@ was us@do, Eaeh t4me inerement b@twe@n load levels

-’{;agaim &verag@d five mimat@@ @X@@pt f@r h@lding th@ 7 6@@

”  pouné 1@&@ f@f one h@uro In this s@@@nd t@stg fa;lure was

'1';1r@a@hedo, Th@ t@tal testing %im@ was appr@ximately thre@

'f‘ihours for th@ first test and twg hours for. th@ seegn@Q
"'?‘ 401 2. Tmb@am 52 ' . _' 1

‘ | This Tmb@am w&s loaded in: 3312 1b in@?@m@nts @Orf@b 
'fl aponding t@ 300 psi pump pr@esur@o Ea@h 10&@ 1@ve1 wes held
i:gnly 1@ng @neugh o take the dial and str&in 8&5@ readingso
'ff'Failar@ was rea@h@d aft@r 16 1@&@ in@r@mentso

4 1. 3 mb@am Bz | - |
T The preegdure of testing BB differ@d fram that of
QZ;BQ @nly in th@ magnitui@ @f 1@&@ in@rem@nts appli@do Ta'
"f b@@m BB was load@d in 276@ 1b in@r@m@nﬁs @@rf@sp@nding o

.'5.250 psd. pmmp pr@sgureo_;,wﬂj_g e

4, 2 Mann@r of Present&tien of T@St R@sults

Th@ t@st data and resui@s ar@ pr@gent@d by m@ans of

"f ;th@ f@ll@wimgo (%) @urvgs f@? distributi@n @f st?ain a@ross

"Ffthe t@p of th@ slabp (2) 1@admdefle@ti®n @uPV@sg (3) 1oad=

* @nd Slip @@PV@SQ (&) V@rti@al strain distributian @mrvesg

T‘;ﬁan@ (5> a tabular summary of th@ t@st resultso
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4.3 Distribu@i©n of Strain Across T@p oF Conerete Slab

It was assumed in all theorstical ealeulations that
strain distribution wes uniform across the full width of the
slab, This essumpbtion was checked im the test of each T
bean, Figso-éoﬂ to 4,4 show the strain distribution across
the top of each slab at different load leveds, Although
 these figures show the full width of the slab as effeective
in Pesisting m@m@ntg the strain distribution cannot be
@@nsidered unlf@rmo Nevertheless, the irregularities in the
distribmﬁlon are not great enough to werrvant abandoning the

sinplifying essumption,

by Load-Defleetion R@l&ti@nshigs |
" Figures 4,5 to 4,10 are load-deflection curves, Bach
figure shows two4th@©reti¢al @urvésjin addition to the curve
representing the experimental datao The theoretical @us@
at the right of the experimental curve represents the loade-
deflection relationship for @@inp‘lét@ int@ra@tiéng the theoe
réti@al curve at the left of_th@ @xperim@ntal euPrve corresponds
t@'ng interaction, The eomputations for‘th@sé theoretical
eurves ér@ giV@n in the Appendix, |

| All of th@@@;@urveg shgw thet the d@fl@@tién@ measur@a
“ were very close to th@@@ d@fl@@ti@ﬁg that @@rﬁespond 0
@0&@1@@@ imt@r&@tlono. |

The deflections for th@ Lirst and se©©nd t@sts of

Bﬁ are pl@ut@d in the same figure, As can be seen in Figs, 4,5



Fig. 4,1 Strain distribution across top of slab at midspan for
T-beam Bl, first test.
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Strain distribution across top of slab at midspan for
T-beam Bl, second test.
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4.3 Strain distribution across top of slab at midspan for
T-beam B2.
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4.4 Strain distribution across top of slab at midspan for
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Load-deflection curve for midspan of T-beam Bl.
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Fig. 4.6 Load-deflection curve for section A-A of T-beam Bl.
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Fig. 4.7 Load-deflection curve for midspan of T-beam B2.
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Fig. 4,10 Load-deflection curve for section A-A of T-beam B3,
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and 4,6, the test dete up to a losd of 27,650 lbs is idenmtical
for both tests, Ab high@r loads, the second test curve is
shifted to the right, but still parallels the first tesd
curve, The offset that ocours in the second test emrve shows
the @ff@@t of ereep when the load was held for omne hour at

27,650 lbs,

4.5 Load-End Slip Relationships

o In Figs, 4,11 to 4,14, measured end slips are plotted
‘againgt the applied load, These curves show definitely that
complete interactlon was not attained in any of the tests,
This elearly ig'tfu@ becauss & necessery condition for come
- plete interaection is zero @nd'slipo A theoretical eurve for
no imteraction is also included on each figure. Computations
for this @h@or@@i@ai»@u?ve can be f@ﬁn@ in the Appendix,

As the first test of Bl was stopped shor@ of failure,
residual slip m@asur@m@nta were @btaineéo It was found that
immediately after th@bfirst test was stopped, & wresidwal slip
of h&lf of @h@ maximnm.@lip obtained during th@ @@Stgrexis@@do
Furthernors atter two aays, 21l the residual slip wes absent.
This r@@o#@ry imdi@a%@s that the epoxy ?@sin joint acted és

an elestic shear connector.,

4,6 Verticel Streim Distribution in T-Besus

' If each T-beam behaved as & composite beam with eoms
plete interaction, the strains would be equal at the @pozy
joint and vary lin@ariy'through@uﬁ-@h@ depth of the T<beam.
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Dial #1 (right end of beam)
Dial #8 (left end of beam)

Note:
The test was stopped

and the T-beara unloaded

after the 58,107 1b 1load.

2.125"
Dial #8
10125.4
v /fx
No Interaction
10 15 20 25

End.Slip (Inches x 10 3)

Fig. 4.11 Load-end slip curve for T-beam Bl, first test.
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Dial #1 (right ond of beam)
Dial #8 (left end of beam)

Note:

The offset in the curves
at 27,650 1lbs shows the effectr-
of creep when the load was held
for one hour at this 1load.

r2.125"

. —L Slab ¢ 1&n
Dial #8
~V
10125.1%+
w7l /1
90 Interaction
10 t
5 10 15 20 25

End Slip (Inches x 10 "3)

fFig. 4.12 Load-end slip curve for T-beam Bl, second
test.
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Load-end slip curve for T-beam B2.
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Load-end slip curve for T-beam B3.
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H@n@@g the differences in strein at the epoxy joint are &
| direct f@prgg@ntation @frth@ ineomplete intersction,

The strein distribution curves, Figs, 4,15 to 4,18,
show the incomplete imteraction that existed. These ourves
8180 show a n@ubral‘axis in the steel just below the top
‘ flang@o-'In addition, except for B3, & neutral axis also
exigsted in the conecrete. th@ simultaneous existence of two
neuntral axes in the S@@tioﬁ is éxpl&iﬁ@d by'th@ fact that
the @p@xy jdint allowed & small &m@@n@ of relative movemend
to oecur between the slab and the beam. Therefore, tension
was permitted to build up inm th@41@Wer fibers of the slab
and thus, 2 neutral axis ocecurred in the slab as well as in

' th@ stegl»b@&mo

4.7 Feilure of T-Beams ‘

In.this inV@gti@atiomé'”@@mpl@@@ failure” of a I
‘beam was comsidered to have oecurred Wh@ﬁ the T-beam could
‘no longer 5uppqrt its ultimete load, Basieally, two diff@fo
@ﬁt'@&uS@s of @@mpl@t@ feilure ocourred in the investigation,
One cause was a concrete failure and the other cause was &
web failure of the steel beam, The concrete f&iluﬁ@joe@mrr@d

in T<beams Bl and B2, and the web faillure @@@ﬂrr@@ in B3,

&, 71 G@n@r@t@ Failvre
B@%h Bi and B2, resisted th@ applied loads up to
approximately 85 percent of their ulitimate load without any
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Vertical strain distribution of T-beam Bl
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4.16 Vertical strain distribution of T-beam B1l,
second test.
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Fig. 4.17 Vertical strain distribution of T-beam B2
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Fig. 4.18 Vertical strain distribution of T-beam B3.
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visible tension eracks im the comnerete slab or any other in-
dications of lmpending feilurse, Then, within one or twe load
iﬁ@réments before the ultimete load, hairline eracks @@@ufr@@
in the bottom surface of the slab directly below the load-

. ing reil, These eracks extended from the outer edge of the
slab ﬁo within two inches from the @p@iy Joint, Th@ p@sitien
of these @ra@kgg in Spe@im@n Bﬂg are shown im Fig, 4,19,

‘Th@ @rw@kg were marked with erayon for clariity.

Ih@ load at whieh the cracks first appeared was quit@
high, 1In faect, the mill seale on the web of the steel b@am
had already begun to erack and p@@l off near the beam SUPPOrLS,.
Since mill,scél@ usually will not ereck emd peel off wntil
the steel starte to yield, the results indieated that the
web was highly stressed. |

N As the nexb iﬁ@f@m@n@»@f load wes appliedgithe con=
ervete cracks @p@n@d wider and exbtended highér into th@'élébo
Alsgg m@r@ mill scale cracked and p@@l@d off of the st@@l
web. The V@rti@al migration of th@ @@n@f@t@ t@nsion eracks
reduced the @ff@@tive b@n@ing section of th@ Tmb@&mg thereby
causing high@r stresaes and greatvery deflections. Within a
gh@w@ p@ri@dg this @r@gr@ssiV@'@@n@r@t@ failure @aus@d gr@at
enouvgh Sh@a?ihg stresses to fall the epoxy Jjoint, Wh@n the
@p@xy Joint fail@dg failure of th@ Tab@am.was @ompl@t@o

_ Figo 4,20, shows Bi imm@@i&@ely af@@r its @@mpléte |
,féiiﬁr@o In,this pleture, the @P&@KS in the mill seal@ ar@_

clearly visible on the web of the steel beam, In ad@itieng
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20

Side view of end of T-beam Bl showing position
of tension cracks in slab.

Side view of T-beam Bl immediately after its
complete failure.

52



53
this picture shows how high the concrete tension cracks
migrated Into the slab.

Since the complete failures of 51 and 52 occurred
after the concrete cracks had reduced the load carrying
ability of the T-beams, the basic cause of failure can be
considered to be the failure In the concrete.

4.7.2 Web Failure

The complete failure of 53 was caused by buckling
of the web at one end of the beam. 1In fact, the epoxy Joint
had not shown any indications of failure up to this buckling
load. Furthermore, no concrete tension cracks occurred in
the slab.

Fig. 4.21 is a photograph of S3 Just after complete
failure. Fig. 4.22 is a close-up of 53 showing the buckled
web. In this picture, the arrow on the slab pointing toward
the epoxy Joint, indicates how far the epoxy Joint failure
extended up the beam from the end. The length of the epoxy

failure was 13 inches.

4.8 General Discussion and Summary of Test Results

The test results indicate that the epoxy Joined
T-beams behaved in a fashion similar to the behavior of
composite T-beams with mechanical connectors. As previously
shown, composite beams with mechanical connectors produce
deflections and strains that are almost identical with
values computed for complete interaction. The load-deflection

curves presented in this thesis also show values that indicate



Fig. 4.21

Fig 4.22

Side view of T-beam B3 immediately after its
complete failure.

Close-up of buckled web of T-beam B3.
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almost complete interaetion., To furthef visu&lize tvhe behavior
of the epoxy Jjoined Tnb@am9-©omparisons of theoreii@al and
measured strains at the bottom fiber of the sbeel beam are
presented in Table IV. This table shows the theoretical
gtraing, whieh were computed assuming complete interaction,
%0 be & good epproximebion to thé measured strains, There=
fore, the test results indlicate epoxy resin comnection pre-
served the composite ﬁnit acbion of the chéams as well as
W@uid have been exp@et@dlif mechanical conneetors had been
used instead of the @poxy.r@sin connection.:

An abstract of thé t@st results is presenbed in
Teble V, One'@olumn of thisvtabl@,is especially meaningful
in evalwvating the epoxy resin adhesive 28 a shear comnector,
This is the eolumn regarding the maximum theoretical shear-
ing'stress transferred by the epoxy joint.

| The calculations Tor the maximum theoretieal shearing
Str@ss in th@.époxy'join@ indicate that shearing stresses
greater than 500 psi were transf@rr@d'by the epoxy joint,
.Sin@@D in praéti@@g sh@ar connectors are d@signéd for &
working stress of about 100 psi, the epoxy resin adh@givea
.givé promise of being & satisfactory eonnector, '

' As shown in Table V, T-besm B3, which had the
thinnest slab, was the strongest of the three T-beams tested,
This can be @xplain@d by éonsid@riﬁg the vertieal strain
distribution and the type of failure of each T=beam, As
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TABLE IV

COMPARISON OF THEORETICAL AND MEASURED STRAINS
AT THE BOTTOM FIBER OF THE STEEL BEAMS

TéBeam No. | Applied Load | Theoretical Strain | Measured Strain
(Kips)  |(Inches/Inch x 10°M)|(Inches/Inch x 10°W)
20,88 34 31
Bl | .
Pirst Test |  L0.LB 657 6l
58,11 o7 9605
22,12 35,8 36,5
Bl » '
Second Test bl 2l T2 Tho5S
60,58 92,3 103.5
23,23 ' 36 ‘ 31.5
B2 39,82 . 6L.T 57
53,09 82 86,5
22,08 38,5 - 33
B3 41440 7201 68,5
68,00 118.7 115




TABLE V

SUMMARY OF TEST RESULTS

T=Beam 91lab Thickness | Concrete| Max, ¥Midspan | Max, Ead Slip Mex. load | Theor., Max,”
No, Strength : , . P Shesaring
(Inches) - 3 (Inchesx§0“3) Stress in
(psi) | (Inchesxi0~") (Kips) | Epoxy Con=
Lt. End|Rt. End | neetion
(psi)
Bi 4 1/4 6860 .
18t Test _ 86 - 3.5 5.8 58.11 608
2nd Test | , 96 6.5 9.5 66,38 680
B2 4 1/2 5190 77 8.8 9.2 53,09 510
B3 3 3/4 5500 141 10,1 | 11.7 68 732

%Gomputations‘f@r the wvalues of this column are

presented ;nlth@ Appendix,

LG



“Sh@WE‘inAFigo”49?Sg,t@msil@.S@Eains never 0@@arred,at the

‘.b@tt@ﬁ’éf‘th@ slab'ﬁ@arfﬁh@-eﬁoxy j@inta ‘Hemee, cracks that -

reduced th@ Jload @arrying ability of th@ other two T-beams
never. app@ar@d in B3, Ther@f@reg B§ was abl@ t@ supp@r@
high@r loads until its web bu@kl@do Ihe writer b@lievgs'
_‘that if the’ slabs had been reinfor@@d te @liminat@ tensile .
@Pa@ksg Bi and B2 weuld have. m@t fail@é wntil th@ir webs |
als@ bu@kl@do It is s;gnifi@ant that 81l the E§b@ams faile@.
in the @p@xy joint only aft@rg or simultan@@usly Withg»
failure of another el@m@nt of th@ b@amo Henece, if th@ web
of th@ steel I-beam and @h@ @@m@r@t@ Slab were r@imforc@dg |
.’th@ @p@xy j@int might tr&nsf@r eV@n high@r sh@aring str@asesr'"

't,ha,n i‘b am in these tests,



' Chepter 5
c@mcwszons

501 ignifi@an@@ @f R@@ults  ';
In view of th@ @xploratory nature of th@ t@stsg:
| @@nelusiV@ answers W@r@ n@t @bt&in@d 0 all qu@stlens r@garda_ ' 
”:ing the use of @poxy resin @onn@@torso In fact the conelusionsA”ﬁ
ﬁ  ebtaim@d are m@stly qualitativeo Th@ few quanita31V@ @@nc“'
elusions should be considered as t@ntative in view @f the
@hara@t@r and limitabi@ns of a t@st pr@gram invalvimg such

‘relatlvely short T=b@amso

_502 G@n@lusigns ‘ _ |
(ﬁ) Th@ use @f @poxy resin adh@sives as a sh@&r @onm .

nector in ©ompogit@ steelacon@r@te Tmbeams definit@ly has

f',potentiaT and th@r@for@ it d@g@rves furth@r exp@rim@ntal

studyoa Th@ tests perf@rmed indi@ate that g@@d j@in@ry ama'
~‘>th@ @@mpesite unit a@ti@n were . r@tained up to sh@aring streSS@s
in the @poxy @@nn@ct@r of 500 psio | o

| (2) The @p@xy r@sin @@nn@@tor alw&ys allowed a small
' ftam@un$ of r@la@ive m@V@m@nﬁ b@twegn @h@ bean &nd th@ slab |

th@r@by eausing an in@@mplete int@ra@ti@no However,; this

K ;f im@@mP1@te intera@tlon hed pr&@ti@&lly no @ff@@t on strains

59
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and d@fl@@tion@ as th@y were alm@st id@ntie&l t@ valu@s @omm'77f‘ "”

'put@d asguming compl@t@ iﬂt@r&@tich

| (3) As shown, when & comstant load was h@ld for |
.oﬁ@ h@urﬁva susta;n@@vlaad-might @ausetan epoXy join@d Zé_
;b@am,t@ii@se,@'sig@ifi@ant-p@?@i@nfoff&tsf@@ﬁp@éiﬁ@‘uﬁit;A
a@tiano S T -

(4) The addition of a filler t@ the @p@xy r@sin

mixtureg used in bon@ing th@ two el@m@nts of the eamp@sit@ o
'Tab@am9 Was found o have no eff@@t on the str@ngth of the

"e@nne@ti@no “



Chapter 6
RECOMMENDATIONS FOR FURTHER RESEARCH

The T-beams reported herein were unﬁsuallﬁ short
for the sime of their cross-section. The width of the
slabs was fivewninths of the span length and 1% was about
ten times the slab thickness., Because of this atypical |
, éon&itiong notie of the T-beams developed plastic hinges
in théir flezure gpéno Hence, the taét Spe@iﬁens did nob
experi@ﬁ@e the high deformational stresses that would be
expeected with a pléstic hinge in the I-beam. It is also
evident that the elggenéss of appliéd loads and reactions
produced irregular local stress conditions. Therefore,
furthep tests are needéd using full size composite beams
with typieal ratios of slab width to span length. In
édditiong reinforcement typical of a highway bridge deck
éhould be included in the design 6f the éoncrete,s;abe

- Before the epoxy resin connector can be fully
evaluabted, experimental inVestigations are needed regarding
the follbﬁingg (1) the behavior of epoxy joinéd @omp@éit@
beams after the I-beam yields, (2) the effects and mag-
nitud@ of ereep in the epoxy resin join@a (3) the effect of
fatigue loading, and (l) the @ffé@ts of adverge weather

61



a ,@on@itigma on the epoxy resin @@nn@-@tiong
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A.1 Results of Egoxz Resin Control Temsile Tests

R B@am Yo, Average Tensile Stf@ﬁgth
o of Resin, (psi)
BT S 4187
B . 3360

B3 . 3250

. A,2 Theoretieal Properties of Sechions

A2, 7§§@ﬁ1§ @éﬁ utations

v ké;f__ 40"7~__e4._i

s 7 § —— ] a= B¢ = 6,20
} o A " s
N , . =
<_§—IDIZS.4'

’L@@ation of Neutral Axiss

b= 0= g%%*és'“ 2(403? e %) = 7.38(9.50 = x)
x2+ 2 933@ - 2207 - Q
x z’aégéy £ “806'+ggg = 3.81 im,
T2 o "

Moment of Inertia;

I= 4

,l§4©) 3, 8%)5 122 + 7.38(5,64)2 = 460 in.
3(6.2) o

Bo= 4,85 x 107

64
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A.2.2" Summary

T-Beam B1 - T=Beam B2 . T=Beam B3

% = 3,80 in. - x = 3,88 inoi x = 3,04 in,
=460 in.t 1 =491 it I =40 ant
n=620  n=675 n = 6,50

A3 Theoretisal Load-Deflection Curves

A,3.1 Sample Computetions

Ej‘l@xmré Deflections (Assuming Complete Interaction)

1 : ¢ . L = 72 in,
a v @ .
o ‘ B . — . o a = 21 inm, .
'-—er . - | | :
l - /J ' X = Ti805 in,
<= L > ‘
. | 2 2
A x (wh@n %< a’>”“6EI (BLa ‘3@, = x°)
‘F@r ~-Tmb@@m Bﬂ.g B 3@ x 106 psig = 460 " ino"q’

RERC 2 (21 2]
Aé ‘=ET*© % 3@”)(46’? [ (r2) ‘( :

A é 2= - Oo.-BTS.s-"x “do”@P

%Tﬁééjrﬁﬁ“““7°ﬁ [3(67)(%8 5) - 3(%8 5)2 - (15) }
X

Ay=0 55 % 10762
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' Floxur@ D@fl@@ti@ng (Assuming No Int@ra@tien)

| Asgume that th@ glab and the I-beam deflect @qual
amouﬁtso Th@@ let kP be @h@ load teken by the slab, Then,
(1-k)P is th@‘l@ad teken by ihe-st@el beam, Equating |

' d@fl@@ti@ns and @&n@@lling th@ common @onstants giV@s

1=k _k S@lving f@r k
ESE@*%” Bglg -
'yiglﬁ@\ k= ESI " F@r'Tmb@am,B2

Ebig“;*zgig

1 =Tl,ph3 = ; (@@)(&65>3‘:"5003,in049
2 3

4

Ib = ﬂ22 1 ino 2 By = 4, 44 x ﬁ@é psi, BEp = 30 x %éé psi,

aemas .4 s x 106 (30.3)
; k= 9] 0,
30 % 1@6 (T22) + 4.5 % 760 (30.3)

k= 0,268,

N@W substituting kP for P in th@ @quati@ns for d@fl@@tion
&t th@ midspan and at x = ﬂa 5 ino gives the a@fle@tians‘
for no int@ra@tiono ' ' |

Aé:‘z @_*0296-

%E {3(72)2 - 4(21)?}
T30.37 L -

A= 2&5:@‘“62'

'”*Sh@aﬁ?D@fl@@ti@ns

Ap=EBL_ o e @ 10°
. wel & wh@r@_f = 11,5 x 107 psl
Bl g I
) AW@b = 3,1 in,
1 is the appropriate
shear span length .



67

'Lf‘H@nQ@; ‘ N : N R T

A= ﬂ8_5? = 0,52 x 10°9P
e EOIUE R

) A'ojogl)s marz oo ‘

- Th@@r@ti@&l D@fl@@tions x ﬂ@ P Assuming Complete
Interestion ' | R B
IQB@am;NQh}‘ ~ Ab Midspan | }‘ ‘ At x = 21 ia,

- ‘Flex, Shear Total ‘Fi@xe.. Shesr Total .
BI 0,88 0,40 1,28 0,55 0,32 0,87
B2 0,85 0,37 1,20 0,57 0,30 0.87
B3 - 0,92 0,42 1,34 0,65 0,35 0,98

» - Theoretieal Deflections x 10 P Assuming No Interactlon

T-Beam No, . At Midspan At x = 21 in,
] ?1@xo - Shear Total ~~ Flexo Shear *  Total
B 2,46 0,40, 2,86 1,72 0.32 2.0k
B2 2,42 0638 2,80 - 1.69 0,30 1,99
B3 2,70 0,42 3,12 1,88 0,34 2,22

‘A 4 Th@or@t¢@a1 Load-End Slig GurV@s

A 4 1 PBemple G@mput&@i@ns
Only values f@r th@ GQPV@s‘f@r no interaction need
be @al@mlat@d as Z@FQ @nd slip @@@ufs for. @@mpl@t@ inter-
a@tiono | » | | ‘
Assum@,that the elastic eurves of the slab and the

Iab@ém;ar@ id@ﬁti@&lg F@r no iﬁ@@r&@ti@ng the ends of the



o

T-beam would appear as shown in the following drawing. The

curvature is exaggerated for clarity.

B

i Sleé j
elestic corve
I-beam

8

A\ [
\k&/ﬂsﬁc

Curve

The slope of the elastic c&rve at A is denoted by ©.
Since the slab and the beam aré initially equal in length
and they are assumed to have ldentlical elastic curves, it
follows that point C is directly above point A, Then angle
BAC can be considered equal to & . By considering length CB
to be the ehd slip of the slab relative to the beam, a simple
relationship between end slip and appllied load can be
obtained, That is, CB = AB , Since

46 = ﬁ¥; dx ,
RIKP ZIKP

[}
Zlﬁﬂk———_3o”——7k—2/ﬂal is the moment diagram for the beam,
and k 1s the fraction of the applied load taken by the slab,
(k = 0,252 for T-Beam B1)

& = 0,252 (21)2 P 4 (15)2P | = 0,091 x 10~%p
T 2
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These sbresses were caleulated using thé formula

o":,%@w » - . For T<beam Bi,

I = 460 in.f"”'g ‘and @‘:-‘ﬂ@o@ ing 'I‘h@‘r@_f@r@, siﬁ@@ the moment -
18 217, o= _21P(10.69) . = 0,488P, o

hen P = 20,886 1bs, @ = 10,200 psi. ‘

Wh@n P =158,107T 1bs, d = éBQZ&OO psi,
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